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SCIENTIFIC PROGRAMME 

Sunday 6 September 

2.00 pm: Registration 
6.00 pm: Wine and cheese reception 
6.45 pm: Informal dinner at Tapton Hall of Residence 

Monday 7 September 

8.50-9.10 Opening Ceremony - PROFESSOR M HOLCOMBE, Deputy 
Dean, Faculty of Engineering, University of Sheffield 

Chairman:        D MacFARLANE (Monash University, Australia) 

9-10-10.10 KEYNOTE LECTURF-  "The Glass Ceiling" 
D N PAYNE 
Optoelectronics Research Centre, University of 
Southampton, UK 

SESSION  A       GLASS  PHOTONIC  DEVICES 

10.10-10.50       A1(l) INVITED PAPER 
"Non-silica glass fibre amplifiers" 
T KANAMORI1, Y NISHIDA1, A MORI1, K KOBAYASHI1 

M YAMADA2, T SHIMADA1, M SHIMIZU1 & Y OHISHI2 ' 
2NTTOpto-Electronics Laboratories, Ibaraki, Japan 

NTT Electronics Corporation, Ibaraki, Japan 

10.50-11.30       Coffee 

12.10    A2(l) INVITED PAPER 
"Fabrication of glass based optical amplifiers" 
A J FABER 
TNO, Eindhoven, The Netherlands 
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12.10-12.30       A3 Tr-^-doped InF^/GaRbased fluoride glass fibres and 
Ga-Na-S glass fihres for light amplification around 1.3|im" 
K ITOH, H YANAGITA, H TAWARAYAMA, K YAMANAKA 
E ISHIKAWA, K OKADA, H AOKI, Y MATSUMOTO 
Y MATSUOKA & H TORATANI 
HOY A Corporation, Tokyo, Japan 

12.30-1.50 Lunch 

MEETING OF THE INTERNATIONAL ADVISORY BOARD 
Authors to put up posters AP, BP & CP 

1.50-2.30 A4(l) INVITED PAPER 
"Active and passive rhalopgenide glass optical fihres fnr IR 
applications" 
J S SANGHERA & I D AGGARWAL 
Naval Research Laboratory, Washington DC, USA 

SESSION  B        GLASS  SYNTHESIS 
Chairman: P A TICK (Corning Inc, USA) 

2.30-2.50 B1 TcMard^JojALOPjicalJoss gallium-lantham im-sulphide 
glass fibres" 
R LI & A B SEDDON 
Centre for Glass Research, University of Sheffield, UK 

2.50-3.10 B2 "Sol-gel processing of germanium sulphide based films" 
0 MARTINS, J XU & R M ALMEIDA 
INESC Instituto Superior Tecnico, Lisbon, Portugal 

Tea and POSTER SESSION [AP, BP, CP] 

B3 "Catalysed gelation of amorphous sniphirw 
J S SANGHERA1, C SCOTTO^S BAYYA * & " 
1 D AGGARWAL1 

1
2 Naval Research Laboratory, Washington DC, USA 

Virginia Polytechnic Institute, Blacksburg, USA 

4.30-4.50 B4^ri^u_gej]exaJjon_olE.u^ jn glass-forming meltg^ 
D R MacFARLANE1, P J NEWMAN1, J D CASHION2 & 
A EDGAR3 

3.10-4.10 

4.10-4.30 

2 z Department of Chemistry, Monash University, Australia 
3 Department of Physics, Monash University, Australia 

School of Chemical & Physical Sciences, Victoria 
University, New Zealand 



4.50-5.10 B5 "Measurements, procedures and results frnm 
investigations into heavy metal fluoride glasses for 
electromagnetic calorimetry in particle physic" 
K W BELL3, R M BROWN1, D J A COCKERILL1 

P S FLOWER1, P R HOBSON2, D C IMRIE2 B W 
KENNEDY1, A L LINTERN1, J M PARKER3 & M SPROSTON1 

^ Rutherford Appleton Laboratory, Didcot, UK 
3 Department of Physics, Brunei University, UK 

Centre for Glass Research, University of Sheffield, UK 

5.10-5.30 B6 !lncorporatLon of |anthanum_Qxybromide in flimmphngnhgtg 
glasses" 
J B DENIS & M POULAIN 

Laboratoire des Materiaux Photoniques, Universite de 
Rennes, France 

6.30 Coaches depart for the Mappin Museum and Peak 
Caverns 

Tuesday 8 September 

SESSION C        GLASS STRUCTURE 

Chairman: S W MARTIN (Iowa State University of Science & 
Technology, USA) 

8.30-9.10 C1(l) INVITED PAPER 
"Quantitative nuclear magnetic resonance uMMR) ctuHine »f 
the locaLsJructure in chalcnggnirjp^igoggg» 
H ECKERT, G REGELSKY, P MUTOLO, J SCHMEDT 
MWITSCHAS ' 
Institut für Physikalische Chemie, Westfälische Wilhelms 
University, Germany 

9.10-9.30 C2 "Neutron diffraction_§tudies of the structure of Ge-haseH 
multi compnnpnt sulphide glasspg" 
A C HANNON1 & B AITKEN2 

2 ISIS Facility, Rutherford Appleton Laboratory, Didcot, UK 
Corning Incorporated, Corning, USA 



9.30-9.50 C3 "Smeared first order phase transition in chalcogenide 
semiconductor melts" 
YU S TVER'YANOVICH & O V IL'CHENKO 
Department of Chemistry, St Petersburg State University, 
Russia 

9.50.10.10 C5 "EXAFS studies of possible clustering of thulium ions in 
tellurite glasses" 
D B HOLLIS1, D P TURNER1, L D FIRTH1 & 
F W MOSSELLMANS2 

' Department of Electronic Engineering & Physics, University 
of Paisley, Scotland 

SRS Laboratory, Daresbury, England 

10.10-11.10      Coffee and Conference Photograph 

SESSION  D        GLASS PHYSICOCHEMICAL 
PROPERTIES 

Chairman: J S SANGHERA (Naval Research Laboratory, USA) 

11.10-11.30       D1 ÜDfliaLgQUQSkMLStaqes of a heavy metal fluoride nlass in 
water" 
B HUEBER1, G H FRISCHAT1, A MALDENER2, O DERSCH2 

& F RAUCH2 

' Institut für Nichtmetallische Werkstoffe, Technische 
^ Universität Clausthal, Germany 
? Institut für Kernphysik, Universität Frankfurt/Main, Germany 

11.30-11.50       D2 Viscosity of fluoride glasses near tha fibre drawing 
temperature" 
G ZHANG1'2, J JIANG1'2, M POULAIN2, A S DELBEN1 & 
J R DELBEN1 

Laboratoire des Materiaux Photoniques, Universite de 
Rennes, France 
Departamento de Fisica, Universidade Federal de Mato 

Grosso do Sul, Brazil 

11.50-12.10       D3 ^Ftiy^ic^LemBerties_an.d Raman spectroscopv of GeA.g 
SMlßhide_glasses!; 
B G AITKEN & C W PONADER 
Corning Incorporated, Corning, USA 
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12.10-12.30      D4 "Crystallisation in 70Ga2Sr30 LaoS^glasses as a function 
of oxide/hvdroxide concentration" 
S P MORGAN, I M REANEY, R BUCKLEY, D FURNISS & 
A B SEDDON 
Centre for Glass Research, University of Sheffield, UK 

Authors to put up posters DP, EP, FP & GP 

1.45 COACHES DEPART FOR TRIP TO BRONTE COUNTRY 

Wednesday 9 September 

SESSION  E        GLASS  PROCESSING 

Chairman: A JHA (University of Leeds, UK) 

8.30-9.10 E1(l) INVITED PAPER 
"Crystallisation dynamics of chalcogenide glass thin films 
under extra non-equilibrium conditions" 
FUXI GAN 
Shanghai Institute of Optics and Fine Mechanics, China 

9.10-9.30 E2 "Photoinduced active and passive integrated-optic 
elements in rapid thermally annealed chalcogenide glasses" 
S RAMACHANDRAN & S G BISHOP 
Microelectronics Laboratory, University of Illinois, USA 

9.30-9.50 E3 "Design and fabrication of PZG fluoride glass channel 
waveguides. The state of the art" 
Y GAO1, B BOULARD1, M LEMITI2, R RIMET3, P 
LOEFFLER4 & H POIGNANT5 

' Laboratoire des Fluorures, University du Maine, France 
2INSA, Villeurbanne, France 
3 Laboratoire d'electromagnätisme micro-onde et 

optoelectronique, Grenoble, France 
4 Robert Bosch GmbH, Stuttgart, Germany 
5 France Telecom, CNET Lannion, France 

9.50-10.10        E4 "Planar and channel waveguides on fluoride glasses" 
R SRAMEK, G FONTENEAU & J LUCAS 
Laboratoire Verres et Ceramiques, Universite de Rennes, 
France 



10.10-10.30 

10.30-11.10      Coffee 

11.10-11.30      E6 !£Mmic£Üjächi^^^ 

Y D WEST, E R TAYLOR, R C MOORE & D N PAYNE 
Optoelectronics Research Centre, University of 
Southampton, UK 

11.30-11.50      p:&2mpQiffi^^ 

applications" ~ a 

M T MURTAGH, G H SIGEL Jr, J C FAJARDO 
B C EDWARDS & R I EPSTEIN 
Fibre Optic Materials Research Programme, Rutgers 
University, USA 

SESSION  F GLASS ELECTRONIC &  IONIC 
PROPERTIES 

Chairman: A C HANNON (Rutherford Appleton Laboratory, UK) 

1150-12.30       F1(l) INVITED PAPER 

Department of Materials Science & Engineering, Iowa State 
University of Science and Technology, USA 

12"30"12-50 SSSSaSS^^ 
E G VEVDORS^NVKC0H' V V ALEKSANDR0V> ' V MURIN & 

°lP/sfa
mentofChemistry- St Petersburg State University, 

12.50-2.10 Lunch 

MEETING OF THE INTERNATIONAL ADVISORY BOARD 



SESSION G        RARE EARTH  DOPING 

Chairman: J H SIMMONS (University of Florida) 

2.10-2.50 G1 (I) INVITED PAPER 
"Comparison of low-phonon hosts for 1300 nm optical 
amplifier" 
R S QUIMBY1 & B G AITKEN2 

' Department of Physics, Worcester Polytechnic Institute, 
USA 

2 Corning Incorporated, USA 

2.50-3.10 G2 "Spectroscopic properties of Nri- in fluoroaluminate 
glasses for an efficient 1.3^m optical amplifier" 
M NAFTALY1, A JHA1 , B N SAMSON2 & E R TAYLOR2 

' Department of Materials, University of Leeds, UK 
2 Optoelectronics Research Centre, University of 

Southampton, UK 

3.10-3.30 G3 "Role of the Urbach edge and host glass defects in broad 
band excitation of rare earth dopants in chalcogenide 
glasses" 
D A TURNBULL1, V KR ASTEVA2, J S SANGHERA3, 
G H SIGEL JR2 & S G BISHOP1 

' Microelectronics Laboratory, University of Illinois, USA 
Fibre Optics Materials Research Programme, Rutgers 
University, USA 

3 Naval Research Laboratory, Washington DC, USA 

3.30-4.30 Tea & POSTER SESSION [DP, EP, FP, GP[ 

4.30-4.50 G4 "New rare earth doped selenide and telluride glasses and 
fibres" 

B COLE, L B SHAW, J S SANGHERA, B B HARBISON, 
P C PUREZA. R MIKLOS, V Q NGUYEN, R MOSSADEGH, 
D T SCHAAFSMA & I D AGGARWAL 
Naval Research Laboratory, Washington DC, USA 

4.50-5.10 G5 "Mid-infrared emissions and non-radiative relaxation in GP.- 
Ga-S glasses doped with Dy3^" 
JHEO&YBSHIN 
Department of Materials, Science & Engineering, Pohang 
University of Science and Technology, Korea 



5.10-5.30 G6 "Synthesis and optical properties of the Ge-Sb-S:Prni3 

system glasses" 
B FRUMAROVA1, P NEMEC2, M FRUMAR2& J OSWALD3 

Joint Lab of Solid State Chemistry of the Academy of 
Science and of University of Pardubice, Czech Republic 
Department of General Inorganic Chemistry, University of 
Pardubice, Czech Republic 

3 Institute of Physics of the Czech Academy of Sciences, 
Prague, Czech Republic 

5.30-5.50 G7 "Site-selective spectrosmpy nf Nd3* j0ns in heavy metal 
oxide glasses" 
R BALDA1, J FERNANDEZ1, M SANZ1, L M LACHA1 A 
DE PABLOS2 & J M FERNANDEZ-NAVARRO2 

Dpto de Fisica Aplicada 1, ETSII, y Telecom, Universidad 
del Pais Vasco, Bilbao, Spain 
Institute de Ceramica y Vidrio, Madrid, Spain 
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7.00 COACHES DEPART FOR CONFERENCE DINNER 

Thursday 10 Septemlw 

Authors to put up posters HP & IP 

SESSION  H        OPTICAL  PROPERTIES 

Chairman: R M ALMEIDA (Institute Superior Tecnico, Portugal) 

8.30-9.10 HI (I) INVITED PAPER 
"Studies of optical nonlinearities of chalcogenide and heavy 
metal oxide glasses" 
F WISE1,1 KANG1, S SMOLORZ1, B G AITKEN2 & 
N F BORRELLI2 

'Department of Applied Physics, Cornell University, USA 
Corning Incorporated, USA 

9.10-9.30 H2 (Substituted paper) 
^.'Broadband 1.5um emission spectroscnpy nf Fr^-rinpor} 
tellurite glasses" 
S SHEN, M NAFTALY & A JHA 
Department of Materials, University of Leeds, UK 



9.30-9.50 H3 "Recent developments in As-S glass fibres" 
G G DEVYATYKH1, M F CHURBANOV1,1 V SCRIPACHEV1, 
G E SNOPATIN1, E M DIANOV2 & V G PLOTNICHENKO2 

' Institute of Chemistry of High Purity Substances, Russian 
Academy of Sciences 

2 Scientific Centre of Fibre Optics, General Physics Institute, 
Russian Academy of Sciences 

9.50-10.10 H4 "Light scattering from coated dielectric particles in 
fluorozirconate glass" 

A EDGAR 
School of Chemical & Physical Sciences, Victoria University 
of Wellington, Australia 

10.10-11.10       Coffee and POSTER SESSION [HP, IP] 

11.10-11.50       H5(l) INVITED PAPER 
"Photoinduced effects in rare-earth doped and undopsd 
chalcogenide glasses" 
VTIKHOMIROV 
Department of Materials, Unversity of Leeds, UK 

11.50-12.10       H6 "Bragg gratings inscription in rare earth doped 
fluorozirconate glasses" 
R SRAMEK1, F SMEKTALA1, J LUCAS1, W X XIE2, 
P BERNAGE2 & P NIAY2 

' Laboratoire des Verres et Ceramiques, Universite de 
Rennes, France 
Laboratoire de Dynamique Moleculaire et Photonique, 
Universite des Sciences et Technologies de Lille, France 

12.10-1.10 Lunch 

SESSION  I NEW GLASSES/GLASS 
SYSTEMS  AND  NEW  DIRECTIONS 

Chairman: J M PARKER (University of Sheffield, UK) 

1.10-1.30 11 "Rare earth doped transparent glass-ceramics with high 
cross-sections" 
M MORTIER & F AUZEL 
Groupe d'Optique de Terres Rares CNRS, Meudon & France 
Telecom CNET, Bagneux, 



France 

1.30-1.50 12 l'Nano-crystalline fluorescence in flnnride nlasses" 
D R MacFARLANE1, J JANVORNIEZKY1, P J NEWMAN1 & 
D J BOOTH2 

1
2 Department of Chemisty, Monash University, Australia 
Department of Physics, Victoria University of Technoloav 
Australia 

1.50-2.10 13 Üijngsten-tellurite glass: a new candidate medium fnr Vh*± 
doping" 
X FENG, C Q|, F LIN & H HU 
Shanghai Institute of Optics & Fine Mechanics, China 

2.10-2.50 14(1) INVITED PAPER 
"Ultra-transparent glass ceramics fnr photonic applicative» 
•   A TICK 
Corning Incorporated, Corning, USA 

2.50 Tea and Departure 
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LIST OF SPONSORS OF IS(NOG)2 

Corning SA, France. 

Galileo Corporation, USA. 

Hoya Co. Ltd., R&D Centre, Japan. 

Merck Ltd., UK. 

European Commission, 
Directorate General XII, 
Science, Research & Development. 
Directorate C: 
Industrial and Materials Technologies. 

USARDSG, 
United State Army, 
European Research Office. 

ONREUR, 
United States Navy, 
European Office of Naval Research. 

Society Of Glass Technology. 

Sheffield City Council. 

University of Sheffield. 



Dr Jean-Luc Adam 
Universite de Rennes 1 
Lab des Verres & Ceramiques 
Campus de Beaulieu 
35042 Rennes Cedex 
France 
«    +33 299 28 6262 
i    +33 299 281600 
S   jean-luc.adam@univ-rennes1.fr 

Dr Ishwar Aggarwal 
National Research Laboratory 
Code 5606 
Washington DC 20375-5000 
USA 
«    +1202 767 9316 
i    +1202 767 9311 
S    ish.aggarwal@nrl.navy. mil 

Dr Bruce Aitken 
Corning Incorporated 
SP-FR-05-1 
Corning 
NY 14831 
USA 
«    +1607 974 3111 
1    +1 607 974 3675 
5    aitkenbg@coming. com 

Dr Rui Almeida 
INESC 
R Alves Redol 9-3D 
1000 Lisbon 
Portugal 
'S    +351 1 3100371 
i    +351 1 3145843 
5    rmaa@inesc.pt 

Dr Luise Anselm 
Inst f Hochfrequenztechnik 
TU-Braunschweig 
Bienroderweg 53 
Aubenstelle 
38018 Braunschweig 
Germany 
«    +49 531 391 9450 
1    +49 531 391 9452 
5    l.anselm@tu.bs.de 

Dr Graham R Atkins 
University of Sydney Australian 
Photonics CRC 
Australian Technology Park 
Everleigh 
NSW 1430 
Australia 
«    +612 93511923 
i    +612 93511910 
3    g.atkins@oftc.usyd.edu. au 

Prof Rolindes Balda 
Universidad del Pais Vasco 
Dept Fisica Aplicada I 
ETSII y Telecom 
Alameda Urquijo s/n 
Bilbao 48012 
Spain 
«    +34 944 278055 
i    +34 944 414041 
5    wupbacrr@bi.ehu.es 

Dr Roger F Bartholomew 
Corning Incorporated 
Sullivan Park FR-5 
Corning 
NY 14831 
USA 
•S    +1607 974 3181 
1    +1 607 974 3675 
B    bartholomew@corning.com 

Profesor Stephen Bishop 
University of Illinois 
127 Microelectronics Lab 
208 North Wright Street 
Urbana 
IL61801 
USA 
S    +1217 333 3097 
i    +1217 244 6375 
3    sgbishop@uiuc.edu 

Miss Stephanie Blanchandin 
LMCTS Faculte des Sciences 
123 Avenue Albert Thomas 
87060 Limoges Cedex 
France 
3"    +33 5 55 45 74 96 
i    +33 5 55 45 72 70 
S    pthomas@unilim.fr 



Mr Valentin K Bogdanov 
Optical Technology Research Lab 
Victoria University 
PO Box 14428 
Melbourne City 
Victoria 8001 
Australia 
«    +61 3 9688 4297 
1    +61 3 9688 4698 
S    valentinebogdanov@vut. edu.au 

Dr Brigitte Boulard 
Universite du Maine 
Laboratoire des Fluorures 
72085 Le Mans Cedex 9 
France 
«    +33 2 43 83 33 50 
1    +33 2 43 83 35 06 
S    brigitte.boulard@fluo.univ-lemand.fr 

Dr Marco Braglia 
CSELT 
Via G Reiss Romoli 274 
10148 Torino 
Italy 
«    +391122 85 619 
i    +39 1122 85 840 
S    marco.braglia@cselt. it 

Mrs Maria Brekhovskikh 
Kurnakov Inst of Gen & Inorg Chem 
Russian Academy of Sciences 
Leninsky pr 31 
Moscow 117907 
Russia 
S    +7 095 955 4853 
I    +7 095 9541279 

Dr Tomaz Catunda 
Universidade de Sao Paulo 
Inst de Fisica de Sao Carlos 
Caixa Postal 369 
SP 13560-970 
Brazil 
•S    +5516 273 9861 
1    +5516 2713616 
3    tomaz@if.sc.usp.br 

Prof Mikhail F Churbanov 
Institute of Chemistry 
Russian Academy of Sciences 
49 Tropinin Street 
GSP-75 
Nizhny Norgozod 603600 
Russia 
«    +7 8312 66 86 66 
1    +7 8313 66 9162 
5    sen@hp.nnov.su 

Miss J Costello 
Society of Glass Technology 
20 Hallam Gate Road 
Sheffield S10 5BT 
UK 
2»    +44114 266 3168 
i    +44114 266 5252 
jill@glass.demon.co. uk 

AFTER 14 SEPTEMBER 
Don Valley House 
Savile Street East 
S4 7UQ 
®    +44114 263 4455 
i    +44114 263 4411 

Dr Gary Dale 
Dept of Electrical Engineering 
University of Edinburgh 
Kings Buildings 
Mayfield Road 
Edinburgh EH9 3JL 
Scotland 
®    +44131650 5638 
3    gd@ee.ed.ac.uk 

Mr Jean B Denis 
University of Rennes 1 
CEMA Lab Materiaux Photoniques 
Campus de Beaulieu 
F-35042 Rennes Cedex 
France 
'S    +33 2 99 286263 
i    +33 2 99 286972 

Dr Leonid Dmitruk 
General Physics Institute 
Russian Academy of Sciences 
Vavilov Street 38 
Moscow 117947 
Russia 
S    +7 095132 8275 
1    +7 095135 0270 



Dr Hellmut Eckert 
Inst fur Physikalische Chemie 
Westfälische Wilhelms Univ 
Scholssplatz 7 
D-48149 Munster 
Germany 
« +49 251832 9161 
1 +49 251832 9159 
S    eckert@uni-muenster.de 

Dr Andrew Edgar 
Victoria University 
School of Chem & Phys Sciences 
Kelburn Parade 
Wellington 
New Zealand 
«    +64 4 472100 
I    +64 4 495 5237 

3    andy.edgar@vuw.ac.nz 

Dr Peter Ewen 
Dept of Electrical Engineering 
University of Edinburgh 
Kings Building 
Mayfield Road 
Edinburgh EH9 3JL 
Scotland 
S    +44131650 5651 
i    +44131650 6554 
3    pjse@ee.ed.ac.uk 

Mr A J Faber 
TNO Inst of Applied Physics 
PO Box 595 
NL 5600 AN Eindhoven 
The Netherlands 
S    +31 40 265 0260 
I    +31 40 244 9350 
3    faber@tpd.tno.nl 

Dr Xian Feng 
Shanghai Inst of Optics & Fine Mechanics 
Adacemica Sinica 
PO Box 800-216 
Shanghai 201800 
China 

i 
+86 21 595 34890 564 

+86 21 595 28885 

Prof Joaquin Fernandez 
Universidad del Pais Vasco 
ETSII y Telecom 
Alameda Urquijo s/n 
Bilbao 48013 
Spain 
«    +34 944 278055 
i    +34 944 414041 
S    wupferoj@bi.ehu.es 

Dr Paul S Flower 
Rutherford Appleton Laboratory 
Didcot 
Oxon OX11 0QX 
UK 
S"    +441235 446264 
i    +441235 446733 
3    p.s.flower@rl.ac.uk 

Prof Gunter H Frischat 
TU Clausthal 
Inst fur Nichtmetallische Werkstoffe 
We AG-Glas 
Zehntnerstr 2A 
38678 Clausthal-Zellerfeld 
Germany 
S    +49 5232 722463 
i    +49 5232 723119 
3    gunther.frischat@tu- Clausthal. 

Prof Miloslav Frumar 
University of Pardubice 
Dept of Inorganic Chemistry 
53210 Paradubice 
Czech Republic 
®    +420 40 6037161 
1    +420 40 514530 
S    miloslav.frumar@upce.cz 

Dr David Furniss 
University of Sheffield 
Centre for Glass Research 
Hadfield Building 
PO Box 600 
Mappin Street 
Sheffield S1 3JD 
UK 
■E"    +44114 222 5921 
i    +44114 222 5943 
3    d.furniss@sheffield.ac. uk 



Professor Fuxi Gan 
Shanghai Inst of Optics & Fine Mechanics 
Adacemica Sinica 
PO Box 800-211 
Shanghai 201800 
China 
«    +86 215952 8814 
i    +86 215952 8812 
3    fxgan@fudan.ac.cn 

Mr Marie Pierre Glemot 
University of Rennes 1 
CEMA Lab Materiaux Photoniques 
Campus de Beaulieu 
F-35042 Rennes Cedex 
France 
S    +33 2 99 286263 
1    +33 2 99 286972 

Mr Laurent Griscom 
Universite de Rennes 1 
Lab des Verres & Ceramiques 
Campus de Beaulieu 
35042 Rennes Cedex 
France 
7S    + 33 2 992 86734 
1    +33 2 99281600 
S    laurent.griscom@univ- rennes1.fr 

Dr Yann Guimond 
Universite de Rennes 1 
Lab des Verres & Ceramiques 
Campus de Beaulieu 
35042 Rennes Cedex 
France 
S    + 33 2 992 86734 
1    +33 2 99281600 
S    guimond@univ-rennes1.fr 

Prof Olav Gaute Helleso 
Dept of Physics 
University of Tromso 
N-9037 Tromso Norway 
S    +47 77 64 52 97 
i    +47 77 64 55 80 
S    ogh@phys.uit.no 

Dr Jong Heo 
Dept of Mater Sei & Eng 
POSTECH 
Pohang Univ of Science & Tech 
San 31, Hyoja-dong 
Pohang 
Kyungbuk 790-784 
Korea 
S    +82 562 279 2147 
i    +82 562 279 2399 
5    jheo@postech.ac.kr 
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Katholieke Univ Leuven 
Semiconductor Physics Lab 
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B-3001 Heverlee-Leuven 
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i    +3216 32 7987 
S    peter.hertogen@fys. kuleuven.ac.be 

Dr Dan Hewak 
University of Southampton 
Optoelectronics Res Centre 
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UK 
®    +441703 593164 
i    +441703 593149 
S    dh@orc.soton.ac.uk 

Dr Alex Hannon 
ISIS Facility 
Rutherford Appleton Laboratory 
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Didcot 
OxonOXH 0QX 
USA 
«    +441235 445358 
i    +441235 445720 
S    a.c.hannon@rl.ac.uk 

Dr David B Hollis 
Dept of Physics 
University of Paisley 
High Street 
Paisley PA1 2BE 
Scotland 
S    +44141848 3606 
i    +44141838 3616 
S    holl-phO@paisley.ac.uk 



Dr Joyce Hunger 
Chief, Materials Sei Branch 
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i    +441717241433 
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Technology Development Lab 
3-3-1 Musashino 
Akishima-shi 
Tokyo 196-8510 
Japan 
«    +81 42546 2721 
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An Investigation of the Complex Upconversion Energy Transfer 
between two and three kinds of the TR3+ Ions in a Fluorozirkonate 

Glass. 

A.A.Andronov, I.A.Grishin, V.A.Guryev and A.P.Savikin 

Quantum Radiophysics Department, University of Nizhny Novgorod, 
Gagarin av., 23,603600 Nizhny Novgorod, Russia 

e-mail: laser@rf.unn.runnet.ru 

INTRODUCTION Heavy-metal fluoride glass is very attractive medium for active optics: 
lasers and amplifiers when doped with trivalent Rare-Earth (TR3+) ions. It was shown that 
optical properties of most part TR3+such as Er3*, Pr3*, Yb3+, Tm3+, Ho3+ etc in fluoride host (for 
example, in fluorozirkonate glass ZBLAN) are sufficiently better than in silica. This caused by 
relatively low phonon energy of the host: -550 - 590 cm' for various ZBLAN compositions 
and strong ion-host and ion-ion interactions which lead to inhomogenious broadening of 
energy levels  and specific energy transfer between ions. Due to this, the effect of 
upconversion luminescence in the near-VU, blue-green and red bands excited with near-IR 
through stepwise and cooperative processes, is much more effective in fluoride glasses than in 
silica, phosphate and other glasses. It is well known that the efficiency of laser emission can 
be increased by addition of another kind of active ions which absorb pump radiation and 
transfer the excitation energy to the working ions. This method of sensibilization of laser 
media is suitable for upconversion applications too. The most popular donor ion for 
upconversion applications is Ytterbium which absorbs IR light near 975nm with AX » 7nm 
(2F7/2 -> 2F5/2 manifolds transition in ZBLAN glass) and transfer this excitation to another kind 
of ions: Er3+, Pr3+, Tm3+, Ho3+ via cross-relaxation and cooperative processes. An infrared 
emission can be also sensibilized in pairs such as Pr3*/ Nd3+, Tm3+ / Nd3+, Er3+/ Ho3+ etc. We 
also shown that Rare-Earth «triplet» Er3*/ Ho3+ / Yb3+ in fluoride glass has increased 
upconversion efficiency and very interesting for low-threshold fiber lasers applications. 
EXPERIMENTAL We have studied an upconversion luminescence from 2mm thick samples 
of synthetic fluorozirkonate glass ZBLAN composed as shown in Table (in molar %): 

ZrF4 BaF2 A1F3 LaF3 YbF3 ErF3 H0F3 NaF 
1 52 20 4 3 - 1 - 20 
2 52 20 4 1 - 3 - 20 
3 52 20 4 - 3 1 - 20 
4 52 20 4 - 3 - 1 20 
5 51.75 20 4 - 3 1 0.25 20 
6 51.5 20 4 - 3 1 0.5 20 
7 51 20 4 - 3 1 1 20 

The InGaAs/GaAs quantum-well CW diode-laser (kpump= 970 + 985 nm, P < 1500 mW) was 
used as a pump source, focused into samples with 85mm objective. For low temperature 
measurements we mounted samples on a copper sink with a thermocouple and put them into 
Dewar with optical windows. Luminescence emission was analyzed with home-made 
automated spectrofluorimeter based on DFS-12 double monochromator of O.Olnm spectral 



resolution. Photon counting technique was used to detect and analyze pulses from S20 PMT 
FEU-79. 
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RESULTS AND DISCUSSION 
Spectra of an upconversion 
luminescence of sample 1 
(lmol.% Er^rZBLAN) at room 
(dotted curve, scaled in 20 times) 
and nitrogen temperatures (solid 
curve) are shown in Fig.l. 
Dependencies of the 
luminescence    decay    time    on 
erbium   concentration   at   these 
temperatures are shown on Fig.2. 
Additional   doping   with   Yb3+ 
(sample 3) lead the increasing the 
overall   green   luminescence   at 
least in 3.5 times in comparison 
with sample 1 (single erbium of 
the same concentration). 
But at 77K the growth of the 
upconversion      efficiency      in 
Er'TYb3* pair is only 8 times, 
Fig.3.   Decay   times   of  green 
luminescence    at    544nm    (the 
gravity center of the 4S3/2 H> 4I15/2 

transition) in pair at room and 
nitrogen   temperatures   become 
1091       and       1452      mksec 
correspondingly,        that        is 
considerably smaller than in the 
single erbium of lmol.%  (see 
Fig.2). 
It can be seen from Fig. 1 and 3, 
that the luminescence in band X 
* 520 +- 530nm (2H11/2 -> 4I15/2 

transition) hasn't appear at 77K 
neither in Er3+ nor in Er'TYb3* - 
doped samples. This fact can be 
explained if we suppose that 
level 2H1I/2 populates from lower 

energy level, 4S3/2 with phonons (hvph« 576 cm4) absorption. 
An idea of three (and even four) kinds of ions in the same host is old enough. The such doping 
was used to increase the efficiency (sensibilyze) of solid-state IR lasers due to ion-ion energy 
transfer: typically, Er^/Tm^/Ho3*, E^YlWTYb^, Nd3+/Tm37Cr3+ etc. It was found in [1], 
that triply-doped fluorozirconate glass Yb3+/Er3+/Ho3+:ZBLAN (samples 5-7) has improved 
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characteristics of upconversion luminescence: overall intensity, shape smoothing and lower 
power density threshold. Spectra of upconversion luminescence of triply doped ZBLAN and, 
for comparison, those of pairs Yb^/Er3* and Yb37Ho3+ - Figs. 4a and b correspondingly. At 
present time we're going to explain the discussed phenomena as follows (see Fig.5). 

First: the Ho3+ ion provides upconversion 
4F7„       

T r3 such     as     Er3+     one,     with     similar 
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co-doping the Yb-'TEr3"' pair with Ho3+ is 
well-known: ion-ion energy transfer 
between lower levels of these ions, 
(including phonon-assisted transitions) i.e. 
Er3+:4In/2->Ho3+:5I6 ; Er3+:4I13/2^Ho3+:5I7 

leads to depopulation of metastable 
erbium levels, which slow down the speed 
of upconversion process. There are also 
some energy transfer processes between 
higher levels of this system, which also 
improving its upconversion 
characteristics:   Er3+:2H1I/2->Ho3+:5F4  (the 
presence of this transition is follows from 

luminescence spectra near 525nm, Fig.4a); Ho3+:5S2-«
,Er3+:4S3/2 ~ this transfer is expected to be 

reciprocal, Ho-»Er because of positive AE of corresponding levels and Er-»Ho (from 
experimental data). The promising of triply-doped ZBLAN for low-threshold upconversion 
fiber lasers is also illustrated with the results of measurement of pump power dependence of 
green luminescence intensity [2], Fig.6, there circles correspond to 0.25mol.% of Ho3+, 
triangles - 0.5, diamonds -1 and squares - to sample without holmium. 

Results of our just performed experiments with spectra and kinetics of triply-doped 
ZBLAN samples at room and liquid nitrogen temperatures, which aren't presented here, also 
give us a reason to consider these compositions and the idea of triple doping as very 
interesting and attractive for further research. 

The Research project is supported by Russian Foundation for Basic Research Grant No. 96- 
02-16996a 
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TEM STUDIES OF 70Ga2S3-30La2S3 GLASSES 
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Centre for Glass Research, 
Department of Engineering MateriaIs,University of Sheffield, Sheffield, SI 3JD, UK. 

ABSTRACT 
The crystallisation of 70Ga2S3-30La2S3 glasses after isothermal reheating for 3h just above the 
glass transformation range (Tg), and then rapid quenching to ambient, has been studied using 
transmission electron microscopy (TEM). Glasses prepared from sulphides (supplied by 
Merck Ltd., UK, before June 1996) were melted under vacuum in a vitreous carbon crucible, 
sealed inside a silica tube. Low oxide content glasses devitrified slightly on quenching. On 
reheating close to Tg, low oxide glasses formed barrel shaped crystallites composed of laths of 
a new monoclinic phase, with inter-lath crystals which were gallium-rich and may be Ga2S3. 
On reheating glass samples containing greater levels of oxide, barrel shaped crystals formed 
composed of laths of melilite-structured La3.33Ga6Si4 and the new phase in an eutectic or 
eutectoid-like microstructure. 

INTRODUCTION 
100-xGa2S3-xLa2S3 (GLS) based glasses were investigated quite extensively in the 1970's by 
Loireau-Lozac'h et alP who mapped out the glass forming region3 and identified crystalline 
phases. According to these authors, slow cooling produced a mixture of cc-Ga2S3 and a 
hexagonal phase, LaGaS3. On reheating a glass of 64Ga2S3:36La2S3 (mol%), LaGaS3, 
hexagonal La6Ga3.33Si4, and tetragonal La3.33Ga6Si4 were produced. When the Ga2S3 content 
was increased, heat treatment resulted in La3.33Ga<5Si4. 

More recent investigations4'5 have revealed glass formation and crystallisation behaviour that 
contradicts the work of Loireau-Lozac'h et alP. Morgan et al4 found that glass formation, 
using the same sulphide precursors and melting schedule described below, was difficult from 
precursor sulphides containing less than about 0.5 wt % oxygen.4 Furthermore, X-ray 
diffraction patterns from reheated crystallized samples produced by Morgan4'5 did not 
correspond to the phases and phase evolution reported by Loireau-Lozac'h et al2'3. 

To investigate the discrepancy between recent results4'5, and those reported previously2'3, two 
glasses of composition 70Ga2S3:30La2S3 have been produced using precursors with different 
oxygen concentrations. These were isothermally reheated for 3h not far above the glass 
transformation range Tg for 3h and then rapidly quenched to ambient. Phase growth was 
investigated in detail using transmission electron microscopy. 

EXPERIMENTAL PROCEDURES 
5g glass batches of composition 70Ga2S3:30La2S3 (mol%) were melted under vacuum from 
gallium and lanthanum sulphides (4N supplied before June 1996, by Merck Ltd., UK) inside a 
vitreous carbon crucible within a sealed silica tube. Glass 1 contained less than about 0.5 wt% 
oxygen whereas glass 2 contained very approximately 1 wt % oxygen, as defined using the 
information supplied by the raw material manufacturer and assuming that the batch oxide 

# now at, British Nuclear Fuels, Sellafield, Seascale, Cumbria, CA20 1PG, UK. 



level persists in the as-prepared glasses. In order to study crystallisation behaviour, glasses 1 
and 2 were heat treated under dry, white spot, flowing nitrogen (BOC,UK) in a carbon boat 
for 3 hours at 590°C for glass 1 and 600°C for glass 2, respectively. 

Infrared (IR) spectra were collected on a Perkin-Elmer series 2000 Fourier transform infrared 
(FTIR) spectrophotometer using as-prepared glasses which were polished to a few mm 
pathlength. Absorbance spectra were normalised to a 1mm sample pathlength and then 
converted to % transmission. A Philips 1700 diffractometer was used for powder X-ray 
diffraction (XRD). Cu Kcc radiation was used to scan samples through the range 20 to 80 °20 
at 2°20 minute"1. 

Samples, no smaller than 4mm diameter, were prepared by grinding to -30 microns thick, at 
which point a copper ring was stuck to the sample using epoxy resin. The sample was then ion 
beam milled using a GAT AN Dual Ion Mill, Model 600, at an angle of 15°, whilst rotating, 
until a hole had been produced. JEOL 3010 and Philips 420 transmission electron 
microscopes equipped with Oxford instruments Link eXL EDS (energy dispersive 
spectroscopic) detectors and workstations were used to image and to analyse the composition 
of samples. 

RESULTS AND DISCUSSION 

The low oxide GLS glasses were difficult to prepare crystal-free and hence usually contained 
low levels of crystals within a substantially glassy matrix. Having closely examined these 
crystals under different orientations in the transmission optical microscope, we suggest that 
they are barrel shaped rather than octahedral, as previously reported by Morgan et al5. 

Figure 1 shows infrared spectra of as-prepared glasses 1 and 2. Typical background 
transmission was 70-72% and and spectra contained common absorption bands at 2.94um 
(3400cm"1), 5.50|am (1817cm"1), 8.63um (1158cm"1) with an IR edge composed of two bands 
at 10.71um (933cm"1) and 12.63um (792cm"1). It should be noted that, as the oxygen content 
of the glass precursors increased, the intensity of the band at 8.63 jam also increased. 
Madeiros-Neto (1995)6 and Hewak (1994)7 have suggested that this band is associated with 
S04 ' in the GLS system and its increase in glass 2 is consistent with a higher O- 
concentration. 

After heat treatment, XRD patterns of the quenched samples clearly showed that, although the 
morphologies of the crystals remained similar according to optical microscopy, the 
crystallisation product changed as the oxygen increased, Fig. 2. Several of the peaks 
associated with crystallised glass 2 could be indexed according to the phase Laio/3Ga6Si4 

which has a melilite structure and was first observed in the GLS system by Loireau-Lozazh et 
al. ' . The peaks in the spectra obtained from crystallized glass 1 and several major ones from 
glass 2, which matched each other, did not match any known phase in the JCPDS data files. 
However, Morgan et al8, in their study of the crystallisation of 70:30 GLS glass suggest that 
this phase has a monoclinic Bravais lattice, a = 0.58, b = 1.02, c = 0.94 nm and ß = 86°. 
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Figure 1. Fourier transform infrared spectra 
of glass 1 and 2. 
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Figure 3 is a TEM image showing the internal morphology of the barrel shaped crystallites 
found on quenching and heat treatment of glass 1. The crystals consist of lamellae separated 
by an inter-lath phase. The laths are around 1 urn in diameter and have approximately a 2:1 
Ga2S3:La2S3 ratio according to EDS analysis.8 The inter-lath phase was shown by EDS to be 
Ga-rich and it is suggested that this might be a-Ga2S3. 
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Figure 2. X-ray patterns of glasses 1 and 2, heat treated at 
590°C and 610°C, respectively, for3h. M=melilite; 
N=nevv phase. 

Figure 3. TEM image showing the 
internal morphology of crystallites in 
glass 1 (low oxide) which have grown 
during melt-quenching and/or reheating at 
590°C/3h. 

TEM images from heat treated glass 2 appeared to indicate that the crystals have a different 
internal microstructure from those observed in glass 1. Fig. 4. The diffraction contrast 
suggests an intergrowth of either two orientations of the same phase or two different phases. 
In addition, the laths are narrower and less linear than observed in glass 1, resembling an 
eutectic or eutectoid microstructre. EDS spectra from adjacent laths, typified by Fig. 5, were 
virtually identical and contained significant amounts of La. Therefore, the Ga2S3 phase, 
proposed to exist between laths in crystallised glass 1, was not considered to be present as one 
of the intergrowth phases. 



Morphological!} identical aystals to Ihosc in Hg. 4 have been studied in great detail (Figs 0 
and 7). These aystals were found to grow (accompanied by other phases which vviH be 
discussed in a future paper) during the melt-cooling of more recent samples oi' GLS: 
specifically. 65Cia:S;-35l.a:S; made from component sulphides (-standard' supplied by Merck 
after June 19%) melted inside a vitreous carbon crucible, held inside a silica tube: the batch 
contained ().44ut"o total oxygen according to LECO analysis. Melt-cooling of 65Ga2S?- 
.ol.avS-, was achieved by cooling from the liquidus at 1°C min"1 to 785°C. immediately 
followed by fast quenching to ambient. TEM of the intergrovvth type crystals gave many spot's 
on the electron diffraction patterns from the intergrovvth itself. Fig. 6, which could be indexed 
according to the [001] zone axis of the new monoclinic phase found in glass l.8 The extra 
reflections could be indexed according to the [001] zone axis of the Vielilite-structured 
compound, La3.33Ga6Si4. Figure 7 is an end-on view of the same kind of intergrovvth as 
observed initially in plan view in Fig. 4 for glass 2. Two sets of lattice fringes are apparent. 
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Figure 4. Transmission electron micrograph of the 
internal structure of the crystallites in the heat treated 
2lass2at610°C73h. 
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Figure 5. Energy dispersive X-ray spectra from phases 
shown in Fi». 4. 

Figure 6. Electron diffraction pattern from 
laths, one phase found in 65Ga:Sr35La:S, which had 
been cooled from the liquidus at 1°C min"' to 785°C. 
followed by fast quenching to ambient. The crystals 
appear morphologically identical to those observed in 
Class 2 (Fig 5). A = [001 ]„,w,,,,,„after ref|8] and B = 
l"0I ],„, cafterrefs|2,3|. 

Figure 7. End-on lattice image of the laths found in 
Fig. 6 and morphologically identical to laths shown 
in plan view in Fig. 4 for glass 2. A = region of new 
phase and B = melilite. 



These are marked A and B in the image. The region marked A arises from the new monoclinie 
phase whereas B corresponds to a second phase with a different d-spacing. compatible with 
melilite-structured. La.? ;,;,Ga„Si4. If HDS traces from the two sets of laths are compared then 
they appear virtually coincident. Fig. 5. indicating that the new GLS phase and the second 
phase have similar Ga^iLa^ ratios. 

Figure 8. TEM micrograph showing region of residual 
glass between barrel shaped crystals in heat treated 
glass 2. 

Figure 9. TEM image of the interface between the 
residual glass and showing the presence of Ga 
sulphide. Inserted is a streaked electron diffraction 
pattern from the Ga-sulphide phase 

Peaks arising from La3.33Ga6Su are present in X-ray diffraction patterns and this phase has a 
Ga2S3 : La:S3 = 1.8 : 1.0, close to that of the new monoclinie phase which is approximately 
2:1. The above evidence for the crystals morphologically identical to those found in reheated 
glass 2 strongly supports the view that the barrel shaped crystals in glass 2 are composed of 
intergrowths of the melilite-structured, La3.33GaöSi4 and the new monoclinie phase. 

The extent to which the melilite-structured, Laio^GaöSu phase (with respect to the new 
monoclinie phase) occurs in any given region of an barrel shaped crystal, within reheated glass 
2, varies but further work in this system has shown that it eventually dominates the X-ray and 
TEM diffraction patterns if the oxide or hydroxide content is increased in the precursor 
sulphides. Glass 1 which has a very low oxide content only contains the new monoclinie 
phase first discussed by Morgan et als As crystallisation proceeds in glass 2. the residual glass 
becomes enriched in Ga sulphide. This phase nucleates and grows as 'whiskers' in-between 
the barrel shaped crystals and can also be observed to surround them. Figs 8 and 9. In effect, 
the barrel shaped crystals become encapsulated in Ga sulphide. The whiskers exhibit planar 
defects parallel with their length and diffraction patterns exhibit streaking associated with this 
phenomenon, insert in Fig 9. The whisker-like formation is unique to the growth of 
melilite/new phase barrel shaped crystals and is not a typical morphology. More commonly, 
isolated dendrites of a-Ga^ have been observed in GLS glass. 



CONCLUSIONS 

For the 70Ga2S3-30La2S3 glasses: 
1) FTIR indicated that oxide-associated bands at the glass IR edge increased as oxide content 
increased in the glass precursors. 
2) The new monoclinic GLS phase observed by Morgan et al formed as the major phase on 
reheating, only when the oxide content of the as-batched glass was low (as-batched total 
oxygen less than 0.5 wt%). 
4) La3.33Ga6Si4 growth did not occur on reheating unless the oxide content of the material was 
higher ((as-batched total oxygen very approximately 1 wt%). 
5) Barrel shaped crystals in samples containing about 1 wt % total oxygen exhibited an 
eutectic or eutectoid-like microstructure, being composed of alternate laths of the new 
monoclinic GLS phase and La3.33Ga6Si4. 
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1. ABSTRACT 
Extrusion of inorganic glass melts is demonstrated as a helpful approach for 

making flbreoptic preforms. Thus rods, and fine bore tubes, of good dimensional control 
and surface finish have been made of sodium borosilicate glasses and gallium lanthanum 
sulphide glasses. One-step extrusion of core/clad preforms is also demonstrated, and 
optimisation of the extruder die design described to minimise taper of the core/clad ratio 
within the constant outside diameter preform. 

2. INTRODUCTION. 
Silica glass optical fibres for telecomunications have proved dramatically 

successful, particularly due to the development of the 1.5 micron erbium doped fibre 
amplifier. The EDFA has enabled the replacement of slower electronic methods of 
amplification. However there exists a considerable length of older 1.3 micron silica fibre 
in for which no photonic amplifier is available. Silica has not proved to be a suitable host 
for 1.3 micron optical amplifiers due to a high phonon energy and hence considerable 
non-radiative decay competing with the desired stimulated emission. For efficient optical 
amplification a low phonon energy glass host must be found. 

One of the most promising glass types is the gallium-lanthanium-sulphide, (GLS) 
system. (Becker et all) However the GLS glasses present difficulties in fabrication of 
optical fibre preforms. There is presently no chemical vapour deposition route. The 
rotational casting route successfully used with fluoride glasses has not proved effective 
due to the higher liquidus temperatures, and temperature/viscosity characteristics, of the 
GLS glasses. 

Preforms have been made by machining of glass billets into rods and tubes, but 
this is a wasteful process and can result in a poor core/clad interface due to the surface 
quality of the machined tube bore. Also the tube can not be made into monomode 
proportions in one step, so over-cladding is required, resulting in greater opportunity for 
crystallisation of the preform. 

In this paper the method of extrusion for making GLS preforms is proposed and 
initial experiments with both water soluble oxide glass and GLS are described. 

3. EXTRUSION. 
3.1 Introduction. 

Extrusion is commonly used in the industrial forming of plastics and metals. In 
inorganic glasses extrusion has be demonstrated by Roeder24, for various systems 
including soda-lime-silica, lead silicates and boric oxide. Complex rod and tube sections 



have been produced. Roeder and Miura et al5 have extruded fluoroaluminozirconate 
glasses into core/clad preforms in a single operation. In this work we have considered 
both methods for use with the GLS glasses. Extrusion is carried out in a high viscosity 
region, typically 108Pas. Crystal growth is generally slow in this region. 

3.2 Extruder. 
Figure 1 shows a side view of the extrusion equipment. A three zone electric 

resistance furnace provides heating for the extruder barrel. The glass billet is placed in 
the preheated stainless steel barrel which was used unlined or with a liner of graphite or 
high carbon cast iron. A stainless steel bobbin, which is a close fit in the barrel, is driven 
by the punch, which is in turn driven by customised hydraulics. This forces the glass 
melt out through the die assembly. The die geometry gives the glass its shape as it is 
force through. Temperature in the die wall is monitored by a thermocouple and the load 
applied is measured by a load cell. Extrusion velocity is measured by timing the position 
of the punch via an LVDT. The die and bobbin are sleeved in bronze to reduce wall 
friction to the barrel and the die can be graphite lined to reduce friction to the glass melt. 
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Figure 1. The extruder is shown in the horizontal position with the punch withdrawn. 
The end-to-end dimension is about 1.75m. The furnace is shown schematically in place 
around the barrel. The measuring thermocouple is located close to the die. for clarity, the 
extruder support frame, water cooling and optional inert gas flow have been omitted. The 
die assembly is also shown enlarged. 



4. ROD AND TUBE EXTRUSION. 
4.1 Monomode tube. 

To produce a monomode proportioned fibre by the rod in tube method requires 
that the rod diameter be in the order of 0.05x that of the tube outer diameter, for a fibre 
around 100 to 200um. For a 10mm OD preform we must achieve a rod diameter of 
0.5mm, requiring a tube of less than 1mm ID. To produce a 0.5mm rod the most 
appropriate approach is to stretch a larger diameter rod in a process similar to fibre 
drawing. This is a well proven method so here we concentrate on the extrusion of the 
tube. 

4.2. Oxide glass 
In order to determine the design for the die an oxide glass 5Na2O-75B2O3-20SiO2 

(mol%) has been chosen which is water soluble, so aiding the cleaning of the extruder 
and allowing further machining to be carried out on the die geometry. This glass was 
melted from Na2C03 and the other oxides, 0.5 mol% of CoO could be added in order to 
give a colour contrast between core and cladding. The batch was melted at 1400°C in Pt 
for 5 hours, stirring for the last 3 hours before casting into graphite moulds to produce 
correctly sized billets and annealing at 320°C. 

Initially the pin in the die was 5mm diameter with the die bore 10mm. Extrusion 
was carried out both in the horizontal and vertical positions. When horizontal the out- 
going extruded glass was supported in a graphite "vee" cradle beyond the die. In the 
vertical position, straightness of the tube was improved compared with the horizontal. 
However there is a tendency for the weight of the rod so far extruded to stretch the part 
of the tube still being extruded. This results in a slight taper over the length of the tube. 
The die bore was either plain stainless steel or graphite lined. Due to the friction between 
the glass melt and the die wall the glass moved more slowly at the wall than in the centre 
of the glass. As the glass leaves the die this velocity profile must come to an end, the 
result is the radial expansion of the glass, die swell. The stainless steel die can exhibit up 
to 20% linear swell. Using a graphite lining reduced the friction and hence the die swell 
and also improved the surface finish of the extruded glass (Roeder1"3). However the 
physical strength of graphite is insufficient to allow its use on the pin, and it is here on 
the inside of the tube where the surface finish is most important. So for tube extrusion 
the graphite lined die was not frequently used. 

Table 1. The dimensions of extruded tubes of the water soluble glass for different die pin 
diameters. 
Run Load Furnace Die temp Die dimensions Die Tube For 

/kN temp. /°C as constructed Mean tube dimensions OD/ OD/ tube 
/°C /mm /mm ID ID length 

/mm 

A 7.0 420 385 
ID OD ID OD 

4.8 4.1 200 2.5 12.0 2.84 ±0.10 11.63+0.32 
B 6.0 440 405 1.5 12.0 1.66+0.13 11.76 ±0.12 8.0 7.1 160 

C 10.2 425 390 1.0 12.0 1.15 ±0.19 12.59 +0.26 12.0 11.0 190 



A typical result for the 10mm/5mm graphite lined die over 250mm of length was 
OD/ID 9.75±0.06mm/3.95±0.10mm, with a maximum out-of-round for both OD and ID 
of 0.05mm. The diameter of the pin was steadily reduced to 1.0mm giving the results 
shown in Table 1 [6]. When pin sizes below 1mm were tried the tensile strength of the 
stainless steel proved to be inadequate and the pin snapped. 

4.3 GLS extrusion. 
The GLS glasses were prepared by melting from the standard sulphides (Merck 

Ltd) at 1150C in a vitreous carbon crucible inside a silica tube, then remelting into 
30mm diameter billets. Extrusion was carried out under flowing argon at 604C. Initially 
rods were extruded in a graphite lined die at a load of lOkN in the horizontal position. 
With a die bore of 4.9mm the resulting rod had a good surface finish with a diameter of 
4.914mm±0.004mm, the out of round was <0.004mm, over a length of 250mm [7]. 

Tube extrusion of the GLS glass was carried out vertically with a plain stainless 
steel die with a 1mm pin which resulted in a good bore surface. However at present tubes 
are very short and we are working on improving this 

5. CORE/CLAD EXTRUSION. 
5.1 Oxide glass. 

Billets of the water soluble sodium-borosilicate glass were prepared 30mm 
diameter and 15mm long, one with 1% CoO and the other undoped, with one end of each 
polished flat. A stainless steel die with a tapering lead in (figure 2a) was used. With the 
extruder at 385°C the clear undoped billet was placed into the extruder barrel first, 
followed by the Co doped billet with the polished ends together. They were then 
extruded vertically downward at 5kN load. The resulting rod started off clear, then the 
coloured core appeared, increasing in diameter as the extrusion progressed. Figure 3 
shows the core diameter increasing at the expense of the cladding thickness. Figure 4 
shows the core/clad ratio produced. 

Thermocouple 

Glass Glass 

(a) (b) 

Figure 2. Cross sections of the two die profiles used for the cord/clad extrusion. 



Figure 3. Core/clad extruded samples of 2.5Na2O-87B2O3-10.5SiC>2 (mol%) glass, 
undoped, and doped with 1 wt% cobalt oxide to give the purple coloration. The overall 
outside diameter is constant 10.9mm ±0.1 mm over 150mm but the core/clad, diameter 
ratio has become larger as the extrusion proceeded giving a tapered core/clad interface. 

90 

Length (mm) 

Figure 4. Plot of core diameter / clad diameter versus distance along the core/clad 
extruded sample for the die in figure 2a. Cladding diameter 10.9mm The same sample is 
pictured in figure 3 and is 2.5Na2O-87B2O3-10.5SiO2 (mol%) glass, coloured purple 

with lwt% cobalt oxide. 

To attempt an improvement in the core/clad ratio the extrusion was repeated with 
a plain flat die (Figure 2b). Clear and cobalt doped glass billets of 12.5mm length and 
30mm diameter were used This resulted in an improved core clad ratio over a greater 
length (Figure 5). The OD is 5.4mm±0.1mm with an out-of-round for the core and the 
clad of less than 0.1mm over 300mm length. However this is still not monomode and 
would need over cladding. 
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Figure 5. Plot of core diameter / clad diameter versus distance along the core/clad 
extruded sample for the die in figure 2b. Cladding diameter 5.4mm 

6 SUMMARY. 
GLS rods of good surface quality, with a diameter of 5mm have been extruded 

with very good diameter variation and circularity along the rods. Tubes of oxide and 
GLS glass with a 1mm bore and 12mm OD have been produced with a good internal 
surface quality. At present we are working to extend the GLS tube length which can be 
successfully extruded for subsequent rod-in-tube fibre drawing 
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FOREWORD 

11th International Symposium on Non-Oxide Glasses and New Optical Glasses 

IS(NOG)2 '98 

The 11th International Symposium, formerly known as the International Symposium on Non-Oxide 
Glasses, and held about every two years since 1981, is the premier conference for discussion of the 
latest developments in synthesis, structure, properties, processing and applications of non-oxide 
glasses and new optical glasses. An important objective of the Symposium is to bridge the gap 
between scientific understanding and technical requirements so that the enormous future potential of 
special glasses, including for innovative photonic materials technologies, is realised effectively. For 
the first time the title of the Symposium has been extended so that it encompasses special oxide 
glasses, hence making the conference the forum for discussion of all types of non-traditional 
inorganic glasses. About 100 delegates are attending the 11th Symposium from 21 different 
countries. 

IS(NOG)2 '98 is taking place at Tapton Conference Centre, University of Sheffield. Sheffield is the 
fourth largest city in England and is world famous for its steel and cutlery industries. The University 
founded the first department of Glass Technology in 1915 and the 11th Symposium is being co- 
organised by the Centre for Glass Research, which is a direct descendant of the Department of Glass 
Technology. The City is on the edge of the magnificent Peak District National Park. 

The 11th Symposium comprises one oral session running 6-10 September 1998. The invitation 
keynote lecture will be given by Professor David N. Payne of the Optoelectronics Research Centre 
(ORC), University of Southampton, England, and there are 11 invited papers and 46 oral papers in 
total. There are three separate poster sessions with 74 poster papers in total. Full manuscripts 
submitted at the Symposium will be refereed for publication in a special volume of the Journal of 
Non-Crystalline Solids. 

I should like to thank: my Deputy Chairman, Dr Dan W. Hewak (ORC, University of Southampton) 
and the Local Organisation Committee for their hard work; Jill Costello, Christine Brown, Sara 
Lindley and David Moore of the Society of Glass Technology for the splendid conference 
administration and the International Advisory Board for awarding me the honour of bringing the 11* 
Symposium to Sheffield. I am especially grateful to the financial Sponsors, who are listed herewith, 
for making the Symposium possible. 

I bid you a very warm welcome to Sheffield. 

Angela B. Seddon, Chairman oflS(NOG)2 '9 
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NON-SILICA GLASS FIBER AMPLIFIERS 

T. Kanamori, Y. Nishida, A. Mori, K. Kobayashi, M. Yamada*, T. Shimada, 

M. Shimizu, and Y. Ohishi* 

NTT Opto-EIectronics Laboratories, Tokai, Ibaraki, 319-1193 Japan 

*NTT Electronics Corporation, Tokai, Ibaraki, 319-1193 Japan 

ABSTRACT 

We report our current progress in the development of non-silica glass fiber amplifiers. 

We describe the fabrication of low-loss Pr,+-doped InF3-based fibers and low-loss Er,+-doped 

Te02-based fibers, and their use in constructing an efficient 1.3-|J,m band PDF A and a low- 

noise 1.5-um broadband EDFA. High gain coefficients of 0.36, 0.30, 0.26, and 0.18 dB/mW 

are realized for the PDFA using fibers with An values of 6.6, 4.6, 3.7, and 2.5 %, respectively. 

The EDFA provides an extremely wide amplification bandwidth of 83 nm with a signal gain 

of over 20 dB and a noise figure of < 6.5 dB. 

1. INTRODUCTION 

Optical fiber amplifiers are key devices for increasing the transmission distance, speed 

and capacity of optical communication systems. Recent trends, such as the development of 

wavelength-division multiplexing (WDM) systems, has meant that fiber amplifiers must 

meet a variety of requirements. These include high gain, high output power, a low noise 

figure, a broad and flat gain spectrum, high reliability, low cost, and compactness. Non-silica 

glass fiber amplifiers have the potential to meet these requirements. 

Since the first demonstration of 1.3 \xm amplification using a Pr^-doped ZrF4-based 

fiber, low phonon energy glasses have generated great interest as efficient hosts [1,2]. This is 

because the 'G4 level in Pr1+ suffers a multi-phonon relaxation which leads to a reduction in 

the quantum efficiency of the 'G4 to 
3H5 transition. There has been a considerable amount of 

research on new glass hosts for efficient Pr^-doped fiber amplifiers (PDFAs). The suggested 

hosts are InF3-based fluoride glasses such as the InF3-based system [3], the InF3/GaF3-based 

system [4], the PbFj/InF,-based system [5], mixed-halide glasses [6], chalcogenide glasses 

such as Ga-La-S [7], Ga-Na-S [8], and As-S [9]. The InF3-based fluoride glass family is the 

most promising candidate as the glass host for the next generation of PDFAs in terms of 

meeting many of the above requirements. The key issue as regards developing efficient 

IS(NOG)2,98 



InF3-based PDFAs for practical use is to reduce the losses of the high-An fibers to the level of 

ZrF4-based fiber. 

A significant broadening of the amplification bandwidth has been achieved in the 1.5 

urn band by using Er,+-doped Te02-based fiber [10, 11]. Its bandwidth is 80 nm with a signal 

gain of over 20 dB. However, it is necessary to reduce the noise figure to make practical 

Te02-based Er3+-doped fiber amplifiers (EDFAs). This can be also achieved by developing 

low-loss Te02-based fiber. 

This paper describes the development of low-loss Pr^-doped InF3-based fibers and 

low-loss Er,+-doped TeO.-based fibers, and efficient 1.3-jim band PDFAs and a low-noise 

1.5-|im broadband EDFA using these non-silica glass fibers. 

2. EXPERIMENTAL 

2.1 Single-mode fiber fabrication 

We fabricated single-mode fibers by using a modified jacketing method [12]. The 

preforms were prepared by the conventional suction-casting method. The jacketing tubes for 

elongation and fiber drawing were produced by the rotational casting method using molds 

with a cylindrical hole and a tapered hole, respectively. 

a) Melting and casting: InF3-based glasses [3, 5]: InF3 and GaF3 were purified by solvent 

extraction with acetylacetone in benzene. Fluorides with a high purity of much better than 

99.99 % were used as the glass materials. Mixtures of the core and cladding materials and 

NH4F HF were melted at 850 °C in vitreous carbon crucibles. The melts were cast into metal 

molds to produce preforms and jacketing tubes. 

Te02-based glasses: High-purity Te02 was prepared from Te metal whose purity 

exceeded 6 N. The raw materials, which were more than 99.9% pure, were weighed and 

mixed in gold crucibles. They were then melted at 900 °C, and cast into metal molds using the 

above mentioned methods. 

b) Fiber drawing: A preform prepared by suction-casting, which had a tapered core, was 

elongated together with a straight jacketing tube into a secondary preform. To eliminate the 

tapered core structure in the secondary preform, a tapered jacketing tube was used for the 

fiber drawing process. The secondary preform was inserted into the tapered jacketing tube 

and drawn into a single-mode optical fiber coated with UV-curable acrylate. 

2.2 Measurements 

The transmission loss spectra were measured using the cutback technique. 

The signal gain dependence on pump power was measured using the fabricated 

Pr^-doped fiber. The fiber was butt-jointed to wavelength-division-multiplexing couplers and 

forward pumped using a Ti: sapphire laser. The pumping wavelength was 1.015 um, and the 

signal wavelength and signal level were 1.30 UMn and -30 dBm, respectively. 
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We measured the gain characteristics of a Te02-based EDFA with a cascade 

configuration. Each fiber was pumped by a 1.480 um LD module coupled through a bulk-type 

WDM coupler in the signal line. Optical isolators were inserted in the post-input and pre- 

output ports and between the Te02-based fibers. The Te02-based fiber and high-An silica 

fiber were connected by using the thermally-fused expanded core (TEC) technique and the 

tilted V-groove connection technique. The insertion loss and reflection at the tilted V-groove 

connection were 0.3 dB and < -50 dB, respectively. 

0.1   : VJU 

3. RESULTS AND DISCUSSION 

3.1InF3-basedPDFA 

a) Single-mode fiber characteristics 

Single-mode fibers with An values 

of 2.5 and 3.7% were fabricated using the 

InF3-based system [3] and those values 

4.6 and 6.6 % using the PbFj/InF,-based 

system [5].      A typical transmission loss 

spectrum is shown in Fig. 1. The large 

peaks around wavelengths of 0,6 and 1.0 

\im are caused by Pr3+. The small peak at 

0.8 urn is due to the cutoff of the first 

higher-order mode. Table 1 lists the 

parameters and transmission losses of the 

Pr1+ doped fibers we obtained. Low loss 

values of 0.04, 0.05, 0.18 and 0.20 dB/m 

were obtained at 1.2 u\m in the single-mode fibers with An values of 2.5, 3.7,4.6 and 6.6%, 

respectively. The transmission losses of the fibers with An values of 2.5 and 3.7 %, which we 

fabricated using the Mybased system, were effectively reduced to the level of ZrF4-based 

single-mode fiber by 

using purified InF3 Tat,ie i.   Characteristics of Pr3+-doped InF3-based single-mode fibers. 

0.01 I i i i i j i—i i—i—i i i 

0.4 1.6 0.6      0.8      1.0      1.2      1.4 
Wavelength (um) 

Fig. 1.    Transmission loss spectrum of InF^-based fiber 

with An of 2.5% and Pr^+ content of 500 ppm. 

and GaF, raw 

materials. These loss 

characteristics 

indicate that the 

losses of the InF3- 

based fibers with An 

values of 2.5% and 

An 

(%) 

Glass 
system 

Core 
diameter 

(Hm) 

Cutoff 
wavelength 

(|im) 

Loss 

(dB/m, 1.2 um) 

2.5 

3.7 

4.6 

6.6 

InF3-based glass 

InF3-based glass 

PbF2/InF3-based glass 

PbF2/InF3-based glass 

2.0 

1.8 

1.6 

1.2 

0.9 

1.0 

1.0 

1.0 

0.04 

0.05 

0.18 

0.20 

3.7 % approach the 

practical level 
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required for fiber amplifiers. By contract, the 

fibers with An values of 4.6 and 6.6%, fabricated 

from the PbE/InF3 -based system, exhibit a 

slightly high loss value. The difference in the loss 2- 

25 

00 

levels indicates that the thermal stability of the 

PbE/InFi-based system must be slightly 

improved. 

b) Amplification characteristics 

Figure 2 shows the internal small signal 

gain dependence on the pump power for 20 m 

long and 19 m long single-mode fibers with An 

values of 3.7 and 6.6%, respectively [13]. The 

dependence with the most efficient ZrF4-based 

fluoride fiber with a An of 3.7 % is 

also shown for comparison [14]. An 

internal small signal gain of 28,2 

dB, corresponding to a net gain of 

20 dB, for a fiber with a An of 6.6 % 

was achieved at a pump power of 

100 mW. This net gain is nearly 

double that of the most efficient 

ZrF4-based Er3+-doped fiber. Table 2 

summarizes the gain coefficients of 

fluoride fibers. The gain coefficient 

was increased from 0.18 to 0.36 by 

increasing the An from 2.5 to 6.6 % 

for InFrbased fibers. It is clear that InF3- 

based fiber achieves gain coefficients about 

1.3 times higher than ZrF4-based fiber with 

the same An value. 

We used these low loss fibers to 

construct two efficient PDFA modules: a 

high power PDFA module with a Nd-YLF 

laser and a fiber with a An of 2.5%, and a 

plug-in type PDFA module with 1.017 |Xm 

LDs and fibers with a An of 6.6% for 

rack-mounted shelves [15, 16]. In the 

former module, as shown in Fig. 3, we 

achieved an output power of 15.6 dBm, 

.£   15 
(0 
Ö) 

«j c 
*»■ c ^      5- 

10 - 

InFg-based fiber/ v / * with An of 6.6°// -  x/ • 

/ • / A. 
/•   / 

lnF3-based fibe 

/• J£\ with An of 3.7% 

ZrF4-based fiber 

X- 1  

with An of 3.7% 

50 100 
Pump power (mW) 

150 

Fig. 2.   Pump power dependence of gain at 1.3 um. 
Input signal level: -30 dBm 

Pr3+ content: 500 ppm 

Table 2.   Gain coefficients of Pr^+.doped fluoride fibers 

An Gain coefficient of Gain coefficient of 
InF3"based fiber ZrF4- based fiber 

(%) (dB/mW, 1.3 Um) (dB/mW, 1.3 [xm) 

2.5* 0.18 0.14 

3.7 0.26 0.21 

4.6 0.30 - 

6.6 0.36 - 

Pr3+ content is 500 ppm except for 2.5 % An fiber; 
*: Pr3+ content is 1000 ppm. 

? 15 
00 
TJ, 10 
i_ 
0) 
5 5 
o 
Q. 0 
«0 c -5 
O) 
(0 -10 
3 a 

4-> -15 
3 
o -20 

lnF3-based PDFA 

ZrF4-based PDFA 

Signal wavelength: 1.302 um 
Pumpwavelength: 1.047 pirn 
Pumppower: 500 mW (Backward pumping) 

Pr3*- content: 1000 ppm 
■ ■ i ■. > ■ i ■ . .. i. ■. . i.... i.... i . .. . i .. 

-30   -25   -20   -15   -10    -5      0      5 

Input signal power (dBm) 

Fig. 3. Output signal power dependence 
on input signal power. 
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which is 2.4 dBm more than that of a ZrF4-based PDFA, with an input signal power of 0 

dBm. The latter module exhibited a small signal gain of 24 dB and an output power of 10 

dBm with an input signal power of 0 dBm. This output power level satisfies the ITU-T 

standards for STM-64 systems [17]. The high gain and high output power characteristics of 

these PDFAs increases the feasibility of using PDFAs in practical 1.3 ^m transmission 

systems. 

3.2 Te02-based EDFA 

a) Single-mode fiber characteristics 

We fabricated a low loss Te02- 

based fiber using synthesized high-purity 

Te02, which was white because it contained 

no yellow or gray Te03 and no black TeO. 

The transmission loss spectrum of the fiber 

is shown as a solid line in Fig. 4. The An of  ffl 

the fiber was 1.5%. The cutoff wavelength 

and the Er3* concentration were 1.15 u.m 

and 500 ppm, respectively. The broken line 

shows the loss spectrum of a fiber obtained 

using commercial Te02 raw material for 

comparison. The An, the cutoff wavelength, 

and the Er3* concentration of the fiber were 

1.5%, 1.3 (im, and 4000 ppm, respectively. 

The absorption peaks observed around 1.0 

and 1.4 urn were caused by Er3+. The 

fiber prepared using the high purity 

Te02 exhibited a low loss of 0.05 

dB/m at 1.2 |im. By contract, the loss 

of a fiber obtained using commercial 

Te02 was 0.9 dB/m at 1.2 um. The 

difference between the losses is 

attributed to the purity of the Te02 

raw material. 

b) Amplification characteristics 

Figure 5 shows the small 

signal gain and noise figure spectra of 

a Te02-based EDFA with a cascade 

configuration using low-loss fibers. 

The fiber were 4 and 10 m in length 

10 

1.0      1.1       1.2      1.3      1.4 

Wavelength (urn) 

Fig. 4.    Transmission loss spectra of Er^+-doped 
TeC^-based fiber. 

1.5 

1.56    1.58    1.60     1.62 

Wavelength (urn) 

o 
1.64 

Fig. 5.    Small signal gain and noise figure spectra 
ofTe02-basedEDFA. 
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and the pump powers launched into each fiber were 150 and 200 mW, respectively. The input 

signal power was -30 dBm. The peak gain was 49 dB at 1.557 um, and we obtained gains 

exceeding 20 dB over an 83 nm bandwidth of 1.528-1.611 urn. The minimum noise figure 

was 4.8 dB at 1.602 um, and we obtained a noise figure of < 6.5 dB over an 85 nm bandwidth 

of 1.539-1.624 urn. The noise figure in the short wavelength region below 1.535 um was 

improved by more than 10 dB [11]. The gain difference between the peak and the flat region, 

which was about 20 dB, can be suppressed by using gain equalizing techniques [18]. A 

Te02-based EDFA with both a broad gain bandwidth and a low flat noise figure will facilitate 

the development of WDM network systems with high transmission capacity. 

CONCLUSION 

We have successfully fabricated low-loss htfybased Pr*+-doped single-mode fibers as 

efficient 1.3 um band amplification hosts, and low-loss Te02-based Er3+-doped single-mode 

fiber for low noise 1.5 urn broadband amplification. We achieved high gain coefficients of 

0.36,0.30,0.26, and 0.18 dB/mW for PDFAs using fibers with An value of 6.6,4.6 3.7, and 

2.5 %, respectively, and an extremely wide amplification bandwidth of 83 nm with a signal 

gain of over 20 dB and a noise figure of < 6.5 dB for a Te02-based EDFA. We believe that 

this newly developed PDFA and EDFA using non-silica fibers will be highly promising for 

upgrading the current optical transmission systems. 
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A2(I) 
FABRICATION OF GLASS BASED OPTICAL AMPLIFIERS 

A. J. Faber 

TNO Institute of Applied Physics, P.O. Box 595, 
5600 AN Eindhoven, NL, email faber@tpd.tno.nl 

ABSTRACT 
Different techniques for the fabrication of glass planar optical waveguides, including 
ion exchange, ion implantation, flame hydrolysis, sol-gel and RF sputtering, have 
been reported in the literature. In this paper the advantages and disadvantages of these 
techniques for preparing rare earth-doped waveguide amplifiers are evaluated. 

Most attention is focused on recent work at TNO-TPD, in which RF sputtering is used 
as method for depositing Er-doped thin film glass waveguides. The importance of the 
fabrication method for realising efficient waveguide amplifiers is illustrated for the 
case of an Er-doped phosphate glass waveguide amplifier. The advantages of 
multicomponent phosphate glasses as host for Er will be presented, as well. 

Critical fabrication process parameters are discussed, including: (1) melting 
conditions of the sputter target phosphate glass, (2) sputtering parameters like sputter 
gas composition and pressure, (3) post-deposition thermal annealing conditions and 
(4) etching process parameters for patterning of channel waveguides. 
The influence of the above process parameters on the relevant waveguide properties, 
i.e. optical loss, refractive index and Er luminescence properties, are outlined. 

More recently, work has started to prepare phosphate glass optical waveguides by sol- 
gel methods. Up to now, 0.7 urn thick sodium-aluminum-phosphate glass films have 
been prepared on silicon by dipping in the coating solutions. For densification of the 
as-deposited films, the films can be heat treated up to 450 °C. At higher annealing 
temperatures the films tend to crystallize. 

By optimisation of the sputtering process parameters, an optical gain at 1.535 um of 
4.1 dB over a 1 cm channel waveguide was achieved for 980 nm pumping with a 
power of about 21 mW. Using simple modelling calculations, optical gain figures of 
more than 10 dB are predicted for 4 cm long Er-waveguides. 
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Pr* -DOPED InF3/GaF3 BASED FLUORIDE GLASS FIBERS AND 
Ga-Na-S GLASS FIBERS FOR LIGHT AMPLIFICATION AROUND 1.3 um 

K. Itoh, H. Yanagita, H. Tawarayama, K. Yamanaka, E. Ishikawa, K. Okada, 
H. Aoki, Y. Matsumoto, A. Shirakawa, Y. Matsuoka   and   H. Toratani 

Technology Development Laboratory, R&D Center, HOYA CORPORATION 
3-3-1 Musashino, Akishima-shi, Tokyo, 196-8510 Japan 

email ito@sngw.rdc.hoya.co.jp 

INTRODUCTION 
Recently, efficient amplifiers working around 1.3 um have been requested in optical 

telecommunication networks. Pr^-doped non-oxide glass fibers have been expected as the 

most suitable amplifier at 1.3 urn. The efficiency of PDF is critically dependent on the 
radiative efficiency of the *G4 level. To reduce multi-phonon relaxation from this level a low 
phonon host is needed. Furthermore, the host glass needs to be stable enough against the 
thermal stress it suffers during fiber manufacturing. Considering these requirements, we have 
selected two non-oxide glass hosts, namely InF3/GaF3 based fluoride system and chalcogenide 

system, Ga-Na-S(GNS). 
The InF3/GaF3 based glass has a lower phonon energy than ZrF4 based fluoride glass, 

such as ZBLAN; which is now a major glass system for Pr3* doped fibers, which should result 
in a relatively high RQE of the Pr* ion[l]. And Pr^-doped chalcogenide glasses have 
much higher RQE(^56%) and are potentially much more efficient PDFs [2]. However, 
because of low thermal stability against crystallization or poor solubility of Pr* ions efficient 
PDFs using chalcogenide glasses had not been obtained. To overcome these difficulties, we 
selected a Ga-Na-S (GNS) glass system from reported sulfide glasses as a host glass for Pr*+ 

ion [3]. GNS glasses are thermally stable and can be doped with large amounts of rare-earth 

ions[4]. 
We have been able to fabricate relatively low loss single-mode glass fibers using both 

glass systems, and we have demonstrated obtained highly-efficient amplification 
characteristics from these PDFs. We report on the development of the PDFs using these non- 

oxide glasses. 
EXPERIMENTS AND RESULTS 
TnFj/GaF. BASED GLASS SYSTEM 

High purity fluoride raw materials (but still of commercial grade) for Pr^lOOO ppmwt 
doped InF3/GaF3 glass were mixed, melted in a carbon crucible in an inert-gas atmosphere, 
and quenched. The RQE of Pr* ions in the InF3/GaF3 glass was estimated from Judd-Ofelt 
analysis and lifetime measurement!!]. The RQE was 1.6 times higher than that of P^ in 
ZBLAN[1]. 
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Figure 1. Tensile strength of an 

InF3/GaF3 based PDF 
Sample span length was 200 mm. Measured under 

25 "C ,60%RH. 

In order to fabricate a high NA(numerical aperture) single-mode fiber using InF3/GaF3 

glass as a core glass, a ZBLAN glass was 
used as a cladding glass. This core/cladding 
combination, resulted in a NA of 0.54-0.56 

at 0.6 um. We prepared preforms for single- 
mode fibers by the extrusion method[5j. 

Pi*": 1000 ppmwt doped InF3/GaF3 

glass single-mode fibers were drawn to a 
cladding diameters of 110-130 |im and core 
diameters of 1.2-1.4 urn. The fibers were 
in-line-coated by UV curable polyurethan- 
acrylate polymer. The background losses of 
these fibers were 0.15-0.25 dB/m at 1.2 urn. 

The tensile strength of one of these fibers 

was measured and the result is shown in 
Figure 1. 

The amplification characteristics of 
this fiber was measured in bi-directional 
pumping configuration. A gain coefficient of 

0.29 dB/mW has been obtained for a small-signal input of-30 dBm[6]. This gain coefficient 
is higher than the 0.24 dB/mW of Pr*": 500ppmwt -doped ZBLAN fiber [7]. However, it has 
been reported that a Pr^SOOppmwt doped PDF was able to offer a slightly higher gain 
coefficient than a Pr3*: 1000 ppmwt doped PDF for small signal input [7]. 

Figure 2 shows the fiber length 
dependence of the signal output power for a 
Pr^lOOO ppmwt doped InF3/GaF3 glass 
single-mode fiber. The optimum fiber 
length was less than 7 m for an input signal 
level and a total pump power of+1.6 dBm 
and 260 mW, respectively. 

We have assembled PDF- 
modules(PDFMs) using the InF3/GaF3 

based glass single-mode fibers connected to 
silica fibers[6]. The modules have been 
sealed against environmental atmosphere. 
The reliability tests of these PDFMs is now 
almost completed, and so far our modules 
are providing to conform to the standards of 
Bell-Core, GR-1211-CORE-CORE series. 

We   now   illustrate   some   optical 
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Figure 2. Fiber length dependence of 
signal output power for the 
Pr^lOOOppmwt doped InF:/GaF3 glass 
single-mode fiber. 
The input signal level was +1.6 dBm. Bi-directional pumping 

configuration with pump wavelength of 1012 nm. 
The core diameter of this PDF was 1.2 um. The background 

loss was 0.15 dB/m at 1.2 urn. 
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amplification properties of our recently developed InF3/GaF3 based PDFMs : 
Figure 3 shows the pump power dependence of the signal output power at 1.305 urn 

based PDFM. The input signal level was +2.1 dBm(=l .62 mW); 
Figure 4 shows the input signal power dependence of the net gain for 220 mW of pump 

power; 

100    150   200   250 
Pump power[mW] 

350 

Figure 3.   Pump power dependence of the 
signal output power of InF3/GaF3 based 

PDFM. 
The input signal level was +2.1 dBm. Bi-directional pumping 

configuration with pump wavelength of 1012 nm. 
The PDF length was 5.8 m long with core diameter of 1.2 um. The 

background loss of the PDF was 0.15 dB/m at 1.2 um. 

g 

I 
-20       -15       -10        -5 0 5 

Input signal powerfdBm] 

Figure 4. Input signal power 
dependence of net gain of the 

InF3/GaF3 based PDFM. 
The pump power was 220 mW.   The PDF and pump 

configurations were the same as in Figure 3. 

1280    1290    1300    1310    1320    1330     1340 
Signal wavelength[nm] 

Figure 5. Signal wavelength 
dependence of output power of a 

InF3/GaF3 based PDFM 
The input signal level was +2.1 dBm.The pump power 
was 282 mW. The PDF and pump configurations 

were the same as in Fisure 3. 

Figure 5 shows the signal wavelength dependence of the output power for 282 mW of 

pump power. 
For the relatively large input signal power of +2.1 dBm, an output power of 15.2 

dBm(=33 mW)   has been obtained with a total launched pump power of 272 mW.    The 
noise figure was 5.7 and 6.3 dB at 1310 and 1325 nm, respectively. 
CHALCOGENIDE GLASS SYSTEM 

Pr^^O ppmwt doped GNS glasses were prepared by a melt-quenching method. We 
used the extrusion method to make the preform for single-mode fiber. The numerical aperture 
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was 0.31. We used a Dy3+doped GNS glass as an over-cladding glass to strip cladding modes. 

The VT^-JSQ ppmwt doped GNS glass single-mode fibers were drawn into cladding 
diameters of 110-130 um, core diameters of 2.0-2.5 |um.   The fibers were in-line-coated by 
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GNS-PDF 

In3*F ,/Ga3*F -PDF 

50 100 150 
Pump power [mW] 

Figure 6.   Pump power dependence of the 
net gain of the Pr*":750 ppmwt doped fiber 

at 1340 nm. 
The input signal level was -30 dBm. Bi-directional configuration 

with pump wavelength of 1017 nm. The PDF length was 6.1 m and 
the core diameter of 2.5 urn. The numerical aperture was 0.31. 
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Figure 7.   Pump power dependence of 
output power at 1340 nm. 

The input signal level was -8 dBm. Pump and fiber configurations 
were the same as in Figure 6. 

UV curable polyurethan-acrylate polymer. The background losses at 1.3 urn of these fibers 
were 1.2-1.5 dB/m. No GSA(ground state absorption) of Pi*" ions around 1.3 urn could be 
observed in this glass system. A gain coefficient of 0.81 dB/mW at 1.34um and a net gain of 
30dB at a pump power of less than lOOmW were obtained[4]. 

Figure 6 shows the pump power dependence of the net gain at 1.34 urn for a Pr^SO 
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Figure 8. Input signal wavelength dependence 
of net gain of GNS-PDF 

The pump power was 90mW. Bi-directional pumping configuration. 
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0 1000 

ppmwt doped GNS glass single-mode fiber for the input signal level of-30 dBm.   Figure 7 

shows the pump power dependence of the output power at 1.34 urn for an input signal power 

level -8 dBm. Figure 8 shows the signal wavelength dependence of the net gain of a GNS- 

PDF for a pump power of 90 mW. 

DTSCIISSTONS 

At present, a higher output level of optical 

amplifier    is    requested    in    the    optical 

communication net-work. One of the issues of 

InF3/GaF3 based glass single-mode fibers is the 

low light conversion efficiency at high output 

signal level (over 10 dBm) compared with Er* 

doped fiber amplifier(EDF).   We have studied 

on numerically, simulated a InF3/GaF3 based 

PDF. This simulation suggests that the fairly 

large ESA(excite state absorption ) from ]G4 to 
!D2 level might significantly reduce the output 

power of amplified signal in the InF3/GaF3 

based   PDF.   But   we   can   expect  that   the 

InF3/GaF3 based PDFs will be able to amplify 

with higher efficiency than high NA ZBLAN 

PDFs. Figure 9 shows the extrapolated for 

output power of the InF3/GaF3 based PDFM in a 

high pump power region.  This 

extrapolation  is  based   on  the 

measured   pump-output   power 

characteristics. An output power 

over  +20   dBm(=100   mW)   is 

expected for a pump power of 

800 mW and an initial input level 

of+2.0 dBm. 

The GNS glass single- 

mode fiber yields a much higher 

gain        coefficient around 

wavelength of 1340 nm. 

However, the gain coefficient 

become lower in a shorter 

wavelength region. At 1310 nm, 

the gain coefficient for small 

input signals was 0.51 dB/mW. 

GNS-PDFs are best  suited for 

200     400     600     800 

Pump powerfmW] 

Figure 9. An extrapolation for out 
put power of the InF3/GaF3 based 
PDFM in high pump power region 
based on measured property. 
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Figure 10. Signal wavelength dependence of output 
power for hybrid PDF. 

For the hybrid PDF, the input signal level was -6dBm , the pump power was 
200mW, the fiber length was 5.1 and 4.8m for the GNS PDF and the InF3/GaF3 

PDF respectively. 
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amplify in the wavelength range 1325 - 1350 nm when the input power is excess of-8 dBm. 
On the other hand, the output power of the InF3/GaF3 based PDF falls in the signal 
wavelength range 1330 - 1350 nm. The available signal wavelength region for the InF3/GaF3 

based PDF is 1290 - 1330 nm. A flat and broad gain spectrum is required in WDM systems, 
in which several optical channels must be amplified simultaneously. However, the flatness of 
InF3/GaF3 based PDF in the signal wavelength of 1290-1330 nm was not sufficient for WDM 
use. To flatten and broaden the signal wavelength dependence of 1290 - 1330 nm region, we 
have proposed a novel PDF amplifier using a hybrid configuration of InF3/GaF3 glass PDF / 
GNS PDF[8].   Figure 10 shows the gain spectrum of this hybrid PDF. 

We believe that those highly efficient PDFs and PDFM such as InF3/GaF3 glass based, 
GNS glass based or hybrid configuration will extend the capability of optical 
telecommunication fiber cable at 1.3um, which is the operating wavelength of most optical 
network and of CATV. 

CONCLUSION 

We have developed three types of highly-efficient Pr3* doped fiber amplifiers around 
1.3 urn. The InF3/GaF3 based fluoride glass PDF has a relatively high gain coefficient and a 
high power signal output compared with ZBLAN PDF. The chalcogenide system, GNS PDF 
has particularly high gain coefficient: 0.81 dB/mW at signal wavelength of 1340nm for small 
signal input of-30 dBm. The hybrid PDF using InF3/GaF3 based fluoride glass PDF and GNS 
PDF has the flattest gain spectrum in 1.3 urn wavelength region and will be able to extend a 
region of WDM usage. 
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Active and Passive Chalcogenide Glass Optical Fibers for IR Applications 

J.S. Sanghera and I.D. Aggarwal 
Naval Research Laboratory, Code 5606, Washington, DC 20375 

While chalcogenide glasses have been studied for several decades, it is only in this last 
decade that we have seen a significant effort to utilize these glasses and especially the fibers in 
actual systems and applications. The applications can be divided into two groups, namely passive 
and active. In the passive applications, the fiber is used as a light conduit from one location to 
another and does not change the light other than that due to the fiber scattering and absorption 
losses and end face reflection losses. In active applications, the light signal is modified, for 
instance by the presence of dopants or by non-linear effects. 

The tables below, summarizes a review of the information obtained from the literature 
and other unpublished work pertaining primarily to applications of chalcogenide glass fibers. 
The motivation behind these applications and results obtained to-date will be discussed in more 
detail in the presentation and final manuscript. 

Passive Applications 
Laser Power Delivery 
• 5.4 urn (CO) 
• 10.6 urn region 
• Atmospheric 2-5 um region 
• Medical Free Electron Laser (2-10 um) 
• Anti-reflection (AR) coatings 
Chemical Sensing 
• Aqueous, non-aqueous, toxic chemicals 
• Polymers, paints, pharmaceuticals 
• Condition Based Maintenance (CBM) 
• Cone Penetrometer System 
• Active Coatings 
• Bio-medical 
Temperature Monitoring 
•   Grinding ceramics 
Thermal Imaging & Hyperspectral Imaging 
•    Coherent fiber bundles 
Near Field Microscopy 
•   Imaging and spectroscopy 
Fiber Multiplexing 
•   Fiber couplers 
Refractive/Diffractive Elements 
•   Micro-Lenses 

Active Applications 
Rare Earth Doped Fibers 
• Fiber Lasers -1.08 urn (Nd) 
• Amplifiers  -1.08 urn (Nd) 

-1.34 urn (Pr) 
-1.34 urn  (Dy) 

• Infrared Scene Simulation (IRSS) 
emission in 2-5 jam and 8-11 urn region 

• Chemical Sensing - Toluene detection 
• Gratings -1.5 urn  
Non-linear 
• Optical switching 
• Second Harmonic Generation 
• Frequency mixing 
• Electrical Poling 
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Towards Low Optical Loss Gallium-Lanthanum-Sulphide Glass Fibres 

Ruihua Li and Angela B. Seddon 

Centre for Glass Research, Department of Engineering Materials 
The University of Sheffield, Sheffield, SI 3 JD, UK 

ABSTRACT 
Gallium-lanthanum-sulphide (GLS) glasses have been proposed as potential rare-earth hosts 
for 1.3 um optical amplification. To develop thermally stable GLS glasses, and thus facilitate 
production of monomode low optical loss GLS glass fibre, a series of fundamental studies has 
been carried out and the key results are presented here. These include: the critical role of oxide 
content played in glass formation; phase identification during the crystallisation of GLS glasses; 
nucleation and crystallisation behaviour of GLS glasses; the effects of enhanced oxide content 
and other sulphide and chloride additives on glass stability. 

INTRODUCTION 
Gallium-lanthanum-sulphide (GLS) glasses have been proposed as potential rare-earth hosts 
for 1.3 um optical amplifiers1. GLS glasses have a considerably lower characteristic phonon 
energy (by about 200-300 cm"1), and thus significantly lower non-radiative decay rates, than 
ZBLAN fluoride glasses2. Hence GLS glasses exhibit longer emission lifetimes of rare-earth 
dopants, such as Pr3+. GLS glasses show superior solubility for rare earth ions compared to 
other sulphide glasses such as Ge-S glasses. However, so far monomode low optical loss fibre 
has still to be made from GLS glasses for efficient devices. To this end, it has been essential 
that fundamental studies be carried out to optimise the properties of this material for fibre 
making. 

In-depth studies at the Centre for Glass Research (CGR), University of Sheffield, working in 
parallel with the Optoelectronics Research Centre (ORC), Southampton University, have 
involved a programme of development, characterisation and optimisation of GLS glasses by 
using a combination of analytical techniques: thermal analysis, analytical electron microscopy, 
x-ray diffractometry, infrared and UV/visible spectroscopy. This report will focus on the 
research work carried out recently in the CGR. Previously published results will also be 
reviewed and critically compared. 

GLASS FORMATION IN Ga^-La,S* SYSTEM 
The formation of glasses in the system Ga2S3-La2S3 was reported in the 1970s3'4. It was 
claimed that the extent of the glass forming region depended on the melt-quenching 
temperature: from 1100°C, the glass region extending fromn=0.50 to 0.75; at 1200°C, from 
n=0.50 to 0.85, where n=Ga/(Ga+La) is cationic mole fraction3. 

Recently, studies carried out in both the ORC5 and CGR6 have revealed that the level of oxide 
content in sulphide precursors plays a decisive role in the formation of GLS glasses (ref). 
Importantly, when low oxide content sulphide precursors were used, no crystal-free glasses 
could be made in this system. When quenching from 1150°C a batch of n=0.70 and "oxygen" 
content [O]=0.13wt% crystallised on fast melt quenching. Only after the oxide level was 
increased to [O]=0.21wt% could crystal-free glass be made on fast quenching6. Therefore, the 
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oxide levels of the sulphide precursors have since been carefully monitored and the "oxygen" 
content ([O]) of precursor sulphides was measured by the supplier (Merck Limited, UK) using 
LECO. As oxide was introduced the visible absorption edge of GLS glasses was observed to 
blue-shift and the multiphonon edge was impaired6. 

Attention has been paid not only to monitoring the purity of chemical precursors but also to 
minimising the contamination during the glass preparation procedure. To reduce absorption 
loss due to OH, the purging nitrogen used in the batching glovebox was circulated through a 
drying column containing molecular sieves, frequently regenerated by vacuum baking. GLS 
glasses containing from 500ppm to lOOOOppm Pr2S3 dopant have been made. Figure 1 shows 
JR absorption spectra collected for two glasses of n-0.70 and [0]=lwt%, one undoped and the 
other doped with 5000ppm Pr2S3. Bands due to Pr3+ dopant are evident but the OH 
absorption band at around 2.9|jm is negligible for optical pathlength of approximately 5mm 

PHASES DETERMINATION DURING CRYSTALLISATION 
Two intermediate phases appear in the phase diagram established by Loireau-Lozac'h et al: 
Gaio/sLaeSn of hexagonal structure and LaGaS3 of monoclinic structure. Another crystal 
phase GaeLaioßSn of melilite type tetrahedral structure was also identified and and it was only 
well formed in presence of slight excess of Ga2S3

3. It was reported by Loireau-Lozac'h et al.3 

that in an n=0.64 GLS glass, three phases GasLaio/gSw, Ga^La^S^ and GaLaS3 formed in 
varying proportions on reheating. When the heat treatment temperature was raised, a decrease 
of phase GaLaS3 and an increase of phase GaeLaio/sSn was observed, whereas the 
concentration of Gaio/jLaeSu kept practically constant. When n>0.64 then phase GaeLaio/sSu 
was alone appeared in the GLS glasses on heating. 

A comprehensive crystallisation study has been carried out when reheating glasses in the Ga2S3 

-La2S3 system, withn=0.75, 0.72, 0.70, 0.68, 0.65, 0.62, over a sufficiently wide range of 
temperature7. A new phase (phase A) was identified to be among the first phases to appear in 
all the six heat treated GLS glasses. Phase A has been claimed to have a monoclinic structure 
and an approximate composition of 2Ga2S3La2S3

8. Also identified was phase B, which 
showed a similar XRD profile to that of Ga6Laio/3Si4 but slightly smaller d-spacings. It was 
demonstrated that phase B could form in all six glass compositions instead of only in the 
glasses of excess Ga2S3. A La-rich gallium lanthanum sulphide phase (phase C) was detected 
in the heat treated GLS glasses with increasing heat treatment temperature or La2S3 

concentration in the composition. Phase C has its major diffraction peaks close to, but 
distinguished from, those of phase B. Figure 2 shows the XRD pattern of phase C, which 
cannot be identified on the basis of available information. With increase of heat treatment 
temperature, phase C became more dominant while phase A and phase B disappeared 
gradually. a-Ga2S3 (phase D) also appeared in the n=0.75 glass on fast melt quenching and in 
die heat treated n=0.72,0.75 glasses. These results highlight significant differences when 
compared with those reported by Loireau-Lozac'h et al.3. We suggest that a different oxide 
level in the starting materials may have contributed to the different crystal phases obtained in 
our laboratory compared with those obtained previously by Loireau-lozac'h et al.3'4. To help 
clarify this difference, detailed investigation of the effects of oxide content on the crystallisation 
behaviour of GLS glasses have been carried out*'9. 

NUCLEATION AND CRYSTALLISATION BEHAVIOUR 
The fibre making process, which normally includes preform manufacturing and fibre drawing, is 
practically also a multi-step heat treatment process. The process will invite devitrification as 
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the glass is cycled in the temperature region between the glass transition temperature and the 
onset of crystallisation temperature. Both the conventional two-step heat treatment method 
and isothermal and non-isothermal DSC were used to investigate the nucleation and 
crystallisation behaviour of the GLS glasses10. 

Bulk crystallisation was found to be dominant during the devitrification of GLS glasses. In an 
n=0.70 and [O]=0.49wt% glass nucleation was observed at temperatures >550°C. Figure 3 
shows crystals formed in this glass after it was (i) heat treated at 640°C for 15 minutes; (ii) 
heat treated at 580°C for 10 hours and then 640°C for 15 minutes. The increased number of 
crystals in figure 3(ii) reveals the number of nuclei formed during the nucleation heat treatment 
at 580°C. Crystal growth was detected when the heat treatment temperature was >590°C. 
Above 590°C the crystal growth rate increased rapidly with increasing temperature. At 
temperatures between 620°C and 660°C both isothermal DSC analysis and microscopy 
observation have revealed that this glass has a very high overall crystallisation rate. 

EFFECTS OF ENHANCED OXIDE CONTENT 
The existence of oxide content is critical for the formation of GLS glasses. However this does 
not mean that the higher the level of oxide content the more stable the glasses. 

A series of GLS glasses was prepared based on n=0.70 with La203 substituted at the expense 
of La2S3

6. When the batches prepared contained less than <0.13wt% oxygen melts devitrified 
on quenching. As La203 was added and [O] gradually increased from 0.21wt% to 2.12wt%, 
rather unusual behaviour occurred. Figure 4 shows the values of Tx-Tg, which is often used as 
criterion of glass stability, as a function of oxide content. Firstly, the value of Tx-Tg increased 
dramatically with the increase of oxide level [O] from 0.21 to 0.49wt%. The glass stability 
plateaued from 0.49 to 0.97wt% and from 0.97 to 2.12wt% decreased. Further increase in 
oxide content from [0]=2.12wt% led to glass stability starting to increase again. Heat 
treatment and subsequent XRD and microscopy studies confirmed this dependence of the 
thermal stability of GLS glasses on the oxide concentration, except for the revelation that the 
glass thermal stability had already started to fall when [O] was increased from 0.65wt% to 
0.97wt%. The conclusion is that the level of oxide is a decisive factor for Ga-La-S glass 
stability. 

Studies farther revealed that when n=0.70 GLS glasses were reheated at 630°C, if the oxygen 
content [O] of the batches was less than 0.49wt% "oxygen", phase A was the only crystal 
phase formed on reheating. When [O] was between 0.49 and 2.12wt%, both phases A and B 
formed. When a sufficient amount of "oxygen" was introduced, [O] >2.12wt%, phase B was 
the only crystalline phase to form. Indeed, phase B was the only phase claimed to appear in the 
GLS glasses of n>0.64 by Loireau-lozac'h et al. in their work3. The results obtained here 
support the suggestion that a different oxide level in the starting materials may have led to the 
formation of the different crystal phases. On the basis of the dependence of the formation of 
phase B on oxide content, and its smaller d-spacings compared with those of GagLaio/sSn 
(JCPDF card no. 27-0229), we suggested that phase B might be GasLaiooSwOz (JCPDF card 
no.39-0767). 

The true nature of the stabilising mechanism of certain amounts of oxide in the glass 
composition could well depend on eutectic crystal growth of phase A and phase B9'n. Thus, 
addition of a certain amount of oxide could lead to the total glass composition approaching the 
eutectic point of phase A and phase B. The formation of either of the two phases would inhibit 
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the formation of the other; this competition for growth would be exacerbated by the closeness 
of composition of phases A and B. As a matter of fact, as the oxide concentration was 
changed, then a greater amount of one crystalline phase formed at the expense of the other. 

DEVITRIFICATION DURING MELT-COOLING 
To achieve a better understanding of this system and further clarify the different results, a 
series of GLS glasses with varying cationic ratio and oxide contents was prepared. The glasses 
were remelted and their devitrification behaviour during melt-cooling from above the liquidus 
was studied12. 

When three glasses of n=0.65, 0.70 and 0.75 and [O]<0.45wt% were remelted and cooled at 
l°C/min to 785°C, 750°C, or 700°C and then immediately quenched the same four crystalline 
phases: phase A, phase B, phase C and phase D were identified as were found for the glasses 
on reheating. When melt n-0.65 was cooled to 785°C phase C was identified by XRD, it it 
was cooled to 750°C or 700°C then phase D and phase B also formed. When melt n=0.70 was 
cooled to 750°C phase C, phase B and phase D were identified and only tiny amounts of phase 
A appeared. When melt was cooled to 700°C then the amount of phase A increased. When 
glass melt n-0.75 was cooled, to 750°C phase C, phase D and phase A were identified, to 
700°C then phase A increased and at the same time phase B appeared. oc-Ga2S3, phase D, 
displayed a dendrite structure when crystallised in a slowly cooled melt. 

Keeping the n value at 0.70, the glasses of different levels of oxide content were remelted and 
cooled at l°C/min. to 700°C and then quenched. The results showed that with the increase of 
oxide content in the glass composition, phase A initially increased ([O] from 0.21wt% to 
0.97wt%) and then decreased ([O] from 0.97wt% to 2.12wt%) in its relative diffraction 
intensity. Phase B increased in its diffraction intensity progressively with the increase of oxide 
content. Phase B was the only phase identified in the devitrified glass containing 2.12wt% [O], 
which was indeed the same as in the case of reheating. Phase C and phase D decreased in 
diffraction intensity when oxide content increased from [O]=0.21wt% to 0.65wt% and 
disappeared when the oxide level was further increased to 0.97wt%. The results have shown 
that both phase A and phase C only formed in low oxide content GLS glasses. This evidence 
might have explained why Loireau-lozac'h et al did not identify these two phases in their 
work3'4. 

THE EFFECTS OF ADDITIVES 
Zn, Pb, Bi, Cd, Sr, and Ba sulphides were added to n=0.70 glass at the expense of La2S3 

respectively to identify any improvement in glass stability. The results showed that without the 
presence of a critical amount of oxide then the glasses devitrified on melt-quenching. The 
effects of these additives seemed to be overshadowed by those of the oxide content. Due to 
the variation of oxide content in these sulphide additives from one to another, no sulphide has 
been identified as a helpful additive for improving glass stability. However all additives were 
successfully incorporated when a sufficient amount of oxide content was introduced and could 
act as refractive index modifiers or for adjustment of Tgs. Oxide tends to shorten excited state 
lifetimes of rare earth dopants and therefore a compromise in oxide level must be struck. 

Alkali and alkaline-earth chlorides (MClx, x=l or 2) were also introduced into the GLS glasses 
in the form of (100-y)(0.70Ga2S3 0.30La2S3) yMClx (mol). The y value, equivalent to the 
mole fraction of halide which could be introduced into the composition to make crystal-free 
glass, largely depended on the oxide concentration in the sulphide precursors. The more oxide 
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present, the more halide could be incorporated. To increase the oxide content, La203 was used 
to substitute for La2S3 while n was kept constant at 0.70. When the overall oxide content [O] 
was 0.57wt%, then up to 5mol% CsCl could be added. A further increase of CsCl added led 
to the formation of crystals in the glass on melt-quenching. When [O] was 1.00wt%, then up 
to 10mol% CsCl could be added before the glass stability started decreasing. If BaCl2 was 
used instead of CsCl then only half the equivalent mole fractions could be added, possibly due 
to BaCl2 supplying double the Cl. When compared with the original GLS glasses these 
chloride incorporated glasses have higher Tgs and larger Tx-Tg. With increasing chloride 
content, the colour of the glasses changed from dark red to pale yellow suggesting that the 
visible absorption edge had blue shifted. 

SUMMARY 
The formation and crystallisation of gallium-lanthanum-sulphide glasses have been proved far 
more complicated than previously believed. To make low loss GLS glass fibres more 
fundamental studies, such as viscosity behaviour etc., yet to be carried out, 

ACKNOWLEDGEMENT 
We gratefully acknowledge financial support from the UK Engineeering and Physical Science 
Reseach Council under Grant number GR/K78928. We thank Mr. H. Bagshaw for his 
technique support and Dr. D. Furniss of CGR, Sheffield University, Dr. D.W. Hewak of ORC, 
Southampton University, and Dr. M. G. Pellatt and Mr. D. Sparrowe of Merck Limited, UK 
for helpful discussion. 

REFERENCES 
1. P. C. Becker, M. M. Broer, V. G. Lambrecht, A. J. Bruce and G. Nykolak, Tech. Dig. 
Topical Meeting Optical Amplifiers and Their Applications, 1993, Post-deadline paper PDP5. 
2. Y. Ohishi, T. Kanamori, T. Kitagawa, S. Takahashi, E. Snitzer, H. Sigel, Optics Letters, 
1991,16, ppl 747-1749. 
3. A. M. Lozac'h, M. Guittard and J. Flahaut, Mat. Res. Bull., 11,1489-1496, 1976 
4. A. M. Lozac'h, M. Guittardand J. Flahaut, Mat. Res. Bull., 12, 881-886,1977. 
5. D. W. Hewak, Progress report, 1997. 
6. R. Li, D. Furniss, H. Bagshaw, and A. B. Seddon, J. Mat Res. submitted. 
7. R. Li, and A. B. Seddon, J. Am. Ceram. Soc, submitted. 
8. S.P. Morgan, I.M. Reaney, R. Buckley, D. Furniss and A.B. Seddon, J. Am Ceram Soc, in 
press. 
9. R. Li, and A. B. Seddon, to be submitted. 
10. R. Li, and A. B. Seddon, to be submitted. 
11. S.P. Morgan, I.M. Reaney, R. Buckley, D. Furniss and A.B. Seddon, J. Am. Ceram. Soc, 
submitted. 
12. R. Li, I. M. Reaney, and A. B. Seddon, to be submitted. 

24 IS(NOG)2,98 



0.1 undoped 
I ' 1 ' I ' I ' 

123456789  10 

wavelength(fim) 

Figure 1IR absorption spectra of GLS glasses.  Figure 4 Tx-Tg as a function of oxide content. 

Figure 2 X-ray diffraction pattern of phase C. 

Figure 3 Crystals formed in heat treated GLS glasses 
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ABSTRACT 

Germanium sulfide is a well known optical material, which is transparent in the 0.5-10 urn 
wavelength region and the possibility of preparing germanium sulfide glass films by sol-gel 
processing is of great interest for applications such as planar waveguides for integrated optics. The 
present paper describes possible alternative ways of using sol-gel processing for the liquid phase 
deposition of germanium sulfide based films. The Ge precursors used were germanium tetrachloride 
(GeCl4) and germanium ethoxide (Ge(OC2H5)4), while the different sources of S utilized were 
thiourea, thioacetamide and hydrogen sulfide. Special precautions were necessary to protect the 
reaction mixture from water contamination, which produced Ge02. The films obtained were 
characterized by ellipsometry, IR and XPS spectrometries. Although some oxide contamination was 
evident in most films prepared, refractive indices close to that expected for dense GeS2 glass were 
usually obtained. In some cases, the film composition contains germanium sulfide without oxide 
impurities. 

I. INTRODUCTION 

Fiber optic and integrated optics (IO) amplifiers for the 1.3 urn telecommunications window 
may be developed by doping suitable glass host materials with praseodymium ions (Pr3+). This ion is 
optically active near 1.3 pm,  based on the radiative transition from the metastable !G4 state to the 
3H5 state. This transition is quenched by non-radiative multiphonon relaxation from the !G4 to the 3F4 

level, through the excitation of lattice vibrations and this makes the fluorescence lifetimes 
unacceptably low in high phonon energy oxide glasses [1-2]. In the case of Pr3+, it is especially 
important that the glass host is a material with low phonon energies and the non-radiative 
multiphonon relaxation rate is reduced. Chalcogenide glasses, with low phonon energies compared 
with oxide and fluoride glasses and high refractive indices, should be efficient host materials with low 
non-radiative relaxation rates. However, the presence of O and H impurities in such glasses has also a 
serious fluorescence quenching effect and such species must be removed very carefully. 

Sulfide glasses based on GeS2 are promising hosts [1,3]. Germanium sulfide is a well known 

optical material, which is transparent in the 500 nm to 10 pm wavelength region. Most germanium 
sulfide glasses reported in the literature, either undoped [4,5] or doped with Pr3+ [1,3], were made by 
melting ; sol-gel fabrication of these materials has been little investigated [6-8]. In these cases, the 
material composition was not pure, but it was a mixture of GeS2 and Ge02. The authors proposed that 
water impurity was the reason for Ge02 formation during GeS2 synthesis. Special precautions are 
necessary to protect the reaction from water contamination. 

The objective of this work is to assess the feasibility of fabricating germanium sulfide glass 
planar waveguides by the sol-gel process, by using different germanium and sulfur precursors, with 
special precaution to protect the reaction mixture form exposure to any water impurity, in order to 
obtain pure germanium sulfide glass. 

PL EXPERIMENTAL PROCEDURE 

II. 1) Film fabrication 
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For the preparation of GeS2 sol-gel films, several different experiments were carried out, 
varying the different parameters which have an influence on the properties of the final solution, 
namely: 

- the nature of the germanium precursor : germanium ethoxide, TEOG (Ge(OC2H5)4), or 
germanium tetrachloride (GeCl4) ; 

- the different sources of sulfur : thiourea (SC(NH2)2), thioacetamide (CH3CS(NH2)), or 
hydrogen sulfide (H2S); 

- the nature of the solvent: ethanol, or toluene ; 
- the nature of the catalyst: HC1, H2S04, or propionic acid (CH3CH2COOH). 

All reactions and manipulations were carried out inside a N2-filled glove-box, or under dry 
nitrogen, using standard schlenk techniques. 

11,1.1) Reaction between thiourea and Ge precursors 

When thiourea is used, it is difficult to obtain a clear, transparent solution. In most cases (with 
germanium tetrachloride), a white precipitate is formed immediately and the liquid becomes milky. 
After testing different experimental conditions, the best solution was obtained by the reaction of 
thiourea with germanium ethoxide (TEOG) in ethanol, containing sulfuric acid (final pH=1.3). The 
solution thus prepared is kept at a temperature near 70°C and it remains stable for at least one week, 
as a transparent liquid. Only ethanol was used as solvent, because it is not possible to dissolve 
thiourea in toluene. 

Suitable sols were used for depositing films in a glove box filled with dry N2. These were 
prepared on silicon wafers, by dip-coating (30 cycles, at a rate of 6 cm/min), followed by heat- 
treatment inside the glove-box at 250°C, for 5 hours. 

II. 1.2) Reaction between thioacetamide and Ge precursors 

Thioacetamide was easily dissolved in ethanol (but not in toluene), yielding a clear solution. 
GeCl4 was added to this solution very slowly. The reaction between thioacetamide and GeCl4 (there 
was no reaction with TEOG), was observed by the changing color : the solution becomes yellow and, 
after 3 minutes, it slowly becomes milky. Films were prepared before precipitation, on Si substrates, 
by spin-coating (speed of 2000 rpm, for 30 seconds) inside the glove-box, and they were heat-treated 
at 250°C during 5 hours. However, these films tend to be slightly opalescent and this does not 
disappear with the heat-treatment. 

II. 1.3) Reaction between H2S and Ge precursors 

After testing different experimental conditions, the direct reaction between H2S and TEOG 
did not give good results. Only GeCl4 appears to give good results in the preparation of germanium 
sulfide sol-gel films, using the following method. Inside a N2-filled glove-box, GeCl4 is easily 
dissolved in toluene, containing propionic acid catalyst (this was found to be preferable to HC1 or 
H2S04), inside a schlenk glass vessel, which is then closed, withdrawn from the dry box and placed in 
a nitrogen gas line. After purging the system for a few minutes, hydrogen sulfide is admitted, until a 
molar ratio H2S/GeCl4 ~ 4 is achieved. The solution thus prepared is kept at a temperature near 40°C 
and it is aged for about 1 ~ 4 weeks. Some sols were clear and yellowish, but some had a few milky 
lumps as well. 

Films were prepared on Si substrates by dip-coating or by spin-coating and they were heat- 
treated at 250°C during 5 hours. These films were usually still slightly opalescent (lossy waveguides). 

II.2) Film characterization 
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The films were characterized by IR spectroscopy, ellipsometry and X-ray photoemission 
spectroscopy (XPS). IR absorption spectra were measured with Nicolet 5 DXC and 20 F Fourier 
transform spectrometers, in the range of 50-4400 cm"1. XPS measurements were carried out in a ultra 
high vacuum chamber, using a Mg Koc X-ray source. Refractive index and thickness measurements 
were performed with an ellipsometer (Rudolph Research, ^=633 nm). 

III. RESULTS and DISCUSSION 

III.l) Films prepared by the reaction between thiourea and Ge precursors 

The following results were obtained with the best solution prepared, using TEOG as a 
precursor, in ethanolic medium. 

III.l.DIR spectra 
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Figure 1 : Infrared absorption spectra of germanium sulfide containing film, prepared from TEOG and 
thiourea, dried at 250°C, during 5 hours : a) middle IR; b) far IR spectrum. 

In the IR spectrum of a germanium sulfide containing film (figure 1), the presence of Ge-0 
bonds is indicated by the peaks at 870 cnr1 and at 560 cm-1, the same as found in germanium oxide 
by several authors [9-11] ; most of these films appear to be composed of Ge02, containing 
appreciable amounts of OH, at 250°C, revealed by the broad band near 3300 cm4. A positive 
identification of Ge-S bonds at -334 cnr1 [3-5] was only possible in the best cases, where the solution 
became clear and transparent. But even these films were still composed of a mixture of sulfide and 
oxide. 

III. 1.2) Ellipsometric measurements 

The films where the presence of Ge-S bonds was positively observed by IR had a refractive 
index of 1.79 ±0.04 at 633 nm. The refractive indices of Ge02 and GeS2 glasses are, at 633 nm, 1.60 
[12] and 2.30 [3], respectively. For a film index of 1.79, the relative volume fractions (%) of GeS2 and 
Ge02 would be approximately 33:67, based on the Lorentz-Lorentz equation [13] : 

.2 

4+2 
=    V. n2

s-\ 
n\ + 2 

+ V„ <-\ with V„ 1 

with V s and V0 : volume fractions of GeS2 and Ge02 respectively 
n s, n0 and n f : refractive index of GeS2 glass (2.30), Ge02 glass (1.60) and the film (1.79) 

This result was consistent with the presence of a mixture of oxide and sulfide. 
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ffl.1.3) XPS spectra 

The X-ray photoemission spectroscopy (XPS) measurement on a germanium sulfide 
containing film clearly shows the presence of Ge, S and O atoms (table 1). One must be careful about 
the very large oxygen concentrations detected, since adventitious oxygen species may be 
preferentially concentrated at the surface of the films. Two different positions for the S 2p peaks 
were observed : one position corresponds to the presence of S-H bonds at 169 eV and the other to the 
presence of S-Ge bonds at 165 eV. It can be estimated that the maximum and minimum S/Ge ratios 
in the films prepared were 1.18 and 0.09 respectively. The corresponding O/Ge ratios were higher, 
8.33 and 2.56, respectively. The present films always appear to contain a mixture of germanium 
oxide and sulfide, plus some OH groups. 

Table 1 : XPS data for germanium sulfide based film prepared from TEOG and thiourea, dried at 
250°C during 5 hours 

Peak assignment Binding energy (eV) 
±leV 

At% Possible chemical 
Environment 

Ols 532 73 ± 7.3 Ge02 + adventitions 

S2p 165 5 ±0.5 GeS2 

169 3 + 0.3 H2S 
Ge3d 33 18+1.8 Ge02 and GeS2 

III.2") Films prepared by the reaction between thioacetamide and Ge precursors 

The best results were obtained by reacting thioacetamide with germanium tetrachloride. 

IH.2.DIR spectra 

The IR absorption spectrum of a germanium sulfide based film (figure 2) shows absorption 
bands at 375 cm"1 and a shoulder at 435 cnr1, corresponding to the presence of Ge-S bonds. The 
absorption band of Ge-0 bonds at 870 cnr1 is now absent from this film. Thus, it appears that the 
reaction of thioacetamide with germanium tetrachloride, dissolved in ethanol, is a good way for 
essentially eliminating the presence of oxide from the films and to obtain only germanium sulfide 
(only Ge-S bonds are present in the IR spectrum). 
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Figure 2 : Infrared absorption spectra of germanium sulfide containing film, prepared from GeCl4 and 
thioacetamide, dried at 250°C, during 5 hours : a) middle IR; b) far IR spectrum 

ni.2.2") Ellipsometric measurements 
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The refractive index values found for different germanium sulfide based films, at 633 nm, are 
all around 2.3 ± 0.1, the same as the index found in the literature for GeS2 glass [3]. 

III.2.3) XPS spectra 
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Figure 3 : XPS spectra of germanium sulfide based film prepared with GeCl4 and thioacetamide, dried 
at 250°C, during 5 hours. 

In the XPS spectra of a germanium sulfide based films (figure 3), two different positions for 
the Ge 3d peaks were observed : one position corresponds to the presence of Ge-S bonds at 31 eV and 
the other to the presence of Ge-Cl bonds at 38 eV. On the otherhand, only one position was found for 
the S 2p peak at 164 eV, corresponding to the presence of S-Ge bonds. The Cl 2p peak was found at 
192 eV. For this film, it can be estimated that the Cl/Ge ratio is ~ 3.35 and the S/Ge ratio is ~ 2.07. 
Therefore, the films made by the reaction of thioacetamide and germanium tetrachloride appear to 
consist basically of a germanium thiochloride chalcohalide glass, containing appreciable amounts of 
Cl even after hours at 250°C. The presence of Ge-Cl bonds, however, was not detected by IR 
spectroscopy. 

111.3) Films prepared by the reaction between BUS and Ge precursors 

The best quality germanium sulfide based films were obtained when using GeCl4 as a 
precursor and they were also characterized by several methods. 

111.3.1) IR spectra 
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Figure 4 : Infrared absorption spectra of germanium sulfide based film, prepared with GeCl4 and H2S, 
dried at 250°C during 5 hours : a) middle IR ; b) far IR spectrum 
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In the middle IR spectrum, there is an absorption peak due to Ge-0 species at 850cm" , but no 
other significant absorption peaks due to solvent or catalyst existed after heat treatment (250°C during 
5 hours), as shown in figure 4. The far IR spectrum shows absorption peaks near 376 cm' and 435 
cm"1, both due to Ge-S vibrations [3-5]. It appears that the reaction of hydrogen sulfide with 
germanium tetrachloride always yields films containing a mixture of GeS2 and some residual Ge02. 

Although special precautions were taken by using the N2-filled glove-box and the schlenk technique 
under dry nitrogen, there was still some water contamination during processing, responsible for the 
Ge02 formation. 

1II.3.2) Ellipsometric measurements 

The refractive index values of different germanium sulfide based films at 633 run are near 
-1.9, probably due to the residual oxide and, perhaps, to some optical (band tail) absorption at 633 
nm. 

IV. CONCLUSIONS 

The germanium sulfide based films prepared so far have an acceptable optical quality, but not 
sufficiently good to qualify them as planar waveguides (their propagation losses have not yet been 
measured). Their composition appears to contain, in most cases, a mixture of sulfide and oxide (or 
chloride) in variable proportions. In terms of elimination of residual oxide species for possible active 

3+ applications (e.g. Pr   doping), the best results so far have been achieved with films prepared by the 
reaction of GeCl4 and thioacetamide, dissolved in ethanol. In this case, the films appear to be 
composed of a thiochloride chalcohalide glass and they have a high refractive index of 2.3 (which is 
the same as the index of GeS2 glass). 

At this point, the fabrication of GeS2 planar waveguides by sol-gel processing appears 
feasible.   Their  optical   quality  will   still  be  further  improved  and  optical  propagation   loss 

3+ measurements will be performed. The optimized films will then be doped with Pr   . 
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The Sol-Gel route is typically a low temperature solution route for making either 
crystalline or amorphous inorganic materials. There is a plethora of work in the literature 
pertaining to oxide gels and perhaps the most extensively studied material is silica glass in the 
form of bulk monoliths and films. Since it is a low temperature process, it is also possible to 
make organic/inorganic hybrid materials. Other advantages of this solution route include high 
purity and homogeneous products. 

Very little work has been published in the area of non-oxide gels, especially 
chalcogenides. These materials are of technological interest for many applications in the infrared. 
Some of these include passive fibers for laser power delivery or chemical sensing, as well as 
active fibers containing rare earth ions for lasers and amplifiers. Another exciting area is the 
development of compact devices based on thin film planar waveguides based on chalcogenide 
glasses. 

One problem facing many researchers working in the field of chalcogenide glasses lies in 
the lack of availability of high quality precursors leading to extrinsic scattering and absorption. 
Furthermore, there are concerns that traditional melting for prolonged times at elevated 
temperatures in quartz ampoules may lead to contamination and therefore higher optical losses 
and possibly poor glass stability. Therefore, there is a need to investigate alternative low 
temperature processing techniques to make the chalcogenide precursors and glasses. Such a 
technique may also be useful for making thin films for planar waveguide devices. 

We describe a process for making amorphous sulphide based gels and rare earth doped 
sulphide gels. The role of catalysts to speed up the gelation time from about 1 day to less than 30 
minutes is discussed. The catalysts not only speeden up the reaction time, but also increase the 
degree of gelation so that the amount of unreacted precursor is significantly reduced. We will 
report the infrared, DSC/DTA and fluorescence data for both undoped and doped gels. The 
gelation mechanism will be discussed. 
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We report on the efficacy of in-situ reduction of Eu3+ to Eu2+ in a fluoride melt by a variety of chemical 

reductants and by bulk electrochemical reduction. The Eu2+ content of the resultant glasses was determined by a 
combination of EPR and magnetic susceptibility measurements. Addition of LiH or use of a hydrogen 
atmosphere produced near-complete reduction, whilst the electrochemical technique produced only around 30% 
conversion. None of the fluorozirconate glasses produced showed luminescence from Eu2+ ions, although a 
fluoroaluminate glass made using the LiH reduction technique showed strong luminescence, 

n INTRODUCTION 

The optical properties of trivalent rare earth ions in fluorozirconate glass form the basis for 
several useful applications such as fibre lasers, three dimensional displays, and optical 
refrigerators, and so have received considerable attention in the literature. Divalent ions in 
the same glasses have been less intensively studied, even though these species also have 
potential applications in optoelectronics. For example, Sm2+-doped borate glass [1] has been 
investigated as an information storage material, whilst Eu2+ doped glass is a potential 
Faraday rotator material [2] and a photostimulated X-ray phosphor [3], The photostimulation 
effect occurs when a thin film of an appropriate material, such as crystalline BaClBr doped 
with Eu2+ ions, is exposed to X-rays. When subsequently scanned by a red laser beam, those 
areas exposed to X-rays emit blue light and so an X-ray image can be developed. The precise 
mechanism of the photostimulation is still a topic of discussion [4]; in the simplest model, 
the incident X-ray ionises an Eu2+ ion to Eu3+, and the liberated electron is trapped at a 
fluorine vacancy, forming an F centre. Subsequent irradiation by laser light can liberate this 
electron, which then recombines with an Eu3+ ion, resulting in blue Eu2+ luminescence from 
a 4f55d1 to 4P transition. A problem with the existing crystalline phosphors is that scattering 
of the red laser light by the micro-crystalline phosphor powder limits the spatial resolution. 
This could be improved if a suitable glass phosphor could be found. 

Qiu et al [3] have recently reported that fluoroaluminate glass doped with Eu2+ ions shows a 
small but measurable photostimulated phosphor effect. Europium is commonly available 
only as die trivalent fluoride, and therefore it is usually necessary to have some method of 
reducing it to the divalent state in the glass preparation; Qiu et al [3] achieved this using a 
hydrogen atmosphere in the preparation process. The fluorozirconates are an alternative well- 
known family of fluoride glasses, but as far as we are aware they have not yet been 
investigated with a view to Eu2+ doping for X-ray phosphor applications. However, 
fluorozirconate glasses present a particular problem for low valence dopants due to the ease 
with which ZT*

+
 can be itself reduced. We have therefore undertaken a study of processes by 

which Eu2+ ions can be introduced into the fluorozirconate hosts using a variety of 
techniques to reduce trivalent to divalent europium. The Eu2+ content is assayed principally 
by an EPR/magnetic susceptibility technique. 

The EPR spectra of Eu2+ and Gd3+ ions in fluorozirconate glass has been previously reported 
by Furniss et al [5]. The spectra we observe for these ions in ZBLYAN fluorozirconate glass 
are very similar in appearance to those described earlier [5], and indeed to the EPR spectra 
for diese ions in many other glasses (see for example the review by Brodbeck and Iton [6]). 
Both Eu2+ and Gd3+ have an f7 electronic configuration with an 8S7/2 ground state, which is 
split in a crystal field into four closely spaced doublets. The application of a magnetic field 
splits the doublets, and EPR transitions are seen between the individual states. In a glass, the 
crystal field is quasi-random from one site to the next, and so a sharp-line spectrum is not 
observed, but rather a broad absorption with some sharper features at particular g-values. 
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Eu3+ ions have a non-magnetic 7F0 singlet ground state which does not contribute to the EPR 
spectrum or the magnetic susceptibility; the % first excited state has a small thermal 
population at room temperature and so makes a minor contribution to the susceptibility but 
any EPR signal is unobservable due to strain broadening and fast relaxation. 

2) EXPERIMENTAL METHODS 

All the metal fluorides of the base glass and europium trifluoride were obtained from either 
BDH or Morita. The metal hydrides and borohydrides were obtained from Aldrich (highest 
possible purity) and used as received. H2 gas was instrument grade (99.9%) from BOC and 
mixed with high purity argon to give 5, 10 and 25 vo!% mixtures. Fluorozirconate (53ZrF4- 
20BaF2-1.5LaF3-1.5YF3-3AlF3-20NaF-lEuF3) and fluoroaluminate (35AlF3-10BaF2-20CaF2- 
10SrF2-i4YF3-10MgF2-lEuF3) glasses were batched in a nitrogen filled drybox and melted 
m graphite or vitreous carbon crucibles fitted with platinum lids using a quartz lined 
electrically heated furnace attached to the back of the drybox. InF3 was deliberately omitted 
from all but one formulation. The atmosphere over the melt was highly purified argon except 
when H2 mixtures were used for reduction. The platinum lids were removed when a 
hydrogen atmosphere was used. Electrochemical reduction was achieved using the method 
described by MacFarlane et al [7]. In all cases, small slabs (20x10x3 mm) were poured 
annealled at 260°C for fluorozirconates and 350°C for fluoroaluminates and then cooled 
slowly to room temperature. 

Magnetic susceptibilities were measured at room temperature using a transformer-based 
system which has been described by Edgar and Quilty [8]. The magnetic susceptibility was 
determined relative to a standard sample of gadolinium sulphate hydrate. 

EPR spectra were recorded at room temperature using Varian X-Band (9 GHz) 
spectrometers. To determine the Eu2+ content in our glass samples, we compared the 
amplitude of the broad EPR absorption line at ~0.1T (shown in figure n with the equivalent 
line in a ZBLYAN sample doped with 1% Gd3+ We assume that all of the gadolinium occurs 
m the tnvalent state; observations of other oxidation states for this ion are extremely rare 
Our measurement is done by comparing the peak-to-peak amplitude of the line at 0 IT for 
the Eu2+ doped glass with the EPR spectrum of a Mn2+-based transfer standard and then 
repeating the process for the Gd3+ doped glass. Spectra were recorded at power levels at or 
below one milliwatt to minimise any power broadening of the spectra and considerable care 
was taken to ensure that the geometry of the microwave cavity, glass sample, and reference 
sample was always the same, and the mass of the samples was taken into account The 
reproducibihty of the measurement was tested by measuring the apparent concentration of 
the same Eu-doped glass sample on six different occasions in the two different 
spectrometers. The standard deviation of the measurement was 5%. 

The bare EPR signal amplitude ratios underestimate the relative concentrations of Eu2+/Gd3+ 

because unresolved 15iEu and i53Eu hyperfine splitting broadens the Eu2+ line by around 
15/b compared to that for Gdi+. This would require a correction factor of-1.3 to be applied 
to the bare amplitude ratios, since line intensities are proportional to the square of linewidths 
for first-derivative EPR spectra. To estimate this factor more precisely, we have measured 
the magnetic susceptibilities of those samples with the largest EPR amplitude ratios and 
which show no Euj+ fluorescence: we therefore take these to contain almost entirely 
divalent europium. For this group of glasses only, the magnetic susceptibility can be used to 
derive an absolute Euz+ concentration by comparing with the gadolinium sulphate standard. 
Averaging over this group, we arrive at a scaling factor of 1.34, which is consistent with the 
estimate from the lmewidth ratios. This scaling factor has then been applied in Table 1 to the 
EPR ratios for other samples which contain non-negligible quantities of Eu3+, and for which 
the analysis of the magnetic susceptibility is complicated by the two charged states. 

Optical fluorescence spectra were recorded at room temperature using a 0.25 meter focal 
length Spex spectrometer with 254 nm narrow-line or 350 run broad-band excitation sourced 
from a mercury lamp. The resolution was 2 nm. Mossbauer spectra at room temperature 
were recorded using a conventional, constant acceleration spectrometer system 
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3) RESULTS 

The X-band EPR spectra for two samples of ZBLYAN glass, one containing 1% Gd3+ and 
the other, by our assay, 0.91% Eu2+, are shown in Figure 1. The spectrometer gain for the 
Eu2+ spectrum is 1.6 times greater than for the Gd3+ spectrum, so that the low-field line 
shapes can be directly compared. It is evident from the figure that the 0. IT line, used in this 
work for assay purposes, is of similar shape for both types of dopant. We show in Table 1 the 
calculated percentages of Eu2+ calculated by the method described in section 2 for a variety 
of ZBLYAN glasses which contain 1 moi percent of europium, introduced in all but two 
cases by the addition of europium trifluoride. 

The simple use of a graphite crucible is partially effective in achieving reduction, but results 
in a glass covered with a thin carbon film and which is of poor transparency, possibly due to 
carbon inclusions or to reduced zirconium. Addition of indium fluoride to minimise the latter 
problem results in a substantially smaller fraction of Eu2+ ions, suggesting that the indium is 
reduced before the europium. Electrochemical reduction produces a glass of high 
transparency and up to 0.28 mol% Eu2+. The results with hydrogen depend upon the ratio of 
hydrogen to argon used in the furnace atmosphere, and upon the processing time. Essentially 
complete conversions were obtained for argon atmospheres containing 10% and 25% 
hydrogen, but lower conversions were achieved when the hydrogen concentration was 
reduced to 5%. The samples were of good transparency to the eye; most but not all showed 
orange fluorescence. 

We examined several glass samples containing between 0.5 and 2% LiH as a reductant, and 
found that this additive is very effective, resulting in a stoichiometric reduction of Eu3+ to 
Eu2+. None of the three samples produced with 1 mol% LiH showed any orange 
fluorescence, implying complete conversion of Eu3+ to Eu2+. Glasses with 1 mol% of both 
EuF3 and LiH were of low transparency with a greyish tinge, but glasses containing a smaller 
concentration of LiH were clear. A glass which was over-doped with 2 mol% LiH was green 
in colour, and contained black flecks which had a silvery surface, presumably corresponding 
to a metallic or semiconducting compound containing reduced zirconium. Glasses with lower 
concentration of LiH did show weak orange fluorescence. Sodium hydride appeared to be 
slightly less effective than LiH, but gave a clear glass. One glass was produced with no 
europium content but 1% LiH; this glass had the same green/black appearance as that 
described earlier. To check for the presence of Zr3+, an EPR spectrum of this glass was 
recorded but no signals were seen. 

mol% EuF3 which had 1 mol% of CeF3, MnF2, or Zr02 added. The two former additives 
have higher oxidation states available for any redox reaction with the europium, whilst the 
latter has been previously shown to have a reducing effect for iron in fluorozirconate glass 
[9]. None of the resulting glasses showed Eu2+ concentrations of more than 0.05%, and so we 
find this group of additives is not effective in achieving reduction. Towards the end of this 
work, some europium difluoride became available from Cerac Inc. and Prof. M. Spaeth 
donated some nominally E11F2 sourced from Agfa AG. We include results for this material in 
Table 1. The Agfa material does not lead to a significant concentration of Eu2+ ions, 
suggesting that it does in fact contain only a small fraction of europium in the divalent state, 
but use of the Cerac material results in almost as much divalent europium as the most 
effective reduction procedures. Mossbauer spectra of the nominally two divalent fluorides 
confirmed that the Cerac material was more than 94% divalent europium, whilst no divalent 
europium could be observed in the Agfa material. This difference between the two sources of 
nominally EuF2 is also apparent when they are introduced into the fluoraluminates, as 
described below. Possibly the difluoride is subject to some oxidation during storage. 

In Figure 2 we show the optical fluorescence spectra of fluoraluminate glasses produced 
using the Cerac and Agfa europium difluoride starting material and from EuFs using the LiH 
reductant process. EPR assays of the relative Eu2+ content in these glasses snowed that the 
glass made from the Agfa europium fluoride contained approximately one-fifth the Eu2+ 

concentration of the other two glasses. The fluoroaluminate spectra show a broad Eu2+ 
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luminescence centred at around 415 nm, as reported by Qiu et al [3],which is strongest for 
the glass prepared using LiH reductant. The broad emission corresponds to a 4f65d to 4f7 

transition, whilst a narrow line at 360 nm is the 6P7/2 to 8S7/2 transition within the 4f7 

configuration [3]. This glass was of good optical quality. Neither the glass doped with Cerac 
EuF, or the one treated with LiH showed any luminescence due to Eu3+, but the glass 
produced with Agfa starting material showed Eu3"1" luminescence peaks near 600nm. 

The Mossbauer spectrum of a fluorozirconate glass produced using 5% EuF3 and 5% LiH 
was similar to that reported earlier for a fluoride glass with the composition 61ZrF4-2EuF2- 
12 BaF2-7ThF4 [11]. The isomer shifts, line widths (FWHM), and relative areas of the single 
absorption lines observed for each valence in the present case were -14.2(2) mm/s 10 6(4) 
mm/s and 87(7)% for Eu2+ and -0.3(2) mm/s, 3.0(4) mm/s and 13(2) % for Eu3+. The 
line width for Eu2+is anomolously large [10]. 

4) DISCUSSION 

We have not observed Eu2+ luminescence in any of our fluorozirconate samples, despite 
proving quite conclusively that they contain significant quantities of Eu2+ ions. This is 
surprising, given that the heavy-metal fluorozirconates with their low phonon energies 
generally result in very efficient fluorescence from trivalent rare earth ions, and in the 
present case luminescence from Eu3+ ions is observed in all of the glasses (provided only 
that a significant fraction of Eu3+ remains in the reduced glass). Furthermore, the same Eu3* 
to Eu2+ reduction processes lead to very efficient luminescence in the closely related 
fluoroaluminates. Efficient Eu2+ emission is also observed in many crystalline fluorides such 
as CaF2. The fluorozirconates therefore appear to be a special case. A small crystal field 
splitting of the 4f65d lowest term mightJeave the lowest level of this configuration above the 
first excited state 6P- " ' '"" 
latter transition, whic 

P™ of the 4P configuration, but no luminescence corresponding to the 
ich is clearly visible in the fluoroaluminates (Figure 2), is apparent either. 

We suggest that the absence of luminescence is associated with de-excitation involving 
nearby zirconium ions. The optical absorption spectrum between 200 and 400 nm, described 
elsewhere [11], is complicated by the superposition of absorptions due to Eu2+, and some 
reduced zirconium species which may be Zr3+ or Zr2+. We see no evidence for Zr*+ in any 
of our EPR spectra; Zr2+ is an even electron system and is EPR inactive. It is possible that 
the Eu2+ ions are being de-excited by energy transfer to a reduced zirconium site, which 
itself loses energy through radiationless transitions. However, this effect should be dependent 
on the concentration of the reduced zirconium, and it might be expected that in the large 
number of glasses investigated that there would be at least some which had a sufficiently low 
concentration of reduced zirconium that luminescence would be observed. Thus it appears 
that the 4f55d excited state for europium in fluorozirconate glass is substantially different 
from that in other fluorides in some way which is specifically related to zirconium. It is 
possible that the multiple valence states associated with zirconium lead to hybridisation, with 
an excited state corresponding to an admixture of Eu2+ - Zr*+ and Eu3+ - Zr3* 
configurations. 

5) CONCLUSIONS 

Reduction of Eu3+ to Eu2+ in fluorozirconate glass can be achieved by addition of LiH, NaH, 
LiBH4 or ZrHL9 to the starting materials, by use of a hydrogen containing atmosphere, or less 
effectively by electrochemical reduction. The former processes, at least in the case of LiH, 
have the advantage that the degree of reduction can be predicted, but electrochemical 
reduction and treatment in a hydrogen atmosphere result in glasses of better optical quality. 
The LiH process applied to fluoroaluminate glasses produces material of good quality with 
strong Eu7+ luminescence. No Eu2+ luminescence could be observed from any of the large 
number of fluorozirconate glasses produced, most of which demonstrably contained a 
significant Eu2+ content. We conclude that the absence of Eu2+ luminescence is an intrinsic 
feature of this material, and precludes the use of this material in X-ray phosphor applications. 
However, since Eu2+ is known to contribute a strong Faraday rotation effect, further work 
will characterize the magnitude of this effect in these glasses. 
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Table 1: Preparation procedures and Eu2+ assay results for ZBLYANEu glasses. Glassy carbon 
crucibles are denoted by gc. 

Crucible Atmosphere Additives 
or Process 

Eu2+/Gd3* 
EPR 

Sianal Ratio 

Estimated Eu2+ 

Concentration 
(mol%) 

Luminescence 
(350 nm 

excitation) 

graphite 
graphite 

Ar 
Ar 0.25% lnF3 

0.23 
0.04 

0.29 
0.05 

orange 
orange 

gc Ar e/chemical 0.22 0.28 orange 

gc 
gc 
gc 

Ar, 5% H2 

Ar, 5% H2 

Ar, 5% H2 

- 0.52 
0.81 
0.74 

0.66 
1.03 
0.94 

orange 
nil 
nil 

gc Ar 1% LiH 0.74 0.94 nil 

gc Ar 1% NaH 0.66 0.84 weak orange 

gc Ar 0.25% LiBH4 0.78 0.99 nil 

gc Ar 0.5% ZrH2 0.86 1.09 nil 

gc Ar 1%EuF2(Agfa) 0.05 0.06 orange 

gc Ar 1%EuF2(Cerac) 0.67 0.85 nil 
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Figure 1. Room temperature EPR spectra at 9.1 GHz for ZBLYAN glasses containing 1% 
Gd3+(dashed line) and 0.91% Eu2+ (solid line). 
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Figure 2: Luminescence spectra for three samples of fluoroaluminate glass containing 1 
mol% europium. The weak sharp line at 363 nm is due to a residual emission from the 
nominally 254 nm mercury lamp used for excitation, whilst the stronger sharp line at 360 nm 
is the 6P7/2 to 8S7/2 transition of Eu2+. 
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ABSTRACT 
Studies carried out into the production of large blocks of scintillating fluoride glass for 
use as a material for electromagnetic calorimetry in high energy particle physics 
experiments have found variations of light yield between samples. By studying the 
light yield from excited samples as a function of time, and comparing this with the 
samples' optical transmission, the relative contributions of quenching and absorption to 
yield can be separated. Data will be presented showing the influence of temperature, 
cerium concentration, indium concentration and different chemical feedstocks on light 
yield and decay time. 

INTRODUCTION 
An extensive program of research has been undertaken into the development of heavy 
fluoride glasses as a calorimetric material in high energy physics. The glasses used 
were developed and produced at Sheffield University. The glass mixture was based on 
a standard ZBLAN mix but the zirconium fluoride was replaced by hafnium fluoride to 
increase density, and lanthanum fluoride was replaced by cerium fluoride to give a 
scintillation emission. Results on the glass mixtures used, the glass manufacturing 
techniques, and the yields achieved, have been presented in previous papers[l,2,3]. 
Recent work has concentrated on the production of large blocks of glass (620g). This 
has necessitated the use of different batches of HfF4 and significant variations in 
scintillation properties were found between different blocks. 
The techniques used to measure the scintillation yields of these samples gave very 
accurate information on light yield as a function of time and it was found that variations 
in yield could be independently attributed to absorption or quenching by studying 
variations in transmission and pulse shape. The technique was also sufficiently 
sensitive to identify variations in quenching as a function of temperature and to detect 
low levels of scintillation emission. 

METHOD 
The glasses were manufactured as described in a previous paper [2], but particular care 
was taken over the annealing procedure to minimise the levels of stress present in the 
sample in order to facilitate subsequent cutting of the specimens. 
The principal tests on yield and decay time were made at the CLRC Rutherford 
Appleton Laboratory using a 770MeV/c proton beam. These particles were of sufficient 
energy to give a uniform and prompt excitation of the test samples, which scaled 
linearly with thickness. Small test samples (20mm x 6.3mm x 10mm) were placed in 
the proton beam in a thin walled sample holder and coupled by an air light guide to a 
UV sensitive 50mm phototube (EMI9814QB). Sensors upstream and downstream of 
the sample provided a precise timing signal ± Ins (the proton takes less than 0.1ns to 
traverse the sample). The signal from the phototube was fed to a LeCroy 7200 digital 
oscilloscope and the charge digitised in Ins time bins over a 500ns time gate. 
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These data were summed for 5000 events and analysed off-line to determine yield and 
time structure.   Data were also taken with a pure CeF3 crystal of similar thickness 
(5mm) and yields were expressed as a percentage of CeF3 yield, as this has been widely 
reported in literature.   For data at different temperatures, the sample holder was 
mounted on a Peltier cooled support structure. 
The large blocks were measured in two ways.   First off cuts 20mm x 6.3mm x 10mm 
were taken to provide direct comparison with the small sample data.    Then the 
remaining sections of the blocks (now 30mm x 21mm x 138mm) were measured by 
scanning them longitudinally with a 10mm diameter proton beam of 405MeV/c.  This 
beam was stopped by the glass enabling an estimate to be made of the uniformity of 
response of the glass as a function of position. 
For these measurements a 19mm Hamamatsu Rl 166 phototube was used and the beam 
trigger was modified to allow for the fact that protons stopped in the sample.   Data 
acquisition was by a computer controlled system which digitised charge in 0.25pC bins 
over a 300ns time gate. 
In order to highlight trends in changes in pulse shape, different analytical techniques 
were used.  The data were fitted using a cascade function analogous to that used in 
calculating radioactive decays.  This however proved difficult to fit as the initial rise 
time was dominated by the response of the photodetector circuit. 
In order to avoid biasing the interpretation by assuming a decay mechanism, the peak 
was normalised to 100% and the area under the decay curve was estimated for a specific 
time gate. This was found to give a good indication of trends and was sensitive to 
small changes. 
Comparing the full width half maximum of the decay curves was sufficient to indicate 
trends 

RESULTS 
Temperature 
Measurements of changes in yield with temperature showed, as reported in a previous 
paper [1], a steady fall in yield of -0.36% per °C with temperature for an HBCeA glass. 
There was also a decrease in the pulse width as the temperature increased. Fig. 1 
shows the variation of pulse width against temperature expressed in terms of the 
normalised, integrated yield over 130ns. 
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Fig.l Integrated light yield within a 130ns time interval, as a function of temperature. 
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Indium addition 
There was a very strong fail in yield with increasing InF3 concentration, but 
measurements of the UV transmission at the CeF3 edge showed no significant change in 
transmission. In addition, there was a very strong reduction in pulse width with even 
small additions of indium fluoride. Fig. 2 shows the change in pulse width as a 
function of indium fluoride concentration expressed in terms of integrated yield over 
130ns. 
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Fig.2 Integrated light yield within a 130ns time interval, as a function of indium 
concentration 

Cerium addition 
The addition of cerium increased yield. The effect saturated at higher concentrations. 
Fig.3 shows that the pulse also becomes narrower. 
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Zirconium addition 
The substitution of HfF4 with ZrF4 caused a gradual fall-off in yield with  100% 
substitution giving no significant signal. Fig.4 compares the pulse shapes for different 
ZrF4 concentrations. 
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Fig.4 The effect of zirconium on decay time 

Large blocks 
Measurements on large blocks prepared under similar conditions showed a very wide 
range of behaviour with most of the large blocks giving a poor yield (Fig. 5 ). 
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Fig.5 Yield as a function of excitation position 
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Measurements of relative decay times (Fig. 6) showed small variations with only P346 
showing signs of significant quenching. 
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Fig.6 The decay times for various large glass blocks 

There were however significant variations in transmission (Fig.7). P346B, the block 
that exhibited most quenching showed the poorest transmission, but P355B which also 
showed poor transmission did not show significant quenching. 
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Fig.7 Internal transmission of large block offcuts (6.3mm) normalised to 100% at 
500nm. 

DISCUSSION 
The use of a particle beam to excite a scintillating glass gives information on scintillation 
yield and the time structure of the yield. The manner in which the pulse width and yield 
fall with temperature (Fig.l) indicate that more of the shallower traps holding excited 
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electrons are emptying non radiatively at higher temperature, truncating the emission 
curve. 
A similar but much more pronounced quenching process (Fig.2) occurs when InF3 is 
added.   Measurement of the transmission of InF3 doped glass samples showed no 
significant increase in absorption near the UV edge suggesting that all attenuation in the 
yield must be due to a quenching rather than an absorptive effect. 
Devitsin et al [4] first reported the reduction in the rate of rise in yield at higher CeF3 
additions. We have been able to confirm this result [1]. We also find that pure CeF3 

has a yield of about 10 times the yield of 5% CeF3 in an HBCeAN glass.   We have 
observed, that saturation in light yield is associated with a reduction in pulse width 
(Fig.3). This could be attributed to clustering, causing an increase in the non radiative 
decay modes. 
The onset of quenching with the substitution of ZrF4 for HfF4 (Fig.4) is surprisingly 
slow given that there is no significant scintillation yield with pure ZrF4.  This result is 
very significant from the point of view of calorimetry since the performance is 
insensitive to ZrF4 impurity. 
The production of large blocks has proved difficult. The tests carried out in the beam 
line indicate that most of the blocks so far produced do not give a sufficiently uniform 
response to be used in a calorimeter experiment (Fig.5).    Measurements on small 
samples (Fig.6) and the characteristic attenuation of the signal with position suggest that 
quenching is not the primary cause of signal loss and the problems are associated with 
poor UV transmission (Fig.7). 
Detailed measurements of one block showed strong absorption bands of chromium and 
nickel. It was later found that the HfF4 used had, at one stage in its production, been 
processed in a stainless steel vessel. The cause of the problem in other samples has not 
yet been identified 

CONCLUSIONS 
The best blocks of glass produced indicate that adequate quality is achievable given 
suitable raw materials and optimal processing. However, in order for a large 
calorimeter (tonnes of glass) to be constructed at an affordable cost, low cost raw 
material must be used. The successful production of a few blocks demonstrates that 
this is indeed possible. However the variability of the results shows that further work is 
required to make this a realistic process. 
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ABSrrRACT 

New fluorophosphate glasses containing LaOBr were synthesized. LaOBr was prepared 
at 450°C by the chemical reaction of the bromine gas on the La203 powder. The vitreous 
areas in the NaP03-LiF-LaOBr and NaPQ3-BaF2-LaOBr ternary systems are reported. Glass 
samples were characterized by DSC. The incorporation of lanthanum oxybromide was found 
to increase the glass stability against devitrificatioa Two series of glasses were prepared with 
the composition (55-x/2)NaP03 (45-x/2)BaF2 xLaOBr and 49NaP03 39BaF2 

(xLaOBr+yLa203) in order to assess the influence of lanthanum and bromide on refractive 
index and density. The IR transmission is reported and discussed. 

KEYWORDS: Fluorophosphate glasses, lanthanum oxybromide, refractive index, density 

INTRODUCTION 

Non linear optical materials are extensively used in laser systems and integrated optics. While 
crystalline materials make the basis of most practical devices, glasses offer attractive 
possibilities. Because they can be manufactured in large volumes, under a variety of shapes 
and at low cost, their global figure of merit is high [1]. 
Non linear properties are usually correlated to refractive index, molar refractivity and density 
[2,3]. These basic properties depend directly on chemical composition, and especially the 
concentration in large and heavy ions. This paper reports attempts to incorporate lanthanum 
oxybromide in fluorophosphate glasses in order to assess its influence on physical properties. 

EXPERIMENTAL 

Starting materials are sodium polyphosphate (NaP03)n from Strem, LiF and BaF2 from 
Merck and La203 4N from Rhone Poulenc. 
Lanthanum oxybromide is synthesized by flowing gaseous Br2 over La203 at 450 °C for 3 
hours. Experimental set-up is described at figure 1. Prior to treatment, lanthanum oxide was 
fired at 700 °C to remove water and carbon dioxide. 
Lanthanum oxychloride LaOCl was prepared by reaction between La203 and gaseous HC1 at 
450 °C, while solid state reaction between La203 and LaF3 was used for LaOF (15 hours at 
950 °C, platinum crucible and dry atmosphere) 
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X-Ray diffraction and gravimetric control were used to assess material purity. The DTA/TG 
analysis shows that LaOBr does not melt below 1000 °C, but some weight loss occurs above 
900 °C. This may arise from the formation of volatile LaBr3. There may be also the chemical 
action of the water and oxygen traces in the cell atmosphere. 

Glass samples, usually 3 grams in weight are prepared in the following way: calculated 
amounts of starting materials are mixed and heated up to melting at 600 °C in a long platinum 
tube. Melt is maintained at this temperature for fining during a short time - 3 to 5 minutes - to 
minimize halogen loss. Then melt is poured onto a brass mold heated around 250 °C. After 
solidification samples are annealed for 1 hour at 250 °C or 10 °C below Tg when Tg is 
known. 

(   N2+HCH 

K&?   lb 

L&2^3 

1c 
NaOH 

Figures 1- Set-up for the bromination or the chlorination of La2Ü3 including source of Br2 
(la), HC1 (lb) and reaction enclosure (lc) 

Glasses are colorless, even at high LaOBr content. There are free of crystals and bubbles. 
They are stable at room atmosphere, but should be polished with ethanol rather than water 
because they have limited chemical durability in aqueous solutions. 
Characteristic temperatures, Tg, Tx and TPj are the glass transition temperature, the onset and 
peak temperatures of the crystallization. They were measured using SEIKO DSC 220. The 
experimental uncertainties are < ±1°C. Glass forming ability was estimated from the value of 
the thermal stability range DT=Tg-Tx . The glass density was obtained by Archimedean 
method with an uncertainty 0.02 using CCI4 as the immersion liquid. 

RESULTS 

A first set of preparations has been implemented in the NaP03-LiF-LaOBr ternary system. 
Vitreous area is drawn in figure 2. Only a limited amount of LaOBr could be introduced in 
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glass composition and devitrification occurred when LaOBr content was in excess of 3.5 mol 
%. Vitreous binary range NaP03-LaOBr is very narrow and a third component seems 
necessary to ease LaOBr incorporation. 
After several attempts we concentrated on the NaP03-BaF2-LaOBr system. Barium fluoride is 
the most common modifier in fluoride glasses and previous works implemented in our group 
showed that stable barium and sodium fluorophosphate glasses could be obtained [4]. The 
corresponding vitreous area is reported in figure 3. Maximum lanthanum concentration is 
observed between 45 and 55 mol % NaPC>3. It may reach 15 % as in the 48NaP03-37BaF2- 
15LaOBr glass. 

NaPOj 

• Glassceramic 
# Ceramic 
O Glass 

Glass formation zon 

NaPO 

LaOBr    20      40      60      80 LiF LaOBr 20       40       60       80 
Figure 2 - Glass formation range (mol%) in the Figure 3 - Glass formation range (mol%) in 
the NaP03 LaOBr LiF system NaP03 BaF2 LaOBr system 

BaF- 

CHARACTERISTIC TEMPERATURES 

A Set of samples was synthesized with the general composition: 
(55 - x) NaP03, (45 - x) BaF2,2x LaOBr with x = 1,2,3,4,5 
Characteristic temperatures are reported in table 1 and figure 4 for visualization. Thermal 
stability range Tx-Tg increases versus LaOBr concentration. It is expected to drop beyond 12 
% LaOBr as crystallized samples are obtained at high LaOBr content. Melting starts near 
500 °C for most of these glasses. 

Table 1. Characteristic temperatures and thermal stability range of 
(55 - x) NaP03, (45 - x) BaF2,2x LaOBr glasses. 

X Tg(°C) Tx(°C) Tp(0C) TfTC) Tx-Tg(0C) 
0 268 396 411 523 128 
1 243 327 334 554 84 
2 246 350 355 502 104 
3 264 385 393 503 121 
4 266 387 394 498 121 
5 278 404 409 493 126 
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Figure 4 - Characteristic temperatures as a function of LaOBr content. Lines are drawn as 
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REFRACTIVE INDEX 

Lanthanum oxybromide is expected to increase refractive index. Two groups of samples were 
used for this study, one with an increasing concentration in LaOBr and the second one with a 
variable bromine content and a constant cationic composition: 
1) (55- x/2) NaP03 - (45- x/2) BaF2 - x LaOBr (4 < x < 12) 
2) 49 NaP03 - 39 BaF2 - x LaOBr - (6- x/2) La203 (0 < x < 12) 

-»  49NaP03 39BaF2xLaOBr + 

-X  ?55-3Ä)NaPO3(45-x/2)BaF2xLa0Br 

constant 
lanthane rate 

/ variable 
lanthane rate / 

0 2 * 6 S 10 12 14 

xLaOBt(mol%) 

3,85 - - 

Ä 

-X  (55-x/2)NaP03(45-x/2)BaF2xUOBr 

-•    49NaP0339BaF2xLaOBr + yLa203 

 1 ! 1 1 1 h 

constant lanthane rats 

3,7-- 

3,65+ 1 H 

variable 
lanthane rate 

 1 1 ,  
0 2 4 6 8 10 12 14 

x LaOBr (mol%) 

Figure 5. Refractive index versus LaOBr content Figure 6. Density versus LaOBr content 
Lines are drawn as guides for the eye 

The evolution of refractive index with respect to composition is plotted in figure 5. As 
expected nD increases with composition index x. The slope of the straight line is 2.6 10"3 

mol-1 for LaOBr and 1.3 10"3 moF for Br alone, i.e. when La content is constant. This shows 
that Br and La have the same influence on refractive index. 

DENSITY 
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The same samples were used for density measurements. Results are exemplified by figure 6. 
Density increases with LaOBr concentration. However it is nearly constant when only 
bromine concentration is changed. As it will discussed below, bromine incorporation has two 
opposite influences on density. 

INFLUENCE OF HALOGEN NATURE 

For assessing the influence of the halogen on the physical properties, we have synthesized 
three glasses with the same nominal composition: 

51NaP03-41BaF2-8LaOX (LaOX = LaOBr, LaOCl, LaOF) 

Characteristic temperatures and densities are given in table 2. As one could expect, glass 
transition temperature is higher for lighter halogens, but density is smaller. The chlorine- 
containing glass has a larger thermal stability range and appears more stable against 
devitrification. 

Table 2. Characteristic temperatures and density of lanthanum oxyhalide glasses 

LaOX Tg(°C) Tx(°C) Tp(°C) Tf(°C) Tx-Tg(°C) Density 
LaOBr 266 387 394 498 121 3,76 
LaOCl 270 399 410 500 129 3,84 
LaOF 272 388 392 548 110 3,87 

INFRARED TRANSMISSION 

Figure 7 shows the infrared transmission curve of the 51 NaPOs - 41 BaF2 - 8 LaOBr glass 
between 400 and 4000 cm-1. A large absorption band centered on 2100 cm*1 limits strongly 
the optical transmission. It corresponds to the first overtone of the PO4 V3 vibration mode, for 
which the fundamental mode is located around 1020 cm-1. As in most fluorophosphate 
glasses, the OH absorption is very small as hydroxyls decompose in fluoride melts to form 
gaseous HF. 
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Figure 7 - Infrared transmission of a 51 NaP03 - 41 BaF2 - 8 LaOBr glass sample, 5 mm in 
thickness 

DISCUSSION 

Barium fluoride make possible incorporation of lanthanum oxybromide in a sodium 
metaphosphate glass. While LaOBr is expected to be a modifier, there is not clear reason why 
barium cations could limit the nucleating effect of the oxyhalide. Vitreous network should 
consist in P04, P03F and PO2F2 tetrahedra, and it is unlikely that bromine anions are linked 
to phosphorous. 
The influence of bromine on density involves two factors: atomic weight and ionic radius. 
The large ionic radius of the Br anion leads to the increase of the molar volume which, in 
turns, limits the increase of the density which results from the larger molecular weight. This 
may also explain why the change in refractive index is not larger with bromine than with 
lanthanum. 
Further optical measurements, especially non linear refractive index, will quantify the 
respective contributions of halogen and lanthanide. Halogen incorporation may be an 
interesting way to induce optical changes, and this could achieved directly by a chemical 
reaction in the glass melt. 

CONCLUSION 

Lanthanum oxybromide could be incorporated in fluorophosphate glasses, using BaF2 in 
association with sodium polyphosphate. Stable glasses containing up to 15 mol % LaOBr 
have been prepared. Density and refractive index increase with oxybromide concentration. It 
was observed that Br and La have an equal influence on refractive index. But bromine content 
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does not change much the density. These glasses could be used for further experiments for the 
measurements of the contribution of LaOBr to the non linear optical properties. 
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ABSTRACT 

An overview is given on recent nuclear magnetic resonance (NMR) 

structural studies of phosphorus chalcogenide glasses and melts. The 

detailed structural speciation of these systems has been derived on the 

basis of 31P dipolar spin echo decay spectroscopy, magic angle spinning 

(MAS), and variable temperature liquid state NMR above the glass 

transition temperature. A specific feature in the phosphorus-selenium 

system is the competition between homo- and heteropolar bond 

formation, which can be quantitatively characterized by means of these 

complementary NMR approaches. The influence of various elemental 

glass constituents upon these equilibria has been studied in detail in a 

variety of ternary systems. Finally, MAS in combination with double- 

quantum (DQ)-NMR provides detailed quantitative information on the 

network structural features present in a variety of ionically conducting 

thiophosphate glasses. 

INTRODUCTION 

Nonoxide chalcogenide glasses, which are based on the sulfides, selenides 

and tellurides of Main group III-V elements have gained much interest as 

optical and electronic materials with prospective applications as infrared- 

transparent optical fibers, reversible conductivity switching devices, 

photoresists, and solid electrolytes. While during the past three decades 

the experimental studies have been concerned with the measurement of 

bulk physical properties, more recent work has concentrated on the atomic 

scale structural organization of these systems, using modern spectroscopic 

and computational techniques. In particular, solid state nuclear magnetic 
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resonance (NMR) methods have proven useful to determine the local 

environments and the spatial distributions of the various atomic 

constituents in chalcogenide glasses [1]. In recent years, the research area 

has benefitted greatly from the influx of new powerful selective 

averaging, spectral editing, and multi-dimensional correlation techniques, 

resulting in a significantly advanced understanding of the medium-range 

order in the glassy state. Using these advanced „third-generation" 

experiments, significant progress has been made in the structural 

understanding of binary phosphorus chalcogenide glass systems [2,3], 

using the favorable NMR properties of the 31P isotope. 

TERNARY GLASSES IN THE SYSTEM PHOSPHORUS-SULFUR- 

SELENIUM 

Previous experiments have shown that the structural characteristics of P- 

Se and P-S glasses differ from each other fundamentally: while the 

structure of P-Se glasses can be described as a two-dimensional infinite 

network with competitive P-P and P-Se bonding, P-S glasses exhibit a 

pronounced tendency to produce zero-demensional P4SX molecular 

clusters. This tendency persists even in the ternary P-S-Se system, 

resulting in pronounced segregation effects, which have been 

characterized by solid state MAS and high-resolution liquid state NMR 

[4]. In particular cases, mixed P-S-Se clusters have also been identified. 

TERNARY PHOSPHORUS TELLURIDE GLASSES 
While binary P-S and P-Se glasses are easily prepared, all attempts to 

prepare phosphorus-tellurium glasses have been unsuccessful. Indeed, 

examples of inorganic compounds having phophorus-tellurium bonds are 

extremely scarce. In spite of this obvious lack of chemical reactivity 

phosphorus can be introduced as a third component into the binary glass 

systems silicon-tellurium and germanium-tellurium [5]. 3IP MAS and spin 

echo decay data reveal that in the P-Si-Te glass system the extent of P-P 

bonding is approximately that expected from statistical probability and 

the tendency for Si-P bonding is quite pronounced [6]. In contrast, the 

phosphorus environment in Ge-P-Te glasses is entirely dominated by 

phosphorus-phoshorus bonding, producing molecular P4 upon heating 

above the glass transition temperature. 
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THIQPHOSPHATE GLASSES AND CRYSTALS 

Recently high resolution double-quantum 31P NMR spectroscopy has been 

shown to provide a lot of structural information on glassy and crystalline 

thiophosphates [7]. The homonuclear dipolar interaction is reintroduced 

under MAS-conditions to excite double quantum coherences. A pulse 

sequence known under the acronym C7 [8] was found to be particularly 

useful. The development of the double quantum coherence as a function 

of the excitation time is determined by the strength of the homonuclear 

dipolar interaction. As demonstrated on various crystals, thiophosphate 

anions PS4
3", P2S7

4" and P2S6
4" can thus be identified by characteristic 

excitation profiles. This aproach is applied to ionically conductive glasses 

in the system Li2S-P2S5. In the case of glassy Li4P2S7, DQ-MAS reveals a 

structural transformation on crystallization to Li4P2S6 [9] and offers 

information on the positionally disordered x-ray structure of the latter. 
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ABSTRACT 

We have used high real-space resolution pulsed neutron diffraction to investigate the structure 
of fibre-forming Ge-based multicomponent sulphide glasses. Diffraction patterns were 
measured up to a maximum momentum transfer of 40A-1 for a series of seven samples from 
the stoichiometric system Ge25(As,Ga)10S65, with Ga contents from 0 to 10 atomic percent. 
The correlation functions all show three principal peaks at 2.23A, 2.97Ä and 3.49Ä. The first 
principal peak in the correlation functions is predominantly due to Ge-S bonds, together with 
smaller contributions from As-S and Ga-S bonds. The second principal peak is due to cation- 
cation distances between edge-sharing structural units. The third principal peak is due mostly 
to S-S distances within structural units. There is also fine structure around the first peak of the 
correlation functions, consisting of a small 'pre-peak' at about 2.0Ä and a larger and broader 
shoulder at about 2.5Ä. The pre-peak does not show detectable changes with composition, 
whilst the shoulder grows steadily as gallium is added to the glass. The position of the 
pre-peak, 2.0Ä, is consistent with either S22" disulphide groups within a structural unit, or 
with S-S bonds in the network, due to chemical disorder. According to the chemical disorder 
model, the peak at 2.5Ä is due to Ge-Ge bonds in the network. If gallium is tetrahedrally 
coordinated then the number of these bonds must increase as gallium replaces arsenic. Such 
an increase is observed in the experimental data and hence the chemical disorder model is 
preferred over the disulphide model. 

1. INTRODUCTION 

Fibre amplifiers are becoming a key component of optical communications systems as the 
transition is made from electro-optical systems to purely optical systems. The quantum 
efficiency for the transition used in a fibre amplifier is restricted by multiphonon mediated 
decay to nearby levels. The probability of multiphonon decay between two energy levels is 
inversely related to the number of phonons required to bridge the energy gap [1], and an 
improvement in quantum efficiency would be expected through the use of a host material with 
lower phonon energies. This has lead to a considerable interest in the past in fibre-forming 
glass systems based on the relatively heavy glass former Ga2S3. More recent work [2], 
however, has been drawn towards glasses containing AS2S3 because these have much better 
thermal stability and hence have a much improved fibre drawability. Nevertheless gallium is 
still an essential component for fibre amplifier applications because it is found to be required 
in a small amount in order to have efficient luminescence. The addition to a GeAs glass of ä 
very small amount of gallium (less than 1 atomic %) causes a rapid decrease in the density and 
a rapid redshift of the absorption edge [2]. This indicates the occurrence of a major structural 
rearrangement, the nature of which is as yet unknown. We report the first use of neutron 
diffraction to investigate the structure of these complex multicomponent fibre amplifier 
glasses. 
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2. THEORY 

The quantity measured in a neutron diffraction experiment [3,4] is the differential cross- 
section 

|p/s(ßMß). (i) 

where Q is the magnitude of the momentum transfer, f(Q) is the self scattering and i(Q) is the 
distinct scattering. f(Q), which can be calculated approximately, is subtracted from the data to 
give i(Q). Structural information may then be obtained by using a Fourier transform to obtain 
the total correlation function 

T(r)=T°(r) + - [ßi(ß)M(ß)sin(rß)rfß , (2) 

(    -Y where T°(r) = 4jrrg° Tc/)(     is the average density contribution, g° is the atomic number 
V /       J 

density, and M(Q) is a modification function. The correlation function is a weighted sum of 
partial correlation functions tn. (r); 

w 

where c, and b, are respectively the atomic fraction and coherent scattering length for element 
I, and the /, /' summations are each over the elements of the sample. 

3. EXPERIMENTAL PROCEDURE 

Seven samples of Ge25(As,Ga)ioS65 were made by melt quenching as described in detail in 
reference 2. The individual sample compositions are given in Table 1, together with the 
density values. The sample compositions are stoichiometric and can also be expressed in the 
form 5(GeS2).(Asi-xGax)2S3, as shown in figure 1. 

Table 1. Densities of the Ge25(As,Ga)ioS65 neutron diffraction samples. 

Ga content 
(atomic %) 

density 
(gem'3) 

atomic number density 
(atoms A-3) 

0 2.885 0.03738 

1.4 2.904 0.03768 

2.8 2.908 0.03780 

4.25 2.9125 0.03792 

6 2.908 0.03793 

8 2.906 0.03799 

10 2.879 0.03772 
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Figure 2. Atomic number densities of the 
neutron diffraction samples. 

The LAD diffractometer [5] at the ISIS pulsed neutron source at the Rutherford Appleton 
Laboratory was used to make a high real-space resolution neutron diffraction measurement for 
each of the samples. For the measurements the samples were broken into pieces with 
maximum dimension ~5mm and were placed in containers made of thin (25 micron) 
vanadium foil so as to minimise the experimental corrections. 

4. RESULTS 

Oscillations were discernible in the diffraction diffraction data up to a maximum momentum 
transfer of 40Ä*1. Experimental corrections were made to the data, as described in reference 3. 
Figure 3a shows the corrected distinct scattering, i(Q), for the 5(GeS2>.(As2S3) sample, whilst 
Figure 3b shows the lower Q region of the data for this sample together with the data for the 
5(GeS2).(Ga2S3) sample. The diffraction patterns show small changes, mostly in the region 
below about 8Ä-1, as gallium replaces arsenic in the glass. For instance the first sharp 
diffraction peak moves to a lower position, Qh as the Ga content increases. The relatively 
slight changes seen in the diffraction pattern are consistent with the expectation that both 
Ga2S3 and AS2S3 easily enter the GeS2 random network as glass formers with only a slight 
modification of the short and medium range order. 

The data were Fourier transformed according to equation (2) and using the Lorch modification 
function [6] with a maximum Q of 40.0Ä"1. Figure 4a shows the correlation functions, T(r), 

Figure 3. The distinct scattering i(Q) a) for the 0% Ga sample covering the full ß-range, and 
b) for both the 0% Ga and 10% Ga samples in the region below 10Ä-1. 
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for the 5(GeS2).(As2S3) and 5(GeS2).(Ga2S3) samples in the region up to 6Ä where the most 
significant features were observed. The correlation function has three principal peaks at 
2.23A, 2.97A and 3.49A. The first and second principal peaks show very little change with 
composition, whilst the high r side of the third principal peak grows steadily as the Ga content 
increases. 

Figure 4b shows the 'fine structure' observed near the first peak of the correlation function for 
all seven of the samples studied. A small 'pre-peak' is observed at about 2.0Ä which does not 
show any definite trend with glass composition. Also a larger and broader shoulder is 
observed at about 2.5Ä which increases in area as the Ga content of the glass increases. 

5. DISCUSSION 

5.1 THE PRINCIPAL PEAKS TN THE CORRELATION FUNCTIONS 

The first principal peak in the correlation functions at 2.23Ä may be identified as being due to 
X-S bonds, where X represents any cation, Ge, Ga or As. In crystalline GeS2, which has a 
tetrahedral structure [7], the mean Ge-S bond length is 2.218Ä. In crystalline Ga2S3, in which 
Ga is tetrahedrally coordinated by S [8], the mean Ga-S bond length is 2.255Ä. In crystalline 
As2S3, in which As are at the vertex of an AsS3 trigonal pyramid [9], the mean As-S bond 
length is 2.283Ä. The three X-S bond lengths in these glasses are thus much too close to be 
observed as separate peaks in the correlation functions (for the Lorch modification function 
with a Qmax of 40Ä"1 the real-space resolution has a full width at half maximum of 0.136Ä). 

The second principal peak in the correlation functions at 2.97Ä arises from X-X distances 
between cations which are not bonded but are in two structural units which are connected by 
edge-sharing. In the high temperature crystalline form of GeS2 [10] the Ge-Ge distance 
between edge-sharing tetrahedra is 2.919Ä. It is not clear whether in the glass this edge- 
sharing distance can occur for cations other than Ge. 

The third principal peak in the correlation functions at about 3.49Ä includes a contribution 
from S-S distances between two sulphurs which are not bonded to each other, but are 
members of the same structural unit. For an ideal XS4 tetrahedron with an X-S distance of 
2.23A (the position of the first principal peak) the corresponding S-S distance would be 
3.64A. This is somewhat longer than the observed position of the third principal peak. 
However, we note firstly that the edge-sharing configuration involves a distortion of the 
tetrahedra so that the two sulphurs on the shared edge are closer than for the ideal tetrahedral 
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Figure 4. The total correlation function T(r) a) for the 0% Ga and 10% Ga samples, and 
b) showing the first peak fine structure for all of the samples. 
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geometry. (If the edge-sharing Ge-Ge distance is 2.97'A then the S-S distance for the shared 
edge is 3.33Ä or less.) Secondly we note that there will also be some additional contribution 
to the correlation function in this region due to X-X distances between corner-sharing units. 
This contribution is likely to affect the observed position of the third principal peak. 

5.2 THE FINE STRUCTURE IN THE FIRST PEAK OF THE CORRELATION 
FUNCTIONS 

The most intriguing aspect of the correlation functions of these glasses concerns the fine 
structure observed around the first principal peak, as shown in Figure 4b, which can only be 
observed with the high real-space resolution of pulsed neutron diffraction. The pre-peak at 
about 2.0Ä can only arise from one possible pairing of atoms in these samples; a distance this 
short can only be due to a bond between two sulphur atoms. However, there are at least two 
possible ways in which such a S-S distance could arise. For amorphous M0S3 we have 
observed a small peak in the correlation function at 1.99Ä which is due to disulphide S22" 
groups within an octahedral M0S6 structural unit [11]. It may thus be suggested that the pre- 
peak observed in the present data at about 2.0Ä could also be due to disulphide groups within 
structural units. The other possible explanation for the S-S pre-peak is that, despite their 
stoichiometric compositions, the glasses we have studied may have a small degree of chemical 
disorder. According to this model the network includes a small number of S-S bonds between 
structural units (supersulphide S2" bridges), and also a balancing number of X-X bonds. In the 
crystalline forms of sulphur the S-S bonds are typically about 2.05A long, although there is 
some variation with bond- and dihedral-angles [12]. Thus there is not a sufficient difference 
between the expected S-S bond lengths for the two models (disulphide and chemical disorder) 
to be able to use the observed position of the small S-S pre-peak to discriminate between 
them. Note that the S-S pre-peak in the correlation function has a very small area compared to 
the first principal peak for two reasons; firstly sulphur has a small neutron scattering length 
compared to the other elements in the glasses, and secondly only a minority of the sulphur 
atoms are involved in this type of bond. Within the accuracy and reliability of our data, it 
appears that the number of S-S bonds remains constant as the Ga content of the glass changes. 

The shoulder at about 2.5Ä is an additional observation that must be explained by any 
structural model. In the disulphide model this shoulder is difficult to explain. It may be 
proposed that there could be a longer X-S distance from X cations to the sulphurs which are in 
disulphide groups. However, a S-S distance as short as 2.0Ä would lead to severely distorted 
GeS4 tetrahedra. (The S-Ge-S bond angle would be about 47° which differs greatly from 
the ideal tetrahedral value of 109.47°.) Furthermore we have been able to find no evidence in 
model systems (crystals or molecules) to support the idea of a longer bond from Ge to the S in 
S22" groups. 

In the chemical disorder model the 2.5Ä shoulder is clearly explained as being due to X-X 
bonds (probably these are mostly or all Ge-Ge). In crystalline Ge, which has a tetrahedral 
structure, the Ge-Ge bond length is 2.45Ä [13] and this is similar to the position of the 
shoulder in the correlation functions of the sulphide glasses. Furthermore the chemical 
disorder model can explain the growth in the shoulder as the Ga content is increased: It is 
expected that gallium atoms are tetrahedrally coordinated, but Ga2S3 itself has insufficient 
sulphur to satisfy this coordination requirement. Hence for Ga to be tetrahedrally coordinated, 
the addition of Ga2S3 to the glass must be accompanied by either a decrease in the number of 
S-S bonds or an increase in the number of X-X bonds. However, our results indicate that the 
number of S-S bonds remains constant and hence the number of X-X bonds must increase as 
the Ga content of the glass increases. This is what is observed. In fact the addition of one unit 
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of Ga2S3 to the glass requires that the number of X-X bonds increase by one so that one 
sulphur atom is made available to satisfy the tetrahedral coordination requirement for gallium. 
Note that the incorporation of AS2S3 into the glass structure does not require a change in the 
number of X-X bonds because As is expected to be three-coordinated and AS2S3 has sufficient 
sulphur to satisfy this coordination requirement. 

An alternative explanation for the S-S pre-peak in the correlation functions would be the 
presence in the samples of a small amount of some form of elemental sulphur. However, we 
do not believe that this explanation is correct. We have not observed any Bragg peaks in the 
data, such as would be observed if a crystalline form of sulphur were present. The formation 
of amoiphous sulphur requires rapid quenching into liquid nitrogen [14] and so its presence is 
unlikely. Furthermore, such an explanation would then require a further explanation for the 
X-X shoulder and it is most unlikely that the samples would contain germanium as a second 
impurity phase. 

Finally, we note that a very similar pre-peak and shoulder have recently been observed in a 
neutron diffraction experiment on pure AS2S3 glass [15]. This suggests that a small degree of 
chemical disorder may be a common structural feature of sulphide glasses. 

6. CONCLUSIONS 

Our results show that there is a small amount of chemical disorder in stoichiometric 
Ge25(As,Ga)10S65 glasses. The neutron correlation functions show a small pre-peak at about 
2.0A and a shoulder at about 2.5Ä. These are due to small numbers of S-S bonds and Ge-Ge 
bonds in the network. 
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ABSTRACT 
The semiconductor-metal transition in chalcogenide glassforming melts is accompanied by 
endothermic effect and structural transformation. It should be referred to as a smeared first- 
order phase transition with the micro-regions of co-operative structural transformations 
involving several dozens of atoms. Apparently, this mechanism of the semiconductor-metal 
transition reflects the structure of glass-forming melts and glasses themselves, which are 
characterised by the existence of structurally self-consistent regions, i.e., by the medium-range 
order. 

INTRODUCTION 
Temperature dependencies of physical-chemical properties of chalcogenide 

glassforming melts at the semiconductor - metal transition (SMT) are rather well investigated 
[1]. However till now there is no standard microscopic model of this phenomenon. Cohen and 
Jortner have assumed [2], that at SMT the melt consists of semiconductor and metal 
microregions, volumetric shares of which (but not the sizes) vary at changing of temperature. 
Mott believed that melts at SMT are homogeneity microscopically [3]. The question of 
microscopic nature of SMT gets a special importance in connection with development of idea 

of the medium range order 
in glasses and melts. The 
idea of the medium range 
order reflects crisis of the 
modern theory of liquid 
state, based in the account 
of inter-atomic interactions 
only in limits of the first 
co-ordination sphere. Not 
only electrical properties of 
melts transformed at SMT, 
but Mott model and 
Cohen-Jortner model were 
used for discussion of 
electrical properties only. 
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EXPERIMENTAL 
RESULTS 
It   was   shown   in   the 
previous papers, that in the 

Fig. 1. Examples of temperature dependencies of density of interval of temperatures 
melts xGe-(100-x)Te. Points are the experimental datum. Lines   of   SMT        not    only 
are the results of fitting (equation 4). Figures mean the x. respective alterations of 
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electrical properties of chalcogenide melts occurs, but also significant change of magnetic 
susceptibility down to change of its sign and increase of density of melts (p) occurs also [4]. 
It was shown on the example As2Te3, that wide endothermic effect is observed also [5]. 

Dependencies of density of melts in the system Ge - Te (fig. 1) on temperature are 
investigated with the help of the method of thermometer. The device STA429 (Netzsch) 
was used for studying the dependencies of heat capacity of these alloys on temperature (fig. 
2). The received results are similar with the effects observed earlier for the melt of 
As2Te3[4,5]. The temperatures of maxims of heat capacity and of minima of factor of thermal 
expansion coincide with each other and with the temperatures of SMT, which are determined 
earlier from the data on a magnetic susceptibility and electrical conductivity [4,6]. The half- 
widths of these effects coincides also for each particular composition of melt. It convincingly 
testifies, that these effects (Cp and p) concern the same phenomenon of SMT. The effects are 
convertible on temperature. 

30 

20- 

10- 

0 

ACp, J/molK 

400 600 800    T, K 

Fig. 2. Temperature dependence of excess heat capacity of Te 
melt. Points are the experimental datum. Lines are the results 
of fitting (equations). 

MODEL 
Thus, convertible on 
temperature SMT in the 
melts is accompanied 
with the endothermic 
effect, with the change of 
nature of chemical bonds 
and with the chemical 
structure. The latter is 
expressed not only in 
increase of density on a 
few percents, but also in 
increase of average co- 
ordination number of 
atoms [7]. Told testifies 

that this effect should be 
attributed to the phase 
transitions. At the same 
time      it      cannot      be 

considered as classical phase transition, occurring under isothermal conditions. It is necessary 
to attribute the SMT to so-called smeared phase transitions, distinctive feature of which is 
coexistence of both phases in a rather wide interval of temperatures [8]. The presence of 
maximum Cp=f (T) is an attribute of smeared phase transition of the first order. 

The dependence Cp (T) in case of classical phase transitions of the first order is 
described, as it is known, by the 8-function. If the first order phase transition is a so-called, X- 
transition (the dependence Cp (T) reminds the Greek letter X), it means, that the process of 
transition begins at temperatures below the temperature of phase transition and covers the 
micro-regions of small sizes. But the sizes of these regions become in infinity at temperature 
of phase transition. In case of smeared phase transitions the micro-regions have limited sizes 
and at the temperature of transition. The smeared phase transitions consist of numerous 
elementary acts, each of which covers only insignificant part of a phase - micro-region of co- 
operative structural transformations (RCST). 

The reason of existence of smeared phase transitions is deviations of internal 
parameters of system from average value. Thus the system can be divided in to elementary 
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regions, so, the phase transition can be considered as classical in the limits of these 
elementary regions. The sizes of such RCST have essential meaning for the explanation the 
degree of smearing of the phase transition. The less the RCST are, the more the deviations of 
local values of parameters of various micro-regions from average value are [9] and therefore 
the appropriate phase transition is more smeared. The degree of smearing of phase transition 
decreases at growth of the size RCST and at last, when its volume is equal to the volume of 
considered system, the classical phase transition will be observed. 

The following expression for the estimation number of (n) atoms included in RCST 
is offered using these representations [8] 

n = 
4kBT*AC 

(1) 

el 
Where ACp is excess heat capacity at temperature of transition, Tfr and Qti - are temperature 
and heat of transition accordingly. The use of this expression allows to come to a conclusion 
that the mentioned micro-regions in the investigated melts consist of several tens of atoms. 

The interrelation between the sizes of particles, possible statistical deviations of their 
properties from average values and the degree of smearing of phase transition is also 
discussed in [9]. The offered expression for the estimation of sizes RCST give similar result 
for n. 

If RCST are so small (10 - 100 atoms), the heat of the elementary acts of 
transformation is about of the heat of thermal fluctuations. There is one more reason of 
smearing of phase transition. Really, in this case, even if all elementary regions are identical, 
will be observed smearing of phase transition, caused by thermal fluctuations. At any 
temperature there will be the final probability that the part of RCST is in non-ground state for 
given temperature. If the sizes RCST are so small, the nature of smeared phase transition 
becomes close to the nature of chemical equilibrium. Its movement at a change of 
temperature is convertible. 

Let us estimate the size of RCST on the basis of this idea. Accordingly with [4]: 
p(T)=(l-<;)ps(T)+qpm(T), where q is the degree of transformation, ps (T) and pm (T) are 
hypothetical meanings of density of melt at semiconductor state and at metal state 
corresponding. The values of these parameters are obtained by extrapolations of real linear 
dependencies on temperature of density before and after the temperatures of transition region. 
Accordingly it is possible to enter a constant of equilibrium of transition K=c/(l-q); [4]. In 
that case 

dQjiK)   E» /2) 

dT-\ ~ R 
where: Etr is the enthalpy of the SMT for Avogadro number of RCST. It can be possible to 
right the following expression for ACP and p : 

AC  =0, 
dT 

ß^exp R 
1 

RT2\ 1 + exp 
R T 

(3) 
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p = ptr-05Ap+a(Tlr-T) + - 
Ap 

1 + exp 
R 

(4) 

where: ptr is the density of melt at Ttr; a is the factor of thermal expansion; Ap is the increase 
of density of melt as the result of SMT (Fig. 1). The following suppositions are used in last 
equations. The semiconductor and the metal melts have the same values of Cp and of a. In 
other words, SMT is the first order smeared phase transition without any participant of the 

second order smeared phase 
transition. It is supposed as 
well, that RCST have the 
size, which does not depend 
on temperature. 
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Fig. 3. Dependence of temperature of SMT on Ge 
content: 
+ - the datum obtained from Cp(T) dependencies; 
O - the datum obtained from p(T) dependencies. 

DISCUSSIONS 
The results of fitting 

of experimental   datum   on 
CP(T) and p(T) with the use 
of equations (3) and (4) are 
presented on Fig. 1 and 2. It 
can      be       seen,       that 
experimental     datum     are 
described by equations  (3) 
and   (4)   sufficiently.   The 

temperature of SMT can be 
defined as the temperature, at 
which the equilibrium constant 
K is equal to 1  [4]. The Ttt 

obtained in such manner from 
CP(T) has the same value as 

obtained from p(T) (fig. 3). The strong changing of T* occurs at small amount of Ge. The 
reason of this phenomena may be the distinction of co-ordination numbers of Te and of Ge. 

The number of atoms involved in RCST is equal, according to the model, to relation 

n= YQ  . For all investigated melts n is equal to 25-45 atoms.    Both reasons of 

transformation of classical phase transition into smeared phase transition acted 
simultaneously in investigated melts. So, the value of size of RCST obtained when only one 
of these reasons are taken into account must be smaller then the real size. 

CONCLUSIONS 
It is concluded from the temperature dependencies of heat capacity and density of melts in 

the Ge-Te system, that semiconductor - metal transition is the smeared first order phase 
transition. This transition in chalcogenide melts consists of numerous elementary acts. Each 
of them includes several tens of atoms. 
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There are many different types of fluoride glasses such as 

fluorozirconates,   fluoroaluminates,   fluoroberyllates,   and 
fluoromdates. Each of these subsets is named after the most 
abundant base component. Fluoride glasses have a wide window of 
transmission into the infrared region (typically from 200nm to 

7um)   which   make   them   candidate   materials   for   IR 

telecommunications.  Two of the most commonly used fluoride 

glasses of interest are the fluorozirconate and fluoroaluminate 
systems. Fluorozirconate glasses such as ZBLAN (ZrF4-BaF2-LaF3- 
AlF3-NaF) compositions with different rare-earth dopant levels 

have been thoroughly studied and put into practical use in the 

telecommunications    industry,     however    fluoroaluminate 
compositions have also shown potential for similar applications 
and exhibit a number of advantages over their fluorozirconate 

counterparts.    Fluoroaluminate    (AlF3-BaF2-CaF2-SrF2-MgF.-YF3) 
glasses, which have a higher glass transition temperature and 
are   more   chemically   and   mechanically   durable   than 
fluorozirconate glasses, may be a better option for both passive 
and  active  optical  components.  Previous  work  at  several 
institutions,  including Alfred University has shown that the 
absorption and fluorescence spectra for rare-earth ions  in 

fluorozirconate glasses differ in intensities and fluorescence 
efficiencies from those in fluoroaluminate glasses. Given that 
fluorine atoms surround the rare-earth ion in both systems  it 

is  believed  that  these  differences  arise  from  structural 
arrangements  around  the  rare-earth  ion  beyond  the  first 
coordination shell which affect the electronic structure of the 
ion. There is considerable interest in broadening the range of 
transitions available for amplifying and lasing in rare earths 
Understanding the dependence of the electronic structure and 
spectra in these glasses on extended coordination may help 
elucidate some of the observed differences. The focus of this 
study  was  to  investigate  the  source  of  these  observed 
differences by characterizing Neodymium doped fluorozirconate 
and fluoroaluminate glasses using a combination of techniques 
including Extended X-ray Absorption Fine Structure (EXAFS) and 
Electron Spin Resonance  Spectroscopy  (ESR).  The host glass 
compositions  chosen  were  a  standard  YABCSM  for  the 

fluoroaluminate and ZBLAN for the fluorozirconate with varying 
additions  (0-5  mol%)  of  Nd3+ substituting  for  Y3+  or  La3+ 
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respectively. Neodymium was chosen as the rare-earth ion because 
it is a spectrally well studied ion in many different host 
glasses. The EXAFS and ESR results will be correlated to the 
absorption and fluorescence spectroscopy of the same glasses. 
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Thulium, when doped into glasses at concentrations over 0.5 mole %, exhibits 
concentration quenching of the fluorescence around 1.8um far greater than that for the 
thulium ions in crystals. Structural studies by density measurements and optical 
energy gap observations, reported elsewhere in this conference lead us to suspect 
inhomogenetics with alkali rich areas in the glasses we have chosen. Fluorescence 
under C.W. and pulsed excitation at 705 nm also reported elsewhere in this 
conference, shows, for the emission centred around 1.8um, that dipole-quadrupole 
interactions, rather than the usual dipole-dipole interactions are occurring. This 
evidence is again suggestive of clustering of the thulium ions. 

These glasses were of type XR02. (1-X) Te02, where x runs from 0 to 30 mole%5 and 
R is Li, Na. or k. They were made from alkali metal carbonates and tellurium oxide, 
with extra additions of 0.1 to 5.0 molar% of Tm203. After melting in recrystallised 
alumina crucibles for 30 minutes, they were annealed at 250°C for 30 minutes and 
cooled at 1°C per minute to room temperature. 

We have taken Tm3+ ka EXAFS spectra on station 8.1 of the Daresbury synchrotron 
radiation source. The pre-edge and EXAFS backgrounds were energy calibrated and 
subtracted out using the Daresbury program packages EXCALIB and EXBACK. The 
EXAFS data were then compared to synthetic data generated using the package 
EXCURV97 and various selections of first and second shell coordination of atoms 
around the thulium ions. We find that it is possible to produce a close match between 
the experimental EXAFS and the theoretically synthesised EXAFS, when we assume 
that thulium ions are present in the second coordination shell around the central 
thulium ion. This result leads us to believe that the thulium ions are clustered. 
Further more, we obtain acceptable matches between theory and experiment if we 
assume that alkali ions, but not tellurium ions are present in the second coordination 
shell. This result leads us to believe that the thulium ions cluster in the alkali rich part 
of the glass structure. 
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ABSTRACT 

A ZrF4 - BaF2 - YF3 - AIF3 presputtered glass was corroded in H2O for durations between 1 
and 50 min at 20, 40, 60 and 80 °C. The profiles of Zr, Ba, Y and Al were measured by 
secondary neutral mass spectrometry, H was measured by nuclear reaction analysis, whereas 
O was monitored using Rutherford backscattering spectrometry. On the basis of these results 
it is shown that the corrosion zone approaches a composition near that of the BaZrFö phase. 
Further, a modified corrosion model for the initial stages of the glass attack is proposed, 
where H2O is the initiating species. 

1. INTRODUCTION 

Since their discovery in 1975 the group of heavy metal fluoride glasses belongs to one of the 
most investigated materials [1-3]. Originally, they were considered as candidates for long 
distance low-loss fibers, however, interest has now shifted to their application in sensors, 
optical waveguides, lasers, etc. There have been many attempts to study the corrosion 
resistance of heavy metal fluoride glasses in water or aqueous media [4-6]. They were found 
to be much less resistant compared to technical silicate glasses. This strongly restricts their 
potential applicability. 
Until recently, the corrosion resistance studies have been done using commonly available 
methods, e. g. by monitoring changes in surface morphology, weight, corrosion solution or 
infrared transmission [6]. During such mostly long-time water corrosion processes different 
mechanisms overlap, e. g. OFT o F" ion exchange, incongruent dissolution, layer formation 
by redeposition from the solution, and crack formation on the surface. Elucidation of the 
specific mechanisms is very difficult in such a case. 
This study focuses on the short-time corrosion processes of a heavy metal fluoride glass. This 
offers the possibility to propose a modified corrosion model. However, since only thin 
reaction layers have to be analyzed, surface-sensitive methods with nm depth resolution have 
to be used. 

2. EXPERIMENTAL 

The composition of the glass used in this study was 50 ZrF4, 33 BaF2, 10 YF3, 7 AIF3 (m%). 
Various physical properties of this glass can be found in Ref. [7]. High purity fluoride 
materials (BDH Laboratory Supplies, Poole, Dorset, England) were melted for 1 h at 850 °C 
in a Pt crucible. The melt then was poured into a brass mould, preheated to 240 °C. After 
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annealing for 4 h at 320 °C, 4 mm thick 7x7 mm2 glass slabs were prepared by sawing, 
grinding and polishing. 
From corrosion studies on silicate glasses it is known that the zone near the surface of this 
type of glass is strongly altered, i.e. some of the components appear to be depleted, others 
show an increase in concentration [8]. This zone may be as thick as 100 nm. The reason for 
this may originate from sample preparation such as grinding and polishing, or from 
weathering of the glass surface during storage. Since heavy fluoride glasses are more 
hygroscopic than silicate glasses, it is to be expected that this distortion process may be even 
stronger. In order to overcome this effect, the glasses were presputtered for a depth of about 
350 nm. The samples then displayed a concentration distribution of all components close to 
that in the bulk of the glass. 
The short-time corrosion on these samples with the presputtered areas was done in 200 ml of 
distilled water in polyethylene vessels. Corrosion temperatures were between 20 and 80 °C 
for times between 1 and 50 min, respectively. The glass samples were then rinsed in acetone 
and placed either in the high vacuum transfer system or in a desiccator. 
The depth profiling of Zr, Ba, Y and Al was performed using an SNMS apparatus (Ions and 
Neutrals Analyzer, INA 3, Leybold AG, Köln, Germany), which makes possible the analysis 
of sputtered neutrals by post-ionisation in a krypton plasma [9]. Sputtering was done at liquid 
nitrogen temperature, and the use of the high frequency mode (HFM, Specs GmbH, Berlin, 
Germany) enabled charge compensation by electrons from the plasma. This is especially 
useful for the analysis of non-conductive materials. The intensity-time profiles obtained were 
subsequently converted into concentration-depth profiles. From the depth of the sputter 
craters (PI Long Scan Profiler, TENCOR Instruments GmbH, München, Germany) a sputter 
rate of 0.35 ± 0.05 nm/s was calculated which was used to convert the sputter times into 
depths. The proper conversion of the intensities is more difficult. A detailed description for 
silicate glasses can be found in [9] and for heavy metal fluoride glasses in [10]. The 
quantification was done on the basis of the molar compounds ZrX4, BaX2, YX3 and A1X3 

respectively, where X" = aF + bOH" + c(720
2-), with the partition factors a, b and c. In the 

bulk of the glass a = 1, and b = c = 0. 
Hydrogen depth profiles were obtained using the i5N nuclear reaction analysis (NRA), which 
is based on the resonant reaction ^Hay)1^. This technique has been used in glass 
hydration studies before and the reader is referred to [11] for details of the technique and the 
equipment. Oxygen depth profiles were obtained using a special version of Rutherford 
backscatterin^ spectrometry (RBS) in which the strongly increased 160 + 4He scattering cross 
section at ^ He) = 3.045 MeV is utilized, compare [11,12]. H and O depth profiling was 
done at the Intitut für Kernphysik, Universität Frankfurt/Main, Germany. 

3. RESULTS 

Fig. 1 shows typical SNMS reaction profiles after corrosion for 15 min at 80 °C. The statisti- 
cal significance of the data is given by the fact that for a time of 300 s about 50 data points 
were gathered. Three regions can be seen, denoted by A, B and C. After having reached the 
sputter equilibrium (at « 15 nm), region A displays a strong depletion in Ba. This is in agree- 
ment with earlier results which showed that this cation is hydrated most easily [13]. Region B 
is a corrosion layer and an analysis of the profiles for all temperatures and times shows a 
practically constant final composition of (43 + 2) ZrF4 - (39 ± 3) BaF2 - (11 + 1) YF3 - (5 ± 1) 
A1F3 (m%), see Fig. 2. This composition approaches the glass forming boundary according to 
[14] and it is also not very far from the stable composition of the crystal phase BaZrF6. 
Region C describes the bulk of the unaltered glass. For temperature-time regimes exceeding 
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those that were studied, a different mechanism occurs, wherein parts of the attacked layers 
peel off and the corrosion starts at the fresh glass surfaces again. 
In order to obtain a deeper insight into the hydration process, it became necessary to 
determine the profiles of hydrogen and oxygen in the leached layers, too. Fig. 3 compares the 
profiles of H and O after corrosion for 2 and 10 min at 80 °C, respectively. The H/O ratio 
changes both as a function of time and of depth. While for short times H/O < 1 for all depths 
- this probably implies an F" <=> OH" ion exchange as the dominating mechanism -, a crossover 
in the H/O ratio can be found for longer times. Near the surface (zone A) much more O than 
H is found, whereas with the beginning of zone B the ratio H/O changes to > 1. 

4. DISCUSSION 

The long-time corrosion model by Tregoat et al. [13] serves as a basis for the modified model 
proposed in this work. These authors considered H7H30

+
 ions as the initiator of the corrosion 

process. Bridging fluorine ions are removed into the solution as HF. Because of its high 
hydration energy the Ba2+ ions react with H20 and leave the surface as Ba(OH)2. Crack and 
crystal formation at the glass surface is the consequence. Fig. 4 displays our model, which - 
for simplicity - considers a glass composition of the BaF2 - ZrF4 system. It is believed to be 
valid for zone A, in which the attack starts. 

Step 1: The glass network prior to the attack, with Ba2+ ion bonding between the ZrFx 

chains. 

Step 2: H20 molecules attack the glass surface, break bridging fluorine bonds and form 
Zr-O-Zr bridges. The F" ions react with the FT" ions from the water molecules and 
leave the glass surface as HF. This mechanism is supported by the fact that for 
longer reaction times a major part of the oxygen is not bound to hydrogen, see Fig. 
4. Of course, the F" o OH" exchange still occurs, however, with less priority. 

Step 3:     Ba2+ ions are also involved in the reaction. This may occur in two ways: 

• The SNMS profiles of Fig. 1 displayed an enrichment of Ba in zone B and the 
tendency towards forming there a composition near BaZrF6. For that Ba2+ ions 
must diffuse from zone A into zone B, possibly together with OH" ions. When 
this layer becomes too thick, it peels off, allowing again an attack at a fresh 
glass surface [10]. This process is diffusion-limited. 

• As described in the model by Tregoat et al. [13], the Ba2+ ions may react with 
H20 and can leave then the glass surface as Ba(OH)2, possibly together with 
HF. This results in a dissolution of the network. 

In principle, both mechanisms of step 3 may occur simultaneously. The first mechanism may 
predominate at higher temperatures, where a *ft change of the overall reaction depth was 
found [10], whereas at lower temperatures this change occurred proportional to t, possibly an 
indication for the second mechanism. 
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5. CONCLUSIONS 

A ZrF4 - BaF2 - YF3 - AIF3 presputtered glass was corroded in H20 for times between 1 and 
50 min and at temperatures from 20 to 80 °C. The Zr, Ba, Y, Al profiles were measured by 
SNMS, H was measured by NRA and O by RBS. All intensity-time profiles could be con- 
verted into concentration-distance dependencies. In zone B, the corrosion zone, all reaction 
profiles merge to a final composition near that of the BaZrF6 phase. In zone A, where the 
reaction between glass and water starts, a mechanism prevails with H2O as an initiating 
species. Details of this modified mechanism are discussed. 
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Fig. 1. Concentration-distance profiles of heavy metal fluoride glass after corrosion for 

15 min at 80 °C 
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Fig. 2. General view of the domain in the ZrF4-BaF2-YF3-AlF3 quaternary system according 
to Lecoq and Poulain [14] 
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ABSTRACT 
The temperature-viscosity dependence of ZrF4-, InF3- and CdF2-based fluoride glasses was obtained 
by two methods. The first one is from Moymhan's relation based on the DSC data considering the 
width of glass transition region e.g. Tg and Tg', the beginning and ending temperatures of glass 
transition. We defined a factor G = (Tg7Tg)(Tg'-Tg) in the relation because it does determine the 
viscosity at a temperature (T-Tg'). The slope of the calculated logr|-T decreases following a 
regularity: fluorozirconate glass (0.11) > fluoroindate glasses (0.08) > cadmium fluorochloride glass 
(0.05). The second method is the Parallel-Plate technique. The same order of (logr| - T) slope was 
observed in the measured results, e.g. 0.12, 0.09 and 0.08 respectively for the tetra-valence, the tri- 
valence and the di-valence fluoride glasses. The Arrhenius activation energies of the shear viscosity 
are 27.4 for PGICZ and 15.3 kcal/mole for CdFCl. The influence of the viscosity difference between 
the studied glasses on glass crystallization and on fiber drawing is discussed. 

1. INTRODUCTION 
Fluoride glasses are promising for many applications, such as infrared optical signal and 

energy transmission, amplification in telecommunication, hosting materials of laser optics, due to then- 
wider IR transmitting range, lower phonon energy of glass network and lower intrinsic losses. 
However most of their uses based on diese excellent properties is in fiber form. Fluoride optical fiber 
is mainly obtained by drawing preforms at a temperature well above glass transition at which the 
viscosity should be in the range lOMO6 Pa.s. The low enough rate of crystallization at this 
temperature is the key factor to get high optical quality fiber. So the characteristic of logrj-T and 
thermal stable range (Tx-Tg) are the most important factors for fiber drawing and subsequently the 
understand of their viscosity characteristics is essential. Some methods, such as Beam bending (109- 
10", viscosity in Pa.S), Penetration (107-10n) and Parallel plate (105-1010) [1], have been applied to 
measure the viscosity above glass transition temperature Tg. Among these techniques, parallel-plate 
process has advantages in small and simple sample required and capability measuring viscosity range 
near to fiber drawing temperature. However the relatively high tendency of crystallization of some 
fluoride glasses often restrain the measurement in low viscosity region. Based on the DSC data 
considering the width of glass transition region, e.g. the beginning and ending temperatures Tg and 
Tg', Moynihan proposed an equation [2] which can estimate the temperature dependence of viscosity 
for predicate fiber drawing. 

The viscosity characteristics of fluorozirconate and fluoroaluminate glasses had been studied 
[3,4]. Their viscosity4emperature behaviors are more far from Arrhenian melt such as classic silicate 
glass melt, e.g. the fluoride melts are more ionic fragmentary. Meanwhile the similar lonq-T gradients 
were observed for all the studied ZBLA, ZBIA, ABCMY and ZBLALi and ZBLALiPb compositions 
(for abbreviation Z=ZrF4, B=BaF2, L=LaF3, A=A1F3, C=CaF2, M=MgF2 and Y=YF3). Although 
some of them have been successfully drawn in fiber, the new fluoride, heavy halide and chalcogenide 
glasses which have much lower phonon energy than current ZrF4- and AlF3-based systems, are 
required for the applications in optical fiber amplifier and fiber lasers. Some fluoroindate [5-7] and 
cadmium fluorochloride [8-9] glasses exhibit similar thermal stable range like the standard ZBLAN 
glass, but the fiber drawing on these systems is associated always with some difficulties. The aim of 
this work is to investigate the composition dependence of viscosity in various sorts of fluoride glasses, 
and also to discuss the possibility in fiber drawing for some glasses with low phonon energy which are 
interested to active applications. 

2. EXPERIMENTAL 

2.1. Sample preparation and characteristic temperatures 

The glass compositions used in this work are: ZBLAN(53ZrF4-20BaF2-4LaF3-3AlFr20NaF), 
ZBLA[2](57ZrF4-36BaF2-3LaF3-4AlF3),    IZnBS[5](34InF3-6GaF3-20ZnF2-16BaF2-20SrF2-2GdF2- 

IS(NOG)2,98 75 



2NaF), BIZnYbT[2](30BaF2-30InF3-20ZnF2-10W3-10ThF4), GIPCdZn[7](22GaF3-13InF3-30 
PbF2-18CdF2-13ZnF2-2GdF3-2NaF), CdFC147[9](30CdF2-18.5CdCl2-8NaF-25NaCl-12.5BaF2-2KF- 
4LiF). 

The ZBLAN, GIPCdZn and IZnBS glasses were prepared by the typical NH4HF2 process. The 
reagent grade oxides and/or fluorides were used as raw materials. 0.1-0.3 mole glass batches were 
placed in platinum tube for fluoration at 350 °C and 500 °C for a few hours. The fluorochloride 
glasses are melted from unhydrate fluorides and chloride. After the normal melting, casting and 
annealing processes the glass bulks or rods could be obtained. 

The glass characteristic temperatures of bulk samples were measured under N2 flow by using 
a DSC-220 SEIKO. The heating rate was 10°C/min. The uncertain values of characteristic 
temperatures are ±1°C for glass transition (Tg), end of glass transition (Tg'); tire onset and peak 
temperatures of crystallization (Tx and Tp), and ±2°C for melting point (Tm) and liquidus temperature 
01). 

2.2. Estimation ofT- rjfrom DSC data 

By C.T. Moynihan's relation[2], we can simulate the viscosity nearing fiber drawing range 
from DSC or DTA data, Tg and Tg': 

1      =  5+           14.2 14.2 
°gn   '      0.1470-T') 01470-TJ) 

T.2,J K CJ 
8    VV (1) 

We defined a factor G = Og'/Tg) Og'-Tg) in the relation because it does determine the 
gradient of logr|-T curve at a temperature O-Tg')- For high Tg glasses, fiber drawing temperature Td 
can be easily obtained by: 

Td = [T-Tg']iogn + Tg'*[T-Tg']logT1 + Tg + G. (2) 
This method makes an appropriate information about fiber drawing possibility based on the 

minimal experimental input (Tg and Tg'only ) for the viscosity unknown well glass systems. 

2.3. Determination ofT- rj by parallel-plate method 

The cylindrical samples are slices cut from annealed glass rods and roughly polished. The I 
dimension of sample are typically with 6-8 mm in diameter and 3-4 mm in thickness. The parallelism I 
of the two surfaces of the sample is better than 0.02 mm. The samples are sandwiched between two 
platinum foils or between two silica plates and then put into a Viscometer from Theta Industries Inc. I 
and a modified commercial TMA/SS-220 from Seiko company, respectively. The applied load is | 
ranged from 10 to 200 g. By measuring the deformation rate with the temperature, we can have the 
temperature-viscosity relationship by using Gent's equation[ 10]: , 

r\ = 2n Mgh5/[3V(dh/dt)(27th3 + V)j. (3) 
It has been indicated that the measured viscosity could be effected by the remained stress 

when heating rate is about 10 °C/min. in dynamic measurement [11]. In order to diminish this effect 
and also to get the temperature dependence of viscosity more close to the real fiber drawing condition, 
we measured viscosity at low heating rate, 2 °C/min. This value is based on the empiric parameters 
used in fiber drawing that: the highest temperature in heating zone is 60-80 °C above Tg, while the 
temperature of preform 30-40 mm far from the highest temperature point should be preheated at a 
temperature near Tg, and the preform feeding rate is 1-2 mm/min. If the temperature changes linearly 
in the heating zone, the heating rate of preform is in range 2-4 °C/min. In fact the temperature profile 
is normally more smooth in the high temperature area for pulling fiber than in the low temperature 
area. So the supposed heating rate in fiber drawing zone is about 2 °C/min., which should be not far 
from the real case. 

3. RESULTS 

3.1. Calculated temperature dependence of viscosity 

As the logrj-T gradient is depended to G value, the determination of G = Og'/Tg) Og'-Tg) is 
very important. Tg and Tg' could vary with the glass annealing and heating rates [12]. In normal 

76 IS(NOG)2,98 



DSC/DTA heating rate range, 5-10°C/min, Tg and Tg' change only 1-2°C. But they may change 
evidently with the cooling rate. Table 1 represents the Tg and Tg' values and the induced G values for 
the samples undergone different annealing processes. 

Table 1. Determination of viscosity characteristics of some fluoride glasses by DSC data. 
Glass Cooling rate 

(°C/mn) 
Tg 
(K) 

Tg' 
(K) 

G 
(K) 

Selected 
G 

dlogrj/dT 
(atTg1) 

Alogrj/AT 
(logri=7-9) 

ZBLAN As made 
0.99 in DSC 
1.97 in DSC 
6.28 in DSC 

537.0 
537.2 
536.4 
535.0 

554.6 
552.7 
554.2 
554.7 

18.18 
15.95 
18.39 
20.42 

16 0.130 0.108 

GIPCdZn As made 
0.99 in DSC 

521.0 
520.2 

541.2 
541.6 

20.98 
22.28 

21 0.11 0.084 

IZBS As made 
0.99 in DSC 
4.92 in DSC 

565.3 
565.1 
563.0 

588.8 
587.0 
587.8 

24.78 
22.74 
25.89 

24 0.098 0.073 

CdFC147 As made 399.4 431.4 34.56 32 0.072 0.055 
0.99 in DSC 399.1 431.7 35.26 
4.93 in DSC 398.7 432.6 36.78 

We can see that the induced G values decrease more evidently with the lowering of cooling 
rate in the higher Tg fluoride glasses than in the low Tg CdFCl glass. It is not suitable to get Tg and 
Tg'values directly from the as made samples because the cooling rate of the annealing furnace with a 
given heat capacity should be large when it is cooled from a high temperature. By compare the G 
values obtained at different condition, the annealing rate of the as made samples is about 2-4 °C/mm 
for fluoroindate glasses and less than 1 °C/min for CdFCl glass respectively. In order to compare the G 
determined logrj-T dependence, a pre-annealing treatment at low cooling rate (1-2 °C /min.) is 
preferred for high Tg systems. In fact the difference of G value resulted from the variation of the 
cooling rate is much smaller than that between the different glass systems. It is clear that this G 
difference reflects the different temperature dependence of viscosity. 

Table 1 listed also the calculated logr|-T gradient in the viscosity range 10 7"9 Pa.s. based on 
the selected G values. The slope of the calculated logh-T decrease following the order : ZBLAN 
(0.108) > GIPCdZn (0.084) > IZnBS (0.073) > CdFC147 (0.055). This regularity will be consisted by 
the experimental data by Parallel-plate method presented in next section. 

We think that the difference of logr|-T gradient is probably related to glass' ionic character. 
By comparison with silicate glasses, fluorides glasses have high ionic nature and exhibit steep logr|-T 
relation. Among the studied systems in this work, ZrF4-based glasses contain much tetra-valence Zr 
ions which result in high ionic characteristic and therefore the highest viscosity-temperature gradient. 
In same way the tri-valence fluorides (GaF3 and InF3) based glasses have higher logrj-T gradient than 
the di-valence fluoride glasses (CdFC147). 

3.2. Determination of logtj - T relationship by parallel-plate method 

The careful choice of the process parameters, e.g. the heating rate and applied load, wide 
viscosity range could be measured by parallel-plate method. For the viscometer from Theta Industries 
Inc., large sample and high load can be used due to its large silica probe (12 mm in diameter), which 
allow the viscosity near Tg could be obtained as the deformation occurs at low temperature under the 
heavy pressure. Meanwhile smaller sample and light load should be employed for the modified 
Seiko's TMA/SS-220, because its silica probe is thin (2 mm) and the diameter of the sandwiching 
silica plates is 10 mm in diameter. Another limit of the modified TMA is its small available probe fall 
down distance for sample's deformation (less than 1.5 mm). Figure 1 shows the deformation curves 
recorded on TMA/SS-220 under different loads. The estimated temperature dependence of viscosity is 
presented in figure 2. 

IS(NOG)2'98 77 



10.5 

10 

9 95 

°-      9 

§85 

5      8 

-   7.5 

T^-l 1 1 1 1 1 1 1 1 1 1 , , p. 

o log(vis-50g) 

• log(Vis,10g) 

o     log(Vis,100g) 

250 295 310 265 280 

Temperature (°C) 

Fig. 1. Deformation curves of GIPCdZn glass 
under load (a) 100g, (b) 50g and (c) 10 g. 

260  265 
i—i—i i_ 

275  280  285 

T(°C) 
300 

Fig.2. logri-T curves of GIPCdZn glass 
determined under different load (10, 50, 100 g). 

From figure 2, we can see that the deformation curve applied with a load of 100 g begins and 
ends at lower temperatures. Meanwhile with a load of 10g the curve ends at a temperature 10 C higher 
than that of with load of 100 g. So light load will be beneficial to obtain the viscosity at high 
temperature, e.g. more near to fiber drawing range. However the lonrj-T curve obtained under 10g 
load in figure 4 appears stronger non-linear character, by comparing with that obtained under heavy 
loads (50 and 100 g), at high viscosity range. This maybe is due to the not very good contact between 
the silica plate and the sample under the light load, which is could make evident influence on 
deformation rate especially at low temperature before glass being soft. As the applied load increase 
(50-200g), the experimental data has good linearity in viscosity range of 107"9 Pa.s in both two 
equipments. Same results is observed in the calibration by using the standard glass 711 from National 
Bureau of Standards (NBS). Table 2 reports the logrt-T gradient in 107"9 Pa.s. Similar to the viscosity- 
temperature dependence estimated in previous section, the measured data show again that logr|-T 
slope decreases with the ionic character decreasing from ZBLAN glass, to GIPCdZn glass and then to 
CdFC147 glass. 

 Table 2. Determination of viscosity characteristics by parallel-plate method. 
glass Alogr)/AT(logTi=7-9) Alogr|/AT (logn=7-9) 

(by TMA-220 Seiko, Inc.) (by Viscometer Theta Industries Inc.) 
ZBLAN20 0.12(50g,2C/min) 

GIPCdZn 

CdFC147 

0.093 (100g, 2C/min) 
0.090 (50g, 2C/min) 
0.085 (50g, lC/min) 

0.14(200g,2C/min) 

0.12(200g,2C/min) 

0.080 (50g, 2C/min) 0.11(200g,2C/min) 

10 
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QalnB41 (50g, 2°C/min.) 

7 
1.75 

9.5 

9.1 

w 
8 w 

8.3 

7.9 

1.8 1.85 
1000/T (1/K) 

7.5 

~i r—i 1 1 1 1 f 1 1 1 1 r- 

 y = -26.48 + 15.325X R= 0.99747 

CdFCM7 (50g, 2*C/min.) 

1.9 2.2 
J--       *       -  ■ k_ » ', ' 

2.25 2.3 

1000/T (1/K) 

Fig.4. Activation energies of viscous flow of GIPCdZn and CdFC147 glasses. 
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The activation energies of viscous flow of GIPCdZn and CdFC147 glasses are obtained by 
plotting logh vs 1000/T and presented in figure 3. Large difference, 27.4 kcal/mole for GIPCdZn and 
15.3 kcal/mole for CdFC147 respectively, is observed. These values also should be related to the 
difference of ionic nature between them. 

3.3. Predication of fiber drawing possibility 

Based on the properties of viscosity and thermal stability obtained previously, fiber drawing 
possibility could be evaluated. We defined T0 here the starting crystallization temperature at which the 
detectable exothermic deviation from the baseline could be observed. It is evidently that fiber drawing 
temperature should be lower than TO instead of Tx because the crystallization rate at Tx is really high 
to get low loss fiber. A little large sample will be beneficial to observe this temperature, although it is 
also depended to the DSC's sensibility. Table 3 lists the TO temperature obtained by DSC 
measurement on the sample of 40 mg in weight. The heating rate is 2°C/min, the same heating rate 
used in viscosity measurement. The temperatures, Td^. and Tdmeas., are respectively the calculated 

and measured fiber drawing temperatures at which logrj = 5 (Pa.s). They are obtained by calculating 
from the relation (2) and by extra-plotting the measured viscosity curve to logrj = 5 (Pa.s). 

Table 3. Evolution of fiber drawing possibility in fluoride glasses. 
Glass To 

(°Q 
Tdcal. 
(°C) 

* " meas- 
(°C) 

To-Tdcai 
(°C) 

To-Tdmeas# 

(°C) 
ZBLAN 344 326 320 +18 +24 
GIPCdZn 322 331 321 -9 +1 

IZBS 345 384 353 -39 -8 
CdFCl 205 258 235 -53 -30 

The conclusion of the table 3 is that fiber drawing from preform is easy for ZBLAN glass, but 
some what difficult for GIPCdZn and IZnBS glasses and maybe impossible for CdFCl glass. This 
evaluation agrees well to the practical fiber drawing efforts. ZBLAN fiber had been fabricated with a 
loss less than 1 dB/km. Meanwhile GIPCdZn and other Pb-containing Gal^/InF^ based glasses can be 
drawn into experimental fiber with a loss two orders higher than that of ZBLAN, and CdFCl fiber is 
not yet up to date. 

4. DISCISSION 

From the current view of fluoride glass formations, the lower activation energy in 
crystallization and/of in viscous flow is associated with higher thermal stability of glass. Some times 
this assume is not valid. The crystallization activation energy of ZBLAN and ZBLALi glasses are 
196[13] and 168[14] kJ/mole respectively, which seems ZBLALi is better in the resistance of 
devitrification. In fact ZBLAN are more stable than ZBLALi both in glass forming and fiber drawing 
Although the crystallization activation energy(Ea) and viscous flow activation energy(En) of ZBLAN 
are much higher than InF3-containing ZBLANI[15], but there is not evident difference on isothermal 
DSC cystallizations at 20 and 30°C below Tx, even at Tx-10°C the DSC curve of ZBLAN is 
somewhat better than ZBLANI. So the relation between glass stability and activation energy shows 
paradox. 

From the formulae means of Ea and Er) in the basic equations often used: 
Ink = Inko - Ea / RT,     (in crystallization) 
logr) = A + En / T,       (in viscous flow), 

it suggest that larger Ea value corresponding to steep lnk-T curve. Similarly the high En (or small G) 
corresponds to steep logrj-T gradient. The effects of Ea and ET) on the stability in "melt -» glass" 
cooling process are different from that in "glass -» fiber" heating process. 

For low En and Ea glass melt, high critical cooling is required to jump the large unstable 
thermal zone. This wide temperature interval is caused from the slow decrease in viscosity determined 
by low ET). In addition, the low Ea decreases crystallizing frequency (k) smoothly. It is clear that both 
low Ea and Ex\ values are of negative effect in glass formation. But they effect fiber drawing they in 
different ways. Low En needs high drawing temperature, meanwhile low Ea is beneficial in slow k 
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increase. This effect of low Eii does not bring any problem in silicate fiber drawing and just show wide 
working rang as the glass is stable enough at a temperature well above this fiber drawing range. 
However low En. may bring difficulty for fluoride glasses as they just have a limited thermal stable 
range for fiber drawing. 

From the analysis made above, the advantages of low ET) ZBLAN glass are evident both in 
glass formation and in fiber drawing. Although its crystallization frequency factor k increases with 
temperature more rapidly, it should be rest at low level when fiber drawing is carried out at low 
temperature. The success of ZNLAN fiber drawing may also relates to its glass network constituted of 
[ZrFn] units as ZrF4 content is high (>50 mole %). When glass is heated, this structure gives the 
crystal phases mainly in forms of MZrFm [15] and therefore its DSC curve is very plat till to Tx. This 
character is beneficial to fiber drawing. However in CdFCl glass, the crystal phases are elemental 
fluorides and chlorides and the weak chlorides crystallize first at low temperature[16]. Its this nature 
and its smooth logrj-T dependence make the critical problems to draw CdFCl fiber from preform 
process. Although fluorogallate and fluoroindate glasses are much better than CdFCl glass in fiber 
fabrication, further optimizations on composition and making processes are needed for the requirement 
on low phonon energy fibers. 

4. CONCLUSION 

The temperature-viscosity dependence of ZrF4-, mF3- and CdF2-based fluoride glasses was 
obtained from Moynihan's relation by using the DSC data considering the width of glass transition 
region and from the parallel-plate measurement. The slope of the calculated logrj-T (in 107"9 Pa.s) 
decreases following a regularity: fiuorozirconate glass (0.11) > fluoroindate glasses (0.08) > cadmium 
fluorochloride glass (0.06). The same order of (logrj-T) slope was observed in the measured results, 
e.g. 0.12, 0.09 and 0.08 respectively for the tetra-valence, the tri-valence and the di-valence fluoride 
glasses. This logh-T difference between the studied glasses is very closely related with their ionic 
characters. The Arrhenius activation energies of the shear viscosity are 27.4 for PGICZ and 15.3 
kcal/mole for CdFCl. The influences of the activation energies of viscous flow and of crystallization 
on glass formation and on fiber drawing are different. 
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ABSTRACT 

Ternary GeAsS glasses have been investigated to determine the compositional 
dependence of selected physical properties. Although the latter show a linear variation 
with Ge:As ratio at a constant S content, many exhibit a nonlinear dependence on the S 
content at a fixed Ge:As ratio. The latter trends are consistent with the increasing 
formation of metal-metal bonds as the S concentration of these glasses is reduced 
below the stoichiometric value. Raman spectra of these glasses show a consistent 
evolution as a function of S content. The spectra of stoichiometric and S-excess glasses 
are dominated by a strong band at 345 cm'1; those of S-deficient glasses display bands 
associated with metal-metal bonds between 210-240 cm'1 that become more intense 
with increasing S deficiency, 

INTRODUCTION 

Rare-earth-doped chalcogenide glasses are promising materials for a variety of photonic 
applications, including optical amplification at 1.3um and mid-IR fiber laser sources. The 
interest in these materials stems principally from their low maximum phonon energy and 
large refractive index, which result in low multiphonon relaxation rates and large 
stimulated emission cross-sections, respectively, for certain rare-earth /-/transitions. Ge- 
rich sulphide glasses are particularly promising due to their broader transparency in the 
visible, permitting a greater range of excitation wavelengths, although they are relatively 
prone to crystallization. This devitrification tendency can be suppressed by partial 
replacement of As for Ge, resulting in glasses that have sufficient thermal stability to be 
drawn into optical fiber. Previous work has shown that an extensive glass-forming region 
exists in the Ge-As-S system [1]. This study was undertaken to determine the 
compositional dependence of physical properties relevant to fiber fabrication and to 
elucidate the structural origin thereof. 

EXPERIMENTAL 

GeAsS glasses were synthesized from the appropriate 36 gram mixtures of elements 
that had been loaded into fused silica ampoules under dry N2. The filled ampoules were 
evacuated to 10'6 Torr, flame sealed, and then heated at 925°C for at least 24 hours in a 
rocking furnace. Cylindrical 15 cm long glass rods were formed by quenching the hot 
ampoules in water and subsequently annealing the glass near the glass transition 
temperature (Tg). 

Density was measured in water using the Archimedes method. Tg was determined by 
DSC at a heating rate of 10°C/min. The viscosity in the vicinity of the softening point (Ts, 
where viscosity = 1076 poise) was determined by the parallel plate technique using fused 
silica plates. Thermal expansion to 200°C was measured by dilatometry using Al203 as a 
reference. Refractive index was measured by the apparent depth method at 589 nm with 
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5mm thick samples. Optical absorption in the visible/near IR was measured using a Gary 
5 spectrophotometer with a tungsten souce. The Raman spectra were collected on an 
Instruments SA T64000 system using a single monochromator and holographic notch 
filter for Rayleigh scatter rejection. Scattering was collected in the 90° transmission 
configuration using 752.5 nm radiation from a Lexel Ramanlon laser. In some of the 
highly S-deficient samples spectra were collected in a backscattering arrangement due 
to the high absorption of these samples. 

RESULTS 

Stoichiometric GeAsS glasses, i.e. glasses whose chemical composition lies along the 
Ge.33S.67 - As.4S.6 join, are characterized by an essentially linear dependence of 
properties on the Ge:As ratio (cf. Fig. 1). As can be seen in the following table, refractive 
index (nD), and density (p) both decrease steadily as the Ge content of the glasses 
increases, whereas the glass transition temperature (Tg) and molar volume (Vm0|) show a 
concomitant increase (note that Vmo! is calculated on a constant atom basis using 
molecular formulae of the form Ge^S^y). In addition, the absorption edge (K\s = 
wavelength where the transmission is 50% of that at 1.0 ^im for a 2mm thick sample) of 
these glasses shifts continuously to shorter wavelength with rising Ge:As ratio. 

%Ge 
(Ge/Ge+As) 

nD Xvis (nm) Tg(°C) p (gm/cc) Vmol (cc/mol) 

0 2.58 -200 3.187 15.44 
33.3 559.5 246 3.027 15.80 
50 2.393 553.3 297 2.973 15.89 
71.4 2.318 519.3 336 2.885 16.11 
100 -2.20 -480 -493 -2.76 -16.5 

p (gm/cc) 

3 

2.8 
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Fig. 1: Compositional dependence of refractive index (nD), density (p )aid molar volume 
(Vmoi) of stoichiometric GeAsS glasses. 
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The following table lists properties for glasses with a constant atomic Ge:As ratio of 
2.5:1, but with variable S content. In contrast to the behavior of stoichiometric GeAsS 
glasses, the properties of these glasses show a nonlinear dependence on composition, 
in this case as a function of S concentration (expressed as"% xs S", which corresponds 
to the percentage amount of S in excess of the stoichiometric quantity: i.e. Ge25As10S65). 
Data for glasses with lower Ge:As ratios of 1:1 and 1:2 show similar trends as a function 
of S content. 

% xs S nD Xvis (nm) Tg(°C) Ts (°C) a 
(ppm/°C) 

P 
(gm/cc) 

Vmol 
(cc/mol) 

20 2.306 523.0 281 414 19.96 2.802 16.01 
15 2.309 522.6 295 426 18.53 2.824 16.01 
10 2.310 522.6 311 439 17.62 2.844 16.04 
5 2.316 518.0 328 456 16.24 2.866 16.06 
0 2.318 519.3 336 15.35 2.885 16.11 
-5 2.289 536.7 370 493 15.92 2.899 16.20 
-10 2.297 551.4 368 490 16.07 2.923 16.24 
-15 2.320 575.4 397 508 15.09 2.964 16.20 
-20 2.351 598.6 520 13.88 3.005 16.18 
-34.2 2.421 635.6 433 11.89 3.168 15.97 
-46.2 2.534 702.6 436 512 10.49 3.348 15.73 

The data show, for example, that Xvis is essentially constant for S-excess and 
stoichiometric glasses, but shifts rapidly to longer wavelength as the glasses become 
increasingly S-deficient. A parallel trend is shown by the variation in nD. On the other 
hand, at a given temperature, these glasses show a monotonic increase in viscosity as 
the sulphur content decreases, as indicated by the steadily rising isokom temperatures, 
Tg and Ts. Density also shows a steady increase with decreasing S content. However, 
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Fig. 2: Variation of thermal expansion coefficient (a) and molar volume (V^,) with S 
content for ternary GeAsS glasses with Ge:As ratio of 2.5:1. 
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Vmo, passes through a maximum in the S-deficient regime at a "xs S" value near -10%. 
The thermal expansion coefficient also attains a maximal value near this composition 
(Fig. 2). 

The Raman spectra of all of the stoichiometric GeAsS glasses have a major peak at 
about 345 cm"1 (cf. Fig. 3). This peak also has shoulders on the high frequency side at 
approximately 367 cm"1 and 430 cm"1. These shoulders become more pronounced as 
the Ge:As ratio increases from 1:2 to 2.5:1. Also apparent in the spectra of these 
glasses are weaker peaks at about 210, 240 and 490 cm"1. In S-excess glasses, the high 
frequency peak at 490 cm"1 increases in intensity, whereas the 210 and 240 cm"'1 bands 
weaken and ultimately disappear with rising S content. As the S content of the glass is 
decreased below the stoichiometric value, there is a decrease in the intensity of the 
peaks in the 300-400 cm"1 region; in the most S-deficient glasses, the intensity of the 
345 cm" peak decreases relative to that of the 367 cm"1 band. This is accompanied by 
the appearance of a new peak at approximately 240 cm"1, as well as by an overall 
increase in intensity of the 210 and 240 cm"1 bands. In the 1:1 and 2.5:1 Ge:As glasses, 
the 240 cm" band initially strengthens with decreasing S concentration, but is ultimately 
surpassed by the 220 cm"1 band in the most S-deficient glasses. Finally, the 490 cm"1 

peak observed in the spectra of stoichiometric glasses is not present in those of any S- 
deficient glass. 

100 200 300 400 500 
Rcm-1 

Figure 3. Raman spectra of stoichiometric Ge:As 2.5:1 and 1:2 glasses, a andb and of 
-10% xs S 2.5:1 and 1:2 glasses, c and d. 

DISCUSSION 

The regular increase in nD and redshift of ^is with rising As content in stoichiometric 
GeAsS glasses is expected in view of the higher polarizability, relative to Ge4+, of As3+ 

with its lone 4s electron pair. The observed trend in density of the stoichiometric glasses 
is in agreement with the data of Ma et al. [9]. The greater density of As-rich glasses is, in 
part, a reflection of increasing average atomic mass. However, as indicated by the molar 
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volume data, the density of these glasses increases more rapidly than the latter with 
rising As content, resulting in a concomitant drop in molar volume and suggesting that 
an AsS3-based pyramidal network may be more efficiently packed than its GeS4-based 
tetrahedral counterpart. 

For GeAsS glasses with a constant Ge:As ratio, the observed changes in the material 
properties are dominated by effects that can be attributed to the formation of "wrong", i.e. 
S-S, Ge-Ge, As-As or As-Ge, bonds. According to the mode! of binary Ge-S glasses 
proposed by Lucovsky et al. [3], glasses with S contents in excess of the stoichiometric 
value contain increasing numbers of S-S bonds and ultimately, at the highest S levels, 
S8 rings. Conversely, S-deficient glasses are characterized by the formation of Ge-Ge 
bonds in the form of S3Ge-GeS3 tetrahedral dimers with falling S concentration. The 
compositional dependence of properties shown in the previous table suggests that it is 
reasonable to extend this model to describe these ternary GeAsS glasses. This is 
particularly supported by the observed variation of ^is, The latter is essentially constant 
with changing S content for S-excess glasses, but shifts rapidly to longer wavelengths, 
suggestive of increasing metallic character, as the S concentration drops below the 
stoichiometric value. 

With regard to the Raman spectra of stoichiometric GeAsS glasses, the principal peak at 
345 cm'1 is composed of overlapping bands associated with the vibration of AsS3 
pyramids and GeS4 tetrahedra. The shoulders at 367 and 430 cm"1 may be related to 
Ge-S-Ge vibrations in rings [4] or other extended structures [5]. The high frequency peak 
at 490 cm'1 that is also observed in the spectra of S-excess glasses can be attributed to 
the formation of S-S bonds. The increasing intensity of this band with rising S 
concentration in excess of the stoichiometric amount, as well as its absence in the 
spectra of all S-deficient glasses is consistent with this assignment. The other weak 
peaks at 210 and 240 cm-1 are presumably due to the formation of metal-metal bonds. 
Peaks at similar frequencies (207 and 238 cm'1) in As2S3 have been assigned to the 
vibrations of As-As bonds [6], and were also reported by Lucovsky et al. [7] in a 
stoichiometric 1:1 Ge:As glass. Thus, even in the stoichiometric glasses there is some 
disruption of the presumed network of AsS3 pyramids and GeS4 tetrahedra by the 
formation of "wrong" bonds and this occurs even in the 2.5:1 Ge:As glass where Ge is 
the predominant metal. 

The Raman spectra of all S-deficient GeAsS are dominated by the appearance of bands 
between 210-250 cm"1 associated with metal-metal bonding which grow in intensity with 
decreasing S content. These structural changes are mirrored by the rapid redshift in 
absorption edge described above for the same glasses. In studies of AsxSi-x, many of the 
peaks in the region below 300 cm'1 have been ascribed to As-As bonds in various 
configurations. For example, a peak at -230 cm"1 in the spectra of those glasses was 
attributed to As-As bonds in the network by Ewen and Owen [6] on the basis of 
resonance Raman experiments, while peaks around 215 and 180 cm'1 may be due to 
As4S4 molecules in the glass [8]. Lucovsky et al. [3] suggested that a broad feature at 
250 cm"1 in sulfur-deficient GexSvx is associated with Ge-Ge bonds. In the glasses 
studied here, there is no distinct 250 cm"1 feature. However, the peak near 240 cm"1 

shows an asymmetry towards higher frequency, which may be due to a broad feature 
centered around 250 cm"1. 

In the 2.5:1 Ge:As glasses at low S-deficiencies, the intensity of the 210 and 240 cm"1 

bands increases more rapidly than the intensity in the 220 cm"1 region. However, in the 
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1:2 Ge:As glasses, the intensity increases first in the 220 cm"1 region and, in the 1:1 
Ge:As glasses, the intensity appears to increase equally in both regions. These changes 
suggest that metal-metal bonds form first between the predominant cations in the glass. 
At the most S-deficient glasses, this effect seems to be reversed. !n the 2.5:1 and 1:1 
Ge:As glasses, the 220 cm'1 region has greater intensity than the 240 cm"1 region, 
whereas the intensity is higher in the 240 cm"1 region in the 1:2 Ge:As glasses. Although 
knowledge of the relative scattering cross-sections of As-As and Ge-Ge would be 
required to determine it absolutely, these results suggest that at high S-deficiencies a 
larger fraction of the minority metallic component forms metal-metal bonds than would 
be expected on the basis of bulk composition. 

CONCLUSIONS 

Physical properties of stoichiometric GeAsS glasses show a linear dependence on 
Ge:As ratio. However, at a fixed Ge:As ratio, a highly nonlinear dependence on the S 
concentration is observed. For example, the absorption edge is essentially insensitive to 
bulk composition for stoichiometric and S~excess glasses, but undergoes a rapid redshift 
with decreasing S content. Such a trend is consistent with the increasing formation of 
metal-metal bonds. This is supported by the Raman spectra of these glasses which 
show a consistent evolution as a function of S content at constant Ge:As ratio. The 
spectra of stoichiometric and S-excess glasses are dominated by a strong band at 345 
cm"1 due to the vibration of GeS4 tetrahedra and AsS3 pyramids, with a weaker high 
frequency peak associated with the development of S-S bonds. Raman spectra of S- 
deficient glasses are characterized by lower frequency bands that become stronger with 
decreasing S content, and which are associated with the increased formation metal- 
metal bonds. 
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Crystallisation in 70Ga2S3-30La2S3 Glasses as a Function of 

Oxide/Hydroxide Concentration. 

S. P. Morgan*, I. M. Reanev. R. Buckley, D. Furniss and A. B. Seddon. 

The Centre for Glass Research, Department of Engineering Materials, University of 

Sheffield, Sheffield, SI 3JD, UK. 

The crystallisation of 70GaaS3-30La2S3 glasses has been studied using x-ray diffraction 

and transmission electron microscopy. Two of the glasses were prepared from raw materials 

with nominally different oxide concentrations. The third was prepared from raw materials aged 

in an oxygen depleted, argon flushed glove box for more than 1 yr. Their 

oxide/hydroxide/sulphate impurity content was qualitatively ranked using Fourier transform 

infrared spectroscopy. The lowest oxide content composition (<0.5wt%, supplied information) 

devitrified readily close to Tg, forming crystallites of a new phase with a monoclinic Bravais 

lattice and a lath-like internal structure. Ga2S3 was observed in small quantities between the 

laths. Samples prepared from non-aged, higher oxide content precursors produced the most 

stable glass. On crystallisation, these samples exhibited spherulites which were composed of 

laths of La3.33Ga6Si4 and the new monoclinic GLS phase in a eutectic or eutectoid-like 

microstructure. Whiskers of Ga2S3 were found in the residual glass between crystallites. 

Samples prepared from aged raw materials produced spherulites of tetragonal, melilite- 

structured, La3.33Ga6Si4 on crystallisation with no identifiable regions of the new GLS phase. 

* Now at, British Nuclear Fuels, Sellafield, Seascale, Cumbria, CA20 1PG, UK. 
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Fuxi Gan 
Shanghai Institute of Optics and Fine Mechanics, 

P.   O, Box 800-211, Shanghai 201800, P. R. China. 
Email: fxgan@srcap.stc.sh.cn 

1. INTRODUCTION 
Heat treatment of materials with laser beam has been developed rapidly in recent years. 

According to the theoretical estimation, the heating and cooling rate up to 1014 °C/s can be 
achieved by very short (ps) pulsed laser, which is much faster than we could get by common 
methods (~ 107oC/s).[1'2] Therefore, the phase transition of the laser treated materials is under 
extra-nonequilibrium condition, and many new phenomena should be happened. 

The reversible phase change (crystalline-amorphous) of chalcogenide alloy films irradiated 
by short pulse laser has been used for rewritable optical data storage. Among the chalcogenide 
alloy films the Ge-Sb-Te and In-Sb-Te were found to be the most suitable media for rewritable 
phase change recording. A great number of studies were performed concentrating on write, read 
and erase performances [3"5], but not so much works were concerned with the basic 
understanding the mechanism and the kinetics of the phase change under such non-equilibrium 
condition. In this paper some of our experimental results of laser induced phase change of 
chalcogenide alloy films have been reviewed and discussed. 

2. METASTABLE      PHASE      FORMATION      AND      STRUCTURE      CHANGE 
CHARACTERISTICS 

According to our series of research results it is worth noticing that many of the reported fast 
crystallization, amorphous chalcogenide materials crystallize into metastable phase at first, as 
shown in table 1. ^ 

The metastable phase are most likely a simple crystal structure, such as a cubic structure, and 
FCC structure is most favourable. The phase transition from amorphous to a simple lattice 
structure crystal can be completed by short distance diffusion of the constituent elements. Due 
to low crystallization activation energy and high entropy of metastable state , therefore, 
thermodynamically metastable state finally changes to stable phase. For example, in GeSb2Te4 

it was found that the metastable FCC structure appeared at the first stage in the crystallization 
process, and finally changed to the stable Hex. structure. The crystallization activation energy 
for FCC and Hex. GeSb2Te4 phase are 1.94 eV and 2.34eV respectively by DSC measurement. 
Fig.l gives the high magnification bright field TEM image and electron diffraction (ED) pattern 
of laser induced crystallization bit in GeSb2Te4 thin glass film, irradiated by the 100 ns, 9.6mW 
pulse of laser, operating at a wavelength of 632.8nm. 

One of the most significant finding in our research is that crystallization of some alloy 
systems prefers to undergo a step-by-step sequence. 

Table 1 Metastable phase in chalcogenide films 

Compound 
GaSb, 
InSb In3SbTe2 GeTe GeSb2Te4 SnSb2Te4 Sb2Se TeGeSnAg 

Metastable 
phase 

ZnS 
type 
FCC 

FCC 
distorted 

NaCl 
type FCC 

FCC FCC 
Simple 
cubic 
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3. TRANSIENT PROCESS OF PHASE TRANSITION 
The results of transient phase transition process are helpful to understand the thermal process 

in the film caused by short pulsed laser irradiation. The temporal reflectivity measurement is a 
useful method to explore the dynamic process in the thin film. m Fig.2 gives the reflectivity 
change at laser focusing spot of InSb thin film, according to our measurement results 
(irradiation laser pulse 10ns) the temperature rise time is 25-40 ns (interval b-c, Fig.2), the 
rising velocity is 1.3~2.0xl0I0K/s. The melting process can be taken place at 10-20 ns time 
interval (c-d, Fig.2), the liquid-solid (L-S) interface velocity is about 3.4~6.8xl03 m/s in the 
melting process. The reflectivity drops, when resolidification occurs (d-e, Fig.2). The L-S 
interface velocity is 1.4~6.8xl02 m/s in resolidification process. From here we can see that the 
melting speed is much faster than the resolidification speed. 

The simple thermal melting —recrystallization model for laser induced phase change can be 
accepted. We here used an equation, which was based on an one-dimensional heat flow model. 
It is assumed to fit a thin film case. The computer simulated temperature rising profiles of 
Ag8Ini3.5Te22.8Sb55.7 film irradiated by laser beam with 10 mW laser power and 300ns pulse 
width are shown in Fig. 3. 

The increasing of peak temperature and widening of heated region with the heating time is 
obvious. The temperature reaches over 1200°C after the duration of 240ns. It leads to the 
inhomogeneous heating in the focusing. That is, the high centre peak temperature can lead to 
not only melt the materials, but violent splashing hence heavy tension or recoil pressure as well. 
The size of the hole may roughly represents this violently splashed region while the whole spot 
can be regarded as the irradiation effected area. It has also been observed that amorphous and 
crystalline phases can both present in the different part of the same irradiated spot in a long 
pulse irradiation. There must exist a certain region in the irradiated area where the rising 
temperature is between the materials phase transition temperature Tp and the melting 
temperature Tm , here the crystallization takes place. 

Fig.4 shows the TEM image and ED pattern of laser irradiated bit of In-Sb-Te glass film. The 
central region is amorphous due to high temperature, the surrounding area is crystalline, the 
temperature at this area is between Tm and Tp. To achieve a fast amorphous-to-crystalline phase 
change, a careful choice of laser parameter is very critical although the materials itself is most 
important. To shorten the pulse duration for the crystallization, a fast crystallization property or 
low crystallization activity energy of the materials is required. One approach is to use the 
amorphous to metastable crystalline phase transition. 

4. ACCELERATION OF CRYSTALLIZATION SPEED 
For phase change (P-C) recording writing the crystalline state transforms to amorphous, 

therefore, the lifetime of data storage is related to the thermal stability of amorphous state of the 
P-C media. But for high speed erase, the amorphous state should be rapidly crystallized. This is 
the contradiction for choosing the chemical composition of P-C media. We proposed a concept 
on high speed erase and high stability of erasable P-C films. The elements with small values of 
Tg/Tm are found to be favourable to acceleration of erase speed of recording films, that means 
high crystallization speed, while those with large values of Tg are found to be useful to 
improvement of stability of the recording domain at amorphous state at room temperature. 
Therefore the elements with small values of Tg/Tm and large values of Tg can be used to enhance 
both the erase speed and stability. Table 2 lists the Tg and Tg/Tm values of some elements. 

It can be seen that doping some elements with large Tg and low Tg/Tm values, such as Co, Cu, 
can accelerate the crystallization speed and improve the stability of glass state at room 
temperature. Table 3 shows the activation energy of crystallization (AEa) of some chalcogenide 
thin films, the doping effect of Cu, Co is rather obvious. 

IS(NOG)2'98 89 



Table 2 T2, Te/Tm values of some elements 
element Sb Ag Cu Co Pb Te Ge 
T«(K) 180 250 298 445 152 285 750 
Tg/Tm 0.2 0.2 0.22 0.25 0.25 0.39 0.62 

Table 3 Crystallization activation energy of some amorphous semiconductor films 
composition In58Se42 In58Se23Pb]9 In58Se23PbiiCu8 In58Se23PbiiCo8 

AEa(eV) 1.20 1.61 2.90 3.64 

5.    CONCLUSION 
The extremely quick heating and cooling process can be achieved by short pulse laser 

irradiation. The phase change of glass thin film materials is under extra-nonequilibrium 
condition, and takes place in sub-microsecond range. Metastable phases are always appeared in 
chalcogenide glass films during pulse laser induced crystallization process. Laser induced phase 
change in sub-micrometer domain is inhomogeneous. For achieving fast and homogeneous 
laser recording by amorphous to crystalline phase change, laser source with shorter pulse 
duration and lower power is needed. Some metallic elements doping in chalcogenide alloy films 
can accelerate the crystallization speed and stabilize the glass state. 
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Fig.l TEM image and ED pattern for the laser crystallized bit, 
irradiated by a 100ns, 9.6mW laser pulse. 

(a) TEM image (15400x);    (b) ED pattern (camera const.: 34.384 mm • A) 
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Fig.2 The transient reflectivity change of InSb film 
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Fig.3 Radial (a) and vertical (b) temperature distribution of 
the laser irradiated spot (bit) during heating with laser 
power 5mW and pulse duration 300ns 
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Fig.4 Shows the high magnification TEM images and ED patterns for the 
laser-crystallized bit irradiated by 200ns, 16mW laser pulse, 
(a) bright field TEM image;       (b) dark field TEM image; 
(c) ED pattern of the bit; (d) single crystal ED mark for the biggest 

crystal shown in (b) 

IS(NOG)2'98 93 



E2 

PHOTOINDUCED ACTIVE AND PASSIVE INTEGRATED-OPTIC 
ELEMENTS IN RAPID THERMALLY ANNEALED CHALCOGENIDE 

GLASSES 

S. Ramachandran and S.G. Bishop 

Microelectronics Laboratory, Dept. of Electrical Engineering 
University of Illinois, Urbana, IL    61801, USA. email    sid-r@uiuc.edu 

ABSTRACT 

Rapid thermal annealing of sputtered chalcogenide glasses yields films with enhanced 
photosensitive properties while tackling thermal stress related problems that have inhibited 
progress of thin film chalcogenide glass systems as candidates for photonic integrated circuits. 
Index changes of up to 5% are demonstrated. The superior quality of the films yields low loss 
(a~ 0.27 dB/cm) channel waveguides. The large index changes and high photosensitivity of 
this system are exploited to fabricate an index tapered waveguide for spot-size conversion. 
Investigation of Er doped chalcogenide glass films has revealed a novel, broad excitation band 
that arises from coupling between the mid gap states of the host glass and 4f shells of the Er 
ion. This allows novel pump wavelengths as well as geometries for pumping an Er doped 
planar waveguide. 

INTRODUCTION AND BACKGROUND 

Optical elements for applications in communications and interconnections such as 
waveguides and grating devices can be patterned in chalcogenide glasses by illumination with I 
above band gap light, which causes photodarkening[l]. Photodarkening is a photo-induced red | 
shift of the optical absorption edge and is accompanied by an increase in the index of refraction 
in the transparent spectral range below the absorption edge. A configurational model[2] . 
describes photodarkening as an illumination induced transformation from a stable configuration I 
to a quasi-stable configuration via an electronically excited state. Annealing close to the glass ' 
transition temperature (Tg) causes a direct structural relaxation from the quasi-stable to stable 
state. 

A sputtered film of chalcogenide glass is in a quasi-stable state in the as-deposited form 
and closely corresponds to the photodarkened (PD) state. To utilize the photodarkening property 
and fabricate photonic devices, it is necessary to first change the film to its stable state from the 
as-deposited, PD state. This transition may be induced by either direct thermal annealing under 
an inert atmosphere[3] or by illuminating the film with high intensity light that causes local 
heating to give the same effect[3,4], called photobleaching. The optical annealing process will 
require uniform high intensity illumination over the film and is not technologically feasible. 
More importantly, illumination also contributes to photodarkening and thus competes with the 
photobleaching process. Chalcogenide glasses have high coefficients of thermal expansion 
(CTE) and thus thermal annealing must be performed with very low temperature gradients in 
order to avoid cracking the films due to thermal stress. Still, the quality of the film will depend 
on the CTE of the substrate, limiting the integration of these films with other opto-electronic 
devices. 
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RAPID THERMALLY ANNEALED FILMS OF CHALCOGENIDE GLASSES 
We have demonstrated the use of Rapid thermal annealing (RTA) in obtaining high 

quality films  of  sputtered  GeioAs4oSe25S25 
glasses. Bertolotti et. al.[4] have demonstrated 
mat the electronic relaxation process has a 1-2 
second time scale and thus a thermal anneal   w 
process of only a very short duration is needed 
for relaxing the glass structure. RTA has the 
advantage of providing just this kind of a 
thermal spike without allowing time for crack 
initiation due to thermal expansion to set in, 
eliminating the thermal stress problems with 
conventionally   annealed   chalcogenide   glass   (b) 
films. 

Fig. 1 contrasts SEM micrographs of a 
conventionally annealed chalcogenide film (Fig. 
1(a)) with that of an RTA sample (Fig. 1(b)). 
The glass cracks under thermal stress and then 
reflows to trap N2 bubbles in the film when 
conventionally annealed, as shown in Fig. 1(a), 

T^lC ul^ yiddS eXCellent SUrfaCe Sm00thneSS  Fig. 1 SEM of films annealed at 235 C. 
(Fig. 1 (o)). (a) Conventionai 0Ven anneal; (b) RTA 

RTA yields films with excellent surface 
smoothness. 

RTA 235 C 

As-deposited 

■%k—iöJI>ö    iiiö   14<k>   ibio 

X 

S 

2.3 

Wavelength (nm) 
1  1 i 1 r r-q 

As-deposited 

RTA 235 C 

900 Wavelength 1700 
Fig. 2 (a) Transmitted intensity vs wavelength 
(b) Index calculations. 5% photoinduced index 
changes possible. 

indicate that these glasses are good candidates for 

Films    for    optical    transmission 
measurements were 1.7 urn thick and were 
deposited on microscope glass slides. 
Figure 2(a) is a plot of the transmitted 
intensity as a function of wavelength for an 
as-deposited and RTA'ed sample 
respectively. A clear blue shift in the Urbach 
edge occurs when the sample is RTA'ed. 
The interference fringes at the transparent 
wavelengths can been used to extract the 
index of refraction for the film. Results 
from this calculation for as-deposited and 
RTA'ed films are plotted in Fig. 2(b); the 
index changes by 5% over the entire 
wavelength range, 900 -1600 nm. Since the 
as-deposited films are similar to the 
photodarkened state, we infer that 
photoinduced changes as high as 5% are 
possible in RTA'ed chalcogenide glasses. 
This is twice the maximum change reported 
by Tada et. al.[5] and we attribute the 
difference to a more stable, lower index film 
due to RTA. The large index changes 

high density optical interconnects. 
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Films deposited on cover glass substrates were used to characterize the efficiency of the 
PD process by holographic grating exposures. Spatially collimated light from an Argon ion laser 
at 514.5 ran was split and recombined at the 
film surface to fabricate 1 um period gratings. 
Fig. 3 is a plot of the diffraction efficiency 
versus exposure time and we find that an index 
change of 0.001 (0.05%) is achieved with a 1 
min. exposure. Fig. 3 indicates that longer 
exposures decrease the modulation depth of 
the gratings, possibly due to vibrations in the 
holographic set up and back reflection 
problems. Since up to 5% index changes are 
possible in RTA films of GeioAs4oSe25S25 
glass, the use of a phase mask and appropriate 
substrate will make possible the fabrication of 
much stronger gratings. 

Fig. 3 

1.0 2.0 3.0 
Exposure Time (min.) 

Diffraction efficiency vs exposure 
time. An~10" in 1 min. exposure. 

PASSIVE WAVEGUIDES AND DEVICES 
Chalcogenide glass films for channel waveguides were sputtered on films of one micron 

thick SiNx pre-deposited on Si wafers. The PECVD deposited SiNx film has a refractive index 
of 2.2 in the 1500 nm range and serves as the bottom cladding layer separating the higher index 
Si substrate from the chalcogenide glass films (GeioAs4oSe25S25 glass: n ~ 2.3 to 2.5, 
depending on dosage of photoinducing light). The glass film thickness was restricted to one 
micron to ensure single mode operation vertically. Horizontal confinement was achieved by 
exposing the films to spatially filtered and collimated Argon laser light at 488 nm, through an 
appropriately patterned mask. The resulting waveguides were excited by end-fire coupling light 
from a diode laser operating at 1566 nm or from a tunable laser operating between 1480 and 
1570 nm. The excited mode patterns were obtained by imaging the output facet on to an IR 
Vidicon camera and the mode intensities were measured with a Ge PIN detector. 

(a) 
Air 
1 urn Chalcogenide Glass 
1 urn SiNx on Si Wafer 

(b) 
—   5 min. 
 60 min 

^njy^grt&l 
20 

is—lo io jo h jo A)•'o-o 
Dosage (min) 

Lateral Coordinate (um) 

Fig. 4. Mode size control with exposure, (a) Output facet images of waveguides exposed for 1, 
5 and 60 min. with 300 mW/cm2 of 488 nm light from an Ar ion laser. ( b) Mode profile 
intensity plots, (c) Variation of mode size and guide effective index with inducing light dosage. 
Guides excited by end-fire coupling 1566 nm light from a laser diode. 

Waveguide losses were measured by performing Fabry-Perot resonance measurements 
over channel waveguide cavities of lengths ranging from 600 urn to 1000 um. The losses in the 
waveguides can be calculated by measuring the ratio of the maxima arid minima of the 
transmitted intensity for guides of different lengths. The calculated losses were 0.27 dB/cm 
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which is, to the best of our knowledge, the lowest loss figure reported[6] for planar waveguides 
in chalcogenide glass films. We believe that the RTA process is primarily responsible for 
decreasing interfacial stresses between the glass film and SiNx cladding, thereby yielding low 
loss channel waveguides. 

A mask with 2 Jim wide lines was used to fabricate waveguides with exposure times 
ranging from one to 60 min. Figures 4 (a) & (b) (previous page) show that the lateral mode size 
changes from 10 jim for a 1 min. exposure to 3 um for a 60 min. exposure. A typical photonic 

integrated circuit (PIC) would have components whose mode-sizes range from 3 urn (diode 

laser) to 10 urn (single mode fiber), and since this entire range is accessible for photoinduced 
waveguides in chalcogenide glasses, this technology would provide an attractive platform to 
build PICs. Also, spot sizes as small as 3 urn will allow interconnection densities as high as 
2500 lines/cm with negligible crosstalk due to mode coupling. Fig. 4 (c) shows the variation of 
the mode size as function of exposure time for the aforementioned guide. The effective index 
method was used to extract the index change as a function of exposure time and Fig. 4 (c) 
indicates that the effect has not yet saturated, consistent with transmission measurements (Fig. 
2) that revealed that index changes of up to 5% are possible. 

We have used the large dynamic range of index changes possible in these films, to 
demonstrate an index tapered waveguide, whose guided mode size changes along the direction 
of propagation. The fabrication procedure involved adding a linearly varying neutral density 
filter in the beam path of the waveguide exposure scheme described earlier. This resulted in a 
variation of inducing light dosage along the waveguide pattern on the mask, leading to an index 
taper along the waveguide. 

2 um width 
photo-induced 
guide \ 

1 urn Chalcogenide 
1 urn SiNx film 
Si Substrate 

Increasing intensity 
of inducing light. 

Fig. 5. Schematic of index tapered waveguide with mode profile images along the guide 
obtained by the cut-back technique. 
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Figure 5 (previous page) shows a schematic of the photoinduced waveguide, and the 
mode profiles at different longitudinal positions along a 20 mm long x 2 |im wide x 1 urn thick 
waveguide. The dosage of inducing light was constant at 846 J/cm2 for 4 mm from the input 
end and thereafter, monotonically decreased to 233 J/cm2 by the output end. The near field 
images of the guided mode shown in Fig. 5 clearly indicate that the mode size increases as the 
mode propagates away from the input facet. Figure 6 is a plot of the lateral mode size (1/e 
width) versus distance from the input facet, for the aforementioned guide. The most dramatic 
change in the mode size occurs for less confined modes, away from the input facet. The lateral 
mode size changes from 2.61 fxm, 12 mm away  

from the input facet, to 6.82 urn farthest away from 
the input facet (20 mm), translating to a spot-size 
conversion by a factor of 2.6 within a distance of 8 
mm. Over the entire device length of 16 mm, the 
mode size changes by a factor of 3. The index 
contrast at different positions along the waveguide 
was extracted from the measured mode sizes using 
the effective index approximation, and was used to 
estimate the taper losses of this device. A beam 
propagation method simulation showed that the taper 
losses were below 0.1 dB for the 8 mm long tapered 
waveguide. 

This fabrication technique eliminates the need 
for multi-step etching and developing processes common in defining tapers. The ease of 
fabrication, and the ability to sputter these glasses on any semiconductor substrate, makes this 
technology attractive for monolithic integration of tapers with semiconductor laser diodes, for 
efficient chip-to-fiber coupling. 
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Distance from input facet (mm) 

Fig. 6 Mode size evolution along the 
tapered waveguide. Mode size changes 
by factor of 2.6 over 8 mm taper. 

ERBIUM DOPED FILMS FOR ACTIVE APPLICATIONS 
Erbium doped films of these glasses were obtained by sputter deposition from a melt 

quenched target of GeioAs4oSe2sS25 glass with 0.5 wt% Er2S3 powder mixed in it. 
Photoluminescence (PL) and Photoluminescence Excitation (PLE) spectra reveal that in addition 
to the expected atomic absorption lines for Er, a broad excitation range exists [7] due to energy 
transfer between the photoexcited carriers of the host glass and the Er ions. This broad band 
PLE enables the excitation of the -1550 nm Er PL with only a few microwatts of optical power, 
in the transverse geometry (normal incidence), with a sample thickness of only one micron. 
This capability could enable a variety of novel pumping schemes for rare earth-doped 
chalcogenide glass amplifiers and lasers. 

Figure 7 shows the broad 1500- 
1600 nm 4I13/2 -* 4Ii5/2 Er3+ PL 
spectrum excited by 560 nm light from 
the xenon lamp-double monochromator 
system, for an as-deposited, sputtered 
film   of   Er-doped    As4oGe10Se25S25 
glass. The broad Er3+ PL spectra from 
the sputtered films are devoid of any 
sharpline Er + PL spectra characteristic 

1500        1550        1600       1650      of Er in a  crystalhne  environment, 
indicating that the Er ions have been 

Wavelength (nm) incorporated in the glassy film. 
Fig. 7. PL lineshape of Erbium doped sputtered glass 
films. Pumped with 560 nm light from a xenon-lamp 
monochromator system. 
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Figure 8 compares the line shapes of the Er3+ PLE spectra obtained in a sputtered Er- 
doped film, before and after the RTA process, and from the Er-doped bulk glass. Note that the 
peaks attributable to the direct Er3+ intra-4/ shell absorptions at 980 and 810 nm are not 
observed in the PLE spectra of the Er- 
doped sputtered film. This is because only 
microwatts of pump power were used to 
excite a film that was only one micron 
thick. In contrast, a strong peak in 1550 
nm fluorescence is observed in regions 
where the pump wavelength is highly 
absorbed by the host glass. This broad 
band excitation mechanism is attributed to 
optical absorption in the Urbach edge of 
the host glass, followed by carrier 
localization at native defects in the glass, 
and subsequent nonradiative energy 
transfer from the defects to the rare earth 
atoms [8]. The peak energy of the PLE is 
therefore expected to shift or track with 
the band gap of the host glass, and the "blue shift" in the PLE peak from the Er-doped sputtered 
film after the RTA process is consistent with the blue shift in the band gap (absorption edge) 
induced by the RTA (Fig. 2). 
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ABSTRACT 

This paper describes rare earth doped PZG channel waveguides produced via mechanical, 
chemical and photosensitivity techniques. The geometry of the channel waveguides have been 
investigated and the near field pattern and optical loss have been measured. 

1. INTRODUCTION 

The development of integrated optical amplifiers or lasers opens a wide range of 
applications in telecommunication. Among all the glassy matrices, the fluoride glass host has 
significant advantages owing to decreased phonon energy and higher solubility for rare-earth 
dopants [1]. The lower phonon energy spectrum enables radiative transitions within rare earth 
ions which are quenched in other materials. 

Optical glass channel waveguides can be fabricated by various techniques, such as 
vapor phase deposition, ion exchange, sol-gel synthesis [2,3,4]. The ability of rare earth doped 
PZG fluoride glass (PbF2-ZnF2-GaF3) to be evaporated is attractive for applications in 
integrated optics. We have tested different techniques for achieving PZG glass channel 
waveguides: saw-cut, UV writing and photolitography. 

- The mechanical profiling of the substrate prior to thin film deposition can be realized 
with a high precision wafer sawing machine. 

- PZG thin films exhibit high photosensibility both when doped with rare-earths and not 
[6]. The UV induced refractive index increase An = 0.01 is close to the one observed 
for hydrogen loaded germanosilicate fiber, the highest photosensitive material. A 
densification process can explain the refractive index modulation. Such a large An 
suggests the possibility of UV patterning of channel waveguides in PZG thin films. 

- Photolithographic processes that are employed for silicon, silicate glasses are now 
standardized; they have been transferred and adapted to fluoride glasses [5]. 
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2. EXPERIMENTAL 

All the experiments are carried out in a clean room. The physical vapor deposition is 
conducted at 600°C under vacuum in a graphite crucible, and the PZG thin film is deposited 
on the substrate heated at 180°C. Rare earth doping of the thin film is made by coevaporation 
of PZG glass and rare earth fluoride at 1000-1100°C, depending on the doping rate and the 
rare earth. The typical thickness is 2-3 (im for a 15 minute deposition, and the thin film is 
composed of roughly 37%PbF2-21%ZnF2-42%GaF3 in mole %; the refractive index is about 
1.58-1.59. The substrates are either CaF2 single crystals or ZBLAN plates; the CaF2 substrates 
are cleaved along the (110) plane and the ZBLAN end faces polished after thin film 
deposition to allow side light injection. 

A short description of the different waveguides elaboration techniques is given below. 

2.1. Mechanical sawing 

We have used a high precision wafer sawing machine with an accuracy in parallelism 
lower than lum and resin bonded blades which is coated with synthetic diamonds of grit sizes 
lower than 3 urn. The blade position can be adjusted better than 2um vertically and laterally. 
Two parallel cuts, lOOum deep, lOOum large and separated by 10 urn, are sawed on a CaF2 

substrate. The cross section of the strip waveguide obtained after PZG thin film deposition 
should be 2x1 Oum2. 

2.2. U.V. laser writing 

The UV laser is a frequency doubled argon ion laser system (FRED) operating at 244nm 
and delivering output powers up to lOOmW. The focused UV beam (spot size 30x800um2) is 
translated parallel to the surface of the sample: the speed of the spot varies from 1 to 4.5um/s. 
The expected width of the channel waveguide is thus 30p.m. The sample was a 0.3mole% ErF3 

doped, 3.5urn thick PZG thin film grown on a CaF2 substrate. A scheme of the complete 
experiment is given in reference [7]. 

2.3. Photolitography and wet etching 

The substrate, a ZBLAN polished 
plate, is spin coated with a photoresist 
and then exposed to UV light through a 
negative mask. After development, 
resist strips from 60 to 120um separated 
from 1 to 80um are obtained. The wet 
etching is performed under strong 
stirring by means of 0.4M ZrOCl2-lM 
HC1 attack solution for 4 minutes at 
20°C. After the resist removal, a second 
attack is made (9mn at 5°C) in order to 
smooth and make more regular the resist 
edges. Finally, the PZG film is 
deposited on the top of the etched 
substrate. 

The main steps of the process are 
shown on Fig. 1. 

photoresist coating 

ask 
— —   —i — * 

 "1     UV exposure 

resist development 

wet etching 

a  I      resist removal 

thin film deposition 

Fig. 1: photolitography and wet etching 
process for channel waveguide fabrication 
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2.2. "Liftoff photolithography 

As in the first method, the substrate 
(CaF2 plate: 10x20mm2) is coated with a 
photoresist. The resist is hardened (2mn 
at 120°C) on a heating plate, exposed to 
UV light, hardened again and developed. 
The "cap shape" expected resist profile 
allows the resulting deposited film to be 
noncontinuous between resist top and 
groove bottom. Different resists and 
thicknesses (from 2 to 4um) have been 
tested to get the best profile for the strips. 

During deposition, the substrate has 
to be kept at 60°C, to avoid any 
deformation of the resist. After this, the 
resist is dissolved with acetone in an 
ultra-sound tank. 

A summary of the procedure is 
shown on Fig. 2. 

photoresist coating 

resist hardening 
on hot plate 

120°C 

iii^üiiI s* mask 

120°C 

[ "7m 

UV exposure 

resist hardening 
on hot plate 

resist development 

thin film deposition 

resist removal 

Fig. 2 : photolitography and lift off 
process for channel waveguide fabrication 

The near field pattern of the channel waveguides has been analyzed at 0.63 um with a 
camera connected to a video console. The He-Ne laser is injected in the end face of the 
channel waveguide using a single mode optical fiber. The fiber-guide coupling is optimized 
with a piezo-translation stage. 

The propagation losses of the channel waveguides have been measured at 1.48um using 
the OEC (Optimum End fire Coupling) method that consists of a double pass of the light. 

3. RESULTS AND DISCUSSION 

3.1. mechanical sawing 

Fig. 3 shows the geometry of the substrate after sawing and the near field pattern of the 
channel waveguide. As can be seen on the right picture, the thin film is well localized at the 
top of the rib. Actually, the depth of the saw cut could be reduced to 10 or 20um. 

Fig. 3: side view of the substrate (light area) after saw cuts lOOjxm deep 
separated by lOfxm, (left picture) and near field pattern of the channel 
waveguide created at the top of the rib at 0.63/xm (right picture). 
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3.2. U.V. laser writing 

The best confined channel waveguide, shown 
on Fig.4, was obtained for the highest fluence, i.e. 
the energy received per surface unit (333kJ/cm2): 
the translation speed was lum/s and the UV spot 
power lOOmW giving an irradiance of 420W/cm2. It 
appeared that for the same irradiance, the 
confinement was less for longer exposure: thermal 
diffusion induces an enlargement of the written 
waveguide, decreasing the confinement. The 
observed width of the channel is close to the beam 
width (30um). Narrower channel waveguides may 
thus be achieved by reducing the spot size. 

Fig. 4: near field pattern of a UV 
written channel waveguide 
(30x3.5fim) at 0.63 pm 

3.3. Photolitography and wet etching 

We find that only the thin films deposited on the embossements can propagate light. 
The ZBLAN surface has lost its optical polishing at the bottom of the channel where the 
substrate was etched. Fig. 5 shows the near field pattern of two channel waveguides, the 
channel width varies from 1 to 80um; the smallest one we could fabricate is lOum wide. In 
the left picture of Fig. 5, we can see that the confinement is not perfect, some light is injected 
in the thin film deposited on the grooves. The width of the embossment could be reduced to a 
few microns by increasing the time of the second attack but the walls would then be too 
smooth. 

Fig. 5 : near field pattern 0.63 urn of two channel waveguides at 0.63jxm fabricated 
by wet etching. The cross sections are 50x2fim2 (left picture) and 10x2pim2 (right 

3.4. "liftoff'photolithography 

Fig. 6a shows the best resist profile we could obtain, the resist wall being vertical. It 
appears that the resist has to be as twice as thick as the deposed film i.e. 4um, otherwise the 
step is not high enough to allow the film to brake at the top of the groove. The smallest 
channel width is 5jj.ni (Fig. 6b); the adherence is very good even after ultra-sound tank 
treatment. For one channel waveguide (Fig. 6c), the thin film has not broken, creating "wings" 
along the edges of the waveguide. This may be due to the smoothing of the edges as the resist 
is heated during the deposition. 

The near field test was negative because the substrate temperature was too low (60°C 
against 180°C for the standard deposition). 
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a) 

b) 

Fig. 6: Optical micrograph of the channel waveguides obtained by lifi-offprocess. 
a) resist profile obtained before thin film deposition; 
b) channel waveguides obtained after resist removal. The channel cross sections 

are : 10x2jum2 (left picture) and 5x2'jum2 (right picture) ; 
c) "wings " observed on a channel waveguide due to non vertical resist edges. 

Except for the U.V. writing method, the main problem consists of the profiling of the 
resist or substrate edge that must be vertical or better in cap shape. It appears that the wet 
etching process can not achieve this geometry. In addition, the confinement is decreased when 
the thin film is deposited on the whole surface of the substrate; there is some light leaking out 
of the channel waveguide. The problem is solved with the liftoff process since the film 
deposited on the resist is removed; only the thin film channels are left. 

The measured loss is about 10 dB/cm for the doped channel waveguides fabricated by 
saw cut and wet etching. When not doped, the propagation loss decreases to 3dB/cm [5]. The 
deterioration of the guiding properties is probably due to thermal radiation emitted by the 
crucible heated at 1000-1100°C. Doping with rare earth chlorides, less volatile than their 
fluoride homologue (they can be evaporated at about 600°C), is now in progress. 
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4.   CONCLUSION 

We have demonstrated the feasibility in patterning channel waveguides obtained by 
vapor phase deposition. The best geometrical confinement is obtained with the liftoff process. 
However the potentiality of the technique is limited by the thermal properties of the resist that 
currently cannot be heated higher than 100°C. By comparison, it appears that the UV writing 
is the easiest process, especially for writing complex circuits but the control of the beam spot 
size is very difficult. 
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ABSTRACT 

Fluoro-chloride glasses were studied. They have given information about density, specific 
temperatures and refractive index of planar and channel waveguides realised on ZBLA glass 
by exchange between fluorine and chlorine ions. In a second part, a second anionic exchange 
to reduce waveguides sensibility against moisture and optical losses, is presented. 

INTRODUCTION 

In the constant telecommunication spreading out, passive and active integrated optics take a 
large part, and are the subject of many studies. 
Within its development, glass waveguides are today considered as excellent candidates for 
integrated optics applications due, in part, to the possibility of fabricating large number of 
devices at low cost. Various techniques such as thin film deposition or ion exchange [1-2] are 
used to fabricate waveguides in integrated optical systems. The simplicity and flexibility for 
designing waveguide dimensions make of the ion exchange an interesting technique. 
An anionic exchange of a part of F" ions by Cl" ones, has been developed in our Laboratory to 
perform waveguides on fluorozirconate ZBLA glass. Such glass could be doped by rare earth 
ions (RE) for active applications which could be doped by rare earth ions (RE) for active 
applications (57 ZrF4, 34 BaF2, (5-x) LaF3, 4 A1F3) x(RE)F3). That method is here quickly 
summarised, for more information take references 3 and 4. 
The glass is treated during several hours by a gas mixing of HC1 and Ar at a temperature 
below Tg(Tg=307°C). 
The chemical reaction at the glass surface is: 

MFn + xHCl    <=>    MFn.xClx + xHF 

M symbolises glass cations. 

In the first part, this paper presents a study of physical characteristics of waveguides created 
by that method. 
The replacement of fluorine by chlorine increases the refractive index but, because weaker 
bondings and introduction of bigger ions, glass hygroscopicity, duration instability and 
surface deformations increase too. This paper presents a physical burial to isolate the guide 
from both atmosphere and humidity by a second anionic exchange. That treatment modifies 
the surface and by that, a pure fluoride glassy matrix overlays the waveguide. 

PHYSICAL CHARACTERISTICS OF WAVECTTTTDF.- 

The SMS analysis on a glass treated 10.5 hours at 250°C, shows the profile of ionic 
concentrations in the waveguide (figure 1) [3]. It appears that the exchange of F" by Cl" 
involves 2 different phenomena in the glass: at the surface, in the depth of 1.5 to 2 um, a 
chemical reaction substitutes the anions and deeper the exchange corresponds to a diffusion. 
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In the surfacing plateau, which depth depends of treatment duration, 18% of F" are substituted 
byCl'. 
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Figure  1: Profile shape of Cl": plateau  1.5  um long 
followed by the diffusion to 10 um deep. 

The interest of F" substitution by Cl" is due to the increasing of local refractive index. Indeed 
that anion is more polarisable, bigger and weightier (Mci-^35.453 g, rCi= 1.81 A against MF. 
=18.9984 g, rF= 1.36 Ä), its presence creates compressive stress. 
But it is known that chlorine in face of fluorine reduces thermal and mechanical properties of 
halide glasses [5-6] and, its presence generates more crystallisation. The bondings metal- 
chlorine being weaker than metal-fluorine [7], the sensibility to atmospheric moisture sensibly 
increases. 
We were interested to know the physical characteristics ofthat "glass" structure. 
Using the classical method, the synthesis of fluoro-chloride glasses is difficult. No sample 
with 18% of Cl" could be realised, then glasses with less chlorine ions - 0, 5 and 10% - were 
synthesised. These chlorine percentages correspond to the introduction, respectively of 0, 8 
and 16%, of BaCk in substitution of BaF2. 
Studying these glasses characteristics variations, the density, Tg and Tx, and refractive index 
of the plateau are estimated. 
The variation of density (figure 2) shows a linear decreasing. Instead of Cl" has bigger atomic 
weight, the density diminishes due to the increasing of molar volume. 
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Fluoro-chloride  glass  density 
evolution in function of Cl" percentage. 
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Refractive index evolution in Figure 3: 
function of Cl" percentage. 
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As already shown, the exchange between fluorine and chlorine ions in ZBLA structure does 
not respond to a classical diffusion model as Fick laws. Then the refractive index profile 
could not be expressed by a erfc function. Both diffusion coefficient and surfacing refractive 
index could not be correctly calculated. The waveguides presenting a step-index profile, the 
WKB inverse method could not be used so either. Then Abbe refractometer was used for 
measurements on fluoro-chloride bulk glasses. 
The curve of refractive index variations reveals a linear relationship with glass composition 
(figure 3). As allowed the refractive index increases with chlorine percentage [5]. At the 
surface, refractive index is estimated at 1.546. In comparison with pure fluoride ZBLA glass, 
the generated refractive index variation is approximately 3.10"2. 
Study on similar glasses [5] shows a linear decreasing too, that behaviour is also due to the 
difference in bondings energies. The estimated values of Tg and Tx are respectively 241 and 
285 +/- 5 °C (figure 4). 
Stability criterion AT=Tx-Tg falls from 85°C to 44°C. That fact is in accord with the 
difficulties to synthesise a bulk sample. 
The table 1 summarises the physical characteristics of the chlorine richest part of the 
waveguide which were found be extrapolation from fluoro-chloride bulk glasses. 
From waveguides plateau to substrate composition the chlorine percentage decreases, and 
described characteristics vary between these two limit compositions. 
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Figure 4: Tg and Tx evolution in function 
of Cl' percentage. 
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Table 1: Comparison between substrate 
characteristics (0% Cl") and waveguide 
plateau. 

% cr Density 
(g/cm3) 

Thermal characteristics 
Tg              Tx 

Refractive 
index 

0 4.60 307-WC 392-WC 1.514+/O.001 

18 4.15 241-WC 285 H/.JC 1.546V-O.0O5 

This study specifies the characteristics of waveguide glass structure. The refractive index 
increasing is approximately of 3 10"2, and the specific temperatures Tg and Tx decrease. 
These results give indications on the structure during the heating and the buried treatment. 

PRESENTATION OF BURIAL EXCHANGE 

For channel waveguides, optical confinement was realised by deposition of a Si02 mask and 
remotes by RIE (Reactive Ion Etching) used in micro-electronic technologies. On such 
structure the better result for propagation losses was superior to 2 dB/cm"1, that is too high. 
For applications, losses on waveguides ought to be smaller than 1 dB/cm"1. To improve 
waveguide qualities it is needful to "bury" it. A good optical protection at 1.3 or 1.55 urn 
wavelengths ought to be deeper than thess wavelengths. In this way, the evanescent wave, 
permits by Maxwell's equations, is kept in the guide. 
We present here the treatment to protect and bury waveguides. The objective on ZBLA glass 
is to considerably reduce the waveguide sensibility against moisture and optical losses. That 
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study appears as needful prominent to the fabrication of optical devices, and before to study 
channel waveguides. 
All the samples used for the burial were at first, treated 8 hours at 250°C by a gas mixture of 
HC1 and argon. The HC1 debit was equivalent to 0.02 mol/hour. These planar waveguides 
present 3 modes on m-lines at 633 nm. 
The same kind of set up as used for the anionic exchange which leads to create the waveguide 
[3-4], was chosen (figure 5). After the exchange leading to the creation of the waveguide, the 
sample is protected from room atmosphere and introduced in the nickel tube. The set up is 
swept out by inert gas N2 before and after the treatment, and by the mixture of HF and N2 

gases during exchange process. The HF gas is produced by heating KH,2HF up to 110°C, that 
vapour is carried away by a stream of N2. For that second exchange the HF gas debit is 
approximately 0.08 mol/hour. 
As HF is a very corrosive agent, all the set up in contact with it ought to be in Teflon or 
nickel. 

Nitrogen 

KF.2HF 

Tubular furnace 
|,i i.i.i,i??3 

Nickel   
tabe  ~~^/ Exchange! 

^sample 

I.I.I.I.I.I.I.'.I.I; 

Hot plate 

Table 2: Summarise of some buried 
treatments parameters and their m-lines 
results. 

Figure 5: Set up for burial exchange: 
substitution of chlorine by fluorine on 
waveguides. 

Temperature 
Duration 
(Hours) 

m-lines 
results 

250°C 3 3 modes 

270°C 3 3 modes 

290°C 3 3 modes 

305°C 3 Omode 

310°C 1 0 mode 

Although the metal-chlorine bondings are weaker than metal-fluorine ones, the chlorine 
mobility at same temperature is reduced because it is bigger than fluorine. The study started at 
the same temperature as the first exchange: 250°C. Regarding to the estimated characteristics 
this temperature is up to Tg. 
The moisture resistance is noticeably increase after each treatment from that temperature and 
for duration from 30 min. Although a heating up to guide plateau Tg, no crystallisation is 
observed under optic microscope. Some cracks are presented on the surface. 
The buried treatment recreates substrate composition on the surface, then its action depth 
could not be measured be surface analysis methods. A simple method to improve the optical 
burial is the m-lines at 633 nm. As modes are observed, optic losses (evanescent wave) exist 
and then the optic burial is not achieved. The table 2 summarises the results. It appears that 
good burial needs more critic thermal conditions than the first exchange. It is due to the 
chlorine size and its low mobility. It is interesting to note that the modes visible by m-lines 
draw nearer. 
To control that not all Cl" ions have been substituted and the waveguides exist, other methods 
are needful. On sample treated 3 hours at 305°C, qualitative measurements by EDS show a 
diminishing of Crconcentration close to the surface, and near field analysis confirms the 
guiding. 
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CONCLUSION 

The study of fluoro-chloride zirconate glasses precise waveguides characteristics. Such 
structures are realised by anionic exchange between F" and Cl" on ZBLA glass. The refractive 
index change is estimated to 3.10"2. In such waveguide profile that information could not be 
easily found by other method. The experimental conditions of a burial by inverse anionic 
exchange, show that it is possible to protect the waveguide by a treatment under FH gas. The 
waveguides ought to be treated at temperatures close to bulk glass Tg, although its Tg is 
lower. 
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ABSTRACT 

A series of ZrF4-PbF2 and ZrF4-PbF2-ErF3 films of different composition have been 
prepared by thermal and electron beam evaporation, using microscope glass slides and single 
crystal silicon wafers as substrates. Several crystallization heat treatments were performed on 
these films at temperatures up to 300 °C. X-ray photoelectron spectroscopy was used to 
determine the film composition and the amorphous/crystalline nature of the samples was 
investigated by X-ray diffraction. After a heat treatment of 40 min, at 250 °C, the films are 
completely crystallized. The infrared absorption spectra of the films were recorded and the 
possible film structure is discussed and compared with that of ZrF4-based glasses. The optical 
propagation loss, measured for several waveguides at X = 632.8 nm, varied between 1.9 and 
3.5 dB/cm. 

INTRODUCTION 

In recent years, the main interest in heavy metal fluoride glasses has lied in their 
applications [1]. Because of their low phonon energy, fluoride glasses offer an advantage over 
silica for all-optical amplifiers, by decreasing the non-radiative emission probabilities of the 
rare earth ions. Recently, much effort has been dedicated to the development of planar and 
channel waveguides for integrated optics. The fabrication of fluoride channel waveguides has 
been achieved by ion exchange [2], chemical vapor deposition (MOCVD) [3 - 5], physical 
vapor deposition (PVD) (see ref. 6 for a review) and electron-beam deposition [7, 8]. 

Vapor deposition needs a good thermal stability for the glass to be evaporated [6] and 
similar vapor pressure values for the different glass constituents, in order to achieve the 
projected amorphous compositions [9, 10], which limits the systems to be prepared by this 
technique [4]. Almeida et al. [11,12] have succeeded in preparing a series of glassy thm films 
based on ZrF4, some consisting of pure amorphous ZrF4 (a-ZrF4) and other of PbF2-modified 
binary glasses, some doped with Nd3+. Bruce et al. [7, 8] are the only authors, to our 
knowledge, who have reported ZrF4-based glass films containing A1F3, NaF and BaF2, by 
electron-beam deposition. These authors have prepared glass films, up to 10 urn thick, outside 
the known range of bulk glass formation, and have demonstrated that the compositions of the 
films could be modified by using a multi-target deposition. 

In this study, the preparation of fluorozirconate glass thin films by thermal evaporation 
and electron-beam deposition have been demonstrated. The glass structure of the films and 
the crystalline phases obtained by heat treatment were investigated by IR spectroscopy and 
XRD analysis. 
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EXPERIMENTAL 

Zirconium fluoride based thin films were prepared in the ZrF4-PbF2 and 
ZrF4-PbF2-ErF3 systems by two PVD methods: thermal evaporation and electron beam 
(e-beam) evaporation. Pure ZrF4, PbF2 and ErF3 films were also deposited by the two 
evaporation techniques. The films were deposited onto unheated single crystal silicon wafers 
or microscope glass slides, from the starting fluoride glass targets prepared by classic melting 
and quenching methods [13]. The pure films were prepared directly from the crystalline raw 
material powders. The distance from the target to the substrate and the pressure achieved 
during deposition were typically 3 cm and 3.5 x 10"5 mbar, respectively, for the thermal 
evaporation system; for the e-beam evaporation system, these were 5 cm and 1 x 10"5 mbar, 
respectively. After deposition, the thickness of these films was measured by mechanical 
profilometry (Tencor Alpha-Step 200). 

Some of the films (67ZrF4-33PbF2) were subjected to selected crystallization heat 
treatments in a resistance furnace, at temperatures up to 300 °C, under a nitrogen atmosphere 
in a glove-box. The amorphous nature of the untreated samples and the crystalline phases 
present in the heat treated ones were determined by X-ray diffraction (XRD), with a Siemens 
D-5000 diffractometer (CuKa radiation), at grazing incidence (angle =1°). 

The film composition was determined by X-ray photoelectron spectroscopy (XPS), 
with a Auger/XPS spectrometer (Fisons Instruments Microlab 31 OF), using MgKa X-rays. 

IR absorption spectra were recorded with a Nicolet 20F far IR Fourier transform 
spectrometer, for films deposited on Si wafers polished on both sides. 

The optical loss was measured with a Spectra-Physics 105 He-Ne laser, at 632.8 nm, 
which was coupled to the waveguide, deposited on a glass slide substrate, using a high 
refractive index prism (SF6, nD = 1.80518). The polarization of the laser beam was parallel to 
the plane of the waveguide (TE mode) and the scattered light was collected using a Cohu 
2252-2340 CCD camera, in the direction perpendicular to the plane of the waveguides. The 
loss was measured through an exponential fit of the decaying scattered intensity. 

RESULTS 

The films obtained were stored in a dessicator, in order to avoid atmosphere 
contamination and it was found that the 67ZrF4-33PbF2 and 50ZrF4-50PbF2 compositions 
were the most stable within the studied ones, contrary to pure ZrF4 films which are easily 
degraded by atmospheric air. The maximum thickness obtained by thermal evaporation, 
without cracking, was ~ 4.5 um for the ZrF4 pure films [12] and ~ 2.5 urn for the binary 
composition ZrF4-PbF2. Smaller thickness was obtained (~ 2 urn) when depositing ZrF4 and 
ZrF4-PbF2 films with e-beam evaporation. 

Table 1 shows the surface composition, measured by XPS, of some of the films 
prepared by PVD. The peaks used for analysis were Zr 3d, Pb 4f, Er 4d and F 1 s. 

ZrF4-PbF2 films are easily deposited by the two PVD methods presented here, whereas 
films containing ErF3 are more difficult to prepare, especially by thermal evaporation. In fact, 
for the doped films, due to the lower vapor pressure of ErF3, when compared to the ZrF4 and 
PbF2 vapor pressures, it was necessary to adjust the rare earth content of the starting batch in 
order to obtain adequate concentration levels in the waveguides. Pure ZrF4, PbF2 and ErF3 are 
easily prepared by both methods. 
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Table 1 - Compositions of starting batches and deposited films prepared by thermal and 
e-beam evaporation, measured by XPS. 

Film composition (mol%) 

Starting batch (mol%) Thermal evaporation E-beam evaporation 

90ZrF4-10PbF2 97ZrF4-3PbF2 — 

80ZrF4-20PbF2 92ZrF4-8PbF2 — 

67ZrF4-33PbF2 78ZrF4-22PbF2 75ZrF4-25PbF2 

50ZrF4-50PbF2 57ZrF4-43PbF2 55ZrF4-45PbF2 

53ZrF4-27PbF2-20ErF3 68ZrF4-7PbF2-25ErF3 58ZrF4-37PbF2-5ErF3 

60ZrF4-30PbF2-10ErF3 77ZrF4-23PbF2 61ZrF4-36PbF2-3ErF3 

63ZrF4-32PbF2-5ErF3 72ZrF4-28PbF2 — 

Typical amorphous X-ray diffraction patterns of a-ZrF4-PbF2 films are shown in 
fig. 1(a). Identical result is obtained for films containing ErF3, with compositions such as 
those in table 1. 
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Fig. 1 - X-ray diffraction patterns of films deposited by thermal evaporation: 
(a) 78ZrF4-22PbF2 film (1.10 urn thick); (b) same film, after 40 min of heat 
treatment at 250 °C, under N2 atmosphere; (c) same, at 300 °C. 
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Fig. 2 shows the IR absorption spectra of several glassy films. The ZrF4-PbF2 and 
ZrF4-PbF2 ErF3 compositions exhibit two principal bands at ~ 470 cm"1 and ~ 250 cm"1, plus a 
weak band at lower frequencies near 85 cm . Pure ErF3 films have two main bands at 
~ 420 cm"1 and ~ 215 cm"1. 
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Fig.2 - Comparison of IR absorption spectra for different films (a) 78ZrF4-22PbF2 film 
(1.35 um thick); (b) 75ZrF4-25PbF2 film (1.62 um thick); (c) 58ZrF4-37PbF2-5ErF3 

film (1.05 urn thick); (d) 100ErF3 amorphous film (1.20 {am). (Films (a) and (d) were 
prepared by thermal evaporation, films (b) and (c) were prepared by e-beam 
evaporation). 

Figures 1 and 3 compare the results of XRD and IR absorption spectroscopy, 
respectively, for samples subjected to heat treatments. The films are completely crystallized 
after heated at 250 °C, during 40 min. Table 2 gives the optical loss at X = 632.8 nm of some 
of the waveguides. 
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Fig.    3 IR absorption spectra of films deposited by thermal evaporation: 
(a) a-78ZrF4-22PbF2 film (1.10 urn thick); (b) same film, after 40 min of heat 
treatment at 250 °C, under N2 atmosphere; (c) same, at 300 °C. 

Table 2 - Optical loss values at 632.8 nm (He-Ne laser) for some fluorozirconate waveguides, 
deposited on microscope glass slides. 

Film composition 
(%mol) 

Optical loss at 632.8 nm 
(dB/cm) 

78ZrF4-22PbF2 (thermal evap.) 3.5 + 0.3 

75ZrF4-25PbF2 (e-beam evap.) 2.3 + 0.3 

61ZrF4-36PbF2-3ErF3 (e-beam evap.) 1.9 ±0.1 

DISCUSSION 

The IR absorption spectra of fig. 2(a) and (b) are very similar to those of modified 
fluorozirconate ZrF4-BaF2 and ZrF4-PbF2 glasses [14]. In fact, the two IR fundamental bands 
at ~ 470 cm"1 and ~ 250 cm"1 are near the 496 cm" and 245 cm"1 found for the 70ZrF4-30PbF2 

glass [15], as well the lower frequency band at ~ 85 cm"1 which was found at 90 cm"1 for the 
same glass composition. This indicates that the structure of films and modified ZrF4-based 
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glasses are similar. Nevertheless, whereas the full width at half maximum is ~ 120 cm'1 for 
films prepared by thermal evaporation and ~ 142 cm"1 for films prepared by e-beam 
evaporation, the modified bulk glasses have broader peaks (~ 162 cm"1 [16]), which is an 
indication of a more constrained structure in the films, especially those prepared by thermal 
evaporation. The relative simplicity of the IR spectra of these films suggests that there is 
essentially only one coordination number for the Zr atoms and, due to the similar vibrational 
frequencies being similar to those of the modified glasses, the average Zr coordination 
number probably remains the same, near 7. The absorption spectrum of the ErF3 film, 
confirmed by XRD to have an amorphous structure, has two bands at ~ 415 cm"1 and 
-215 cm', but its presence in the ZrF4-PbF2-ErF3 films composition does not significantly 
affect the structure of the glass, as can be seen in fig. 2(c), for a final Er concentration of 5%. 

XRD was used to check the amorphous nature of the vapor-deposited thin films, both 
as-prepared and after heat treatment in N2, as shown in Fig. 1, for the 78ZrF4-22PbF2 

composition. A thermal treatment up to 200 °C did not change the amorphous character of the 
films, in good agreement with the characteristic temperatures determined by differential 
scanning calorimetry (DSC) for a quenched glass composition (70ZrF4-30PbF2), with a glass 
transition Tg ~ 255 °C [13]. Although the crystallization temperature Tx of a melted and 
quenched 70ZrF4-30PbF2 glass was ~ 305 °C (Tx-Tg = 50 °C only) [13], thermal treatments in 
N2 at 250 °C, for an evaporated thin film of slightly different composition 
(78ZrF4-22PbF2), caused complete crystallization. Further work is needed in order to identify 
the crystallization products. 

The measured optical loss values were still high, but these preliminary measurements 
indicate that, with little improvements in processing, reasonable low losses (< 1 dB/cm) may 
be obtained in waveguides prepared by e-beam evaporation. 

CONCLUSIONS 

ZrF4-PbF2 and ZrF4-PbF2-ErF3 amorphous films, with thicknesses around 2 urn, were 
prepared by thermal and electron beam evaporation methods. The doped composition is 
slightly more difficult to prepare by thermal than by electron beam evaporation. IR 
spectroscopy indicates that the film structures are similar to those of modified fluorozirconate 
bulk glasses, but a more constrained structure is apparent in the films, especially for those 
prepared by thermal evaporation. The heat treatments performed in the ZrF4-PbF2 films show 
that complete crystallization is achieved after 40 min at 250 °C. The measured optical losses 
appear to be lower for waveguides prepared by electron beam evaporation (~ 2 dB/cm), than 
for those prepared by thermal evaporation. 

ACKNOWLEDGEMENTS 

The present work was supported by FCT, under contract No. PBICT/P/CTM/1915/95. 
We would also like to acknowledge the support of the PRAXIS XXI program (FCT) and 
ICEMS (Lisboa). 

REFERENCES 

[1] J. Lucas, Current Opinion Solid State Mater. Sei. 2, 4 (1997) 405. 
[2] E. Josse, G. Fonteneau, J. Lucas, Mater. Res. Bull. 32, 9 (1997) 1139. 

116 IS(NOG)2,98 



[3] K. Fujiura, T. Kanamori, Y. Ohishi, Y. Terunuma, K. Nakagawa, S. Sudo, K. Sugii, Appl. 
Phys. Lett. 67,21 (1995) 3063. 

[4] A. Sarhangi and D. A. Thompson, Mat. Sei. Forum V19-20 (1987) pp. 259-268. 
[5] L. Chia-Yen, F. Vladimir, Zhao Jing, C. Xuesheng, H. Seppo, P. Nasser, Proc. SPIE - Int. 

Soc. Opt. Eng. 2996 (Rare-Earth Doped Devices) 1997, 68. 
[6] M. C. Goncalves, P. J. Morals and R. M. Almeida "Preparation of ZrF4-PbF2-NdF3 

Amorphous Thin Films by PVD" (to be published). 
[7] A.J. Bruce, G. Zydzic and M. Chui-Sabourin, "Electron-beam Deposition of Heavy Metal 

Fluoride Glass Films", ed. by B. V. Hiremath, Ceramic Transactions vol. 11 (1990), Am. 
Ceram. Soc, Ohio, pp. 281-290. 

[8] A. J. Bruce, G. Zydzic and M. Chui-Sabourin, Mat. Sei. Forum 67 & 68 (1991) 377. 
[9] H. Poignant, J. Le Mellot and Y. Bossis, Mater. Sei. Forum 5 (1985) 79. 
[10] C. Jacoboni, B. Boulard and P. Baniel, Mater. Science Forum V19-20 (1987) 253. 
[11] R. M. Almeida and P. J. Morais, J. Non-Cryst. Solids 184 (1995) 93. 
[12] R. M. Almeida, P. J. Morais and M. C. Goncalves, J. Non-Cryst. Solids, 213-214 (1997) 

251. 
[13] M. C. Goncalves and R. M. Almeida, J. Non-Cryst. Solids 194 (1996) 180. 
[14] R. M. Almeida, Fluoride Glasses, in: Handbook on the Physics and Chemistry of Rare 

Earths, Vol. 15, ed. K. A. Gschneider Jr. and L. Eyring (Elsevier Science, Amsterdam, 
1991) p. 287. 

[15] R. M. Almeida and J. D. Mackenzie, J. Phys. Colloq. (suppl. 12) 46 (1985) C8. 
[16] R. M. Almeida and J. D. Mackenzie, J. Chem. Phys. 74 (1981) 5954. 

IS(NOG)2,98 117 



E6 

Chemical Etching of AIF-based Glasses 

Y. D. West, E. R. Taylor, R. C. Moore, D. N. Payne 
Optoelectronics Research Centre, University of Southampton 
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Aluminium fluoride (A1F) based glass [A1F3-M(1I)F2, M=Mg, Ca, Ba, Sr] fibres produced 
from untreated preforms have low strength because there is surface contamination arising from 
their manufacture. Studies on ZBLAN have shown that fibre strength can be significantly 
improved when the outer surface of similarly produced preforms is removed by aggressive 
chemical etching. Therefore, to achieve an analogous result for A1F based glasses requires an 
etch capable of removing the contaminated skin at a realistic rate whilst generating an optical 
quality surface. However, the glass components are highly unreactive so, in spite of this essential 
fabrication requirement, few etching studies have been reported in the literature. After an 
extensive wide ranging program, two suitable multi component etches have been identified as 
highly efficient at dissolving AIF-based glass. 

The first etch is an A1C13.6H20/HC1 composition, prepared by dissolving A1C13.6H20 in 
HC1. Etch rates are largely independent of component concentrations within the ranges 
0.2M<[AlCl3.6H2O]£ 1.2M and 0.5M^[HC1]^ 12.0M but they are highly temperature dependent, 
enabling useful operation in the range 40°C (~0.2um/min) to 80°C (~3.5um/min) (or higher). 
Etches containing lower concentrations of the components more reproducibly yield optically 
polished preforms. A working composition of 0.4M A1C13.6H20 / IM HC1 has been adopted 
which can be reused a minimum of 3 times with no resulting surface deterioration. 

The second etch is a HF/HN03/H3B03 composition. Etch rates are highly dependent on 
both the concentrations of HF and HN03 as well as the temperature [40°C (0.1-0.5um/min) to 
80°C (3-8um/min)]. Optically polished preforms can be reproducibly produced provided a fresh 
etch solution is used. The optimum etch composition (by volume) is 50% HF (48%) / 30% HN03 
(68%) / 20% H20 plus 3M H3B03. 

Fibre pulling trials reveal that both etches significantly improve the fibre strength and 
quality over fibre pulled from unetched / alternatively etched preforms. However the 
A1C13.6H20/HC1 composition tends, on average, to perform slightly better. The etching process 
is most effective if carried out immediately prior to fibre pulling. 

Further fibre pulling investigations using the A1C13.6H20/HC1 composition concentrated 
on the etching procedure to give the best fibre (125um diameter) as analysed by bend testing the 
uncoated fibre and optical inspection. In order to completely remove the contaminated surface 
layer requires a two stage aggressive etch procedure ((1) 90 mins etch at 85 °C, 60 mins 
ultrasonic rinse in methanol. (2) 60 mins etch at 55 °C, 30 mins ultrasonic rinse in methanol) 
which must remove at least 1mm from the preform diameter. The subsequent fibre pulling is 
easily controlled and highly repeatable. The uncoated fibre has good strength (~ 1.0% strain to 
failure) which is consistent along the total length (100m). Furthermore there is <10% loss in 
strength observed after leaving the fibre in an ambient atmosphere for two weeks. 
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ABSTRACT: 
A foll-scale compositional analysis of Yb3+-doped heavy metal fluoride glasses (HMFG) 

has been undertaken to determine potential hosts for use in the development of a first-generation 
optical cryocooler for space-borne remote sensing applications. By pumping to the lower levels 
of the Yb3+ 2F5/2 manifold, followed by a thermally-driven population redistribution to higher 
levels within the manifold, net cooling can be achieved by anti-Stokes fluorescence back to the 
ground state. This will only occur, however, if the extrinsic absorptive component of the host 
glass is suppressed. This paper reports on fluoride glasses in the ZBLAN and BaF2-InF3-GaF3 

(BIG) families which have shown great promise for fluorescent cooling. ZBLANPb: Yb   is the 
first solid to actually exhibit net cooling due to anti-Stokes fluorescence. Temperature drops of 
0.33 K in a bulk glass and 16 K in a fiber sample were obtained by infrared evaluation. Net 
cooling in ZBLANPb: Yb3+ could only be achieved once an electrochemical purification stage 
was successfully incorporated into the glass fabrication process to reduce the broad Fe + and Cu 
absorption bands in the near-infrared region. Currently, due to the absence of concentration 
quenching of the Yb3+ ion and constraints on the dopant levels in ZBLAN glasses, hosts in the 
BIG family of fluoride glasses with higher rare earth concentration are being investigated as 
potential fluorescent coolers. The BIG-derived hosts have been determined to contain similar 
mean emission photon energies and larger long-wavelength absorption tails than that of 
ZBLANPb: Yb  . These results indicate a strong potential for fluorescent cooling in these newly 
investigated hosts. Low-temperature absorption and fluorescence spectra have indicated that the 
Yb3+-containing BIG glasses should have a cooling efficiency more than twice that of ZBLANPb 
at temperatures below 80 K and may attain a minimum temperature of 45 K compared to 55 K 
expected for the ZBLANPb. In general, the great potential for high levels of net cooling makes 
these heavy metal fluoride hosts attractive candidates for the development of a first-generation 
optical cryocooler for astronomical remote sensing applications. 

INTRODUCTION: 
The continual cooling of matter by anti-Stokes fluorescence was first discussed in 1929 

by Pringsheim.1 After much controversy regarding the thermodynamic validity of such a 
phenomenon, L. Landau in 1946 established that optical cooling does not violate the second law 
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of thermodynamics through his introduction of radiation entropy.2"4 Much progress has been 
achieved in laser cooling free atoms to below one microKelvin;5'7 however, attempts to cool 
condensed phase material with light have only met with limited success.8 Laser cooling was 
recently achieved in solids for the first time in a ytterbium-doped ZBLANPb glass sample.9 

The basic condition for optical refrigeration is that a material exhibit high quantum 
efficiency anti-Stokes fluorescence. Cooling via anti-Stokes fluorescence, where the emission 
energy is greater than that of the pump, may at first appear to contradict common sense: an 
intense monochromatic light irradiates a material, and the temperature of the material decreases. 
Figure 1 shows a general anti-Stokes fluorescence process and how it can result in cooling. 
Assume that a laser is tuned to the 1 -> 2 transition and the separation between levels 2 and 3 is 
much less than the energy gap between 1 and 2. Phonon absorption follows the optical 
absorption such that the relative populations between the two upper levels equilibrate. 
Fluorescence from the 2 -> 1 and 3 -> 1 transitions will occur with a mean photon energy greater 
than the incident energy. 

In order to obtain net cooling via the general anti-Stokes fluorescence process described 
in Figure 1, the following conditions must be satisfied. First there must be a radiative quantum 
efficiency close to unity. The nonradiative decay rate of a rare earth is approximated by 

Wmp = W0e -oAE 

where AE is the energy gap between levels 1 and 2 in Figure l.10 A large AE would make the 
nonradiative decay rate negligible, and thus is desired for this application. Secondly, levels 
higher than level 2 must be accessible by absorption of the vibrational energy of the glass, and 
thermalization must be rapid compared to the relaxation time to the ground state. Thus, the 
spacing between levels in the excited state manifold should be at most a few times kT.n 

Of the various rare earths, trivalent ytterbium has the necessary characteristics described 
earlier. Ytterbium has only two available manifolds, the 2F7/2 ground state and the 2F5/2 excited 
state, separated by ~ 104 cm"1, with moderately strong electron-phonon coupling strength. In 
particular, the lack of three unwanted effects: multiphonon relaxation, concentration quenching, 
and excited state absorption make it unique as an activator for laser-induced fluorescent cooling. 
In a glass host, the energy levels of Yb3+ are also split due to Stark effects. Stark splitting is 
typically small (~ 200 cm"1), thus levels within a manifold are accessible by thermalization 
should the relative populations of the manifold be perturbed. 

Fluoride glasses in the ZBLAN and BIG (Barium-Indium-Gallium) glass families have 
been employed in this study for potential application in the area of laser-induced fluorescent 
cooling. The reasoning for the use of ZBLAN-derived hosts has been discussed previously.9 

Compared with ZBLANPb hosts, BIG glasses allow substantially greater amounts of rare earth 
ions to be incorporated and offer improved chemical durability. These BIG-derived hosts also 
exhibit significant absorption extending to lower energies than the mean emission photon energy, 
which is the most fundamental spectroscopic requirement for optical cooling. 

EXPERIMENTAL: 
Ytterbium-doped ZBLANPb (in mol%: 53% ZrF4,18% BaF2,3% LaF3,3% A1F3,20% 

NaF, 2% PbF2,1% YbF3) and BIGaZYbTZr (in moI%: 30% BaF2,18% InF3,12% GaF3,20% 
ZnF2,10% YbF3,6% ThF4,4% ZrF4) glass samples were fabricated using UHP starting materials 
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(EM Fluortran). 30 g batches were melted in a vitreous carbon crucible at 950°C for 1 h under an 
inert atmosphere. Reactive atmosphere processing was carried out with SF6 (g> for 1 h at 775°C 
for the elimination of reduced zirconium and residual moisture. Prior to casting, the liquid was 
placed into an electrchemical purification cell. The liquids were exposed to a voltage for 18 h at 
600°C. The electrochemical purification process has been previously discussed in detail.   Cast 
samples were cut and polished for optical measurements. The emission measurements were 
made using a tunable cw Ti-Sapphire laser (Spectra-Physics Model 3900S) pumped with an 
argon laser (Coherent INNOVA 20) and has a spectral bandwidth < 30GHz. A sample was 
placed in a cryostat (Infrared Lab. HDL-8) and the temperature was measured with a calibrated 
silicon diode. The absorption measurements were made with a similar setup, a calibrated white- 
light source replacing the laser. 

RESULTS AND DISCUSSION: 
Room temperature absorption and emission spectra of the two glasses are shown in 

Figure 2. The vertical dashed line indicates the mean emission wavelength (X,f) that corresponds 
to the mean emission photon energy. X,f is also the theoretical null wavelength, where when 
pumped with this wavelength the sample should neither heat nor cool. It was observed that the 
calculated null wavelength is the same regardless of where the excited state manifold was 
pumped between 940 nm and 1020 nm. The large integral overlap and absorption coefficient at 
wavelengths greater than Xf are desired for efficient absorption for anti-Stokes fluorescence. 

In comparison with the ZBLANPb glass sample, it is evident that absorptive and emissive 
properties of Yb3+ in the BIG-derived glass are very similar to those in the ZBLAN-based host. 
Due to the ability to incorporate greater Yb3+ into the BIG-derived hosts, a stronger absorption 
results. This enables Yb3+ to be pumped more effectively at longer wavelengths than for the 
ZBLANPb host, which may allow for a wider spectral range over which this composition will 
exhibit fluorescent cooling. 

The absorption and emission spectra were measured from temperatures of ~ 10 to 300 K 
to assess the theoretical minimum operating temperatures and cooling efficiencies under 
optimum cooling conditions. Figure 3 shows the absorption and emission spectra for the BIG- 
derived sample as a function of temperature. Similar results were obtained for the ZBLANPb 
sample. The long-wavelength absorption tail, i.e. the cooling tail, shows a strong temperature 
dependence; the absorption coefficient rapidly falls with decreasing temperature. The short- 
wavelength blue tail of the emission also decreases at lower temperatures. 

Based upon the low temperature absorption spectra and using the reciprocity method (not 
discussed here), theoretical cooling efficiencies were determined as a function of temperature. 
The data suggest that the BIG glass should have a cooling efficiency more than twice that of 
ZBLANPb at temperatures below 80 K and may attain a minimum temperature of 45 K 
compared to 55 K expected for the ZBLANPb. 

In order to obtain fluorescent cooling in a solid, a high purity, high quality host must first 
be synthesized. Due to the fact that the absorption and fluorescence of the Yb3+ ion takes place 
in the 1.0 urn region, one of the primary obstacles which must be overcome to successfully 
achieve fluorescent cooling is the suppression of the extrinsic absorption of the base glass in this 
region. Since transition metals have strong bands in the near IR and are common trace impurities 
in heavy metal fluoride glasses, the focus has been on the removal of these elements, specifically 
iron and copper. Purification via electrochemical processing has been undertaken to directly 
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remove the transition metal impurities from the melt. In a recent paper,9 Fajardo, et al. observed 
a substantial reduction in the transition metal impurity levels (particularly iron and copper) in a 
ZBLANPb host through the use of electrochemical purification techniques, potentially enabling 
fluorescent cooling to be obtained. Electrochemical purification studies are currently being 
performed on the BIG-derived hosts in order to similarly reduce transition metal levels to the 
extent where fluorescent cooling may be achieved. 

The amount of cooling in the ZBLANPb glass sample was quantified via infrared 
evaluation. Temperature drops of 0.33 K and 16 K were observed in bulk and fiber samples, 
respectively. The higher Yb3+ concentrations in the BIG samples as well as continued 
improvements in the electrochemical purification process should result in greater levels of 
fluorescent cooling. 

CONCLUSIONS: 
Yb -doped fluoride hosts in the ZBLAN and BIG glass families were examined to assess 

the potential for laser-induced fluorescent cooling. The assessment is based on the absorption 
and emission spectra as a function of temperature. The BIG and ZBLAN-derived glasses were 
determined to have theoretical minimum operating temperatures of 45 K and 55 K, respectively. 
The BIG glasses have the possibility of cooling more than twice as efficiently as ZBLANPb at 
temperatures below 80 K, largely due to its high tolerance of Yb3+ dopant concentration. 
Temperature drops of 0.33 K and 16 K were observed in bulk and fiber ZBLANPb samples via 
infrared evaluation. Electrochemical purification studies are currently ongoing on the BIG 
samples in order to eventually realize high levels of net cooling in these hosts. 
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Figure 2. Room temperature absorption and emission spectra of Yb3+ in a) ZBLANP and b) BIG 
fluoride glass hosts. 

IS(NOGr'98 123 



900 950 1000 

Wavelength (nm) 

1050 

r 
1.0 — 

.   .   i   ,   . 

300K 
250K 1 A 

i    i    |    1    1—1—I— 

BIGaZYT  ~ 
o 
'55 0.8 200K 

150K 
- 

fc 
cu 
•D 
0 
N 

"05 
E w 
o z 

0.6 

0.4 

0.2 

0.0 

- 

100K 
65K 
50K 
24K 
11K        / 

Iff L^S>\ 

^Cs,          - 

- . :    ;    i    I    ,    , 1 
—; ;__,!,„ i. • , i , i i Tn 

900    950    1000    1050 

Wavelength (nm) 

1100 

j,. 

Figure 3. Normalized a) absorption and b) emission spectra of Yb3+ in a BIG fluoride glass host 
at different temperatures. 

124 IS(NOG)2,98 



F1(I) 

IONIC CONDUCTIVITY IN OPTIMIZED CHALCOGEND3E FIC GLASSES 

Steve W. Martin 

Department of Materials Science & Engineering, Iowa State University of Science & 
Technology, Ames, IA 50011, swmartin@iastate.edu 

Fast ion conduction (FIC) in glass has been studied for some time and much effort has been 

directed at obtaining high conductivity in glass. Recent success in sulfide- and silver-doped 

glasses has pushed the maximum room temperature conductivity in glass up to 10"2 (Qcm"l)[l]. 

Concomitant with this success has been the clarification of the structural and dynamic models 

used to understand FIC in these "superionic" glasses. Our work for example has clearly identified 

the wide composition dependence of the ionic conductivity with both structural and conduction 

energetics features of these glasses [2]. Other work has shown the intimate interplay between 

composition, structure, and the dynamics of the FIC in these glasses[3]. In all of this work, the 

question still remains of how high the ionic conductivity can be pushed in these glasses. For 

example, does the limit of 10"2(Qcm"^) represent a fundamental limit that will not be overcome, 

or do the calculations that have been made earlier[4], where a conductivity of 1 to 100 (Qcm)-* 

at room temperature is predicted, still hold promise that more glass chemistry optimization must 

be done before the limit is reached? 

In this contribution, we show that by using all the available knowledge that links ionic 

conductivity to glass chemistry and structure, a new feature in the composition and temperature 

dependence of ionic conductivity in glass arises that may well limit the maximum conductivity 

that is obtainable in glass. When all the features of the glass chemistry and composition have 

been carefully optimized to obtain highest conductivity in glass, the conductivity exhibits a 

strong non-Arrhenius temperature dependence that reduces the conductivity at room temperature 

some one to two orders of magnitude below that predicted from low temperature (sub-ambient) 

conductivities. We believe this behavior to be an as yet undiscovered ubiquitous behavior of all 

superionic FIC glasses and points to another feature of ionic conduction in glass that must be 
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fully understood in order to make any more progress in optimizing the conductivity in these 

glasses. Indeed, this behavior may well point to a fundamental device limitation for these 

glasses. 

The purpose of this paper is to report new measurements on a series of new silver iodide-doped 

silver thioborosilicate glasses that were specifically designed to yield optimum ionic conduction 

in glass. 

Glasses of general composition zAgl + (l-z)[xAg2S + (l-x)B2S3:SiS23 were prepared by batch 

melting Agl with previously prepared xAg2S + (l-x)B2S3:SiS2 glasses in vitreous carbon 

crucibles in a high quality O2- and H20-free glove box at ~ 850°C and quenching into 1-2 mm x 

25 mm discs in stainless steel molds held near the Tg of the glass, ~350°C. The xAg2S + (1- 

x)B2S3:SiS2 glasses were prepared from reagent grade Ag2S and SiS2 (99.9 %, Cerac, Inc.) and 

B2S3 prepared in this lab[5]. Conductivity measurements were made using a high quality 

Impedance Spectroscopy facility over the frequency range of 0.1 Hz to 32 MHz and from 100 to 

600 K[4]. Complex plane analysis was used to determine the D.C. conductivity of these glasses. 

Tgs were determined using a PE-DSC 4 at 20°C/min. 

It has been widely shown that due to their high electronic polarizability, silver cations always 

exhibit conductivities in glass some one to four orders of magnitude higher than any of the alkali 

ions[l]. Similarly, sulfide glasses, first discovered by Levasseur et al. [6], show conductivities 

some three to as many as ten orders of magnitude higher than any corresponding oxide glass. 

More recently, the effect of doping FIC glasses with halide salts, especially Agl, can increase the 

conductivity some two to three orders of magmtude[l]. Finally, it has also been shown that 

mixing different glass formers such as SiC>2 and B2O3 for reasons that are not completely 

understood produces non-linear increases in the conductivity and this has been termed the 

mixed-glass former effect[l]. Using these observations, it follows that high ionic conductivity in 

glass, if not the highest yet reported, should be found among glass compositions chosen in the 

series Agl + Ag2S + SiS2 + B2S3. 
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Although wide compositions of glass formation were not found, glasses in the ternary Ag2S + 

SiS2 + B2S3 could be prepared. It was observed that at the SiS2:B2S3 ratio of 1:1, and a Ag2S 

fraction of 60 mole %, the strongest glass former was observed. This glass was then used as host 

for the Agl doping and as in many other Agl-doped glasses[l], 40 mole% of Agl could be doped 

into the glass before devitrification was observed. The glasses reported in this paper therefore 

belong to the compositional series yAgl + (l-z)[xAg2S + (l-x)B2S3:SiS2l, where 0 < z < 0.4 and 

x = 0.525. Other glasses were prepared and studied and will be reported on separately. The 

present series is the highest conducting and most strongly glass forming. 

Figure 1 shows the Arrhenius plots of the conductivity for these glasses along with a few other 

glasses both in this family and others to show the level of conductivity increase that the current 

series exhibits. Figure 1 shows that these glasses do indeed exhibit the highest yet reported of all 

conductivities in glass at room temperature, a result quite surprising in itself, except that the 

glass chemistry was specifically designed to yield this result. Another important finding about 

these glasses is that are exceptionally stable in both air and water. Even though they comprise 

some 50 atom % of SiS2 and B2S3, both of which are exceptionally chemically unstable, the 

resulting glasses are very chemically durable. These three features make these glasses 

particularly attractive for device fabrication and use. 

Most dramatic about these glasses, however, is the fact that Figure 1 shows that then- 

conductivities are exceptionally non-Arrhenius. A dashed line on the z = 0.4 glass data shows 

that the room temperature conductivity is some two to three orders-of-magnitude less than that 

predicted. This behavior has been reported before for other low Tg "oxysalt" FIC glasses, where 

the non-Arrhenius behavior was associated with the dynamic temperature dependent 

restructuring of the I" anion "sub lattice"[7]. Such restructuring was proposed to be associated 

with the low Tgs of these glasses, < 100°C. By annealing the glasses and presumably densifying 

the glass to the point where the I" anions could not restructure, Ingram et al.[7] observed that 

they could remove the non-Arrhenius temperature dependence. In the present glasses, where Tg 

approaches 400°C and Figure 1 shows that the non-Arrhenius behavior persists even for glasses 

without Agl, it is clear that such a simple model may not be entirely correct Indeed, Figure 1 
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also shows this behavior for a lithium ion FIC glass. For these reasons, it is argued that the non- 

Arrhenius temperature dependence is a ubiquitous feature of all FIC glasses that have optimized 

ionic conductivities. We believe this to be a new feature for FIC glasses that must be fully 

understood before any more significant increases in the conductivity of FIC glasses can be 

obtained. In the following, we propose a simple hypothesis that may account for this behavior 

that does not depend upon any unique features of glass chemistry or structure as the previous 

models. 

The specific aim to obtain a glass with a maximum conductivity implies that the activation 

energy for conduction must be minimized. In this case, at high temperature the concept of ion 

conduction in glass being the result of infrequent individual ion hops over large energy barriers 

may not be appropriate. At low temperatures, however, where kT is far below the activation 

energy this is an appropriate picture of the conduction dynamics and the conductivity exhibits 

near but not completely Arrhenius temperature dependence. At higher temperatures and 

optimized glass compositions and minimized activation energies, it is very likely that a 

significant fraction indeed most if not all of the ions in the glass will be dissociated from their 

anionic potential energy wells and able to conduct in the glass. For example, kT at 500K is on 

the order of 0.04 eV, in the range, -0.10 eV, observed for the activation energy for the most 

compositionaliy optimized glass studied here. In this case, the effect of temperature would no 

longer be to thermally create charge carriers for conduction but rather to increase the mobility of 

the carrier population. The hypothesis in this model would be that the conductivity has reached a 

mobile carrier concentration limit and further increases in conductivity depend upon increasing 

the mobility of the carriers. Such behavior is observed and well studied in electronic 

semiconductors, where even lower activation energies are observed. In these cases, of course, the 

charge carrier is the quantum-effects controlled electron, and the comparison to the "classical- 

limit" behavior of the mass and charge carrying ion conductors cannot be taken to far, however. 

None-the-less, the analogy is an important and may lead to a better understanding of these 

glasses and their anomalous behavior. 

4 
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Such a hypothesis is in agreement with the oft cited notion that in glassy FICs, it is the carrier 

concentration that dominates the conductivity[8]. In the weak electrolyte model, this is seen as 

the dissociation energy required to create a mobile carrier. In the strong electrolyte Anderson- 

Stuart model, this is seen as the electrostatic binding (coulombic) energy barrier to 

conduction[9]. In both cases, the dominant energy barrier is believed to be associated with the 

electrostatic (coulombic) attraction between mobile cations and stationary anions in the glass. 1. 

If this is the case, the high temperature limit of the activation energy may well only be associated 

with the mobility part of the activation where all ions are participating equally in the conduction 

events. 

If such a model were correct for these glasses, it would seem that at some temperature, below 

Tg, ion-ion interaction and scattering should become a major obstacle for conduction and the 

conductivity should begin to decrease with temperature in a manner seen in electronic band 

conductors. In the present case, the glasses appear to have not reached this limiting behavior. We 

are, however, using these base compositions to further optimize the glass chemistry to increase 

the Tg even further to observe whether such behavior occurs. 
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Figure 1. Arrhenius plots of the ionic conductivity for glasses studied in this work and 

compared to those for other Li and Na conducting glasses. Notice that for the poorer conducting 

glasses, the Arrhenius plots have a straight slope, whereas the optimized Ag conducting FIC 

glasses have significant curvature at highest temperatures. 
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ABSTRACT 
The glass formation regions are determined in the Ga2S3-GeS2-MCl (M=Li, Na, K, Cs, Ag, 
Tl) and Gal3 - NaCl systems. It is noted that the formation of complex structural units is 
favourable for increasing the glass formation regions. Temperature dependencies of the 
electric conductivity of 60 glasses in the systems Ga2S3-GeS2-MCl were measured. All these 
glasses have significant cation conductivity. Activation energy of conductivity for all 
investigated systems is a linear function on the cubic root of the atomic fraction of cations. 
These results agree with the simple model of cation conductivity. 

INTRODUCTION 
It is possible to introduce a high concentration of NaCl into chalcogenide glasses 

containing gallium [1]. These glasses may contain even larger amounts of T1C1 and AgCl [2]. 
They have a cation conductivity and can be used as ion selective electrodes [3,4]. The large 
number of other halides M+nHaln (n=l,2) can be also introduced into the chalcogenide glasses 
which consist of GeS2 and Ga2S3 [5-7]. The possibility of formation of anions (Ga S3/2C1)- 
in glass network due to the high capability of Ga+3 to form complexes is mentioned in [1]. 
Further investigations of the glassforming process in systems GeS2 - Ga^ - MCI (M=Li, Na, 
K, Cs, (Cu), Ag, Tl) [2], Raman spectra [ 8 ], X-ray spectroscopy of Ga and Ge in glasses 
GeS2 - Ga^ - NaF (MnF2) [7] confirm this supposition. 

GeS, 

MCI 

Fig. 1. Glass-forming regions with: 
1 - LiCl; 2 - NaCl; 3 - KC1; 4 - CsCl; 5 - AgCl; 6 - T1C1. 

RESULTS AND DISCUSSIONS 
The melts with high chloride 

content (more than 15-20 mol %) 
are most readily synthesised. If 
the melt composition does not lie 
at the boundary of the glass 
formation region, a high cooling 
rate is not required to obtain the 
glass; it may even be down to the 
point of the furnace-cooled 
regime. The synthesis of glasses 
with a small chloride content is 
more complicated. Higher cooling 
rates are necessary for glass to be 
obtained, even to the point of 
quenching into water. The glasses 
lose their moisture resistance with 
an increase in the chloride content. 
Glasses containing 10 mol % 
chloride     can     be     used     as 
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membranes in ion-selective electrodes. At the maximum chloride concentrations, the glass 
ingots begin to crack after the tubes open up. Fig. 1 demonstrates the glass formation regions. 
The boundaries of glass formation region in the rubidium chloride system lie between those in 

the systems with potassium 
and caesium chlorides. The 
glass formation region for 
the system with copper 
chloride is not depicted, 
because the glasses could 
be manufactured only 
when the CuCl content 
was less than 5 mol % and 
when the quenching was 
performed into water, by 
pouring the melt onto the 
tube walls. It is of interest 
that the concentration 
boundaries of all the glass 
formation regions are 
similar in shape: the 
boundaries are extended 
from the glass formation 

o 

30       40 

MCI, mol.% 
50       60 

Fig. 2. Dependence of maximum chloride content in glasses of    region of the <luasi-binary 
the GeS2-Ga2S3 -MCI systems on cation radius. GeS2-Ga2S3 system toward 

the MGaS3/2Cl 
composition. In the glass of 

the GeS2-Ga2S3 system, the four fold co-ordination of Ga, along with the same co-ordination 
of germanium, produces a too high degree of glass-network connectivity, which hinders the 
glass formation. The introduction of chloride into the glass composition retains the fourfold 
co-ordination of gallium but decreases the degree of glass-network connectivity (Fig. 2). 
Therefore, the formation of the complex anion favours the glass formation. The insufficient 
stability of complex anion in the melt at temperatures when the glass network is formed can 
present a problem. It is known that the stability of the complex anion depends directly on the 
polarizability of outer-sphere cation, or inversely, on the field strength of this cation. To put it 
differently, the stability of the complex anion should increase with a rise in the radius if the 
outer-sphere cation. So, in fig. 2 it is shown the dependence of the maximum chloride content 
in glasses of the GeS2 - Ga^ - MCI systems on the outer-sphere cation radius. The points 
corresponded to Cu and Ag fall out of this dependence. The reason of this is the exchange 
chemical reactions, which take place in these systems [ 9 ]. 

Therefore, the concept of the formation of complex anions and their beneficial effect on the 
glass-forming ability of the melts should be used to explain the regularities of glass formation 
in the systems under consideration. It seems likely that an increase in the degree of covalence 
for the complexing agent metal bonds due to the complex formation is also favourable to glass 
formation. It was of interest to find a system that would be a totally halide system, but close 
in composition to the studied compounds, and where the role of complexing ability of the 
Ga+ ions in the formation of glass network would be evident. 

Such a system, namely, (l-x)GaI3xNaCl, was found. The glass formation region extends 
from x=0.05 to x=0.25. The softening points for glasses were below room temperature. The 
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rate of glass hydrolysis in air is very high. The glasses are pale-yellow and become colourless 
with an increase in the sodium chloride content. 

The compositions of glasses which conductivity was investigated lie in the following 
sections: 1. (0.2Ga2S30.8GeS2)-LiCl; 2. (0.2Ga2S30.8GeS2)-NaCl; 3. (0.3Ga2S30.7GeS2)- 
(0.7NaC10.3Ga2S3); 4. (0.2Ga2S30.8GeS2)-(0.67KC10.33Ga2S3); 5. (0.11Ga2S30.89GeS2)- 
(0.67CsCr0.33Ga2S3); 6. (0.2Ga2S30.8GeS2)-AgCl; 7. (0.2Ga2S3 0.8GeS2)- 
(0.7AgC10.3Ga2S3); 8. (0.2Ga2S30.8GeS2)- (0.65T1C10.35Ga2S3). 

The examples of the concentration dependence of ionic conductivity are presented in fig. 3. 
It should be noted that the investigated glasses possess a significant conductivity for 
practically all M+ cations. The alloys with CuCl show no glassforming ability. The cation 
conductivity of glasses with RbCl has the values which are smaller than those for glasses with 

KC1 and are larger than those 
for glasses with CsCl. But the 
detailed investigations of 
glasses with RbCl were not 
carried out. 

The main attention was 
spared to analyse the 
concentration dependencies 
of activation energy of cation 
conductivity (Ea). These 
dependencies are presented in 
fig.4. It should be marked that 
the main orientation of all 
sections (1-8) in investigated 
systems is closed. Due to this 
fact it became possible to 
compare the concentration 
dependencies of ECT, because 
deviation of orientation of 
sections does not influence 

the dependencies 
dramatically. 

1 
.40 

0 

■ 

Nan/ 

Kjy 

R^ 

Tl 

Cs 

© 
Ag 

.      D 

u Cu 
© 

i         ' i 

R, nm 
1        i 
 ,  

0,08 0,12 0,16 

Fig. 3. Dependencies of conductivity of glasses from 
containing of halides at 100 °C. on 

Ea(M1/3) 
ECT(M

1/3) dependence for glasses with AgCl is plotted using the data for both sections 6 and 7 
(fig. 4). Certainly, for sections with strong different orientations the nature of Ea(M ) 
dependencies is different. 

We shall consider, that the conductivity is defined by the vacancy mechanism. The 
formation of vacancies is the result of the thermodissociation of the pairs cation-vacancy. The 
activation energy of the cationic conductivity consists of the three terms: the Column potential 
of the dissociation of cation-vacancy pairs, the Column barrier between two neighbouring 
vacancies and the elastic deformation of the glasses network due to the movement of cations 
with large radius. The latter is determined by multiplication of the deformed volume 
{47tRh(Rc-Rh)2) and me modulus of the comprehensive compression (G) [10]. So, for Ea we 
can write the following expression: 

Ea=4nGRh(Rc-Rh) + 
e2 g2 1     _2    1 

te0(i?c +Ra)
+4mz0 

{RC +Ra ~r ~V (1) 

Or: 
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Fig.4. Dependence of £aon the cubic root of the atomic 
fraction of cations. 

average distance between the cation positions in the glass network: 

A 
8r3« 

pNAM 

(2) 

The length of 
ions' jump from 
one vacancy to 
another is 
marked by    2r, 
the        effective 
equilibrium 
distance 
between the 
anions' negative 
charge and the 
cations' positive 
charge is 
approximately 
the same as the 
sum of then- 
radii (Rc+Ra). Rh 

is the radius of 
the channels 
among the 
atoms through 
which the cation 
moves (i?/,=0.06 
nm [10]). Let us 
assume that 2r is 
equal     to     the 

(3) 

A   is the average weight of the atoms, p is the glass density, Mis the atomic fraction of 

the ion conductive cations in glass. The dependence of the factor  on the composition 
pNA 

is weak because the density of glasses is usually a linear function of an average weight of the 
atoms. Let us suppose that the dielectric constant s does not depend on the composition of 
glasses in the investigated systems. 

According to the model the ECT(M
1/3) dependencies have the following peculiarities. All 

ECT(M ) dependencies under investigation should be linear. Their slope does not depend on 
the nature of the cation and is equal to 
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dM 1/3 Ansen 

pNA 

0,8-1 

•       (4) 

From this expression and according to 
the experimental data it can be estimated 
that  e has the value of about 10.   The 
values of Ea at M->0 (E°a) are equal to: 

3e2 

E:=- 
&nse0(Rc+Ra) 

■ + AnGRh(Rc-Rh) 

Fig. 5. Dependence of the deformation input into 
Ea on (Rc-Rh)2. 

This equation allows to find the part 
of ECT which is determined by the 
deformation of the glass network due to 
the motion of the cations (Edej). 
According to the equation for Edef , it 
depends linearly on (Rc-Rh)2 (fig. 5). So, 
it can be found from the slope of this 
dependence that G»1.31010J/m3. 
According to the results of the sound 
velocity investigations it was established 
for various chalcogenide glasses that  G 

changes between 0.97 and 2.06 10luJ/mJ [11]. 

CONCLUSIONS 
The new GeS2-Ga2S3-MCl and Gal3-NaCl glass-forming systems are identified. The 

complex M^GaSa^Cl]" structural units play a significant part in the formation of glass 
network. The occurrence of these units favours an increase in the limiting content of chlorides 
in the test glasses. 

Glasses containing GeS2, Ga2S3 and chlorides of all M+ cations, but for Cu, possess a 
significant cation conductivity. The dependencies of the activation energy of conductivity on 
the concentration of MCI and the cation radius are satisfactorily described with the help of the 
simple model. These facts allow to consider the discussed glasses as the convenient model 
objects for further investigations of the composition influence on the cationic conductivity of 
glasses. 
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ABSTRACT 

The measured spectroscopic properties of Pr3+ and Dy3+ doped into sulfide and fluoride 
hosts are used to predict the gain efficiency of a 1300 nm fiber amplifier. It is found that 
excited-state absorption from the long- lived 3H5 level in Pr3+ doped sulfide glass causes a 
significant degradation in performance, especially at wavelengths shorter than 1320 nm. 
Pr3+ doped fluoride glass does not suffer significantly from this effect, although the 
maximum gain is smaller in the fluoride glass. The Dy3+ amplifier is predicted to be most 
efficient for wavelengths longer than 1330 nm. 

INTRODUCTION 

Low-phonon glasses such as the chalcogenides are widely recognized as ideal hosts for 
a rare-earth doped fiber amplifier, due to the lower nonradiative decay rates and 
consequent higher quantum efficiencies. 1-3 The higher refractive index of the low-bandgap 
chalcogenides also increases the radiative rates and emission cross sections, which further 
improves amplifier efficiency. Not widely recognized, however, is the detrimental effect of 
excited-state absorption (ESA) from certain long- lived levels in a chalcogenide-based 
amplifier. We show here how ESA from the 3H6 level of Pr3+ limits the efficiency of a 1.3 
/zm sulfide-based fiber amplifier, and make a comparison between sulfide and fluoride hosts. 

PR FIBER AMPLIFIER MODEL 

Fig. 1 shows the relevant transitions for Pr3+, with pumping into the XG4 (level 5) and 
amplification on the XG4 -> 3H6 (5-*2) transition. Levels 3H6 and 3F2 are thermally 
coupled and lumped into an effective level 3, and likewise for levels 3F3 and 3F4, which are 
lumped into level 4. The net gain coefficient is 

7 = #6^52 - NiffiS (1) 

where Nj is the number of ions in level j per unit volume, and o^- is the cross section for 
the i-»j transition. Although N2 is usually assumed to be negligible, this assumption must 
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be re- examined for the chalcogenide glasses, where weak nonradiative relaxation leads to 
long level lifetimes. 

The populations NB and N2 were calculated under steady-state pumping on the l->5 
transition using a standard rate equation analysis. We consider only the small signal limit, 
but allow the pump power to be arbitrarily large. The fiber amplifier model is simplified to 
neglect amplified spontaneous emission (ASE) and overlap integrals between pump and 
signal modes. These simplifications are not expected to significantly affect the comparison 
of different glass hosts as presented here. After integrating the gain along a fiber long 
enough to absorb most of the pump power Pin, the gain efficiency is found to be 

dB gain ^   10  Teff[xB<rB2 - x2<r2B] 

Pin InlO A^hvp (2) 

where A^ is the core area, hup is the pump photon energy, and 

*■„// = T2 + T3 + TA + TB 

TB   =   T5 

TA   =   ßuU 

Tz   =   [&3 + /364/?43]r3 

Also, n is the fluorescence lifetime of level i, ß{j is the branching ratio for the i-+j 
transition (including nonradiative decay), and *,- = Ti/reff is the fraction of all excited ions 
which are m level i. In the limit where level 5 is the only long-lived excited state, the gain 
m eq.(2) is simply proportional to aB2rB, which is the usual figure-of-merit for a four-level 
type amplifier. 

Evaluation of xB and x2 in eq.(2) requires knowledge of both radiative and 
nonradiative rates. Radiative rates were calculated from the Judd-Ofelt parameters (see 
table 1), and nonradiative rates were calculated using the energy gap law 
Wnr=B(l+n)P exp(-a AE). In this expression, AE is the energy gap to the next lowest 
state, p=AE/hu;, ÄO; is the effective maximum phonon energy of the glass, 
n=l/(ehufkT - 1), and B and a are two phenomenological fitting parameters. We recently 
measured a = 3.2 x 10"3 cm and B = 2 x 106 s"1 for the glass AsGaGeS, values similar to 
those previously obtained for LaGaS glass.4 

Also needed in eq.(2) are the emission and ESA spectra, aB2 and <r2B. These are related 
by the McCumber transform <r2B(X) = <rB2(A)exp[^g^], where e is an effective energy 
difference determined by the energies of all Stark components for the two levels. Knowledge 
of e provides the scaling factor between <rB2 and <r2B, and gives the ratio of absorption to 
emission oscillator strength f^/f^. Since individual Stark components are not resolved in 
glasses at room temperature, an approximate method was used based on a simplified Stark 
level scheme,5 with the result UJf^ = 0.88. Another method commonly used is based on 
the degeneracies of the two levels, which yields UJf^ = 0.82. The small difference 
between these two values does not significantly impact the amplifier gain calculations. 
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PR AMPLIFIER RESULTS AND DISCUSSION 

Eq.(2) was used to calculate the small-signal gain of a Pr:AsGaGeS fiber amplifier 
with 2 pm diameter core, pumped at 1027 nm. Fig. 2 compares the predicted gain spectra 
with and without considering the ESA from level 2. ESA becomes most important at 
shorter wavelengths because the absorption spectrum 025(A) is blue-shifted with respect to 
the emission spectrum 052(A). 

To provide a comparison with other 1.3 /im amplifier hosts, the same calculation was 
performed for Pr3+ doped in a fluorozirconate glass (ZBLAN) and in a recently developed 
oxyfluoride transparent glass ceramic (TGC).6 The Judd-Ofelt parameters given in Table 1 
for these hosts (as well as AsGaGeS) were determined using branching ratio as well as 
absorption measurements,7 and by minimizing the fractional deviations in oscillator 
strength.8 The values of a and hu for ZBLAN were taken from the similar glass ZBLA,4 

with the value of B adjusted so the 1Gt lifetime agreed with the measured value of 110 /xs. 
For TGC, values of a and hu were taken from SrF2,9 with B adjusted so the radiative 
quantum efficiency of the 5->2 transition agreed with the measured value of 8%.8 

Fig. 3 shows the resulting calculated gain spectra for Pr doped in the three different 
hosts. ESA has much less effect in the fluoride hosts due to the shorter 3H6 lifetime (1.8 fis 
in ZBLAN and 6.0 fis in TGC, compared with 125 fis in AsGaGeS). At wavelengths shorter 
than 1310 nm, TGC has a higher efficiency than the other two hosts, as well as a flatter 
gain spectrum. The peak efficiency of the three hosts is governed by the radiative quantum 
efficiency of the 5-^2 transition, and it is here where the sulfide host is clearly superior. 

The calculated gain spectrum of a PnAsGaGeS amplifier is sensitive to the values 
chosen for the nonradiative decay parameters B and a. Fig. 4 shows how the gain at 1320 
nm depends on B for a fixed a, with the vertical fines showing the best-fit value of B for 
each host. The gain is maximized at some optimum B value, due to two competing effects: 
at high B the quantum efficiency of the 5->2 transition becomes small, reducing the gain, 
while at very low B ESA becomes important because of the long 3HB lifetime. It is seen 
that the actual value of B for AsGaGeS is close to optimum, while TGC and ZBLAN are 
some 2 orders of magnitude away from optimum. This implies that lower values of B are 
definitely preferred in the fluoride hosts, while for the sulfide hosts a lower B value may 
actually degrade amplifier performance, especially at the shorter wavelengths. 

In addition to variations in B, the a parameter may vary from glass to glass. Fig. 5 
shows how the gain at 1330 nm in a Pr.AsGaGeS fiber varies with B for a number of a 
values. Higher a yields a higher optimized gain because the ratio T5/T2 is larger, resulting 
in a smaller ESA contribution. At large a the optimized gain efficiency approaches 4 
dB/mW, comparing favorably with the best erbium-doped amplifiers. It remains to be 
seen, however, whether chalcogenide glasses with these optimum values of a and B can be 
realized. 

DY FIBER AMPLIFIER MODEL 

An alternative 1.3 fim amplifier utilizes the Dy3+ transition shown in Fig. 1. Since 
this is a three-level system, the ground state must be significantly depleted in order for the 
gain coefficient 7 = #40« - JV1014 to be positive. The small- signal gain of a Dy:AsGaGeS 
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fiber amplifier was calculated using a modification of the simplified model described above, 
assuming a2/an core diameter, 1019 Dy3+ ions/cm3, 100 mW of pump light at 1110 nm, ' 
and the a and B values of Table 1. Fig. 3 shows the gain spectrum obtained with an 
optimum fiber length calculated at each wavelength. The Dy3+ amplifier is seen to be most 
efficient around 1390 nm, with a very poor efficiency below 1320 nm. 

One drawback of the Dy3+ amplifier is the long fiber lengths required for optimum 
gain. To achieve a gain of 25 dB at 1330 nm requires pumping at 100 mW with a fiber 
length of 50 m, compared to a power of 12 mW and fiber length of 4 m for the 
Pr:AsGaGeS amplifier. The long required fiber lengths in Dy are due to bottlenecking of 
population in levels 2 and 3. Only «2% of the total excited-state population resides in 
level 4, so over 98% of the Dy ions must be pumped out of the ground state in order to 
achieve population inversion on the 4-J-l transition. The pump transition is thus strongly 
bleached, requiring long fiber lengths to absorb most of the pump light. Co-doping with 
Tb3+ has been suggested as a way to reduce the lifetime of levels 2 and 3, thereby 
permitting shorter fiber lengths.10 Including Dy->Tb energy transfer in the model confirms 
that the optimum fiber length is reduced upon co-doping with Tb, but this comes at the 
expense of a decreased gain efficiency. 

The effect of varying B for fixed a is shown in Fig. 6. As in Pr3+, there is an optimum 
value of B which optimizes the gain. However, the value of B for AsGaGeS is an order of 
magnitude larger than optimum for a Dy3+ amplifier. Therefore, hosts with even smaller 
nonradiative rates (such as selenide glasses) may improve the efficiency of a Dy fiber 
amplifier. 
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TABLE I.  Radiative and nonradiative parameters used in amplifier models. 

Ion Glass ^(cm-1)      g(lQ-3 cm)      B (s"1)      (n2,nA,ü6)(lQ-20cm2) 
Pr AsGaGeS 350 
Pr TGC 360 
Pr        ZBLAN 500 
By AsGaGeS 350 

3.2 
4.5 
5.2 
3.2 

2x10*" 
8xl08 

2xl010 

2xl06 

(10.4, 4.78, 10.4) 
(1.41, 4.59, 7.88) 
(3.14, 3.65, 6.70) 
(9.27, 3.19, 1.41) 

Fig. 1 Transitions for 1.3 pirn 
amplifier 
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Fig. 2 Effect of including 
3H5-1G4 excited-state 
absorption on the gain 
spectrum of a PnAsGaGeS 
fiber amplifier. 
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Fig. 3 Calculated gain spectra of Pr" and Dy3+ fiber amplifiers with sulfide 
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Fig. 4 Variation in calculated 
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amplifier with the assumed 
energy-gap law parameter B 
(a value given in Table 1). 

I3 
M   4 
3 
O   3 

•a 

Pr^AsGaGeS fiber amplifier 
core diameter = 2 urn 
*= 1330 naj 

3.00 

10* 10s 10*  107 108 109 101010n10!210!310M 

Nonradiative prefaetor B (s"1) 

Fig. 5 Variation in calculated 
gain at 1330 nm in a PnAsGaGeS 
fiber amplifier with the assumed 
energy-gap law parameter B 
for different a values. 

Nonradiative prefaetor B (s"1) 
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ABSTRACT 
Nd3+-doped 1.3 urn fibre amplifier has many inherent advantages. Nonetheless, two 

major problems must be overcome in designing a device: long wavelength gain, and amplified 
spontaneous emission (ASE). In the majority of Nd3+-doped glasses the gain is red-shifted out 
of the second telecom window as a result of long-wavelength emission and signal excited-state 
absorption (ESA). The ASE at 1050 nm clamps signal gain at low values due to its large 
branching ratio. In this paper we present new fluoroaluminate glasses developed as hosts for 
the 1.3 urn Nd3+-doped fibre amplifier. Nd3+ emission peaks at 1310-1317 nm were 
demonstrated in bulk glasses. Gain in the 1310-1320 nm region was measured in fibre, with 
evidence of significantly reduced ESA. ASE filtering is discussed, focusing on Bragg grating 
filters and on absorbing co-dopants. The paper also examines thermal and viscous properties 
of the core and cladding glasses for preform and fibre fabrication. 

1. INTRODUCTION 
The need to convert the second telecommunication window (1290-1330 nm) to all- 

optical operation has generated the demand for a 1.3 urn optical fibre amplifier as an essential 
component required to support the explosion in telecommunications and the expected traffic 
associated with interactive video and multimedia services. At present the 1.3 urn window has 
no device comparable to EDFA at 1.5 um, i.e, efficient, low-noise, and broad-band. Currently 
available optical amplifiers at 1.3um are of two types: semiconductor optical amplifiers 
(SOAs), and praseodymium-doped fibre amplifiers (PDFAs) based on fluorozirconate ZBLAN 
glass. SOAs suffer from several serious drawbacks, such as low gain, low saturation power 
level, and a high noise figure. PDF As have low gain efficiency, require a large pump (-800 
mW) at 1015 nm, and are very expensive. These disadvantages prevent a widespread 
deployment of either SOAs or PDF As by the networks. However, commercial devices such 
as lasers, pre- and power amplifiers, and WDM devices are becoming available in the US. 

Nd3+ is the preferred ion for the 1.3 um optical amplifier, enjoying several vital 
advantages. First, the Nd3+-doped amplifier has a large small-signal gain. This is due to its 
large stimulated emission cross-section (a~7xl0'21 cm2)1 and a relatively long lifetime (T~550 
us). The figure-of-merit for gain (GXT) is therefore of the order of 4x10"24 cm2s; that is, more 
than 10 times larger than ZBLAN PDFA at approximately 0.3x1024 cm2s. Furthermore, the 
pump is at 800 nm and is available from a laser diode; the pump absorption cross-section is 
also very large (170 dB/km.ppm, i.e. 50-100 times larger than for PDFA). Very high doping 
levels, over 1 mol% are possible, since quenching does not set in until concentrations exceed 
several mole percent. The amplifying transition is almost entirely radiative, with lifetimes of 
the order of 550 us and a quantum efficiency of-100%. These factors make possible a highly 
efficient amplifier only 1-2 cm in length. The short length of the Nd3+-doped amplifier is 
particularly important, since it enables both fibre and planar waveguide devices. 
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To date, however, the development of a 
commercial Nd3+-doped amplifier has been impeded by 
two obstacles arising from the spectroscopy of the Nd3+ 

ion (see Figure 1). The central problem of 1.3 um Nd3+ 

amplifier is the long wavelength of the gain peak. In the 
majority of host glasses the emission peak lies at too 
long wavelengths'"2, largely outside the region of 
interest of second-window telecommunications. 
Moreover, excited state absorption (ESA) overlaps the 
short-wavelength part of the emission spectrum and 
cancels gain in that region, thus red-shifting the gain 
curve even further. Both emission and ESA are known 
to vary greatly among different glass hosts1'6. In the 
past, the only host offering gain peak below 1.32 urn 
was fluoroberyllate glass, which is unacceptable due to 
its poor environmental stability and exceptionally high 
toxicity. In this paper we present new fluoroaluminate 
glasses exhibiting emission and gain at the centre of the 
second telecom window. Another problem of the Nd3+ 

amplifier is the competing ASE at 1050 nm (Figure 1). 
The branching ratio of this transition is five times larger than that of 1.3 urn signal emission1. 
In a waveguide the 1050 nm ASE builds up to saturation, depopulating the lasing level, and 
thereby clamping signal gain at 1.3 urn to relatively low levels (<10 dB). The other ASE 
transition at 900 nm is three-level, and therefore does not pose a significant problem. In order 
to obtain high gain at 1.3 um, the 1050 nm ASE must be filtered out. Continuous filtering 
is more effective than discrete filters; filtering schemes fall into two categories: fibre gratings 
that couple out the ASE radiation, and co-dopants that absorb it. The requirement for either 
type of filter is a rejection ratio of >30 dB at 1050nm ASE, with a 30nm bandwidth. 

In the first part of this paper we describe the design of fluoroaluminate glasses for 
blue-shifting the emission at 1.3 urn and for reducing signal ESA, thereby extending the 
available gain to the centre of the second telecom window (1310-1320 nm). The second part 
of the paper discusses various methods of filtering ASE at 1050 nm. The third part looks at 
fluoroaluminate glass stability and viscous behaviour, and addresses fibre fabrication. 

Figure 1. Energy levels of Nd 3+ 

2. EXPERIMENTAL 
Fluoroaluminate glasses were batched and melted under dry nitrogen atmosphere. 

Emission spectra were measured in bulk glass using a Ti-sapphire pump laser at 800 nm and 
a monochromator/detector assembly. The resolution was 1 nm. The fluorescence lifetime was 
observed using the same setup with the addition of a light chopper and a digital data recorder. 
Gain was measured in fibre geometry. The unclad fibres were 60 urn in diameter and 2 cm 
length, and were doped with 1 mol% of NdF3. The gain was measured in a pump-probe 
configuration, and was calculated as a pump-on/pump-off ratio. No steps were taken to 
suppress the 1050 nm ASE. The measured gain was low due to the large fibre diameter and 
the presence of ASE. Absorption spectra of Nd3+ in bulk glass samples were recorded by a 
Perkin-Elmer Lambda-19 spectrophotometer. The refractive indices of bulk glass samples were 
measured using an Abbe refractometer and a sodium light source at 589 nm. The characteristic 
temperatures of the glasses were determined by isochronal heating rate experiments (10 k min 
') using a Perkin-Elmer differential scanning calorimeter (DSC-7). The viscosities were 
determined by the rotating bob technique7. 
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3. BLUE-SHIFTING THE GAIN CURVE 
The new fluoroaluminate glass hosts for Nd3+ were designed to promote shorter- 

wavelength emission at 1.3 um and to reduce signal ESA. The energy levels of Nd3+ ions in 
a glass host are subject to strong nephelauxetic effect8. As a result, in hosts where the Nd3+ 

dopant ions experience strong ionic bonding the emission appears at shorter wavelengths3,8. 
The type of bonding, ionic or covalent, determines the character of ligand fields, thereby 
affecting the nephelauxetic shift and the spectral line-shape arising from the Stark splitting. 
It is a generally observed trend in rare-earth doped glasses that shorter-wavelength emission 
spectra are correlated with low refractive index8, which is indicative of strong ionic bonding. 
The new fluoroaluminate glasses were designed to have low refractive indices and to be 
strongly ionic, resulting in a shorter emission wavelength and a greatly reduced ESA. The 
nephelauxetic shift in Nd3+-doped fluoroaluminate glasses is shown in Figure 2 where the peak 
of 1.3 urn emission is seen to shift to shorter wavelengths with decreasing refractive index. 

Gain at 1.3 urn in two Nd3+-doped fluoroaluminate glasses is shown in Figure 3 (the 
respective compositions are ALF70=37AlF3:15CaF2:12MgF2:9SrF2:6BaF2:15YF3:6NaPO3 and 
ALF123=40AlF3:22CaF2:6MgF2:6SrF2:6BaF2:10LiF:10NaF). Comparing the two gain curves 
highlights two important features. The gain maximum shifts to shorter wavelength in the more 
ionic glass. The effect of ESA is also reduced, as seen in the extension of the short- 
wavelength side of the curve. Strongly asymmetric gain profiles with sharp short-wavelength 
cutoff are typical in Nd3+-doped glasses, due to signal ESA cutting gain at these wavelengths. 
The gradual slope of gain on the blue side of the gain profile in ALF123 glass testifies to the 
greatly reduced influence of ESA. The gain requirements for a second-window amplifier are 
seen to be satisfied by glass ALF123 in Figure 3. The gain maximum is at 1317 nm. This is 
a substantially shorter wavelength than the 1323 nm obtained in fluorophosphate glass5, 
previously considered as the preferred Nd3+ host. Moreover, the wavelength of 1317 nm lies 
at the centre of the second telecom window, in the region of zero-dispersion of most installed 
fibre. Furthermore, signal ESA in ALF123 glass is greatly reduced. As a result, the gain 
remains above 0.5 dB level (90%) in the 1310-1320 nm region, with the 3dB (50%) point at 
1305 nm. The reduction in ESA both allows an increase in available gain, and also improves 
the amplifier noise figure. At longer wavelengths in both glasses the gain is almost flat to 
1360 nm, and is therefore suitable for WDM applications. 
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Figure 2: Nd3+ emission peak vs nD. 
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Figure 3: Nd3+ gain in new ALF glasses. 

IS(NOG)2'98 145 



u 
c 

0.06 

«     0.05 

4. FILTERING 1050 nm ASE 
The branching ratio of emission transitions at 1050 nm and 1300 nm is approximately 

5:ll. As a consequence, the 1050 nm ASE dominates the emission from the lasing level. In 
a waveguide, ASE is guided and amplified along with the signal, until it saturates the 
transition by depleting the lasing level. In the absence of ASE filtering, signal level will 
always be 1/5 of ASE level, leading to a highly inefficient amplifier. Therefore in order to 
obtain an efficient, high-gain amplifier it is essential to filter out the 1050 nm ASE radiation. 
Continuous filtering schemes are more effective than discrete filters, resulting in higher signal 
gain and lower noise. Continuous filtering can be of two types: fibre Bragg gratings, and 
absorbing co-dopants. In an amplifier device the ASE filter must have a rejection ratio of at 
least 30 dB at 1050 nm, with a bandwidth of around 30 nm. 

Fibre Bragg gratings can be designed 
as narrow-band filters to couple out the 
ASE radiation. Gratings can be written in 
Ce3+-doped fluoroaluminate glass by a UV 
laser, such as excimer. The 250-300 nm 
absorption peak of Ce3+ matches the UV 
(electronic) edge of fluoroaluminate glasses. 
As a result, when exposed to UV light at 
these wavelengths, Ce3+ dopant facilitates 
band-gap absorption, giving rise to a 
significant change in the refractive index. 
Gratings can also be written in undoped 
fluoroaluminate glass using shorter- 
wavelength UV light below 200 nm. A 
grating-writing experiment using an excimer 
laser was carried out in Ce3+-doped 
fluoroaluminate bulk glass by exposing it to 
an interference pattern formed by the laser 
beam. This resulted in grating formation in 
the layer of the glass where the laser radiation was absorbed. The grating efficiency was 
measured as a change in glass reflectance, averaged over the glass area and thickness. This 
is shown in Figure 4, which plots grating efficiency as a function of laser exposure (total 
number of pulses). The grating was found to be persistent, with only a small reduction in 
efficiency observed after 8 months. It can be calculated9 that in order to obtain grating 
reflectivity of >30 dB in a short fibre (a few cm), such as the Nd3+-doped fluoroaluminate 
glass amplifier, the necessary change in the refractive index is of the order of 10"M0'3. 

An alternative method of ASE filtering is co-doping with an ion having an appropriate 
absorption band. The difficulty here lies with finding a suitable co-dopant which will satisfy 
several critical requirements. First, absorption at 1050 nm must be very large. To achieve at 
least 30 dB absorption in several centimeters pathlength at dopant concentrations of ~1 mol%, 
the absorption coefficient must be of the order of 100 dB/km.ppm. Second, absorption around 
1300 nm must be negligible, to avoid signal losses; and at 800 nm (pump wavelength) must 
be negligible or very low, to maintain pump efficiency. This implies a relatively narrow 
absorption peak. Third, there must be no energy transfer between Nd3+-ion and the co-dopant 
ion that can lead to Nd3+ fluorescence quenching and/or amplifier noise. One possible co- 
dopant that has been considered is Yb3+. The Yb3+ ion has a single absorption peak around 1 
urn, and has been successfully used for ASE filtering in Nd3+-doped silica fibres. 
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Figure 4. Grating writing in Ce-ALF 
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S THERMAL AN" VTSr.OTIS PROPERTIES OF FLUOROAI.IIMINATE GLASSES 
J        successful fabrication of low-loss fibres requires stable core and cladding glasses. 
Preform fabrication and fibre drawing parameters are determined by the thermal and viscous 
oronerties of the glass A matched pair of core and cladding glasses were examined in detail; 

core/clad pair were matched as to their characteristic temperatures: both had Tg-435 C and 
T =565oC g}ving T _T =130°C which implies a relatively large fibre-drawing range. 

X Figure 5 shows the TTT (time-temperature-transformation) curves of the two glasses. 
The core glass ALF70 is somewhat more stable than the cladding glass ALF112, since its 
TTT curve are shifted to longer times and higher temperatures. However, both glasses possess 
good stability. The fibre drawing temperature can be calculated10 from Tx and Tg, and for 
these glasses is ~520°C. At this temperature the cladding glass will take1 mm to grow a 1U 
fraction of crystals; while the core glass in this time will grow only a 10   fraction ot crystals. 
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Figure 5. TTT curves of ALF core and cladding glasses. 

The viscosity-temperature relation7 in 
fluoroaluminate glasses is highly nonlinear, 
as seen in Figure 6; the change in the core 
viscosity is somewhat less steep, indicating 
higher stability. The solid lines are fits to the 
Cohen-Grest equation. Figure 6 also shows 
the glass transition and crystallization 
temperatures (Tg and TJ of the core and 
cladding glasses, defining the fibre-drawing 
range. The rapid drop in viscosity with 
increasing temperature causes difficulties in 
fibre drawing; when the temperature changes 
by 10°C, viscosity changes by a factor of 3. 
Therefore both temperature and fibre tension 
must be precisely monitored and controlled to 
maintain the desired fibre diameter. 
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Figure 6. Viscosity in ALF glasses. 
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Recently fibre drawing experiments have been carried out, and will be reported 
elsewhere11. A major advantage of the Nd3+-doped 1.3 pirn amplifier is its short length, which 
is due to high doping levels and large pump absorption. This reduces fibre loss requirement 
for device fabrication; the estimated upper limit on fibre loss is 1-10 dB/m. 

6.CONCLUSIONS 
New fluoroaluminate glasses have been designed as hosts for a 1.3 um Nd3+-doped 

amplifier in the second telecom window. The new glasses are highly ionic and have a low 
refractive index. Blue-shifted emission was observed, with peak emission at 1310 nm. 
Amplification in the centre of the second telecom window at 1310-1320 nm has been 
demonstrated in fibre, with peak gain at 1317 nm. The gain spectrum shows greatly reduced 
ESA, with 3 dB point at 1305 nm. 

Persistent fibre grating has been written in Ce3+-doped fluoroaluminate glass. Analysis 
confirms that Bragg fibre gratings can be employed as filters for 1050 nm ASE radiation. 

Crystallization behaviour of a matched core/clad fluoroaluminate glass pair was 
examined. The glasses were shown to be sufficiently stable to fabricate acceptable quality 
preforms and fibres. The viscosity-temperature relationship in fluoroaluminate glasses is 
highly nonlinear, indicating that precise control of fibre-drawing parameters is necessary to 
obtain low-loss fibre. For a realistic amplifier device, the upper limit on fibre loss is of the 
order of 10 dB/m. 

New Nd3+-doped fluoroaluminate glasses were shown to be a highly promising 
candidate for an efficient, diode-pumped, high gain, broadband amplifier in the second 
telecom window. 
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ABSTRACT 
The effects of altering the host glass bandgap, the host glass purity, and the sample temperature 
on the previously observed broad band optical excitation of emission from rare earth dopants in 
chalcogenide glasses have been investigated. The host bandgap was varied by altering both the 
glass composition and the sample temperature. In agreement with the predictions of a previously 
proposed model, it was found that the range of energy available to be transferred from the host 
glass to excite the rare earth dopants depends on the host glass bandgap and that there is a low 
energy cutoff to the transfer process. In addition, this range of transfer energies is found to be 
narrower than the width of the host glass photoluminescence (PL) band at liquid helium 
temperatures. The observation of the broad band excitation in a high purity Pr-doped 
Asi2Ge33Se55 sample indicates that impurities do not play a crucial role in the broad band 
excitation process. Lastly, the thermal quenching behavior of the broad band excitation was 
measured and compared to that of the host glass PL. The behaviors were found to be quite 
similar, with both processes quenching with the same two activation energies. 

BACKGROUND AND INTRODUCTION 
Recently, chalcogenide glasses have become the subject of intensive investigation!; 1] as host 
media for rare earth (RE)-doped devices. In oxide or wide band gap chalcogenide glasses, RE 
emissions are usually pumped by direct optical excitation of intra 4/-shelI transitions of the 
REs[2]. However, for chalcogenide glasses having band gaps in the visible or near infrared, the 
intrinsic optical transitions of the glass, including the interband absorption, the Urbach 
absorption edge, the below-gap weak absorption tail (WAT), and the broad mid-gap 
photoluminescence (PL) band, overlap some of the intra 4/-shell transitions of the RE dopants. 
Recent studies[3-8] of the PL and photoluminescence excitation (PLE) spectroscopy in RE- 
doped chalcogenide glasses have shown that these spectral overlaps lead to strong interactions 
between the optical absorption and emission processes of the rare earth dopants and the 
chalcogenide host glass. A remarkable, broad, near-band edge PLE band is observed in the 
excitation spectra of rare earth emission bands in chalcogenide glasses, superimposed on the 
expected 4/-RE PLE peaks. 

Figure 1 shows the previously reported PL and PLE spectra obtained from 0.1 wt. % 
Er- and Pr-doped Asi2Ge33Se55 glasses[3,5]. On the right are shown the PL spectra, pumped 
in the 980 nm Er3+ and 1040 nm Pr3+ absorption bands, respectively. These spectra show the 
characteristic rare earth emission bands at 1540 nm for the Er-doped sample and at 1340 and 
1640 nm for the Pr-doped sample. The PLE spectrum shown on the bottom left, taken from the 
Er-doped sample while detecting at 1540 nm, shows the expected absorption bands of Er3+ at 
980 and 810 nm. However, these bands are superimposed on a novel, strong, broad PLE band 
stretching from -500 nm to beyond 900 nm. This broad PLE band is indicative of an absorption 
by the host glass, which subsequently transfers energy to the Er3*, exciting the 1540 nm 
luminescence. A nearly identical broad PLE band is observed from the Pr-doped sample when 
detecting at 1640 nm, as shown by the solid line in the upper left of Fig. 1. The 1340 nm Pr 
emission, in contrast, shows only a very weak broad PLE band. 

The energy level diagrams for the rare earth atoms shown in Fig. 2 suggest a possible 
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explanation for the contrasting strong and weak 
broad band PLE for the 1640 nm and 1340 nm Pr3* 
emission bands, respectively. Both the 1540 nm Er3+ 

and the 1640 nm Pr3"1" emission bands, which are 
strongly excited by broad PLE bands, terminate in 
the ground state and so require only -.8 eV to excite. 
In contrast, the 1340 nm Pr3+ emission terminates in 
an excited state of the Pr3+ , and so requires -1.25 
eV to excite. This observation led to the hypothesis 
[5] that there was a limit to the amount of energy 
which could be transferred to the rare earths through 
the broad band mechanism, and that transitions 
requiring higher energies to excite would not exhibit 
strong broad band PLE behavior. This hypothesis 
was confirmed by a study [6] of PL and PLE in a 
0.1 wt.% Dy-doped As^GessSess sample, the 
energy levels of which are also shown in Fig. 2. The 
Dy3+ has a ladder of levels of increasing energy, all 
of which terminate in the ground state, making it an 
ideal dopant to test this hypothesis. If there were a 
high energy cutoff to the transfer process, we should 
see the excitation of the Dy3+ bands up to a certain 

energy, with the transitions lying above this point excited weakly or not at all by the broad 
band. Consistent with our previous results in Er- and Pr-doped glasses, the 1340 nm and 1700 
nm Dy3+ transitions exhibited broad band PLE, while the higher lying 1150 and 1575 nm 
transitions which require energies of -1 eV or higher to excite, are not excited by the broad PLE 

band [6]. 

Wavelength (nm) 

Fig. 1 PL (right) and PLE (left) 
spectra from 0.1 wt.% Er- (bottom) 
and Pr-doped (top) As^GesßSess 
glasses are shown. 
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These broad-band PLE spectra were 
originally attributed[3-7] to near-band edge 
absorption due to background impurities 
followed by non-radiative transfer of the 
excitation energy to the RE emitters. 
However, further investigations [81. 
including the work presented here, reveal that 
the broad RE PLE band is due to the 
absorption of light in the Urbach edge of the 
host glass and the subsequent transfer of this 
energy to the RE dopants. Comparative 
studies [8] of the properties of Er3* PL in Er- 
doped ASi2Ge33Se55 glass with those of the 
broad, mid-gap host glass PL observed at 
low temperature [9,10] provide strong 
evidence of the role of the Urbach edge 
absorption in the PLE of the Er emission, 

and of the involvement of native defects in the host glass in the energy transfer process. The Er 
PL and the mid-gap host glass PL exhibit nearly identical PLE lineshapes and PL fatiguing 
effects, indicating that the same native defects participate in the excitation of these two emission 
processes [8]. In addition, the effects on the broad band PLE of altering the host glass band gap 
and the host glass purity are consistent with this interpretation. Changing the band gap by 
altering either the glass composition or the sample temperature apparently alters the degree of 
resonance or overlap between the energy required to excite the RE ions and the energy available 
to be transferred from the optically excited host glass defects, thereby changing the strength or 
efficiency of the broad band PLE process. The observation of the broad PLE band in a high 
purity Pr-doped As12Ge33Se55 glass presented here indicates that impurities do not play a crucial 
role in the broad band excitation process. 

All of these results suggest a model for the energy transfer process from the host glass to 
the REs mediated by intrinsic defect states in the glass, and a model based on the Mott-Davis- 
Street (MDS) model [9,10] for the behavior of the chalcogenide glasses was proposed [6,8]. A 

Fig. 2 Simplified energy level diagrams are 
shown for Er3*, Pr3" and Dy3+ 
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°v3*       schematic   of   the   proposed   energy   transfer 
SJC  mechanism is  shown   in  Fig.   3.   The  initial 
"* 6H7/2 ^r   exciting light creates an electron-hole pair in the 

\  HUT   glass.   One of these  carriers  is   subsequently 
captured by a nearby defect state. (The capture of 
an electron is shown in the figure, but capture of 
a hole is also possible.) The capture of the 
electron changes the charge state of the defect, 
which causes it to relax deeper into the gap due to 
the strong electron-phonon coupling in the 
chalcogenides. The hole can then recombine with 

Fig. 3   A schematic of the proposed the bound electron, emitting a photon (mid-gap 
optical absorption, carrier localization, host glass PL) or transferring its energy non- 
lattice relaxation, recombination, and radiatively to a nearby rare earth dopant. In this 
energy transfer processes giving rise to model, the lattice relaxation explains the large 
the broad band excitation of the rare earth Stokes shift observed between the initial 
emission in chalcogenide glasses. (Based excitation energy and the energy available for host 
on the Mott-Davis-Street model of glass PL or to be transferred to the rare earths, 
localized states in chalcogenide glasses.)      The high energy cutoff to the transfer process is 

also a direct consequence of this model. There 
will be some range of recombination energies of the electron hole pair, determined by the energy 
distribution of the relaxed defect states in the gap and the vibrational broadening of the emission 
line [8,9]. Recombination at higher energies becomes less and less probable, resulting in a 
decrease in the host glass PL intensity and a declining transfer efficiency from the defect states 
in the glass to the rare earth dopants. 

The investigations of the broad band excitation mechanism presented here were designed 
to test the predictions of this model. If, as hypothesized, the same local defect states in the glass 
are involved in both the broad band excitation of the rare earth dopants and the host glass PL, 
both processes should show similar thermal quenching behavior. Also, if native defects are 
responsible for the broad band PLE, then the presence or absence of impurities should not 
strongly affect the broad band excitation. Lastly, we wished to examine the effect which 
changing the host glass bandgap would have on the broad band excitation process. 

EXPERIMENTAL PROCEDURE 
Bulk samples of rare earth doped Asi2Ge33Se55 glass were prepared at the Crystal Growth 
Laboratory at the University of Utah from a mixture of crystalline rare earth Sulfides (e.g. 
Dy2S3) and commercially available, high purity Asi2Ge33Se55 glass. The mixture was slowly 
heated (over 25 hours) in a quartz ampoule to 1000 C, rocked for 100 hours, and then slowly 
cooled to room temperature. Bulk samples of Pr-doped Ge-S-I glass were made at Rutgers from 
high purity commercially available materials. The powders were mixed, slowly heated in an 
etched quartz ampoule to a maximum temperature of 950 C, where the mixture was held for 
several hours. The glass melts were air quenched and annealed for 1 hour. A bulk sample of Pr- 
doped Asi2Ge33Se55 was prepared at the Naval Research Laboratory by elemental doping of Pr 
into the melt, with additional distillation and purification steps taken to ensure the purity of the 
glass sample. Both the PL and PLE spectroscopy were carried out on these bulk samples (1-2 
cm thick) using a tungsten lamp dispersed by a 0.25 m double grating monochromator as the 
excitation source. The luminescence was analyzed using aim single grating monochromator 
and detected by a 77 K Ge pin photodiode. Exciting light was chopped mechanically and a lock- 
in amplifier provided phase sensitive detection. 

RESULTS  AND DISCUSSION 
Figure 4 shows the PLE spectrum obtained from a high purity, 0.078 wt.% Pr-doped 
Asi2Ge33Se55 glass, detecting in the 1640 nm Pr3+ emission band. A broad PLE band nearly 
identical to that previously observed is seen stretching from -500-950 nm. Evidence for partial 
crystallization of the Pr in this sample can be seen in the relatively sharp PLE band at 1030 nm, 
due to crystallites, which lies on top of the broader Pr3* /-band absorption around 1040 nm 
arising from the Pr3* dissolved in the glass. Similar effects were observed in the PLE spectra of 
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Wave length   (nm) 

Fig. 4 A room temperature PLE 
spectrum from a high purity 0.078 
wt.% Pr-doped Asi2Ge33Se55, 
detecting at 1640 nm. The sharp 
PLE peak at -1020 nm is 
attributed to crystallites of Pr2S3 
in the sample. 

Er-doped As2S3 glass [4] in which the Er2S3 dopant was 
not completely dissolved. The fact that a broad PLE band 
like those previously studied is observed even in a high 
purity sample is strong evidence that impurities do not 
play a crucial role in the broad band excitation process. 
This is consistent with the hypothesis that the states in the 
gap which mediate the transfer of energy to the rare earth 
dopants are intrinsic defect states of the host glass. 

In order to determine whether the peak position of 
the broad band PLE spectrum would track with the 
bandgap of the host glass, the PLE spectra from a 0.1 
wt.% Er-doped As^G^Sess sample were measured at 
both 300 K and 5 K. The results are plotted in Fig. 5 on 
a log scale versus energy. As can be seen from the 
figure, at low temperatures, when the bandgap of the 
glass is increased, the PLE peak position is also shifted 
to higher energy. Shown in an inset of the figure is a 
comparison of the 5K PLE from the Er-doped sample 
with a 5K PLE spectrum of the host glass emission from 
a pure Asi2Ge33Ses5 sample [8], both detecting at 1540 
nm. As can be seen, the low energy sides of the two PLE 
spectra are nearly identical. It is known that the PLE 
spectrum of the host glass PL follows the exponential 
Urbach  absorption edge of the glass [9], so this 

comparison demonstrates that the PLE of the Er emission also follows the absorption edge of 
the host glass. This verifies that the initial absorption which gives rise to the broad band PLE is 
a band-to-band absorption, occurring in the Urbach tail absorption of the host glass. 
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In order to test whether or not the high 
energy cutoff of the broad band excitation of the 
rare earths would depend on the bandgap of the 
host glass a 0.1 wt.% Pr-doped Ge-S-I glass was 
investigated. The Asi2Ge33Se55 glass has a 
bandgap of ~1.4 eV, while the Ge-S-I glass 
investigated here has a bandgap of -2.2 eV. As 
discussed in the introduction and shown in Fig. 1, 
the 1340 nm Pr3* emission band was not strongly 
excited [5] by the broad band PLE mechanism in 
Asi2Ge33Se55. Figure 6 shows a PLE spectrum 
taken from die 0.1 wt.% Pr-doped Ge-S-I glass, 
detecting at 1342 nm. This spectrum shows the 
direct Pr+ 4/absorption band at 1040 nm, as well 
as a weak, broad PLE band centered at -550 nm. 
Thus, in the wider bandgap glass, the higher lying 
1340 nm Pr3+ emission can be excited by the broad 
band mechanism, while in the narrower bandgap 
Asi2Ge33Se55 glass, there was insufficient energy 
available to excite this transition. 

Although the broad band excitation of the 
1340 nm Pr emission in the Ge-S-I glass is much 
stronger than observed in the Pr-doped 
Asi2Ge33Se55 glass, it is still much weaker man 
the broad band excitation of the 1640 nm Pr 
emission in the Asi2Ge33Se55 glass. It is possible 

.3+ 

Energy  (meV) 

Figure 5 Room and low temperature 
PLE spectra taken from a 0.1 wt.% Er- 
doped Asi2Ge33Se55 sample, detecting 
at 1540 nm, plotted on a log scale 
versus energy. Shown in the inset is a 
comparison of the PLE at 1540 nm 
from the Er-doped sample and from an 
undoped Asi2Ge33Se55 sample. 

that the 1340 nm Pr3+ transition is still near the 
edge of the available excitation energy range in the Ge-S-I glass studied. Alternatively, it is 
possible that the Ge-S-I glasses contain a lower concentration of the intrinsic defects that give 
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Fig. 6 PLE spectrum taken at 
300 K, detecting at the 1340 nm 
Pr3+ emission, from a wider gap 
Pr-doped GeSI glass sample. 

rise to the mid-gap host glass PL and mediate the transfer 
of energy to the rare earth atoms. The latter explanation is 
prompted by previous work in which it was found [9] that 
the strength of the host glass PL depended on the As 
concentration in AsxSei_x glasses. The absence of As in 
the Ge-S-I glass might result in lower density of localized 
defect states which could explain both the absence of host 
glass emission and the weakness of the broad excitation 
band in the Ge-S-I glass. 

In order to probe the possible existence of a low 
energy cutoff to the energy transfer process and its 
dependence on the bandgap of the host glass, the PL and 
PLE behavior of a 0.1 wt.% Dy-doped glass has been 
investigated at both 300 K and 5 K. The room temperature 
PL spectrum excited in the broad PLE band, at 740 nm, is 
compared in Fig. 7 with a PL spectrum excited at the same 
wavelength at 5 K in which the broad mid-gap host glass 
PL is superimposed on the Dy3+ emissions.  The two 
spectra are scaled so that the intensities of the 1340 nm PL 
peaks are equivalent. The PL band from a pure 
Asi2Ge33Se55 glass is also shown as a dotted line for 

comparison. It can be seen that the 1700 nm Dy3+ PL emission is much weaker relative to the 
1340 nm emission at 5K than it is at 300 K, and this is consistent with the existence of a low 
energy cutoff to the energy transfer process. When the host glass bandgap is increased by the 
cooling of the sample, the range of available energies shifts to higher energy, moving out from 
underneath the 1700 nm band. At 5 K, it has almost shifted enough to quench the broad band 
PLE of the 1700 nm PL band. This shift also confirms that the low energy cutoff depends on 
the host glass bandgap. The strength of the broad band excitation of the 1700 nm band 
decreases when the bandgap of the host glass is increased by lowering the temperature. 

The final area investigated is the effect of 
changing the sample temperature on the strength 
of the broad band excitation of the rare earth 
dopants. Figure 9 (a) shows an Arrhenius plot of 
the temperature dependence of the host glass and 
Er PL intensity taken from a 1 wt.% Er-doped 
Asi2Ge33Se55 sample while figure 9 (b) shows 
the host glass and Pr PL intensities from the 
NRL 0.078 wt.% Pr-doped Asi2Ge33Ses5 
sample, with all PL bands excited at the peak of 
their respective PLE spectra at each temperature. 
The Arrhenius plot displays the log of the PL 
intensity versus the inverse of the temperature. 
In the temperature range where the PL is 
thermally quenched, the thermal activation 
energy is given by the slope of the curve on the 
Arrhenius plot. Qualitatively, both the host glass 
and the Er3+ and Pr3+ PL intensity show 
relatively constant efficiencies at low temperature 
with a thermally activated exponential quenching 
of the efficiency at high temperature. Both 
processes have similar activation energies (~42 
meV), with the main difference in the two 
intensity curves being in the temperature at 
which the thermal quenching begins. The similar 
thermal activation energies are another link 
between the host glass PL and the broad band 
excitation of the rare earth dopants. The 

Wavelength   (nm) 

Fig. 7 Low temperature and 300K 
(dashed line) PL spectra from a 0.1 wt.% 
Dy-doped Asi2Ge33Se55 sample, excited 
in the broad PLE band. Shown for 
comparison is a PL spectrum from an 
undoped Asi2Ge33Se55 sample, also 
plotted as a dashed line, The Dy3+ spectra 
are normalized to the height of the 1340 
nm emission band for comparison. 
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Fig. 8 Arrhenius plots of temperature dependence of the intensity of the host glass PL (squares) 
and rare earth PL (triangles) for the 1540 nm band from a 1 wt.% Er-doped Asl2Ge33Se55 
sample (left), and the 1640 nm band from a 0.078 wt.% Pr-doped Asl2Ge33Se55 sample 
(right). 

difference in roll-over temperatures explains why the broad band excitation of the rare earths 
still occurs at room temperature, while the host glass PL is completely thermallv quenched at 
300 K. 
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New rare-earth doped selenide and telluride glasses and fibers 

B. Cole, L.B. Shaw, J.S. Sanghera, B.B. Harbison, P.C. Pureza, R. Miklos, V.Q. Nguyen, 
R. Mossadegh, D.T. Schaafsma, and I.D. Aggarwal. 

In the past several years many advances have been realized in the search for stable 
rare earth doped chalcogenide glasses. Due to the reduced phonon energy of the 
chalcogenide glass host, rare earth transitions normally quenched in oxide and fluoride 
hosts become radiatively efficient. The need for efficient 1.3 um amplification has fueled 
research into Pr3* doped sulfide glasses including compositions based on GeGaS, GaLaS, 
AsS and GaNaS. Of these systems, Pr3+ doped GaNaS has produced fiber of sufficiently 
low loss to demonstrate amplification at 1.3 jam. Dy3+ has been proposed as an 
alternative to Pr34 in chalcogenide glass for 1.3 um amplifier applications. The 
absorption cross section for Dy3* at 1.3 urn is about lOx that for Pr3* at 1.1 urn, and the 
emission cross section for Dy3+ is calculated to be 2-3 times the cross section for Pr3*. 
These larger cross sections allow for shorter device lengths thereby relaxing some of the 
requirements for low loss fiber. 

We will report on the fabrication and characteristics of Dy3"" in GeAsSe based 
glass. Spectroscopy of Dy*+ in this glass system indicates that efficient operation at 1.3 
um should be feasible. The measured lifetime for the 6H9/2,

6Fn/2-»
6H15/2 (1.3 jam) 

transition is 310 us for a glass doped with 1100 ppm Dy*. The radiative lifetime for the 
6H9/2,

6Fn/2 level as calculated by Judd Ofelt analysis is 325 us. Using the measured and 
radiative lifetime, a quantum efficiency of greater than 90% was calculated for the 1.3 urn 
transition. This high quantum efficiency should reduce the degrading effects of ESA and 
bottlenecking from lower lying levels (6H13/2, 

6H11/2) as may be problematic for sulfide 
based systems. The Dy3+ doped glass has been fiberized with a minimum loss of less than 
1 dB/m at 6.63 urn. The core glass attenuation near 1.3 urn was measured to be less than 
3 dB/m. We are currently in the process of fabricating fibers for single mode operation at 
1.3 urn. 

In addition to amplifier applications, rare earth doped chalcogenide glasses have 
many active transitions with high quantum efficiencies in the mid-IR. Mid-IR phosphors 
and fiber lasers developed from chalcogenide glasses have applications for chemical 
sensing and for Infrared Scene Simulation (IRSS) in the 3-5 urn and the 8-11 urn regions. 
We have already demonstrated mid IR emission (3-5 urn) for Pr3* doped selenide glasses. 
We have recently drawn Pr3+ doped glass into multimode core/cladding fibers. The fiber 
attenuation showed a minimum loss of 1.54 dB/m at 2.69 urn. We have observed 3 urn 
emission from Tb3+ (7F4->

7F6) doped in a Ge-As-Te based glass. The 3 urn emission 
originates from the same level as the 8 um transition (7F4->

7F5) indicating that this 
material could be active in the 8-11 urn region. 
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Abstract 
Effects of sulfur concentration in Ge-Ga-S glasses on the emission and nonradiative relaxation of 

the 6H11/2 and 6H13/2 levels in Dy3* were investigated. Absorption and emission cross-sections of both 
levels increased with decreasing sulfur concentrations below the stoichiometric composition. 
Lifetimes of these two energy levels increased at the same time. Magnitude of the nonradiative 
interactions decreased as the amount of sulfur decreased. These changes in the emission characteristics 
suggest that a glass deficient in sulfur provide a better potential as a laser source compared to those 
with an excess sulfur. Calculation of the interaction parameters among rare-earths indicated the fast 
excitation migration phenomena accelerates the cross relaxation which directly quenches 2.9pm 
fluorescence from the 6H13/2 level. 

1. Introduction 
Electronic transitions between several pairs of the energy levels in Dy3* are capable of emitting 

mid-infrared fluorescence. In fact, emissions at 2.9pm and 4.4pm in wavelength, which is due to the 
Hi3/2-> H13/2 and 6Hu/2-»

6H13/2 transition, respectively have been reported[l]. However, the strong 
multiphonon relaxation due to the small energy separation among these levels resulted in the high 
nonradiative transition rates. As a result, efficiency of these mid-infrared emissions is low when 
oxides were used as hosts for Dy3+. This intrinsic characteristics of Dy3* limit the host materials to 
non-oxide crystals and glasses. Fluorescences at the wavelength of 3pm also was reported from the 
BaY2F8 crystal[2] and a laser action at 4.34pm also was observed from the YLiF4 crystal[3]. More 
recently, characteristics of the mid-infrared emissions at 2.9pm and 4.4pm have been reported by 
doping Dy3+ into several different sulfide glasses[4-7]. Low phonon energies of sulfide glasses[8] 
reduce the multiphonon relaxation and thereby, provide opportunities to obtain mid-infrared emissions. 

However, most of the previous works mainly concerned with the measurement of the 
fluorescence in order to prove the potentials of Dy37non-oxide host combination as mid-infrared light 
sources. Compositions of the host glasses were not optimized even though small compositional 
changes in sulfide glasses can exert a significant influence on their optical properties. Current work 
reports the effect of sulfur concentration on the mid-infrared emission properties of Dy3+ doped into 
Ge-Ga-S glasses. Lifetimes of the 6H13/2 and 6H11/2 levels and the stimulated emission cross sections of 
2.9pm and 4.4pm emissions were analyzed with a particular attention to their dependence on sulfur 
concentration. In addition, the variations in the multiphonon relaxation and nonradiative relaxation 
rates with sulfur content were analyzed. 

2. Experimental procedures 
2.1 Sample preparation 
High purity(>99.999%) Ge, Ga and S were used as starting materials. Ga content was fixed at 5 

at.%. In this case, a stoichiometric composition along the GeS2-Ga2S3 tieline is Ge29 iGa5S65 preferred 
to ST, hereafter). A glass with an excess amount of sulfur was prepared by substituting 3.3% of Ge 
with S. Composition of the glass in at.% is Ge25 8Ga5S69 2(SE, sulfur excess). Substitution of an equal 
amount of S with Ge results in a sulfur-deficient glass with a composition of Ge324Ga5S626(SD, sulfur 
deficient). These compositions were designed in order to investigate the effect of sulfur concentration 
on the emission properties of Dy3"1", Dy2S3 was introduced into each composition so that the final 
concentrations of Dy* become 0.02, 0.04, 0.08, 0.16, 0.3, 0.5 and 0.6 at.%. Melting was done in a 
rocking furnace at 950 "C for 12 hours using silica ampoules as crucibles. Melts were quenched in air 
and then annealed at near the glass transition temperature(~370 °C). 
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2.2 Optical measurements 
Absorption spectra were recorded using a UV/VIS/NIR spectrophotometer in order to find the 

absorption cross sections of the excited states and initial parameters for the Judd-Ofelt analysis[9,10]. 
Room temperature fluorescence spectra at 2.9|im and 4.4um wavelengths were measured using the Ti- 
sapphire tunable laser pumped by a Ar+ laser, 1/4 double monochromator and an InSb detector 
arrangement. Dy3* ions in glasses were excited to the 6F7/2 level with the excitation beam of 914nm in 
wavelength. Position of the beam path through the sample was located immediately below the surface 
of the samples in order to minimize the reabsorption of fluorescence by the samples. Fluorescence 
lifetimes were measured from the first e-folding time of the emission intensities. 

1.6    1.7    1.8 

Wavelength(nm) 
(a) 

1.9 2.6   2.8   3.0   3.2 

Wavelength(nm) 
(b) 

N 
Dy 

(1020cm-3) 

Fig. 1 Absorption cross sections of the (a) 6Hu/2 

and (b) 6H13/2 level in Dy^-doped Ge-Ga-S 
glasses.(A SD(Ge32.5GajSM 5), ■ ST (Ge29 ,GajS65 9) 
• SE(Ge25.8Ga5S692)) 

3. Results 
3.1 Absorption and emission cross-sections 

Fig.2 Values of atmxm, a parameter representing the 
efficiency of a lasing, for the 4.4|im transition in Ge- 
Ga-S glasses doped with different Dy3* concentrations. 
(A   SDCGe^^S^), 
SE(Ge258Ga5S692)) 

■   ST   (Ge^Ga^j.,,)   • 

Fig. 1 shows the absorption cross-sections(aab) of the 6Hu/2 and 6H13/2 manifolds for three glasses 
which increased slightly with decreasing sulfur concentration. This is mainly due to an increase in the 
refractive indices of the host glasses. This change in the refractive index also resulted in the enhanced 
radiative transition probabilities and consequently, the radiative lifetimes calculated from the Judd- 
Ofelt theory[9,10] decreased as in Table 1. 

Table 1. Radiative transition rates, calculated lifetimes and Judd-Ofelt intensity parameters of Dy3* in 
Ge-Ga-S glasses 

' Compositions SE ST SD 

Transition A(sec-') tR(ms) ACsec"1) xR(ms) A(sec-') xR(ms) 
&C         6TT      v 6TT 
rll/2)   "9/2 —*   "15/2 

—*    "13/2 

-»   Hi iß 

3762 
290 

29 

0.245 4209 
312 

32 

0.219 4842 
367 

36 

0.190 

Hn/2   —>      H15/2 

—*           "13/2 

256 
28 

3.38 278 
31 

3.12 283 
39 

2.98 

"13/2     —*           "15/2 129 7.77 139 7.21 162 6.16 

Emission cross-sections of the transitions responsible for the 2.9um and 4.4um fluorescences 
were also calculated. For the 2.9um emission due to the 'H^-^H^ transition, cross-section were 
calculated from McCumber relational, 12]; 
^m(v) = a,b(v)e«-v>/kTl (1) 

where h, v, k and T is the Planck constant, frequency of fluorescence, Boltzmann constant and 
temperature, respectively, e is the effective energy gap between the upper and lower manifold. On the 
other hand, the emission cross-section of the 4.4urn fluorescence could not be calculated from the 
McCumber relationship because of the difficulty in measuring the excited state absorption (ESA) from 
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the 6Hi3/2 to 
6H11/2 level. Instead, it was derived from its spontaneous emission spectrum and Einstein 

relation[13]; 

,(v) = 
87in2v 

rA • g(v) (2) 

where A is a spontaneous emission rate of the 4.4um fluorescence and v is the frequency of the 
transition. g(v) is a normalized line shape function. 

From these calculated emission cross sections, it was possible to anticipate the threshold pumping 
power(Pth) for a lasing. It is inversely proportional to the lifetime(Tm) multiplied by the emission cross 
section[ 14,15] in case of a 4-level laser, 

P* = ^ (3) 
°emTn> 

Here vp, 8 and A* is the frequency of pumping light, single pass loss and effective pump area, 
respectively. Fig. 2 is the variation of aetm values for the 4.4um transition as a function of Dy3* 
concentration for all three glasses. They decreased consistently with increasing Dy3+ concentration. 
Fig. 2 also indicates that a glass deficient in sulfur with SD (Ge32 5Ga5S62 5) composition provides the 
most suitable condition for an efficient laser host provided that the other parameters remain constant. 

3.2 Nonradiative transition rates 
Measured fluorescence lifetime of the excited state is one of the most important properties to 

understand the relaxation processes. 

0.1 1 0.1 1 

lyufcm3) 

(b)      f 

1 
■:#" 

Fig.3 Measured lifetimes and the nonradiative 
transition rates for the (a) 6H13/2 and (b) 6H11/2 level in 
Ge-Ga-S glasses with different Dy3* concentations. 
(A SD(Ge325Ga5S625), BST (Ge29 ,G%S65 9) • 
SECGe^GajS^)) 

0.5    1.0    1.5    2.0   2.5 

fyiO^cnri3) 

Fig.4 Nonradiative relaxation rates of the 
6H13/2 level for glasses with (a) low(<0.16%) and 
(b)   high(>0.16%)   Dy3*   concentration.    (A 
SD(Ge325Ga5S625), 
SE(Ge2j.8GajS692)) 

ST   (Ge291Ga5S659)   • 

Fig. 3 shows the measured lifetimes(Tm) of the 6Hi3/2 and 6Hn/2 manifolds and nonradiative 
transition rate(Wn) calculated using the following relationship; 
Wn=l/Tm-1/TR (4) 

xR is the calculated radiative lifetime of the same manifold. Measured lifetimes(Tm) of both manifolds 
in SD glass are the largest among three glasses for all Dy3+concentration It leads to the smallest values 
of Wn despite the smallest radiative lifetimes(xR). Differences in the measured lifetimes among three 
glasses were not trivial especially when the Dy3+ concentration is low. It is most likely from the 
changes in the multiphonon relaxation rates under a different sulfur concentration. 

Nonradiative relaxation rate(W„) from the 6H]3/2 level shows two different behaviors depending 
upon Dy3+ concentration as shown in Fig. 4. At low Dy*+ concentrations (<~5.8G1019 cm"3), it shows a 
quadratic dependence on the Dy3+ concentration [Fig. 4(a)]. If the fluorescence decays exponentially, 
the decay time constant long after the pump-off is equal to the measured lifetime(Tra). In this case, the 
nonradiative relaxation can be divided into multiphonon relaxation(MPR) and energy transfer between 
ions as follows[16-18]; 

^„p+KN^2 (5) 

Here, Wmp is the rate of the MPR, K is a constant and N^ is the concentration of Dy3+. This is known 
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as a diffiision-limited or a migration-controlled regime [16,17]. Eq. (5) implies that rates of the 
nonradiative relaxation due to the ion-ion interaction depend on excitation migration between donors 
as well as cross relaxation between a donor and acceptor pair[16]. An excitation migration itself can 
not be a process to quench fluorescence, but it would accelerate the overall quenching rates by 
transferring the excitation energy to ions, the environments of which enable a more rapid quenching to 
take place. A slope in Fig.4(a), which indicates a constant K in eq.(5), is 1.80xl0"37and 1.50xl0"37and 
1.13xl0"37cm6sec"1 for the SE, ST and SD glass, respectively. These values of K suggest an increase in 
the nonradiative transition with increasing Dy+3 concentration and this increase occurs more rapidly as 
the amount of sulfur increases. The intercepts with the ordinate in Fig.4(a) provide MPR rates (Wmp) 
for each glass and they are 157, 107 and 71 sec"1 for the SE, ST and SD glass, respectively As 
anticipated from the measured lifetimes, a glass deficient in sulfur shows the lowest MPR rate of all. 
An increase in the MPR rate for a SE glass is probably due to the existence of the homopolar S-S 
bonds with the vibrational frequency of 475cm"1 which is higher than 365cm"1 of the main Ge-S 
bonds[19]. The existence of the high frequency mode resulted in the increased phonon interaction with 
the host glasses. 

As Dy3* concentration increased, a fast excitation migration among donors takes place. In this 
case, total relaxation rates of the donor increases linearly with the acceptor concentration as in Fig. 
4(b). This is a fast diffusion or supermigration regimef 17,20] where 

Wmp+K'NDy (6) 

o 

Again, a glass deficient in sulfur concentration exhibited the lowest relaxation rate of all. A similar 
concentration dependence was also observed for the Nd3+: 4F3/2 level in the LaF3 crystal[17]. 

In contrary to the 6Ht3/2 level, a linear behavior was observed for the relaxation of the 6H11/2 level 
over the entire Dy3+ concentration investigated(Fig.5). It indicates that the ion-ion interactions at the 
6Hn/2 level follow a fast diffusion or supermigration. Pure MPR rate from the 6H11/2 level for SE, ST 
and SD sample was 603, 462 and 328 sec"1, respectively. Again, the nonradiative transition rate from 
the 6HI1/2 levels decreased with decreasing sulfur concentration. 

4. Discussion 
In case of the electric dipole-dipole interaction, a 
time dependence of the normalized fluorescence 
intensity after a pulsed excitation is [21,22]; 
0(t) = exp(-t/TR-Wmpt-yt1/2-Wt)       (7) 

<D(t) is the fluorescence intensity normalized by the 
intensity   immediately   before   the   pump-off.   y 
accounts  for the  donor-acceptor energy transfer 
causing the static disordered decay [23] and is given 
by 

Y = J-3/2NAC-       (8) 

CDA = ARDA 

where RDA is the distance between the donor- 
acceptor pair when the cross relaxation rate between 
them is equal to the radiative transition rate of the 
donor, w is a cross relaxation enhanced by the 

excitation migration among donors and from the hopping model[21,24], 
W = 7t(27t/3)5/2NANDVcDACDD (9) 

where CDA and CDD is the energy transfer parameter for the cross relaxation and excitation migration, 
respectively. NA and ND is the concentration of acceptor and donor, respectively. In the particular case 
of the supermigration, W changes a linearly with NA[25], that is 

1 

- A 
- V ^V 

,*-""" 
.■"'- ;..*•" 

"^          s-^ 

0.5     1.0     1.5     2.0 

N Dy (1020cm-3) 

Fig.5 
6H,; 

Nonradiative relaxation rates of the 
Hm level in Dy3+. (A SD(Ge32 ^Ga^ 5), ■ ST 

(Ge29 ,Ga5S659) • SE(Ge25 „Ga^c, 2)) 

W = -7I 
3      R 

DA N. (10) 

where R,,,,,, means the possible minimum distance between rare-earth ions in a medium. 
Since the fluorescence decay is mainly governed by the migration-enhanced cross relaxation 

long after a pump-off, eq.(7) can be reduced to the follows form; 
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<D(t) = exp(-t/T0-Wt) ÖD 
with l/x0= 1/TR+ Wm!>. Therefore, a parameter K in eq.(5) becomes; 
K = 7t(27I/3)5/2(CDACDD)

1/2 (12) 

and microparameter CDD and CDA can be expressed as follows[26] for the case of the dipole-dipole 
energy transfer; 

3C   -Jo^ <*■*?(*)«». 
8*^ 

Air  n     J 

(13) 

6V      6H r9/2> n7/2 

6V        *TJ rll/2»   "9/2 

6H 11/2 

where aD
m is the emission cross section of the donor and o*b and aA is the absorption cross section 

of the donor and acceptor, respectively. 
Fig. 6 illustrates the several possible routes 

for the nonradiative energy transfer from the 6H13/2 

level.Among these, microparameters CDDfor the 
excitation migration in Fig. 6(a) and CDA for the 
cross relaxation of Fig. 6(b) can be calculated from 
eq. (13). Table 2 shows the calculated 
microparameters for glasses. For all glasses 
investigated, CDD is considerably larger than CDA. 
It suggests the rate of an excitation migration 
among donors is very faster than that of the cross 
relaxation between the donors and acceptors, 
leading to a spatial equilibrium within the donor 
system. In this case, the limiting step for the 
overall energy transfer process quenching the 
2.9p.m fluorescence is the cross relaxation. 
Therefore, a slight variation in the transfer rates 
among different donor-acceptor pairs is effectively 
averaged out and the donors exhibit a simple 
exponential decay[16]. On the other hand, the 
magnitudes of these parameters were similar for all glasses and did not show any systematic changes. 
It is probably due to an increase in the refractive index of a glass deficient in sulfur even though it has 
the larger absorption and emission cross sections compared to ST and SE glasses. 

Table 2. Microparameters for excitation migration (CDD) and for cross relaxation of Fig. 6(b) (CDA) 
quenching the 2.9 urn fluorescence in Dy3+-doped Ge-Ga-S glasses 

6H n13/2 

6H, 

(a)       (b) (c) 

Fig. 6 Possible nonradiative energy transfer 
occurring against the emission of the 2.9 (im 
fluorescence in Dy^-doped glasses; (a) 
excitation migration (b), (c) cross relaxation 
processes. 

~~~       -^Compositions 
Microparameter~—~--^_ SE ST SD 

CDuOO^cmW1) 5.51+0.24 5.5310.28 5.5210.21 
CDAUO"

41
 cmW1) 2.3110.18 2.3210.20 2.3210.16 

Calculated values of K using eq.(12) was almost constant with 2.25i0.12xl0~38 cm6sec"', 
2.26l0.14xl0'38cm6sec1 and 2.26+0.lSxlO^cmW for SE, ST and SD glasses, respectively. These 
calculated values show the considerable discrepancies from those derived from the slopes of lines in 
Fig.4(a). This calculation involves that the energy transfer occurs only through the excitation 
migration of 2.9 \xm emission and cross relaxation of Fig. 6(b). Therefore, the difference is probably 
comes from the fact that the calculation of K using eq. (12) includes only the portion of the overall 
energy transfer processes. In addition, 6H13/2, 

6H13/2-> 6H15/2[
6F11/2

6H9/2] and 6RaBt
6Hua->6H„n 

6H '15/2, 13/2 

transitions in Fig.6 appear to satisfy the condition of Dexter[26]. Therefore, the quenching processes 
in Dy3* are also affected by the electric dipole-quadrupole and electric quadrupole-quadrupole 
interactions at least to a certain degree. 

This discrepancy can also be explained from the difference in the rare-earth solubility among 
glasses with different sulfur concentration. A recent Raman study on the solubility mechanism of 
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La2S3 in GeS2-G&,S3 glass suggested that the most preferred site for rare-earths is the cation-cation 
bonds in Ge-Ga-S glass[27]. Formation of these cation-cation bonds was necessary due to the 
formation of GaS4 tetrahedra from Ga,S3 which brings in the natural sulfur deficiency even at the 
stoichiometric GeS2-Ga2S3 composition. This situation becomes pronounced in a SD glass and 
therefore, the solubility of rare-earths in a SD glass is higher than those in SE and ST glasses. 
Therefore, the clustering of Dy3+ in SD glass becomes less serious and the average distance among 
Dy3+ ions in SD glass is longer than that in SE or ST glasses even at the same Dy3+ concentration. It 
resulted in the reduced nonradiative interactions among Dy3+ and thereby, showed large K values with 
increasing sulfur concentration as in Fig. 4. A similar situation was found from the Ge-As-S glass 
system, where compositions containing less than 65 at.% of sulfur are favorable for rare-earth doping 
even if those compositions are less transmitting in the visible range[28]. 

V. Conclusions 
Absorption cross-section of the 6H11/2 and 6HI3/2 levels and emission cross-sections of the 2.9 and 

4.4um fluorescences in Dy3+-doped Ge-Ga-S glasses increased with decreasing sulfur concentration. 
Measured lifetimes of the two energy levels also increased at the same time which is due to the 
reduced nonradiative relaxation rates. Rate of quenching the 2.9um fluorescence from the 6H13/2 level 
was enhanced by the fast excitation migration process. Magnitude in the nonradiative interactions 
among rare-earths decreased with decreasing sulfur concentration which is due to the enhanced 
solubility of rare-earths in the sulfur-deficient glass. 
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ABSTRACT 

The (GeS2)8o-x(Sb2S3)2o. xPrCl3, and (GeS2)6o.x(Sb2S3)40. xPrCl3, (x = 0.01, 0.1, 0.5) systems 
glasses were prepared from elements and PrCl3 by thermal synthesis. The glasses were of orange 
to red colour, they were optically homogeneous up to 0.5 mol. % of PrCl3, the samples with 
1 mol. % of PrCl3 were partly crystalline. The homogeneity was confirmed by optical methods 
and by electron microscopy. The Tg values are from the region 330-333 °C for 
(GeS2)go.x(Sb2S3)2o.xPrCl3 glasses and from the region 256-274 °C for 
(GeS2)6o-x (Sb2S3)4o-x xPrCl3 glasses, (x = 0.01, 0.1, 0.5). The short-wavelength absorption edge 
lies between 550 - 700 nm for (GeS2)60.x (Sb2S3)40.xPrCl3 glasses and between 500 - 650 nm for 
(GeS2)8c-x (Sb2S3 )20. xPrCl3 glasses. The long-wavelength absorption edge lies near 900-1000 cm" 
1 and is apparently caused by multiphonon absorption of Ge-S and Sb-S vibration modes. Doping 
by Pr3+ ions leads to the creation of new absorption bands near 2100, 4980, 6370, 6640 and 9843 
cm"1, which can be assigned to the electron transitions from the 3¥U level of Pr3+to the 3H5, 

3He , 
F2  ,   F3  ,    F4  ,    G4  levels  of the Pr3+ ion.   The  absorption bands  corresponding  to 
EU -> Yk, F2 and to H4 -» F3, F4 transitions are strongly overlapped. 

The Raman spectra were deconvoluted into several bands, which can be assigned to the 
vibrations of GeS4, SbS3 and S8 structural units. The structure of studied glasses is formed by the 
interconnected GeS4 tetrahedra and SbS3 pyramids with dissolved S8 molecules and Pr3+ ions. 

The luminescence spectrum consisted of two luminescence bands. The first one, ~ 1300 nm, 
can be assigned to *G4 - 3H5 electron transitions of the Pr3+ ions. The second luminescence band 
of lower intensity near 1600 nm can be assigned to the transitions between 3F3 and 3H4 electron 
levels of Pr3+. 

1. INTRODUCTION 

The rare-earth (RE) doped glasses and their luminescence have been studied extensively in the 
last time, partly due to fundamental science reasons, partly due to potential application of these 
phenomena and materials in optics and optoelectronics, e.g. in lasers, light amplifiers and light up- 
convertors [1, 2]. Silica telecommunication fibres exhibit a low-loss window in the wavelength 
region from 1290 nm to 1320 nm and Pr3+ ions seem to be a promising candidate for fibre 
amplifiers in this region. For such an application, the quantum and energy efficiencies of the 
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luminescence are important [3]. The quantum efficiency of the luminescence depends on energy 
of excitation and on the kind of RE ion. For the same RE ion it depends on the type of host matrix 
[2 - 5], because the non-radiative transitions to the lower electron energy states, when several 
lattice vibrations are generated, can compete with the radiative transitions and they can reduce the 
whole quantum efficiency [3, 4]. The emission from the !G4 level of Pr3+ can be, therefore, 
quenched because of the multiphonon relaxation to the underlying 3F4 level [5]. As a consequence, 
the ^-'Hs radiative transition has low quantum efficiency in silica and other high phonon- 
energy glasses. 

The chalcogenide glasses, due to heavier constituting elements, have lower phonon energies 
than oxide glasses and the probability of multiphonon relaxation can be lower because more 
phonons are required to bridge the energy gap between excited and next lower state. 

The non-radiative decay rate, cq,, due to multiphonon relaxation, depends on the energy gap 
between the electron levels, AE, and phonon energy, hco, and is given by Miyakawa-Dexter 
equations [2] 

(%= ffibexp 
-aAE 

V  hco j 
a = ln(p/g)-l, 

(1) 

where p = AE/hco, g is the electron-phonon coupling strength, and CD0 is a host dependent 
constant. For glasses with a small maximum phonon energy, the number of phonons required to 
bridge the energy gap, AE, is large, leading to a smaller multiphonon relaxation rate [6]. 

The energy gap between 1
GA and underlying 3F4 level in Pr3+ ions is relatively large (~3500cm" 

\ [2]), which again decreases the multiphonon relaxation rate. 
The RE compounds or elements are soluble in oxide and halide glasses, while their solubility in 

chalcogenides are generally less. The achievable density of RE ions in these materials is often too 
small for many possible applications [7]. A search for homogeneous chalcogenide glasses, which 
can contain larger amounts of RE elements and have low phonon energy, is, therefore, desirable 
From this point of view, the glasses from the system Ge-Sb-S are promising similarly to the 
glasses of the Ge-Ga-S system [2]. The glasses are hard and non-hygroscopic, they can apparently 
dissolve larger amounts of RE elements or their compounds [7]. The justification of this 
suggestion will be given in part 3 of this paper. 

2. EXPERIMENTAL 

Samples were prepared from high purity elements (Ge, Sb, S, all of 5N-purity) and from 
praseodymium chloride (PrCk per analysis, p.a.) in evacuated silica ampoules (T ~ 960 °C, 
40 hrs) in a rocking furnace. The ampoules containing the melt were then annealed at 800° C for 8 
hrs and quenched in the air. 

The homogeneity of the samples was confirmed by optical and electron microscopy. The 
composition and its uniformity were measured by an energy-dispersive X-ray analyser. The 
absence of crystalline phase was checked by X-ray diffraction. 

The thermal analysis (TA) was performed with the Mettler DSC 12E analyser. The optical 
spectra of cut and polished samples were measured using spectrophotometer (Perkin-Elmer 
Lambda 12 (UV, VISX Jasco V 570 (VIS, NTR)) and FT spectrophotometer (BIO-RAD FTS 45 
mi 
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The luminescence spectra were measured at room temperature in the spectral region between 
20000 - 6000 cm"1 (500 - 1670 nm). The Ar+ ion laser lines 476.5, 488nm or YAG: Nd laser line 
1064 nm were used for luminescence excitation. 

The Raman spectra were measured by an FT Raman spectrometer (DFS55/FRA106, Bruker, 
Germany) using a backscattering method and Nd:YAG laser beam (1064 nm) as the excitation 
light. Temperature dependent population of individual phonon levels influences the intensities of 
individual Raman bands. This effect is most efficient at lower Raman frequencies. For correction 
of this effect, the reduced Raman spectra were calculated using Shuker-Gammon formula [8] 

Ired((D) = (G)L - (a)"4, o (1 - exp(- ft <D/kT)). 1(G)), (2) 

where CDL and o are the frequency of excitation light and of scattered light, respectively. T is the 
temperature, k is Boltzman constant and I(o) is the measured Raman intensity. 

3. RESULTS 

The glassy samples of (GeS2)80-x (Sb2S3 )20. xPrCl3 and (GeS2)6o-x (Sb2S3)40. xPrCl3, (x = 0.01, 
0.1, 0.5), were orange to red in colour. The glasses were optically homogeneous to the eyes and to 
the methods given above. Their X-ray diffraction patterns did not contain any peaks attributable to I 
crystals. Several broad bands typical of the amorphous state were observed. The densities of ' 
samples were from the region, d = 3.519 - 3.577 gem"3 for the glasses of the system 
(GeS2)6o-x(Sb2S3)4o.xPrCl3 and  from 3.223  - 3,258  g.cm"3  for the  glasses  of the  system I 
(GeS2)go.x(Sb2S3 )20.xPrCl3. ■ 

The glass transition temperature, Tg, equals to ~ 256 - 274 °C for (GeS2)ßo-x (Sb2S3)4o.xPrCl3 I 
glasses. This temperature increases with increasing content of PrCl3. The Tg, equals to ~ 330 - I 
333 °C for (GeS2)go-x (Sb2S3)2o. xPrCl3 glasses and it also slightly increases with increasing Pr 

content. There was not found any crystallisation at temperatures up to 400 °C. 
The short-wavelength absorption edge, as determined from optical transmissivity, lies between 

550 - 700 nm for (GeS2)6o-x (Sb2S3)4o-xPrCl3 glasses and between 500 - 650 nm for 
(GeS2)8o-x (Sb2S3)2o. xPrCl3 glasses in their spectrum. 

Doping of the samples with PrCl3 creates new absorption bands near 4980, 6370, 6640, 9843 
cm"1, which are similar to the bands of Pr3+ in GeS2-Ga2S3 glasses [2]. In the glasses with higher 
PrCl3 content can be found a new absorption band near 2100 cm"1 which is probably created by 
electron transition between 3FLt and 3Hs electron levels of Pr3+ ion. 

In the Raman spectrum of studied glasses can be seen a broad band with maximum near 
340 cm*1 for (GeS2)go-x (Sb2S3)2o. xPrCl3 glasses, and a similar band with maximum near 
330 cm*1 for (GeS2)6o-x (Sb2S3)4o. xPrCl3 glasses (Fig. 1). These broad bands of both types of 
glasses can be deconvoluted into four or five bands. In the spectrum, there is also a low intensity 
broad band near 150 cm*1 and a weak band near 482 cm*1 (Fig.l). The Raman spectra of Pr3+ 

doped glasses are practically identical with the spectra of undoped glasses. 
The long-wavelength absorption edge of the samples was found near 900 cm"1 and its position 

(in analogy with Pr-doped Ge-Ga-S glasses [2]) can be assigned to the multiphonon Ge-S and 
Sb-S vibrations. The amplitudes and band positions in this region are identical with these ones in 
the undoped samples. The absorption in the far IR region, behind this absorption edge, is strong. 
The analysis of the reflectivity spectra in this region will be given elsewhere [9]. 
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The luminescence spectra of Pr activated glasses are given in Figs. 2, 3. Two broad 
luminescence bands were observed with excitation by 1064 nm line. The luminescence was not 
observed when the samples were excited by 476.5 nm or 488 nm lines, probably due to high 
absorption in this region. 
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Fig. 1. Raman spectra of the 
60GeS2-40Sb2S3 glass 

Fig. 2. Luminescence spectrum of 
59.5GeS2-40Sb2Ss-0.5PrCl3 glass 

4. DISCUSSION 

The structure of studied glasses is reflected in the Raman spectra (Fig. 1). The broad band near 
142 cm'1 in the spectrum of studied glasses can be also found in the spectrum of glassy GeS2 
(vibrations of GeS^). There were found four weak bands with maxims near 130, 159, 195 and 
241 cm"1 in the spectrum of crystalline Sb2S3. The broad band of studied glasses with maximum 
near 142 cm"1 can be thus formed by overlapping of Raman bands of Sb2S3 and GeS2 structural 
units which are broadened in glassy system of Ge-Sb-S. The weak band near 482 cm' of 
(GeS2)6o-x (Sb2S3)4o- xPrCl3 glasses can be assigned to the Sg(Ai) ring vibration mode of sulphur. 
The individual bands obtained by deconvolution of the main broad Raman band of studied 
glasses (Fig. 1) can be assigned to SbS3(E), 287 cm"1 and SbS3(Ai), 307 - 310 cm"1, pyramidal 
vibrations, to the GeS4(Ai), 330 - 333 cm"1, and to GeS4(F2), 358 - 394 cm"1, tetrahedral 
vibrations, or to S3Ge-S-GeS3 structural units vibrations (406 - 409 cm'1). 

From the Raman spectra and from the spectral dependence of reflectivity in the far IR region 
can be thus judged that the structure of prepared glasses is formed by GeS4 tetrahedra and by 
SbS3 pyramids interconnected by sulphur bridging atoms. The Sg ring vibrations can be also 
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found in some glasses. The results have also shown that the structure of Ge-Sb-S glasses is not 
practically influenced by small amounts of RE dopants. 

In analogy with the paper [6], the new absorption bands introduced by Pr doping can be 
assigned to the electron transition from the level 3ELt to the higher energy levels of Pr3+ ions 3Hs, 
U, JF2 

3F3,3F4 and lG4 The transitions H4 - H6, F2, and H4 - F3, F4 formed unseparated 
absorption bands with strong overlapping of individual bands. The absorption bands 
corresponding to the transition 3H4-'D2,3¥U - 3Po and 3Hu - 3Pi were partly hidden in the short- 
wavelength absorption edge. 

In the luminescence spectrum of Pr3+ activated glasses (Figs. 2, 3) can be seen a dominant 
band near 1343 nm for (GeS2)6o-x (Sb2S3)4oxPrCl3 glasses and near 1346 nm for 
(GeS2)8o-x (Sb2S3)2o- xPrCk glasses, which can be assigned to the radiative transition from 
!G4 - 3H5 levels of Pr3+ ions. From this 3Hs level are the electrons transferred to the basic 3FLf 
level by multiphonon relaxation. To the lG4 level mentioned above are the electrons excited 
directly from the 3FLt level by the Nd:YAG laser light (1064 nm). 

The luminescence band near 1600 nm is probably created by electron transitions between 3Fs 
and JH4 levels (Fig. 4). This luminescence is of much lower intensity. The presence of electrons 
on the 3F3 level is probably caused by multiphonon relaxation transition, when the depopulation 
of electrons on the ^4 level is received. The energy difference between lG4 and 3F3 levels is 
relatively large (-3500 cm'1) and the probability of multiphonon relaxation is low. It results in 
low intensity of luminescence near 1600nm. It cannot be also excluded that there is some 
radiative transition between the XG4 and 3F4 or 3F3 levels with energy outside of sensitivity of our 
facility. 
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Fig. 3. Luminescence spectrum of 
(GeSi)6o-x (Sb2S3)40.xPrCh. 1 x = 0.5,2 x 
= 0.1,3 x = 0.01. 

Fig. 4. Energy scheme of electron levels 
J+ .• ofPr^ ions in 79.5GeS2-20Sb2S3- 

0.5PrCh glass 
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5. CONCLUSION 

The GeS2 - Sb2S3 glasses dissolve relatively large amounts of PrCl3 and form stable glasses. 
Their properties are similar to Pr-doped Ge-Ga-S and also to Pr doped halide glasses. Due to 
lower phonon frequencies in sulphide glasses than in oxide or halide glasses, the Pr + doped 
chalcogenides may be good candidates for high efficiency light amplifiers and lasers. 
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ABSTRACT 

Site-selective spectroscopy and time resolved fluorescence line narrowing experiments 
were performed in the 4F3/2->4l9/2 4ln/2 transitions of Nd3+ in six different compositions of 
heavy metal oxide glasses based on Bi2C>3, GeC>2, and PbO. For all samples studied a strong 
line-narrowing of the 4F3/2-»4In/2 emission has been observed when exciting at the long wave 

side of the 4l9/2-»4F3/2 transition. The lifetimes of the 4F3/2 state do not show a monotonic 
variation with the excitation wavelength indicating large site-to-site variations in the local crystal 
field. Spectral migration of excitation among the Nd3+ ions has been studied from the time 
evolution of the 4F3/2-»4l9/2 spectra under resonant excitation. The results can be interpreted in 
terms of a dipole-dipole transfer mechanism. 

INTRODUCTION 

The discovery of heavy metal oxide (HMO) glasses has attracted interest because of their 
optical properties such as high refractive indices, high optical non-linearities and good infrared 
transmitance up to about 7-8 (im [1-3]. The wide infrared transmission window indicates that 
vibrational phonon energy of these glasses is small compared to other conventional oxide 
glasses. The maximun phonon energies of conventional oxide glasses such as silicate, borate, 
and phosphate are high; therefore the nonradiative relaxation due to multiphonon emission is the 
dominant process for transitions with small energy gaps. The reduced phonon energy in HMO 
glasses provides the possibility to develop more efficient lasers and fiber optics amplifiers. A 
knowledge about the most important laser parameters requires a detailed spectroscopic study of 
the optical properties of paramagnetic ions in these HMO matrices. 

Among the various rare-earth ions, neodymium is the most widely studied ion in a variety 
of glasses not only because of its applications, but also because the variations with composition 
of its spectroscopic properties usually apply to other trivalent rare earth ions. The optical 
properties of rare-earth doped glasses are closely related to the local structure and bonding at the 
ion site [4] and for this reason have been commonly used as probes for local ordering. 
Although rare earths are not randomly distributed throughout the glass and they may or may not 
enter as former ions, their optical spectra show, even at low concentrations, an inhomogeneous 
broadening which is the evidence of large site-to-site crystal field variations. Several laser 
spectroscopic techniques, such as fluorescence line narrowing (FLN), spectral hole burning, 
etc., [5,6] are required to obtain detailed information on the local field and ion-ion and ion-host 
interaction processes. 

In this work we report the optical properties of Nd3+ ions in six different compositions of 
HMO glasses based on Bi203, Ge02, and PbO. In order to establish a correlation between 
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glass matrix composition and Nd3+ spectral properties, steady-state site selective and resonant 
time-resolved fluorescence line narrowing (TRFLN) spectroscopy were performed to obtain 
information about the site distribution of Nd3+ ions and the energy transfer between them. 

EXPERIMENTAL 

Batches of 20 g of glass have been prepared by mixing high purity reagents Bi2U3 
(ALFA 99.999), GeÜ2 (ALFA 99.999), PbO (ALFA 99.9995) and all glasses were doped with 
1 % Nd203. (ALFA 99.999). This mixture was melted in a high purity alumina crucible placed 
in a vertical tubular furnace at temperature between 1100-1200 °C for 1 h and then poured onto 
a preheated brass plate, followed by 1 h annealing at 420 °C and cooling at 1.5 °C/min down to 
room temperature. Finally the samples were cut and polished for optical measurements. The 
composition and density of the glasses in the system Bi203-Ge02-PbO are listed in Table 1. 

Table 1.- Composition (mol%) and density (gr/cm3) of the samples studied. 

Glass Composition (mol%) 
=■  —■ 

d (gr/cm3) 

A 59Ge02-41PbO 6.21 

B 25Bi203-62.5Ge02- 12.5PbO 6.65 

C 17.65Bi203-58.82Ge02-25.53PbO 6.63 

D 11.1 lBi203-55.56Ge02-33.33PbO 6.52 

E 5.26Bi203-52.63Ge02-42.1 lPbO 6.53 

F 25Bi203-75Ge02 6.22 

As can be observed the density value sligthly increases with the Bi2U3 concentration 
except for glass F. This effect has been observed in other HMO glasses and attributed to the 
weight of Bi2Ü3 compared to PbO and Ge02 and the increase in the covalent bond character 
[7]. The densities are small compared to other bismuth and lead glass systems [8]. As expected 
a high refractive index for these HMO glasses is observed in the range 1.94 to 2.04. 

The samples temperature was varied between 4.2 and 300 K with a continuous flow 
cryostat. The steady-state emission measurements were made with an Argon laser as exciting 
light and the medium wave tuning range (800-920 nm) of a Ti-Sapphire ring laser, pumped by 
an Argon laser. The fluorescence was analyzed with a 0.22 m SPEX monochromator, and the 
signal was detected by a Hamamatsu R7102 extended IR photomultiplier and finally 
amplified by a standard lock-in technique. 

Lifetime measurements and time resolved resonant fluorescence line narrowed emission 
measurements were obtained by exciting the samples with a Ti-Sapphire laser, pumped by a 
pulsed frequency doubled Nd:YAG laser (9 ns pulse width), and detecting the emission with a 
Hamamatsu R7102 photomultiplier. Data were processed by an EGG-PAR boxcar integrator. 
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RESULTS AND DISCUSSION 

Taking advantage of the tunability and narrow bandwidth of the Ti-saphire ring laser as 
an excitation source for the 4l9/2-»4F3/2 transition, we have performed the excitation spectra of 
this transition for all samples collecting the luminescence at different wavelengths along the 
4F3/2-»4Iii/2 transition. Figure 1 shows, as an example, the low temperature steady-state 
excitation spectra for glass C obtained at two different emission wavelengths. As can be 
observed the spectrum narrows and blueshifts for emission at the high-energy wing of the 
4^3P.~¥^hl/2 emission. 

The steady-state emission spectra for the 4F3/2-»4In/2 transition were performed by 
exciting at different wavelengths in the low energy component of the ^pr^^^ß absorption 
band. Figure 2 shows the emission spectra of glasses A, C, and F obtained at different 
excitation wavelengths measured at 4.2 K. As can be observed as excitation wavelength 
increases along the low-energy Stark component of the doubled 4F3/2 , the shape of the 
emission band changes and a strong narrowing and redshift of the emission spectra occurs.For 
all samples the spectra are characterized by fluorescence bands having poorly resolved 
components and a large residue of inhomogeneous broadening. However, the fluorescence 
spectra of glass A show more resolved and sligthly narrower lines which indicates a glass with 
a small site-to-site variation in the local field. 

The decays of the 4F3/2-»4In/2 transition were performed by exciting the samples at 
different wavelengths along the low energy component of the 4l9/2~>4F3/2 absorption band. 
They were found to be single exponential at all temperatures and compositions. This behaviour 
may be due to the use of narrow band laser excitation. Figure 3 shows that the lifetime displays 
a variation of about 20 % and does not show a monotonic variation with wavelength. The 
lifetime initially decreases with increasing wavelength but after reaching a minimum it increases 
again (this lifetime increasing at long wavelengths may be attributed to the presence of energy 
transfer between Nd3+ centers). The wavelength dependence suggests large site-to site 
differences in the local crystal field. The same behaviour was found at 4.2 K. The lifetime 
values are nearly independent of temperature in the 4.2 K-300 K range for all samples. 

The existence of energy transfer between Nd3+ ions in these glasses can be studied by 
using time resolved fluorescence line narrowing (TRFLN) spectroscopy. If the laser source is 
pulsed and ion-ion interactions are present, the TRFLN technique provides us with a way to 
measure optical energy propagation from the initially excited subset of ions to other elements of 
the inhomogeneously broadened line. This is done by observing the emission characteristics of 
the system as a function of time. Resonant time-resolved fluorescence line narrowed emission 
spectra for the 4F3/2-»4l9/2 transition were performed for all samples at 4.2 K by exciting the 
samples into the ^pr^m absorption band at different time delays after the laser pulse. It 
is important to perform the measurements at low temperature to ensure that only the lowest 
energy Stark level of the ground state is excited. Typical results of these measurements are 
given in Figure 4, which shows the normalized spectra at two different time delays, 1 p.s and 
350 |is, for glass A. In the spectra we observe a simple FLN line and a broad emission which 
arise from the non-narrowed inhomogeneous line, and their evolution as time increases. In this 
case, a quantitative measure of the transfer is provided by the ratio of the intensity in the narrow 
line to the total intensity of the fluorescence in the inhomogeneous band. 

Neglecting the dispersion in the radiative decay rate, and using the Foster formula for 
dipole-dipole energy transfer, one can write for the relationship between the integral intensities 
of the broad background emission Iß, and the narrow luminescence component IN: 
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Ln(]ß-+l) = Y(EL)t2 (1) 

The macroscopic parameter Y(EL) has the meaning of an integral characteristic, reflecting 
the average rate of excitation transfer from donors to the ensemble of spectrally nonequivalent 
acceptors [9], 

We have analyzed the time-resolved site-selective fluorescence spectra of the transition 
4Fy2-^%/2 obtained at different time delays between 1 |is and 350 jis according to eq. (1). As 
an example, Fig. 5 shows the results for glasses A, C, and F doped with 1 mol% of Nd3+ at 
4.2 K for an excitation wavelength of 882 nm. As can be observed a linear dependence of the 
ln[(Iß/lN+l] function on t1/2was found, indicating that a dipole-dipole mechanism of 
interaction among the Nd3+ ions dominates in this time regime. The values of the average 
transfer rate indicate that energy transfer among Nd3+ ions is weak at this concentration. 

CONCLUSIONS 

(i) The narrowing observed in the steady-state emission spectra of the 4F3/2-»4In/2 transition 
when the exciting wavelength increases along the 4l9/2-»4F3/2 absorption band, together with 
the non monotonic dependence of the lifetimes on the excitation wavelength, reveal the 
existence of a broad distribution of Nd3+ sites in these HMO glasses. The spectral features and 
inhomogeneous broadening of the emission spectra for the glasses studied suggest that the 
addition of Bi20s contributes to a greater variation in the local crystal field. 

(ii) Analysis of the time evolution of the 4F3/2->4l9/2 emission spectra obtained at low 
temperature under resonant excitation shows that spectral migration of excitation among 
neodymium ions is weak at 1 mol% Nd3+ concentration. 
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Fig. 1.- Steady-state excitation spectra of transition 4l9/2-»4F3/2 in glass C for luminescence 
monitored at different wavelengths within the 4F3/2-»4In/2 emission band. Measurements 
were performed at 4.2 K. 
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Fig. 2.-Steady-state emission spectra of transition 4F3/2->4In/2 in glasses A, C, and F for 
different excitation wavelengths along the low energy Stark component of the 4F3/2 level. Data 
correspond to 4.2 K. 
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INTRODUCTION 
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applications including refractive nonlinearities among the largest reported for classes and 

A??? flgrf H°f mCrit 5r all;rical SwitchinS   The ^ZTn^^rSZ^i 
m ^     PS      d reas0IVably wdl by the semi-empirical Boling-Glass-Owyoung formda 
h 'ntÄ    f C°n,Stant °f ProPortionality relating the nonlinear to linear indices ?s smX than is the case for glasses not containing heavy metals. 

DISPERSION OF THE OPTTrAL NONT JNF.ARTTTPS 

haJwa,!ly a!! Pr7i0US measurements of the third-order optical nonlinearities of glasses 
svTemadc 2f^■ tSV" tW° waveiengt^     0ur measurements constitute the firs 
var S Ä, f* dTrS1°n, °f th.e n°nl nearities of Slasses-    Qualitatively similar 
r£j   /     d f°r al1 u

samPles: the nonlinearities increase rapidly below 900 nm 
probably due to resonant enhancement given the proximity of the liLar absorption edge 
The third-order susceptibilities at 600 nm are among the largest values ever Sported for 

174 IS(NOG)z'98 



glasses, with Re %(3) > 10"n esu. A weaker increase between 1250 and 900 nm can be 
understood from general principles: analysis of the quantum-mechanical expression for the 
second hyperpolarizability shows that it should deviate from the static value as a quadratic 
function of frequency far off resonance [6]. The expression for the off-resonant third-order 
susceptibility is qualitatively consistent with the experimental results. 

NUCLEAR CONTRIBUTIONS TO THE THIRD-ORDER NONT JNEARITIES 

The magnitude of any nuclear contribution to the third-order optical nonlinearities of 
glasses was an unresolved issue for many years. Hellwarth and co-workers originally 
estimated the relative contributions of electronic and nuclear mechanisms to the third-order 
polarization of glasses by analyzing Raman-scattering spectra along with intensity-induced 
polarization changes [7]. The nuclear contribution was estimated to be 5-20% of the total 
nonlinear polarization. More recently, Hal! et al [8] and Kang et al [4] attempted to assess 
the origin of the measured nonlinearities through their tensor properties. Away from an 
absorption resonance and for a purely electronic process, the ratio of the diagonal to off- 
diagonal elements of %(3) should be 3; this is known as Kleinman symmetry. Almost all 
glasses seem to obey Kleinman symmetry, and indeed the first femtosecond measurements of 
nonlinear refraction in glasses [9] indicated an instantaneous (i.e. electronic) response. These 
results directly contradict Hellwarth's conclusions. Despite the substantial nuclear 
polarizabilities of most glasses, there was no direct measurement of a nuclear contribution to 
%(3) until Kang et al reported [10] the observation of the coherent nuclear response of 
glasses. The clear isolation of electronic and nuclear responses possible in the time domain 
allows for direct estimation of their relative strengths. The fractional nuclear contribution is 
-10% in this case, quite similar to the values estimated previously [7] for different materials 
and elements of the response tensor. The experiments of Kang et al. also constitute the first 
observation of coherent phonons in a glass. 

ADVANCES IN MEASUREMENT TECHNIQUES 

Prior to 1990, almost all measurements of third-order susceptibilities of glasses were 
made using 3-wave mixing, 4-wave mixing, or third-harmonic generation. In 1989 the z- 
scan was introduced [11]. This is a simple, single-beam technique that provides the 
magnitude and sign of the real and imaginary parts of x(3). The z-scan is not particularly 

sensitive; it is difficult to measure nonlinear phase shifts (A<£) less than 0.01 rad using it. 

The sensitivity is improved to AO ~ 10"3 rad in the time-resolved z-scan, used in Reference 
[10]. Much greater sensitivity is possible using the optical-heterodyne-detected Kerr effect 
[12] or time-resolved interferometry [13]. Both of these techniques can resolve nonlinear 
phase shifts as small as 10"6 rad, but at a cost of significant complexity in the construction 
and operation of the experiment. Kang et al recently demonstrated that equal sensitivity can 
be obtained in a very simple experiment based on spectrally-resolving a two-beam coupling 
signal [14]. This technique also gives the magnitude and sign of the real and imaginary parts 
of %@) in a single experiment. Data from fused silica demonstrate a sensitivity  A<£ = 3xl0"6 

rad. 
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ABSTRACT 

New Erbium-doped tellurite glass is presented as a host for broadband flat-gain Erbium 
amplifiers. The glass exhibits an exceptionally broad emission spectrum, a large stimulated 
emission cross-section, and a relatively long lifetime. 

1. INTRODUCTION 

The worldwide demand for bandwidth is urging an increase in the number of available 
wavelength-division-multiplexing (WDM) channels, especially in the 1.5 urn telecom window. 
Ultimately this can only be achieved by extending the gain bandwidth of Erbium-doped fibre 
amplifiers (EDFA) that enable long-distance optical transmission. Broadband flat-gain EDFAs 
are necessary for high-multichannel WDM operation. In this paper we present a new tellurite 
glass host for EDFA possessing exceptionally broad and flat 1.5 jam emission. 

In 1997 NTT announced a flat-gain tellurite EDFA with 80 nm gain bandwidth. The 
full-width-at-half-maximum (FWHM) of emission in the NTT glass was 55 nm. In comparison, 
fluoride ZBLAN (Zr-Ba-La-Al-Na-fluoride) EDFA, which is the main broadband EDFA, has a 
broader emission of 65 nm FWHM, but a narrower gain bandwidth of only 40 nm. The broad 
gain of tellurite EDFA is due to its large stimulated emission cross-section (aSE) arising from its 
high refractive index. In the NTT glass aSE was 6.6xl0"21 cm2, compared with 4.8xl0"21 cm2 in 
ZBLAN. Tellurite glass also offers a large pump absorption cross-section and a good solubility 
for Er3+ ions, with doping levels of over 1 mol% being possible (10-20 times higher than in 
ZBLAN). These are important advantages, although in consequence of its high refractive index, 
the radiative lifetime (x) in tellurite glasses is relatively short. The amplifier figure-of-merit 
aSExx for NTT glass is 26xl0"24 cm2s (48xl0"24 cm2s in ZBLAN). 

2. RESULTS AND DISCUSSION 

In this paper we investigate a new type of Er^-doped tellurite glass: TeO^NajO-ZnO. 
This glass exhibits emission with FWHM of 75 nm, implying exceptionally broadband gain. 
The emission cross-section is around 8xl0'2! cm2, and the lifetime is around 5 ms. This gives a 
figure of merit of 40xl0"24 cm2s (comparable to ZBLAN). Due to its broad emission, large 
cross-section and large figure-of-merit, the new tellurite glass constitutes a highly promising 
glass host for a broadband flat-gain EDFA. 

The Er* dopant in the new tellurite glass is sited in several different host environments. 
The width of Er3"1" emission and absorption peaks in this glass indicates multiple sites with 
different ligand fields leading to varying Stark splittings. Moreover, Pr3* emission from 3P0 is 
also very broad, indicating similar multiple sites for Pr3* ion. In addition, the OH" absorption 
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peak is also unusually broad, signalling multiple Off sites. Other evidence for multiple sites 
arises from the behaviour of Er3"" emission with varying dopant concentration. 

We investigate in detail the Er* spectroscopy in the new tellurite glasses, giving 
particular attention to aspects related to EDFA performance. The amplifier figure of merit is the 
product of stimulated emission cross-section and metastable lifetime. The available gain 
bandwidth, on the other hand, grows with emission cross-section. To achieve a large emission 
cross-section, and therefore broadband gain, our tellurite glasses were designed to have a high 
refractive index, as well as multiple dopant sites. Although the figure of merit decreases in high 
refractive index glasses, the preferred host glass has a good combination of a relatively long 
lifetime and a large cross-section. 

Concentration quenching of Er* in the preferred tellurite host was studied. The optimum 
doping level was found to be around 10000 ppm wt. This is unusually high for EDFA, 
indicating the possibility of shorter fibre devices, as well as planar devices. The late onset of 
concentration quenching is due to the good solubility of Er* in this tellurite host, leading to a 
good dispersion of Er* ions. The lifetime of the feeding level was also measured to ascertain the 
efficiency of pumping at 980 ran, which is the preferred pumping scheme. 

The effect of OH' content on Er* lifetime was investigated to determine tolerance levels 
for Off content. It was found that tellurite glass with acceptably low Off concentration is 
relatively easy to produce, as compared with, for example, fluorozirconate glass hosts. 

A range of tellurite glass compositions were studied to determine the optimum glass 
host. The relationship between the glass composition and Er* spectroscopy is considered in the 
light of glass structure. 

1A Mori et al, OFC'97, paper PD1-1 
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ABSTRACT 

Increase in degree of purity of As-S glasses and development of the drawing 
technique allowed to manufacture optical fibres with the improved parameters. 

The minimum optical losses in the optical fibres were 23 - 45 dB/km ,50-70 
dB/km, 200 - 300 dB/km and 300 - 500 dB/km at 2.2 - 2.7 mkm, 3.2-3.6 mkm, 4.0 - 4.5 
mkm and 5.0 - 5.5 mkm, respectively. 

The bending strength of optical fibres with diameter of 400 mkm increased from 0.6 
- 0.8 GPa to the values exceeding 1.2 GPa. 

1. INTRODUCTION 

There is a considerable interest to the optical fibres based on high-purity arsenic 
sulfide glasses. They have the best mechanical and optical parameters as compared with 
optical fibres based on chalcogenide glasses of other systems. A vitreous arsenic sulfide 
is the most stable to the crystallization. The previous investigations showed that the 
parameters of optical fibres can be improved in case the degree of purity of the studied 
glasses will be increased. 

2. EXPERIMENTAL 

The experiments were carried out to increase the degree of purity of the glasses due 
to development of their production technique. The investigation of quantitative 
dependence of optical transmission of arsenic sulfide glasses on the content of the 
absorbing impurities was continued. 

A conventional technique of production of high-purity glasses of AsxSioo-x 
composition comprises melting of elements in evacuated silica ampoules. In 
contradistinction to previous methods a new process has been developed with using of 
arsenic monosulfide instead of elemental arsenic [1]. 

It is known that ultrapurification of arsenic from submicron particles, consisting 
mainly of carbon, by the method of vacuum sublimation is of low efficiency at the 
acceptable values of arsenic evaporation rates [2]. The particles accumulate on the 
surface of the sublimed arsenic which decreases during sublimation of the initial load. 
To produce the AsxSioo-x glasses an arsenic monosulfide AS4S4 was used as an arsenic- 
containing component of the charge for the glass preparation. Arsenic monosulfide is 
not a glass forming substance. It has rather high vapour pressure and low viscosity of the 
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melt and that is why there is no noticeable accumulation of submicron particles on 
surface and in the near-surface layer during distillation. For that reason As4S4 was 
purified by vacuum distillation at rather high evaporation rate (about 104 cm3/cm2s). 

The glasses which had required composition, As2S3 for example, were obtained from 
the purified arsenic monosulfide by melting it with the required amount of sulphur, e.g. 

As4S4 + S2 -» 2 As2S3 

A content of sumicron size particles in the glass obtained did not exceed 2-104 cm"3. 
The values for extinction coefficients of the impurities of C02, COS and CS2 were 

found in As2S3 glass. The technique was used which had been previously developed to 
study the effect of hydrogen impurity on optical transmission of arsenic sulfide glasses 
[3]. The methods for production of the double-layered optical fibres were described 
earlier in [4]. Multimode optical fibres were drawn by the double-crucible technique. 
Single-mode fibers were obtained by the drawing of 1 mm diameter double-layer fibre 
which had been inserted into a tube made of cladding glass [5]. 

A primary coating of teflon dissolved in ketone with thickness of 10 mkm was 
applied to optical fibres in the process of drawing. A secondary coating with thickness of 
up to 100 mkm was applied by thermal solidification of PVC compound. 

While drawing the optical fibres the main attention was given to reproducibility of 
the given ratio between the diameters of core and cladding, and to improvement in 
concentricity of the core position. 

The content of inclusions of submicron size in glasses was determined by the laser 
ultramicroscopic method [6]. 

3.RESULTS AND DISCUSSION 

Figures 1 and 2 show the merits of the new variant to produce high-purity glasses of 
As-S system as compared with those used previously, 
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Figure 1. Spectra of the total optical losses in the optical fibres, based on As-S glass 
system, produced by different methods. 
1 - distillation   of    the     melt    of commercial    glass of   special    purity; 
2 - synthesis from commercial elements of special purity with additional 
purification; 3 - synthesis from the purified arsenic monosulfide and sulfur 

It is seen that the optical losses in the optical fibres, made of the glass by the 
suggested technique, are the lowest. The minimum optical losses in the optical fibres 
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were 23 - 45 dB/km ,50-70 dB/km, 200 - 300 dB/km and 300 - 500 dB/km at 2.2 - 2.7 
mkm, 3.2 - 3.6 mkm, 4.0 - 4.5 mkm and 5.0 - 5.5 mkm, respectively. 

The content of impurity inclusions of submicron size was decreased from 2-10 to 
2-104 cm"3. The content of OH- and SH-groups in the glasses was also lowered as it can 
be seen from the optical loss spectra of the fibres. A substantial effect of submicron 
inclusions on the value of energy threshold of bulk damage of arsenic sulfide glass was 
found at pulse radiation of YAG:Er3+-laser (k = 2.94 mkm) [7]. The laser operated in a 
free-running mode and had the following parameters: a single-pulse energy is up to 1.8 
J; pulse duration is 350 mks; pulse frequency is up to 4 Hz; the mean radiation energy 
is 2 Watts. 

The threshold value of energy density of bulk damage increased from 100 J/cm to 
1500 J/cm if the content of submicron size particles in the glass decreased from 2-10 
cm"3 to 2-104 cm"3. This parameter reached the value of 3 kJ/cm2 for the most pure glass 
samples. 

The optical fibres with diameter of 460 mkm, made of more pure glass, were tested 
at the transmission of YAG:Er3+-laser radiation. 
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Figure 2. Spectra of the total optical losses of the optical fibre made of As-S glass 
with the content of particles less than 2-104 cm"3 

The output energy in these fibers was up to 350 mJ after transmission of not less 
than 103 laser pulses. When a special technique for input of laser radiation into a fibre 
has been used the output energy at the end of the optical fibre attained 700 mJ. This 
parameter corresponds to the value observed in the IR-materials of high quality. No 
ageing of fibres was observed. In fibres kept in conventional atmosphere during a year 
damage threshold did not change. 

Lowering in the concentration of microinclusions in the glasses also led to a 
substantial increase in the mean bending strength of the optical fibres from 0.4 - 0.6 GPa 
to 0.9-1.2 GPa (Figure 3). 
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Figure 3. A Weibull distribution plot for the optical fiber made of As-S 
glass (the diameter of fibre is 400 mkm, the measurements were 
carried out at room temperature) 

Table 1 gives the values for the extinction coefficient for the impurities of C02, 
COS and CS2 dissolved in As2S3. The values for the concentrations of the impurities 
have been estimated in glasses which lead to the optical losses at the level of intrinsic 
ones. 

Table 1 
Values for the extinction coefficient for the maximum in intensity of 
absorption bands C02, COS and CS2 in vitreous As2S3 

Impurity Position of band Range of Extinction coefficient A content of the 
maximum, mkm studied 

concentrations, 
ppm.mol 

CM'Vppm.mol impurity which 
corresponds to 
intrinsic losses, 

ppb.mol 
co2 4,33 2-8 0,036 ± 0,005 0.004 
COS 4,95 10-70 0,24 ± 0,7 0.006 
cs2 6,68 1-6 1,1+ 0,3 1 
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It can be seen that acceptable content of these impurities is at the level of several 
thousandth of ppb. 

Table 2 gives the main parameters of the produced optical fibres. 

Table 2 
Main parameters of the optical fibres from high-purity As-S 
glasses 

Type of optical 
fibre 

Continious 
length, m 

Core/Clad 
diameter 

ratio 

NA Minimum 
losses at 
2,2-4 
mkm 

Core 
concentricity, 

% 

Bending 
strength, 

GPa 

Notes 

IVIultimode Up to 
hundreds of 

meters 

400/300, 
250/130 

0,2; 0,4 20 -100 >85 0,8-1,2 Intensity of OH < 
0.3 dB/m 

SH<ldB/m 

Single-mode tens of 
meters 

200/8 not 
measured 

400 >85 0,4-0,6 Cut-off 
wavelength :   1.1 

-1.5 mkm 

4. CONCLUSION 

Development of the method for preparation of high purity As-S glasses provided 
lowering in the concentration of heterophase impurity inclusions and of hydrogen- 
containing impurities by 2 - 3 orders of magnitude. It led to lowering in optical losses, 
to 2 - 3-fold increase in bending strength of optical fibres, and increased the output 
energy of erbium laser radiation, transmitted through the optical fiber, approximately by 
an order of magnitude. 

Increase in the degree of purity of glasses should be considered the main way to 
improve the optical and operational parameters of the optical fibres. 
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ABSTRACT 

We describe calculations of the optical extinction coefficient for spherical copper-coated 
dielectric particles in fluorozirconate glass. We show that as the coating thickness is 
reduced, the plasma resonance wavelength shifts from the visible region towards the 
infrared, and traverses the telecommunications windows. Such composite particles, with 
the appropriate coating thickness, can have a much larger effect on the extinction in the 
near infrared for a given volume of copper than can a particle which consists only of 
copper. 

1. INTRODUCTION 

The general theory of light scattering from a particle embedded in a homogeneous material 
was first developed by Mie [1], and comprehensive modern discussions of the theory are 
given in the books by Van der Hülst [2], and by Bohren and Huffman [3]. Light incident i 
on a slab of glass containing particles will be attenuated by the combined effects of I 
scattering and absorption; the attenuation is measured experimentally by the extinction 
coefficient aext which may be linked to Mie's scattering theory through the extinction, ■ 
absorption and scattering efficiencies as follows, I 

CCext=   nAQext = nA(Qabs + Qsca)j (1) 

where there are n particles per unit volume, each of cross sectional A. The cross-sectional 
efficiencies Q are defined as the ratio of the light intensity removed from the beam 
compared to that absorbed by a black disk of the same area. Their values may be 
computed from Mie's theory if the refractive indices of the particle and the host glass are 
known, and some model of the particle geometry is assumed. Analytical formulae [3] for 
the efficiencies can be deduced for some simple geometry's and when the particle diameter 
is small compared to the wavelength, but numeric computations must be performed in the 
general case. 

In earlier work, we have reported the light scattering due to particles of metallic copper [4] 
and semiconducting cuprous chloride [5] in fluorozirconate glass. Figure 1, taken from 
reference 5, shows typical extinction spectra. The host glass had a composition close to 
that of the well-known ZBLAN20 formulation (53% ZrF4,20% BaF2,4% LaF3, 3% 
A1F3, and 20% NaF), and was prepared under mildly reducing conditions in a carbon 
crucible in an argon atmosphere. Copper particles with radii in the range of tens of 
nanometers strongly scatter red light due to a surface plasma resonance effect, whilst CuCl 
particles were found to be very strong scatterers in the exciton spectral region near 400 nm 
where the dielectric constant undergoes large and rapid changes. For both cases, the 
extinction is very strong in the visible/near UV portion of the spectrum, but at least for 
small particles, is substantially smaller in the near-infrared region, which contains the 
technically important telecommunications windows. Nonetheless, concentrations of just a 
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few parts per billion by volume of copper can still limit the optical transparency of optical 
fibers made from fluorozirconate glass to be less that for silica in the near-infrared region. 

In electron microscopy investigations of fluorozirconate glass which were deliberately 
doped with copper, we have found some evidence for copper occurring as a decoration or 
coating on dielectric crystallites such as BaZrF6. The question then arises as to how the 
optical extinction spectra of glass containing such composite crystallites are modified from 
those containing crystallites of the pure dielectric, or pure copper. In this paper, we 
present the results of representative calculations of the extinction spectra for composite 
crystallites comprising a spherical dielectric core with a concentric spherical cap of copper. 
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Figure 1: Optical extinction spectra for three samples labeled DG, G, J of fluorozirconate 
glass, showing extinction peaks due to metallic copper and cuprous chloride. 

2. CALCULATIONS 

We base our calculations on the analysis of a coated spherical particle presented by Bohren 
and Huffman [3]. In the present case we take the refractive index of the host glass to be 
1.519 from Poulain et al. [6] and assume it to be wavelength independent, whilst we take 
the complex refractive index for copper from the collation by Lynch and Hunter [7] in the 
handbook of dielectric constants edited by Palik [7]. The data for copper must be used 
with some care, since there is a discontinuity at around 1.25ji where the source of data 
changes from one author to another. This abrupt discontinuity can give rise to artifacts in 
the computed extinction spectra if the refractive index data is used without modification; 
here we have numerically smoothed the interface between the two data sets. The choice of 
the refractive index of the core is arbitrary; as a representative value for typical heavy- 
metal fluoride crystallites such as BaZrF6 we use the refractive index of ZBLAN itself. 

We have adapted the FORTRAN program COAT published by Bohren and Huffman [3] 
to the Mathematica language, and tested the translated version of the program against 
earlier calculations for coated spheres by Fern and Oser [8], and Kerker et al [9]. We 
obtain satisfactory agreement to three significant figures for the extinction coefficients 
from the earlier works. 
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3. RESULTS 

We show in figures 2 to 4 the computed extinction coefficients for coated particles of fixed 
outside radius of 32,64, and 128 nm. In each case we present results for a coating of 
maximum thickness, i.e. a solid copper particle, and then for finite coating thicknesses of 
32, 16, 8,4,and 2 nm. We recognize that the use of the bulk copper dielectric constant for 
layers as thin as 2 nm is open to question, but include this result for the 32 nm radius 
particle case only so as to clearly indicate the trend with decreasing thickness. There is no 
point in calculations for coating thicknesses greater than about 40 nm because the resulting 
extinction spectrum is indistinguishable from that of a solid copper particle. 

It is interesting to test the utility of effective medium theories for coated particles, since 
the computations for a uniform sphere are considerably more straightforward than for a 
coated sphere. In figure 5 we show the extinction spectra calculated for coated spheres 
compared with those for uniform spheres with effective dielectric constants eeff calculated 
from the Maxwell-Garnett theory [3], 

eeff = em K ed +2£m) +2(1-f)(ed - h*)}' KH + 2em) - (1-0 (ed - em)], (2) 

where £m is the dielectric constant of the metallic copper, e$ is the dielectric constant of 
the core, and f is the volume fraction of the copper with respect to the total particle 
volume. This formulation is equivalent to regarding the particle to be made of a medium 
comprising a copper host with embedded particles of dielectric. 
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Figure 2: Calculated extinction spectrum for composite spherical particles of outside radius 
32 nm, embedded in ZBLAN glass, comprising a copper coating on a ZBLAN dielectric 
core of variable radius. 
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Figure 3: Calculated extinction spectrum for composite spherical particles of outside radius 
64 nm, embedded in ZBLAN glass, comprising a copper coating on a ZBLAN dielectric 
core of variable radius. 

10 
CD 
"o 
3= 
CD o 
O ö 

Ü 
c 
o 

X 
LU 

 Qext (no core) 
 •-Qext (96 nm core) 

_| Qext (112 nm core) 
 Qext (120 nm core) 
 Qext (124 nm core) 

4   - 

■■   i   i   i   i   i i    i    i—|—i—i—r—|—i—i—r—T—i—i—i—i—r 

400   800   1200  1600  2000  2400  2800 
Wavelength (nm) 

Figure 4: Calculated extinction spectrum for composite spherical particles of outside radius 
128 nm, embedded in ZBLAN glass, comprising a copper coating on a ZBLAN dielectric 
core of variable radius. 

IS(NOG)2'98 187 



1    I    I    I    I—I—I    I    1    I    I    I    I    I    I    I    I    I    I—I    I    I 

32 nm radius particles 

•     i    i     r^ 

\ 128nm radius particles 

500    1000    1500    2000    2500    3000 
Wavelength (nm) 

Figure 5: Calculated extinction spectrum (solid lines) for composite spherical particles of 
outside radii 32 and 128 nm, each comprising a copper coating on a ZBLAN dielectric 
core of radii 28 and 112 nm respectively, embedded in ZBLAN glass. The dashed lines 
are the calculated extinction coefficient for a uniform sphere of the same size, but with a 
single effective dielectric constant based on the Maxwell-Garnett theory. The volume 
fraction of dielectric is 67% in each case. 

4. DISCUSSION 

Turning first to figure 2 for particles of 32 nm radius, we note that the coated sphere 
calculation for an infinitesimally small core agrees with that using a different program [4] 
for a solid copper sphere. However, here we show the extinction spectrum over a greater 
wavelength range, including the near infrared region which includes the 
telecommunications windows. The dominant feature is a sharp peak near 600 nm t which 
corresponds to a surface plasma resonance [3,4]. This peak occurs for a small metallic 
sphere in a dielectric host when the condition, 

em! (A.) +2eh = 0, (3) 

is satisfied. In equation (3), ^(k) is the real part of the dielectric constant of the metal, 

and £|j is the real dielectric constant of the host. The effect of reducing the coating 
thickness is that the plasma resonance moves towards long wavelengths, and initially at 
least the magnitude of the extinction peak increases. This implies that a given volume of 
copper is more effective in scattering light when present as a surface coating than in the 
form of solid copper spheres. Separate calculations of the scattering and absorption 
efficiencies shows that the dominant effect for thin coatings is absorption. 

For spheres of 64 nm radius, the same general trends with coating thickness are evident, 
starting with a somewhat broader resonance peak for solid copper particles. However, for 
the 128 nm radius, the plasma resonance for solid particles has split into two peaks, which 
we believe represents the onset of higher order modes with increasing particle size [3]. 
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In contrast to simpler metals such as aluminium, the surface plasma resonance in copper 
is complicated by the fact that equation 3 is satisfied in a region of the spectrum where an 
anomaly in the dielectric constant occurs: near 600 nm, there is a marked deviation from 
Drude-like behavior in copper due to an inter-band transition; this anomaly gives rise to 
the red colour of copper metal. For many of the spectra in figures 2-4, the effect of this 
dielectric anomaly near 600 nm is still evident, usually as a sharp dip in the extinction 
coefficient. 

The comparison shown in figure 5 shows that effective medium theory is useful for 
particles small compared to the wavelength, although it is of decreasing accuracy as the 
size of the particle increases relative to the wavelength. To first order in f. i.e. for thin 
coatings, the Maxwell-Garnett (2) expression simplifies to, 

eeff =(l-f/3)£d + (2f/3)em. (4) 

This gives a qualitative insight into the shift of the plasma resonance for solid copper 
particles to longer wavelengths for copper-coated dielectric particles. The effective 
dielectric constant in (4) is a weighted linear combination of the dielectric constants of 
copper and the core. Since the real part EmiM of the dielectric constant in the Drude 

model for a metal is negative and varies in magnitude as approximately X2 at sufficiently 

long wavelengths, the effect of a thin coating is to force the real part of £eff to be negative 
there, and for some particular wavelength the plasma resonance condition (1) will be 
satisfied with £eff + 2sh =0. For thicker coatings, £eff will become more negative, and so 
the resonance will occur at a shorter wavelength; finally for a solid copper core the 
resonance will occur at the minimal wavelength around 600 nm. 

5. CONCLUSIONS 

Copper-coated spherical dielectric particles show a surface plasma resonance which is 
accentuated and shifted into the infrared as compared with a pure copper particle. The 
corresponding peak in the extinction spectrum means that a small volume fraction of 
copper, when present as a coating on a dielectric core, can strongly contribute to 
attenuation in the near infrared region of the spectrum. 
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PHOTOINDUCED EFFECTS IN RARE-EARTH DOPED AND 
UNDOPED CHALCOGENIDE GLASSES. 

Victor Tikhomirov 

Department of Materials, Universityof Leeds, LS2 9JT Leeds, UK 
e-mail: V.Tikhomirov@leeds.ac.uk 

The mechanisms for vectoral (photoinduced anisotropy) and scalar (photorefraction and 
photodarkening) photoinduced effects in chalcogenide glasses are suggested. An 
enhancement of photosensitivity in chalcogenide glasses doped with Pr3+ is reported and 
the mechanism for this enhancement is proposed. Fatigues of edge, intrinsic defects and 
Pr3+ dopants photoluminescence and conditions for their appearance are discussed. 

1. INTRODUCTION. 
Interest in light induced effects in rare-earth doped and undoped glasses is motivated by 

recent applications of active waveguides for telecommunications, as well as by the 
fundamental interest in mechanisms of light-sensitivity in glasses. Earlier applications of 
light-sensitivity in glasses date back to ancient times. For instance, Iegova from 
Bethlehem used sunlight as an essential step in the manufacturing of glass vessels !. The 
importance of polarization state of light for generation of light induced effects was 
reported in 2-\ where linear and circular dichroism were detected in photosensitive silver- 
halide emulsions, when induced by linearly 2 and circularly 3 polarized beams, 
respectively. 

Photoinduced anisotropy (PA) stimulated by linearly polarized light was reported in 
chalcogenide glasses (see, e.g. recent refs. 4,5). Impurities do not play a principal role in 
the mechanism of PA in chalcogenide glasses, where intrinsic structural elements 
(defects) are involved 4, however the dopants like Pr3+ magnify substantially the 
amplitude of PA5. 

Photorefraction and photodarkening in chalcogenide glasses were reported 6. It was 
shown by means of X-ray diffraction that reversible photodarkening is accompanied by 
light-stimulated reversible change in the glass structure 7: this light induced effect 
disappears upon annealing of the samples at the glass transition temperature and can be 
induced again by means of secondary irradiation with light. Mostly structural aspects of 
these effects were considered in 6-\ while charge generation, separation and trapping 
probably were introduced in4. 

In this paper we shall report on our recent studies of light induced effects in 
chalcogenide glasses and propose the models for photoinduced anisotropy and 
photorefraction in undoped and rare-earth doped glasses. Fatigues of edge 8, intrinsic 
defect9 and Pr3+ dopants 9 photoluminescence in chalcogenide glasses will be discussed 
together with conditions for their appearance. 

2. VECTORAL AND SCALAR LIGHT-INDUCED EFFECTS. 
While optical properties of isotropic media are equal in different directions, in 

anisotropic media these properties depend on the direction of light propagation. The 
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dielectric tensor sjk (co) consisting of nine components determines the anisotropy of 
medium and it is introduced by the equation 

DrE sjk (co) Ek    (jj£=x,y,z) (1) 
where Dj and Ek are the components of the internal electric induction vector D and the 
electric vector of the light E, respectively. 

Gyrotropy (which is also called chirality, optical activity or spatial dispersion) appears 
in a medium where the link between D and E is not spatially local. In such a medium: 

DpZ sjk (co)Ek + yjkm (co)8Ek/5xm +  (2) 
where yjkm is the gyrotropic tensor. 

PA appears in the course of prolonged irradiation of glasses with linearly polarized light 
when their dielectric tensor ej>k becomes an ellipsoid of revolution with its optical axis 
parallel to the electric vector of the inducing light. PA is also generated by unpolarized or 
circularly polarized light. In the latter case, the dielectric tensor becomes an ellipsoid of 
revolution with the optical axis parallel to the wavevector of inducing light u°. Light 
induced change of this tensor can proceed in two different ways: either due to the 
absolute change (decrease) of its component parallel to the electric vector of the inducing 
light or due to a re-orientation of the dielectric tensor, i.e. an increase of the orthogonal 
component at the expense of the parallel component. In both cases, the reaction of the 
medium will be vectoral, i.e. it will depend on the orientation of the electric vector of the 
inducing light. If a structural unit interacting with the light is intrinsically anisotropic, 
then it will preferably interact with light having a certain orientation of the electric vector. 
This means that only particularly oriented structural units can be changed with linearly 
polarized light thus accounting for the light induced macroanisotropy in the glass. 

Metastable photoinduced gyrotropy appearing in glasses after prolonged irradiation by 
circularly polarized light was reported for the first time in ". This effect is accounted for 
by changes in the gyrotropic tensor similar to the ones described above for the dielectric 
tensor. Well annealed glass is a racemic mixture of gyrotropic (chiral) units and does not 
possess macroscopic gyrotropy (optical activity). The left (right)-hand circularly 
polarized inducing light produces some excess of left (right)-hand structural units 4 

resulting in macroscopic gyrotropy, manifested in circular dichroism and 
birefringence/optical activity. 

PA and gyrotropy are considered as vectoral photoinduced effects which are sensitive to 
the polarization state of light. This is in contrast to the scalar photoinduced effect, such as 
photorefraction and photodarkening, which are not sensitive to the polarization of light 
due to a different microscopic mechanism. This difference will appear when the 
excitation from the absorbing structural unit is passed onto another unit, which is 
randomly oriented with respect to the former one. In this case, no macroanisotropy (or 
gyrotropy) can be produced due to the lack of polarization memory 4. This is the typical 
case for the normal photorefracion, where the carrier excited from one site is trapped by 
another site (non-geminate recombination). Geminate recombination of carriers is 
essential for vectoral effects. 

3. VECTORAL LIGHT-INDUCED EFFECTS. 
It was mentioned in §2 that one has to look for anisotropic structural elements in the 

glass to account for PA. In this respect, a model of intrinsic (native) valence-alternation 
pairs (VAP's) in glassy chalcogenides was suggested ,213. VAP's are denoted as C3

+C," 
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pairs, where C stands for a chalcogen atom, the subscript is the coordination number, and 
the superscript is the charge on the chalcogen. VAP's are anisotropic structural elements 
due to their electric-dipole moment. Lone pairs of the C{ atom contributing to the 
absorption of inducing light are p-orbital electrons which are sensitive to the polarization 
of the light. The mechanism of PA generally observed in all chalcogenide glasses was 
proposed 4 to be based on the light induced re-orientation of VAP's (IVAP's) and their 
environments. Another reason for choosing IVAP's to model PA is that they strongly 
affect the surrounding atoms which adjust their positions around a C3

+ center to 
compensate for the Coloumbic repulsion of electrons on the C," atom :2'13. Thus the 
motion of charge inside an IVAP will strongly influence the structure in its vicinity, 
extending microstructural changes of IVAP's to medium-range structural changes in their 
environments. 

When excited with linearly polarized light, IVAP's will be changed according to the 
following reactions 4 

C3
+Cf + hv -> C30C,0 + kT ->  CjJ'C/' + kT ->C3m

+C,- (3) 
To illustrate reaction (3) one can consider a four-well potential as it is shown in fig.l, 

with two wells corresponding to C3
+C,", C3m

+C]" charged, and two other wells C3°C,° 
and C3m

0C,° corresponding to neutral states of IVAP's. (The symbol "m" means a mirror 
image of the C3 atom in the plane determined by its three neighbors, as illustrated in 
fig.2). Since no room-temperature ESR- signal is observable in most of chalcogenide 
glasses '4, the excited states will only have a transient population, and the energy barriers 
from C3m

0C,0 (C^C,0) to C3m
+Cf (C3

+C,-) must be low. C^C,0 will decay either back to 
the initial C3

+C," or to a new C3m
+C," configuration. In the latter case the orientation of 

electric and magnetic dipoles (associated with the lone-pair chalcogen oibitals) of the 
IVAP' is changed and the original isotropic distribution of IVAP orientations is 
disturbed, thus producing macroanisotropy in the glass since only particularly oriented 
IVAP's can be excited with linearly polarized light. 

It would also be possible to go back and forth many times between the two excited 
transient configurations of fig. 1 via thermal excitation processes at high temperature, or 
by tunneling at low temperatures4. Symbolically, one can write 
C3

+Cr+hv->C3°C1
0 +kT-»C3m°C,0 +kT -» C/Q0 + kT...-> C3m°C1

0 +kT ->C3m
+Cf   (4) 

The configurational potential illustrated in fig.l accounts for the observed stretched- 
exponentiality of the kinetics of PA generation 4, since it was shown 15 that motion 
between two low-lying energy levels and a multiplicity of iso-energetic excited levels 
(depicted in fig.l) leads to an expression of the type 

t==-x'Ln(l-A(t)/As)+rA(t)/As (5) 
(where T' and T are the constants, A(t) and As are anisotropy at the time t and at 
saturation, respectively), which is difficult to distinguish experimentally from its 
stretched-exponential equivalent which fits the kinetics of PA. 

t=T[-Ln(l-A(t)/As)]
!/p (6) 

A model for a structural change in chalcogenide glasses corresponding to reactions 
(3,4) is shown in fig.2a 4. One of the reasons for considering such a 4-atom unit is that 
photoinduced circular dichroism and birefringence (optical activity) are observed in 
chalcogenide glasses u and it is known from the general theory of optical activity that 
asymmetric pyramids must be taken into consideration. Reactions (3,4) can thus be seen 
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as a simple flip of the pyramid C3
+CfC2°C2° centred around the C3

+ atom. The flip of this 
asymmetric pyramid is accompanied by a change of its anisotropy and chirality, 
producing linear or circular dichroism respectively. We note a similarity of this flip to 
that of the ammonia molecule NH3, which is historically the first example of a tunnelling 
entity. 

Regarding the potential shown in fig.l we note that light excitation of IVAP's at very 
low temperatures will produce a quite stable neutral configuration C3

()C1
0C2

0C2
0 

(possessing light induced electronic spin resonance reported at very low temperatures14), 
where the tunneling of neutral C3° atom between two mirror-image states may be 
responsible for the increased density of two-level systems in irradiated glasses at low 
temperatures, as reported in l6. 

c3
+c, ^3m ^1 

Fig.l. Configurational-coordinate potential-energy diagram of various states of IVAP's. 

a) b) 

'2   c° 

Pr3+ 

Fig.2. The flip of the pyramid involving an IVAP centered at a C3
+ atom proposed to be 

responsible for PA,   (a) in undoped (b) in Pr3+ doped chalcogenide glasses. 
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4. SCALAR  LIGHT-INDUCED EFFECTS. 
While the re-orientation of pre-existing intrinsic centers is responsible for the vectoral 

effect of PA, the photoinduced creation of metastable microscopic electric dipoles in the 
glass is a scalar effect4. In the latter case, photoexcited carriers will be trapped in the sites 
which are randomly situated with respect to the orientation of the electric vector of 
inducing light and the site where they were photoexcited. Note that the structural 
flexibility of centers (traps) responsible for the scalar effects is not essential, in contrast to 
the vectora! effects which are developed on the flexible centers. 

Each resulting "photoinduced" dipole produces a frozen-in polarization field, which 
gives a local change of refraction An~x(3) Edip

2, where Edip is the electric field of the dipole 
and x<3) is the cubic susceptibility term. Assuming that the total energy stored in this 
dipole field is comparable with the energy of the absorbed quantum of light hv and that 
An=f(x<3),N), where N is the number density of dipoles (or traps responsible for the 
creation of dipoles), we obtain according to 17: 

N=(AnVnoe0er)/(3x(3,hv) (7) 
where An is the photorefraction, DQ the refractive index of unperturbed glass (n0» An) and 
8.. the dielectric constant of the glass. 

It is seen from (7) that An is determined mainly by N and %<3>, while the other constants 
are not so different in different kinds of glass. For instance, x(3) =6*10"12 esu 18 and 
An=0.01 in sulfide glass As2S3 (at A,=633 nm, where absorption coefficient is about 1 cm' 
'), giving the N=3*1019 cm "3. x(3) is more than an order of magnitude larger in this glass 
as compared to x(3) in germaniumsilica fibers in the transparent region of the spectrum 18. 
This is the main reason why such a small concentration of dipoles (traps) leads to such a 
pronounced macroscopic An in sulfide glasses. 

5. INFLUENCE OF Pr3+ ON LIGHT-INDUCED EFFECTS. 

It was shown in 5 that doping Ge-S-I glasses with Pr3+ ions caused an increase in PA. 
Moreover, PA did not show further enhancement at and above the doping level where 
clustering of Pr3+ ions occurred. Recently we have observed the analogous enhancement 
of PA in Pr-doped Ga-La-S glasses. First observation of PA and photorefraction in Pr- 
doped chalcogenide glasses (Ge-Ga-S host) was reported at a previous Symposium on 
Non Oxide Glasses 19, where different host compositions were used for different doping 
levels with Pr and thus qualitative influence of Pr3^ on PA could not be obtained. 

Detailed experimental data on the influence of Pr3+ ions on PA and photorefraction in 
different chalcogenide glasses will be reported at this Symposium. In this extended 
abstract we suggest a model for the enhancement of photosensitivity in chalcogenide 
glasses doped with Pr3+. We note that Ce3+ ions also magnify photorefraction in fluoride 
glasses 20 and we believe that the phenomenological reason for this magnification is the 
same as in chalcogenide glasses. Namely, a light-induced increase of polarizability of 
centers responsible for photosensitivity in these glasses with doping by rare earths is 
suggested to be the origin for enhanced photosensitivity of rare-earth doped glasses. 
However, the microscopic mechanisms for the increase of polarizability may be different 
in different kinds of glasses. 

The model of PA shown in Fig.2 helps to understand an increase of polarizability of 
centers of C3

+C," type. Since Pr3+ ions influence PA when incorporated in the host already 
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at very low concentrations (-1000 ppm)5'21 , this means that Pr3+ ions effectively affect 
the centers responsible for PA. The concentration of dopants should be comparable to the 
concentration of centers responsible for PA 21, which is indeed about 1000 ppm 
(according to estimates4 similar to that given by eq. (7)). Obviously, a positively charged 
Pr3+ ion is attracted by a C," atom and is situated apart from the C3

+ atom (Fig.2b). Due to 
Coloumbic interaction, the Pr3+ ion stretches the structural unit shown in Fig.2a thus 
increasing its poiarizability and microanisotropy. Due to the large x(3) of chalcogenide 
glasses (eq. (7)), a large volume around the C3

+Cf Pr3+ unit in Fig.2b will also be 
polarized. This will result in enhanced components of the dielectric tensor sjk (eq.(l)) 
leading to enhanced PA according to considerations in §2. 

Note that light beams used in our experiments (633 nm- He-Ne and 515 nm- Ar+ lasers) 
could not excite Pr3+ ions directly and thus they were absorbed by the tail or defect states 
of the hosts. 

6. FATIGUES   OF   PHOTOLUMINESCENCE. 
Fatigues of edge 8, intrinsic defects 9 and Pr5+ dopants 9 photoluminescence have been 

reported in some chalcogenide glasses when excited by light above or below gap. Fatigue 
of edge luminescence (both in undoped and doped samples) indicates a light stimulated 
appearance of non-radiative centers of recombination. Since this fatigue is suppressed in 
glasses exhibiting smaller photosensitivity (e.g. in Ga-enriched Ge-Ga-S glasses 8''9) we 
conclude that photocreated centers which are responsible for photorefraction are the same 
centers which cause non-radiative recombination. This is supported by the fact that 
photocreated centers responsible for photorefraction are charged (see §4) and thus 
effectively trap excited carriers. 

Fatigue of intrinsic defects photoluminescence (which is Stokes-shifted for ~1 eV with 
respect to edge photoluminescence) can be explained similarly. Photocreated charged 
centers are efficient traps for photoexcited carriers in this case also. They provide a 
competitive non-radiative channel for carrier recombination, in contrast to intrinsic 
defects which seem to be more likely as a channel for radiative recombination. 

Photocreated charged defects are an obvious competitor for Pr3+ dopants luminescence. 
Note that in 9 photoluminescence from rare earths was excited via absorption of light by 
the host and followed by an efficient transfer of absorbed energy to the rare-earth ions. 
We suggest that fatigue of Pr3+ dopants photoluminescence excited via host absorption is 
due to photocreation of charged traps. These traps are a non-radiative competitor to Pr3+ 

dopants luminescence with respect to carriers excited in the host. 
Remarkably, despite fatigue of edge luminescence, no fatigue of Pr3+ dopants 

luminescence was detected in 8. This may indicate the fact that in high quality 80(GeS3) 
20(Ga2S3):Pr3+ glasses studied 819, Pr3+ ions were excited by well below-gap light (blue 
line of Ar+ laser, X=4%% nm) either directly into their 3P term thus avoiding influence 
from the host or via absorption by intrinsic defects which are not an efficient channel for 
non-radiative recombination. Note that Pr3* ions adhere very efficiently to intrinsic 
defects (Fig.2b), and that energy transfer from an intrinsic defect (which absorbs the 
light) to the Pr3+ ion (which emits the light) should proceed very easily in this case, 
without the participation of the host. 
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ABSTRACT 

Bragg grating inscription experiments have been performed on fluorozirconate glasses. 
Two glass series were synthesised, one was melted under N2 atmosphere, and the second was 
treated besides by NF3 gas to reduce the Zr3+ traces. Inscription experiments show that traces 
of Zr3+ increase the photosensitivity. This result is compared to the influence of lead ion 
introduction in fluoride glasses. 

1/INTRODUCTION 

Photosensitivity of glassy materials is studied for a few years because it could be used 
in numerous optical applications: filters, mode couplers, laser cavity, temperature 
captors. ..[1] Theories to explain photosensitivity of oxide glasses were already developed [2]. 
The interest of rare-earth doped fluoride glasses is due to the large number of possible 
infrared and visible radiations and thus they constitute interesting laser materials. Such glass 
photosensitivity has been demonstrated on PZG and ZBLA type glasses doped by Ce3-r ions. 
Mechanisms for this photosensitivity appear to be complex and are not yet well understood 
[3-5], but they are anyway different from those involved in oxide glasses. For example, no 
permanent formation of coloured centres can be observed. Densification of the matrix is not 
established until now. Molecular hydrogen diffusion in the matrix doesn't increase 
photosensitivity. 

This paper presents Bragg gratings inscriptions in fluorozirconate glasses doped or not 
with 3 to 10 weight% Er3+and Ho . A classical transverse holographic method was used for 
photoinscription. 

2/EXPERIMENTAL 

2.1/Glass synthesis 
Compositions of tested fluoride glasses are summarised in table 1; some glasses are 

doped with 3 to 10 % of rare earth fluorine. Samples have been polished to optical quality 
and, their thickness is included between 0.4 and 1.1 mm. 

Glass Composition 

ZBLA 57% ZrF4, 34% BaF2, 5% LaF3,4% A1F3 

ZBLAN 54% ZrF4,30% BaF2, 3.5% LaF3,2.5% A1F3,10% NaF 

ZBLALi 54% ZrF4, 30% BaF2,3.5% LaF3,2.5% A1F3,10% LiF 

Table 1 : Fluoride glasses base compositions used in the study. 
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To study the influence of lead ion, which is polarisable and shifts the band gap, in a 
ZBLAN composition 2 % of BaF2 were substituted by PbF2. 

Two series were synthesised by the classical method of oxide fluorination [6], but 
during the melting two different atmospheres were used. 

The series n°l was melted under N2 atmosphere. To increase glassy quality the series 
n°2 was treated under N2 in addition with NF3, during several minutes at 650°C before the 
casting. This gas oxides reduced components as Zr3+. The presence of such impurities 
increases electronic transitions and though shift the band gap to longer wavelengths (figure 1) 
in function of Zr3+ quantity. A glass rich in Zr3+ presents a greyish tint and important optical 
losses in the visible and infrared spectra range. The band gap of the series n°l moved between 
230 and 255 nm while the series n°2 one is close to 200 nm. We define the "band gap 
wavelength" the wavelength for that the absorption coefficient is equal to 10 cm"1. Other 
impurities than Zr3+ could be present in these glasses. 

60 
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Figure 1: UV spectra of Er doped ZBLAN glass melted with NF3 atmosphere (ZBLAN2/1), or 
without (ZBLANl/i) (i gives the rare earth concentration in percent). 

The rare earth ions, holmium and erbium, were chosen for this study because they 
have an absorption band close to the chosen UV light respectively at 240 nm (5I8 -> (3F,5D)4) 
and at 254 nm (4Ii5/2 -» 4D7/2). Both have only one valence degree, the +III. Moreover, with its 
transition at 1,55 urn erbium is very interesting as active ion for optics. 

2.2/Bragg gratings inscription 
Bragg grating inscriptions were performed through the transverse holographic method 

[7-8] at 244 nm. The UV beam is produced by a pulsed, frequency doubled, XeCl pumped 
dye laser. The UV fringe pattern is realised by using a Lloyd's mirror type interferometer. 
The grating step is of 5 urn. The average fluence per pulse varied from 200 to 530 mJ/cm2. 
The repetition rate was chosen equal to 30 or 40 Hz. The inscription dynamics were studied 
by measuring the Bragg diffraction efficiency of the grating r\. A He-Ne laser linearly 
polarised along the TE direction was used as probe beam. 

The intensity of the diffracted light Idiff by the grating is measured and gives the 
diffraction efficiency r| (equation 1). 

In the hypotheses of a pure phase grating, the intensity of diffracted light Idiff, is related 
to the maximum index modulation An by the relation: 

^=^f = sin* nAnd 

X cos a 

where I0 is the intensity of the incident probe light, d the grating thickness, X the probe 
light wavelength, and a the angle of incidence for probe light. 
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The grating thickness is estimated through the grating angular selectivity. 

V KESTILTS AND DISCUSSION 

Results at inscription experiments at 244 nm on glasses are summarised in table 2 and 
3. All those gratings are permanent, no diffraction efficiency decreases have been observed 6 
months after the inscription. 

Glass 
sample 

Absorption 
coefficient 
at 244 nm 

(cm"') 

Fluences 

(mJ/cm2) 

Number 
of pulses 

Diffraction 
efficiency 

(%) 

Refractive 
index 

change 

An 

CIO"5) 

ZBLA 

(Zl) 
6 300 50000 0.27 3.3 

ZBLA 

5%Er 
15 420 100000 0.08 1.0 

ZBLALi 

3% Er 
20 220 

420 

100000 

100000 

0.1 

0.21 

2.5 

3.7 

ZBLALi 

5% Er 
32 420 

210 

100000 

100000 

2.38 

0.58 

5.2 

2.6 

ZBLAN 

5% Er 
33 230 

430 

100000 

100000 

2.31 

5.53 

6.3 

9.7 

ZBLA 

5%Ho 
3 350 

200 

86000 

85000 

0.22 

0.15 

2.5 

1.5 

ZBLALi 

5%Ho 
9 440 

220 

100000 

100000 

0.40 

0.073 

2.7 

1.2 

ZBLAN 

5%Ho 
12 230 

350 

76400 

52000 

0.03 

0.1 

0.7 

1.0 

Glass 
sample 

Absorption 
coefficient 
at 244 nm 

(cm'1) 

Fluences 

(mJ/cm2) 

Number 
of 

pulses 

Diffraction 
efficiency 

(%) 

ZBLA 
(Z2) 3 300 20000 0.076 

ZBLAN 
2%Pb 62 300 20000 0.024 

ZBLAN 
5%Er 1 

210 
525 

49000 
30000 

0.018 
0.001 

ZBLAN 
10%Er 1 

400 
210 

30000 
40000 

0.01 
0.001 

ZBLALi 
5%Er 1 210 32000 0.03 

ZBLAN 
5%Ho 1.5 2i0 30000 0.006 

ZBLALi 
5%Ho 1 255 30000 0.001 

Table 3: Results of gratings inscriptions on 
glasses series n°2, melted under NF3 
atmosphere. 

Table 2: Results of gratings inscriptions on 
glasses series n°l, melted without NF3 gas 
addition. 

From the efficiency of the Bragg grating photoinscripted inside the glasses of the 
series n°l, melted under N2 atmosphere without NF3 gas addition, we deduced that the 
refractive index modulation amplitude An is close to 10"4 (table 2). 

Inside the glasses of the series n°2, melted in N2 atmosphere with NF3 gas addition, 
the modulation amplitudes are weaker (table 3). 

From the results obtained with erbium doped glasses of series n° 1, we can correlate An 
with the glass absorption at 244 nm. The most efficient grating was performed in 5%Er3+ 

doped ZBLAN glass, at an average fluence per pulse of 430 mJ/cm2. After 100000 pulses, the 
refractive index modulation amplitude An is close to 10"4. With the same experimental 
conditions, the refractive index modulation amplitude observed in 5%Er3+ doped ZBLALi is 
close to 5*10"5 whereas the absorption coefficients of the two glasses are similar. 

For all the studied samples, we have observed that the refractive index modulation 
amplitudes increase regularly versus the pulse number (figure 2). No saturation is noted until 
100000 pulses. 
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Number of pulses 

Figure 2: Dynamic of grating inscription at 244 nm on Er doped ZBLAN of glasses 
series n°2 (grating step : 5 urn) 

For holmium doped glasses of series n°l, the absorption coefficient vary from 3 to 12 
cm"1, the refractive index modulation amplitudes are approximately constant for similar 
experimental conditions. 

For same glass compositions, but melted under N2 with addition of NF3 gas, 
inscription diffraction efficiencies are approximately 10 times weaker (table 3). The 
difference between the two glass series could not come from rare earth ion presence. 

With a view to study the relationship between band gap location and laser wavelength 
used for Bragg grating inscriptions, experiments on undoped fluoride glasses by rare earth 
ions were performed. 

Two undoped ZBLA glasses were synthesised under the two atmospheres, as 
explained previously. UV spectrum reveals a shift of the band gap wavelength from 232 nm, 
for glass series n°l, to 217 nm, for glass series n°2 (figure 3). Under the same experimental 
conditions (grating step : 5 urn, fluence : 300mJ/cm2) the UV induced refractive index 
modulation amplitude observed in Z2 sample (table 4) was two times smaller than An 
obtained in Zl. In addition, the index variation saturates in Z2 sample after 2500 shots (figure 
4). 

Zl: ZBLA glass melted with N2 

atmosphere 
Z2 : ZBLA glass treated under 
NF3 atmosphere 
ZN2%Pb:      ZBLAN     glass 
containing 2%PbF2 

ZN2%Pb 

200 225 250 275 300 325 350 375 400 
nm 

Figure 3: UV spectra of undoped glasses. 

Sarrpb 
name 

Ahsapdcn 
coeffixntit244 

tin 

NuAa-of 
pubs 

Qdrg 
tidiness 

Difejicn 
effiaancy 

1 

<%) 

RefiaÄe 
Wex<±an@2 

An 

Zl 6 cm"1 50000 500 nm 0.27 3.3*10"5 

Z2 3 cm'1 10000 330 nm 0.076 1.4*10"5 

ZN2 
%Pb 

62 cm"1 20000 500 nm 0.024 6*10"* 

Table 4: Comparison of rare earth undoped 
sample characteristics and photoinduced 
changes after exposure at 244 nm. 
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It is known that lead ion is very polarisable, it shifts the band gap and increases 
refractive index. For this last reason 1 to 2% PbF2 are usually introduced in fluoride fibre 
cores [9]. 

2% of PbF2 were substituted to BaF2 in ZBLAN composition. The glass melting was 
realised under NF3 atmosphere. The band gap is located at 256 nm; thus the matrix absorbs 
the laser wavelength. A thick grating (500 urn) was inscripted (grating step : 5 urn, fluence : 
300mJ/cm2) inside this glass named ZN2%Pb (table 4). The inscription dynamic was followed 
as before (figure 5). Just after the inscription end, we have observed a drop of a half of 
diffraction efficiency. The refractive index modulation amplitude An measured after this drop 
is equal to 6.10"6. We note that the glass absorption coefficient is 62 cm"1 at 244 nm. 

u 
I 
SB 

to 
S 

-_E1~- 

UV: 244 nm, spot 2mmxl Stun 
Rl:Fl=300m)/cm2, 15,000 puses' 
R2: Fl=300 mJ/cm2J lOiOOO pulsKI 

grating step = 5 |tm 

20000 

Number of pulses (N) 

Figure 4: Curve of diffraction efficiency 
during grating inscriptions on ZBLA glass 
Z2. 

stop writing 

5000  10000 15000 20000 25000 30000 35000 40000 

Number of pulses (N) or Delay 

Figure 5: Curve of diffraction efficiency 
during and after grating inscriptions on 
ZBLAN 2%Pb glass. 

Though the obtained An are too small for optical applications, these results are 
interesting because they show that photosensitivity in fluoride glasses is not expressly linked 
to rare earth ions as promote. 

To see the influence of rare earth ions and glass matrix absorption, the glass samples 
were tested at longer wavelengths than band gap one. The chosen wavelengths correspond to 
holmium and erbium absorption, respectively at 360 nm (5Ig -» (5G, 3H)5) and at 364 nm (5I8 

->5G5). 
As expected an important fluorescence is observed, but no gratings were detected in 

samples of the both series. This result shows that pure excitation on absorption wavelengths, 
when the matrix is transparent, cannot induced any photosensitivity at these wavelengths. 

In table 4, we observe that An obtained in Zl sample is two times more important than 
in Z2 sample. An is nearly proportional to the absorption coefficient In contrast, the 
absorption coefficient of ZN2%Pb is ten times greater than one of Zl sample, but the obtained 
refractive index modulation amplitude is smaller than that of Z2 sample. It indicates that the 
photosensitivity is not directly linked to the matrix absorption level but to the present 
elements, which are susceptible to react and generate structural modifications as electron 
traps. 

It is important to note that Zr3+ is known as a structural defect (an electron was trapped 
by Zr4+). G.M. Williams et al. [10] have observed by electron spin resonance (ESR), on rare 
earth doped ZBLAN glass, after exposure to 248 nm light, a conversion of Zr4+ to Zr3"1". They 
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have advanced the theory of photoinduced generation of colour centres by Ce3+ bleaching and 
Zr3"1" generating through a two photons absorption. Ce3+ has a strong 4f-5d transition centred at 
248 rim. Without treatment under NF3 atmosphere, a part of Zr is present in the glassy 
matrix before the inscription. In this case, trace of Ce3+ as catalyser seems to be not so 
important for photoinscription because some electrons are already trapped. The presence of 
ions with several valence degrees seems to facilitate the reaction through the generation of 
colour centres. 

Lead trace in glasses reduced Zr3+ generation in a competitive electron trapping 
between Zr4+ and Pb2+ [11]. Pb2+ in fluoride glass acts as electron and hole trap, and formed 
Pb+ and Pb3+. In tested Pb2+ doped glass Zr3+ is not present, thus the photosensitivity could 
only be attribute to lead traps formation. The decrease of diffraction efficiency after 
inscription, seems to come from trace of both hole and electron traps. A part of both defects 
disappears in cross relaxation phenomena. 

3/CONCLUSION 

Bragg grating inscriptions were performed on fluoride glasses at 244 nm. Two series 
of samples were synthesised under N2 and N2 in addition with NF3 atmospheres. Without 
treatment by NF3 atmospheres, traces of reduced components as Zr3+ are present. On 
measured refractive index changes; it appears that in presence of such element the 
photosensitivity is increased. Bragg gratings were inscripted in undoped fluoride glasses too, 
but the An is only of several 10"5. 

With lead trace in such glass, weak grating was performed. The inscription dynamic 
shows that after the irradiation the diffraction efficiency drops. A relaxation phenomena acts. 

Irradiation at 360 and 364 nm, on holmium and erbium electronic transitions, 
inscriptions had failed. 

[I] R. Kashyap, Opt. Fiber Technol. 1 (1994) 17 

[2] B. Poumellec, P. May, M. Douay, J.F. Bayon, Proc. OSA Meeting 22 (1995) 112 

[3] H. Poignant, S. Boj, E. Delevaque, M. Monerie, T. Taunay, P. Niay, P. Bernage and W. X. 
Xie, J. Non-Cryst. Solids 184 (1995) 282 

[4] W.X. Xie, P. Bernage, D. Ramecourt, M. Douay, T. Taunay, P. Niay, B. Boulard, Y. Gao, 
C. Jacoboni, A. Da Costa, H. Poignant and M. Monerie, Opt. Comm. 134 (1997) 36 

[5] T. Taunay, P. Niay, P. Bernage, W.X. Xie, H. Poignant, S. Boj, E. Delevaque and M. 
Monerie, Opt. Lett. 19 (1994) 1269 

[6] M. Poulain, in "Fluoride glasses",(A.E. Comyns, 1989) 11 

[7] G. Meltz, W.W. Morey and W.H. Glenn, Optical Letters 144 (1989) 823 

[8] E. Fertein, S. Legoubin, M. Douay, S. Canon, P. Bernage, P. Niay, J.F. Bayon and T. 
Georges, Electron. Letters 27 (1991) 1838 

[9] H. Poignant, in "Halides glasses",(North-Holland, 1992) 192 

[10] G. M. Williams, T.E. Tsai, C. I. Merzbacher, E. J. Friebele, J. Lightw. Technol, 15 
(1997)1357 

[II] E. J. Friebele, D. C. Tran, J. Non-Cryst. Solids, 72 (1985) 221 

202 IS(NOG)2,98 



II 

Rare-earth doped transparent glass-ceramics with high cross-sections 

Michel Mortier and Francois Auzel 

Groupe d'Optique des Terres Rares, 

CNRS-UPR 211,1, place A Briand, 92195 Meudon Cedex, France 

and France Telecom, CNET7DTD, 196, avenue Ravera, 92225 Bagneux Cedex, France. 

Email: mortier@cnrs-bellevue.fr 

INTRODUCTION 

This study takes place in the framework of the optical amplifiers used in 

telecommunication systems and specially in the trend to look for more compact devices 

devoted to distribution networks. In this case, the goal is not to obtain a broad bandwidth but a 

high cross-section allowing the reduction of the system size. For that, we try to improve the 

maximum cross-sections of the rare earth (RE) ions in glassy systems by changing their 

surrounding in a crystalline one [1, 2] but taking care to keep the general properties of the 

glassy matrix. In this case, the glass-ceramic systems could be a promising solution provided 

that they stay optically isotropic and transparent. 

Considering light scattering theory, two possibilities exist for producing transparent 

glass-ceramic or crystal-glass systems. Either the dispersed crystalline phase is small in size in 

comparison with the shortest wavelengths, or perfect optical isotropy is achieved within the 

composite system. 

Two kinetic processes are well known in phase separation: nucleation and growth, 

spinodal decomposition. However, only nucleation-growth has been extensively studied in 

order to obtain transparent optical composite systems [3, 4]. Indeed, the liquid-liquid phase 

separation, so called spinodal decomposition, is generally viewed as a negative effect to avoid 

the lost of glass transparency. A precursor work has been done in our laboratory on such 

systems [5] and is still conducted to obtain highly transparent glass-ceramics. 

With the success of the erbium doped fiber amplifiers (EDFA), it is well known that the 

fluoride environment is better than the oxide one mainly to avoid the non-radiative transitions. 

The solubility of the rare earth is also better in the fluoride medium than in the oxide one. Due 

to their sensitivity to oxygen and water traces, the fluoride compounds necessitate a complex 

synthesis under controlled atmosphere and are less durable. So, a good solution could be an 
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oxide glassy system in which Er3+-doped fluoride crystallites would be embedded. For these 

reasons and from previous studies in the lab [2] in which the system was mainly crystalline by 

choice, and then of low transparency, due to the large amount of lead fluoride, we are now 

looking for a mainly glassy system [6] with a low PbF2 amount in this family of germanate 

glasses: 50GeO2,[40-x]PbO,JtPbF2+yErF3. 

THERMAL ANALYSIS 

The initiating mechanism of the glass devitrification in which immiscibility is thought to 

play an important role is studied. For this, the influence of the composition of the precursor 

glass is followed, with x and v varying, in thermal analysis by DTA. We studied the kinetics of 

phase change using Johnson-Mehl-Avrami model [7-9]. A non isothermal method, with 

different heating rates has been used to characterise the devitrification. The crystallised 

fractions x(T) between the beginning of the crystallisation peak and given temperatures T have 

been evaluated. The Avrami parameter or reaction order is the slope of a linear law fitting Jr<- 

h(l-%)) versus ln(a). The following values have been obtained for the different fixed 

temperatures (T=390, 392, 394 and 396°C) respectively («=2.55, 2.24, 2.08, 1.89). Such 

values correspond to a three dimensional crystal growth controlled by the diffusion with a 

decreasing nucleation rate. It well describes our devitrification process in which the crystallites 

begin to grow quickly and then slow down their progression with time as shown by the X-ray 

estimated sizes of the crystallites versus time. This is explained by the progressive depletion of 

PbF2 around the growing crystallites which involves more and more diffusion process. The 

decreasing nucleation rate reflects the progressive disappearance of the smallest crystallites in 

benefit of the largest ones. 

The crystallisation apparent activation energy of the glass has been evaluated using 

Chen [9] and Ozawa methods. The Ozawa method gives a value of 228kJ/mol. The Chen 

method gives an energy of 239kJ/mol. For a very stable glass like ZBLAN, the activation 

energy is of 196kJ/mol [9]. A family of very unstable fluoride glasses [5] presenting a spinodal 

decomposition, has an activation energy of about 345kJ/mol. So, our value of about 233U/mol 

lies well between stable and unstable glass reflecting the tendency to partial devitrification. 

The reheating temperature is fixed slightly above Tg and the composition is chosen in 

order to obtain the best stability of the glass. After thermal treatment, the vitreous transition is 

still observed but the exothermic peak associated to the precipitation of the lead fluoride has 

disappeared verifying the glassy nature of the matrix and the complete crystallisation of PbF2. 
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STRUCTURE AND MORPHOLOGY 

Only one broad band, typical of an amorphous structure appears on the X-ray spectra 

of the as-mehed samples. After treatment, the characteristic peaks of the ßPbF2 cubic phase 

appear and the feature of the glassy system remains, indicating a crystal glass system. The X- 

ray diffraction peak width and the Scherrer formula allows us to estimate the average size of 

the crystallites. The TEM measurements confirm the results as being of the order of 8 to 30nm 

as a function of the precursor composition. The crystallites appear spherical with a well defined 

contour and are not connected with each others. From TEM observations, the volume 

crystallised part is about 2%. The X-microanalysis shows an absolute lack of RE and lead 

fluorides in the glassy matrix reflecting the high segregation of the fluoride compounds in the 

crystallites. 

OPTICAL MEASUREMENTS 

We have studied the influence of thermal treatment on different absorption spectra from 

room temperature to 10K. The oscillator strengths of the involved transitions are deduced 

from the absorption cross-sections (crabs). This study has been done with the as-melted and 

reheated (10h at 360°C) glass with 3%ErF3. 

0.32 [1                                 T=300K 

0.24 i heat treated 

A          v 

!0.16 'I      N» 

/ \                ^ 
1' \_               V 

0.08 \          it 
\     ^_ as melted 

0.00 r. i    i —1 1 1 1 ,,   1      1      1 

535   540   545   550   555   560 

wavelength(nm) 

figure 1 :<rabs(
4I15/2->4S3/2) in lO^cm2 at 300K 

The absorption cross-section of the 4Ii5/2->4S3/2 transition is reported at 300K on 

figure 1. The as-melted glass exhibits a clearly broader band than the reheated one for all 
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temperatures. The glass-ceramic has a higher intensity maximum respectively 4, 3 and 2 times 

more than the precursor glass at 10, 77 and 300K. The oscillator strengths increase when the 

temperature is lowered. So, a net benefit is obtained by the ceramming process on such a 

transition. The corresponding emission is also clearly improved after reheating. 

We have measured the lifetime of the 4In/2-»4II3/2 transition centred around 2.7um 

which is the most sensitive to non radiative deexcitations. We have obtained a value of 360us 

for the as-melted glass and 3ms for the reheated one. This strong difference corresponds to the 

drastic change of the rare earth surrounding induced by the heating treatment. In the as-melted 

glass, the surrounding medium is an oxide glass; in the second one, it becomes a fluoride 

crystal. We have also synthetised polycrystalline PbF2 doped with 1% ErF3 in order to compare 

with the PbF2 crystallites embedded into the glassy matrix. The lifetime in the polycrystalline 

PbF2 is equal to 7ms. The difference with the treated glass results from the higher 

concentration of the rare earth due to its strong segregation during the nucleation and growth 

process. 
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Nano-crystallite Fluorescence in Fluoride Glasses 

D.R. MacFarlane*. J. Javorniczky1, P.J. Newman1 and D.J. 

Booth2 

iDepartment of Chemistry, Monash University, Clayton Victoria 3168 

department of Physics, Victoria University of Technolog}', Footscray 

Victoria 3011 

Fluorescence from rare earth ions such as Er(III) in a glass matrix is the origin of 

lasing phenomena in glass. The linewidth of the emission from glass hosts is often 

increased because of the multiplicity of sites in which the active ion can find itself. 

The intensity is therefore often reduced compared to emission from a crystal In this 

work a series of erbium containing fiuoroaluminate glasses have been prepared and 

characterized with respect to their stability towards nucleation and crystallization of 

Erbium containing phases. One of the compositions was then selected for further 

study in which the glass was subjected to thermal treatments designed to nucleate and 

grow crystallites of size well below the wavelength of visible light ie. <100 nm. The 

resultant material is transparent but has a significant fraction of crystallinity as 

discernible by DSC and small angle X-ray scattering. X-ray diffraction is unable to 

uniquely identify the phases however ErF3 or an Er-rich mixed compound are likely. 

Er3+ fluorescence at 1530 nm as a result of 800 nm irradiation was measured and 

found to be approximately 40% greater than from the base glass. 
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Tungsten-tellurite glass: a new candidate medium for Yb3+-doping 

Xian Feng, Changhong Qi, Fengying Lin, Hefang Hu 

Shanghai Institute of Optics and Fine Mechanics, Academia Sinica 
P.O.B0X 800-216 Shanghai, Shanghai 201800, P.R.China 

ABSTRACT 
Yb3+-doped tungsten-tellurite glasses have been prepared in the Te02-W03-Li20, Te02- 

W03-BaO, Te02-W03-La203, Te02-W03-Bi203 and Te02-W03-Nb205 systems. Firstly, the 
thermal stability of these ternary tellurite glasses has been studied and the DTA data show that 
the Te02-W03-La203 and Te02-W03-Nb205 glasses have excellent thermal stability. 
Secondly, on the basis of the IR spectra, the glass structure has been analyzed. Then the 
absorption and emission properties of Yb + in these glasses have been investigated. Both the 
reciprocity method and F-L equation were employed to calculate the emission cross sections. 
It is found that the Yb3+-doped ternary tungsten-tellurite glasses possess excellent absorption 
and emission properties, and show good promise as 1.02 um laser source. 

INTRODUCTION 
Crystals and glasses doped with trivalent ytterbium ions exhibit highly efficient emission 

using InGaAs laser diodes as pump source. Yb3+has ground configuration of 4f13, and there 
are only two manifolds in the Yb3+ energy level scheme, i.e., the 2F7/2 ground state and the 
2F5/2 excited state, therefore, concentration quenching and multiphonon relaxation should not 
affect the lasing or the excitation wavelengths [1,2]. The Yb3+-doped media are of interest in . 
lasers for next generation nuclear fusion [3] and appear as a good candidate as a pump source I 
for Pr3+ [4,5]. Additionally, the Yb3+ ion is also a sensitizier of energy transfer for infrared-to- 
visible upconversion and infrared lasers [6]. . 

Tellurite glasses combine the attributes of (I) a reasonably wide transmission region (0.35- | 
5(j.m), versus only 0.2-3um for silicate glasses, (II) good glass stability and corrosion 
resistance, which present difficulties in fluoride glasses, (III) a relative low phonon energy l 
among oxide glass formers (highest phonon energy -800cm"1), and (IV) high refractive index | 
and high nonlinear refractive index, which are generally low in both fluoride and silicate 
glasses [7]. The high nonlinear refractive index and the low phonon energy make the tellurite | 
glasses uniquely suitable for nonlinear and laser applications [7]. 

The objective of this work is to investigate the thermal stability and spectroscopic 
properties of Yb3+-doped tungsten-tellurite glasses and to survey the feasibility of tungsten- 
tellurite glasses as the candidate for a new type of Yb3+-doped media. 

EXPERIMENTAL 
Chemical-purity commercial oxides (>99.5% pure) were used as the starting materials. All 

ternary tungsten-tellurite glasses were doped externally with 1.0mol.% Yb203. Mixed batches 
were melted in a high-purity A1203 crucible at 800-950 °C for ~ 45 min. In order to remove 
the -OH groups in the glasses, the melts were bubbled with dry oxygen gas for 30 min while 
being melted. Each glass melt (in s50 g quantity) was cast into preheated stainless-steel molds 
and annealed for 2h near the glass transition temperature. The obtained glasses were 
transparent, ~6mm in thickness and appeared yellow in color. 

Thermal analysis was employed to determine the effect of glass composition on thermal 
stability. Each powdered sample weighing -100 mg was contained in a tiny A1203 crucible 
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and heated at a rate of 10 °C/min from ambient temperature to 800 °C in a LCP - 1 

differential thermal analyzer (made in China). 
IR spectra were measured via the KBr pellet technique with an infrared spectrophotometer 

(Model IR 435, Shimadzu Co., Kyoto, Japan) in the frequency of 4000-400 cm"1. 
Glass samples 3.5-4.5mm thick with four polished faces were used for absorption, density, 

and refractive index measurements. Absorption spectra were measured with a Perkin-Elmer 
UV/VIS/NIR Lambda 9 double beam spectrophotometer. Density was determined by the 
Archimedes method using distilled water as an immersion liquid. Refractive indexes were 
measured at 486.1, 589.3, and 656.3 nm, with a precision V-prism refractometer (made in 
China) using H2 and Na lamps as spectral sources. The Cauchy dispersion equation, n(X)= a 
+ b/A2, was used to determine the refractive index at other wavelengths. For fluorescence 
lifetime measurement, a 970 nm laser diode was used as a pumping laser, and a R940-92 
photomultiplier as a detector in the range 900 to 1150 nm. Glass samples were excited at a 
front surface and utilized for fluorescence spectra measurements to minimize the effect of 
radiation trapping due to reabsorption. The fluorescence lifetimes were measured on an 
oscilloscope, while the samples were pumped by pulsed LD laser. 

RESULTS AND DISCUSSION 
1. Thermal stability, IR spectra, and glass structure 

Table 1 summarizes the measured DTA data of some tungsten-tellurite glasses. Fig.l(a)-(c) 
illustrate the DTA curves of Te02-W03-La203 and Te02-W03-Nb205 glasses with different 
composition, respectively. The IR spectra of some samples, as measured by the KBr pellet 
technique, are shown in Fig.2 from 400-1400 cm"1 (measured up to 4000 cm"). 

From Table 1, it is clear that Te02-W03-La203 and Te02-W03-Nb205 glasses possess the 
largest difference of AT=TX-Tg which are all larger than 160 °C (Tg: the glass transition 
temperature; Tx: the onset crystallization temperature ). Because the quantity of Tx-Tg has 
been frequently used as a rough measure of glass stability, and consequently it is desirable to 
have AT=TX-Tg as large as possible in order to achieve a large working range during 
operations such as preform preparation for fiber drawing. Clearly, Te02-W03-La203 and 
Te02-W03-Nb205 glasses possess the highest thermal stability in Table 1. In Ref.[7], 
J.S.Wang chose the composition of 5Na2O-20ZnO-75TeO2, whose difference of AT=TX-Tg is 
only 118 °C, for their tellurite-based rare-earth-doped fiber; therefore, it can be concluded that 
Te02-W03-La203 and Te02-W03-Nb205 glasses should be superior to Na20-ZnO-Te02 

glasses for waveguide fabrication. What is more, the La203 content in Te02-W03-La203 

glasses can reach above 10mol.%; because La203 and Yb203 have similar solubility in glasses, 
and because high concentration of Yb203 does not lead to concentration quenching, the 
tungsten-tellurite-based fiber lasers or planar lasers doped with high concentration of Yb203 

should be feasible if low-loss waveguide can be fabricated. 
From the IR spectra of the samples No.2-5 (see Fig.2), it can be seen that there are a clear 

absorption shoulder at -920 to 950 cm"1, and a broad absorption band from -500 to -900 cm"! 

with a minimum at -600 to 650cm"1. The shoulder at -920 to 950 cm'1 is assigned to the 
symmetry stretching vibration of W-0 bond in the W04 tetrahedra which are connected with 
Te04 polyhedra [8]. The broad absorption band from -500 to -900 cm"1 is attributed to the 
overlap of the vibration of W04 tetrahedra (at -830cm"1) and Te04 polyhedra (at -780 to 600 
cm"1). For the samples No.6 and 7, the shoulder at -920 to 950 cm"1 does not appear in their 
IR spectra in spite of the increase of W03 content. According to Ref. [8], the network of 
binary tungsten-tellurite glass is built by both components, one from deformed Te04 

polyhedra and the other from deformed W04 tetrahedra, which are incorporated in each other. 
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Fig.2 IR spectra of some Yb3+-doped 
tungsten-tellurite glasses 

1:   90TeO2-10BaO; 
2:    80TeO2-10WO3-10BaO; 
3:   70TeO2-10WO3-20Li2O; 

■4:   75TeO2-15WO3-10La2O3; 
5:   65TeO2-25WO3-10Bi2O3; 
6:   85TeO2-5WO3-10Nb2O5; 
7:   80TeO2-10WO3-10Nb2O5 

Table 1 DTA data of some tungsten-tellurite glasses(all samples were externally doped with 
lmol.% Yb2Q3) 

composition (mol.%) T„(TC) TxCC) Tx-T^TC) composition (mol.%) Tg(C) TxCC) Tx-TgCC) 

90TeO2-10BaO 369 455 86 85TeO2-5WO3-10Nb2O5 396 563 167 
85TeO2-5WO3-10BaO 371 458 87 82.5TeO2-7.5WO3-10Nb2O5 391 562 171 

80TeO2-10WO3-10BaO 388 480 92 80TeO2-10WO3-10Nb2O5 404 566 162 

75TeO2-15WO3-10La2O3 436 / 00 90TeO2-5WO3-5Nb2O5 400 573 173 

70TeO2-20WO3-10La2O3 438 ,/ 00 85TeO2-5WO3-10Nb2O5 396 563 167 

65TeO2-25WO3-10La2O3 443 / 00 80TeO2-5WO3-15Nb2O5 403 573 170 

60TeO2-20WO3-20Li2O 339 464 125 60TeO2-30WO3-10Bi2O3 392 490 98 
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In our opinion, similar to the structure of tungsten-phosphate glasses and phosphotellurite 
glasses, in ternary tungsten-tellurite glasses (except TeCVWOs-NbiOs glasses), tellurite 
chains and tungstate chains can incorporate together easily because their structure is very 
similar, and this type of structure leads to loose structure and large solubility of other modifier 
oxides; in TeC^-WC^-M^Os glasses, due to the large cationic field strength of Nb-0 bond 
(the value of Z/a2 is calculated in the order of W-0>«Nb-0>«Te-0>Bi-0»La-0>Ba-0>Li- 
0), NbOö octahedra connect the tellurite chains and tungstate chains, and consequently form 
three dimensional structure; because the cross-link structure of Nb06 octahedra can not 
coordinate well with the loose chain structure of tungsten-tellurite glasses, the crystallization 
tendency is surely significant; this is the reason why TeCVWOs-M^Os glasses have a 
crystallization peak at -570 °C but Te02-W03-La203 glasses have not; and this is also the 
reason why for TeCh-WOs-M^Os glasses the crystallization peak at -570 °C becomes 
significant with the increase of ND2O5 content but it varies slightly with the increase of WO3 
content. Additionally, in Te02-W03-Nb205 glasses, weakly deformed WÜ6 octahedra which 
are close to regular octahedra (according to the RDF data of Ref. [8]) exist instead of the 
strongly-deformed WO4 tetrahedra, consequently, the stretching vibration of W-0 bond at 
-920 to 950 cm"1 becomes less active in IR spectra. 
2, Calculation of the emission cross-section 

The potential performance of an Yb3+-doped glass laser may be assessed from the emission 
and absorption properties. The most important spectroscopic parameters required include the 
emission and absorption cross-sections of the 2Virr2^5a transition and the upper laser level 
lifetimes of Yb3+. The emission cross-section of Yb3+ is usually calculated from Fuchtbauer- 
Ladenburg equation [1] or by the reciprocity method [1,9]. 

In this paper, according to the reciprocity method [1,9], the emission cross-sections o-emi of 
Yb3+, were simply calculated from the measured absorption cross-section aabS, i.e., 

Zi Ezi - hckA 

C?emiP0=CTabs(?t) exP( )       » 0) 
Zu kT 

where Z\, Zu, k, and Ezi represent the partition functions of the lower and the upper levels, 
Boltzman's constant, and the zero line energy which is defined to be the energy separation 
between the lowest components of the upper and lower states, respectively. Because the zero 
line energy Ez| is associated with the strong peak in the absorption spectrum of a Yb"+-doped 
glass, it is very easy to determine the value of EZ|. Another parameter, the ratio of the partition 
functions of the lower and the upper levels of Yb3+, Zi/Zu, can be obtained from the Yb + 

Or 

energy structure; in Ref [10], an approximate energy structure model of Yb in oxide glasses 
was put forward to estimate the value of Zi/Zu. Additionally, according to the Fuchtbauer- 
Landenburg equation [1], i.e., 

OemiQi)=  > (2) 

87tCn (X) Trad 
*5 9 "^4- 

where g(k) is the normalized line shape function of the F7/2- F5/2 transition for Yb , n(k) is 
the refractive index, c is the velocity of light, and Trad is the radiative lifetime (trad =1/A), the 
emission cross-sections were also obtained based on the measured fluorescence spectra. 
3. Absorption and emission properties 

Fig.3 shows the absorption cross-section spectra and the emission cross-section spectra of 
some Yb3+-doped ternary tungsten-tellurite glasses studied here, respectively. Table 2 
summarizes some important spectroscopic properties of the Yb3+-doped tungsten-tellurite 
glasses studied. 
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Fig.3 Absorption cross-section and emission cross-section spectra of Yb3+ in some tungsten- 
tellurite glasses: (a) 82.5TeO2-7.5WO3-10Nb2O5; (b) 70TeO2-20WO3-10La2O3; 
(c)60TeO2-30WO3-10Bi2O3 
 — measured absorption cross-section spectra 
 emission cross-section spectra by reciprocity method 
—■—■—emission cross-section spectra from F-L equation 

Table 2 Density(p), Wavelength of the prime absorption peak(Xzi), Refractive index at Xz\ 
(n(Xzi)), Integrated absorption cross section (Eabs), Radiative lifetime (xrad), Measured 
fluorescence lifetime (tf),Radiative quantum efficiency (r\), Emission cross-section at subpeak 
(as), Ratio of the emission cross-section at subpeak to that at prime peak ( as/crp ), and 
Effective linewidth of the emission cross-section spectra (AA,eff) for the Yb3+-doped ternary 
tungsten tellurite glasses (* Spectroscop icpro perties are calcu ated by reci] procity method.) 
composition (mol.%) P 

(g/cm3) 
^zl 

(nm) 
n(Xz]) ' ^abs 

(x 104pnr>) (MS) 

xfyts) 
(±20) 

Tl (%) 
(pm2) (%) 

A^-eff 
(nm) 

85TeOr5WO3-10Nb2O5 5.26 975.4 2.2 5.07 364 420 115 0.70 73 55.6 
82.5Te02-7.5W03-l 0Nb2O5 5.37 974.8 2.2 5.85 316 360 114 0.76 67 50.2 
80TeO2-10WO3-I0Nb2O5 5.34 975.2 2.2 5.60 331 400 121 0.75 75 60.0 
75TeO2-15WO3-10La2O3 5.92 974.8 2.09 5.80 353 420 119 0.78 75 62.4 
70TeO2-20WO3-10La2O3 6.02 974.6 2.09 , 6.17 332 400 120 0.83 73 54.2 
65TeO2-25WO3-10La2O3 6.10 974.4 2.09 5.70 361 360 100 0.72 67 53.1 
65TeO2-25WO3-10Bi2O3 6.52 975.0 2.3 6.13 276 380 138 0.83 73 54.9 
60TeQr30WO3-10Bi2O3 6.60 974.6 2.3 6.83 248 400 161 0.99 77 58.4 
55TeO2-35WO3-10Bi2O3 6.66 974.8 2.3 6.01 283 400 141 0.82 71 54.6 
70TeO2-10WO3-20Li2O 5.21 974.4 2.04 5.27 408 400 98 0.74 76 52.7 
60TeO2-20WO3-20Li2O 5.42 974.2 2.04 ■   5.42 398 400 101 0.77 77 57.8 
50TeO2-30WO3-20Li2O 5.63 974.2 2.04 5.70 381 400 105 0.79 77 57.8 
90TeO2-10BaO 5.32 975.0 2.13 4.98 397 420 106 0.72 76 57.6 
85TeO2-5WO3-10BaO 5.47 975.0 2.13 5.31 372 400 108 0.76 78 59.0 
80TeO2-10WO3-10BaO 5.55 975.4 2.13 5.02 395 380 96 0.69 75 56.1 

First of all, from Fig.3 and Table 2, it is seen that the effect of various composition upon the 
spectroscopic properties is relatively little for the Yb3+-doped tungsten-tellurite glasses. And it 
is evident that the emission cross-sections calculated by the reciprocity method are in good 
agreement with the values obtained from F-L equation. The discrepancy of these two emission 
cross-section spectra is mainly caused by the radiation trapping due to the reabsorption. 
According to the opinion of Weber[ll], due to the effect of radiation trapping, the absolute 
intensity of the measured fluorescence spectra at the prime peak decreases and consequently 
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the effective linewidth A?ieff of the fluorescence spectra increases. On the other hand, by using 
the reciprocity method, the emission cross-sections of Yb3+ can be simply determined from 
the measured absorption spectrum and the effect of radiation trapping is not involved in the 
calculation. Accordingly, the emission cross-sections calculated by the reciprocity method 
should be closer to the actual values than the values obtained from F-L equation. Therefore, 
we adopt the reciprocity method to estimate the emission cross-sections of Yb + ( see Table 

2). 
Also, from Fig.3 and Table 2, it is seen that all the emission cross-sections cs of Yb +- 

doped tungsten-tellurite glasses are very large, close to the reported maximum value of 1.1 
pm2 in the Yb3+-doped glasses[3]. Moreover, it is interesting that all the ratios of OS/CJP are 
larger than 65% and are much larger than those values reported in Ref.[3,5,ll] (their as /cp 

generally range between 40-50% ); because the emission intensity is proportional to the 
ytterbium ion population contributing to the emission, large ratio of as/<rp implies that in 
tungsten-tellurite glass hosts, the ytterbium ion population taking part in the subpeak emission 
is very close to that taking part in the emission of the prime peak, and it is very helpful to the 
desirable emission at -1.02 um. Finally, the radiative quantum efficiency rj=Vxrad of Yb + in 
tungsten-tellurite glasses is also very high (close to unity). 

Additionally, from the absorption cross-section profiles of Yb3+ in Fig.3, it is clear that 
there is a broad-and-flat terrace in the range between 940 and 960 nm for the Yb3+-doped 
Te02-W03-La203 and Te02-W03-Nb205 glasses, and the absorption cross-sections in this 
range are between -0.5-0.6 pm2; because high-power cw laser diodes operating at ~940nm are 
becoming practical, large absorption cross-sections and the existence of the broad-and-flat 
absorption terrace at such wavelength range are favorable for 940nm-LD pumping. 

In short, the excellent absorption and emission properties indicate that tungsten-tellurite 
glasses, including Te02-W03-La203 and Te02-W03-Nb205 glasses, show good promise for 
Yb3+-doped media. 

CONCLUSION 
The thermal stability, the glass structure, and the absorption and emission properties of 

Yb3+-doped ternary tungsten-tellurite glasses have been investigated; and the Yb +-doped 
Te02-W03-La203 and Te02-W03-Nb205 glasses exhibit good glass-forming ability, and 
excellent absorption and emission properties. To sum up, these two kinds of tungsten-tellurite 
glasses show good promise for Yb3+-doped media as 1.02 urn laser source. 
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Ultra-Transparent Glass-Ceramics for Photonic Applications 

P. A. Tick 

Introduction 

In the broadest sense photonics may be defined as the technology of information 
transfer with light. At the moment, most of the demand for photonic devices is for 
telecommunications applications, but, because of the inherent advantages of light other 
opportunities, such as optical computers, will eventually evolve. When this happens the 
mainstay of today's photonics technology, CVD silica, may no longer be able to provide 
the properties necessary to support tomorrows needs. 

In reality, there are two aspects to developing a new optical technology. The first is to 
identify novel materials properties, but, of equal importance, is to develop the methods 
necessary to process those materials into functional devices. The dominance of silica is 
in no small part, due to the versatility of CVD processing complex wave guiding 
structures, which are both inexpensive and low loss. Many other materials can have 
properties that are, at least in some respects, superior to silica, but, because the 
technology needed to build guided wave structures was not concurrently developed most 
or these materials have not yet made any important impact upon photonics. 

With today's rapidly changing technology it is probably not possible to predict the 
inventions that will shape the future of photonics, but it is possible to identify the kinds of 
materials advances that will be required to bring about such a revolution in optics. Most 
likely, materials with multi-active functionality and the ability to form precision three- 
dimensional nanostructures will represent key advances. 

Given this premise, it would seem that glass-like materials offer the most attractive 
candidates. Redrawing glass can produce precision two-dimensional nanostrucures and I 
pnotorefraction or photosensitivity patterning for the third dimension. Doping with rare- I 
earths or transition metals can provide the optical activity needed to generate or amplify 
ignt. Nonlinear optical behavior, dopant solubility, photorefraction and low passive I 

losses are at least some of the properties that will also be needed. While silica does I 
possess many of these characteristics, there are some inherent limitations. It is not a good 
nonlinear material, although some unusual second order nonlinearities have been I 
observed after poling. It is also not a very versatile host for rare-earths because of their ■ 
low solubility and its high phonon energy. Composition modifications to silica may well 
overcome some of these limitations and certainly there is a considerable effort to expand 
tne capabilities of CVD processing, as well as to adapt that technology to building planar 
wave guiding systems. So, if a new material is to replace silica as a primary candidate for 
tuture photonic applications, it must have truly remarkable properties. Glass-ceramics 
may well have this potential. 

In 1993 Wang and Ohwaki described (1) a glass-ceramic system whose transparency 
was glass-like. Further examination (2) and expansion of similar composition fields 
revealed that this was indeed the case. Careful measurements were unable to distinguish 
between light scattering in the precursor glasses and the glass-ceramic structure. Despite 
tnese results, these materials, which can be called ultra-transparent glass-ceramics, have 
oeen largly ignored. The main reason for this is the mind set amongst optical scientists 
that transparency in two-phase systems can never meet even the most minimum passive 
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loss standards for photonic devices. One of the goals of this work is to show that this is 
not the case. To accomplish this, a method of fiberizing these glass-ceramics has been 
developed which can fabricate single mode fiber geometry's, with passive losses 
approaching at least some photonic device requirements. When the seemingly 
insurmountable obstacle of scattering loss is removed, ultra-transparent glass-ceramics 
offer a realistic opportunity to develop novel types of photonic devices, primarily due to 
the extra degree of freedom that the two active phases in glass-ceramic structures can 
offer. 
Experimental Compositions and Methods Of Preparation 

The base composition family in which much of the development work was done is 
comprised of 45 mol% alumino-silicate glass, along with a mixture of Cd, Pb and rare- 
earth fluorides. One example of the ultra-transparent glass-ceramic forming region is 
shown in Figure 1. 

Figure 1 

YF, 

CdF2 
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Ultra-Transparent 
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Si02 = 30 mol% 

AI03/2 =15 mol% 

/    Glass     \ PbF2 + CdF2 + YF3 

= 55 mol% 

/ Ultra-transparent 
/    Glass-ceramic 

/            * /              Wore 
/                scattering 

\ PbF- 

The composition used in most of these studies is 30 Si02-15A103/2-29CdF2- 
17PbF2-5ZnF2-4YF3 (in mol%). Increasing the silica or alumina, or removing the YF3 
will stabilize the glassy phase so that the desired glass-ceramic structure can longer be 
formed. Too much YF3 causes the glass to devitrify upon cooling. ZnF2 is not a 
necessary component, but helps stabilize the glass, without effecting the ceramming 
properties. The ratio of Cd to Pb is somewhat flexible; however, the Cd-rich 
compositions tend to be photochromic, which would be undesirable for a photonic 
device. 

The precursor glass is melted from a mixture of the oxides and fluorides at 1000C, 
in covered platinum crucibles in air. During melting about 20% of the fluorine and 10% 
of the silica is lost, otherwise the remaining components are retained in essentially their 
original batched quantities. Once melting is complete, the hot glass can be cast into 
samples no more than 1 cm in thickness. If thicker samples are attempted, the slowly 
cooled region in the center of the patty will begin to spontaneously ceram. 
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Properties 
A DTA curve, shown in Figure 2, obtained at a heating rate of 10 C/min., illustrates 

the essential phase transition features necessary to form these ultra-transparent structures. 
Figure 2 

High Temperature Behavior Of Ultra-Transparent Glass-Ceramics 
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These are fluid glass melts with a liquidus temperature near 800 C. In order to form a 
glass, the melt must be rapidly cooled to the glass transition temperature (Tg), which is 
about 400 C, to avoid any high temperature crystallization reactions. The desired glass- 
ceramic structure may then be developed by reheating the precursor glass to a 
temperature near the sharp crystallization peak lying about 70 C above the Tg. Hold 
times at these temperatures of between 45 and 90 minutes are typical. The position of the 
ceramming peak is critical because the growth process must be done at a relatively high 
viscosity, usually above 10exp8 poises. This insures that the kinetics of this process is 
slow enough to develop the proper nanostructure and that there will be minimal flow 
during processing. 

Figure 3A 
TEM Microstractures Of The Precursor Glass And Glass- Ceramic 

A. As made B. Cerammed 

I000A 

200,000 X 
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Confirmation that the original material is entirely glassy and that the cerammed 
material contains two phases is shown by the transmission electron micrographs in Figure 
3A and by the x-ray diffraction patterns in Figure 3B 

Figure 3B 
X-ray Diffraction Patterns Of The Precursor Glass And Glass-Ceramic 
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30 40 50 
2 9 (degrees) 

30        40        50 
2 e (degrees) 

These data help define some of the critical aspects of the structure. It is essential 
that the periodic fluctuation of the refractive index, due to the presence of the two phases, 
be much smaller than the wavelength of light, so that the system may be treated as an 
effective medium (3). In this case the crystals are of the order of lOnm, as are the inter- 
crystal distances. This fixes the volume of crystals to between 5 and 30%. If the volume 
fraction falls below 5%, then the inter-crystal distances become too large and increased 
scattering can occur. If the volume fraction becomes much larger than 30% then the 
crystals can ripen, which can lead to a larger particle size distribution; that also results in 
increased scattering. When this type of nanostructure is achieved, i.e. lOnm particle size, 
5-20nm inter-particle spacing, narrow particle size and uniform spatial distributions, then 
the conditions for ultra-transparency are satisfied. There are two other aspects of this 
particular glass-ceramic that are important. The first is that the refractive index difference 
between the two phases need not be small, in fact it is indirectly estimated to be about 
0.05 in this system (4). The second feature is that the crystals are monophase, with a 
cubic fluorite structure. When more than one phase appears, as can be induced by raising 
the concentration of Y too high, then ultra-transparency is lost. It is not known whether 
this is a peculiarity of this particular system, or whether this is a general rule. The spectral 
behavior of larger rare-earth dopants, like Er, Pr or Tm, unambiguously shows that the 
rare-earth's are effectively partitioned into the crystal phase during ceramming and that 
the crystal is a pure fluoride. So for all practical purposes, this doped material behaves 
like an alumino-silicate glass in all respects except optically, where it behaves like a low 
phonon energy, fluoride crystal. These features are the basis of the property diversity 

IS(NOGr'98 217 



argument about the inherent uniqueness of ultra-transparent glass-ceramics compared to 
any mono-phase material and it is this diversity that may be able to provide at least some 
of the combinations of properties needed for the next generation of photonic devices 
Fiberization 

Fiberization of this family of materials posed some unique challenges. The ability to 
melt without special atmospheres, moderate melting temperatures and compatibility with 
platinum are all significant advantages. However, these compositions do form fragile 
melts, as the viscosity curve in Figure 4 demonstrates. 

Figure 4 
Viscosity Of Ultra-Transparent GiassCeramics 
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One of the traditional methods used to fiberize similar glasses is to first cast a 
core/cladding preform and then redraw into a fiber. That is not possible with this system 
because the material will over-ceram at the viscosities normally needed for redraw. 
Hence, a hot glass process seemed to be the most attractive alternative. But, as with other 
fragile systems, the high temperature properties do not easily lend themselves to hot 
forming. Smail liquidus viscosity's (few poises), fast devitrification kinetics and the 
strong temperature dependence of the viscosity are amongst the primary reasons for this. 

However, if ultra-transparent glass-ceramics are ever to be a legitimate candidate for 
future photonic devices there was really no choice. A hot fiberizing process needed to be 
developed. Using some ideas first proposed by Mimura (5), a double crucible process, 
capable of forming the fiber structures above the liquidus temperature of the core glas's- 
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ceramic was developed. This process has produced, well centered cores whose 
dimensions are in the single mode regime. Losses, after ceramming, are near IdB/m at 
1300nm. A photograph of the core/cladding structure and a spectral loss curve are shown 
in Figure 5. 

Figure 5 
Ultra-Transparent Glass-Ceramic Fiber made By A Double Crucible Process 
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The loss measurement was made on a cerammed, 2m length of Er-doped fiber by a 
cut back method. There was essentially no difference in the measured loss between the 
precursor glass and cerammed fiber. There is 10 to 20 ppm of tramp iron in this particular 
sample, which is sufficient to account for much of the measured loss in the IR. 
Conclusions 

Ultra-transparent glass-ceramics offer a mix of properties not found in any 
monophase material. Mechanically, chemically and physically they exhibit alumino- 
silicate-like behavior. During ceramming any rare-earth dopants present are effectively 
partitioned into the crystal phase. This provides a low phonon energy, highly ordered 
environment for the rare-earth, which is reflected in the spectroscopy. 

A hot glass process, capable of providing single mode fiber structures with passive 
losses near IdB/m, has been demonstrated. These measurements also suggest that the 
intrinsic scattering losses, due to the glass-ceramic structure, have not yet been reached. 
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ABSTRACT 
As part of a study of the effect of impurities in heavy metal fluoride glasses on scintillation 
yield, we have examined the effects of melting atmosphere and base glass composition on the 
redox equilibria of iron, titanium and copper. Certain oxidation states of these ions can absorb 
in the near UV and hence strongly affect the emission of the Ce3+ ion at 325nm. The 
interations between the transition metal ions and other multivalent species, particularly 
indium and cerium, will be reported. 

INTRODUCTION 
There has been a considerable interest recently in heavy metal fluoride glasses for use as 
calorimeters in high energy particle physics experiments since their high density allows 
absorption of all incident energy in a relatively short distance of approximately 70 cm. By 
doping these glasses with cerium ions they become efficient scintillators and a reproducible 
fraction of the incident radiation which is incident on the glass becomes converted to UV 
radiation near 325 nm. Measurement of this light intensity therefore provides a measure of 
the intensity of radiation incident on the glass. 
This application requires a large volume of glass. A key aim has therefore been to use raw 
materials of minimum cost. On the other hand optical transparency at the emission 
wavelength of 325 nm is vital for the operation of the device. The effect of impurities on 
optical properties, particularly UV transmission, is therefore a critical consideration. Indeed 
experiments have already shown that for this particular application melting under reducing 
conditions considerably improves the scintillation yield of these glasses [1]. 
In previous studies on redox in fluoride glasses the absorption spectra correponding to a 
variety of transition metal and rare earth ions have been measured and the effects of the 
oxygen partial pressure in the melting atmosphere have been investigated [2]. Indeed for 
maximum infrared transmission oxidising conditions are usually preferred. The consequences 
of having more than one redox pair in the system have not been studied however although 
this has been of interest in oxide glass forming systems. 
In particular Ce and In are both multivalent ions added to these glasses as the scintillating ion 
and to improve radiation hardness respectively. In this study the effect of these ions on the 
position of the Fe2+/Fe3+, Ti3+/Ti4+, and Cu°/Cu1+/Cu2+ equilibria has been examined, the 
latter being ions which are likely to be present as impurities in low cost raw materials. 

METHOD 
For this study pure fluorides were used as raw materials and the transition metal fluorides 
were introduced as deliberate additions. Typical impurity levels used were 300 to 3000 ppm 
of transition metal cations. An example of the base glass composition used is given in Table 
1. 
The raw materials were batched in a dry glove box and transferred to the melting furnace in a 
sealed container. Melting was carried out in a silica liner sealed to a dry box but with a 

IS(NOG)2 '98 223 



separately controlled atmosphere so that the oxygen partial pressure above the melt could be 
varied. The glasses were melted in a platinum crucible when using oxidising or neutral 
melting atmospheres. Where reducing conditions were required however a vitreous carbon 
crucible was used. The glasses were melted from batch under oxidising conditions and then 
remelted in the neutral and reducing atmospheres to prevent the formation of reduced 
hafnium. 

Table 1. Base glass composition (mol %) to which colouring agents have been added. Where 
CeF3 was added, it completely replaced LaF3; InF3 only partially replaced A1F3 

HfF4 CeF3 or LaF3 NaF BaF2 A1F3 or InF3 
54 5 18 19 4 

Fluoride glass melts have much lower viscosities than oxide melts and so can reach 
equilibrium much more quickly. However to aid the rate of equilibration, the melt was taken 
from the furnace and stirred by swirling once during the melting process. The melting 
schedule consisted of a two hour hold above the melting point (as followed by France [3]). 
For one case the melt schedule was extended to a seven hour hold to check that equilibrium 
was being achieved and the spectra obtained were very similar. 
Glasses were prepared for optical absorption spectroscopy by grinding and polishing to plates 
approximately 4mm thick under paraffin to prevent corrosion. The specimens prepared were 
measured using a Perkin-Elmer IR Fourier transform spectrophotometer and a Perkin-Elmer 
UV/Vis spectrophotometer. The optical absorption spectra were corrected to a zero 
background by subtracting a linear baseline taken from the minimum absorption of the 
spectra. Typical background losses were near 8% as expected from reflection at two 
interfaces, but in a few cases deviations were present suggesting some sample inhomogeneity. 
Data points were output to a statistical analysis package and fitted to Gaussian curves; if 
required a background could be added and this was generally written in the form of a 
polynomial with up to three terms. 

RESULTS 
A typical fitted absorption spectrum for Fe2+ is shown in Figure 1. This spectrum has been 
corrected for reflection losses. 
The iron absorption spectrum in the near infrared can be fitted by three Gaussians, which 
have been attributed to Fe2+ in a distorted octahedral site and in a tetrahedral site. The 
positions of theses peaks are similar to those reported in an oxide glass but shifted to longer 
wavelengths. The widths of the fitted Gaussians change little with the glass compositions 
used in this work and hence we have taken peak height as a measure of the concentration of 
the species present. Melting under different atmospheres has a major effect on the quantity of 
Fe + present as illustrated in Table 2. 

Table 2. Showing the amount of Fe2+ in the glass as a function of melting atmosphere for a 
Ce based glass with 3000ppm of Fe added 

Melting atmosphere 
P02= 0.1 atmospheres 

100% nitrogen (nominally) 
Nitrogen with 3% H2 

7Z? Height of Fe   absorption peak 
0.0090 
0.0144 
0.0346 
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Similar trends were also observed for Ti and Cu . For the case of titanium the height of the 
peak also depended on the form in which the Ti was added. If introduced as TiF4 the amount 
of Ti3+ ions in the glass was much lower. This was attributed to the volatility of TiF4 and its 
loss during the early stages of melting rather than to a failure to achieve equilibrium. Copper 
was easily reduced to the metallic state. 

0.015 

0.010 

0.005 - 

4000 6000 8000 10000 

2+ 
Wavenumber / cm' 

Figure    1.    Fez_r    absorption    spectrum    in    a    glass    of    molar    composition 
54HfF4:19BaF2:5LaF3:4AlF4:18NaF + 3000ppm of Fe melted in 100% N2 atmosphere. 

Doped glasses were melted in four principal groups: with LaF3 added as the rare earth 
fluoride, with CeF3 added in place of LaF3, and with 0.5 mol % InF3 added replacing A1F3 in 
both LaF3 and CeF3 glasses. LaF3 exists in only one oxidation state but the Ce and In ions can 
both be present in more than one oxidation state. Table 2 below compares the height of the 

9-4- Fe absorption peak for this series of compositions and for different melting conditions. The 
cerium containing melts clearly produce a slightly more reducing environment and the indium 
glasses a slightly more oxidising environment. This same pattern was reproduced for titanium 
and copper additions. 

Table 2. Height of Fe 
(arbitrary units). 

2+ principal peak in the three glass series studied with 3000ppm Fe 

Melting atmosphere La glasses Ce glasses In + La glasses In + Ce glasses 
Oxidising 0.0056 0.0090 0.0064 0.0079 
Neutral 0.0131 0.0144 0.0106 0.0137 
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DISCUSSION 
Indium is added to these glasses to improve radiation hardness. Its action relies on its 
existence in two oxidation states so that it can act both as an electron trap and as an electron 
donor. It also has traditionally been used as an oxidising agent during melting in order to 
prevent the formation of reduced metal species. Clearly in this case its effects are similar; it 
shifts the Fe2+<=>Fe3+ equilibrium towards the right. Previously indium fluoride has been 
found to reduce the scintillation yield of these glasses [1] although conferring radiation 
hardness. This may in part be the result of the oxidising action of the material since in general 
the scintillation yield shows significant improvements the more reduced are the melting 
conditions. 
Cerium on the other hand produces more reduced glasses although the effects are very small. 
Higher concentrations of cerium may therefore not only enhance the scintillation yield as a 
simple concentration effect but may also help to eliminate some of the species responsible for 
reducing the emission yield in glasses which are too oxidised. 
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Photostimulated luminescence from X-ray irradiated inorganic crystals and glasses is an important 

phenomenon from both a fundamental and practical point of view. Photostimulated luminescence has 

been demonstrated recently in cerium(HI) and samariurn(III) doped borate glass1 and europium(H) 

doped BaFBr crystals2 and fluoroaluminate glass3. The latter case presents a difficulty because the 

chemistry of the lanthanides is naturally dominated by the tendency to form the tripositive ion (LnCIH)) 

and E11F3 is the normally encountered species. The fact that divalent europium can exist is thought to 
be correlated with the special stability associated with a half filled 4f orbital (4I7). 

Since Eu(ll) compounds are not readily available and it is this oxidation state that is necessary for the 

phenomenon of photostimulated luminescence to be observed, we have begun a study to examine and 

compare different methods of generating Eu(II) in fluoride glasses. In this paper we report the 

reduction of Eu(III) to Eu(II) using a variety of chemical reductants and for the first time, the use of 
bulk electrochemical reduction of Eu(JGH) to Eu(II) in a fluoride melt. All glasses were characterized 
using a number of spectroscopic techniques including absorption, electron spin resonance and 
Mossbauer spectroscopy. 

l. K. Tanaka, K. Hirao, H. Tanaka and N. Soga, Jpn. J. Appl. Phys. 35 (1996) 2170. 
2- Y. Amemiya and I. Miyahara, Nature, 336 (1988) 89. 
3. J. Qui, Y. Shimizugawa, Y. Iwabuchi and K. Hirao, Appl. Phys. Lett. 71 (1997) 759. 
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ABSTRACT 

Presence of the reduced Hf2* ions and oxygen impurities may cause the formation of 

radiation colouring centeres and decrease of radiation hardness of scintillating HfF4-based 

glasses, doped with Ce3+. A new technique of batch additional fluorination by chlorine 

trifluoride and xenon difluoride is proposed to obtain both oxygen-free and oxidised HfF4 

glasses. Radiation optical properties of the treated glasses are studied. 

INTRODUCTION 

Fluorohafnate glasses, doped with Ce3+, exhibit short life time, high density and small 

radiation length. In this connection they appear to be a perspective material for scintillating 

sensors that are used in high energy physics and nuclear physics [1,2]. Relatively low 

radiation hardness, compared with that of crystals CeF3 and PbW04 is the main disadvantage 

of fluorohafnate glasses. 

In this paper the influence of preliminary fluorination of the mixture for glass 

synthesis with fluoroxidizers (C1F3, XeF2) on radiation hardness of glasses is studied. 

EXPERIMENTAL 

The technique of batch additional fluorination by XeF2 and C1F3 is described in [3]. 

Fluorination of the mixture 51,5HfF4-20-BaF2-5CeF3-2,5AlF3"20NaF-lInF3 with 

fluoroxidizers is held in the evacuated nickel reactor, connected with a vacuum line. 

Fluorinating agents are condensed into the reactor.  The fluoroxidizing process proceeds in 

228 IS(NOG)2'98 



gaseous and in liquid in the case of CIF3 phases. To remove oxygen-containing impurities 

completely the reactor is heated from 20 upto 150°C at the pressure from 2,5 upto 6 atm. 

Fluorination time is equal to 50 hours. Excess of unreacted CIF3, XeF2 and the gaseous 

products are eliminated in a dynamic vacuum at a room temperature and at 100°C. Sorbed 

water is eliminated with a marked rate at a room temperature. 

Samples of glasses are synthesised from the starting fluorides of 99,5 purity in 

vitreous carbon crucibles in a dry argon atmosphere. After synthesis at 800-820°C during 40 

min the melt is cooled at a rate of 35-30 7min within the crystallisation temperature range 

440-340°C. To avoid the effect of synthesis conditions samples of glasses with preliminary 

treatment are synthesised together with the controls, i.e. glasses without preliminary 

fluorination. 

Radiation hardness in the 280-800 nm region is estimated by the transmission spectra 

before and after y-irradiation with 5 -105 rad irradiation dose. The luminescence spectra of 

glasses under X-ray excitation and light yield under y-irradiation as described in [4] are also 

measured. 

RESULTS AND DISCUSSIONS 

Conditions of preliminary treatment with fluoroxidizers influence to a great extent on the 

optical properties of glasses. The reactor being evacuated at a room temperature, the 

coloured opalescencing glasses with absorption bands in the 440 and 690 nm region (fig.l) 

are obtained. The reactor being evacuated at 100°C , the transparent glasses with the 

transmission spectrum identical to that of controls are obtained. 

Some difference in the emission spectra of glasses, obtained from the fluorinated and 

traditional starting mixture, is observed (fig.2). The weak long-wave component appears 

along with the main luminescence band of Ce3+ at 310 nm in the luminescence spectra of the 

glass without fluoridation treatment. In [5] this component is attributed to luminescence of 

oxygen impurities in the glass. The absence of this band in the fluorinated glasses indicates 

indirectly the effectiveness of removing of oxygen impurities from the starting mixture. 

Transmission spectra of some samples after y-irradiation with the 5 -105 rad dose are 

presented at fig. 3,4. As it follows from fig.3, transmission of glasses in the UV and visible 

range, obtained in the conditions of evacuation of the reactor at a room temperature, 

decreases sharply after y-irradiation, compared with that of controls (curve 3, fig.3).   Sharp 
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decrease of the radiation hardness is observed also in glasses, obtained in the reduction 

atmosphere (Ar+H2) (curve 4, fig.4) and at doping of glasses with CeCl3 (curve 3, fig.4). At 

the same time fluoridation treatment of the starting mixture with the following thermal 

evacuation enables to increase transmission in the UV and visible range after y-irradiation 

(curve 2, fig.3). Increase of the radiation hardness is observed also at introducing into the 

starting mixture of small amounts of CeF4 (curve 2, fig.4). In this case CeF4 plays the role of 

the internal fluorinating agent that produces fluorine at 800°C in a dry atmosphere [6]. 

Absorption peaks in the visible range and intensive light scatter may be caused by the 

presence of the non-transparent colloid particles in the samples [7]. Coincide of absorption 

bands at 440 and 690 nm with [7] and intensive red scattering in the samples, obtained from 

the starting mixture, evacuated at a room temperature, enables to consider the presence of 

non-transparent colloid particles in the samples. Such particles may appear as a result of the 

reaction of C1F3, remained in the mixture, with carbon of the crucible at a high temperature. 

Obviously, the complete elimination of the excess of unreacted fluorinating agent is the 

necessary condition for obtaining of glasses with high optic quality. 

Formation of several kinds of colouring centres under y-irradiation of fluoride glasses 

is known [8]. The impurity colouring centres appear to be the most stable and are formed by 

the following schemes: 

O2' J-+ O'+e (1) 

ClFY-> ClT"+e+ (2) 

The defects of the first kind cause absorption bands in the near UV, the defects of the second 

type cause a broad band in the visible range. 

Intensive colouring of the glasses, doped with CeCl3, after y-irradiation and 

increasing of the radiation hardness of the glasses suggest that introducing of chlorine in the 

fluorination process might not occur. The greater transmission of the fluorinated glasses in 

the UV range under y-irradiation compared with that of controls might be connected with the 

lowering of oxygen-containing impurities in the starting mixture and firstly in the main 

component (HfF4) by the reaction: 

2Hf02 + 4ClF3 -> 2HfF4 + 202 + 4C1F (3) 

This reaction prevents forming of the colouring centres by (1). 
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Fig.l Transmission spectra of glasses: 1-glasses, obtained with the thermal evacuation 
of the reactor; 2-glasses, obtained with evacuation of the reactor at a room temperature 
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Fig.2 X-ray excited luminescence spectra of glasses prepared with the preliminary 
fluorination treatment (1) and without treatment (2) 
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Sharp decrease of the radiation hardness of glasses, obtained from the fluorinated 

starting mixture and synthesised in the reduction atmosphere (curve 4, fig.4) shows, that 

some other mechanisms of glass colouring take place. The formation of colouring centres is 

presumed to be connected with the presence of Hf3+ or Hr ions : 

Hf3+ Y->  Hf4* +  e (4) 

The presence of reduced hafnium ions is discussed in [9]. Effective oxidation of reduced 

hafnium ions with such active fluoroxidizers as C1F3 and XeF2 should lead to the complete 

elimination of Hf3+ from the starting hafnium fluoride. 
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1-control, 2-glass with preliminary fluorination treatment and thermal evacuation of Ihe 
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Fig.4 Transmission spectra of HBCeANIn glasses after y-irradiation with 5-105rad 
dose, 1-control, 2-glass addition of0.5% wt of CeF , 3 - glass with replacement of 

5CeF3 for 5CeCl3,4- glass, synthesized in reduction (Ar+4%H2) 
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ABSTRACT: 

New glasses have been synthesized in a multicomponent system based on indium 
fluoride. Samples of a few mm in thickness were obtained . They are transparent 
and homogeneous Main physical properties such as density, characteristic 
temperatures, density, thermal expansion and refractive index have been measured. 
They evolution versus composition is reported for samples with the formula : (35- 
x) I11F3- x GaF3 -YFs-PbF2 - CaF2 - ZnF2 . Tg lies between 260 and 296°C while 
melting starts around 480 °C. Glass samples are stable at room temperature. By 
comparison with other standard fluoride glasses, they exhibit higher refractive 
index and density. 

1. INTRODUCTION 

Fluoroindate glasses have been extensively studied because they extend the possibilities 
of the standard fluorozirconate glasses [1-4] . In particular their offer an extended 
infrared transmission range which directly derives from their lower phonon energy. In 
addition their intrinsic optical losses should be lower than those of the standard ZBLAN 
glass in the mid-IR. However nucleation and crystallization problems are far from being 
under control, which often results in high scattering losses. This paper reports attempts to 
optimize the glass stability in a multicomponent system based on the fluorides of m, Y, 
Pb, Ca, Zn and Ga. The influence of the Ga/In substitution on glass stability and physical 
properties has also been studied. 

2. EXPERIMENTAL 

Glass samples, usually 6 grams in weight, were synthesized in platinum crucibles using 
the ammonium bifluoride processing, with oxides and fluorides as starting materials. 
Fluorination was carried out for 1 hour at 300°C and 30 min. at 450°C and processing 
includes a 20 min. fining stage at 800-900°C after melting. 
Characteristic temperatures are Tg for glass transition, Tx for onset of crystallization and 
Tp for the maximum of the exothermic peak. They are measured using a Seiko 220 DSC 
at 10 Knur1 heating rate. Assessment of glass stability is made from the value of the 
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stability range AT = Tx-Tg [5] or from the S factor ((Tx-TgXTp-Tx)/Tg) [6]. Refractive 
index is measured using an Abbe refractometer and thermal expansion from a Seiko 
TMA/SS 120. Estimated accuracy is ± 1 °C for temperatures, ± 0.0005 for refractive 
index and ± 510 -7 K"1 for thermal expansion. Archimedean method used for density is 
expected to lead to an error margin of ± 0.01. 

3. RESULTS 

Previous works aiming at the optimization of the I11F3 - YF3- PbF2 ternary glasses showed 
that more stable compositions could be obtained incorporating calcium and indium 
fluorides as stabilizers [7]. A typical composition was 40111F3 - 5 YF3- 25 PbF2 -15 CaF2 - 
15 Z11F2 . In a first step we have substituted indium by gallium, which is known to 
decrease devitrification rate in fluoroindate glasses. Glass samples were prepared with 
the general chemical formula: (35-x) InF3- x GaF3 -10 YF3- 25 PbF2 -15 CaF2 -15 ZnF2 

. The evolution of the stability criteria versus gallium content is reported in figure 1. This 
suggests that optimum composition corresponds to 15 to 30 mol % GaF3. In other words, 
fluorogallate glasses appear more stable in this multicomponent system than 
fiuoroindates. 
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Figure 2 : Evolution of stability parameters AT and S versus GaF3 content in 

(35-x) InF3- x GaF3 -10 YF3- 25 PbF2 -15 CaF2 -15 ZnF2 glasses 

When InF3 is replaced by GaF3, glass transition temperature increases from 260 °C to 
296 °C. The evolution of the other characteristic temperatures - Tx for onset of 
crystallization and Tf for the beginning of the fusion - is reported in figure 2. 
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Figure 3 : Influence of GaF3 on the value of the characteristic temperatures 

Tgj Tx and Tf for glass transition, onset of crystallization and melting. 
Density and refractive index decrease, while thermal expansion increases, when GaF3 
replace InF3. This evolution is exemplified by figures 3 to 5. These glasses are stable at 
room  atmosphere  and their  chemical  durability may be  compared  to  that  of 
fluorozirconate glasses. 
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Figure 4 : Evolution of refractive index, no versus GaF3 content 
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Figure 5 : Evolution of density versus GaF3 content 
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Figure 6 : Thermal expansion coefficient, a, as a function of GaF3 

The influence of the other glass components on glass stability and physical properties 
was also investigated. Various samples were prepared according to the general formulas : 

5InF3-10YF3-(40-x)(PbF2-15ZnF2- 20GaF3-xCaF2 
15 InF3-xYF3-(35-x)PbF2-15ZnF2- 20GaF3-15CaF2 
15 InF3-10YF3-(4O-x)PbF2-xZnF2- 20GaF3-15CaF2 

The effect of the Pb/Y, Pb/Zn and Pb/Ca substitutions may be seen from the figures 7 to 
10. Thermal stability range may reach 120 °C, which is generally sufficient for casting 
large bulk samples. The evolution of the physical properties versus chemical composition 
is consistent with previous knowledge of fluoride glasses: refractive index and density are 
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correlated with lead content. 
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Figure 7 : Thermal stability range AT versus composition in the glasses: 

15 InF3-10YF3-(4G-x)(PbF2-15ZnF2- 20GaF3-xCaF2 
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Figure 8: Influence of Pb/Y, Pb/Ca and Pb/Zn substitutions 
on glass transition temperature Tg. 
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Figure 10 : Density versus ZnF2 , CaF2 and YF3 content 

4. DISCUSSION 

These results show that more stable glasses could be obtained by convenient adjustments 
of chemical composition. It may be viewed as the illustration of the "confusion principle" 
which expressed that the stability of a multicomponent glass versus devitrification 
generally increases as the number of glass components increases. While numerous 
examples support this rule, current experience shows that is does not apply automatically. 
There is an optimum concentration range which cannot be predicted from theoretical 
considerations. In addition, processing has also to be adjusted in order to minimize the 
factors promoting heterogeneous nucleation. It is widely admitted that the diffusion 
processes involved for crystallization are more difficult when chemical species are more 
numerous. However this is only one of the factors ruling the whole devitrification 
process, and some glass forming melts may devitrify more rapidly when one additional 
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compound is incorporated. 
Correlating glass forming ability to chemical composition and bonding has been a 
constant concern for glass scientists, and Zachariasen's rules [8] make the most famous - 
and perhaps the most successful - attempt in this way. Unfortunately most approaches fail 
on the point that devitrification first arises from nucleation and crystal growth which are 
not clearly influenced by chemical bonding. It is often assumed that any glass consists in 
a vitreous network which has a predominant covalent character. One may be tempted to 
conclude that glass stability will increase if network covalency is enhanced. This would 
explain why the substitution of indium fluoride by gallium fluoride which is more 
covalent improve glass formation; but it is contradictory with the fact that indium 
incorporation has a similar effect in fluorogallate glasses [9]. In a more general way, 
glass formation occurs in chemical systems having all types of bonding: covalent, ionic 
and metallic, and there is only one example of nitride glass - nitrides are covalent - while 
there are thousands of fluoride and predominantly ionic glasses. 
As a consequence, glass science still remains largely empirical in this area of glass 
formation. Fortunately it is largely predictable as far as physical properties are concerned. 
The changes in the physical properties of the modified fluoroindate glasses are consistent 
with the observations in other fluoride systems: lead fluoride is known to increase density 
and refractive index and to decrease glass transition temperature. The respective 
influences of calcium and zinc fluorides appear different for glass transition. This could 
be explained by their different coordination numbers and the structural changes this 
substitution will induce. One may also point out that zinc is considered as a network 
former and calcium as a modifier. 

Fluoroindate glasses may find practical applications to extend the possibilities of the 
standard fiuorozirconate glasses [10] such as ZBLAN because they may transmit IR light 
at longer wavelength [11]. As an example, one may quote thermometry, remote 
spectroscopy and CO laser transmission. However, as most of these applications require 
optical fibers, the level of scattering and absorption losses should be reduced. Finally, 
active fibers made from fluoroindate glasses may have higher efficiency for various laser 
transitions, and also for optical amplification at 1.3 urn [12]. The fluoroindate glasses 
from this study have a high refractive index. Their association with lead-free glasses 
makes possible the design of optical fibers with a very large numerical aperture. 

5. CONCLUSION 

Numerous glass compositions have been investigated in the multicomponent systems 
based on the fluorides of In, Ga, Pb, Ca, Zn, Y. The influence of the composition on glass 
stability and physical properties has been investigated. Some of these glasses are stable 
enough against devitrification to be cast as thick samples from which preforms for fiber 
drawing experiments could be made. 
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Abstract 
Sol-gel process offers some advantages over fusion: glass can be obtained in various 

geometries, as thin films, and great homogeneity can be achieved for material production. For 
oxide glasses and ceramics sol-gel method is well developed, but production of fluoride 
glasses by sol-gel is not well established. In this paper we describe the preparation of 
precursor gels for fluorozirconate systems, from binary to five component gels. Acetic acid 
was used as complexing reagent and NH4F.HF was used for fluorination. ZBLALi glasses 
with different contents of Li were obtained. 

1-INTRODUCTION 
The discovery of Heavy Metal Fluoride Glasses [1] had brought out great interest because of 
their ultra-low intrinsic loss and extended transmission in the infrared region. These 
properties assure potential applications in many optical devices as fibers for transcontinental 
telecommunication, fiber laser, optical amplifier and optical windows. The conventional 
preparation of fluoride glasses by fusion is not suitable to obtain fibers free of impurity as 
required for telecommunications. The CVD method presents limitations in use for 
multicomponent fluoride glass preparation due to the great differences of vapor pressure of 
the various fluorides [2]. Sol-gel may be an alternative for fluoride glass fabrication in various 
geometries, including planar devices [3], although some problems may be overcome to make 
possible obtaining glasses with improved quality. To obtain multicomponent system, as the 
matrix of glasses ZBLAN and ZBLALi, by the sol-gel process, the proper choice of precursors 
is very important due to homogeneity requirements of precursor solutions. As most metallic 
alcoxydes are very reactive for hydrolise and condensation reactions they are the precursors 
most used. However, they need to be stabilized to avoid precipitation. The chemical control 
of these reactions is usually provided by the addition of complexing reagents that react with 
metallic alcoxyde in molecular level leading to new precursors with different structure, 
reactivity and functionality. The choice of complexing agent and the amount to be used are 
not unique for all the alcoxydes involved. In this way, the control of respective hydrolysis 
rates of the various alcoxydes as well as the proper sequence of introducing the divers 
precursors constitute a limiting stage since precipitation and phase separation must be 
avoided in order to obtain the oxide matrix of the fluoride glasses by sol-gel process. For 
compositions containing BaF2 and LaF3, as in the case of ZBLAN and ZBLALi compositions 
that we have prepared, there is an additional problem: barium and lanthanum alcoxydes are 
not easily available commercially because they are chemically very instable and/or insoluble 

1 * Corresponding author - e-mail: propp@nin.ufins.br or delben@vip-cgr.com.br, Fax/phone: 55-67-7873093 
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in organic solvent. So it demands the replacement of alcoxydes and we choose barium acetate 
and lanthanum hydroxide. These changes caused difficulties due to different reactivities of 
the acetate and hydroxide products related to the alcoxydes of zirconium, aluminum, sodium 
and lithium. For sol-gel process each precursor change or addition implies a specific routine, 
so even though zirconate matrix has been prepared by other groups [4,5,6], we had to 
establish our own routine and it was achieved by using acetic acid as complexing agent and 
starting from binary compositions then ternary, quartenary and finally ZBLAN matrix gel, so 
that we could determine the best sequence to obtain homogeneous and stable solutions. Also, 
for ZBLALi we developed our own sol-gel routine and samples were prepared with various 
lithium concentrations. 

2-EXPERIMENTAL 

Precursors used were generally alcoxides (zirconium isopropoxide, lithium 
methoxide, aluminium butoxide, sodium ethoxide), except for lanthanum and barium, they 
were replaced by lanthanum hydroxide and barium acetate, acetic acid was used to convert 
lanthanum hydroxide in acetate and as complexing agent. 

Gels obtained after drying solution were not constituted of fluoride, so they must be 
submitted to fluorination procedure to eliminate carbon and oxigen. 

Gels were dried at 100 °C, then they were grided and NH4F.HF was added to the 
powder, the mass of NH4F.HF was twice the mass of gel. The batches were placed in 
platinum crucible for conventional fluorination at 350 °C and 500 °C for 30 min and one hour, 
respectively, in air atmosphere. 

Melting of the products so obtained were performed in dry box at temperatures of 850 
°C - 900 °C, depending on composition. 

Gels and glass samples obtained were characterized by Differential Scanning 
Calorimetry in DSC-50, Shimadzu, under an N2 atmosphere at 10 °C/min. 

3-RESULTS 

3.1 - Hydrolysis Rates 

Zirconium isopropoxide is the main component and it develops hydrolysis with 
ambient moisture, resulting in Zr(OH)4, which is insoluble in water or isopropanol, so this 
reaction must be controlled in order to get a final homogeneous solution. Acetic acid was 
used to control the hydrolysis and R.!=ne de moles of acetic acid/n2 de moles of zirconium 
alcoxide was varied, while keeping water and isopropanol content constant and gelification 
time measured, table I. 

The complexation efficiency is related to time the solution takes to gelify: the greater 
the time the more efficient. 

Table 1 shows that Rj=2.5 is suitable to control Zr(OC3H7)4 hydrolysis rate and it was 
used in all compositions. 

Table 1 - Zirconium isopropoxide gelification times for different molar rate Rx 

Molar Rate, R, 
0.5 
1.5 
2.5 

Gelification Time 
5 min (without adding water, only ambient moisture) 
8 min (without adding water, only ambient moisture) 

solution stable for time, water was introduced for 
hydrolisis to occur 
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3.2 - Lanthanum Manipulation 

Lanthanum hydroxide is insoluble in water and isopropanol, but is soluble in acid and 
the resulting salt may be soluble in water or isopropanol. The use of acetic acid results in the 
formation of lanthanum acetate, soluble in water, as in the equation (1): 

La(0H)3 + 3C2H402*>La(02C3H3)3 + 3H20 (1) 

This equation shows that molar rate, R2= n2 of moles of acetic acid/ n- of moles of 
La(OH)3, should be 3 for the complete reation of lanthanum hydroxide with acetic acid. But 
acetic acid is a weak acid and the reaction velocity to the rigth decreases as some lanthanum 
hydroxide is converted into acetate, then there would be lanthanum hydroxide remaining in 
the solution and possibly precipitating. So R2 must be determined, for this we prepared many 
solutions with different R2 (Table II) 

Table 2-Influence of acetic acid in homogeneity of solution. 

R2 Final solution 
27 precipitation 
41 precipitation and phase separation 
55 homogeneous 
103 homogeneous 
137 homogeneous 
171 homogeneous 

R2 should be equal or greater than 55 to provide homogeneous solution. 
Since acetic acid would be used in excess to obtain lanthanum acetate, the remaining 

acid in the solution was suitable for hydrolysis control of the others components. 
Precursors gels were obtained in binary systems (ZL,ZB,ZA), ternary (ZLA, ZLN, 

ZLB), quaternary (ZBNA) and five component systems (ZBLAN and ZBLALi). Details of 
preparation of gels of greatest complexity, are presented on Fig. 1. Since proportion of acetic 
acid must be controled relating to zirconium isopropoxide, Ru and lanthanum hydroxide, R2, 
generally these two compounds were put in the solution in the beggining, so that the acetic 
acid added to them is used to stabilize the solution. The association of lanthanum hydroxide + 
barium acetate may also be included in the solution in the final stage. 
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Fig. 1 - Diagram of preparation of five component precursor gels ZBLAN or ZBLALi. Rj = 
2.5andR2>55. 

Gels of compositions ZBNA (57 Zr, 20 Ba, 3 Al, in mol%) ZBLAN ( 53 Zr, 20 Ba, 4 
La, 3 Al, 20 Na), ZBLALi (47 Zr, 14 Ba, 5 La, 4 Al, 30Li; 47 Zr, 8 Ba, 2 La, 3 Al, 40Li and 
50 Zr, 20 Ba, 21 Li, 5 La, 4 Al) (for simplicity we represented only cations of compounds) 
were fluorinated and then melted. Gels containing Na couldn't be converted into glasses. 
Glasses of ZBLALi30 composition, containing 30% of LiF, with different amountof acid 
acetic were obtained. Fig. 2 is a DSC curve for one sample, characteristics temperatures 
beeing Tg=224 °C, Tx=294 °C and Tp=304°C. 
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Fig. 2 - DSC curve of a ZBLALi 30 glass, obtained by sol-gel method. 

4-CONCLUSIONS 
Precursor gels for multicomponente fluorozirconate glasses were prepared, using acid acetic 
as complexing agent. NH 4F. HF was used for fluorination. ZBLALi glasses were obtained 
while the procedure was not proper to prepare glasses containing sodium. 
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ABSTRACT 

Heavy metal fluoride glasses present a better optical transparency in the infrared 
region than silica based glasses. So, they have great potential as optical display devices for 
infrared applications (optical amplifiers, laser hosts, laser fibres, sensors, remote thermometry 
etc.). The synthesis of high quality fluoride glasses for optical devices requires an extensive 
raw material purification and a drastic control of the all fusion process. To reduce crucible 
contamination, are commonly used platinum or vitreous carbon crucibles. In this work, were 
tested Sn02 ceramic crucibles presenting a very low porosity (<0,5%). These crucibles were 
obtamed by conventional slip casting and sintered at 1300 °C during 4 hours in air ambient 
Various 10 grams batches of fluorozirconate glasses were melted in this Sn02 ceramic 
crucible durmg one to four hours under controlled atmosphere. The low interaction between 
the crucible and the fused glass was evaluated by thermal (DSC) and optical technique EPR 
analysis showed presence of manganese used as dopant for crucible preparation. However 
chemical analysis by atomic absorption of the prepared glasses revealed that the manganese 
contamination level was about few ppm. SEM observation of the intern surface crucible was 
also realized. 

INTRODUCTION 

As well known since more than twenty years(1), heavy metal fluoride glasses present a 
good transmission window from UV up to the medium infrared and they allow to reach values 
of theoretical optical losses among 10'2 to 10"3 dB/km for wavelengths located between 2 and 
4 urn. However, the best results publicated are 0,45 dB/km for a 60 meters in length fiber{2). 
Several factors limit the transparency of the fluoride glasses, as light absorption and/or its 
scattering by internal defects(3) . One of these scattering defects in the glass is crucible 
particles^ K For platinum crucibles, oxygen can react with Pt to form PtO/Pt02 that vaporizes 
for temperatures above 550°C. This material can incorporate the liquid glass after condensing 
m a colder area of the crucible(5). On the other hand, the use of vitreous carbon crucible is 
limited when it is necessary to work under oxidizer atmosphere to avoid, for example, the 
reduction' of Zr4 in Zr3+ or In3+ in In2+ or In+. Another problem is the fluoride glasses 
synthesis involving a specific rare earth (Nd, Er, Yb and Tm), so, a drastic cleaning of the 
platinum crucible is necessary to avoid posterior contamination. The high price of these 
platinum crucibles does not allow to use a different crucible for each glass type. 
The Sn02 ceramic crucible was already tested with success for the synthesis of heavy metal 
oxide glasses' \ and in this work, we report the results obtained for the synthesis of 
fluorozirconate glasses. 
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EXPERIMENTAL PROCEDURE 

Crucible preparation 

Ceramic crucible were prepared by slip-casting using mold of plaster of Paris. The 
slurry is a mixture of Sn02 ( 99.8% - CESBRA) with 0.5 mol% of Mn02 (>99% - Aldrich), 
water and dispersing agent. Green crucibles were dried at 100°C for 12 hours and, then, 
sintered at 1300°C for 4 hours. The addition of Mn02 helps the Sn02 densificacäo, reaching 
densities up to 99,5% in relation to the theoretical®. Crucibles treated at 1300°C are named 
Tl. A complemental heat treatment was performed on some Tl crucibles to reduce manganese 
content, they are named T2. 

Glass synthesis 

Raw materials were fluoride salts of high purity, such as ZrF4, BaF2, LaF3, A1F3, NaF 
and PbF2 , supplied by BDH-Merck UK. The glass composition was (mol.%): 52 ZrF4 - 28 
BaF2 - 4,5 LaF3 - 3,5 A1F3 -10 NaF - 2 PbF2. 

All the operations involved for the glass preparation were accomplished in a glove 
boxe with a controlled atmosphere. Initially, the necessary amounts for the synthesis of 10 
grams glass were weighted and placed in the Tl and T2 crucibles. The mixture was gradually 
heated up to 800°C in an electric furnace. An affining step is necessary to obtain a good 
homogeneity of the liquid glass. Various affining duration steps (1,2,3 and 4 hours) were 
performed. Then, the liquid glass was poured in a brass mold preheated at about 260°C, and 
the annealing time was about 2 hours. 

RESULTS & DISCUSSION 

Glass samples 

The ZBLANPb glass samples are denominated Tl-x and T2-x, samples refined at 
800°C during x hours,(x = 1,2,3 or 4) in crucible Tl and T2 respectively. 

Thermal analysis 

The thermal analysis of each sample is performed by DSC using a 2090 TA 
Instruments equipment with an heating rate of 10°C.min *. In the Table 1 are summarized the 
characteristic temperatures and calculed stability factors(9) of the prepared Tl-x samples with 
an accuracy of ± 1.5°C. (glass transition temperature (Tg), onset of crystallization temperature 
(Tx), crystallization peak maximum temperature (Tp)) 

Table 1: - Characteristic temperatures and stability factors 
Name Tg(OQ Tx (°C) Tp (°C) Tx-Tg(°C) S(°C) 
Tl-1 286 356 406 70 12,2 
Tl-2 283 358 407 75 13,0 
Tl-3 285 358 415 73 14,6 
Tl-4 286 355 411 69 13,5 
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We can note that the afining time at 800°C does not influence the glass stability, that is 
to say, (Tx-Tg) and S did not show any tendency. The same comportement is observed'for the 
T2-x glass samples. These characteristic temperatures are the same as those obtained for 
samples prepared in the same conditions in platinum crucible. 

Optical properties 

UV-Visible transmission characterization of the glass samples (3 mm thick) were 
performed with a spectrophotometer Caryl 7. The infrared spectra were measured by using 
FTTR spectrophotometer Nicolet 850. The influence of melting ZBLANPb glass in Sn02 

crucible on its transparency window was evaluated between 200 and 10000 nm (Figure 1). 
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Figure 1: Transmission spectra of Tl-4 sample in the UV-Visible-IR region 

No appreciable characteristic bands due to the presence of Sn, Mn or 02 were detected 
in the transmission window of the Tl-4 prepared glass (4 hours melt at 8Q0°C). In particular, 
Mn + holds an absorption band centred in 390nm(10), which does not appear in our case. 

EPR Analysis 

EPR spectra were recorded at room temperature on spectrometer operating at x-band 
frequencies with a field modulation of 90 kHz. The microwave frequency was tipically set at 

2+ ions 9.6 GHz. The figure 2 shows a six-lines hyperfine structure due to the presence of Mn „„„ 
in an environment close to octahedral symmetry. Similar EPR spectra have been reported in 
others fluoride glasses(11' n\ 
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Figure 2: EPR spectra of ZBLANPb glasses melted 1 and 4 hours in Tl and T2 Sn02 

crucibles. 

Glasss composition analysis 

The results obtained by EDX and X-ray fluorescence did not highlight the presence of 
Sn or Mn in the prepared vitreous material. We can suppose that their atomic concentrations 
are below the detection limit. Therefore, atomic absorption was used because it s an analytical 
technique efficient to measure contaminant presence at very low concentration. For the sample 
preparation, it was necessary to dissolve the Tl-x and T2-x glasses in a solution of HC1 and 
H3BO3 using H2O milliQ. To avoid external contamination, pieces of PTFE and Teflon 
vessels were used. The equipment was an atomic absorption spectre-photometer GEMINI - 
INTRALAB AA12/1475. The table 2 summarizes the obtained results. 

Table 2: Results of the analysis by atomic absorption 

Sample Mass 
(g) 

Mn in the Glass 
(ppm wt.) 

Tl-1 0,153 63,5 
Tl-4 0,627 123,7 
T2-1 0,480 9,7 
T2-4 0,495 15,6 

It can be observed that the amount of Mn present in the glasses elaborated in SnCh 
ceramic crucible is low, that is to say of the order of lOOppm. It can be noticed that the time of 
affining, or contact with the crucible, influences the amount of manganese which increases 
with the affining duration. For the glass melted during 4 hours (T2-4) in T2 type crucible, the 
manganese content is lower than 20ppm wt. 
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Crucible Characterization 

After the synthesis of the two glass series Tlx and T2x, with x = 1,2,3, and 4, it was 
observed a color change in the internal face of the crucible Tl, indicating the possible 
elimination of the Mn02 from SnCh ceramic. However, after an optical microscopy 
observation, no discernable alteration of the internal wall that was in contact with the melted 
glass was observed. 

A tranversal cut of the crucible (cf inserts in figure 3a and 3b) was performed for 
analysis by SEM using a ZEISS DSM 940A equipment. For the internal part, which was in 
contact with the melted glass, the fracture happens in way predominant intergranular, as 
showed in the Figure 3a. For the external part, that didn't suffer contact with the liquid glass, 
the frature followed intragranular way, in agreement with figure 3b. 

ir 
Figure 3: Internal part of the crucible wall 
(partA) 

CONCLUSION 

Figure 4: External part of the crucible 
wall (partB) 

The melting of fiuorozirconate glasses in dense SnÖ2 ceramic crucible, did not 
prejudice the quality of the prepared vitreous samples compared with conventional platinum 
or vitreous carbon crucibles. The techniques involved to characterize the glasses and the 
crucible did not highlight any contamination of each one which prejudicates both of them. For 
T2 type crucible, the higher Mn2+contamination concentration does not ultrapass 20 ppm after 
4 hours melting. Therefore, dense SnÜ2 ceramic crucibles can be considered as an alternative 
support for the fluoride glasses research and fabrication. The low cost of this crucible permit 
the use of one crucible for one type glass preparation. 
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ABSTRACT 

The X-ray excited luminescence of scintillating fluorohafnate glasses doped with 

different oxide compounds was investigated. The concentration of oxide compounds, 

added to the batch was in the 0.1-1.0 mol% range. The oxide addition resulted in many 

cases in the appearance of a broad luminescence band peaked at 360 nm, with lifetime 

-12 ns. This band is found to be not connected with the presence of Ce3+ activator. So it 

can be attributed to structure defects induced by oxygen impurity, most probably to 

either O2" ion substituting for F" ion or F" vacancy. 

INTRODUCTON 

Fluoride scintillators, glasses as well as crystals, always contain some amount of oxygen 

impurity depending on the purity of raw fluorides and the conditions of synthesis. 

Oxygen impurity can affect the luminescence yield and spectral characteristics of Ce- 

doped fluoride scintillators [1,2]. 

In this report the effect of different oxide additives on X-ray luminescence of 

HfF4- BaF2-CeF3(LaF3)-AlF3-NaF-InF3 glasses was investigated. 

EXPERIMENTAL 

At the initial stage two basic fluorohafnate batches were prepared: CeF3 -containing 

batch (51.5HfF4-20BaF2-5CeF3-2.5AlF3-20NaF-lInF3) and LaF3-containing batch 

(52.5HfF4 -20BaF2-4LaF3-2.5AlF3-20NaF-lInF3). 

The glasses were melted in a glass carbon boat under Ar atmosphere. Then the 

glasses were powdered. The powders were used to prepare glass samples (~1.5g) doped 
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with oxide compounds. Oxides (Ce203, Ce02, La203) and complex oxides (BaCe204, 

CeA103, Ce2Si05, Hf2Ce207, CeP04, CeTa04, Ce2(W04)3) with 0.1-1.0 mol% 

concentrations were added. 

A series of glasses of different compositions was synthesized simultaneously in 

the sockets of a carbon boat under Ar flow. The glasses were melted at 840-860 °C for 

60 min and then cooled to 620 °C. Then the boat was removed from the furnace and 

quenched at a fixed cooling rate. 

Polished glass samples were used to measure X-ray excited luminescence 

spectra in 200-600 nm range. In some cases the light yield and decay time were 

measured. 

RESULTS AND DISCUSSION 

The typical X-ray excited luminescence spectra of CeF3- and LaF3- containing glasses 

doped with oxides are shown in Fig.l. 

Only one band peaked at 310 nm, corresponding to 5d-4f transition of Ce3+ ion 

in fluorides, is present in the spectrum of CeF3- containing glass (curve 1). Appearance 

of an another band, centered at 360 nm is the characteristic feature of glasses doped with 

oxides (curve 2). The effect of oxide doping on the luminescence spectra is dependent 

on the kind and concentration of oxide added as well as on the Ce/O ratio. From oxides 

studied, the compounds of Ce203 with oxides of II, III, and IV groups show similar 

effect. In the case of CeP04 the 360 nm band is less intense. The glasses doped with 

CeTa04 and Ce2(W04)3 do not show luminescence. 

The luminescence spectra of LaF3-containing glasses, doped with different Ce 

concentrations at the same oxygen concentration are shown in Fig.2. One can see that at 

low Ce concentration, the 360 nm band is more intense then the 310 nm one. With 

increasing Ce content the intensity of 310 nm band increases while that of the 360 nm 

band decreases. As a result, at 0.5 at% Ce the 310 nm band dominates the emission 

spectrum. Such behavior of the 360 nm band does not agree with assumption that it is 

related with Ce3+ ion in the vicinity of defect sites. Moreover, the total luminescence 

intensity in oxide doped samples is comparable with that of the "standard" CeF3- 

containing glass (5 mol%) although the Ce concentration in oxide doped LaF3- 

containing glass is 10-100 times less than that of the CeF3-containing glass (Table 1). 

Relatively high luminescence intensity of glasses with small Ce3+ content contradicts 
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with known data on the CeF3 concentration dependence of the light yield in 

fluorohafhate glasses [3]. It suggests the existence of some other luminescence centres 

in addition to Ce3+ in oxide doped fluorohafnate glasses. 

To check this supposition the X-ray excited luminescence of oxide doped Ce- 

free glasses was studied. Luminescence spectra of such glasses are shown in Fig. 3. It is 

evident that the 360 nm band appears in the absence of Ce3+ ions in the glass. So the 

defects of glass formed in the presence of oxygen rather than Ce3+ ions are the cause of 

the 360 nm band. The oxygen ions in the F" sites or F" vacancies may be responsible for 

this band. Luminescence decay times of some oxide doped Ce-free glasses for the time 

interval of 1 ^s was measured. Slowly decaying components are absent in this time 

interval. Decay curve of oxide-doped Ce-free glass in comparison with Ce-containing 

glass is shown in Fig.4. It is evident that lifetime of «defect» centers is considerably 

shorter than that of Ce3+ ions. 

In Table 1 the light yields of some kinds of fluorohafhate glasses under y- 

excitation are presented. 

Table 1. 

Light yield of fluorohafnate glasses doped oxides under y-excitation. 

Glass composition Additive Light yield, 

%NaI (Tl) 

51.5HfF420BaF25CeF32.5AlF320NaFlInF3 none 0.64 

« 0.2-0.3 mol% Ce203 0.72 

52.5HfF420BaF24LaF32.5AlF320NaFlInF3 0.2-0.3 at%Ce203 or 

(silicate, aluminate) 

0.46 

« 0.3  mol% La203  or 

(Hf02, BaO) 

0.42 

CONCLUSION 

The effect of oxygen impurity on the X-ray excited luminescence spectra of scintillator 

fluorohafnate glasses was investigated. The oxide doping of fluorohafhate glasses 

results in the appearance of the broad emission band at 360 nm with short decay time 
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-12 ns. The band is attributed to structure defects induced by oxygen, either O2" ion 

substituting for F" ion or F vacancy . The shift of luminescence band to long wavelength 

and short decay times of luminescence are promise properties of such glasses. 

Subsequent detailed investigations must show prospect of Ce-free fluorohafnate glass as 

fast scintillator. 
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ABSTRACT 

Since the beginning of this decade there are numreous activities in research and development of 
rare earth containing chalcogenide glasses and multi and singlemode fibers for 1.3 (am 
amplification. Compared to the fluoride glasses, the higher fluorescence lifetime of the Pr JG4 

level and the higher refractive indexes of these glasses lead to a 3 to 4 times higher gain 
coefficient. First TAWARAYAMA [1] demonstrate the superiority of the chalcogenide glasses 
in the Ga-Na-S glass system. 
The main problem in the field of chalcogenide glasses is the thermal behaviour in contrast to 
the rare earth solubility: glasses showing a good glass stability during thermal treatment and 
fiber drawing have a poor rare earth solubility [2] and glasses having a good rare earth 
solubility tend often strongly to crystallize [3, 4], resulting in high fiber losses. To overcome 
this contrast many groups are engaged with the modification of several chalcogenide glasses [5-9]. 
The arsenic sulfide glass posses good thermal stability and mechanical and chemical durability. 
However, the rare earth solubility in pure As2S3 glass is only up to a few tens ppm. Higher 
contents cause crystallization and unacceptably high losses [2]. By co-doping of arsenic sulfide 
the rare earth solubility can be rised drastically maintaining the excellent glass stability and the 
mechanical and chemical properties [9], 

Pure Pr + doped As-S glass, Ge, Ga and Ge/Ga co-doped As-S glasses were prepared by 
conventional melting procedure in evacuated and sealed quartz glass ampoules from high 
purity elements (7N As, Ga, Ge and 5N sulfur) and/or sulfides at 8Q0...1.000°C for 12...24 
hours in a rocking furnace, followed by air cooling. 
From the chalcogenide glasses small parallel disks with 1...5 mm thickness were prepared and 
characterized by FTIR spectroscopy. Phase separation was investigated by XMA SEM and 
light microscopy. Unstructured, uncladded testing fibers have been drawn by the crucible 
method. These fibers were characterized by attenuation measurements and spectral and time 
resolved fluorescence. 

In previous studies we found gallium as an excellent co-dopand for praseodymium. To 
investigate the influence on fiber loss and crystallization behaviour we fixed the Pr content to 
300 and to 600 ppm and varied the codopant / praseodymium ratio from 6 up to 20. Figure 1 
shows fiber losses in dependence on the Ga content. 
Without gallium Pr-As2S3 glass fibers show unacceptably high loss already with small Pr 
contents, combined with a weak absorption tail caused by crystallization effects and hetero 
phase separation. By introducing a small amount of Ga the loss decreases drastically. 
Increasing the Ga/Pr ratio, the loss decreases, passing a minimum at a Ga/Pr ratio of about 
10... 14 and rises again by further increasing the Ga content. 
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figure 1: fiber loss of Ga co-doped AS2S2 glass fibers containing 
300 and 600 ppm of Pr (the dot lines are guides to the eyes) 

The significant higher loss minimum in the sample doped with 600 ppm Pr points at a limit of 
the Pr doping concentration in arsenic sulfide glass. Attenuation minimum values at 1.3 |am 
amount about 4 and 10 dBm"1 for the 300 and 600 ppm Pr3+ containing Ga-As2S3 samples 
respectively. A further decrease of the loss can be achieved by adding germanium as a second 
co-dopant. Best arsenic sulfide fibers containing Ga and Ge show loss values of about 1.5 
dBm"1 like shown in [10]. 

In fluorescence investigation under excitation at 1,017 nm by using a Ti:sapphire laser a shift 
of the emission peak from about 1,350 nm on Pr-As2S3 to 1,336 nm on Ga and Ga/Ge co- 
doped fibers could be observed. In Ga co-doped fibers with rising the Ga/Pr ratio a narrowing 
of the line width (FWHM) from about 80 to 65 nm is noticed. The fluorescence lifetimes of the 
!G4 level are of about 200...250 us. 

The RE solubility not only depends on the kind and concentration of the co-dopands. 
Moreover, the impurities of the starting elements, namely the -SH and the -OH content 
markedly influence the glass formation and glass stability. 
For investigations of the -SH and -OH influence on the glass properties the glass composition 
was fixed at As37.8Gei.3Gao.5S6o.4 containing 760 ppm Pr3+. The concentrations of -OH and 
-SH were determined by FTIR spectroscopy using the 3.0 [im absorption band for -OH [11] 
and the 4.0 u.m absorption band for the -SH [12]. The concentration of -OH and -SH 
impurities are in the range of 0 4 and 30 1,650 ppm respectively. In table 1 three glass 
pairs containing equal -OH and different -SH concentrations (D 112-D 091, D 113-D 083 and 
D 087-D105) are compared. Additionaly, table 1 shows a sample containing a medium -OH 
and a medium -SH concentration (Dill). Surprisingly we found in all samples with equal -OH 
content or -OH free samples lower attenuation values at the higher -SH level. The lowest loss 
was obtained on fibers without -OH and about 1,650 ppm -SH (table 1, D 103 and also fig.2.). 
Samples with both, -OH and -SH in medium concentrations appear as opaque glasses, resulting 
in a high attenuation (Dill). 
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table 1:     loss values at 1,300 nm on -OH and -SH containing 
As-Ge-Ga-S samples 

sample Pr ippml OHjppm] SH [ppm] Loss [1,300] 

D112 754 2.8 522 5.0 
D091 773 2.8 338 23.5 
DID 754 1.4 510 2.0 
D 083 776 1.4 335 27.6 
D087 778 1.0 341 10.5 
D105 780 1.0 63 37.0 
Dill 780 270 850 >70 

The presence of-SH furthermore influences the fluorescence lifetime. In figure 2 the lifetime of 
the Pr G» level (and the attenuation measured on -OH free samples) in dependence on the 
-SH concentration is shown. The lifetime rapidly decreases with the increase of the -SH 
content from about 250 fis in the sample containing 35 ppm -SH to 170 u.s in the sample 
containing 1,650 ppm -SH. 
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figure 2.:        influence of the -SH concentration on fluorescence lifetime 
and loss in Ga/Ge co-doped As2S3 glasses (760 ppm Pr3+) 

From the results of the fluorescence, loss and impurity measurements a model of the glass 
formation is developed and presented in fig. 3. The model is based partly on facts mentioned 
above and partly on ideas of the glass formation in this system. It is necessary to support the 
first given interpretation by additional investigations. A helpfull tool for clearing up the role of 
the -OH and the -SH groups is the 'H-MAS-NMR spectroscopy. 
It is assumed, the glass consists of two glass forming regions: the first one is the usual arsenic 
sulfide glass (region A). This region is disturbed by the introduced gallium and praseodymium. 
From GazS3 and Pr2S3 the formation of crystalls in a wide composition range is well known. 
This components form the second region (region B). The interaction of gallium sulfide and 
praseodymium sulfide is indicated by the line narrowing of the fluorescence peak by increasing 
the Ga/Pr ratio. 
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During thermal treatment (e.g. fiber drawing) the region B strongly tends to crystallize and 
causes high fiber loss. In presence of -SH in a sufficient amount the formation of Ga2S3/Pr2S3 
mixed crystalls will be avoided and the Ga2S3/Pr2S3 aggregates remain in the former state 
(amorphous or nano crystalline). For that, two mechanisms are discussed: the -SH groups are 
located in the region B and cause a link to sulfur from the region A via H-bond, or they cause 
an inter and intra aggregate push off. This effect changes the distance between the aggregates 
in such a way, that crystallization can not occur. 
The germanium is able to form glasses with both, As2S3 and the Pr2S3/Ga2S3. Here it acts as an 
"interlinker" between the both glass regions. By this effect the rare earth aggregates (region B) 
are fixed additionally on the region A. 

figure 3: drawing of the glass forming model in Ga/Ge codoped Pr-As2S3 glass 

The disadvantage of these glass stabilization is the decrease of the fluorescence liftimes. 
Otherwise, it is imaginable, that this effect also can be reached by the stronger interactionof 
-OH groups and a reduced amount of -SH groups. Here a fine tuning of this additional 
components is necessary. 

We have shown that it is possible to increase the Pr3+ solubility in arsenic sulfide by co-doping 
with gallium and germanium up to a suitable level for optical active applications. Not only the 
co-dopants gallium and germanium are necessary, also the impurities play an important role. 
Mainly the -SH groups are responsible for the well distributed rare earth aggragates in a non or 
precrystalline state in the As2S3 matrix glass. By co-doping with Ga, Ge and thiol and / or 
hydroxyl containing substances the preparation of further rare earth element containing As-S 
glasses seems possible. 
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INTRODUCTION 
Antimony oxyhalide glasses have been reported more than 12 years ago l, especially 
binary Sb20s-PbX*2 glasses ( X = F, Cl, Br, I ). These glasses are fairly stable against 
devitrification and transmit IR light beyond 6pirn l>2. Their refractive index is larger than 
2. This papers new vitreous compositions based on the Sb2Q3- Cul association. 

EXPERIMENTAL 
Powdered starting materials are weighted, carefully mixed pnd introduced in an oxide or 
vitreous carbon crucible. Processing includes the following steps : melting, 
homogenizing, casting and annealing. Synthesis is implemented at room atmosphere. 
Time and temperature are minimized in order to avoid the halogen loss which could result 
from halide evaporation .Samples, usually 1 to 2 grams in weight, are transparent and 
appear yellow or reddish. 

RESULTS 
A binary glass may form around 80 % and 20 9c Cul. Melt must be quenched to prevent 
crystallization. Samples are yellow. Various attempts were made in order to assess which 
halides could be added to this binary system to improve the glass forming ability. 
There series of vitreous samples were prepared: 
1 - with lead halides PbCl2, PbBr2 and Pbl2 

2 - with cadmium halides CdCis, CdBr2 and Cdl2 

3 - with alkali halides 
The third element was mcorporated at the expense of antimony oxide. A typical 
composition is 60 Sb2Qj - 20 Cul - 20 MX2 or MX. 
Other experiments were carried out with manganese and iron chlorides. Thick samples 
could be obtained frcm quaternary glasses such as 60 Sb203 - 10 Cul - 20 Pbl2 - 10 
NaCl . 
Main physical properties have been measured. They will be reported and compared to 
those of the glasses previously described. Glass transition temperature is lower than 
300 °C and appear close to that of most fluoride glasses. Infrared transmission appears 
independent on composition as it is correlated to the O-Sb vibrations. 

CONCLUSION 
Numerous glasses may be formed with antimony oxide as the main glass progenitor in 
association with heavy halides. Such glasses arc transparent in the infrared spectrum and 
show some similarities with fluorozirconate glasses, but with a much larger refractive 
index. For this reason optical losses could be more difficult to decrease. Potential 
applications relate to active fibers and components, and possibly to non linear properties. 

1 B. Dubois era/.. Mat. Res. Bull. 19, 1317-1323 (1984) 
2 M. M. Ahmed and D. Holland, Glass Techn. 28, 141-143 (1987) 
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INTRODUCTION 
The glass forming ab lily of antimony sesquioxide has been reported in binary systems 
involving alkali and thallium oxides*. To our knowledge, little work has been done on 
multicomponent system As antimony is close to tellurium in the periodic chart, one may 
expect some similarities in the oplical properties, especially infrared transmission and 
high retractive index. This papers reports investigations in the Sb2Q3-PbO-ZnO tcrnarv 
system. J 

EXPERIMENTAL 
Glass synthesis is implemented from the mixture of the oxides or carbonates, by melting 
homogenizing, casting and annealing at room atmosphere. Batches, usually 3 grams in 
weight, are processed Melt is much more viscous than fluoride glass melts', it is poured 
onto brass molds at room temperature without additional quenching.  Samples are 
characterized by visue.1 and microscopic inspection, and by DSC. 

RESULTS 
The vitreous area was investigated first in the Sb2O3~PbO-Zn0 system with the oxides as 
starting materials. Then it was observed that the introduction of zinc as ZnCO? was 
beneficial to glass formation and the corresponding limits of vitreous composition have 
been determined. Binary glasses were found to exist around 10 moi % ZnO (starting from 
carbonate) and 20 moi % PbO. Quenching may extend these vitreous ranges Lead 
concentration could bs increased up to 50 % in glass compositions such as 40 Sb>Oi - 50 
PbO -10 ZnO. Samples are yellow colored. " * 
Glass transition temperature Tg lies between 260 *C and 300 * C Thermal stability range 
between Tg and the onset of crystallization Tx usually exceed 100 °C The broad shape of 
the crystallization peak suggests that these glasses are rather stable aeainst devitrification 
The evolution of Tg and Tx with respect to lead content in the (90»x) SbjQj - x PbO - 10 
ZnO glasses is reported. 
Infrared transmission extends beyond 6 fan with a large OH absorption band around 
3 ]4m in samples processed at room atmosphere without special care. Refractive index is 
larger than 2. Some other physical characterizations will be reported. 

l See for example A. Winter, Verres Refract. 36, 353-355 (1982) and French patent 
N° 1,544,060 (December 18, 1967) F 
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In(P03)3 AS GLASS FORMER 

D.Grando, P.Melnikov. Y.Messaddeq and S.J.L.Ribeiro 

A cryo-thecnique approach has been used for the preparation of a 

pure indium polyphosphate. For this purpose cone. H3PO4. and ln203 were 

mixed after being frizzed at liquid nitrogen temperature. The product was 

heated at 180°C until In(H2P04)3 crystallization, then fired at 900°C for 3 

hours, allowing the formation of high purity In(P03)3 . It does not contain 

neither ln203 nor rnP04. The heating of In(P03)3 at 1400°C produce a 

transparent material. It's thermal and optical characteristics have been 

reported, elsewhere. 

Glass compositions belonging to the ternary system In(P03)3-BaF2- 

InF3 are being presented. Good optical quality and stable glass samples with 

up to 8 mm thickness could be prepared. Thermal analysis, Raman 

Scattering, IR spectroscopy have been performed and results presented. 

Studies comprising the used of rare -earth ions as dopants are in progress.. 
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ABSTRACT 

Calcium aluminate glasses are a promising new laser materials host since they have high 
quantum efficiencies and good physical-chemical properties. In this work we describe the 
preparation and characterisation of the low silica calcium aluminate glasses doped with Nd3+. 

INTRODUCTION 

Most of the works reported in the literature about calcium aluminate glasses are concerned 
to expand the glass-forming field, since these glasses have a strong tendency to devitrify 
easily [1-4 ]. To avoid this problem, it has been shown that the addition of small amounts of 
silica or barium oxide to the base composition increases the glass forming region in the phase 
diagram, without significant midinfrared (IR) transmission loss [4 ]. The great interest in these 
glasses is that they can be produced completely free of traditional glass-forming oxides 
[5,14], Furthermore they have a better combination of properties, i.e., highly refractory 
nature, excellent chemical durability, high transformation temperature, good IR transmission, 
approximately 6 fxm, phonon energy about 800 cm"1 [10] compared to 1000 cm"1 in silicate 
[23]. However very few papers have been devoted to calcium aluminate glasses doped with 
rare earth elements [6-11]. 

Rare earth doped glasses are interesting for many optical applications, including active 
media glass lasers. In this case is desirable to introduce large amounts of rare earth to glass 
host and to investigate the changes on its properties. In the current practice, the optimum rare 
earth doping is controlled by both of limit of vitrification and quenching of fluorescence [20- 
22]. Recent studies [6,7,9] have been shown that calcium aluminate glass doped with Nd3+ 

have a high quantum efficiencies, indicating that they have a great potential as a new laser 
material host. Although the base composition determines most properties of the glass, the rare 
earth concentration must also be taken into account because it induces structural changes on 
glass, modifying thermal expansion coefficient, density and molar volume [24-25]. 
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The purpose of this work is to investigate the changes on the thermal properties of low 
silica calcium aluminate glasses doped with Nd203, such as, glass transformation temperature 
(Tg), crystallization temperature (Tx), dilatometric softening temperature (Td) and thermal 
diffusivity. Moreover microhardness vickers, density and refractive index as a function of 
doping is also studied. 

EXPERIMENTAL 

High purity CaC03, A1203, MgO, Si02 and Nd203 were used as a starting raw materials. 
The calcium aluminate glass sample compositions were (in wt. %): 47.4 CaO, (41.5 - X) 
A1203, 7.0 Si02, 4.1 MgO , X Nd203, where X = 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 
5.0 %. The batch was melted in 15 g quantities under vacuum condition at 1500 C, in 
graphite crucibles during 2 h. Afterwards the heater was switched off and the crucible was 
moved 60 cm upward to a cooled chamber close to room temperature. Depending of the 
composition it was also used a faster cooling rate by injecting argon gas to the chamber at the 
same time that the heater was switched off, and the crucible was moved up. The samples 
obtained were cut in three different shapes: disks of 10 mm diameter and around 3 mm in 
thickness, with optical polishing, for refractive index, microhardness and thermal lens 
measurements; disks of 6 mm diameter and 2 mm in thickness for thermomechanical analysis 
and specific heat measurements, and bulk shape about 150 mg for DTA/TG analysis. They 
were analysed by X-ray diffraction and optical microscopy. The doping concentration for all 
samples was verified by measuring the optical absorption coefficient in the peak of the 
absorption band at 590 nm. Measurements of refractive index was performed using a Abbe 
refractometer in the sodium D band (588.32 nm). The density was measured by the 
Archimedes method using CC14 as an immersion liquid at room temperature (24 C). 
Measurements of Vickers microhardness was performed by the same operator, using a Leitz 
Wetzlar Germany Microhardness Tester by measuring the diagonals at least 10 
indentations, with a 200g load at room temperature, and calculated in kg/mm by 

( P Hv= 1854.4 [^ 

where P (g) is the load and d ([im) is the diagonal length average of the indent. Linear thermal 
expansion coefficients, and dilatometric softening point were measured using a vertical 
Thermomechanical Analyzer TMA-50 Shimadzu, with a heat rate of   6 °C/min. DTA/TG 

(1) 

analysis were investigated using a Simultaneous Thermal Analyzer NETZSCH, STA 409- 
EP, with a heat rate of 10 °C/min until 1400 °C, in alumina crucibles. Termogravimetry 
shows that there is no loss of mass of the samples during heat process. Thermal Diffusivity 
measurements were conducted using the Thermal Lens Spectrocopy setup described in a 
previous work [6]. 

RESULTS AND DISCUSSION 

The sample preparation procedure described in Experimental section provided us to obtain 
bubble free transparent glasses with high homogeneity. X- rays difraction detect no crystal 
traces. Infrared spectra show that OH" absorption was eliminated by melting the samples 
under vacuum. A faster cooling rate was needed since partial devitrification takes place above 
2.0 wt.% of Nd203 doping, however this procedure enables crystal-free samples just up to 5.0 
wt.% of Nd203. Beyond this concentration there was total crystallization of the samples. We 
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also tried the replacement of CaO by Nd203 but the devitrification became more prominent. 
The optical absorption coefficients shown in Fig. 1 indicate no loss of Nd3+ during the 
melting. 

ao     0.5     1.0     1.5     Z0     2.5     aO     a5     40     45     5.0 

NdzOs Content (wt %) 

Figure 1. Optical absorption coefficients as a function of Nd   content 
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Figure 2 - Vickers microhardness to low silica calcium aluminate glasses when Nd203 

replaces A1203. 

In order to minimise the error, measurements of Vickers microhardness (Hv), shown in 
Fig. 2, were conducted using different loads, i. e., 25 g, 50 g, 100 g, 200 g and 300 g,. Loads 
below 200 g provided us some visual difficulty to measure diagonals values because they 
were very small. On the other hand, 300 g load resulted in cracking at the edges of the 
identation. In Fig. 2 we can observe a slightly decrease of the Hv values as A1203 is replaced 
by Nd203 (Hv = 867 Kg/mm2 to undoped sample and Hv = 798 Kg/mm2 to 5.0 wt. % Nd203 
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3+ 

doped sample). This behaviour can be explained by assuming that the rare earth ions disrupt 
the tetrahedral network characteristic of the calcium aluminate glasses. 

The results of the measurements of the refractive index and density as a function of Nd 
content are shown in Fig. 3A and 3B respectively. The refractive index is quite similar to all 
samples nD = 1.65. These values are in good agreement with those reported by Oprea et. al 
[16]. The density increases slightly when Nd203 replaces A1203 which can be explained by 
simply considering the relatives masses of the rare earth ions in comparison with those of the 
others ions in the glass. 
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Figure 3. A. Behaviour of the refractive index at 588.3 nm   B. Behaviour of the density as a 
function of the Nd203 content in low silica calcium aluminate glasses. 

Figure 4 are shows the DTA curves of three glasses samples: undoped, 2.0 wt. % and 5.0 
wt. % of Nd203 doped one. We can observe that the exothermal peaks shifted slightly toward 
smaller temperatures as the Nd203 content is increased. Glass transformation temperature 
(Tg), crystallisation temperature (Tx), and melting temperature (Tm) were determined by onset 
temperature of those curves. Dilatometric softening temperature (Td) was obtained from TMA 
curves. 
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Figure 4. DTA curves showing the thermal events (Tg, Tx, Tm) of three different samples: 
undoped, 2.0 wt.% and 5.0 wt. % Nd203 doped 

The thermal parameters data are plotted as function of Nd203 content in Fig. 5. Increasing 
the Nd203 content, we observed a slightly decrease on Tg and Tx and a slightly increase on Td; 
Tm values is the same for all samples. 
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Figure 5. Behaviour of the thermal parameters Tg, Td, Tx and Tm   in low silica calcium 
aluminate glasses as A1203 is replaced by Nd203. 

Figure 6 shows that the thermal diffusivity decreases slightly as Nd203 replaces A1203. These 
values changed from 5.69 x 10"3 cm2 s"1 for the undoped samples to 5.22 x 10"3 cm2 s"1 for the 
5.0 wt.% Nd203 doped one. 
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Figure 6. Behaviour of the Thermal Diffusivity in low silica calcium aluminate glasses doped 
with Nd203. 

CONCLUSIONS 

The replacement of A1203 by Nd203 in low silica calcium aluminate glasses became the 
glass forming field smaller. Futhermore the rare earth ions induces changes on its properties 
such as hardness, density, Tg, diffusivity. However is necessary to investigate the changes in 
its structural properties in order to know the role of the rare earth in these glass system. 
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ABSTRACT 
Praseodymium activity for optical glass fibre amplifier efficiency is very sensitive to its 
structural environment, but up to now only few reports have been involved in this topic. The 
paper presents a study on the local atomic structure around Praseodymium in fluorozirconate 
glasses. Pr K-edge (at 42 keV) Extended Absorption Fine Structure (EXAFS) and Anomalous 
X ray Scattering (AXRS) data, both collected at the GILDA BM8 beamline at the ESRF 
(European Synchrotron Radiation Facility), and photoluminescence (PL) spectroscopy have 
been performed on two series of systems based on the composition 53 ZrF4 - 20 MF2 -4 M*F3 

- 3 A1F3- 20 NaF (mol %)(M=Sr, M*=Y, ZSYAN; or M=Ba, M*=La, ZBLAN). The first 
series were dealing with different doping contents of PrF3 from 500 to 5000 ppmw and the 
second with different dopants such as PrF3, PrCl3, Pr6Ou, Pr2S3 (5000 or 10000 ppmw). From 
our study three important results have been obtained: *) when the conventional method is 
used for the preparation of fluoride glasses, the local environment is independent of the doping 
precursor; **) no first shell Pr—Pr signal has been observed, even in the samples having a Pr + 

concentration of 10000 ppmw, i.e. ten times greater than what is generally recognized to be 
the concentration quenching limit (1000 ppmw); ***) preliminary analysis on AXRS, at the Pr 
K-edge, discards the presence of Pr—F—Pr contribution in the second shell signal in the 
samples doped with 10000 ppmw Pr. 

INTRODUCTION 
Rare earth doped optical fibres have been intensively studied in the last ten years because of 
the interest in the signal amplification in telecommunication systems at the wavelengths of 1.3 
and 1.5 u.m [1-4]. Among them, Er-doped Si02 fibres have been successfully used in the third 
window of telecommunications (1.5 urn) while Pr-doped ZBLAN (ZrF4-BaF2-LaF3-AlF3- 
NaF) fibres are considered one of the most promising candidate materials for the second 
window (1.3 u.m). 
In contrast to Er which exhibits a long excited state lifetime in silica glass (around 10 ms), Pr 
is inactive in this host at 1.3 u.m wavelength due to the multi-phonon decay process. The 
lifetime of lG4 level of Pr in ZBLAN glasses is only around 110 u.s, which translates to a low 
radiative quantum efficiency of less than 4%. Therefore, it is highly desirable to change the 
structural environment around Pr,+ in the glass hosts to depress effectively the multiphonon 
relaxation. One approach towards this gain goal, is to develop new glass hosts having lower 
phonon energy. Recent progress is focused on non-oxide glasses including fluoroindates [5], 
and chalcogenides [6,7]. 
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Sample code 

Precursor 

Cone. Pr  [ppmw] 

ZBLAN 

73       79 76 

PrF3      PrF3 

5000     10000 

ZSYAN 

26 28 33 32 36 38 45 

PrF3       PrF3       Pr60„    Pr6Ou    Pr,S3     Pr2S3     PrCl3 

500        5000      500        5000      5000       10000    5000 

Pr K-edge EXAFS and AXRS spectra were recorded at 300 K, at the GILDA BM8 CRG 
beamline [11] (ESRF Grenoble). The Si(511) monochromator was operating in a dynamically 
sagittal focusing mode [11]. Harmonic rejection was obtained by detuning the crystals. Energy 
resolution was ~5 eV at 43 KeV, with an average photon flux on the sample of ~5 10 
photons s" and a spot size of ~4 mm2. The EXAFS measurements on model samples of PrF3, 
PrCl3, Pr2S3 and Pr6On were performed in the transmission mode, using Kr filled ionisation 
chambers to monitor photon intensity before and after the sample. ZSYAN samples were 
measured in the fluorescence mode using a hyper-pure Ge detector to discriminate Pr 
fluorescence photons from the strongly predominant fluorescence of other atomic species in 
the sample and from the elastically scattered background. Integration times ranging between 
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Another possibility to increase the lifetime of the metastable 'G4 level in Pr3+ could be to 
modify the local structure in a high phonon energy host by incorporating other dopants or 
phases with low phonon energy. Along this way, the group of research of Rennes University 
[8] doped Ga-In fluoride glass with different Praseodymium halides such as PrF3, PrCl3 and 
Prl3, and observed that the lifetime increases as the mass of the doping anion becomes heavier 
[8]- 
On the other hand, the lifetime is also closely related to the concentration of Pr3+ in fluoride 
glass. It is generally believed that, at low concentration, Pr3+ is uniformly dispersed by non- 
bridging fluorine atoms in the glass. When the concentration of Pr3+ reaches 1000 ppmw, the 
lifetime of the excited level significantly decreases (concentration quenching effect [9]). Cross 
relaxation or/and co-operative up-conversion processes are possible mechanisms [9]. 
Although great progress has been made in the field of Pr3+ doped fluoride amplifiers, the local 
structure of Pr3+ in fluoride glasses is still unknown. In this paper, EXAFS and AXRS analyses 
were employed to investigate the short distance structure of Pr3+ in ZrF4-based fluoride glass. 
ZBLAN glasses doped with different concentrations of Pr were prepared to see if clustering 
occurs. Another objective was to assess the possible structural change of the Praseodymium 
surroundings in the glass when different Praseodymium dopants were used. 

EXPERIMENTAL 
Three ZBLAN glasses (53ZrF4-20BaF2-4LaF3-3AJF3-20NaF (mol%)), two of them doped 
with PrF3 (5000 and 10000 ppmw), the other left undoped for a blank AXRS experiment, 
have been prepared melting the precursors at about 850 °C in a Pt/Au crucible under N2 and i 
02 atmosphere and quenching the melt in a brass mould [10]. | 
In addition, a second series of glasses 53ZrF4-20SrF2-4YF3-3AlF3-20NaF (mol%) (ZSYAN) 
was prepared in the same manner for EXAFS measurement. The composition was derived I 
from   the   standard   ZBLAN   glass   (53ZrF4-20BaF2-4LaF3-3AlF3-20NaF   (mol%)).   By | 
substituting BaF2 with SrF2 and LaF3 with YF3, the interference from strong fluorescence lines l 
of Ba and La, which overshadow the weak Pr fluorescence signal, could be avoided. I 
The glasses substituted were doped with PrF3, PrCl3, Pr6Ou and Pr2S3, respectively at 
concentrations of 500, 5000 and 10000 ppmw. Samples characteristics are summarized in 
Table 1. 

Tab. 1: Concentration of Pr,+ precursors in ZBLAN and ZSYAN samples. 



20 and 60 s/pt has been adopted in order to obtain a S/N ratio of ~10+3. The reader is 
reminded to ref.  [12] for a more detailed description of the EXAFS experiment. Non 
anomalous XRS measurements were performed on both doped and undoped ZBLAN samples 
at 30 keV using a standard Nal scintillation detector. Its energy resolution was high enough to 
discern the Zr fluorescence from elastic scattering (Ba, La and Pr fluorescences are not 
excited at such energy). AXRS measurements were performed on doped ZBLAN sample at 41 
and 41.995 keV, respectively. In such conditions, the principal drawback in scattering 
measurements near the Pr K edge is represented by the intense background fluorescences of 
La and Ba in the sample which cover the elastic signal A Si(lll) crystal analyzer (curved in 
Johnson geometry to enlarge its angular acceptance) was then used on the diffracted beam to 
remove this unwanted background from the Nal detector. XRS data were recorded in the q- 
range 0.1-23 A"1, estimated statistical noise was kept better than 10'3 up to q<20 A'1. For the 
normalisation of the data were treated using standard method to subtract Compton scattering, 
to make correction for volume and absorption effects [13]. 
The fluorescence spectra were recorded with PL Scantek equipped with diode laser source 
emitting at 1018 nm in the wavelength range from 1100 nm to 1600 nm with a resolution of 1 
nm and an integration time of 1 s/pt. 

RESULTS and DISCUSSION 

A preliminary EXAFS analysis of the ZBLAN glass showed that the presence of Ba and La 
strongly interferes with the Pr Ka fluorescence emission, resulting in an unanalisabie EXAFS 
signal. In order to eliminate this problem, the serie of ZSYAN glass samples was prepared 
According to the results of the thermal analysis, no difference was found in the glass transition 
temperatures of ZSYAN and ZBLAN glass (269 ± 1 °C), but the substitution of BaF2 with 
SrF2 results in a strong tendency towards devitrification. We expect that the decrease in glass 
thermal stability does not bring significant change in the local structure around Pr3+ as 
documented by the fact that ZSYAN and ZBLAN show the same line-shape in the PL band at 
1.31 urn as shown in Fig. 1. 
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Fig. 1 : Normalised PL emission of, from the top to the bottom: ZSYAN 45 (PrCl3) ZSYAN 36 (PisSO 
ZSYAN 32 (Pr60„). ZSYAN 28 (PrF3). ZBLAN 79 (PrF3) all the sample were doped with 5000 ppmw of Pr 

A weak intensity of the emission fluorescence of ZSYAN with respect to ZBLAN sample was 
observed as expected due to the lower transparency of the samples at the pump wavelength of 
1018 nm. The qualitative finding of PL spectroscopy is quantified by EXAFS data analysis 
Fig.2a reports the k-weighted Fourier transform (FT) of the EXAFS signals of the ZSYAN 
samples. From Fig. 2a, a great similarity of the first shell of Pr between the PrF3 standard and 
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the glass samples is evident as well as the absence of significant second shell contribution in all 
ZSYAN samples. 

MA"1) 

Fig. 2 Part a): k-weightedF. T inthe3.7-10.2 
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28, 26 and PrF3 madel coiipound. Partb): 

Back-FTfirst shell data (dotted lines)ofsanple 
45 and best fits (full lines) using PrF3 and 

PiClj as model, top and bottomrespectively. 

2   r(A) 

Quantitative EXAFS analysis (described in detail in ref. [12]) indicated that, for all the ZSYAN 
samples, the Pr first shell environment was identical to that found in PrF3 (3 F atoms at 2.47 Ä, 
4 at 2.52 A, 2 at 2.69 Ä, with sligthly higher Debye Waller factors). For all the samples, the 
quality of the first shell fit is good, as can be appreciated in Fig. 2b for sample 45 (top curves). 
For all samples prepared from other precursors, (32, 33, 36, 38 and 45) we have also tried to 
model the experimental EXAFS signal with local structure, phases and amplitudes of the 
corresponding PrCl3, Pr2S3 and Pr6On standards. In no cases we were able to reproduce the 
experimental k/(k) signal, as documented in Fig.2b for sample 45 (bottom spectra), where the 
theoretical signal has been modelled with Nj = 6 Cl atoms at Ri = 2.82 Ä and N2 = 3 Cl atoms 
at R2 = 2.91 Ä. Results of the EXAFS study implies that, for all samples, the first shell local 
environment of Pr was the same as that in PrF3 model compound. Similar results have been 
obtained for other rare-earth dopants in different glass hosts [14]. 
As for the second shell, AXRS measurements were performed in order to confirm and quantify 
the conclusion from the EXAFS data in which second shell signal was dumped by a limited 
signal to noise ratio[12]. Fig. 3a reports the total pair correlation functions, G(r), of doped and 
undoped ZBLAN glasses obtained at 30 keV. In a first approximation [15], G(r) can be 
expressed as a weighed sum of partial pairs correlation functions g«p(r): G(r) = EaP WaP gap(r), 
where a and ß represent the atomic species present in the sample. The G(r) are characterized 
by three evident peaks at about 2.1, 2.6 and 4.1 Ä, while for farther distances every correlation 
is smoothed out. From the evaluation of the Wap factors and from structural considerations, 
the principal contributions to the three peaks in the G(r) function (Fig. 3a) came from the 
bonds Zr-F at 2.1 Ä, Ba-F at 2.6 Ä and Zr-Ba, Zr-Zr and Ba-Ba at 4.1 Ä. The differences 
between the G(r) functions of doped and undoped samples are small as far as the peaks at 2.1 
and 2.6 is concerned (due to the low Pr content) but a significant contribution around 4 Ä is 
clearly observable. It is worth noticing that the first peak is nearly unchanged by doping. This 
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preliminary result suggests some changes of the host matrix induced by doping and an accurate 
analysis is in progress to quantify its extent. 
In order to single out, from the total G(r) function the partial gpfp(r) function we performed an 
anomalous XRS experiment on Pr doped ZBLAN. AXRD is based on the principle that, for a 
specific element, a consistent variation of the dispersion corrections of the scattering 
amplitudes is observed in few eV across the absorption edge [16]. In this experiment the 
working energies (41 and 41.995 keV) were deliberately chosen in order to maximize the 
anomalous effect for Pr and minimize the effect for the other elements. This choice was 
particular critic for La and Ba having the K edge quite near to that of Pr. The differential 
correlation function AGpr(r), calculated following the procedure described in ref [17], is 
reported in the upper part of Fig. 3b. The AGp,(r) shows two evident contributions at about 2.1 
and 4 Ä. The low r peak is strongly affected by the extraction procedures while the amplitude 
and position of the second one is stable. This effect is basically due to the lower anomalous 
effect on the first Pr coordination shell (coming from Pr-F correlations) that makes the effects 
of noise and small systematic errors larger than the anomalous one. In fact, the low r region is 
strongly affected by noise coming from the high momentum data (q). 

i - 

0 H 

Fig 3: a) Experimental G(r) of ZBLAN73 undoped (full line) and ZBLAN76 10000 ppmw of (dashed line) Pr3+ 

b) The differential correlation function AGP,(r) of ZBLAN76 doped glass (full line) with the expected Pr- 
—F and Pr—Pr shell structure in PrF3 crystal. Pr—Pr and Pr—F are weighted to reproduce the effects of 
the dissimilar differential weight for the two pairs. 

By contrast, the information obtained from the second peak is more reliable because the 
second Pr shell, composed of heavy elements, has larger differential effect. In addition, the 
information about the structure of the second neighbour shell is concentrated in the low 
momentum region where S/N ratio is higher. For these reasons we will only focus our attention 
on the second peak. This choice was also justified by the fact that the previous EXAFS study 
gave us a complete and quantitative description of the first coordination shell around Pr. 
The EXAFS and AXRS techniques are largely complementary since the former probes with 
high accuracy the nearest neighbour distribution while the latter give more detailed information 
on medium range ordering. 
The histograms reported in the lower part of Fig. 3b represent the Pr-Pr and Pr-F neighbour 
shells calculated within 6Ä on the basis of a PrF3 crystalline structure and weighed by 
corresponding factors AWaP (similar to the Wap taking into account for anomalous effect). 
According to these results, it is evident that cations located in the second shell around Pr in 
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ZBLAN are not Pr atoms in the same structural configuration found in PrF3, but the hypothesis 
that Pr cations can arrange in a consistent different configuration is very unlikely. 

CONCLUSIONS 
Some important results have been obtained: 
• PL indicates that ZSYAN and ZBLAN have a very similar local environment around Pr. 
• From EXAFS and PL measurements we observed that whatever is the Pr dopant (PrF3, 

PrCl3 Pr2S3 or Pr6Ou), the first shell environment around Pr3+ in all ZSYAN samples is 
always identical to that in PrF3. 

• By EXAFS measurements on ZSYAN, no first shell Pr-Pr signal has been observed, even 
in samples having a Pr3" concentration of 10000 ppmw, i.e. ten times greater than what is 
generally recognised to be the concentration quenching limit. 

• By AXRS measurements no evidence of second shell Pr-F-Pr contribution has been found 
in ZBLAN glass. 

These results allow us to conclude that the quenching mechanisms cannot be due neither to 
first nor to second shell Pr clustering. If a conventional method is used for the preparation of 
fluoride glasses [10], the local Pr3" environment is independent of the doping precursor. So it 
does not seem possible to increase the lifetime of ]G4 level of Pr3+ in fluoride glass by only 
changing the anions. 
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ABSTRACT 

The Boson peak is reported in a series of rare-earth doped sulfide, telluride and fluoride 
glasses. Doping with rare-earths, e.g. Pr3+, at a level as low as 1000 ppm, increases intensity of 
the Boson peak, while the rest of Raman spectrum remains unchanged. This indicates that rare- 
earth ions are efficiently incorporated in the sites where vibrations give rise to the Boson peak. 
Further doping of up to 1-10 mol.% results in the formation of glassy alloys with Raman spectra 
entirely different from the corresponding spectra of undoped glasses. The large polarizability and 
atomic mass of rare-earths, such as Pr3+, as well as the ionic character of their chemical bonding, 
are suggested as the origin of the Boson peak enhancement in rare-earth doped as compared to 
undoped glasses. It is further suggested that the presence of non-bridging anion atoms, such as S, 
0 or F, determines the origin and intensity of the Boson peak, as well as the solubility of rare- 
earths in glasses. Rare-earth ions are therefore believed to be incorporated in sites where non- 
bridging anions are the principal component. Prolonged irradiation of sulfide glasses with near- 
gap laser light results in the enhancement of the Boson peak which is attributed to the 
accompanying metastable photorefractive effect and to the creation of additional non-bridging 
atoms (broken chemical bonds). This also indicates the principal contribution of non-bridging 
atoms to the intensity and origin of the Boson peak. 

1. INTRODUCTION 

Currently there is a great deal of interest in rare-earth doped glasses and fibers. In 
particular, it is urgent to develop low-cost Pr-doped optical fiber amplifiers/lasers for the 1.3 um 
telecommunication window, where most installed fibers operate. The local environment of rare- 
earth ions embedded in glasses is of primary interest [1,2] although the number and range of 
techniques available for studying these environments is very restricted [2]. 

A universal feature of Raman scattering in glasses is the low-energy Boson peak situated 
close to the exciting laser line. This feature is not observed in crystals, and is therefore a 
characteristic of the glassy state. Recently we reported a well-resolved intense Boson peak in 
undoped and Pr3+-doped Ge-S-I chalcohalide glasses with varying composition and Pr-content 
[3]. The strength of the Boson peak increased in glasses doped with small amounts of Pr3+, 
indicating that Pr ions are efficiently incorporated in the sites whose vibrations are responsible for 
the Boson peak. 

In this paper we will report on the influence of doping with rare-earths, such as Pr3+, 
Ce3+, Er3+, Nd3+, on the Raman spectra of different kinds of glasses with emphasis on changes 
in the intensity of the Boson peak. In particular, we have found that the intensity of the low- 
energy Raman scattering (in particular of the Boson peak) is much more sensitive to rare-earth 
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doping than the high-energy (>100 cm "^) part of the Raman spectrum. We suggest that the large 
polarizability and atomic mass of rare-earths and the ionic character of their chemical bonds cause 
the enhancement of the Boson peak in rare-earth doped glasses. Hence the rare-earths can serve 
as a probe for sites where vibrations give rise to the Boson peak. We propose that non-bridging 
anion atoms, such as S, O or F, determine the origin of the Boson peak in glasses and act as 
attractors for rare-earths, thus enhancing their solubility. Prolonged irradiation of germanium 
sulfide- based glasses with near-gap laser light results in a remarkable enhancement of the Boson 
peak, which can be attributed to the accompanying metastable photorefractive effect and to the 
creation of additional non-bridging atoms (broken chemical bonds). Mechanisms for reported 
effects are suggested, and the origin of the Boson peak is discussed. 

2. EXPERIMENTAL 

High purity telluride, fluoride and sulfide glasses were fabricated by conventional methods 
[4]. Ga-La-S [5], Ge-S-I [6] and Ge-Ga-S [7] glasses, fabricated by techniques described in [5-7] 
respectively, were also examined. 

A double grating monochromator with the spectral resolution of 2 cm"1 in the visible part 
of the spectrum was used to observe the Raman signal at 45° with respect to the pump beam 
direction, as described in [3]. In the majority of experiments the 647 nm line of a Kr laser (with 50 
mW power) was used for the excitation of Raman scattering. More details regarding the 
experimental set-up and glass fabrication, as well as more extended results and discussion, will be 
published elsewhere [8], 

3. RESULTS 

A large variety of Raman scattering spectra in series of undoped sulfide, telluride and 
fluoride glasses will be presented at the Symposium. The position of the Boson peak and of the 
main optical-phonon related peaks will be correlated with changes in the glass composition. We 
confirmed that the doping with rare-earths, such as Pr*+, at levels as low as 1000 ppm, increases 
intensity of the Boson peak in a variety of glassy hosts, as was reported in [3] for the case of Ge- 
S-I glassy host. The remaining part of Raman scattering spectrum remains unchanged in doped 
glasses. Experimental data on the influence of rare-earth dopants on Raman spectra in different 
glasses will be presented at the Symposium and elsewhere [8]. 

Doping telluride and fluoride glasses with up to 1-10 mol.% resulted in the formation of 
glassy alloys whose Raman spectra were essentially different from the corresponding spectra of 
undoped glasses. Experimental results regarding this change in the Raman spectrum will be 
presented at the Symposium and elsewhere [8]. 

Fig. 1 illustrates the light-induced change in the Raman spectrum of Ge24S75Ga^ glass, 
which shows a pronounced metastable photorefractive effect [9]. This glass was irradiated for 3 
hours with an Ar+-laser at X=515 nm and 50 mW power, resulting in the saturation of the 
photorefractive effect. 
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Fig. 1. The low-noise curve represents Raman spectrum of glass Ge24S75Gaj taken in 
15 minutes (intensity I is in arbitrary units, excitation at 515 nm). The large-noise curve represents 
the difference ALT in the Raman spectra of a fresh Ge24S75Gaj glass and of the same glass after 
3-hour irradiation (AI/I=6% at the maximum of the Boson peak (at 30 cm'1)). 

4. DISCUSSION 

According to the soft potential model [10], the vibrations responsible for the low- 
frequency light scattering in glasses are quasilocal harmonic oscillators with frequencies 
©~(k/M)I/2 which is much lower than typical vibrational frequencies. Two parameters promote the 
quasilocal (or resonance) character of the vibrational modes: a weak effective elastic constant k 
(which is a property of bonds with large polarizability, such as ionic bonds), and a large effective 
mass M. Both conditions are satisfied by dopant sites of rare-earth ions in glassy hosts. As a result 
rare-earth doped glasses have a higher density of states of quasilocal harmonic oscillators 
compared with undoped glasses, which in turn enhances the Boson peak in these glasses. Note 
that doping with rare-earths influences the intensity of the Boson peak at dopant levels as low as 
1000 ppm. This indicates that the concentration of sites which give rise to vibrations responsible 
for the Boson peak is also of a similar order. 

We suggest that sites responsible for the Boson peak in glasses are related to non-bridging 
anions atoms (such as S, F or O), i.e. to broken bonds on anion atoms. This suggestion is 
confirmed by two main observations reported in this paper: the strength of the Boson peak is 
increased i) by rare-earth doping, and ii) by prolonged irradiation of photorefractive glasses 
with near-gap light. 

i) It is known that stoichiometric glasses, such as SiÜ2 [11] or GeS2 [7], accept rare- 
earth only up to a limited amount 200-300 ppm. It was argued [see 11 and ref s therein] that rare- 
earth dopants are incorporated in the vicinity of non-bridging O atoms. Therefore glass modifiers 
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are added to stoichiometric glasses (such as Al to S1O2 or Ga to GeS2) to break the 
stoichiometric chemical order, thus increasing the number of non-bridging atoms and 
consequently the solubility of rare-earths. Chemical bonds between rare-earth ions and non- 
bridging anions have high ionicity and polarizability due to the large positive charge (+3) on rare- 
earths. These bonds possesses lower elastic constants compared with the covalent network of the 
glassy host, and also have large effective vibrational mass due to the large atomic mass of rare- 
earths. According to relation o~(k/M)1/2 for quasilocal vibrations, such bonds contribute very 
efficiently to the intensity of the low-energy Raman scattering, i.e. to the strength of the Boson 
peak. 

ii) The mechanism of photorefraction in sulflde glasses was suggested to be due to the 
light-stimulated breaking of chemical bonds [12]. Following charge separation, the carriers are 
trapped, thus creating dipole moments leading to photrefraction due to the electro-optic effect 
[12]. The breaking of chemical bonds reduces the coordination number and consequently the 
elastic constants of atoms participating in the broken bonds, thus enhancing their polarizability. 
This in turn causes the enhancement of the Boson peak in glasses where prolonged irradiation 
resulted in the metastable photorefractive effect. 
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Abstract 

Traditionally glasses have been made via melt quenching route, during which the 
formation of crystals is kinetically suppressed due to large cooling rates. More recently, 
the sol-ge! technique has been developed for designing and fabricating amorphous 
materials. Sol-gel amorphous materials, by contrast, are produced near room 
temperatures and have large internal surface area. 

In this paper, using the classical nucleation model, we have computed the effect of 
surface energy on the nucleation rate for known glass-forming systems. The structural 
interpretation for enhancement in surface energy is elucidated by the reference of 
Eyring hole theory, and the effect of enhanced surface on the diffusion kinetics is 
explained on the basis of surface chemical potential model. Based on the classical 
approach, the effect of strain energy on the stability of glass-forming liquids to undergo 
crystallisation has been examined in view of a süb-microscopic capillary model. The 
influence of the sub-microscopic capillaries on the free-volume assisted viscous flow 
behaviour in weakly and strongly bonded liquids is described together with the stability 
of the glassy phases. The effect of strain on the structural relaxation of glassy phases is 
also exemplified. 

Examples of the formation of glasses at the grain boundaries and within the sub- 
micrometer size pores are given in this paper for designing new ranges of photonic 
materials. 
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ABSTRACT 
Previously proposed simple model for low temperature paramagnetism of glasses is 
developed. The nonlinear temperature dependencies of the reciprocal paramagnetic 
susceptibility of glasses for systems Ga-Ge-Mn-S and Ge-Sb-Fe-Se are quantitatively 
described in terms of the model and detailed information about the composition of the second 
coordination sphere of transitional metals is obtained. This information is compared to the 
glassforming ability of the glasses. 

INTRODUCTION 
Recently considerable attention was concentrated on the studies of medium-range order in 
glasses. Unlike the short-range order determined by correlation in the positions of ions 
involved in the first coordination sphere, the medium-range order implies the existence of 
correlation in the ions arrangement in the second and other coordination spheres and the 
existence of structural groups several nanometers in size. The determinacy of correlation 
decreases with an increase in distance. Therefore, the medium-range order is determined, to a 
large extent, by the correlation in the arrangement of ions involved in the second coordination 
sphere. It is interesting to study some physicochemical property such as the one, that is 
governed by the second coordination sphere only and that can be sensitive to the type of metal 
ions located in the presented coordination sphere. Such property is the indirect exchange 
interaction. 

Earlier the simple model for low temperature paramagnetism of glasses was presented 
[1]. Unlike the more complicated models for spin glasses it allow to obtain the concrete 
quantitative information about the structure of glasses. In the present paper this model was 
developed and applied to the interpretation of the experimental data on magnetic susceptibility 
of glasses in the systems Ga-Ge-Mn-S [1,2] and Ge-Sb-Fe-Se [4]. 

MODEL 
Let us make four suppositions. 

The first. Strong short-range order exists in the glass. All the metal cations are 
connected only with anions, and vice versa. 

The second. The glass contains only one type of anions (A) and only one type of 
transition metal cations (B) with the magnetic moment which is independent on temperature. 
But the glass contains one or more types of diamagnetic metal cations D. 

The third. The coordination number of cations B is equal to Z. The energy of indirect 
exchange interaction steeply decreases with increasing distance and with deviation of the 
angle of the bond from the straight direction. Therefore, Z cation sites exist in the second 
coordination sphere, that allows to form strong indirect exchange interactions with the energy 
significantly larger than those with all other cations. The cation B is marked as Bt. if it has i 
cations B and (Z-i) cations D which are located in these Z sites. 
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And the last. 9\ is the Weiss constant, which describes the behaviour of the magnetic 
moment of cations B\ in exchangeable pairs B-A-B. ß, is equal to the 0\ multiplied by /. 

Q^i-e-,     /=05l£....Z (1) 
Let us analyse the last supposition. The energy of the exchange interaction (kO) is 

smaller than that of any chemical bond. Therefore, the arrangement of electron density around 
Bj does not depend on the presence or absence of exchange interaction, or in other words, it 
does not depend on i. . Thus, this equation is correct. However, it may be possible, that the 
electronegativity of B differs from the electronegativity of D. In this case, the replacement of 
a part of cations B in the second coordination sphere of the central cation B by cations D can 
lead to a the redistribution of the electron density and the change of the energy of single 
exchange interaction of the central cation B. Thus, 0, is not the linear function of /. For the 
studied glasses the electronegativity of B is close to the electronegativity of D , and so, we 
can use Eq. (1). 

The maximum absolute value of 0, (Z Oi) can deviates from the Weiss constant of 
the crystalline compound in the A-B system , in which cations B form Z exchange 
interaction bonds (0Pf). The absolute value of 9Z is likely to be a bit smaller than 6ph due to 
the distortion of the angles and lengths of the bonds, that is typical for the vitreous state. 

So, the expression for the temperature dependence of the magnetic susceptibility is the 
following: 

where C  is the Curie constant and gj  is the fraction of Bt. Function D may be introduced as 
follows: 

D- ^■lÄ -1       ' (3) 

where the average Weiss constant is equal to 

*«£a-4 • (4) 
;=0 

Then equation (2) can be rewritten as the following 

*=7-^=r(i + /»- (5> *   [T-e) 
Expression (3) can be transformed in the following way 

° &a»'(7-«,)-M). 
It can be concluded that the function (2) has the following properties 
1. D>0; 
2. Z>->0   at   r->oo; (7) 
3. D-^-oo at r-Mnax6{; (maxei=0 at 6<0   and max9i=Zei at9>0). 
Therefore, the   temperature dependencies of the reciprocal magnetic susceptibility have a 
general view as presented in Fig.l. 

In absence of correlation between the type of the central cation and composition of its 
second co-ordination sphere the weight factors g, can be calculated using the combinatorial 
relation. 

gi = Yib
i(l-bfi, (8) 
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where b is the fraction of B among all the cations in glass and y   is the number of possible 
arrangements of/  cations B and (Z-i)   cations D in Z positions. For the case of Z=6   y 
has the following values    y0 =   y6 =1; yi=ys = 6;   y2= y4 = 15;   y3 = 20. 

This is the case of statistically 
uniform distribution of different 
structural units throughout the bulk 
of the glass (SUD). For this case it 
is shown that the following relation 
is absolutely correct: 

9 = b-(Z-e{). (9) 
For SUD the ratio between the 
probability for a vacant cation site 
being    occupied    by    B or 
by any D cation is given by 

P=b/(l-b). (10) 
The existence of the correlation in 
distribution of different cations 
among the cation sites is taken into 
consideration using the segregation 
factor S 

P=Sb/(l-b) (11) 
S is larger than unity if there is a tendency to the association of structural units containing 
cation B, and it is smaller than unity, if there is a tendency to the formation of complex 
structural units containing both B and D cations. In order to take- into consideration 5 in 
equation (8) we introduce the effective concentration b* 

„    b b' 

Fig. 1 Temperature dependencies of reciprocal magnetic 
susceptibility of passes accodingto equation (2): 
A - with negative exchange interaction; B - with 
positive exchange interaction. 

Table. 1 Compositions of the studied glasses. 

N MnS(b) 
(mol. part) 

GeS2 

(mol. part) 
GaSi.5 
(mol. part) 

1 0.0384 0.6674 0.2942 
2 0.0632 0.6215 0.3158 
3 0.0873 0.5759 0.3368 
4 0.1225 0.5102 0.3674 
5 0.2308 0.3077 0.4615 

Table 2. The results of the initial approximation 
step. 
N b* (mol. part) ©n (K) -0,  (K) 
1 0.074±0.001 -0.95±0.03 46+1.4 
2 0.126+0.002 -0.74±0.07 39±1.5 
3 0.151±0.002 -1.05+0.09 59+2.3 
4 0.189+0.002 -1.21±0.08 61+1.6 
5 0.329+0.01 1.17+0.3 50±2.6 

When the concentration of B is equal 
to b* and SUD takes place, the set of 
parameters {gj is the same as for the 
glass under study, in which the 
concentration of B is equal to b and 
there exists the deviation from SUD. It 
is easy to verify that for any positive S, 
0<b*<J. 

As it was mentioned above, the 
energy of indirect exchange interaction 

steeply decreases with the increase of 
distance. This means that the 
exchange interactions with the other 
B cations, besides those Z cations 
which were considered above, can be 
neglected compered to l0\ / and, so, 
00=0. However, if the exchange 
interaction is negative and the 
temperature of measurements is much 

286 IS(NOG)2 '98 



smaller than I Oil the value of Oo is not negligible compared to the temperature of 
measurements and it is necessary to introduce Oo * 0. Thus, we can write the following 
equation for the magnetic susceptibility: 

Z=C go 
T-6, ■*t 81 

T-i-0J Ä=r,M'-Mr« (13) 

where b ,  Oo    and 0;    are the free parameters. According to the model, Oj    is the same for 
all glasses with the same A, B   and Z 

RESULTS AND DISCUSSIONS 
The magnetic susceptibility of glasses 
Gci2S3-GeS2-MnS was investigated in 
[1,2]. The compositions of the glasses are 
presented in table 1. The results of the 
measurements are presented in Fig. 2 . 
The magnetic moment of manganese is 
calculated according to the model from 
the Curie constant at the high 
temperatures and it corresponds to the 
spin value of Mn2+. The magnetic 

Table 3.     The results of the second 
approximation step. 

N b   (mol.part) 0o (K) S 
1 0.0703±0.0003 -1.05±0.01 2.00 
2 0.1109±0.0008 -1.17+0.05 1.89 
3 0.1605+0.0008 -0.74+0.05 1.85 
4 0.2030±0.001 -0.70+0.06 1.80 
5 0.326 +0.002 1.08±0.08 1.61 

40- 1                  n 

X , cm/mol n ßf 

«E/ 

20- 

n  - 

T.K 

o , 
[ \                  50 

Fig. 2. Temperature dependencies of manganese reciprocal magnetic susceptibility in glasses 
of system Gci2S3-GeS2-MnS. Experimental values were adduced by points. Results of 
simulations were adduced by unbroken lines. Figures correspond to ones in Table 1. 

susceptibility of the glass of composition 5 has been measured by Barnier et. al. These 
authors found, that Mn has the coordination number equal to 6 in the glasses of the system 
Ga2S3-GeS2-MnS [2]. 

At the first step of fitting the experimental data with Eq.13 three parameters were 
varied ( Oo, 0i, b*). The results are presented in Table 2. As it was supposed above, 

I Oo I«10i I. According to the model, the value of 0; should be the same for all the studied 
glasses. From Table 2 it can be concluded that <0i>=-51 K.. 
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b=0.05 

Fig. 3. Dependencies of the fraction 
of Bj on i. Circles mark the values 
calculated for the model glass 
structure with SUD; squares mark the 
values founded for the samples Ga- 
Ge-Mn-S; triangles mark the values 
founded for the samples Ge-Sb-Fe-Se. 

0,0       0,2 

At the second step of calculations 9j is 
fixed and the values of b* and 90   were varied. 
The results  are presented in Table  3.  The 
temperature     dependencies     of     magnetic 
susceptibility and sets of parameters fgj    for 
all    the glasses were calculated using these 
results and <9;   >=-51 K .   The   results of 
calculations   of  magnetic   susceptibility   are 
presented in   Fig.2 by the unbroken lines and 
the  experimental results are given  by points. 
The circles mark the values calculated for the 
model  glass  structure  with     SUD  for the 
dependencies of the weight factor g   on i    for 
glasses with different    compositions (Fig.3). 
Squares    mark    values    founded    for    the 
investigated  glasses  Ga2S3-GeS2-MnS.     The 
values of g for real glasses are slightly smaller 
than that for the model glasses with SUD for 
the small /    and slightly larger for the large i. 
This  means that the tendency to association of 

structural units containing    Mn 
exists in the glasses. The rate of 
this       tendency       can       be 
characterized by the parameter S, 
which is   about 1.5 or 2 (Table 
3). 

The value of S can be 
determined in another way. Fig.4 
shows the concentration 
dependence of 9. This 

200 dependence was plotted with the 
use of experimental values 
obtained directly from high 
temperature range of the 
temperature dependencies of 
reciprocal magnetic 
susceptibility. Experimental 
points, including (Z 9i) at b=l 
and 0 at b=0, are connected 
with the second-order curve. The 
function S(b) (a dotted line) was 
calculated from this curve using 
Eq. (9) and (12): 

<Q>, K 

00 

100 

Fig. 4. Concentration dependencies of average Weiss 
constant (1) and segregation factor (2) for glasses 
Ga2S3-GeS2-MnS. (3) - is the concentration dependence 
of <9> for model glasses with SUD. 
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„      0{\-b) 
S = -       . (14) 

The results of the calculation using Eq. 14 are given by curve 2 in Fig.4. 
As it was mentioned above, the absolute value of (Z Oi)  is smaller than the absolute 

value of 0ph   which is equal to -400K for MnS  [3]. 
It is interesting to compare the results for the system Ga2S3-GeS2-MnS with the results 

for the glasses of the system Sb-Ge-Se doped by Fe. The temperature dependencies of the 
reciprocal magnetic susceptibility for glasses with different concentration of Fe (b =0,05, 
0.0125, 0.002) were measured by Bychkov et. al. [4]. These authors found that Fe is present 
in the glasses in the state Fe+2  and its coordination number is equal to 6. 

The sets of {gj for the model glass with SUD, for the glass with Mn and for the 
glass with Fe are compared in Fig.3 (b =0.05). All the glasses have the same value of b 
which is equal to 0.05. It can be seen that the tendency to the association of the structural 
units containing transition metal in the last system is more significant. S for glasses with Fe 
is equal to 4. It is interesting that maximum concentration of Mn in the glasses Ga-Ge-S is 
six times larger than that of Fe in glasses Sb-Ge-Se . 

CONCLUSIONS 
The proposed model allows to describe the experimental data on magnetic 

susceptibility adequately and to obtain detailed information on composition of the second 
coordination sphere of a transition metal in glasses. It is found from the comparison of the 
glasses Ga2S3-GeS2-MnS with the glasses Sb-Ge-Se-Fe that the tendency to association of the 
structural units containing a transition metal is smaller in the system with more extended 
glassforming region. 
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ABSTRACT 
The first coordination sphere of Nd and Sm in glasses of the germanium chalcogenide - 
gallium chalcogenide system is studied by analysing of optical transmission spectra of 
0.85GeCh2-0.15Ga2Ch3 glasses (where Ch = S, Se, or Te ) doped with chalcogenide of these 
metals. It is shown that the spectral shift in absorption bands of Nd3+ is a linear function of the 
mean electronegativity of chalcogens involved in the glasses, which indicates the coincidence 
between the average composition of the first coordination sphere of neodymium ions and the 
composition of anionic subsystem in the glasses under investigation. Spectral shift in 
absorption bands of Sm3+ is non-linear function of the mean electronegativity of chalcogens 
involved in the glasses. 

INTRODUCTION 
At present, considerable interest has been aroused in the applications of vitreous 

semiconductors as luminescent media in optoelectronics [1-3]. On one hand, this interest is 
accounted for by absence of high-energy phonons in the vibrational spectra unlike most of the 
known laser materials and, as a result, by the low probability of multiphonon nonradiative 
relaxation in lanthanides. For example, the energy of phonons in silicate glasses is about 1100 
cm' and, therefore, the emission of three phonons suffices to relax the Pr3+ ion from the *G4 

level to 3F4 [1]. The energy of phonons in chalcogenide glasses is equal to 250-350 cm-1, and 
analogous nonradiative relaxation requires the simultaneous emission of at least ten phonons. 

The second reason is that these materials exhibit a band gap close to the energy of 
laser transitions in lanthanides. This permits optical pumping through the interband absorption 
of a semiconductor matrix followed by the transmission of exication to lanthanide ions. The 
most complex stage to be realized in the aforementioned mechanism of optical pumping 
includes the achievement of a highly efficient transmission of excitation from a vitreous 
semiconductor matrix to lanthanide ions. For lanthanide ions, which are implanted into a 
vitreous semiconductor, the efficiency of optical pumping depends, among other factors, on 
the chemical environment of these ions. 

In order to accomplish the optical pumping of lanthanide atoms through the interband 
absorption of a glass matrix, it is important to take into account not only the relationship 
between the luminescent transition energy of lanthanide and band gap of vitreous 
semiconductors, but also the location of energy levels of lanthanide in the energy band 
structure of vitreous semiconductor. The energy-level position of extrinsic lanthanide centers 
in the energy band structure of a vitreous semiconductor depends on the composition of the 
anionic environment of lanthanide (that is, on the chemical composition of the first 
coordination sphere). Vitreous semiconductors provide a wide variation in the composition of 
anionic sublattice, which can incorporate not only S, Se, or Te, but also dopants of oxygen and 
all halogens. This allows a purposeful change in energy-level positions of lanthanide centers 
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in the energy band structure of the vitreous semiconductor and makes it necessary to control 
the composition of the first coordination sphere of lanthanide atoms. 

The selected method of control over the composition of the first coordination sphere is 
based on the spectral shift observations in the absorption bands of lanthanides under changes 
in the degree of ionicity of the bond due to variations in the intensity of local electric fields at 
a lanthanide ion. 

(fi 

C 

720 740 760 780 800 820 840 
k, nm 

Fig.l. The absorption spectra of Nd3+ in (1) fluorozirconate,  (2) 
phosphate, (3) aluminosilicate, (4) sulfide, and (5) selenide glasses. 

EXPERIMENTAL 
As is known, neodimium and other lanthanides can be introduced into glasses formed 

by gallium and germanium chalcogenides [4]. In the GeS2-Ga2S3 system, the eutectic alloy of 
composition 0.85GeS2 -0.15Ga2S3 
is most readily obtained in the 
vitreous state. Hence,the 
0.85GeCh2-0.15Ga2Ch3 glasses 
(where Ch=S, Se, or Te) were 
used as matrices in all the cases. 
Chalcogenide glasses were 
synthesized in evacuted (to 10"3 

mm Hg) sealed silica ampules in 
rocking furnaces. For the 
synthesis, we used Se, Te, Ga, 
and Ge, in which the 
concentration of the major 
substance was no less than 
99.9999 %. Sulfur (high-purity 
grade) was additionally distilled 
under vacuum. Metallic Nd and 
Sm were kept in sealed  glass 

« 
c 
=3 

1050 1100 1150 
X, nm 

.3+. Fig.2. The absorption spectra of Sm   in (4) sulfide 
and (5) selenide glasses. 
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ampules and weighed immediately prior to evacuation of the ampule for synthesis. The 
synthesis was carried out upon continued rotation of the ampule at a temperature of 1150° C 
for five hours. The concentration of Nd2Ch3 and Sm2Ch3 compounds in all samples was equal 
to 0.5 mol %. 

Table 1. 
Composition and spectral location of the NdjH L absorption bands for chalcogenid 

Composition 
Anionic 

composition a 
E(II)±5 E(III)±5 E(V)±5 

cm"! 

of glass 
1 0.9Se-0.1Te 2.37 - 11177 
2 Se 2.4 13169 12256 11192 
3 0.97Se-0.03S 2.403 13174 - - 
4 0.7Se-0.3S 2.43 13180 12281 11216 
5 0.5Se-0.5S 2.45 13194 12291 - 
6 0.9S-0.1Te 2.46 - 12287 11236 
7 0.7S-0.3Se 2.47 13189 12293 11230 
8 S 2.5 13219 12312 11242 
9 0.986S-0.014O 2.514 13233 12309 11261 

glasses 

In order to investigate the absoption spectra, glass samples were prepared in the form 
of plane-parallel polished plates 2 mm thick. To obtain information about changes in the 
spectral shift in absorption bands of Nd3+ and of SmJ+ as a function of the degree of ionicity of 
the bond in a wider range of the electronegativity values a of the anionic environment, we 
additionally studied the samples of fluorozironate, phosphate, and aluminosilicate glasses 
doped with neodymium. 

Table 2. 
Composition and spectral location < Df the Sm3+ absorption bands for cha 

Composition 
Anionic 

composition a 
E(VI)±5 E(VH)+5 

c rr,"1 m 

of glass 
i Se 2.4 10327 9001 
2 0.95Se-0.05S 2.405 10338 9024 
3 0.8Se-0.2S 2.42 10380 9070 
4 0.5Se-0.5S 2.45 10388 9068 
5 0.8S-0.2Se 2.48 10402 9067 
6 0.95S-0.05Se 2.495 10407 9050 
7 S 2.5 10411 9045 

The absorption spectra were taken at room temperature by using a universal spectrometric 
computer complex instrument (LOMO) based on an MDR-23 monochromator. Operation of 
the spectrometric complex, storage of information, and its preliminary processing were carried 
out on a PC. The spectra of the Nd-containing glasses were recorded in the wavelenght range 
of 720-950 nm. The spectra of the Sm-containing glasses were recorded in the wavelenght 
range of 800-1150 nm. All measurements were carried out with a step of 0.2 nm. 
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RESULTS 
Figure 1 shows the absorption spectra of several neodymium-containing glasses : (1) 

fluorozirconate, (2) phosphate, (3) aluminosilicate, (4) sulfide, and (5) selenide. The last two 
glasses, which we synthesized, 
are included in the group of 
glasses under in vestigation 
(their compositions are 
presented in the table). Fgure 3 
displays the spectral location 
of absorption band at 790-820 
nm as a function of the 
electronegativity of anions. 
These figures clearly 
demonstrate the general 
tendency in the spectral shift 
of absorption bands toward the 
long-wavelength range in 
going from anions with higher 
electronegativity    to    anions 

Fig.3.  Spectral location of absorption band III with   lower   electronegativity 
plotted against the electronegativity of anions for (F,0. S, and Se). 
(1) fluoride, (2) phosphate, (3) silicate, and (4) m addition to the two groups of 

absorption bands shown in Fig.l, we have 
studied the bands located at about 900 nm. 

1 ,£»^/W 

1,250 - 2     X 

1,245 - 

1,240 - 
4 

U 

3 
1,235 - K y 
1,230 - \y 
1,225 - 

■ 

/ m 
,         .,, , ,    ,_ 

i          '      —r 1 

2,0 2,5 3,0 3,5 4,0 
a 

chalcogenide glasses 

(a) 

neodymium transitions 4l9/2~»4F7/2, 4S-? 
I9/2-» H9/2 

860    870    880    890    900   910    920 

Fig.4. The absorption spectra of Nd3+ in sulfide 
glass (composition 8) in the wavelength ranges 
(a) 720-850 and (b) 860-920 nm. Roman 
numerals I-V denote the numbers of absortion 
bands. 

Figure 4 depicts the total absorption 
spectrum of sulfide glass (see table 1, 
composition 8). For a detailed comparison, 
the intense bands (I, III, and V) were chosen 
from each group of the bands after resolution 
into components. The observed absorption 
bands I and II, III and IV are caused by the 

3/2 and 
F5/2, respectively. The 

absorption at about 890 nm is brought about 
by the 4l9/2-»4F3/2 transitions. Apparently, the 
complex structure of this part of the 
spectrum is determined by the Stark splitting 
of both states. 

Figure    5    presents    the    spectral 
locations of absorption band V as a function 
of the electronegativity of chalcogens, which 
from the anionic network of glass. In the 
case when the glass contains anions of 
different type, but analogous chemically 
(sulfur,    selenium,    and   tellurium),    the 
electronegativity (a) is treated as the mean 
value with allowance  for the  molecular 
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treated as the mean value with allowance for the molecular fraction of each type of anions. 
Generally speaking, the above dependence is rather a rough approximation, because the 
spectra shift is determined by the electric field strength at lantanide ions, i.e., by the degree of 
ionicity of the chemical bonds. The latter quantity depends not only upon the electronegativity 
of anions, but also upon the chemical nature of the other elements involved in the formation 
of glass network. This is the reason why the absorption bands in phosphate and 
aluminosilicate glasses differ in location, even though both of these materials are oxide 
glasses. (We should not forget the concept of phosphate anion.) The studied glasses differ 
only in composition of the anionic subsystems. Therefore, the relationship between the 
spectral shift of absorption bands and the mean electronegativity of anions is not such a rough 
approximation. 

E, 104 cm"1 T ,   ,,     .    . .       . In general, the ionicity of a 
bond is not a linear function of the 
difference in electronegativities when 
the latter quantity changes over a wide 
range.       However,       the       mean 
electronegativity       of      chalcogens 
involved    in    the     glasses    under 
consideration varies within a rather 
narrow range. Hence, the linearity of 
the relationships represented in Fig.4 
indicates   the    coincidence   of   the 
average  composition  of the  anionic 
environment of neodymium ions in the 

Fig.5. Spectral location of the Nd3+ absorption   first   coordination   sphere   with   the 
bands plotted against the mean alectronegativity of anionic composition of glass. A similar 
anions in chalcogenide glasses. pattern is observed for the  spectral 

location of weaker absorption bands (I 
and IV) plotted against the mean electronegativity of the anionic subsystem of chalcogenide 
glasses. However, the spectral locations of these bands are determined with a lower accuracy. 
This brings about a significant spread of the experimental points. 

The spectral shift in absorption 

9 
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1,124 - \ A 

4 h s 
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1,042- 67 

1,040- 4 
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Ar~ -2 
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,< 
1,038- 

1,036- 

2/ 
1,034- 1J 
1.032- I 

bands of Sm3+ is nonlinear function of 
average electronegativity of the anion 
sublattice ( Fig.6). This may be the 
resalt of the two reasons. The first 
possible reason is the selectivity of Sm 
to the composition of the first 
coordination sphere, which manifests 
in enrichment of the first coordination 
sphere by S. Another passible reason 
is the existance of both Sm3+ and Sm2+. 

2,40     2,42     2,44     2,46     2,48     2,50 
a 

3+ Fig.6. Spectral location of the Sm absorption 
bands plotted against the mean alectronegativity of 
anions in chalcogenide glasses. 
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ABSTRACT 

Photoinduced changes of optical transmissivity, diffusion reflectivity, index of refraction 
and Raman spectra of AsxSioo-x stoichiometric, (x = 40), as well as nonstoichiometric (x = 38, 
42) glasses and thin films were studied. The irreversible photoinduced changes in thin films 
were larger than the reversible ones. Small photoinduced changes of optical properties and of 
the structure were also found in bulk glasses and glassy powders. 

The reversible and irreversible changes of absorption edge and of index of refraction were 
accompanied by changes of Raman bands intensities and positions. 

The Raman spectra of fresh-evaporated films as well as the spectra of As- rich bulk glasses 
contain some amount of AS4S4 molecules. Their evaluated density (e.g. -20 at % in As42S58 
films, ~ 10 at. % for AS42S58 bulk glasses) depends on the stoichiometry and state of the films 
and bulk glasses. The AS4S4 content is lowered by exposure and also by annealing. 

It was confirmed that the exposure changes not only the optical transmissivity, diffusion 
reflectivity and index of refraction but also the atomic structure of both fresh evaporated and 
annealed films of As-S system. A model was proposed in which the photoinduced changes of 
optical properties in As-S glasses are connected with photochemical reactions, which change 
the short-range-order, namely the densities of chemical bonds. The agreement between model 
assumptions and experimental results is reasonable. 

1. INTRODUCTION 

The irradiation of amorphous chalcogenides (AC) by ultraviolet or visible light, by 
electron- or y - rays is often accompanied by changes of their atomic structure (see, e.g., ref. 
[1-3]). These changes are relatively large and irreversible in fresh-evaporated amorphous 
chalcogenide films (ACF) [1-4]. The illumination of fresh-evaporated ACF causes, e.g. in As- 
S films, some polymerisation and chemical interaction of molecular fragments (such as As4S4, 
As2S3, Sa and others) which were formed in these films during thermal evaporation. The 
photoinduced process is accompanied by changes of many properties of ACF, including 
Raman bands intensities and positions [1, 2, 4]. The photoinduced effects (PE) in ACF were 
studied and reviewed many times, for the most recent see, e.g. [1, 3, 4]. In spite of a large 
experimental effort, controversial explanation of PE was obtained and the origin of many PE 
is still unclear. 

In this paper, we have studied PE in as-evaporated and annealed films and bulk glasses of 
stoichiometric As4oS6o, and also in such films and bulk glasses containing excess sulphur or 
excess arsenic (e.g. in AS42S58, or As38S62)- The compositional dependence of individual 
properties and features can help to understand the Raman spectra, and help in elucidation of 
the nature of photoinduced effects. Thin evaporated films, bulk samples and glassy powders 
were studied. The comparison of the PE in As-S AC of identical composition and of different 
state gives again supplementing data for the description and discussion of PE. 

For evaluation of photoinduced changes of atomic short-range order, which is apparently 
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behind many of photoinduced effects, the Fourier-transform (FT) Raman spectroscopy was 
used. This technique can "see" even small changes of short-range order, because the Raman 
bands intensities and positions are sensitive to the changes of the local structure including the 
densities of individual oscillators. The possibility of FT facility to scan the Raman spectra 
many times lowers effectively the noise and increases the sensitivity of this method. 

2. EXPERIMENTAL 

Bulk glasses were prepared by melting of high purity (5N) elements in evacuated quartz 
ampoules (650 - 700°C, 12 hrs). Thin films were prepared by vacuum thermal or flash 
evaporation (p = 6 xlO"4 Pa). The thickness of thin layers was measured using the dynamical 
weighing (quartz - crystal deposition monitor) and also by the Tolansky method (Nao line 
interferometry of layers covered by semitransparent Ag layer). The fresh evaporated (= as- 
deposited) or annealed samples were exposed by high pressure mercury lamp light (I = 0,014 
W cm"2, 1-2 hrs) in an inert atmosphere of pure Ar. 

The Raman spectra were measured by FT Raman spectrometer IFS55/FRA106 (Bruker, 
Germany) using back-scattering method and Nd:YAG laser beam (1064 nm) as excitation 
light. The number of scans was usually < 103. In some experiments, the intensities of Raman 
lines from As-S thin films (d < 500 nm) were too low. In such cases, the samples scratched 
from the larger area of glassy substrate were filled in a small (-0.5 mm3) pit of a spectrometer 
target and then measured. The excitation light then penetrated several pieces of the film and 
Raman signal intensity was considerably improved. The powdered glasses were measured in 
the same pit of target. The reduced Raman spectra were obtained by the reduction method of 
Shuker and Gammon [5, 6] as modified by Kobliska and Solin [7]. The reduced spectra (their 
intensities) correspond to an approximate density of vibrational states p(©) and were 
calculated using the equation 

P(ffl) ~ Ired = (©L - CO)"' [n(ffl,T) + l]"1 . I(©), (1) 

where I(o) is measured intensity of Stokes part of the Raman spectrum, ©L is incident photon 
frequency, © is the vibrational frequency of Raman scattered light (in cm"). The Eq. (1) was 
modified by Bose-Einstein factor for distribution of phonons, n(co,T) = [exp( h ©/kT) -1]" , 
and Eq. 2 was used for corrections: 

Ired = (ffiL - CO)"4. © [ 1 - CXp(- » ©/kT)] . I(©), (2) 

where T is the temperature which enters through the Bose- Einstein occupation number for a 
phonon of energy ©. 

The diffuse-reflectance spectra of powdered glasses were measured by JASCO V-570 
spectrometer with Pulfrich integrating sphere. The evaluation of absorption coefficients from 
diffuse reflectance spectra was done by Kubelka and Munk method [8,9]. The Kubelka-Munk 
coefficient, (K/M), of an "infinitely thick" layer may be written as 

KM = (/(7U=°~fj2 =*/*,) (3) 

where Rx is absolute reflectance of the layer, 5 (cm"1) is scattering coefficient and k (cm"1) is 
the absorption coefficient. The scattering coefficient, s, depends on the size of particles and 
for fine powders is constant. The (K/M) is proportional to the absorption coefficient, k, and its 
spectral dependence can be used for evaluation of spectral dependence of k. 
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Fig. 1. Raman spectra of the As-S system 
samples. 1 As42S58 fresh evaporated film, 2 
mixture of 0.85As4oS6e bulk + 0.15As4S4 

crystalline, 3 mixture of 0.2 As4oS6o bulk + 
0.8 As4S4 crystalline. 
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Fig. 2 Raman spectra of the As-S system 
glasses. 1 As42S58, 2 mixture of As40S6o 
bulk + crystalline As4S4. 3 As4S4 

crystalline. The background of spectra was 
corrected, the intensities were normalised to 
the intensity of 362 cm"1 band 
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Fig. 3. Raman spectra of As3gS62 films. 1 
fresh evaporated film, 2 exposed film, 3 
annealed film. The background was 
corrected, the intensities were normalised to 
the intensity of 345 cm"1 band. 

Fig. 4. Dependence of (Khv)1/2 on photon 
energy in As4oS6o films. K is the absorption 
coefficient (cm"1). 1 fresh evaporated film, 
2 annealed film, 3 film exposed after 
annealing, 4 film was annealed, exposed 
and again annealed, 5 exposed film. 
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The spectral dependence of the index of refraction can be described Wemple-DiDomenico 
relationship for a single-oscillator model [11,12] 

*2(M-i=   /c5\2     , (5) 
E0 - (hca) 

where fi Cö is photon energy, E0 is the single oscillator energy and Ed is the dispersion energy. 
The plot l/(n2-l) vs. (h co)2 is linear (Fig. 8). 

The dispersion parameters obtained were following: The E0 was approximately E0 « 2 E°pt, 

where E°p'  is the optical gap. The value of Ed obeys an empirical relation of Wemple 

DiDomenico [11, 12], Ed = ßNcZaNe, (eV), where Nc is the co-ordination number of the cation 
nearest-neighbour to the anion. Za is formal chemical valence of the anion, Ne is the effective 
number of valence electrons per anion, and ß = 0.37±0.04 for amorphous material [9,10]. 

The co-ordination number, Nc, probably increases by exposure, because As-S bonds 
replace some S-S bonds. The Nc should increase even more by annealing. Formal chemical 
valence of the anion, Za, should increase due to annealing. Its change by exposure is 
questionable. Some polymerisation is caused by exposure, and, also in the same time, 
formation of some S-S and As-As bonds can be supposed [2, 10]. The value of Ne (effective 
number of valence electrons per anion) is probably constant or nearly constant, because the 
sulphur can be bond either or to another S or to the As; both bonds are covalent. The ionicity 
of As-S bond is about 6% higher than the ionicity of the As-As bond. The highest number of 
unsaturated bonds should be probably found in fresh-evaporated films and the lowest one in 
the annealed films. 

ACKNOWLEDGMENT 

The work was supported by grants No. 203/96/0876 and No. 203/98/0103 of Czech Grant 
Agency Prague, which is gratefully acknowledged. 

REFERENCES 

[I] M. Frumar, Z. Poläk, Z. Cernosek, B. Frumarovä T. Wagner, Chem. Papers, 51 (1997) 
310-327. 
[2] M. Frumar, M. Vlcek, Z. Cernosek, Z. Poläk, T. Wagner, J. Non-Cryst. Solids, 213-214 
(1997)215-224. 
[3] K. Shimakawa, A. Kolobov, S. R. Elliott, Advances in Physics, 44 (1995) 475. 
[4] M. Frumar, Z. Poläk, Z. Cernosek, M. Vlcek, and B. Frumarovä, in Physics and 
Application of Non Crystalline Semiconductors in Optoelectronics (M. Bertolotti and A. 
Andriesh, Editors.) Pp.. 123-139. Kluwer Acad. Publ, London, 1997. 
[5] R. Shuker and R. W. Gammon, Phys. Rev. Lett. 25 (1970) 222. 
[6] G. Lucovsky, F. L. Galeener, R. C. Keezer, R. H. Geils and H. A. Six, Phys. Rev. BIO 
(1974)5134. 
[7] R. J. Kobliska and S. A. Solin, J. Non-Crystalline Solids 8-10 (1972) 191. 
[8] P. Kubelka and E. Munk: Z. Tech. Phys. 12 (1931) 593. 
[9] G. Kortum, Reflexions - Spektroskopie. Springer, Berlin 1969. 
[10] M. Frumar, A. P. Firth and A. E. Owen, Phil. Mag. B50 (1984) 463. 
[II] S. H. Wemple and W. DiDomenico, Phys. Rev. B3 (1971) 1338. 
[12] S. H. Wemple, Phys. Rev. B7 (1973) 3767. 

300 IS(NOG)2'98 



3. RESULTS AND DISCUSSION 

Fresh evaporated amorphous films of As-S system contain some amount of AS4S4 and 
other molecular fragments (see, e.g. Fig. 1) which are formed during evaporation of As2S3 , 
e.g. according to the scheme: 2 As2S3 = AS4S4 + S2.The reason for this dissociation is higher 
stability of AS4S4 molecules than the stability As2S3 molecules at temperatures of evaporation. 

The AS4S4 molecules are apparently present not only in evaporated films but also in the 
glasses with excess of As, e.g. in As42Ss8 bulk glasses (Fig. 2). One can see that the most 
narrow features of the Raman spectrum of As42Ss8 bulk glass can be obtained by addition of 
the spectrum of crystalline AS4S4, which is a molecular solid, to the spectrum of As4oS6o bulk 
glasses (Fig. 1). The glasses of the As-S system with excess of As can be considered as solid 
solutions of As2S3 and As4S4, but the glass contains also some other As-As bonds built in the 
glassy matrix, not in AS4S4 structural units (Fig. 2, band near 235 cm"1). 

The spectrum of fresh evaporated films of As42S58 (Fig. 1) contains some features which 
can be assigned to AS4S4 molecules. The spectrum of fresh evaporated films can be again 
formed by addition of the spectrum of As4S4 and of As2S3 glass. The content of As4S4 is 
relatively high in fresh evaporated films. We evaluate, that the content is higher than 20 mol. 
% of AS4S4 (Fig. 2). 

In the Raman spectrum of fresh evaporated As-S films (Fig. 1, 3), there are also some other 
bands, which cannot be assigned to AS4S4 and As2S3, e.g. 138, 143, 214, 235 cm" . The 
intensities of AS4S4 bands in As-S fresh evaporated films are changed and also their positions 
are shifted towards higher frequencies as compared with crystalline AS4S4 (Figs. 1, 3) which 
is probably caused by more intensive interaction of dissolved AS4S4 molecules with the 
amorphous matrix than in corresponding As4S4 crystals. In such crystals, the individual AS4S4 
molecules are bond together only by weak van der Waals bonds, in amorphous solid some 
covalent bonding is evidently present. 

Exposure and even more annealing (Fig. 3) lower the content of AS4S4 molecules in the 
fresh evaporated films. The exposure does not lower only the content of AS4S4 and S-S bonds 
in such films (band near 495 cm"1), the amplitudes of some Raman bands which can be 
assigned to the As-As bonds incorporated in the amorphous matrix (235 cm"1) are relatively 
increased. 

The absorption edge is shifted by exposure towards lower energies, further by annealing 
and even more by following exposure of annealed films (Fig. 4). The mechanism responsible 
for these shifts is not apparently connected with the content of AS4S4, as can be judged from 
the diffuse reflectivity of the powdered As4oS6o and of the mixture of 0.8(As40S6o) + 
0.2(As4S4), (Fig.5). The absorption edge is not practically shifted even by addition of 20 mol. 
% of AS4S4 to AS40S60, it becomes only sharper, because the AS4S4 is a crystalline molecular 
solid. The photodarkening should be connected with the content of As-As bonds build in the 
amorphous matrix (but not in the form of AS4S4) as can be judged from the Fig. 6. The 
increasing content of As and, therefore, of As-As bonds, in the bulk glasses (in which the 
content of AS4S4 is low) lead to the "red" shift of the absorption edge (Fig. 6). The shift is 
analogous to the shift of the absorption edge due to exposure or annealing (Fig. 4). The results 
can be interpreted as the thermally and optically induced shift of the bond statistics [9]. 

21 As-S I = I As-As I + I S-S I, (4) 

where | M-X | is for the chemical bonds between atoms M and X. 
Together with the photoinduced change of structure, the index of refraction of As-S 

evaporated films are also changed. The exposure and even more the annealing increase the 
index of refraction (Figs. 7, 8). 
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ABSTRACT 
X-ray diffraction, Raman and optical data have been obtained for glasses in the system As2Se3- 
Cul. The position of first sharp diffration peak is nearly independent from concentration of 
Cul. The experimental results indicate, that addition of Cul to glassy As2Se3 causes strong 
changes in the correlation length, in the slope of absorption edge, and in the transmission in 
near IR region, but there are no significant changes in the Raman spectra of these glasses. 
Results are disscussed in the frame of the "layer structure" model of glassy As2Se3. They 
support the picture of isolated and chemically non-reacting CwZ-molecules between deformed 
As2Se3-layers. 

INTRODUCTION 
The properties of chalcogenide glasses may change drastically when they are doped 

with transition metals such as CM [1, 2]. The doping changes the electrical conductivity due to 
a change of the type of carriers in chalcogenide glasses. The system As2Se3-CuI was already 
studied in [3-6]. Our previous X-ray measurements of the system As2S3-Cul, which is a similar 
system from the chemical point of view, showed a strong influence of the dopand Cul on the 
First Sharp Diffraction Peak (FSDP) [7], but are are no changes in the Raman spectra of the 
glasses [10]. 

In the present report we study the nano structure of the chalcogenide glasses in As2Se3 - 
Cul using X-ray, Raman scattering and optical transmission experiments. 

EXPERIMENTS 

The chalcogenide glasses (100-x) As2S3 - x Cul with different concentration of Cul (x= 
0....90) were prepared by the use of properly weighed analytical grade Cul and synthesised 
As2Se3. The elemental arsenic and selenium as well as the copper-iodine were purchased from 
ALDRICH with a purity of > 99.999%. To obtain glassy As2Se3, pure selenium and arsenic 
(6N) were weighted and the mixture was vacuum sealed in a quartz tube. The tube was kept at 
950K for 6 hours in a rocking furnace. The samples were quenched from the melt with rate 1 
K/s. For each concentration, the mixture of As2Se3 and Cul was vacuum sealed in a quartz 
tube and kept afterwards at 1100K for 48 hours. During this time the liquid was stirred every 
30 minutes in order to get a homogeneous melt. After this the mixture was cooled down to 
700 °C with a rate of 1 °C/min and kept at this temperature for more than 10 hours. Next, the 
sample was rapidly quenched by plunging it into a water/ice mixture. No annealing was 
performed to prevent any micro crystallisation. For the X-ray and optical transmission 
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(100-x)As,Se, - xCul 

measurement plates of 10x10x0.5 mm with polished surfaces were cut. For the Raman 
measurement samples of a thickness larger then 3 mm were used to insure bulk 
measurements. 

X-ray measurements have been performed on a Debye-Scherrer goniometer (focusing- 
reflecting geometry; Cu K« radiation with X = 1.542 Ä; angular resolution 0.1°). The Raman 
spectra from 50 to 3500 cm"1 were measured by IFS 55 spectrometer with FHA 106 accessory 
(Bruker) using back-scattering geometry and Nd:YAG laser beam (1064 nm, 100 mW) as 
excitation light and a resolution of 4 cm"1. Each dataset consists of 100 scans which results in 
a big signal noise ratio. There was no sign of signal deterioration due to photodarkening 
effect. For the transmission experiment we used a double beam spectrometer SF2 in the range 
of 750 nm to 1100 nm. The spectral slit gave result a 2 nm. 

RESULTS 

Figure 1 shows measured X-ray diffraction patterns for the investigated glasses (fig. 1) (strong 
lines at 30-35 nm"1 are from the holder). The FSDP is disappeared for glasses with Cul 
concentration more 30%. As shown in Ref. [7,8,9] the FSDP can be approximated by a simple 
Lorentzian. Thus we used also a Lorentzian 
approximation to evaluate the width Aß of 
the FSDP. The intensities I(Q) on the side of 
small ß-values were fitted to a Lorentzian 
with a peak position ß;   and a width  Aß. 
Figure 2 shows the calculated half width of 
the FSDP (Aß) (open circle), the correlation 
length   (Re)    (solid   circle)   which   was 
estimated   from   Aß   using   the   relation 
Rc=2-nJAQ. Note the strong increase of Aß 
with concentration, while the peak position 
Qi changes only about 10%. Figure 3 shows 
the normalized Raman spectra of glasses in 
(100-x)As2Se3-xCuI   system.   The   spectral 
shape of the band between 200 and 300 cm"1 

does not significally change up to 70% Cul. 
At the concentration of Cul more 70% the 
additional bands at are appeared. The peaks 
at 83 and 122 cm"1 are corresponds to the 
vibrational modes of crystalline Cul. The 
peaks at 106, 171, 215, 228 and 247 cm"1 are 
corresponds to the crystaline AsiSe^. The 
transmission spectra are shown in Fig. 4 for 
pure As2Se3  and  samples  with  different 
concentrations of Cul. The transmission of 
the glasses is drastically decreased with Cul 
concentration. From the transmission (7) o     5     10    15    20 
spectra the absorption coefficient a was Oiiriroie%i 
calculated using Equation 

Figure 2. 

3.0-. 

2.5- 

2.0- 

1.5- 

1.0 

0.5 

10       20 30 

ß [nm"' 

40       50 60 

Figure 1. 

12- I 
Rc 

5- 
10- 

/ 
- 

% 8" 
I 

2 6- 

4- 

AQ 

/ 
5 

i- 
9- 

-12.0 

15 

3° 

-1.0" 

05 

25     30 

IS(NOG)2'98 303 



(100-x)As2Se3-xCuI 

Figure 3. 

As2&j 

.10% Cul 

30%CuI 
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60%CuI 

/ 
.V 

a(X)=-{lnT(X)-ln(l-R2)}/d 

here d, X and R are thickness of the sample, 
wave length of light and reflection, 
respectively. From the energy-dependence 
of a the slope of the absorption edge (y) 
using the Urbach-Equation 

a(hvyaoxexp[-tf(Eo - hv)lkT)] 

and gap at a=100 cm'1 were calculated. The 
slope of absorption edge (solid circle) and 
gap (open circle) in glasses of (100-x) 
As2Se3-xCuI system are shown in Fig 5. The 
slope of the edge is strong decrease with Cul 

concentration from 20.6 for pure As2Se3 to 
7.6 for glass with 60% Cul, while the gap 
change only slightly (from 1.63 eV to 1.35 
eV). 

DISCUSSION 

Let us discuss the experimental results in the 
frame of layer structure model for glassy 
As2Se3 [1,7,10]. Addition of Cul to glassy 
As2Se3  causes  strong changes  of FSDP, 
slope of the absorption edge and maximum 
transmission.  The correlation length (Rc) 
which presents the scale of medium range 
order,     is     closely    related     to     some 
characteristic      distance      between      the 
underlying structural units which produce 
the FSDP. The width of this peak gives 
information    about    the    distribution    of 
structural   fragments.   Insertion   of   Cul 
molecules to glassy matrix cause a loss of 
the correlation between the As2Se3 layers 
and appeared as a broadening FSDP. The 
optical data suppose that the Cul molecules 
located  between   the   layers   destroy  the 
As2Se3 network by introducing an additional 
disorder    which    cause    scattering    (or 
absorption) of the light into the glass and 
appears  as  a decreasing  of transmission Mgure 5. 
(from 60% for pure As2Se3 to 17% for glass containing 60% Cul) and slope of absorption 
edge (form 21 to 7). It has been shown that in most glass-formers the slope of the absorption 
edge is between 16 and 20. Transmission for such materials in IR region is more 60% and it 
may be calculated from the refractive index. The addition of Cul causes only a disturbance of 
the A^S^-network without strong chemical interaction. This conclusion is consistent with 
Raman studies. The broad band at 200-300 cm'1 which is connected with vibration modes of 
the AsSe3 pyramid changes only slightly (i.e. structural changes of basic glassy As2Se3 matrix 
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are significantly lower then one would expect when 60% of other materials (Cul) is added) 
and new bands (from crystalline A^Sej and Cul) can be seen but only for samples with 70% 
and more Cul (Fig.3). Thus we can conclude that Cul only destroy A^Sej network by 
introducing an additional disorder and thus no chemical interaction between Cul and A^S^i 
network takes place. 

CONCLUSION 

X-ray small angle scattering, Raman spectra, visible and near IR optical spectra glasses in 
As2Se3-xCuI system have been measured. The experimental results indicate that Cul has 
strong effect on the width of FSDP, optical transmission and slope of the absorption edge. In 
contrast, the position of FSDP and Raman spectra caused by addition of Cul in concentration 
up to 60% shifts only slightly. This can be interpreted to means that addition of Cul cause a 
disturbance of the As2Se3 network combined with the creation of an additional disorder 
(inhomogeneity). This our conclusion has been confirmed by Raman spectroscopy, as the 
main bans at 200-300 cm"1 which corresponds to vibration modes of AsSe3 pyramids has not 
be practically changed and no new bands were observed in spectra. At the concentration of 
Cul 60% and more the crystalline phase is appears in the samples. It has been confirmed by 
X-ray diffraction and Raman measurements. 
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The local structure of tellurite glasses has attracted much interest in connection with their 
promising optical and electrical properties. It is well known that binary tellurite easily forms 
glass compared with the pure Te02 [1,2]. Incorporation of second components to Te02 glass is 
expected to extend the Te-0 interatomic distance, which increases the mobility of the polyhedra 
and thereby provides a favorable condition necessary for tellurite vitrification [3]. The 
relationship between glass structure and added alkali ion composition has been discussed by 
means of Raman spectroscopy [4]. However, the exact form of the Te-0 structural units in 
potassium tellurite glasses has not yet been established. Therefore, we have studied the structure 
of the K2OTe02 glasses by using Raman spectroscopy, neutron diffraction and XAFS 
measurements. Furthermore, we have extended our study to the structure of the K2OTe02 

glasses at high temperature by high-temperature Raman spectroscopy and high XRD methods. 
xK2OTe02 (x=5, 10, 15, 20, 25 and 30mol%) glasses were prepared using a roller- 

quenching technique by a twin-roller apparatus with a thermal-image furnace [5]. 
Fig. 1 shows Raman spectra of the xK2OTe02 (JC=5, 10, 15, 20, 25 and 30mol%) glasses. 

The obtained Raman spectra for these glasses exhibited three broad Raman peaks at around 770, 
670 and 460cm"; at room temperature. These peaks are ascribed to the stretching mode of the 
Te03 trigonal pyramid (tp) units containing terminal Te-0 bonds such as Te=0 and Te-O" with 
non-bridging oxygen atoms (NBO), the stretching mode of Te04 trigonal bipyramid (tbp) units 
with bridging oxygen atoms (BO) and the bending mode of Te-O-Te or O-Te-0 linkages, 
respectively [6,7]. The intensity of the 170cm'1 peak gradually becomes larger, and those of the 
670cm' and 470cm'1 peaks become smaller as the ratio of K20 content is raised. The Raman 
results indicate that the addition of K20 increases the Te03 tp units with NBO in thexK2OTe02 

glasses. It is explained that potassium ion which is a network-modifying element stabilizes the 
Te03 tp units in the JcK2OTe02 glasses. 

The detail of the K-O correlation and Te-0 correlation in the ;eK2OTe02 glasses were 
studied by XAFS measurements and neutron diffraction. Fig. 2 shows normalized XAFS 
spectra at the K K-edge. of these glasses. The structural parameters for the K-O correlation in 
the xK2OTe02 glasses have been obtained from a best-fit routine, as summarized on Table 1. 
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Fig. 2. Normalized KK-XAFS spectra for the jcK2OTe02 (x=i0,20, and 30mol%) glasses 
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The K-0 distances are almost equal to the sum of the ionic radii K+ and O2' (=2.73Ä). Total 
coordination numbers (Afc/oin Table 1) are almost six. A k3x{k) of the 30K2O70Te02 glass is 

compared with a calculated k3x{k) of K2Te03 [8] and K2Te40i2 [9] crystals in Fig. 3. These 

k3x(k) spectra from experimental data are similar to the k3x{k) spectrum from FEFF 
calculation of K2Te03 crystal [8] than that of K2Te40i2 crystal [9]. It is considered that the 
local structure of potassium inxK2OTe02 (x=5,10,15, 20, 25 and 30mol%) glasses is similar 
to that of K2Te03 crystal in which the K atoms are octahedrally coordinated to six 0 atoms with 
distances ranging from 2.728 to 3.05(M°[8]. On the other hand, the neutron diffraction results 
indicate the detailed Te-0 correlation in the K20-TeQ2 glasses [10]. The well-defined low r 
component of the Te-0 peak moves to lower r and becomes sharper as K20 is added. Its 
coordination number falls from -2.5 to -2.2. These neutron results are consistent with the 
expected increase in the number of non-bridging oxygen. The neutron results are good 
agreement with our TeZJ-edge XANES in xK2OTe02 (JC=10, 20 and 30mol%) as shown in Fig. 
4. 

Table 1. Structure parameters of short range order, mean distance R (Ä), coordination number 
N (atoms) and Debye-Waller factor a (A) forxK20-Te02 (x=10, 20 and 30mol%) glasses 

NKIQ (atoms) RK/O(A) cfr/o (A) Sample 

10K2O-90TeO2 K-0 5.9 2.71 0.153 
20K2O80Te02 K-0 6.0 2.71 0.167 
30K2O-70TeO2 K-0 6.3 2.74 0.172 
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Fig. 3. k3x{k) spectrum from experiment data of 30K2O-70TeO2 glass and spectra 
calculated using FEFF program for K2Te03 crystal [8] and K2Te40i2 crystal [9] 

Fig. 5 shows the high-temperature Raman spectra for 20K2O-80TeO2 glass. The intensity 
ratio of 710cm' peak and 670cm'1,470cm'1 peaks becomes larger with increasing temperature. 
The high-temperature Raman results indicate that Te-O-Te or O-Te-0 linkage is cut with 
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Fig. 5. High-temperature Raman spectra for 20K2O80Te02 

increasing temperature. And then, the glass melts through crystallization process. The intensity 
ratio of the 770cm'1 and 670, 470cm'1 reversed. It is considered that a part of TeC>4 tbp units 
have changed to Te03 tp units. The Raman profile of 20K2O-80TeO2 glass above glass 
transition temperature (Tg) is similar to that above melting temperature (Tm). At temperature 
above crystallization temperature (Tc), sharp peaks are observed at around 720cm" , and the 
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position of those peaks is similar to that of the peaks at temperature above Tm. This shows that 
a large portion of crystal structure consists of Te03 tp units. The network structure in the 
20K2O-80TeO2 melt is mainly made up of Te03 tp units. 

Fig. 6 shows high-temperature XRD profiles of the 20K2O-80TeO2 glass. In the temperature 
region from room temperature to 530ÜT there are no peaks due to the crystal phase. At 590K 
many crystallization peaks were observed. And then diffraction peak patterns perfectly 
changed at 660K. At 690/C diffraction profile was in fusion state. These crystallization 
behaviors correspond to DTA and high-temperature Raman results. The XRD profile of the 
20K2O80Te02 melt slightly differs from that of the correspond glass. This fact reflects the 
difference of network structure between 20K2O-80TeO2 melt and glass suggested in high- 
temperature Raman spectroscopy. It is considered that the change of structure occurs 
accompanied by the change of network units. 

3 

X 

Fig. 6. High-temperature XRD profiles of the 20K2O-80TeO2 glass 
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INTRODUCTION . 
The development of new glasses for photonic devices or communication systems in the near 
infrared region (1.3 or 1.5 um communication wavelengths) requires to identify the 
microscopic origin of the optical nonlinearities in the spectral range of utilization. Up to now 
the third order nonlinearities were obtained with various techniques and at wavelengths (Xm) 
more or less close to the fundamental absorption leading to a puzzling discrepancy between 
measured values for the same material (1). Moreover the resonant and nonresonant 
contributions are not always clearly isolated and strong reduction of the X(3) values are 
observed as Xm increases. Recently accurate values of x(3) were obtained at 1.5 um for 
various metal oxides using a time resolved interferometric technique (2) . The glasses, to be 
representative of a large scale of optical nonlinearities, was choosenonthe basis of previous 
theoretical investigations analyzing the magnitude of the hyperpolarizability of ions or more 
complex structural entities identified in such materials (3,4). The largest nonlinear response are 
generated by heavy cations associated with ns2 electron pairs (Te4+, Bi3+, Pb2+, Tl+). In 
contrast the lowest third order nonlinearity in oxyde glasses are found for the various forms of 

silica (1). 
The origin of the nonlinearity in tellurite glasses was attributed to the Lewis 5 s free doublet 
of electron on tellurium (5). In the present study the attention is focus on the effect of a 
second lone pair holder (Tl+ and/or Bi3+) upon the optical properties of tellurite glasses. This 
paper introduces the method of x(3) measurement at 1.5 um, describes the structural features 
characterizing the new investigated glasses on the basis of the crystal chemistry of 
thallium(I) tellurite oxides and discusses the relations between the optical nonlinear response 
and the compositions and structures of the glasses. 

EXPERIMENTAL 
The elaboration   of glasses has been   previously reported (6). The Raman spectra were 
recorded using a Dilor X Y triple monochromator. 
Optical measurements of thallium(I) tellurite glasses. 

The non linear phase measurement relies on a Mach-Zehnder interferometer as 
displayed in fig (1). The laser used in this setup is an OPO pumped by a TiSa oscillator, (an 
OPAL and Tsunami from Spectra Physics) which delivers linearly polarized pulses of 150 fs 
(HWHM) at around 1.5um with peak power of 10 Kw. 
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Figure 1 :Mach-Zhender interferometer used for the n2 measurement 

As the sample is located in the probe arm, the group index in the femtosecond regime at the 
operating wavelength is measured simply using the delayed reference arm. When the (stronger) 
collinear pump beam interacts, the analysis of the interferometric signal gives access to both 
ultra fast and slow nonlinearities. An afocal in the probe arm provides a convenient beam 
waist in the sample while great care is taken to insure a perfect overlap between both pump 
and probe beams. The signal from the two photodiodes PD]^ is used as an error signal to lock 
the average phase between probe and reference beams and to measure the nonlinear phase shift 
induced by the electrooptically modulated pump beam(16). The resulting modulation of the 
signal is recorded using a spectrum analyzer and absolute values and dynamic of the non linear 
susceptibilities can be measured through the evolution in amplitude and phase of the relevant 
Fourier component recorded as a function of the pump-probe delay. 
As expected for purely non-resonant glass sample, the response arises from a pure 
instantaneous electronic contribution, and in the collinear configuration, this leads to a signal 
whose average is due to the cross correlation between pump and probe fields and oscillations 
are due to third order coupling processes. The maximum average phase shift, free from any 
coherent contributions, is related to the nonlinear index by: 

»2 = 
.P„u„,n4jzrarctan pump 

IX 
\2nWl 

In this orthogonaly pump probe polarization scheme the determination of Xxxyy will be 
sufficient to characterize the non linear response since the fourth rank tensor is totally 
symmetric among its indices (i.e. 3*Xxxyy ==3*Xxyyx =Xxxxx) for isotropic materials. 
The above linear relationship can be used to extract the sign and as every parameter in this 
expression is carefully controlled, an absolute value of the instantaneous nonlinear refractive 
index can be computed. The accuracy of all optical parameters limits the precision of our 
measurements to roughly 10%. The sensitivity of this interferometer is around 10'20 m2/watt 
mainly due to the moderate peak power of the OPO. 
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STRUCTURE OF THE THALLIUM (D TELLURIUM (TV) GLASSES • 
Crystal chemistry of thalliumffl tellurite oxides 
Some important points emerge from   the careful analysis of structures of the various 
crystalline phases observed within the Tl20-Te02 system (i.e. a and ß-Te02, Tl^Oy, 
TljTeA, Tl2Te03 and T120) (7-12). 
1) In each structure the arrangement of anions around cations is highly anisotropic and 
characteristic of a strong stereochemical activity of the electronic lone pairs E of cations. 
2) From Te02 to Tl2Te03, the anionic coordination polyhedron of Te4+ changes progressively 
from a Te04 disphenoi'd (in fact a TeCXtE trigonal bipyramid with two "relatively long" axial 
distances, two "relative short" equatorial distances, and the lone pair E so directed as to 
constitute the third equatorial corner (figure 2a)) to a Te03 trigonal pyramid (in fact a Te03E 
tetrahedron (figure 2c)), via an intermediate Te03+1 polyhedron (figure 2b). The anionic 
polyhedra of Tf cations show nearly the same kind of evolution \with a progressive 
transformation of the TIO4E trigonal bipyramids, observed in TbTejOr- (figure 2d), into the 
perfect T103E tetrahedra of T120 (figure 2e). Such evolutions clearly indicate that increasing 
thallium content enhances the anisotropic character of the anionic arrangement around cations 
and that the stereochemical activity of the lone pair of tellurium atoms is strengthened by the 
presence of a second lone pair holder. 

Figure 2 : The various cation coordination polyhedra observed in crystalline Tl-Te mixed oxides (arrows 
vizualize the direction towards which the lone pairs E are directed). 
Table 1 : The tellurium coordination polyhedra and their linking observed in crystalline Tl-Te 

mixed oxides 

TeOx polyhedra Te-0 distances(Ä) TeOx linking 

Te02a Te04 2x2.12; 2x1.88 3D: corner-sharing Te04 

Te02ß Te04 1.87/1.89/2.07/2.15 2D: edge and comer-sharing Te04 

Tl2Te307 Te(2)03 

Te(l)03+1 

Te(3)04 

1.837/1.898/1.912 
1.833/1.912/2.032/2.223 
1.834/1.943/2.108/2.154 

Te307 strips : edge and corner- 
sharing polyhedra 

Tl2Te205 a Te(2)03+1 

Te(l)04 

1.870/1.873/2.041/2.327 
1.908/1.925/2.034/2.162 

Te205 sheets: edge and corner- 
sharing polyhedra 

Tl2Te03 Te03 1.826/1.828/1.891 isolated Te03 groups 

3) TeCXiE polyhedra are systematically connected via Te-eqO-ax~Te bridges, which can be 
single bridges (corner sharing) or double bridges (edge sharing). Each double bridge leads 

IS(NOG)2,98 313 



logically to short Te-Te (about 3.4 Ä instead of 3.7 - 4 Ä for a single .bridge) and 0-0 
distances (about 2.55 Ä). 

Raman investigation of thalliumfl) tellurite glasses. 
On the basis of these observations and of the analysis of the Raman spectra of homologous 
crystalline phases, the Raman spectra of T120 - Te02 glasses (see figure' 3) can be interpreted. 
The pure Te02 glass spectrum is composed of two broad peaks. The peak at 650 cm"1 (noted 
Gls) can be assigned to the totally symmetric stretching vibration of the "pseudo-molecular 
Te02" entity of the Te04 polyhedron (short equatorial bonds) and its shoulder (noted Glas) to 
the corresponding asymmetric vibration. The peak at 430 cm'1 (noted P) and its shoulder at 
about 460 cm"1 can be assigned to the stretching vibrations of respectively single or double 
Te-e<!0-a!£--Te bridges. 
The spectra of Tl2Te307 and TljTeA glasses are nearly identical but exhibit noticeable 
differences with the pure Te02 spectrum. Addition of T120 leads to the appearance of two 
new bands (an intense one at about 710-720 cm'1 and a small one at about 250 cm'1) related to 
a progressive decrease of the intensity of the Gls and P peaks. With respect to the Raman 
spectra of crystalline phases (13) and to the previous results of Sekyia et al. (14) and Dexpert 
et al. (15) on Te02-based glasses, the peak at 710-720 crn1 (called G2) has been assigned to 
the symmetric stretching vibrations of isolated Te03 groups.The peak at 250 cm'1, which is 
not observed for the pure Te02 glass, could be assigned to TI-0 vibrations.  After 
decomposition of the different peaks we observe that, with increasing thallium content, (i) the 
relative intensity of Gls peak decreases and the ratio G2/Gls increases, (ii) the peaks ratio P/Gls 

or P/(Gls+G2), which determine the relative quantities of Te-O-Te linkages with respect to 
Te03, Te03+i or Te04 entities, decreases. This clearly indicates a progressive transformation 
of corner and/or edge-sharing Te04 polyhedra into isolated Te03 trigonal pyramids. 
So thallium tellurite glasses are probably formed of TeOx (4ixs3) structural units linked 
together both by single and double Te-«0-ax-Te bridges. These glasses show the same 
structural evolution than that observed with the corresponding crystalline phases : increasing 
thallium content leads to a depolymerization of the tellurium structural units framework due 
both to the transformation of Te04 entities to isolated Te03 polyhedra through Te03+1 

entities and to the. decrease of the number of Te-O-Te linkages. 
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Figure 3 : Raman spectra of Te02, Tl2Te307 and Tl2Te205 glasses. 
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DISCUSSION AND CONCLUSION 

Table 2: Linear and nonlinear indices, x(3), at 1.5 \xm. 

Compounds n0 
n2 (m

2AV) 10'19 X(3)(V2/m2)10-21 

Suprasil 1.422 ±0.03 0.25 ± 0.2 0.089 

Herasil 1.467 ±0.01 0.121 ±0.09 0.046 

90 Te02- 10 A1203 2.003 ± 0.06 5.38 ±1.19 3.81 

90TeO2-10Nb2O5 2.144 ±0.05 6.93 ± 0.72 5.63 

80 Te02- 20 Nb205 2.166 ±0.05 5.94 ±0.81 4.93 

70 TeO2-30 TlO0.5 2.125 ±0.02 8.6 ±1.0 6.87 

65 Te02-35 TlO0.5 2.094 ± 0.02 8.9 ±1.0 6.90 

80 TeO2-10 TlOo.3-10 
BiO,.5 

2.150 ±0.07 7.17 ±0.72 5.87 

73.9Te02-23.5T10o.5- 
2.6 BiOi.5 

2.156 ±0.07 9.1 ±1.7                          7.48 

1 

As mentioned above the lower limits of n2 for oxide glasses is provided by the various forms 
of silica. Only the introduction of fluorine in glasses can decrease n2. In contrast the addition 
of d° shell metal ions like Ti4+ or Nb5+ or metal ions with lone pair like Te4+, Tl+, Bi3+ 

increases the nonlinear response. Recent theoretical approaches connected to the 
identification of the structural groups appearing in the glasses listed in table 2 allow the 
magnitude of n2 to be explained. 
In rich titanium glasses the tetragonal Ti05 pyramids with a short Ti-0 bond (1.7 Ä) 
dominates as structural entity and the Ti-0 arrangement, deduced from EXAFS investigation, 
is consistent with the creation of KTP(KTiOP04)-like titanium oxygen chains i.e. with 
alternated short and long Ti-0 distances. In rich niobium glasses, the niobium oxygen network 
can be described as made up of corner shared NbOg octahedra in which the Nb-Nb distances 
are typical of those found in tungsten bronze framework. The polarization of the M-0 bond 
(M = Ti, Nb) with maximum p-d orbital overlap is the basic phenomenon at the origin of the 
nonlinear response but for the glasses with high titanium or niobium concentration, the 
additivity of the contribution of microscopic M-0 bond polarization cannot be longer applied 
and the n2 values are enhanced by the effect of the extended structural arrangement (17). 

The theoretical approach of tellurium oxide glasses has been carried out through ab- 
initio calculations (5). The highest occupied molecular orbital (3al) of both (Te04)4" and 
(Te03)3" groups is of the antibonding type and contains essentially the tellurium 5s atomic 
orbital and the 2p atomic orbital of oxygen and then correlated with the 5 s2 non bonding 
doublet of Lewis. In addition the mean polarizability a was found about 20% higher for the 
Te04 cluster than for the Te03 one. 
In the investigated tellurium oxide glasses the introduction of A1203 or Nb205 leads to the 
progressive transformation of Te04 trigonal bipyramids into Te03 trigonal pyramid through 
an intermediate Te03+1 asymmetric polyedron (5) and accordingly to a decrease of n2. This 
effect is less marked for tellurium niobium glasses due to the contribution of the niobium 
oxygen bond to the nonlinear response. In contrast the introduction of T120 and/or Bi203 
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induces an increase of the nonlinear indice although the same structural transformation of the 
tellurium oxygen groups is observed. This evolution illustrates clearly the predominant 
contribution of the T1(I) lone pairs which are strongly active in term of stereochemistry and 
consequently highly polarizable, assuming an identical environment of thallium atoms by 
oxygens in glasses and crystals. 

In conclusion the nonresonant nonlinearities can be predicted in oxide glasses by 
analyzing the respective effect of high valence transition metal ions such as Ti(IV), Nb(V) and 
highly polarizable ions such as Te(IV), T1(I), Bi(ffl). The two types glasses give rise to 
nonlinear response intensities which are respectively about 10 times and 30 times that of 
silica. The reported n2 values can be correlated to the electronic polarizability (or 
hyperpolarizability) of individual metal oxygen entities in connection with the structural 
features of short range order appearing in the glasses. In such oxyde glasses the upper limit of 
nonresonant n2 is about 10'18 m2/W. 
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ABSTRACT 
Ga K-edge EXAFS spectra of PbO-Ga203 glasses were recorded at liquid-nitrogen 

temperature in order to understand the coordination scheme of gallium in glasses 
quantitatively. Enhanced spatial resolution of the experimental EXAFS functions at cryogenic 
temperature provides an opportunity to consider the distribution of Ga-0 bond lengths. Four 
oxygens were bonded to each Ga forming GaC>4 tetrahedra at the average bond distance of 
0.1855-0.1862 nm. A fitting assuming a non-Gaussian distribution of Ga-0 bond distances 
provided better results with a smaller R-factor compared to the Gaussian counterpart. Two- 
subshell fitting suggested that oxygens with Ga-0 bond distance of -0.187 nm are bonded to 
three cations while the shorter ones are two-coordinated. 

INTRODUCTION 
Structure of PbO-Ga203 glasses has been subject of many research works, since they 

contain no traditional glass-former. Infrared, Raman and Nuclear Magnetic Resonance(NMR) 
spectroscopic studies suggested that most gallium ions are in a four-fold coordination of 
oxygens[l-3]. Quantitative analysis by the X-ray and neutron diffraction studies showed less 
than 10 % of total gallium ions are surrounded by six oxygens[4]. A recent EXAFS analysis 
also proved the four-fold coordination scheme of galliums with a negligible amount of six- 
fold coordination[5]. On the other hand, average Ga-0 bond lengths of 0.1856-0.1861 nm in 
glasses were longer than 0.183 nm which is normally found in crystals with a similar 
coordination scheme. These long Ga-0 bonds seemed to be associated with the three- 
coordinated oxygens. However, since the room-temperature EXAFS spectra provided only an 
average value of Ga-O distances for each glass, no quantitative information on the distribution 
of the bond lengths could be obtained. 

The present study, therefore, aimed at detailed analysis on the oxygen coordination 
scheme around gallium in binary PbO-Ga203 glasses by analyzing the Ga K-edge EXAFS 
spectra recorded at liquid-nitrogen(LN2) temperature. Ga-0 correlation shells in these EXAFS 
spectra recorded within the photoelectron momentum(&) range of 30—145 nm"1 were 
analyzed based on three different local structural models. 

EXPERIMENTAL PROCEDURE 
99.9% pure yellow PbO and  /5-Ga203 were mixed to yield a 10 g batch with the 
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composition of (X)PbO-(l-X)Ga203, where X is 0.7, 0.75 and 0.8 in mole fraction. Mixed 
starting materials were melted at 1000 °C for 15 min in air using a platinum crucible. Yellow- 
orange colored samples were prepared by pouring the melts onto brass mold. Detailed sample 
preparation procedures can be found in the previous report[5]. 

Absorption spectra of Ga K-edge were recorded on the EXAFS beamline of VEPP-3 
storage ring in Siberian Synchrotron Radiation Center at Budker ESfP, Novosibirsk, Russia. 
Energy and current of the electrons were 2.0 GeV and 80-120 mA, respectively. 
Measurements were done in the transmission mode with a Si(lll) channel-cut 
monochromator at the fixed beam position. All spectra for glass samples were recorded at 
liquid nitrogen temperature. The monochromator was calibrated using LI, LII and LEI edges 
of a Ta metal foil to produce the energy resolution of approximately 2 eV at the Ga K-edge. A 
fused silica mirror was used to reject higher harmonics. Two ion chambers filled with Ar(5%) 
+ He(95%) and Ar(100%) were used to detect the intensity of an incident and transmitted 
beam, respectively. 

Extraction of EXAFS interference function from the raw absorption spectrum was done 
using the AUTOBK program[6] and explained in the previous publication[5]. Fourier 
transform of %(k) was carried with a k3-weighting factor and a Hanning window function 

with a fixed window parameter( Dk) of 1.0 for all spectra. Two end points of Fourier 
transform, kmn and £max were 30 ±10 nm"1 and 145 ±20 nm"1, respectively. Value of kmm 

was larger in the present work compared to .that of 120 ±30 nm"1 for the room-temperature 
spectra[5] due to the increased amplitude and signal to noise ratio of spectra recorded at low 
temperature. 

Validity of the theoretical Ga-O pair EXAFS function generated from FEFF6 
program[7] was examined using the experimental EXAFS function recorded for the standard 
BaGa2Ge208 crystal. Non-linear least-squares fitting was carried in R-space within the range 
of 0.09-0.22 nm, where the Ga-0 partial distribution peak is located. All parameters used in 
the data reduction processes were kept constant for both glasses and crystals. Extraction of the 
EXAFS interference functions, Fourier 
transforms into K or R spaces as well as 
non-linear least-squares fitting were carried 
out using the UWXAFS 3.0 software 
package[8]. Again, more detailed 
descriptions on the data reduction and fitting 
procedure were given in the previous 
report [5]. 

METHODS OF FITTINGS AND RESULTS 
Experimental Ga K-edge EXAFS 

spectra in K-space recorded from three 
glasses at LN2 temperature are shown in Fig. 
1. It revealed the larger amplitude and more 
regular variations of EXAFS oscillations 
above the k value of -120 nm"1 compared 
to those recorded at room temperature[5]. 
They provide an opportunity for more 
precise fittings with different structural 
models including two-subshell fitting of Ga- 
O correlation peak. In case of a PbGa204 

Photoelectron momentum (A"') 

Fig. 1 k~ -weighted Ga K-edge %(k) spectra 

from three glasses with the composition of 
(a) 70PbO-30Ga2O3, (b) 75PbO-25Ga203, (c) 
80PbO-20Ga2O3 and (d) crystalline standard 
of PbGa204. Solid lines and dotted lines 
represent the spectra recorded at LN2 

temperature and room temperature, 
respectively. 
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crystal, the room temperature EXAFS spectrum was good up to the k value of 145 nm" . 
Three different fitting models were used to attain the most reasonable fitting of Ga-0 partial 
correlation peak in the EXAFS spectra recorded. The first model(Model I) assumes the 
Gaussian distribution of Ga-0 bond lengths. Four independent fitting variables used for this 
fitting   were   the   energy   origin   shift(£0),   Ga-0   bond   distance(/?Cfl_0),   coordination 

number(N) of oxygen around Ga and the EXAFS-type Debye-Waller factor(cx2). Two 
additional fitting variables were used in Model II, which were the third(C3) and the 

fourth(C4) cumulants. This expansion on cumulants was used as a convenient way to express 

the disorder independent of the model chosen for the atomic distribution function[9]. Presence 
of a certain order of non-Gaussian distributions in Ga-0 bond distances can be corrected by 
introducing these higher order cumulants[10]. A theoretical EXAFS interference function 
including higher order cumulants used in this analysis was[8]; 

X(k) = \m\ 
A(k)NS, 

k(R0 +AR] 
-exp -Z R* 

r 
xexp 7k 

Hk) 

2\ 

-2*2<rz--*4G 

R0+AR-2 
R 

+ d(k)-^k3a 

where A (k ), X (k ) and S (k ) are the 
functions of the back-scattering amplitude, the 
photoelectron mean-free path and phase shift, 
respectively. All of them were calculated from 
the FEFF6 code. RQ and AR is the estimated 
Ga-0 bond distance and the difference in bond 
length between the theoretical and the 
experimental EXAFS spectra, respectively. 

In Model m, fittings with two different 
Ga-0 distances(approximately 0.182 and 
0.186 nm) in the GaÜ4 tetrahedra were 
attempted using seven fitting variables. In fact, 
a PbGa204 crystal has a wide variation of Ga- 
O bond lengths of 0.181-0.187 nm[ll]. In 
addition, the previous EXAFS investigation[5] 
gave an average bond length of -0.186 nm 
which is longer than that found from the 
crystals with a uniform Ga-0 distance. 
Therefore, it is reasonable to assume the 
presence of two groups of Ga-O bonds with 
significantly different lengths. After the 
coordination number(N (i)) of oxygens with 
a longer bond distance was calculated, the 
other N ill) was obtained simply by 
subtracting N (/) from four. Results of each 
fitting are listed in Table I along with the 
variables used for the calculation. 

R-factor, calculated by normalizing the 
differences     between     experimental     and 

o j 

IB 

14 Ä             (a) 
12 

.    10 '      f 
8 [ 

6 .    ! 
4 

3 2 
(0 

1-    0 ...t.flS«rft«A»<-.| 

3       4       5     0       12 

Radial distance (A) 

Fig. 2    Magnitude of Fourier transforms 

of   &3-weighted   %(k)    spectra   for   (a) 

70PbO-30Ga2O3, (b) 75PbO-25Ga203, (c) 
80PbO-20Ga2O3 glasses recorded at LN2 

temperature and (d) the standard crystal 
PbGa204 at room temperature. Solid lines 
and dots are from the experimental and the 
fitted with model II, respectively. The 
phase shifts were not corrected and only 
the nearest-neighboring peak was fitted. 
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theoretical values against the magnitude of experimental values, provides a measure of 
goodness of the fitting. It is the smallest in Model II for all glasses(Fig. 2). This cumulant 
fitting scheme of Model II seems to take the best snapshot of distribution of oxygens around 
Ga, being judged from the R-factor and coincidence of the fitted values with the structural 
informations obtained from other investigations(Table II). On the other hand, R-factor of 
Model I is the largest of all. Furthermore, Ga-0 bond lengths obtained from Model I were 
somewhat different from those obtained from the previous room-temperature EXAFS and the 
neutron scattering analyses[4,5,12]. In addition, oxygen coordination numbers which were 
smaller than four in Model I, increased to approximately four in Model H It suggests that the 
amplitude envelop of the Ga-0 correlation peak should be analyzed by assuming the non- 
Gaussian distribution of Ga-0 bond lengths in glasses especially when an EXAFS spectrum is 
taken at the cryogenic temperature. 

Table I Fitting variables and results of each fitting scheme used to fit Ga-0 pair correlation 
peak in Ga K-edge EXAFS taken at LN2 temperature for glasses and room temperature for 
PbGa2Q4 crystal 

Variable 

PbGa204 70PbO-30Ga 2O3 |           75PbO-25Ga203 80PbO-20Ga2O3 

Mode! 1 Model II Mode! Ill Model I Model n Mode! Ill | Model I Model II Model III Model I Model n Mode! Ill 

R-factor 0.015 0.003 0.005 0.008 0.005 0.006 0.009 0.004 0.006 0.011 0.002 0.006 

R&.-o(D 
(A) 

1.874 
(0.008) 

1.851 
(0.016) 

1.868 
(0.01.6) 

1.867 
(0.005) 

1.857 
(0.012) 

1.871 
(0.013) 

1    1.864 
(0.008) 

1.855 
(0.009) 

1.873 
(0.014) 

1.846 
(0.007) 

1.862 
(0.006) 

1.876 
(0.011) 

N(I) 
3.68 

(0.49) 
4.06 

(0.45) 
2.90 

(0.74) 
3.59 

(0.47) 
3.95 

(0.33) 
2.46 

(0.68) 
3.86 

(0.36) 
4.08 

(0.38) 
2.38 

(0.54) 
3.80 

(0.42) 
4.00 

(0.31) 
2.16 

(0.73) 
ai (I) 

no-5 A2
) 

675 
(114) 

917 
(68) 

471 
(274) 

197 
(55) 

285 
(79) 

6.8 
(321) 

274 
(61) 

350 
(112) 

4.1 
(317) 

196 
(83) 

314 
(87) 

10 
(442) 

c3 
(104A3) 

-3.85 
(1.66) 

-1.01 
(2.16) 

-1.02 
(3.18) 

1.90 
(1.86) 

c4 
(10"5A4) 

3.67 
(710) 

1.34 
(721) 

1.20 
(821) 

2.33 
(519) 

RGa.0(II) 

(A) 

1.822 
(0.08) 

1.817 
(0.06) 

1.821. 
(0.06) 

1.824 
(0.05) 

N(II) 1.10 1.54 1.62 1.84 

o (ID 
(10-3A2)I 

316 
(841) 

10 
(523) 

10 
(497) 

6.2 
(352) 

* E0 shifts are within -2-6 eV in all cases. 
** Upper limit of a2  was set to 10"4 A2 in model III only for glasses 
*** Values in the parentheses are the estimated uncertainties. 

Table II   Average Ga-0 bond engths in PbO-Ga203 glasses 

>v    Source 

Composition   \. 

EXAFS* 
RT 

EXAFS 
LN2 

(Model I) 

EXAFS 
LN2 

(Mode! II) 

Neutron 
Scattering 

Neutron 
Scattering 

5 this study this study 4 12 

70PbO-30Ga2O3 0.1856 0.1867 0.1857 0.186** 0.18587*** 

75PbO-25Ga203 0.1858 0.1864 0.1855 

80PbO-20Ga2O3 0.1861 0.1846 0.1862 0.18602 
* single-shell fitting, R- 
** value for 50PbO-50( 
*** value for 67Pb0-3: 

range : 0.09 - 0.22 nm. 
jaO|.5(mole%) compos 
Ga203(mole%) compos 

K-range: 30- 120nm 
tion 
ition 

, without higher order cumulants 

320 IS(NOGr'98 2<r 



Model in assumes two different sets of Ga-0 bond distances, i.e. one at around 0.182 
nm and the other at 0.186 nm. Results of analysis showed that the longer Ga-O distances in 
glasses were in 0.1871-0.1876 nm, while the shorter ones were within 0.1817-0.1824 nm. 
The coordination number of longer Ga-0 subshell was in the range of 2.16-2.46 and tends to 
increase with increasing Ga2Ü3 concentration. However, the R-factor calculated in the Model 
HI was larger than that of Model II. It shows that a two-subshell fitting may not represent the 
best figures on the oxygen distribution around Ga since the Ga-0 distance is not at two 
distinct values but within a wide range. Therefore, Model II with the assumption of wide non- 
Gaussian distribution of Ga-0 bonds seems to provide more meaningful structural 
information. 

DISCUSSION 
It has been suggested that there exist oxygens bonded to three cations in these heavy 

metal oxide glasses[4,5,13]. Presence of the three-coordinated oxygens was speculated 
mainly from the formation of Ga04 tetrahedra from Ga2Ü3. In other words, if all Ga203 

forms Ga04 tetrahedra, which seems to be the case for these glasses[2-5], there will not be 
enough number of oxygens available. Formation of three-coordinated oxygens is necessary in 
order to compensate this oxygen deficiency. Miyaji et al.[4] also predicted the formation of 
three-coordinated oxygens from the average coordination number of 2.8 around oxygens in 
50PbO-50GaOi.5 glass. An average Ga-0 distance of -0.186 nm from the room-temperature 
EXAFS analysis[5] is longer than the average distance of -0.183 nm in crystals and can be 
an another evidence for the presence of three-coordinated oxygens. 

However, if Ga-O bond distance in glass is uniform at -0.186 nm, this leads to a 
conclusion that almost all of oxygens bonded to Ga should be three-coordinated which will 
make the glass formation very difficult. In fact, Ga-0 bond lengths are in-between 
0.181-0.187 nm in PbGa204 crystal[ll] and oxygens bonded to three cations have two Ga at 
the distance of 0.183-0.187 nm and one lead at -0.235 nm. On the other hand, those bonded 
to two Ga only have shorter Ga-O distances of 0.181-0.183 nm. Therefore, the Ga-0 bond 
lengths are asymmetrically distributed in PbGa204 crystal. The cumulant fitting scheme 
considering the non-Gaussian distribution(Model II) provided better results as evidenced from 
the smaller R-factor compared to the Gaussian case. This non-Gaussian distribution of 
oxygens around Ga seems to be attributed to the co-presence of two-coordinated and three- 
coordinated oxygens in glasses similar to that of a PbGa204 crystal. 

Model HI considering two distinct Ga-O bond lengths can be used to acquire 
quantitative figures despite of a slightly larger R-factor than Model II. Results of this two- 
subshell fitting(Table I) showed that the oxygen distributions of glasses are similar to 
PbGa204 crystal. More specifically, more than two out of four oxygens bonded to Ga have 
Ga-0 distance of -0.187 nm and they are most probably connected to three cations. On the 
other hand, the remaining oxygens are located at the distance of -0.182 nm and form two- 
coordinated oxygens. Obviously, this kind of calculations employing only two distinct Ga-O 
distances can not reflect the precise structural scheme of the Ga04 tetrahedra. In fact, Ga-O 
bond lengths in a crystalline PbGa204 can not be divided into two different sets. However, it 
is clear that bonds at the longer distances are associated with three-coordinated oxygens and 
vice versa. Therefore, the two-subshell calculation as in Model III can provide a crude idea on 
how many of those oxygens forming Ga04 tetrahedra are bonded to three cations even though 
calculations using Model II may reflect the overall structure more precisely. In addition, two- 
subshell model calculation shows an increase in the number of three-coordinated oxygens 
with increasing Ga203 concentration. 
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CONCLUSIONS 
Short-range order structural parameters around Ga in Pb0-Ga203 glasses were analyzed 

from the Ga K-edge EXAFS spectra recorded at the liquid nitrogen temperature. Four oxygens 
were bonded to each gallium forming Ga04 tetrahedra at the average bond distance of 
0.1855-0.1862 nm. A fitting assuming a non-Gaussian distribution of Ga-0 bond distance 
provided the best results with the smallest R-factor compared to the other cases. Fittings with 
two distinct Ga-O bond distances suggest that approximately 60 % of oxygens bonded to Ga 
is three-coordinated and the amount of which decreased with decreasing Ga203 concentration. 
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ABSTRACT 
Infra-red spectroscopy, thermogravimetry, and conductivity measurements were used to 
monitor the mechanism of surface alteration of zinc ultraphosphate glass under moist air at 
140°C. Water adsorption is followed with thermogravimetry. Infra-red spectroscopy shows 
that H3PO4 solution arising from the network hydrolysis appear on glass surface. Evolution of 
the surface conductivity gives evidence that this product concentrates with the exposition time. 

INTRODUCTION 
Ultraphosphate glasses containing large amounts of hydroxyl groups are of potential 

interest as matrix for protonic conduction [1]. We prepared zinc ultraphosphate glasses with 
large water content by melting of H3P04-ZnO mixtures for short times [2]. Water content as 
high as 13 mole% could be obtained when melting time is less than one hour. It is then usefull 
for the development of glassy matrix for protonic conductors to characterize the stability 
toward the atmospheric water. The mechanism of the phosphate glass network alteration was 
monitored with thermogravimetry, 31P NMR and surface conductivity measurements. 

EXPERIMENTAL PROCEDURE 
Zinc ultraphosphate glass containing large amount water was prepared by melting 

phosphoric acid and zinc oxide at 900°C for 1 hour. The glass was poured on a steel plate at 
room temperature. The molar composition is : 54.6 P205-34.2 ZnO-11.2 H20. 

Thermogravimetric curve was recorded on a Dupont thermobalance. The increase in 
temperature from 20 to 140°C was carried out under argon, then air with 88% relative 
humidity was introduced. The conductivity was measured using the the complex impedance 
method (Solartron 1170), with the same atmosphere schedule than the thermogravimetric 
analysis. Gold electrodes were sputtered on a polished glass sample. The infra-red spectra were 
recorded, using the KBr disc method, on samples previously heated at 140°C for the times 
shown on the spectra. 

RESULTS 
Figure 1 shows the thermogravimetric curve versus time at 140°C of a zinc 

ultraphosphate glass. After an induction period, an increase in weight is observed, that can be 
attributed to water adsorption. It occurs during 40 hours, then the weight tends to a constant 
value. The initial conductivity, measured at 140°C under argon is 1.6 10"10 S (Figure 2). It 
increases over seven orders magnitude during 40 hours, then decreases up to 100 hours and 
attains a constant value of 2 10"4 S. 

The infra-red spectrum of the pristine zinc ultraphosphate glass (Figure 3) shows a set 
of bands in the 1400-700 cm"1 region that are characteristics of the streching vibrations of 
ultraphosphate compounds [3]: 1320 cm"1 (vas P=0), 1050 cm'1 (vs P02), 950 cm"1 (vas P-O- 
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P) 700 cm"1 (vs P-O-P). Alteration of the ultraphosphate network by exposition under moist 
air at 140°C is clearly seen on the infra-red spectra : the band at 1320 cm"1 characteristic of 
P=0 vibration in ultraphosphate compounds decreases in intensity together with P-O-P at 950 
cm"1, and a strong band at 1010 cm"1 appears. This last band is attributed, to the stretching 
vibration of P-0 bonds in P04 tetrahedra of orthophosphoric acid, as confirmed by the 
phosphoric acid spectrum (Figure 3). The presence of diphosphoric groups is difficult to 
established on the infra-red spectra. The presence of Z11H2P2O7 is however clearly shown on 
31P NMR spectra (not shown) [4]. 

DISCUSSION 
The increase in weight monitored with 140°C isothermal thermogravimetric analysis 

can be attributed to water adsorption on the sample surface. Adsorption of water leads to a 
degradation of the ultraphosphate network by hydrolysis reactions, with the formation of acid 
phosphate compounds, mainly orthophosphoric acid and zinc dihydrogen pyrophosphate. The 
formation of these compounds is characterized with both infra-red spectroscopy (PO4 groups 
of phosphoric acid) and 31P NMR (Q° and Q1). 

The accumulation of the adsorbed water and hydrolysis products leads to the formation 
of a layer of concentrated acid zinc phosphate. The conductivity of this phase is very high, as 
reflected by the increase of conductivity over several orders of magnitude. Then, after 40 
hours, the hydrated acid layer equilibrates with the atmospheric water, and the 
thermogravimetric curve reaches a constant level. The conductivity curve goes through a 
maximum at 40 hours, and decreases to a constant value after 100 hours. This behaviour is 
related to the change in the mechanism of protonic conductivity reported for H3PO4 solutions: 
when the acid solution becomes more and more concentrated, the conductivity increases and 
then decreases, as shown on Figure 4 [5,6]. The decrease in conductivity is indeed due to the 
decrease of proton concentration, then the proton mobility decreases owing to the formation of 
hydrogen bonds network. 

CONCLUSION 
Alteration of a zinc ultraphosphate glass containing 11.2% H20 was followed at 140°C. 

Water adsorption occurs, followed by hydrolysis of the ultraphosphate network. It leads to the 
formation on the sample surface of a layer of an acidic phosphate solution. The conductivity of 
this layer is very high, and its evolution versus time can be explained by considering the effect 
of the concentration on a phosphoric acid solution. 
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Figure  1   :   Thermogravimetric  curve,  recorded at   140°C  under moist  air,  of a zinc 
ultraphosphate glass containing 11.2 mole % H20 
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Figure 2 : Conductance versus time at 140°C under moist air, of a zinc ultraphosphate glass 
containing 11.2 mole % H2O. 
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Figure 3 : Infra-red spectra of a zinc ultraphosphate glass containing 11.2 mole % H20, 
exposed for different times at 140°C under moist air. The spectrum of phosphoric acid is 
shown as a reference. 
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Figure 4 : Conductivity of H3P04 solution versus the acid concentration [5,6]. 
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ABSTRACT 
Lead fluoroindogallate glasses in the 30PbF2-20GaF3-15InF3-15ZnF2-(20-x-y)CaF2- 

xYbF3-yErF3 system (with x and y = 0,1,...12) were prepared in platinum crucible under 
controlled atmosphere. The principal physical characteristics of the PGIZCa glass matrix are: 
glass transition temperature Tg equal to 264°C, refractive index no of 1.564, and density of 
5.57, Main physical properties as Tg and (Tx-Tg), density vs dopant contents were measured. 
The substitution of CaF2 by rare earth fluoride ErF3 and/or YbF3 does not damage glass 
stability. The difference (Tx-Tg) for each glass is around 86°C, value also obtained for x=y=0. 
With regard to density, rare earth incorporation induced an increase of it. Optical properties, 
as absorption and emission in the UV-Vis-IR range, were also studied for these rare earth 
doped lead fluoroindogallate glasses. The transition %y2 ->■ 4Ii3/2 (2700 run) and 
upconversion process were observed, with emissions in 543 and 660 nm, using 980 nm diode 
laser pump. The visible emission intensities are highly increased with the presence of Yb3+, 
while emission in mid-infrared region decreases. 

INTRODUCTION 

There is a great interest in compact lasers operating at mid infrared («3 um), for 
medical and eye-safe LID AR applications[l,2], and in the visible region (blue-green), for use 
in data storage, undersea communications, etc. With the advent of powerful semiconductor 
lasers (up to 10 W) at 0.8 and 0.98um, diode pumped solid state lasers at mid infrared and 
visible (upconversion based lasers) became a reality. For diode pumped laser emission at mid 
infrared and visible regions, Er3+ seems to be a natural candidate because of its ~2.8um 
emission (4In/2-»4Ii3/2)> its green emission at ~0.543um (4S3/2->

4Ii5/2) and its absorption bands 
at -0.8 and ~0.98um, where exist cheap and powerful diode lasers. CW operation of the Er3+ 

at ~2.8um emission is observed in crystals [3,4], and also in glasses [5,6]. Among diverse 
techniques that are currently used to obtain compact visible lasers[7], upconversion lasing is 
the one of the most promissing techniques as it does not require a non linear medium to 
second harmonic generation avoiding the problem of the spatial mode and lack of polarization 
of the semiconductor laser. Although upconversion laser performance of Er3+ has been 
observed in crystals[8,9] and glass fibers[10,ll], it is not currently reported upconversion 
lasers using bulk glasses as active medium. Fluoride glasses offer an important advantage over 
more traditional oxide system for use as a laser host since the lifetime of the excited electronic 
states is longer in these systems. In order to study the laser performance of Er3+ in fluoride 
glasses, we realizaed a detailed investigation relating mid infrared (2.8um) and upconversion 
results of Er3+ in single doped samples and Er3+-Yb3+ codoped samples. We used a lead 
fluoroindogallate glass matrix as host to rare earth ions, its multiphonon edge is shifted by 1 
urn by comparison with fluorozirconate glasses[12,13].This work was carried out to study the 
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spectrosocopic properties of Er3+ and Er3+/Yb3+ in the PGIZCa glass. This glass is derived 
from the PGIZC composition[13], where CdF2 was entirely substituted by CaF2 to improve 
the chemical stability without altering the glass stability. 

EXPERIMENTAL DETAILS 
Were used two sets of samples, labelled PGIZCa-xEr and PGIZCa-2Er-xYb, which 

have the respective molar composition 30PbF2 -20 GaF3 - I5I11F3 - 15 ZnF2 - (20-x)CaF2 - 
xErF3 with x=0, 2, 4, 6 and 30PbF2 -20 GaF3 - 15InF3 -15 ZnF2 -(18-x)CaF2 - 2ErF3 - xYbF3 

with x=l, 2, 4, 8, 12. Starting materials were PbF2, CaF2, ZnF2 from BDH - Merck UK and 
YbF3 (3N) from Strem product. In, Ga, were available as oxide (4N) from PPM Pure Metals- 
Metaleurop and Er203 was an Aldrich (3N) product. Ammonium bifluoride NH5F2 from 
Aldrich was used to tranform each oxide in anhydrous fluoride under dry atmosphere. All 
these anhydrous fluoride were then mixed in platinum crucible, all the classical steps of 
melting, refining, and casting were performed in a dry glove box in order to prevent 
hydrolysis. Sample were annealed for several hours at a few degrees celsius below glass 
transition, Tg, before cooling at room temperature. All the prepared samples are crystals free 
and are at least 4 mm thick. 

Thermal analysis of the glass was carried out with a TA Instruments D.S.C. 2090. 
apparatus, using heating rate of 10°C.min"1. We measured refractive index with an Abbe 
refractometer. The density as a function of dopant concentration was measured by the 
Archimedan method in CCI4. The experimental error is equal to ± 2°C for temperatures, ± 
0.005 g.cm"3 for density. 

The experimental set-up used to upconversion and Stokes luminescence at near 
infrared and visible regions were already described in reference[14]. Mid infrared signal was 
measured using a nitrogen cooled InSb detector Judson model J10D coupled to a lock-in 
amplifier. The up-conversion intensity versus pump power was measured using green and red 
filters, in order to select the signal that reaches the power detector OPHIR model PD2-A, the 
pump was varied from 20 to 230 mW. 

RESULTS- DISCUSSION 

Glass physical characteristics 

Characterisitc temperatures and density values of the prepared glases are summarized 
in tables 1 and 2. 

Table 1: Characteristic ten 
and density for PGIZCa-2] 

riperatures (°C) 
ir-xYb samples 

%Yb T? Tx TP Tx-Tg d 

0 269 351 400 82 5,64 

1 268 352 405 84 5,68 

2 267 357 415 90 5,704 

4 261 348 407 87 5,789 

8 272 363 426 91 5,92 

12 275 379 426 104 6,02 

Table 2: Characteristic t< 
and density for PGIZCa-xJ 

smperatures (°C) 
Er samples 

%Er T£ Tx TP Tx-Tg d 

0 264 350 380 86 5,57 

2 269 351 400 82 5,68 

4 269 361 410 92 5,74 

6 270 356 406 86 5,77 
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The subsitution of CaF2 by fluoride rare earth ErF3 or YbF3 does not prejudice the glass 
stability when compared with the matrix glass IGPZCa. The (Tx-Tg) value for each sample is 
around 86°C. We can note that for high Yb concentration (12%) a notable stabilization is 
observed with (Tx-Tg) >100°C. 
With regard to density, the incorporation of rare earth ions induces an increase of it. The 
density of YbF3 and ErF3 is 8,17 e 7,81 g.cm"3 respectively, whereas CaF2 presents a density 
of 3,18 g.cm"3. Thus, the substitution of calcium by a rare earth leads to a glass denser. 
The refraction index of the matrix for the D line of the Na is 1,564. 

Absortion spectra 

Raman scattering was performed on PGIZCa glass and showed a maximum phonon 
energy of 500 cm"1. The transmission value from 0.3 up to 8jiim, is about 90% for samples 
2mm thick. 

The Er3+ fundamental level is \sn- The absorption bands showed in the 300 e 1600 , 
nm spectral range (Figure 1) obtained for the sample PGIZCa2Er2Yb could be attributed to 
transition from ground level to excited level as shown in Table 3. 
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Figure 1: Absorption spectra for the PGIZCa-2Er2Yb sample in the 300 to 1600nm range 

Table 3: Absorption bands and their attribution 4I15/2 (ground level) -> excited level. 
Absorption band 
(cm"1) 

Absorption band 
(nm) 

Transition 
from 4Ii5/2 to 

28169 355 2Gm 
27548 363 G9/2 

26455 378 G11/2 
24691 405 H9/2 

22701 440 F3/2 
22296 448 F5/2 

20576 486 F7/2 

19193 521 Hi 1/2 

18552 539 S3/2 

15384 650 F9/2 

12515 799 4T 

10266 974 4T Ml/2 

(Yb3^)2F7/3^
2F5/2 

6544 1528 4T A13/2 
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Pump wavelength at 0.488/MI 

Figures 2a and 2b show typical spectra of Er3+ luminescence from 0.5 up to 1.7um. 
The 8 transitions observed are identified by numbers. 

■ - XYb2EH 
A- XEr A -A- 

- XYb2Er. 
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300K 
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b)        ■ 
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Waveleght (um) 
8     10   12    0     2     4     6     8    10   12 
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Figure 2a and 2b. Luminescence spectra of 
PGIZCa2ErlYb sample 

Figure 3a and 3b. Emission intensity 
versus rare earth concentration 

These emission correspond to the following transitions: 1 at «0.523um ^Hunr+'hsn)', 
2 at *0.540um (2S3/2->

4Ii5/2); 3 at *0.650um (2F9/2->4Ii5/2); 4 at *0.850um (2S3/2-A3/2); 5 at 
«l.Oum (2In/2->4Ii5/2, 2F5/2->

2F7/2); 6 at «l.lum (4F9/2->
4Ii3/2); 7 at *1.23um (2S3/2->

4In/2); 
and 8 at «1.532um (4Ii3/2-»

4Ii5/2)- 
The intensity of 0.98 and 1,53 urn emission versus rare earth concentration are shown in 
figures 3a and 3b. The PGIZCa-xEr set of samples shows the best signal intensity when 
compared with the other. For the set PGIZCa2Er-xYb, there is a photoluminescence 
quenching process for the 0.98um emission in samples with Yb3+ concentration above 
~4mol%,also, this set exhibits the less intense signal for 1.532um emission. 

Pump wavelength at 0.980/jm 
Figure 4 shows the upconversion spectra of the PGIZCa-2ErlYb sample. 
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Figure 5. Upconversion intensity versus 
Er3+ concentration 

Figure 6 shows the luminescence at 2.8um, this transition is an indirect one from %m to 4Ii3/2 
level. 
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Figure 6. Luminescence spectrum of 2.Sum emission 
(4In/2-»4Ii3/2 transition) of the 2ErlYb sample. 
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Figure 7. 2.8jjm intensuity against 
sample concentration 

The intensity of the 2.8um emission as a function of the dopant concentration is shown 
in figure 7. We can see that the best set of samples emitting at mid infrared is the single doped 
one (PGIZCa-xEr), which also has the less intense upconversion signal. The energy levels 
diagram in figure 8, shows us the mid infrared luminescence and upconversion mechanisms. 
In single doped samples, a pump photon excites an Er3+ to its %m level. From this level, it 
can decay to 4Ij3/2 level, emitting a 1.532um photon, or by means of a multiphonon relaxation, 
hi codoped samples, the main absorbing channel is the Yb3+, as represented. After an energy 
transfer process ET1, an erbium ion is excited to %m level, and become able to emit a 2.8um 
photon going to %i/2 level. 

The upconversion processes that generate green emission are labeled (a) and (b) in 
figure 8. In process (a) one Er3+ is excited to 4'F^/2 state. Process (b) needs two Er3+ excited in 
4Ii i/2 level, two neighboring ions interact with each other. 

In order to generate red light, we have three possible mechanisms (c), (d) and (e). In 
process (c), a single doped sample absorbs a new 0.98 urn photon after a radiative or non 
radiative decay from 4In/2 to 

4Ii3/2 excited state. In the case of a codoped sample, two non 
resonant energy transfer processes ET2 have to occur in order to excite an Er3+. In process (d) 
are necessary two Er3+, one of them excited in 4In/2 level and the other in 4F7/2 level. The two 
ions interact, resulting that both ions go to 4F9/2 level emitting red light. Finally, process (e) 
needs two Er3+, the first one excited in %/2 and the second in 4S3/2. After the interaction both 
are excited in 4Fg/2. 

For the PGIZCa2Er-xYb set, which is the best one for upconversion applications 
(figure 5), we measured the upconversion intensity versus pump power. Upconversion 
intensity obeys a relation with pump power[15] given by I ocP" where I is the signal intensity, 
P is the pump power and n is the ratio between the number of infrared photons and the 
number of visible photons involved. A small deviation from n=2 was observed for green 
emission (Table4). This can be due to the sharp focus of pump beam on the sample [16]. For 
red emission, processes (d) and (e) can be discarded because they depend on erbium 
concentration which is fixed in these samples, while the process (c) depends on Yb3+ 

concentration, this process has dependence n=2 which is in very good agreement with 
experimental results. 
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Figure 8: Energy levels of Er3+ and Yb3+ and 
Upconversion diagram. 

CONCLUSION 
PGIZCa glass presents a good liability to incorporate rare earth fluoride as Er and Yb 

up to 14mol.% without altering its stability. 2.8urn transition of Er3+ in this glass has been 
reported and its relation with upconversion processes was verified. From these results, we 
showed, as expected, that the increase of upconversion processes did not alter 2.8um emission 
in the same way. With a large amount of Yb3+ in the samples, the probability of two 
successive ET1 or ET2 mechanisms is so great and the erbium ion can not emit 2.8um 
radiation. The sample with 6%Er seems to be the best one for the 2.8um emission and, 
whereas, samples with a large amount of Yb3+ are indicated to enhance the upconversion 
efficiency. 

ACKNOWLEDGEMENTS 
Brazilian financial agencies CNPq-RHAE, FAPESP.and FINEP. 

REFERENCES 

1 L. Esterowitz, C. A. Hoffman, D. C. Tran, K. Levin, M. Storm, R. F. Bonner, P. Smith and M. Leon, in SPIE, 
605 Optical and Laser Technolgy in Medicine 32 (1986). 
2 N. P. Barnes, W. J. Rodriguez, B. M. Walsh- J. Opt. Soc. Am. B13,2872 (1996). 
3 Tso Yee Fan, G. Huber, Robert L. Byer and P. Mitzscherlich-ffiEE J. Quan. Elect. 24,924 (1988). 
4 G. J. Kintz, R. Allen and L. Esterowitz-Appl. Phys. Lett. 50,1553 (1987). 
5 F. Auzel, D. Meichenin, H. Poignant - Elett. Lett., 24,1463 (1988). 
6 H. Yanagita, I. Masuda, T. Yamashita, H. Toratani - Elett. Lett., 26,1836 (1990). 
7 Derek W. Nam and Robert G. Waarts - Laser Focus World, August, 49 (19940. 
8 A. J. Silversmith, W. Lenth, R. M. Macfarlane - Appl. Phys. Lett., 51,1977 (1987). 
9 M. F. Joubert, S. Guy, and B. Jacquier - Phys. Rew. B48,10031 (1993). 
10 K. Hirao, S. Todoroki, N. Sogan - J. Non Cryst. Sol., 143,40 (1992). 
11 S. sanders, R G. Waarts, D. G. Mehuys et al - Appl. Phys. Lett., 67,1815 (1995). 
12 J. Nishii, K. Kaite and T. Yamagishi, Phys. and Chem. of Glasses, 30(2) (1989) 55 
13 G. Zhang, B. Friot, M. Poulain, J. Non-Cryst. Solids, 213 (1997). 
14 C. T. M. Ribeiro, A. R Zanatta and L. A. O. Nunes - J. Appl. Phys., 83, 2256 (1998). 
15 S. Tanabe, K. Hirao and N. Soga-J. Non Cryst. Solids 122, 79 (1990). 
16 R Reiche, L. A. O. Nunes, C. C. de Carvalho, Y. Messaddeq and M. A. Aegerter- Sol. State Commun, 85,773 
(1993). 

332 IS(NOGr'98 2<r 



DP6 

SURFACE PROTECTION OF FLUOROTNDATE GLASSES BY 
SOL-GEL DIPCOATED SNO3 THIN LAYER 

A.P. Rizzato, S.H. Pulcinelli, C.V. Santilli, Y. Messaddeq and S.J.L Ribeiro 

Institute de Quimica, UNESP, PO. Box 355, 
14801-970, Araraquara, SP, Brazil 

In the last decade, heavy metal fluoride glasses have received great attention and several 

technological applications can been frozen such as infrared devices and telecommunication. 

However, these glasses have a lower chemical durability specially fluorozirconate glasses which 

compromise some special applications. 

In this purpose, glasses surface protection has been studied by coating with a thin film 

layer of tin oxide . The structural characteristics of sol-gel dip-coated samples were analyzed by 

FTIR spectroscopy, x-ray reflectometry and scanning electron microscopy. The layers present 55 

nm in thickness, showing roughness of the order of 2 nm and transmittance higher than 80% in 

the IR region. Mass loss and IRFT measurements, have been carried out during etching with 

water at different pH. Samples coated with Sn02 is five time resistant in acidic solution against 

corrosion. 
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INTRODUCTION 
Viscosity of glass-forming liquids and its interconnection with structural relaxation 

are principal problems of the vitreous state theory. Chalcogenide glasses having low glass 
transition temperature (Tg) and strong composition dependence of properties are most 
convenient materials for studying both temperature behaviour of viscosity in a wide range of 
viscosity values and peculiarities of properties' changes at Tg. All this is a reason to choose 
the subject and the objects of the investigation. 
EXPERIMENT AI. 

Kinematic viscosity values lower than tens St were determined from the damping of 
free vibrations of cylindrical silica glass ampoule filled with the material to be investigated 
and suspended from fine silica glass filament. Dynamic viscosity (rj) values were determined 
in the range 106 + 1013 Ps by measuring the rate of indenting a cylindrical rod into a glass 
plate. Thermal expansion coefficient (a) was determined by quartz dilatometer 
RESULTS AND DISCUSSION 

The dynamic viscosity logarithm of glass-forming liquids attains the value -3-^-4 
when temperature tends to +QO. Small values of viscosity are limited by viscosity of gaseous 
state (temperature dependence of viscosity of liquid Se [1-6] and the calculated curve of 
viscosity for gaseous Se are shown in fig. 1). This fact is taken into account in activated 
viscosity theories by equating the pre-exponential factor r\0 to the value ~10"3 in the 
equation of viscosity-temperature dependence (1). 

EAT) 
i7=i3boqK-^r-)     (1) 

Usually, the free activation energy of viscous flow E,fl) is divided into two parts. The first 
one doesn't depend on temperature and corresponds to the activation energy in the classical 
two-minimum system. The second one depends on temperature and reflects the peculiarity 
of glass-forming liquids, namely the co-operative nature of viscous flow in the super- 
cooling range. Eyring proposed the following relationship for the free activation energy of 
viscous flow [7]: 

EJTJ^H.+ TSr/T)      (2) 
where //7 and Sn are the activation enthalpy and entropy of viscous flow. 
Structural relaxation in the glass transition range can be well approximated within the 
framework of Moynihan's approach [8]. According to Moynihan, the activation energy of 
relaxation time A* in the equation of temperature dependence of relaxation time (x) is 
equated to the activation energy of viscous flow defined as the slope of the plot logrf = 
f(l/T) that corresponds to //7 in the relationship (2). 

xti    (\-x)h* 
r-„exp(-+i^L)    (3) 

where x is a parameter and Tf is the Active temperature, 
r 

Tf(T) = T0+jdT 1-exp (4) 
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where T0 is the temperature of the system in the equilibrium state, q is the cooling/heating 
rate, ß is the exponent in Kolrausch's function which defines the relaxation time 
distribution, 0<ß<l. 
Taking Hn instead of h* in equations (3,4) leads to a T0 value much smaller than the time of 
thermal vibration of valence bonds (v). For example, t0 values calculated for B203 and 
As2Se3 are -10" [8] and 10" [9] respectively, but the atom vibration frequency for As2Se3 

is 7.3.1012 s"1 [10] (see Table 1). Besides, the calculated value of T0 strongly depends on the 
structure of the glass-forming liquid. For example, increasing the "fragility" of the structure 
results in a decrease of x0 value (x0 value for AsSel is ~10'73 [9]). 

The temperature dependence ofdT^dT calculated from the experimental data on 
thermal expansion coefficient for Se is depicted in fig.2 by dots for the Tg region. The 
relationship between the Active temperature and the experimental values of a can be 
expressed as follows: 

dTf 

~dT a_-an 
(5) 

were otm and otg are thermal expansion coefficients of a glass and a melt respectively. 
The solid line in fig.2 is the result of calculation carried out within the framework of 
Moynihan's approach. The calculation presents itself finding optimal values of x0, h\ ß and 
x in equations (3,4) for the best fit of the experimental dT*/dT=f(T) curve. The free 
activation energy EJJ) was taken as h* in equation (3) instead of the activation enthalpy of 
viscous flow. Ev was calculated from the experimental viscosity data using equation (I)1. 
The rjo value in equation (1) was chosen in the following two ways. The first one is 
according to [11]: 

r}a=NAm
r

m;    Eij=FVn        F=pvt (6) 
where NA is Avogadro's number, h is Planck's constant, Vm is the molar volume of kinetic 
units overcoming the potential barrier, F is shear modulus, p is density, ot is the transverse 
ultrasound velocity. Expressions (6) together with equation (1) enable us calculate r\0 a 
priori. The TT,0 values calculated with the use of this approach are shown in the section I of 
Table 1. In the second approach, the temperature of a glass - metastable liquid transition on 
the calculated curve is determined by the values of x0 and T)0 at fixed cooling and heating 
rates. The T)0 value was taken for the calculated curve to approximate well the experimental 
data at x0 equated to the time of atoms vibration. The results are shown in the section II of 
Table 1. The same calculations were carried out for As2S3, As2Se3 and AsSel (Table 1). 
Table 1. 

I II 
logTlo to, S v, s"1 

To,S logTjo 

Se -3.89 5.10-14 4.84012 2.08.10"13 -3.3 
As2S3 -3.81 3.10"14 9.4.1012 1.06.10"13 -3.2 
As2Se3 -3 85 1.10"14 7.3.1012 1.37.10"13 -2.9 
AsSel -3.87 6.10-14 

The calculated values of x0 presented in the section I of Table 1 are about the same 
order as the time of thermal vibrations of atoms, moreover the calculated data have week 

Temperature dependence of E,, is approximated by the Jenckel's type equation 
E„=A+Bexp(C/T) 

where \ B and C are parameters. The approximation curve logq=f(l/T) is shown as the 
solid line in fig. 1. 
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dependence on the nature of a glass. The calculated values of r|0 are experimentally valid 
and they have week dependence on the glass structure too. Therefore x0 can be excluded 
from the adjustable parameters in Moynihan's approach and it becomes possible to calculate 
the activation energy of viscosity and viscosity near Tg from the thermal expansion 
coefficient data or heat capacity data. Such calculations were carried out for AsjTes, which 
has a high crystallisation ability prohibiting to measure viscosity in the metastable state. 

The microscopic theory of viscosity is under development now. This can be 
explained by the fact that, on the one hand, the proposed approaches have been discussed 
well enough to hope to overcome their feeble sides and, on the other hand, they are yet far 
from description of the actual viscous flow phenomena. The solution can be found through 
an untraditional look at the problem. 

Principal attention must be paid to the glass transition region. In this aspect the two 
factors are of great significance. 

The first one is the configuration entropy SF(T) of fragments in which atoms' 
arrangements providing for the viscous flow take place. Above Tg the function tffT) can be 
approximated by the expression [12]: 

Sr(T)*ajnO-Tg
2/f) at T>TB (7) 

where m is the number of atoms in the fragment, a„ is the positive parameter defining the 
number/of all possible difFerent structures of the fragment [13] 

J=exp(a„m+o(m))     (8) 
where the function o(x) conforms to the relation \imo(x) /x = 0. The parameter a„ depends 

x-><» 

on chemical composition n only (the components of the n vector are relative concentrations 
of atoms of each kind which form the system, moreover ]T», = 1). 

i 

UJR) 

EßTg) 

Fig. 3 Symbolic picture of adiabatic electronic term Um(R) 

The second factor is the value of the coefficient of transition through the potential 
barrier which divides two equilibrium configurations [14] (two minima Rt and Rj of the 
adiabatic electronic term Um(R) [12,13], see fig.3). Indeed, the elementary act of viscous 
flow is the jump from one minimum to another available one. Certainly, the jumps take 
place over various barriers. The coefficients corresponding to these jumps also differ from 
one another. We introduce the concept of an averaged jump. As the first approximation, we 
suppose that the transition coefficient for this jump D* is equal to all other D's. Hence, 
taking into account that the number of minima available at temperature T is equal to 
expf&CT)) we obtain 

rj-fD'exp&fT))/'     (9) 

IS(NOG)" '98 337 



The dependence of the transition coefficient D*(E) on energy E measured from the top of 
barrier is as follows [14]: 

D'(E)-[l+exp(-5E)r',       5>0       (10) 
The temperature dependence of internal energy E of the discussed fragment is well 
approximated by the following relation 

E(1)*C(T-?TJ, 00,       £>1 (11) 
where £Tg is the temperature when the energy E($TJ of the fragment becomes equal to the 
energy corresponding to the top of the barrier (see fig.3). Within the framework of the 
above assumptions and after some transformations of relations (7,9-11) are made equation 
(12) follows: 

Lgr\(T) = \ogr\(T) + 

l + exp(^-^)) 
1„( L_) _ gQ _ (_L)2 ) 

l + exp^ß-l))'   gK    V ; /InlO (12) 

J 
where d=dCTg (13) 

g=a„m (14) 

Equation (12) approximates well the experimental data on logr|(T) for temperatures 
T>Tg. For example, for As2Se3 equation (12) approximates the experimental data with the 
deviation 0.1 with the following set of fitting parameters: d=31.0, £=1.2, and g=30.2. 
Extrapolation of the lgn(T) dependence calculated with equation (12) to high temperatures 
gives the value logr|(oo)=-3.1. Note that this value agrees with the data in Table 1. For 
As2Se3 the parameter a„ is equal to 1.3 [12], The average number of atoms in the fragment 
of the elementary atom rearrangement which provides for the viscous flow can be calculated 
from equation (14). This number m is 23 for liquid As2Se3. To estimate the number m one 
can use also the following expression (which results from the model approach proposed in 
[12]) 

m*2g/Ac (15) 
where Ac is the jump of heat capacity at glass transition per one atom 
CONCLUSION 

The calculation of temperature dependence of the temperature coefficient of fictive 
temperature within the framework of Moynihan's approach is modified, which results in the 
decrease of the number of fitting parameters. 

The model of viscous flow for glass-forming liquids is set forth 
ACKNOWLEDGEMENTS 

This work was supported by Russian Foundation for Basic Research grant No 98- 
03-32114a and Competitive Centre for Basic Natural Science of the St.Petersburg State 
University grant No 97-92.-66. 
REFERENCES 
1. S.V.Nemilov, G.T.Petrovskii, Zh. Prikl. Khim. (Leningrad), 36 (5) (1963) 977. 
2. H.Rowson, Inorganic glass-forming systems, Academic Press, N.Y., 1967. 
3. KMHalilov, Izv. Acad. Sei. Az.SSR, Ser. fiz.-mat. i tekh. nayk, (6) (1959) 67. 
4. S.Dobinski, J.Wesolowski, J.-Bull. Acad. Polon. Sei., (1-2A)(1937) 7. 
5. AKadoun, G.Chanssemy, J.Fornasero, J.of Non-Cryst. Solids, 57 (1) (1983) 101. 
6. V.M.Glazov, O.D.Shchelikov, Izv.Acad. Sei. USSR, Neorganicheskie Materialyu 10 (2) 
(1974) 202. 
7. R.Ewell, H.Eyring J.Chem.Phys., 5 (1937) 726. 

338 IS(NOGr'98 



8. M.A.DeBolt, A.J.Easteal,P.B.Macedo, C.T.Moynihan, J.of Amer.Cer.Soc, 59 (1-2) 
(1976) 16. 
9. A.Tverjanovich, Vagizova, J.of Non-Cryst. Solids, to be published. 
10. E.V.ShkoFnikov, Stekloobraznoe sostoyanie (Glass State), Leningrad, Nayka, (1983) 
131. 
11. S.V.Nemilov, Fiz. Khim. Stekla, 4 (2) (1978) 129. 
12. M.D.Bal'makov, Stekloobraznoe sostoyanie veshchestva (Glass state matter), 
St.Petersburg, St.P.St.Un., 1996. 
13. M.D.Bal'makov, Glass Phys. and Chein., 22 (4) (1996) 344. 
14. L.D.Landau, E.MXifshits, Kvantovaya mekhanika (Quantum mechanics), M. Fizmatgiz, 
1963. 

IS(NOG)2'98 339 



DP8 

GLASS TRANSFORMATION, HEAT CAPACITY AND STRUCTURE OF 
Agx(As0.4Se0.6)ioo-x GLASSES STUDIED BY TEMPERATURE 

MODULATED DIFFERENTIAL SCANNING CALORIMETRY (MDSC) 
EXPERIMENTS. 

T. Wagner*, M. Frumar* and S. O. Kasap2 

1. Department of General of General and Inorganic Chemistry, University of 
Pardubice, Pardubice 532 10, Czech Republic, e-mail:tomas.wagner@upce.cz 

2. Department of Electrical Engineering,   University of Saskatchewan, 
Saskatoon S7N 5A9, Canada. 

ABSTRACT 
The recent novel temperature-modulated DSC (MDSC™ TA Instruments) technique 

has been applied to the measurement of the thermal properties of chalcogenide glasses of the 

Agx(As0 4Se0 6)!00.x systems in the glass transition. All samples in this work were exposed to 

the same temperature-modulated heating and cooling schedules with the average heating and 

cooling rate of 5 °C/min. The total heat flow (HF), modulated heat flow (MHF), reversing 

heat flow (RHF) and non-reversing heat flow (NHF) during heating schedules were measured. 

The values of the parameters Tg, AH, Cp and ACp, which characterize the thermal events in the 

glass transition region, were also determined.  The ability of determining the reversible heat 

flow (over the time scale of the experiment) in MDSC enables an accurate measurement of the | 

true heat capacity (that normally associated with reversible heat flow), which could not be done 

hitherto in conventional thermal analysis where the detected heat flow is the total heat flow, I 

sum of reversing and non-reversing heat flows. No such thermal analysis has been done in the 
Ag-containing chalcogenide glasses previously. 

1. INTRODUCTION 
Glasses in ternary systems Ag-As-X and Ag-Ge-X, where X is chalcogen (S, Se), are 

of considerable interest as infrared-transmitting and optical-recording materials [1]. The 
optimum compositions in therms of glass-forming ability, ease of fabrication, high softening 
temperature, and strength are of considerable interest. MDSC as a new experimental method 
has been described in more detail in the original papers [2-6] together with the results of 
measurements of various thermal events. The MDSC operates essentially in the same way as a 
typical heat flux DSC [7], but with an option that allows the sample temperature to be 
modulated sinusoidally about a constant ramp i. e. the temperature, T, at time t is given by 

T = T0 + rt + Asin(-^) (1) 

where T0 is the initial (or starting) temperature, r is the heating rate (which may also be a 
cooling ramp, q), A is the amplitude of the modulation and P is the period. The resulting 
instantaneous heating rate, dT/dt, therefore various sinusoidally about the average heating rate 
r. The apparatus measures the amplitude of the instantaneous heat flow and the average heat 
flow, called the total heat flow and then by carrying out a suitable Fourier deconvolution of the 
measured quantities (also incorporating the sinusoidal temperature signal) it determines two 
quantities: reversing heat flow (RHF) and nonreversing heat flow (NHF). The reader is 
referred to recent articles [8, 9] on the interpretation of MDSC and its application to various 
materials. 

In an effort to elucidate the structure of these potentially important materials, Tg, AH, Cp 

340 IS(NOG)2'98 



and ACp, in the ternary Agx(As0.4Se0,6)ioo-x system were studied. Ag-As-Se system forms 
glasses in two glass forming regions, with low and rather high silver content, respectively, 
separated by a non-miscibility region [10]. The compositions of all the studied glasses are 
placed on a composition span joining the pure components, As4oSe6o and Ag in the ternary 
diagram, passing through glass-forming regions and immiscibility regions, as it is shown in 
Fig.l. .      . 

In the recent papers we were able to show the usefulness of the MDSC technique in 
correlating the thermal properties obtained from RHF and NHF to the structure of the 
chalcogenide glasses [11-13], 

2. EXPERIMENTAL 
The glasses of the ternary systems Agx(As0.4Seo.6)ioo-x, where x = 0 - 42.5 at.%, were 
prepared from pure elements. The elements Ag, As, Se of the purity 5N were weighed in a 
pre-cleaned and outgased (heating under vacuum to 900 °C) quartz ampoules. Thus the 
ampoules were evacuated to a pressure of 1.103 Pa for 30 minutes and sealed. The synthesis 
was performed in the rocking furnace and exposed to the temperature 1000 °C for 8 hours. 
Following heating, the ampoules with glass melt were quenched in water to temperature 273 K. 

The bulk samples were crushed into small pieces and immediately weighed into 
aluminum crimped pans and then sealed. A typical bulk and film sample weights were 20 mg 
and 18 mg, respectively.The MDSC experiments were carried as described previously [12]. 
Initially, the same thermal history was set up for all samples in the non-modulated regime. 
Thus modulated regime was applied to measure the modulated heat flow in heating and cooling 
schedules in the temperature region 20 - 250 °C. For the present experiments r or q = 5 °C/min, 
A = +/-1.061 °C and P = 80 sec, in eqn.(l). The specific heat capacity Cp was calculated from 
the RHF. Tg and ACP were determined from the step transition of heat capacity in the glass 
transition region . The quantity AH refers to enthalpy observed in the NHF observed in the 
glass transition region [14]. For each composition we carried out several experiments and all 
showed good reproducibility. The experimental points represent average values with typical 
errors bars comparable with the size of the plotted experimental point. 

3. RESULTS 
Figure 2 compares conventional DSC heat flow results for Agx(As0.4Se0.6)ioo-x glasses in 
temperature region 30-450°C, where are also denoted important thermal events (e.g. glass 
transformation, crystallization and melting regions). Heat flow curves, in fig. 2, prove that all 
samples are glasses, apart of composition (x=42.5at.% Ag), where the melting endotherm 
doesn't reflect crystallization exotherm in amount of the involved heat. 

In our MDSC studies, we have focused our attention to glass transformation region and 
typical MDSC heating scan can be seen in Figure 3. 

Figure 4 shows the dependence of the glass transition temperature, Tg, on the 
composition of bulk Agx(As0.4Seo.6)ioo-x glasses. The Tg value at first decreases with 
increasing Ag concentration up to x ~ 10 at.% Ag and than staying almost constant and slightly 
increasing up to x ~ 30 at.% Ag. 

Figure 4 also shows the compositional dependence of the relaxation enthalpy AH for 
Agx(Aso.4Seo,6)ioo-x glasses during glass transition. The composition dependence of 
relaxation enthalpies AHh, AHC and AH on the composition has a behavior similar to that of 
Tg. The AHh was found by integrating the non-reversing heat flow (NHF) in heating scans as 
shown in Figures 3 and analogously AHC value was established from cooling scan. If the 
ultimate interest is constructing a correlation curve for comparing the area of the relaxation 
endoterm with other "end-use" properties, then the error in non-reversing heat flow curve can 
be ignored because the same modulation period is used. To obtain an absolute measure of the 
heat of relaxation AH, we have to subtract the relaxation enthalpy (AHg) obtained during the 
cooling scan from the relaxation enthalpy (AHh) obtained during the heating scan as 
demonstrated for polyethylene [14]. The compositional dependence of AH (AH = AHh - AHC) 
has a behavior similar to that of the glass transition temperature. 
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The specific heat capacities (Cp) were measured by MDSC in both heating and cooling 
scans in the temperature region T = 20-250 *C. The Cp dependence on the composition of the 
Agx(Aso.4Se0.6)ioo-x glasses at Tr = 0.9Tg and Tr = 50°C is plotted in Figure 5 . The Cp vs. 
composition plots in Figure 5, reveal an decrease of Cp with increasing content of Ag. 

The specific heat capacity difference (ACp) was determined for all the 
Agx(Aso.4Seo.6)ioo-x glass compositions and are plotted as a function of composition in Figure 
5. The ACp values, at first, decrease monotonicaly with increasing content of Ag in the 
glasses, and then change only a little. 

4. DISCUSSION 
There are a few models which can offer an explanation of the observed features in the 

compositional dependence of the various physical properties of network glasses. The notion 
that covalent bonding in glasses may be optimized when the average coordination number (<r>) 
is 2.4 was advanced by Phillips [15] and As2Se3 glass is just a model structure as discussed 
also in our previuos paper [12]. The IR and Raman spectroscopy results provide the additional 
information that the glass contains AsSe3/2 pyramidal units [16]. This result was confirmed by 
numerous EXAFS (X-ray absorption fine structure spectroscopy) studies, e.g. [17]. Mastelaro 
[17] has also studied structure of As2Se3 modified by presence of Ag. He has clearly shown 
that arsenic atom is coordinated by three selenium atoms whatever the silver composition. 
Silver cation plays the role of the structure modifier. The addition of Ag in the binary As-Se 
matrix is possible by cutting the Se-As-Se chains or opening the As-Se-As rings. According to 
EXAFS studies [17,18], the selenium atoms still remain two-coordinated with the addition of a 
small silver content , although selenium atoms become three-coordinated for enriched silver 
glasses. Also silver could be onefold, twofold or threefold coordinated with its increasing 
content in glass network. At first silver ions could work as a network depolymerizator and Tg 

and other structure sensitive parameters AH, Cp, ACp are decreasing( x * lat.%Ag). Further 
addition of silver leads to a higher coordination in overall network (threefold coordinated Se 
and Ag atoms) and the Tg slightly increases up to x « 30 at.%Ag. Other structural sensitive 
parameters are not substantially influenced or slightly decrease their values. 
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Figure 1. 

Simplified phase diagram of Ag-As-Se system showing the glass-formation regions. 
Symbol (O) denotes composition of the studied samples. 
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Figure 2. 

Typical heating scan in non-modulated DSC regime at a rate 50°C min"1 for all 
studied samples of the Ag-As-Se glass system. Sample with x=42.5 at.% Ag is a 
mixture of a crystalline and glassy phase. 
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Typical conventional DSC (HF) and MDSC (MHF, NHF, Heat capacity) results during 
a heating scan 
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Figure 4 
Dependence of the glass transition temperature Tg and relaxation enthalpy AH on 
composition of the Ag-As-Se glass system. 
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Figure 5. 
Dependence of the specific heat capacity and change in specific heat capacity on 
composition for Ag-As-Se glass system. 
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ABSTRACT 

The quaternary Ga-Ge-Sb-Se system has been systematically studied and glass-forming 
region has been determined. It has been found that there is a domain in which glasses do not 
show any crystallisation when heated with a rate of 10°C/min. Some glass compositions have 
been selected inside this region for further studies. The stable glasses have a transition 
temperature of about 280°C. 

Optical properties of these glasses have been determined, showing a good transmission from 
0.9 um up to 15 urn. The refractive index measurements have been performed between 2 and 
14 urn by using the minimum deviation method. The values for the Ga5SbioGe25Se6o are, for 
example, 2.6709 at 2 urn and 2.6198 at 12 urn. 

Other physical properties have been measured and the Young's module is typically about 24 
GPa. Glasses from this system have much lower vapour pressure when heated. As an 
evidence, they can not be purified by distillation below 1000°C. 

As mentioned above, these glasses do not show any visible transparency. Some attempts have 
been made in order to widen the band-gap by introducing some electronegative elements such 
as Cl2, Br2 or I2 in form of alkaline halides. The optical properties and chemical durability of 
these new glasses have been studied in detail. 

Good results have been obtained with Csl and stable red glasses have been synthesised, which 
are still transparent up to 14 urn. 

I. INTRODUCTION 

Chalcogenide glasses have been widely studied since many years [1]. However, almost all of 
them have two common characteristics : high vapour pressure when melted and no visible 
transparency when the glass is transparent up to 12 - 14 urn. 

This study is intent on overcoming partially these two problems. 

The most promising and actual applications of chalcogenide glasses are for transmission in 
the second atmospheric window of 8 - 14 urn [2-3]. Our study will be limited to glasses 
which are transparent up to this wavelength region. 
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The well-known glass forming system Ge-Sb-Se [4] has been chosen because of their 
relatively low vapour pressure compared to the Ge-As-Se [5] system. Ga, which has very low 
vapour pressure when heated, has been introduced into the ternary system. 

Chalcogenide glasses which are transparent up to 12 - 14 urn do not show any visible 
transparency. This characteristic is one of the problems limiting the use of these glasses, 
because it makes more complicated the quality control and IR system alignment. Some 
attempts have been made in order to widen the band-gap by introducing some electronegative 
elements such as Cl, Br or I in form of alkaline halides. 

II. EXPERIMENTAL 

Glasses for these experiments are synthesised by using the conventional methods : the 
appropriate quantities are weighed and introduced into silica ampoule which is then sealed 
under vacuum. The mixture is heated and homogenised in a rocking furnace at about 800°C 
for 12 hours. The ampoule is then cooled down in air for they determination of glass-forming 
region. Samples are annealed, cut and polished if necessary for measurements of different 
properties. 

Samples are considered to be vitreous if they do not diffract the X rays and show a good 
optical transmission. 

Thermal analysis has been performed by using a SETARAM DSC92 and the heating rate was 
10°C/minute. Typical sample weight is about 10 mg. 

Mechanical properties, especially Young's module, Poisson coefficient are obtained by 
measuring the ultrasonic propagation in the glass samples. 

Optical transmission has been measured with a double beam spectrometer CARY5 in the 
visible and near IR region, and a Fourier Transform IR spectrometer BOMEM100. Samples 
are polished discs with a thickness of about 2 mm. 

Refractive index has been obtained with the minimum deviation method by using a prism. 

III. RESULTS 

1.   Glass-forming region 

The glass-forming region in the Ga-Ge-Sb-Se system has been determined using the 
techniques described juste before. For visual convenience, the diagram is represented in figure 
1 by two ternary systems Ge-Sb-Se with two different percentages of Ga (5% and 10%). It 
can be clearly seen that the addition of a metallic element, Ga, destabilise quickly the glasses. 
With more than 15% of Ga, it is hard to obtain glass samples which are big enough for real 
applications and even for some measurements. 

With 5% of Ga, glasses are still stable enough in a relatively big region in which they do not 
show any crystallisation phenomena when heated with a rate of 10°C/minute (figure La). This 
allows the preparation of big samples up to, for example, 100 mm in thickness. 
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Figure 1. glass - forming region of the Ga-Sb-Ge-Se system 

2.   Thermal and mechanical properties 

The DSC curves are used for the determination of glass transition temperature Tg, 
crystallisation temperature Tx (the beginning of crystallisation). Table I collects the data of 
these measurements for different glass compositions. 

Table I: Thermal properties of different glasses in the Ga-Sb-Ge-Se system 

glass composition (atom%) 

Tg(°C) Tx (°C) Tx-Tg(°C) Ga Sb Ge Se 
5 88 25 62 301 461 160 
5 7 28 60 288 448 160 
5 10 25 60 283 ' " .-..' 
5 20 15 60 253 

■: ■.-. 
... -  ■' 

5 25 5 65 186 315 129 
7 5 28 60 288 459 171 
8 12 25 LJ

5 275 387 112 
8 10 12 70 186 316 130 
10 5 20 65 316 440 124 
10 15 15 60 274 383 109 

It is interesting to notice that two compositions do not show any crystallisation phenomena 
during the heating at a rate of 10°C/minute. Consequently, special attentions have been paid 
to these two glasses. 

It is true that the other glasses are less stable, but they still have relatively large difference 
between the glass transition temperature and the crystallisation temperature. Large pieces of 
glass with a thickness of several centimetres can still be obtained. 

Table II shows the mechanical properties of the Ga5Sbi0Ge25Se6o glass. The values are 
typical for chalcogenide glasses. 
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Table II: Some properties of the GasSbioGe25Se6o glass 

Elastic constant Young's Module Poisson's constant 
Thermal expansion 

coefficient 
Density 

9.5 GPa 24 GPa 0.26 155 x lO^K"1 4.7 gfon3 

Table III indicates the influence of Csl addition in the Ga5Sb5Ge25Se65 glass on different 
thermal and optical properties. It is clear that this addition of Csl decreases the glass transition 
temperature, but increases the thermal stability of this glass. In fact, the difference between Tg 
and Tx is significantly increased with the introduction of Csl up to 20 wt%. 

Table III influence of Csl addition on the glass transition temperature, on the thermal stability 
of glass and on the band-gap of the GasSbsGeasSeßs glass 

Wt% Csl Tg(°C) Tx (°C) Tx-Tg (°C) Gap (nm) 

0 331 483 152 705 

5 319 490 171 700 

10 316 478 162 680 

20 292 460 168 665 

30 271 395 124 660 

3.   Optical properties 

Chalcogenide glasses are of particular interest especially because of the wide IR transmission. 
The spectrum for the GasSbioGe25Se6o glass is shown in figure 2, obtained with a thickness of 

2 mm. The multiphonon absorption located in the long wavelength region is not sensitive 
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Figure 2. Transmission spectrum of the GasSbioGe25Se6o glass (thickness : 2 mm) 
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to the glass composition. The band-gap absorption located in the short wavelength region, is 
however largely influenced by the glass composition. 

No glass in the Ga-Sb-Ge-Se system shows visible transparency and all glasses have a good 
transmission up to 14-15 um region. 

Figure 3 shows the influence of Csl addition in the Ga5SbioGe2sSe6o glass, With 10 wt% of 
Csl, the beginning of transmission changes from about 820 nm to about 750 nm. 
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Figure 3. Influence of Csl addition on the band-gap absorption 

Table III indicates the change of band-gap absorption of glasses with different percentages of 
Csl addition. It can be seen that several glasses begin to have significant transmission before 
700 nm and their colour is deeply red. 

The refractive index measurements have been performed between 2 and 14 urn by using the 
minimum deviation method. The values for the Ga5SbioGe25Se6o are, for example, 2.6709 at 2 
urn and 2.6198 at 12 urn. 

4.   Chemical durability 

All studied glasses are stable in normal air condition. No significant change is observed on the 
IR transmission spectra between freshly prepared glasses and after several months in air. Ga- 
Sb-Ge-Se glasses show good resistance even in hot water of 60°C for several hours. 

Glasses containing alkali halides seem to be less stable and they are quickly corroded in hot 
water with appearance of absorption peaks at 2.9 urn and 6.2 urn due to respectively the 
presence of O-H and H20. 

rv. Discussion 

It is relatively difficult to perform measurements of vapour pressure of melted chalcogenide 
glass. There is no data concerning the influence of Ga addition in the Ge-Sb-Se glass on the 
vapour pressure. However, during the fabrication and shaping process (fibre drawing for 
example), observation shows that glasses containing Ga are less volatile. As a result, these 
glasses can not be purified by distillation even when heated up to 1000°C. 
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It has been demonstrated that large quantity of ionic compound such as CsCl, Csl can be 
dissolved in the covalent chalcogenide glasses to form a homogenous material with 
interesting properties. Thanks to the electronegative character of halogen which tends to 
widen the band-gap, chalcogenide glasses in the Ga-Sb-Ge-Se system can even show visible 
transmission if appropriate quantity of Csl is introduced. This should facilitate the application 
of chalcogenide glasses. 

However, alkali introduction into the chalcogenide glasses generally induces poor thermal and 
mechanical properties. For example, the glass transition temperature and the microhardness of 
glasses are significantly decreased when the content of alkali halide increases. At the same 
time, the thermal expansion coefficient is also increased. Compromise should be found for 
applications. 

Chalcogenide glasses containing halogens, which are called chalcohalide glasses, have been 
greatly studied [6-8]. In those cases, halogens are usually introduced in form of pure elements 
(Cl, Br or I). These glasses do not contain any alkali halide. 

V. CONCLUSION 

Glasses in the Ga-Sb-Ge-Se system have been systematically explored and very stable glasses 
have been found. Thermal, mechanical and optical properties have been measured for some 
glasses. These glasses have good IR transmission in the region of 0.8 urn - 15 urn. Some 
glasses do not show any crystallisation phenomena when heated with a rate of 10°C/minute. 

Chemical durability studies indicate that these glasses are very stable in normal air conditions 
and even in hot water during several hours. 

Introduction of alkali halide, especially Csl, into these glasses increase the width of band-gap, 
shifting the transmission region towards the visible region. Stable glasses with a deep red 
colour have been obtained and studied. 
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ABSTRACT 

A glass ceramic system based on Si02-A]203-CdF2-ZnF2-YF3-PbF2 (TGC) doped 
with 500 ppmw of PrF3 has been prepared and characterised in terms of structural, thermal, 
optical and rheological properties in order to verify a possible application in optical fibre 
amplifiers operating at 1.3 urn. 

INTRODUCTION 

There has been a recent, increasing interest in low phonon energy glasses containing 
rare earth elements. Great efforts have been devoted to this field in order to achieve a high 
efficiency in active optical fibre devices. One of these approaches is to develop novel glass 
hosts having low phonon energy for the amplification at 1.3 urn wavelength in 
telecommunication system. Fluoroindate and chalcogenide glasses, for example, are 
considered as promising candidates for Pr3+ doped glass fibre amplifiers [1-2]. Another 
approach involves controlled ceramming of a rare earth doped glass. After ceramming, rare 
earth elements are preferentially coordinated with the low phonon energy phase therefore 
their active optical properties can be largely optimised. 
In these years, several glass ceramic systems were reported for the applications in 
upconversion and amplification [3-5]. Wang and Ohwaki reported on properties of glass 
ceramics based on an aluminosilicate glass containing PbF2, CdF2 and YbF3/ErF3 [4]. The 
green upconversion from this ceramic was found 10 times higher than that of fluoride glasses 
equally doped. The high upconversion efficiency was attributed to Er3+ enriched PbxCdi.xF2 

nanocrystals. Following up Wang and Ohwaki's work, Tick et al. [5] substituted Y3+ for Yb3+ 

and Pr3+ for Er3+ in the glass and exploited the two-phase system for Pr3+ doped amplifier 
applications. Pr3+ fluorescence lifetime at 1.3 urn was found to be longer in this glass ceramic 
than in a fluorozirconate glass. 
In this report, we will consider some important aspects of the Pr3+ doped glass ceramic 
developed by Tick. Thermal, optical and rheological properties will be reported for this 
material in both glass and cerammed forms in order to assess the feasibility of fibre 
fabrication for 1.3 urn amplifiers. 

EXPERIMENTAL PART 

Several glasses were prepared in an induction furnace with Merck products 99% 
purity (see Table 1 for nominal composition). 20 g batches were melted in a platinum 
crucible at 1000°C for 30 minutes under N2 and 02/N2 (20:80) atmosphere. The melt was 
then poured into a brass mould. Data will be reported here for two samples (named TGC A 
and TGC B): the former was poured in to the mould kept at room temperature whereas the 
latter was poured into the mould preheated at 350°C and annealed for 1 hour at the same 
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temperature for stress relief. Both materials were fully transparent. The glass composition 
was then determined by emission spectroscopy ICP (Optima 3000 P.E.) (Table 1). 

Table 1 : Nominal composition of the glass and ICP analysis results. 

Components 
Nominal 

composition 
(mol %) 

TGCA TGCB 

SiO, 32.4 2i.0±0.2 22.5 ± 0.3 
A1203 8.1 8.8 ± 0.2 8.7 ±0.2 
CdF, 31.4 38.1 ±0.4 38.6 ±0.1 
PbF: 18.4 21.4 ±0.3 18.9 ±0.2 
YF3 4.3 5.2±0.1 5.5 ±0.1 
ZnF2 5.4 5.5 ±0.1 5.8 ±0.1 
PrF3 500 ppmw Not analysed Not analysed 

The loss of Si02 is manifestly due to the formation of volatile compounds such as SiF4 

during the synthesis implying difficulties in reproducibility of composition. 
The thermal properties were measured by DSC-7 P.E. and DSC-2920 TA calorimeters. 
Crystallisation was studied with X-ray diffractometry (XRD) Philips PW 1830 and 
transmission electron microscopy (JEM 2000 EX). Fluorescence spectra were recorded with 
a PL Scantek in the wavelength range from 1100 nra to 1600 nm using a diode laser source 
emitting at 1018 nm. Infrared spectra were collected with FTIR 1760X P.E. Rheological 
properties were investigated with a parallel plate dynamic analyzer rheometer RDA II 
Rheometrics. 

RESULTS AND DISCUSSION 
X-ray Analysis 

The x ray diffraction patterns of samples A and B are reported in figure 1. 

c 

2 e 

Figure 1: X-ray diffraction patterns of a) sample A, b) sample B, c) sample A annealed at 440 °C for 50 min. 

Sample (A) is fully amorphous whereas sample (B) contains reflections that can be attributed 
to the PbxCdi.xF2 crystalline phase having fee cubic symmetry, already identified by Tick [5]. 
The reflections are broad indicating a small size of the crystals. 
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XRD patterns of sample A heated at different temperatures between 420-550°C for different 
times display broad reflections due to the same phase. A Scherrer analysis was applied to 
determine the size of the crystals [6]. At 440 °C annealing for of 10 min, 50 min and 200 min 
resulted in sizes of 8 ± 2 nm, 12 ± 2 nm, 14 ± 3 nm respectively. Isochronal annealing of 100 
min at 420 °C and 470 °C resulted in sizes of 8 ± 3 nm and 27 ± 4 nm respectively. For the 
as-prepared sample B, the crystal size is 8 ± 1 nm. After heating up to 420 °C, 470 °C and 
550 °C it became 32 ± 4 nm, 31 ± 3 nm and 54 ± 5 nm, respectively. Isochronal and 
isothermal anneals show that the nuclei form rather quickly reaching a size of about ten 
nanometers, then growth slows down, eg. at 440 °C, and after annealing for more than three 
hours the dimensions are still very limited. Even at higher temperature, e. g. 470 °C, 
coarsening of the crystals is slow, in fact a size of the order of thirty nanometers is reached 
for annealing as long as 100 minutes. The data obtained with sample B, which already 
contained nanocrystals, confirm this behaviour since a size of thirty nanometers was achieved 
for annealing in the range from 420 °C to 470 °C. Only at higher temperature, 550 °C, larger 
crystals are found. 
TEM observations of these materials are difficult since they tend to decompose quickly 
under the beam. However, once crystallization has proceeded, the alumino-silicate matrix 
protects the embedded particles for times long enough to carry out microstructural analyses. 
Fig. 2 shows an image of sample B heated up to 550 °C. Most crystals are still well below 
the size obtained with the Scherrer analysis of XRD patterns to which a few larger particles 
contribute their scattered intensity. In summary, the two-phase state appears stable in a wide 
temperature range and for times long enough to devise processing of the material. 

Figure 2: TEM micrograph of sample B heated up to 550 °C 

DSC measurements 
The glass transition temperature at 408 °C and the crystallisation onset at 457 °C were 

obtained for sample A by DSC using a heating rate of 10 °C/min under nitrogen flow (Fig. 3). 
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Figure 3: DSC trace of the sample A with a heating rate of 10 K/min 

The crystallisation process was studied using 8 different heating rates (from 10 to 80 
°C/min). An activation energy of 171 kJ/mol was calculated by Kissinger [7] method. These 
data guided the choice of temperatures and times for obtaining a controlled transformation to 
the two-phase state described in the previous section. The DSC trace of sample B has no 
exothermic signal but only an inflection around 450 °C. 

Photoiuminescence measurements 
Figure 3 shows the photoiuminescence spectra of sample B (already containing 

nanocrystals after the quench) and a ZBLAN glass doped with 500 ppmw of Pr. In order to 
compare them the two spectra were normalised to the same maximum intensity. Due to a 
shoulder at longer wavelength, sample B exceeded ZBLAN in fluorescence bandwidth. 

0.0 
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Wavelength [nm] 

Figure 3: Fluorescence spectra of the sample B and 
ZBLAN glasses doped with 500 ppmw of Pr3+. 

1100 1200 1300 1400 
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Figure 4: Photoiuminescence spectra of amorphous a) 
and partially crystallised TGC A after annealing at 

440 °C for 10 min b), 40 min c) and 200 min d) 
respectively. 

In Fig. 4, the fluorescence spectra of sample A before and after ceramming at 440°C for 
different times are shown. Compared to the amorphous sample, the fluorescence intensity of 
cerramed samples was found to be six times higher after 10 min and ten times after 200 min 
at 440°C. Hence the photoiuminescence intensity increased as the quantity of the 
nanocrystalline phase increased. This is an indication that the surroundings of Pr3* ions are 
changed by migration into the nanocrystals or at their boundaries. 
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The IR spectra of samples A and B in Fig. 5 display two absorption bands, one centred 
around at 910 cm'1 and the other centred at 490 cm'1 for the cerammed sample and at 520 
cm"1 for the amorphous sample, respectively. Both bands can be attributed to the alumino- 
silicate network [8], but oxyfluoride and/or fluoride bonds could also absorb in the in the 
wavenumbers region from 400 to 600 cm"1 as shown by the absorption peak of ZBLAN 
glasses (Fig. 5). Since both CdF2 and PbF2 absorb at wavenumbers lower than 400 cm"1, the 
PbxCdi.xF2 phase is not likely to contribute to the absorption around 500 cm'1. 
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Figure 5: IR spectra of the samples TGC A a) and TGC B b) compared to that of a ZBLAN glass c) 

Rheological measurements 
In order to determine the range in which the viscosity does not depend on the applied 

strain, viscosity versus strain measurements were carried out at different temperatures. 
Sample  B   was  used   because   it   is   constituted  by  the  optically  active   two-phase 
microstructure. The strain y is given by: 

y = &-r/ 
7       /h 

where 0 is the rotation angle of the plates, and r (4 mm) and h (2-4 mm) are the radius and 
the thickness of the sample, respectively. Since the viscosity was constant for small strain 
values at each temperature, a y values of 0.5 % was chosen for the following measurements. 
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Figure 6: Frequency sweep test on the B sample at 550 °C. The line is drawn as guide for the eye. 
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In Fig. 6, the viscosity is reported as a function of the angular frequency. By increasing the 
angular frequency the viscosity drops to a fairly constant value in the range from 8 to 100 
rad/s. This trend was alike that observed in fluorozirconate glasses [9]. So, a frequency of 10 
rad/s was chosen for all measurements. 
The measurements were performed on sample B in the temperature range between 480 and 
560 °C. The experimental results were fitted with the Cohen-Grest [10] equation and are 
displayed in Fig. 7. From the fit, it emerges that the temperature range for fibre drawing (105 

-104 Pas) lies between 572 and 614 °C. 
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Figure 7: Viscosity measurements performed at 10 rad/s and y = 0.5 % on the sample B fitted with the 
Cohen-Grest equation. 

CONCLUSIONS 
Glass transparent ceramic can be employed to draw fibres for amplifiers operating at 

1.3 u.m. A Pr?+ fluorescence band wider than that of fluorozirconate glasses has been found. 
A comparative analysis of vitreous and crystallised samples showed that the transformation 
to the two-phase active state can be performed in an ample temperature range where the 
crystal dimensions are kept constant or even during the quench. The drawing process can be 
performed in the temperature range from 572 to 614 °C. 
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ABSTRACT 

We report on the formation of 3-dimensional optical memory in various glasses by using a 
focused 800 nm, femtosecond pulsed laser. The glasses are transparent in the wavelengths 
ranging from 600 to 1000 nm. After the irradiation with the 800 nm tightly focused 
femtosecond laser, a refractive-index bit was formed in the glasses. The size of refractive- 
index bit increased with increasing average power of the laser. The threshold value of optical 
recording in the glasses decreased with an increase in the wavelength corresponding to the 
optical band gap of the glasses. The size of refractive index bit smaller than 400nm was 
obtained and a storage density of lO^bit/cnr can be attained.Writing 3-dimensional refractive- 

index bit inside the transparent glasses based on a multi-photon absorption process is expected 
to become a useful method used to fabricate optical memory with both an ultra-high storage 
density and an ultra-high recording speed. 

* To whom all correspondence should be addressed. E-mail address: jrq@hap.jst.go.jp 

1. INTRODUCTION 

Optical memory using laser as a recording tool is one of the data storage methods which have 
high storage density. Compact disk is now widely used as a data storage medium. However, 
the laser beam spot used to record a bit of datum can never be smaller than the diffraction limit 
given by half of the illumination wavelength, thus the attainable storage density can never 
exceeds 109bit/cm2 if the wavelength of the laser is longer than 400nm [1]. To attain much 
higher storage density and storage capacity, many novel methods such as photochemical hole 
burning, holographic and 3-dimensional memory were proposed in the last decade [2-6]. 
Among these methods, 3-dimensional optical memory based on multiphoton absorption can be 
recorded and read out at room temperature, and has high storage density larger than 
10   bit/cm . It has received great attentions recently. 

Photorefractive crystals and photopolymers were usually used as 3-dimensional recording 
media [5-6]. However, few studies have been performed on 3-dimensional data storage inside 
glasses. In this paper, we report on the 3-dimensional optical storage inside transparent glasses 
by using a focused femtosecond pulsed laser. The mechanism of the formation of refractive 
index bit after the laser irradiation has also been discussed. 

2. EXPERIMENTAL 

Glass samples used in the present experiment were synthesized Si02 glass ( Si02(s), 
supplied by Asahi Glass Co. Ltd., Japan ), Si02 glass fabricated by VAD method (Si02(V)), 
supplied by Shinetsu Chemistry Co. Ltd., Japan), 53ZrF4 • 20BaF2 • 4LaF3 • 3A1F3 • 
20NaF glass (ZBLAN ), Macro slide glass ( NCSO(M), supplied by Matsunami Industry Co. 
Ltd., Japan), White slide glass ( NCSO(W), supplied by Takahashi Giken Co. Ltd. Japan ), 
20Na2O • 80TeO2 glass ( NTO ), 45Bi203 • lOZnO ■ 15BaO • lOCaO • 20Li2O glass ( BiO 
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) and GeS^ glass ( GeS ) (mol%). A regeneratively amplified 800 nm Ti:sapphire laser that 
emits a 120 fs, 200 kHz, mode-locked pulse was focused through 10-100X microscope 
objectives and injected inside the samples. By using an XYZ stage, it is possible to control the 
focused position inside the glasses. To study the structural changes in the glass samples induced 
by the laser irradiation, we wrote many damage lines inside the sample at room temperature. 
Then, ESR spectrum measurement was performed at liquid N^ temperature for the samples 
before and after laser irradiation. The absorption spectrum was measured using a JASCO-570 
spectrophotometer at room temperature. 

3. RESULTS 
Figure 1 shows the absorption spectra of the glass samples. The glasses are transparent in 

wavelengths ranging from 600 to 1000 nm. An absorption band peaking at 240 nm was 
observed in Si09 (v) glass. This band was due to the deficit of oxygen in the glass. The 
wavelength corresponding to the optical band gap of the glass, A , was defined to be the 
crossing point of the two dotted lines as indicated in Fig. 1 for NTO sample. 

When the average power of the laser exceeds a certain value, a refractive index bit which can 
be a bright or a colored spot in the glass samples after the laser irradiation through the 
observation of the microscope. If the average power of the laser increases further, microcrack 
will form in some of the glass samples after the laser irradiation. 

Figure 2 (a) and (b) show results of the read out of the data stored inside the NACS (W) slide 
glass. The average laser power was 80 mW for (a) and 140 mW for (b), respectively. A 20X 
lens with an NA of 0.46 was used to focus the laser light. The irradiation duration of the laser 
was 1 s on one dot. The distance between the adjacent dots was 10 /J. m (a) and 20 fi m (b), 
respectively. The size of dot formed in (a) and (b) was 4 and 10 /J. m, respectively. The size of 
the refractive index bit increases with an increase in the average power of the laser. 

Figure 3 shows the relationship between the threshold value of optical recording and 
wavelength corresponding to the optical band gap of the glasses. The threshold value of the 
optical recording, V , is defined as the necessary minimum average power of the laser which 
can induce visible change in the focal point of the laser after the irradiation of the laser for 30 s. 
To focus the laser light, the 20X lens with the NA of 0.46 was used. The change usually is the 
formation of a bright spot. In the cases of NTO, BiO and GeS glasses, the change is the 
formation of a colored spot which can be observed through the objective microscope. The 
threshold value decreases with increasing wavelength of the optical band gap of the glass. 

Figure 4 show a result of the refractive index bits induced by a single pulse of the 
femtosecond laser on one dot. A 50X lens with an NA of 0.80 was used to focus the laser light. 
The size of the refractive index bit was about 400 nm determined by a confocal laser 
microscope. The diameter of the refractive index bit is half of the wavelength of the laser. 

Figure 5 shows the ESR spectrum of the Si02(V) glass after the irradiation of the laser. The 
average power of the laser was 65 mW. No apparent signal was observed for the unirradiated 
glass. Therefore, SiE', peroxy-radicals and non-bridge oxygen hole centers (NBOHC) were 
induced in the laser irradiated silica glass sample [7], 

4. DISCUSSION 

ESR spectra show that some defect centers, e.g. SiE1, peroxy-radicals and non-bridge 
oxygen hole centers have formed in Si02(V) glass after the laser irradiation. Therefore, 
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permanent atomic displacements were created and electron transfer between atoms occurred 
during irradiation by the focused pulsed laser. Since the glass samples are transparent in 
800nm, therefore, we suggest that a multiphoton absorption process occurred in the glasses 
when irradiated by the femtosecond pulsed laser. 

We measured the refractive index profiles across the cross sections of the line, a continuous 
assembly of the refractive-index bits that was formed perpendicular to the laser beam [7]. A 
remarkable refractive-index increase was observed at the center of the irradiated region of a 
Si02 glass. The reasons of the increase in the refractive index are considered as follows. 

Usually, the interaction of ultrashort pulsed laser with dielectrics is based on multiphoton 
ionization, Joule heating and collisional ionization [8]. The formation of defect centers induced 
by multiphoton and collisional ionization processes may be one of the reasons to cause the 
increase in refractive index at the center of the laser irradiated part. It is since the defect centers 
usually have absorption in the UV or shorter visible wavelength regions, resulting an increase 
of refractive index in the visible wavelength region. However, no apparent signal due to the 

formation of defect centers can be detected in some of laser irradiated glasses at liquid 
temperature. Therefore, other reason to cause the increase in refractive index also should be 

considered. The ultrafast energy deposition can also create high temperatures and pressures 

inside the glasses, and may cause densification of the melt around the focal point due to the high 
radiation pressure of the laser. After the removal of the laser, the melt may be froze, and the 
structural state of the melt is maintained, thus resulting in densification at the center of the 
irradiation region in the glasses. 

The size of the refractive index bit increase with increasing the average power of the laser. 
Therefore, it is possible to adjust the size of the refractive index bit by controlling the laser 
power. The size of the refractive-index bit was observed to be approximately 400 nm after the 
irradiation of the single pulse of the laser, which is smaller than the wavelength of laser. It may 
be due to the self-focusing of the laser and non-linear effect of the glass, which resulted from 
the interaction between the laser and the glass. The result demonstrated that it is possible to 
record a bit of datum within two hundred femtoseconds by using a focused femtosecond laser. 
Moreover, using an objective with a long working distance, it is possible to record more than 
1000 layers spaced by less than l,«m in a 1 mm thick disk. A recording density of 
approximately 10    bits/cm  can be attained. 

We show that even slide glasses which are very cheap can be used as a media of 3- 
dimensional optical memory. The stored data in glasses have been examined to be stable below 
glass transition temperature. It is well known that glass is easy to be fabricated into a flat plate 
in large size. Therefore, we are convinced that writing three-dimensional spots inside the 
glasses will become a useful method to fabricate optical memory with both an ultrahigh storage 
density and an ultrahigh recording speed. 

4. CONCLUSION 

We have demonstrated 3-dimensional optical data storage inside various glasses using a 
focused 800 nm, 120 fs laser. The glasses were transparent in wavelengths ranging from 600 

to 1000 nm. A refractive index bit was formed in the samples after irradiation by the 800 nm 
focused femtosecond laser. The size of the refractive-index increased with increasing the 
average power of the laser. ESR spectrum showed a significant increase in the concentration of 
color centers in some of the laser irradiated glass samples. A multi-photon absorption process is 
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considered to have occurred in the glasses when irradiated by the pulsed laser. Writing three- 
dimensional dots inside the glasses may become a useful method to fabricate optical memory 
with both an ultrahigh storage density and an ultrahigh recording speed. 
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Figure 4 A result of the data stored in the SiC^CS) glass by a single pulse of the femtosecond 
laser. The size of the refractive index bit is about 400 nm. 

c 
01 

3200 3300 3400 
H /Gauss 

Figure 5 ESR spectrum of the SiC^CV) glass after the laser irradiation. 
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A search for a viable process to produce integrated optical devices that will operate at 

3-5um is being conducted. Channel waveguides of a depth and width of 50um are 

required for the devices that will operate at these wavelengths. A heavy metal fluoride 

glass based on the ZBLAN system has been selected as one candidate for the 

waveguide material. Techniques currently used for semiconductor manufacture and 

waveguide manufacture in silica will be modified for use on the ZBLAN glasses. One 

proposed manufacture route is to use a simple photolithographic technique involving a 

wet etch process. 

A suitable etchant has been identified which is commonly used for the removal of 

defects from the surface of fluorozirconate glass preforms. A set of experiments has 

been performed on a ZBLAN based glass to determine the linear etch rate and the 

repeatability of the etchant. A series of steps of depth ranging from 20-120um 

representing various etch times has been produced in the glass surface using temporary 

wax masks to define the topology. The linear etch rate was found to be repeatable up 

to depths of 120um. Initial surface degradation problems have been overcome by 

changing the surface preparation prior to etching and adjusting the etchant agitation. 

We are now investigating replacing the wax masks with a more defined photoresist to 

produce a series of etched channels in the glass surface and also aiming to produce 

core/clad waveguides. Glass melting, surface preparation and the controlled etching of 

surface features will be described together with the optical assessment of the 

waveguides. 
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In an attempt to write optical waveguides in fluoride glasses, photo-induced 

refractive index changes were continuously created by focusing the pulse laser through 

a microscope objective and translating the sample parallel or perpendicular to axis of 

the laser beam. The ultra-short pulses (200 kHz, 800 nm) in Gaussian mode produced 

by a regeneratively amplified Ti: sapphire laser were utilized for the formation of photo- 

induced refractive index changes. The resulting, linear refractive index changes were 

written inside fluoride glasses along the path traversed by the focal point of laser. From 

field intensity distributions in the output of guided light for these, we demonstrated that 

permanent optical waveguides can be successfully formed in fluoride glasses. In 

addition, from the analysis of a near-field pattern by a CCD camera, it was confirmed 

that single mode waveguides of the graded index type can be formed by a writing 

technique using the ultra-short pulse laser. 
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A family of fluoroaluminate glasses has been identified as the ideal host for doping with Nd3+ 

for use in the development of lasers and amplifiers in the second telecom window. For 
optimum performance, a fibre with high numerical aperture (NA), fibre length of 5cm and 
loss of lOdB/m is required. The high NA implies a core diameter of 3|im is needed and thus 
the core-to-clad interface represents greater than 50% of the core area. Crystallisation in the 
interface introduces large scattering losses. The critical step in the fabrication process is 
preform fabrication. We will present results comparing the different techniques employed 
and thermal and mechanical fabrication process modelling consistent with our experimental 
observations and detail the advantages and limiting parameters for the different processes. 

Rod-in-tube is the simplest technique of preform fabrication and works exceptionally well for 
oxide glasses. Fluorides are highly prone to surface crystallisation. We have looked at the 
fibre losses as functions of polishing material, polishing time, and etching. It is a good first 
step to test the optical properties and performance in a fibre. 

Rotational casting is usually employed in fluoride glasses. The high Tg(450°C) and large 
expansion coefficient ( >150xl07/°K) of fluoroaluminate glasses creates difficulties in 
rotational casting. We have modelled the thermal history and the stresses involved in the 
process. We have prepared glasses of varying expansion coefficients and find that the 
tolerances for core and clad expansion coefficients should be <5xlO"7/°K. We will compare 
the results of rotational casting with built-in-casting and the influence of processing time, 
thermal history and mould material (thermal conductivity). 

Extrusion as a procedure for preform fabrication is specially suitable for fluoraluminates. 
Extrusion allows one to operate at temperatures nearer Tg than Tx. Preforms can be prepared 
with small cores and thus avoid the thermal cycling involved in sleeving to get the 
singlemode fibre. To date our losses for fibres with 5-8 ^m cores vary from lOOdB/m using 
rod-in-tube to 20dB/m using extrusion. 
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ABSTRACT 
By a two-step method based on small-bore over-clad drilling as the key step, Er3+- 

doped single-mode fluoride fibres have been fabricated. Best fibres have a loss of 0.48- 
0.80 dB/m at 1.3 um, a LPU cut-off of 1.35 urn and a bending strength of 0.83 GPa. 

INTRODUCTION 
With the establishment of wavelength-division multiplexing (WDM) technologies 

in existing transmission networks, the fluoride-based Er3+-doped fibre amplifier (F-EDFA) 
has seen a revival because of its better gain flatness and longer amplification range 
compared with a silica-based one [1-3]. 

Er3+-doped fluoride fibres usable for optical amplifiers operating at 1.55 |im have 
to be single mode at both the signal and the pump wavelength. The conditions for single 
mode operation are set by the normalised frequency, V, which, in case of a step-index 
fibre, is given by 

V = *-d'NA <2.405 
X 

(NA, d, and X are the numerical aperture of the fibre, its core diameter, and the operating 
wavelength, respectively). 

If the fibre has a medium numerical aperture of 0.2, which has been shown to be 
sufficient for achieving high signal gain [4], a core diameter of less than 5.6 um will be 
required. Hence, the core/clad ratio has to be at least 1/22. 

Only recently, an insertion technique has been reported in which a fluoride glass 
preform with the ratio required has been achieved in single step [5]. Before that, multiple 
stretching and/or over-cladding has been the method of choice, thus, taking the risk of 
increasing the probability of crystallisation with each additional heating operation [6-8]. 

We now report on a simple two-step method based on small-bore over-clad 
drilling as the key step followed by a single stretching operation of a multimode preform 
down to a diameter which fits into the hole of the tube drilled. The resulting rod-in-tube 
preform could be successfully drawn into single-mode fibre. 

EXPERIMENTAL 
Core rods, clad tubes and over-clad rods used had outer diameters of 4 mm, 10 

mm, and 10 mm, respectively, and a length of 145 mm. Core glasses were of ZBLYALi 
composition [9] and doped with 1000 ppm of Er>+. Clad and over-clad glasses were of the 
ZBLYAN type [9]. From their refractive indices, a NA of 0.22 could be calculated. 

Drilling was accomplished manually by using a drill press equipped with diamond 
impregnated core drills of 1.06 mm of nominal outer diameter and various lengths of up to 
150 mm. Drills and equipment were supplied by Lunzer, Inc. 

After drilling, both the inner and outer surfaces were etched separately with 1 1 of 
an aqueous solution of 1 M HC1/0.04 M H3BO3 to the diameters desired, washed with 
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methano! and dried under vacuum. In detail, inner surface etching was carried out by 
continuously pumping the etching solution through the hole. The flow rate was about 0.7 
1/min. 

After jacketing the tubes with Teflon FEP and sealing them at one end, small- 
diameter rods obtained previously from the stretching of multimode preforms were 
inserted in the tubes and the resulting preforms drawn into fibres. 

Measurements of the geometry of over-clad tubes and small diameter rods were 
made by an optical microscope equipped with a Polaroid camera. Non-circularity, NC, 
was expressed as NC = [(a-b)/a]-100 %, with a and b being the major and the minor axis 
of an ellipse, respectively. Concentricity between two surfaces was taken as the distance 
between the centres of the best-fit circles of those surfaces, normally expressed in microns. 
Fibre geometry was measured by a Photon Kinetics 2400 instrument. 

Optical loss spectra of the fibres were recorded in the range between 900 nm and 
1600 nm by using the cutback technique. Attenuation coefficients were taken from the 
average loss spectrum of four cutback measurements. 

Mechanical strength of the fibres was calculated from two-point bending tests on 
25 samples of a length of 200 mm each. The platen velocity was 10 mm/min and the tests 
were performed within one week after drawing. 

RESULTS 
Preliminary trials showed that drilling of fluoride glass rods was feasible even by 

using standard solid twist drills. Unless drilled dry, rods of up to 50 mm length could be 
perforated by drilling from both ends. Since the maximum length of twist drills of 1 mm in 
diameter is about 55 mm, the achievable bore length is quite restricted. That can cause 
problems when it comes to drawing because of the close proximity of the preform fixing 
clamp to the drawing furnace. Moreover, drilling from both ends runs the risk of 
producing lateral misalignment of the two bores, which, in our case, turned out to be 
about 33 %. Additional attempts to do better if using an ultrasonic mill invariably led to 
the crack-up of the rods just after entering a few mm. Eventually, most of the problems 
mentioned above could be resolved by using diamond impregnated core drills. Table 1 
gives an evaluation by listing the hole-overclad concentricity along the drill axis for each 
of the rods drilled, which had a final hole diameter of 1.11 mm. 

Table 1 shows, that the deviation of the hole from the centre axis in the zone of the 
tube from which fibres were drawn lay in the range between 3.3 % and 9.4 %, with over- 
clad 4 being the best drilled. Generally, eccentricity doubled halfway through the rod. On 
the other hand, even a drill deflected can regain concentricity as evidenced by over-clad 2, 
whose concentricity improved in the last part from 9.4 % to 2.7 %. 

Irregularly shaped vacuum bubbles scattered along the centre axis of a rod were 
seen to affect drilling a lot. If the edge of the bubble formed a sharp cone in drilling 
direction, the drill could gain concentricity, as seen from over-clad 3 which contained such 
a bubble between 60 mm and 75 mm. Concentricity improved from 4 % to 1.7 %. If the 
edge was round, though, the drill often started deflecting irreversibly from the centre axis. 

Since the glass has come into contact with water, the wall of the hole after drilling 
was covered with a white hydrated layer and had to be cleaned by chemical etching prior 
to drawing. The hole diameter desired was obtained by controlling the etching time. Fig. 1 
displays the calibration curve together with the corresponding data from the etching of the 
three over-clads. From a linear best fit of all data, an etching rate of 21.4 um/min was 
obtained. Since the hole diameter also increased in pump direction, at a rate of 8 ± 3 urn 
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per 10 mm of tube length, all data in Fig. 1 referred to a distance of 20 mm from the 
solution entrance. 

After the etching of the over-claddings, appropriate small diameter rods previously 
obtained from the stretching of multimode preforms were inserted, thus completing the 
new preforms from which fibres with single-mode geometry could be expected. From 
Table 2, which reports the geometry of the rods stretched, rod 2 emerged to be the best 
with 1.7 % of core non-ciru!arity, 1.9 % of clad non-circularity and 3.3 % of core-clad 
concentricity. Of all the four rods employed, it was by far the least tapered as well. 

In Table 3, the geometry of the fibres drawn are summarised and illustrated by a 
magnified cross-section of fibre 1 (Fig. 2.). For the sake of clearness, the number of a fibre 
and those of its over-clad and small diameter rod are corresponding. It can be seen that all 
the fibres obtained met the requirement of a core/clad ratio of less than 1/22. Whilst clad 
non-circularity was quite uniform except for fibre 4, and averaged 3.6 ± 0.3 %, core non- 
circularity varied strongly from about 6 % to 16 %. Core-clad concentricity was in the 
range from 1.7 urn (2.6 %) to 5.3 urn (7.9 %). 

On fibres 1, 3, and 4, optical and, partly, mechanical properties were measured as 
well (Table 4). The mechanical properties of fibres 1 and 3 were nearly the same, 
averaging values of 0.81 GPa of bending strength and 6.1 of Weibull dispersion, 
respectively. In contrast to the mechanical properties, the optical ones were less 
homogeneous. With an optical loss of 0.48 dB/m and 0.80 dB/m at 1.3 urn, fibres 4 and 3 
attenuated light five times and three times less than fibre 1, respectively. In case of fibre 3, 
the LPH cut-off wavelength was found (at 1.35 urn), which corroborated that a real 
single-mode structure has been achieved. 

DISCUSSION 
The contribution of core and inner cladding to the total cross-sectional area of the 

fibre is just little more than 1 %. Therefore, it becomes clear that the core-clad 
concentricity achieved in the fibres (Table 3) was determined by the hole concentricity in 
the over-clad (Table 1) rather than by the core-clad concentricity of the small rods (Table 
2). This could be demonstrated on fibres 2 and 4, whose corresponding small diameter 
rods represented best and worst case of core-clad concentricity with 3.3 % and 9.8 %, 
respectively. By sampling lengths from the last part of each drawing, where the hole- 
overclad concentricity in the rods drilled was approaching 9.4 % and 3.2 %, respectively 
(Table 1), a core-clad concentricity of 7.9 % and 2.6 % was measured (Table 3). Hence, 
the fibres closely followed the trend set by the drilling. On the other hand, core non- 
circularity in the fibres (Table 3) may depend on the gap between the width of the hole in 
the over-clad (Fig. 1) and the diameter of the small rod inserted (Table 2). Fibre 2, whose 
preform had the smallest gap (about 200 urn), turned out to have best core circularity if 
the error was taken into account. 

The high clad non-circularity of fibre 4 may be attributable to the fact that preform 
4 was jacketed with a FEP tube whose thickness was 40 % less than that normally used. 

As mentioned above, the hole diameter was seen to increase in flow direction of 
the etching solution. This could be of practical use when it comes to match a tapered 
preform stretched. 

To elucidate the enhanced optical loss of fibre 1, firstly, the core area of the 
stretched rod 1 was scanned by energy dispersive X-ray analysis (EDX). It should be 
stressed that the sample investigated had not undergone the drawing heat treatment. 
Crystals of A1F3, ranging from 0.10 urn to 0.15 urn in size, were detected throughout the 
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core region, whilst on the core-clad interface agglomerates of them were found with an 
average crystal size of 0.4 um, as reported previously [10]. Secondly, to assess the 
influence of drawing on the fibre loss, the remainder of the multimode preform of 
stretched rods 3 and 4 was drawn into multimode fibre using similar conditions as those 
employed for fibres 3 and 4. Fibre losses in the range of 0.28 dB/m to 0.46 dB/m were 
measured on lengths varying from 3 m to 25 m, respectively. Since the corresponding 
small-core fibres 3 and 4 had losses between 0.80 dB/m and 0.48 dB/m, it can be stated 
that the optical quality of the core glasses after stretching need not be compromised by the 
following drawing. 

From cut-off measurements on fibre 3, an LPn cut-off wavelength of 1.35 um 
could be established, which is in good accordance with the theoretical one of 1.38 urn 
based on a NA of 0.22. 

The question of how does the clad-clad interface affect the mechanical properties 
of the fibres, was not so easy to answer. In any case, compared with fibres 1 and 3, whose 
bending strengths averaged 0.81 GPa (Table 4), the corresponding multimode fibres were 
more fragile as shown by their bending strengths of 0.45 GPa and 0.58 GPa, respectively. 

CONCLUSION 
Small-bore over-clad drilling has been shown to be a valuable intermediate step in 

the fabrication of Er3+-doped single-mode fluoride fibres affecting the optical properties of 
the core only geometrically in terms of core non-circularity and core-clad concentricity. 
Best values of around 6 % in the former case, and 1.7 urn in the latter, were obtained. 
Further improvements in hole concentricity and a proper match of the hole diameter with 
that of the rod to be inserted should be possible. 
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Table 1: Hole concentricity of the over-claddings vs. length drilled 

Length drilled (mm) Hole-overclad concentricity0 

(um)/(%)2) 

Over-clad 1 5 190/3.9 
15 190/3.9 
77 380/8.1 

Over-clad 2 8 160/3.3 
70 440 / 9.4 
80 460 / 9.4 
91 310/6.3 
100 130/2.7 

Over-clad 3 60 190/4.0 
75 80/1.7 
89 160/3.3 

Over-clad 4 14 200/4.1 
80 150/3.2 
93 230 / 4.7 
105 370 / 7.6 

As measured on slices of the tubes left after drawing. The error was estimated to be 40 urn. 
2) Deviation from the centre axis of the over-cladding. 

Table 2: Geometry of the small diameter rods obtained from the stretching of multimode 
preforms 

Rodl Rod 2 RodS" Rod 4" 
Total length (mm) 75 140 110 110 
Core diameter' (um) 257-332 386 - 402 334-356 356-414 
Clad diameter' (urn) 734 - 935 1017-1021 844 - 972 980-1213 
Average core/clad ratio 1/2.8 1/2.6 1/2.6 1/2.8 
Core non-circularity (%) 5.2 ±0.8 1.7 ±0.7 1.9 ±0.4 2.2 ±0.3 
Clad non-circularity (%) 2.0 ±0.8 1.9 ±0.4 1.8 ±0.5 1.5 ±0.2 
Core-clad concentricity (%) 4.9 3.3 7.2 ±1.2 9.8 

' Rod 3 and 4 were derived from the same preform 
2) As measured at both ends 
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Fig. 1. Hole diameter vs. etching time. 
The line is a best fit to the measured data. 

Table 3: Geometry of the fibres drawn 

Fig.2. Cross-section of fibre 1 

Fibre 1' Fibre 22) Fibre V Fibre 44 

Core diameter (pm) 

Clad diameter (pm) 

Core/clad ratio 

Core non-circularity (%) 

Clad non-circularity (%) 

Core-clad concentricity (urn) / 
(%) 

4.6 ±0.2 5.9 ±0.1 4.8 ±0.3 4.7 ±0.2 

129.8 ±1.4 134.4 ±0.9 123.0 ±0.1 133.2 ±7.2 

1/28 1/23 1/26 1/28 

16.2 ±7.6 6.6 ±1.3 16.1 ±15.8 5.9 ±5.8 

3.3 ± 0.8 3.7 ±0.5 3.8 ±0.1 6.2 ±0.8 

2.6 ±0.3/4.0 5.3 ±0.4/7.9 3.2 ±0.3/5.2 1.7 ±0.4/2.6 

1) Average values and standard deviations of 5 measurements on 1 m of fibre 
2) Average values and standard deviations of 5 measurements on 2 m of fibre 
3) Average values and standard deviations of 10 measurements on 0.6 m of fibre 
41 Average values and standard deviations of 3 measurements on 0.6 m of fibre and 5 measurements on 1.1 
m, respectively. 

Table 4: Optical and mechanical properties of the fibres 

Fibre 1 Fibre 3 Fibre 4 

Attenuation coefficient, a'' 
(dB/m) 
Cut-off wavelength, Xc (urn) 

Bending strength5^ a0 (GPa) 

Weibull parameter, m 

2.62±1.302) 

0.80±0.016) 

5.9 ±0.3 

0.80 ± 0.083) 

1.35 

0.83±0.017) 

6.2 ±0.2 

0.48 ■4) 

' At 1.30 pm 2) Average value of 4 lengths of fibre cut back 3) Average value of 2 lengths of fibre cut 
back 4) 10 m of fibre cut back to 2.2 m  5) At a failure probability of 63.2%  6) Mean fibre diameter: 129 
± 3 pm   ' Mean fibre diameter: 126 ± 9 pm 
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L.Dmitruk, N.Vinogradova 
General Physics Institute, Russian Academy of Sciences, Vavilov str.38, Moscow 

117947, Russia 

V.Fedorov, Yu.Efimov 
All Russian Chemical Technology Institute, Moscow, Russia 

ABSTRACT 
The preparation of large size fluorozirconate and fluorohafnate glasses with increasing 

cooling rate of the melt was studied. Both external water cooling of the mould and 

«internal» cooling of the melt were employed to increase the cooling rate. Conditions 

to be needed to prepare glasses with 30x30 mm2 without crystallization and cracking 

were determined. 

INTRODUCTION 

Crystallization of fluoride glasses, particularly of those of non-trivial composition, 

e.g. of glasses with a high concentration of RE, complicates the production of large 

size samples. In particular the crystallization problem impedes a preparation of 

scintillating fluoride glass module with thickness more than 20 mm [1]. 

One of approachment to this problem could be increasing of the cooling rate of 

the melt during casting. 

In this work the possibility of preparation of the fluorozirconate and 

fluorohafnate (ZBLAN type) glasses with 30x30 mm2 cross-section under forced 

cooling of the mould and «inner» cooling of the melt was studied. 

RESULTS AND DISCUSSION 

The matter of the proposed casting technique is illustrated in Fig. 1. The melt is 

poured in thin thickness aluminum mould in which water cooling brass core is placed. 

On the outside the mould is cooled with water. During cooling the mould temperature 

is 100°C and the core one is about 20°C. As result of heat transfer solidified layers 

are formed both at core and mold surfaces. In present case the total heat towards 

mould and core considerably more in comparison with the usual casting technique due 
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to increasing of the temperature gradient in the melt and increasing of cooling surface. 

As a result cooling rates of the melt including one of the central part, where 

crystallization is most probable, are increased. 

In some time the external cooling is removed and cooling core is taken out. 

Then the glass solidified on the core is submerged into the melt. In this stage the 

cooling of the unsolidified melt is continued due to heat transfer to solidified glass and 

last one is heated. After complete solidification the mould is transferred into the 

annealing furnace. 

Experiment was performed in the set-up shown in Fig 2. The set-up consist of 

two main parts: the furnace for glass synthesis and the casting mould. The glasses 

were melted in the graphite crucible covered with glass carbon and placed in silica 

glass tube. The tube is hermetically tightened on the sides. Argon is passed through 

the silica glass tube. At the bottom part of the crucible, a nozzle fitted with a graphite 

cork is available. The mould represents an aluminum box with 0.8 mm walls. A water 

cooled core is introduced into the mould. From the outside the mould is cooled with 

water. The mould is hermetically connected with silica glass tube through flange. 

The purpose of experiment was to determine the duration of enforced cooling, 

which ensures the increased cooling rate without cracking of glass ingot. 

A batch of 600g of 52ZrF4-20BaF2- 5CeF3-2.5AlF3-20NaF-0.5InF3 (mol.%) 

was melted under Ar flow at 820-840° for 60 min, cooled to 580°C, then poured into 

the mould, with 30 mm width and 145 mm length. Two Pt-PtRh microthermocouples 

were inserted into the melt. They were 1 and 6 mm distant from the mould wall. 

Some typical cooling curves corresponding to different duration of enforced 

cooling (t„t2) are shown in Fig.3. The crystallization of the central part of melt at 

short cooling time (curve 1), and the cracking of the glass ingot at long cooling time 

(curve 2) took place. 

Cracking it found to take place in the case of (Tg-Tx) difference, where Tx is 

the temperature of the glass surface, more than 50°C. 

Variation of «outer» and «inner» cooling times within the limits of 0.5-4 min 

allowed both to achieve high cooling rate of the central part of the melt and to prevent 

cracking of ingots. The typical cooling curves (3,4) for such case are shown in Fig.3. 

For this case (Tg-Tx) is about 30°C and the minimum cooling rate in the temperature 
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range of 350-400°C is about 507min. Ingots with 30x30 mm2 cross section and 145 

mm length prepared in such a way did not show signs of crystallization and showed 

good optical quality. 
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Fig. 2 Set-up for preparation of fluoride glass 
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Fig.3 Cooling curves during casting: 1- thermocouple was 6 mm distant trom the mould wall. 
External cooling time t(=60 sec, internal cooling t2=60 sec; 2- thermocouple was 1 mm distant 

from the mould wall, ^=^=160 sec; 3-    thermocouple was 6 mm distant trom the mould wall 

^=80 sec, t2=120 sec; 3 - thermocouple was 1 mm distant from the mould wall, t =80 sec, t =120 sec 
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Jens Kobelke, Johannes Kirchhof, Michael Scheffler, Anka Schwuchow 
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ABSTRACT 
For the first time we present a praseodymium doped arsenic sulfide based single mode fibre 
with low loss behaviour. The small core-high NA structure was realized by combination of 
double crucible method and rod-in tube processing. The fibre has a core-double clad structure. 
Based on a laminar model the parameters of viscous flow and the dimensions of concentric 
crucible tubes could be optimized. The favourable ratio of diameter relation innerclad-core is 
about 10:1. The main problem of single mode preparation is the quality of interface innerclad- 
overcladding. By high quality inner surface treatment the heterophase impurities could be 
considerably decreased. Best value of background loss is 3.3 dB m'1 at 1.3 um. 

INTRODUCTION 
Chalcogenide glass single mode fibres are promising candidates for optical applications in the 
NIR- and MIR-range. Among their outstanding characteristics are the high refractive index and 
material dispersion. The high optical nonlinearity and large interaction length of fibres allow 
applications to all-optical switching. The low phonon energy marks chalcogenide glasses as 
suitable hosts for laser and amplifier applications. 
Because of their low crystallization tendency and the high mechanical and chemical stability, 
glasses based on arsenic sulfide are favoured for passive and active fibre applications. 

EXPERIMENTAL AND RESULTS 
We prepared single mode fibers with double clad structure based on sulfide glass. The main 
point of view was their application for 1.3 urn amplifiers. The fibres had a high An-small core 
structure. The praseodymium concentration in the core glass was choosen underneath 1000 
wt.ppm, to exclude concentration quenching of lifetime of the excited level. The destination 
value of numerical aperture was about 0.4, the praseodymium doped core had a diameter of 
about 2 urn. The rare earth solubility was optimized by adding co-dopants, i.e. germanium, 
gallium, surplus-sulfur [1]. The solubility of rare earth elements was strongly influenced by the 
co-dopants. For praseodymium concentrations up to about a thousand wt.ppm we found an 
optimum molar concentration ratio germanium/gallium of about 2.6 [2]. 
The attenuation of the fibers was measured by cut back method at 1.02 urn and 1.3 p.m. The 
fluorescence behaviour and lifetime were measued by side light spectra method (exciting 
source: MOP A 1.020 urn). The refractive index of the several fiber glasses was estimated by 
pism coupling method at 1.3 urn. The mean viscosity under drawing conditions was estimated 
by measurement the drawing force. Tg gives a clue for viscosity in the glass transition region. 
It was estimated by DTA method. The thermal expansion coefficient of the different glasses 
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was estimated by length contraction by cooling unstructured fibres. The value for a 
stochiometric arsenic sulfide fibre was 27.4* 10"6 K'\ 
We adjusted the difference of refractive index between core and innerclad by variation the 
germanium concentration. If refractive index was reduced by increasing the surplus-sulfür 
content this led to more streaky glasses. Probably it was caused due to higher vapourisation 
tendency in relation to stochiometric or germanium doped arsenic sulfide. Additional surplus- 
sulfur led to an increase of the thermal expansion coefficient of innerclad glass of about 20 % 
in relation to core glass. In contrast the addition of germanium show an about 10 % decrased 
value in relation to core glass. Therefore, we doped the innerclad material with about 2.3 
mol% additional germanium to core glass level. In consequence, the higher germanium 
concentration increases the viscosity of the innerclad in relation to the core glass about one 
order of magnitude. No crystallization was observed for the praseodymium doped core glass, 
innerclad or overcladding glass by DTA. 

Table 1: Optical and thermal behaviour of typical core, innerclad and overcladding glasses: 

core glass innerclad glass overcladding glass 

co-dopants Ge, Ga, Sy Ge,Sv Ge 

Pr3+               typ. val. 760 wt.ppm 0 0 

<xnH (2.9 um) typ. vai. < O.lcrn'1 0.1...0.5 cm"1 0.1...0.5 cm"1 

a<;H(4.1 um) typ. val. 0.9 cm"1 0.2...0.9 cm"1 0.2...0.9 cm"1 

refractive index (1.3 urn) 2.430 2.394 2.451 (0%Ge) 

2.431       (3%Ge) 

lowest attenuation of 
unstructured fibre 

(1.3 urn) 

1.5 dBm"1 2.9 dB m"1 0.8 dB m"1 

Tg 191°C 215°C 202°C (0% Ge) 

221°C    (3% Ge) 

mean viscosity (310°C) 105-5 dPas 1060 dPas 1050 dPas(0% Ge) 

1062 dPas(3% Ge) 

thermal expansion coeff. 
relat. to AS2S3 

0.98 0.88 1.00 (0%Ge) 

0.90       (3% Ge) 

Sy:       surplus-sulfur 
*)       typical crucible drawing temperature of As2S3 

The single mode fibres were prepared by a modified rod-in-tube (BIT) drawing process. As a 
first step we pulled a rod core-innerclad structure by double crucible method. This rod was 
inserted into a hollow preform cylinder and drawn to a double clad fibre. 

This method enabled the defined preparation of the fibre geometry and refractive index 
structure of the rod. To adjust the correct values of core and innerclad diameters we studied 
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the influence of thermal paramters of the glass composition and the double crucible dimensions 
on the drawing process by a laminar flow model. The diameter relation between cladding and 
core was determined by: 

0 clad 

0. 

(lzn.c<+b' 

TJcore j T|clad- 

pcore* Pclad- 

a: 
b: 
c: 

viscosity of core; innerclad glass 
total pressure difference of core; innerclad glass 
inner radius of the core glass tube of the double crucible 
outer radius of the core glass tube 
inner radius of the innerclad glass tube 

The influence of germanium and surplus-sulfur on the viscosity under crucible drawing 
condition was estimated by Tg and fiber elongation/tension force measurement: 

AlogriGe= 0.41 *x, Ge and Aiogri   =-0.13 *x. sy 

A log r^: 
A log TiSy: 
XGe: 

x«v: 

difference in viscosity to AS2S3 caused by added germanium (log units) 
difference in viscosity due to surplus-sulfur (log units) 
germanium concentration (mol%) 
surplus-concentration (mol%) 

Table2 shows the relation between realized and expected 0euJ0c 

germanium content of core and innerclad glass: 
by variation the 

NA XGe 

core 
mol% 

XGe 

clad 
mol% 

Pclad l 

rcore Tlcore 
0cUd/0c« 0^/0^ (exper.)/ 

0cad/0core(model) 

A50-B47 0.121 0.000 2.256 1.00 8.57 9.32 0.74 
D37-B27 0.253 0.868 2.910 1.00 7.00 2.22 1.06 
D36-B26 0.326 0.880 2.519 1.00 4.77 2.70 1.07 
D92-B49 0.368 1.344 3.969 1.00 12.91 4.26 1.32 
D93-B57 0.416 1.318 3.618 1.18 8.67 10.81 1.59 
D93-B52 0.436 1.318 3.626 1.00 8.98 5.05 1.31 
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Rods with high numerical aperture were inserted in overcladding hollow cylinders to draw 
single mode fibers by RIT-process. The fibres had a depressed innerclad structure: 

^J 

50 100 150 200 [pm] 

Figure 1: refractive index structure and intensity distribution of a single mode fibre at 
1.02 urn 

Single mode fibres with different refractive index overcladding were drawn by variation the 
germanium concentration of the hollow cylinders. 
As one of the major problems of the preparation we found miccroscopic defects and inclusions. 
Obviously most of these imperfections were originated in the preform hollow cylinder inner 
surface quality. They could be mostly avoided by an improved inner surface treatment. We 
have drawn for the first time a praseodymium doped arsenic sulfide single mode fibre with a 
similiar background loss like the unstructured multimode fibre. 

Table 3: comparison of unstrucured core glass fibre with single mode fibre 

unstructured    core    glass 
fibre 

single mode fibre 

diameter 200 urn core 

2.5 urn 

innerclad 
20 urn 

overclad 
125 urn 

refractive index (1.3 urn) 2.430 2.430 2.399 2.446 

Pr3+ concentration 754 wt.ppm 754 wt.ppm 

loss at 1.02 urn 6.7 dBm/1 6.7 dBm"1 

loss at 1.3 urn 20 dBm'1 3.3 dBm-1 

fluorescence peak maximum 1.337 jim 1.337 urn 

FWHV 74 nm 74 nm 

CONCLUSIONS 

Praseodymium doped single mode fibers based on arsenic sulfide were drawn by combined 
double crucible and RIT-process. The fibres have a small core-high NA structure for amplifier 
application. The attenuation of single mode fibres was limited most by microscopic defects at 
innerface innerclad-overcladding. They could be decreased by high quality surface treatment of 
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the inner bore surface. Best attenuation values at 1.3 urn were now 3.3 dBm*1. The test for 
amplifier application is in preparation. 
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Glasses based on gallium lanthanum sulphide (GLS) are being developed as low phonon energy 
hosts for rare earth doping, potentially allowing the construction of waveguide devices for 
1.3 um all-optical amplification and for near- and mid-infrared lasing and sensing. The glasses 
can be prepared by melting the component sulphides at 1150°C. However the glass-forming 
liquids devitrify rapidly at the temperatures required for forming and shaping using the usual 
methods of hot working. This has led to the rod and tube geometries necessary for fibre 
preforms being manufactured by machining from a solid billet, so producing much waste and a 
poor surface finish. 

In this work we report the use of an extrusion process in order to improve the quality and 
efficiency of the production of rods and tubes for fibre preforms. Extrusion utilises a relatively 
low forming temperature to shape the GLS glasses, so that the rate of crystallisation should be 
considerably reduced. In the extrusion process, a billet of GLS glass is forced at high pressure 
and high viscosity through a die of particular dimension, so imparting that dimension to the 
glass. The billet can be as-cast from the glass melting process, so eliminating any machining 
process. 

* Corresponding author. 
Tel: +44 (0)114 222 5516. Fax: +44 (0)114 222 5943. email: a.b.seddon@sheffield.ac.uk 
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INTRODUCTION 
The problem of correlation between the structure and properties for amorphous films 

and bulk glasses is important because of many application of chalcogenide glasses as thin 
films. The investigations of thermally evaporated As2S3 films have shown that as-deposited 
films contain essential portion of homobonds that was explained as the existence of As4S4, 
As4S3, Sn molecules "frozen" at the time of condensation [1-4]. Annealing or light exposure 
cause the polymerization which sets to the formation of chemically ordered continuous 
Zachariasen's network. 

Properties of the films prepared by three different methods of vacuum deposition, thermal 
evaporation from the opened surface, discrete evaporation and ion-beam sputtering, have been 
compared for As2S3 films [5]. Ion-beam sputtered (IBS) films were found not similar to the 
thermally evaporated films. Taking into account that the IBS-films possess such advantages as 
a high adhesion to a substrate and a low quantity of the defects, we have investigated the 
structure and properties of AsxS,.x IBS-films in more detail. In this paper, we shall describe 
some results of this studying. 

EXPERIMENTAL 
Glasses and crystals of As - S system with As content from 33 to 57 at.% were prepared 

by the standard method of synthesis in the silica ampoules. 
The sputtering setup was made using standard vacuum system. As an ion source the 

Kaufmanns's one with the tungsten cathode was entered to the vacuum system. Diameter of 
ion beam was 100 mm. The glassy or crystalline target was being on metal surface cooled by 
water. The angle of sputtering was 45°. The ion energy from 2 to 2.5 keV was used to sputter. 
The condensation rate was from 0.03 to 1 nm/s in dependence on the target composition, the 
energy and the ion current. 

The films structure was investigated using the IR-spectroscopy in the range from 400 to 
200 cm"1 where the characteristic vibrations of As-S containing fragments are located. IR 
spectra obtained were compared with the ones for glasses, crystals and thermally evaporated 
films with the same compositions. 

The exposure of films was made by light of Hg-lamp. The annealing of films was made at 
from 120 to 150 °C. The etching rates were measured by standard interferometer method at 
X=633 nm. Amine solutions were used as etchants. At the etching of films, two different re- 
actions take place simultaneously [6]. 

S2/2As-S-AsS2/2 + RR'NH -> SMAsS"RR'NH2
+ + RR'NAsS2/2       (1) 

* Present address: Corning Scientific Center in St. Petersburg, WESTPOST PO BOX 109, Lappeenranta, FIN- 
53101, Finland. Email corning@infopro.spb.su 
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Sn + RR'NH -> RR'NH+S; (2a) 
RR'NH+S; + S2/2As-AsS2/2 -» S2/2AsS'RR'NH2

+ + RR'NAsS2/2    (2b) 

To know a phase state of films before and after exposure and annealing the X-ray analysis 
was made. 

RESULTS 
Glasses and two crystalline molecular compounds, As4S4 and As4S3, were chosen to 

sputter. All as-deposited films were obtained in amorphous state even their composition is 
outside of glass formation area. Let us consider at first the ER spectra and their change at an- 
nealing or after exposure. 

For as-deposited films with arsenic content from 33 to 57 at.%, ER-spectra of IBS-films 
seem very similar: the most intensive absorption band is the one at 310 cm1, the bands at 340 
and 370 cm"' are displayed as shoulders. The relative intensities of the latter two bands in- 

crease with a growth of As concentration in the films. As 
an illumination as an annealing of the films containing 
less than 40 at.% As results as some enlargement of in- 
tensity of the main absorption band at 310 cm"1 in their 
IR-spectra (fig. 1). 
The intensity of the band at 310 cm'1 in IBS-films with 
As content more than 40 at.% decreases further after ir- 
radiation or annealing and an simultaneously the ab- 
sorption at 340 and 370 1/cm increases (fig 1, c). The 
most unexpected effects are obtained for As4S4 and 
As4S3 IBS-films. As example, ER-spectra of As4S3 IBS- 
films are presented in fig. 2. For as-deposited EBS-film, 
the spectrum distinguishes as from the one of thermally- 
evaporated As4S3 film as well as from the spectrum of 
crystalline dimorphite. The spectra of As4S3 IBS-films 
are similar to the ones of As42S58 and As44S56, and also to 

»3 

400 300 200 
Wave number, cm -1 

Fig. 1. IR spectra of (1) as- 
deposited and (2) exposed (a) IBS 
As33S67, (b) thermally evaporated 
and (c) EBS As2S3 films. 

the IR-spectra of the bulk glasses enriched by As in re- 
lation to the stoichiometry of As2S3. The absorption band 
at 320 1/cm is the most intensive, the band at 344 1/cm 
is displayed in a kind of a shoulder, the third band is ob- 
served at 370 1/cm as a shoulder too. In contrast to the 

light action, annealing of as-sputtered As4S3 films leads to the obtaining of the IR-spectrum 
characterized by another set of the bands. A presence of the strong band at 224-225 1/cm 
(comparable on its intensity to the one at 202-206 1/cm) and the band at 344 1/cm (more in- 
tensive than the one at 374 1/cm) is agreed with the character features of the ER spectra for the 
bulk polycrystalline realgar As4S4 and for its annealed IBS-layers. After illumination by light 
of Hg-lamp as well as at annealing, the absorption edge of IBS-films is shifted to the short- 
wave spectral region. It corresponds to the photobleaching (fig. 3). Such influence of light and 
annealing on the absorption edge position is a contrary to the photodarkening which is typi- 
cally obtained for thermally-evaporated As-S films. Earlier, the photobleaching of As-S layers 
induced by light exposure or by heating has been observed only if the forced evaporation 
methods are used (7^^=600-1000 K) [7-9]. 
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IBS-films that contain As less than 44 at. % are always stable to crystallization in the cy- 
cles "irradiation-annealing". It is suddenly that, starting from As^S^ composition, the se- 
quence of both the light exposure and the annealing effects on the phase state of film. Namely, 
if as-deposited film is initially annealed it will remain transparent and amorphous after next 
"irradiation-annealing" cycles, whereas the films exposed previously will become to crystal- 

10 

400" 350 300 

Wave number, cm-' 

250 

Fig. 2. IR spectra for (1) as-deposited 
and (2) exposed As4S3 IBS films. 

400 500 700 
K, mn 

Fig. 3. Absorption edges for (1) as- 
deposited and (2) exposed As4S3 films. 

line state at the annealing and be opaque. 
Chemical properties of IBS-films are differed from the ones of thermally evaporated 

films and bulk glasses. IBS-films do not practically interact with the solutions of dialkyla- 
mines in aprotic solvents which had been proposed earlier to etch thermally evaporated AsxS,. 
x films [10]. The dissolution rates were measurable (more than 0.01 nm/s) at the use of high- 
basic amines such as morpholine or primary amines in the solvents with high permittivity 
(dimethylsulfoxide, dimethylformamide). Thermally evaporated films dissolve instantane- 
ously in these etchants. 

It follows from interferometric measurements that the dissolution rates of as-deposited 
films do not change in the etching process. It testifies the uniformity of the film properties 
into its depth. 

Fig. 4 presents the dependence of dissolution rates on the content of As in the IBS-films. 
The solution of 45% morpholine in dimethylformamide was used for these measurements. 
The minimal etching rate corresponds to As2S3 composition. This composition has the maxi- 
mally-possible concentration of the heteropolar bonds As-S. The deviations from the stoichi- 
ometric composition lead to diluting of the disordered network with the homopolar bonds. 
Similar dependence of the dissolution rate on As content is characteristic also for the etching 
of bulk As-S glasses in the amine solutions [6]. Unlike bulk glasses and the products of their 
sputtering, the IBS-films of the compositions of As4S4 and As4S3 are stable to an action of the 
solutions of amines as well as the bulk molecular crystals As4S4 and As4S3. To do them solu- 
ble in these etchants it was necessary to enter the suitable oxidant (the dissolved sulfur) into 
the amine solution. It let us to realize reaction (2). An application of the solutions of iso- 
penthylamine or morpholine in dimethylsulfoxide or dimethylformamide containing the dis- 
solved sulfur, in concentration from 0.01 up to 0.1 mole/1, as an etchant allowed us to obtain 
the acceptable value of dissolution rates for As4S4 and As4S3 IBS-films. 
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Fig. 4. Dependence of the dissolution 
rate of IBS AsvS,.v films on the As M-x 

content. 

Fig. 5. The dependence of etching selec- 
tivity on exposure time for As4S3 films. 

After exposure of As4S3 or As4S4 IBS-films, their dissolution rate increases, i.e. the posi- 
tive photoresistive effect is observed. The obtained values of etching selectivity depend on the 
irradiation doze and amount to dozens and hundreds (fig. 5). Such values of selectivity were 
observed for the films deposited at condensation rate of 0.05-0.07 nm/sec. The photosensitiv- 
ity of IBS AsxS,.x films is smal. For continuous exposure with X,=488 ran, the energie more 
than 10 J/cm2 is required to obtain phase hologram with relief depth about 0.3 um. 

DISCUSSION 
A comparison of the properties for AsxS,.x IBS-films with the similar data for other amor- 

phous and crystalline materials i.e. for bulk glasses, molecular crystals and thermally- 
evaporated films, allows us to make the following general conclusion. 

The properties of IBS-films distinguish as from the thermally evaporated films as from 
the bulk analogs (glasses and crystals) of the same compositions. This difference shows itself 
as phenomenologically (amorphous state of As4S4 and As4S3 IBS-films, photo- and thermo- 
bleaching, high chemical stability) as spectrally. 

For AsxSj.x glasses, the absorption band at 311-313 cm'1 is connected with the vibrations 
of pyramid AsS3/2. Frequencies 340 and 370 1/cm are known as characteristic doublet in the 
spectra of the molecular crystals of As-S system, namely, of realgar As4S4 and dimorphite 
As4S3. For all composition including As4S4 and As4S3 films, the spectral feature of as- 
deposited IBS-films is that frequency near 310 cm"1 predominants in IR spectra. The exact po- 
sition of this band depends on both film composition and deposition characteristics (ion cur- 
rent and energy), and it is shifted to lower frequencies if As concentration is decreased (see 
Table). It means that polymer network is formed at condensation, even if the sputtering of 
molecular crystal takes place. Frequency shift can be explained as a result of formation of dis- 
ordered network which contains various structural units, As(As3/3)3, As2/3AsS1/2, As^AsS^, 
AsS3/2 etc. The displacement of the oscillation frequency of pyramidal AsX3/2 structural units 
which is occurred at a change of As content in IBS-films is similar to the phenomenon known 
for the IR-spectra of SiOx IBS-films [11, 12]. The structure of as-deposited As4S3 and As4S4 

films is characterized by the covalent disordered network of the pyramids AsX3/2, with the 
molecular fragments partially bonded into it. 
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Table. Oscillation frequen- 
cies of AsS3/2 pyramids for 
as-deposited IBS-films. 

The features of photostructural changes in IBS-films 
can be interpreted as follows. For films enriched by sulfur, 
the continuous covalent network is the predominant struc- 
tural element. This network consists of the polymer struc- 
tural units of type AsS3/2 being observable in the spectra as a 
band near 310 cm"1 and the polymer ones SS2/2 not display- 
ing themselves in the investigated spectral range. After ex- 
posure or annealing, any new IR absorption bands do not 
appear, but the intensity of the main absorption band near 
310 cm'1 increases in a little degree (by 2-4% of its absolute 
size). In these films, the photostructural changes are di- 
rected to structural perfection of this disordered network. 

Starting from As2S3 composition, other type of pho- 
tostructural changes is observed. In these cases, the spectral 
features of photostructural changes can be explained on the 
basis of representations about the photostimulated partial 
depolymerization of the disordered network resulting to the 
isolation of the molecular fragments which are similar in its 
structure and composition to As4S4 and As4S3. It is interest- 

ing that, for As2S3, the photodepolymerization can be seen from IR spectra also in reversible 
cycles exposure - annealing at Tg. 

The mechanism of photostructural changes in IBS-films may be understand as chemical 
relaxation (ordering) of the nearest neighbors. At that, the change leads to the formation of 
stable fragment closed to the nearest fragment which is stable or metastable in bulk form. The 
direction of the processes of the transformations of the statistically-random structural units 
can be presented by the following schemes öf the reactions of depolymerization: 

As, at.% The     peak 
position, 
1/cm 

33 310-312 
40 310-320 
42 310-320 
44 314-315 
50 318-320 
57 318-320 

Glassy 311 
AS7Ö3 

the peak position depends 
on condensation regime. 

As,/3Asb2/2 —> As4S4 

molecular 

As^AsS,^ 

polymeric 

As4S3 

molecular 

\ / /YS4Ö3 +   AsS 3/2 

polymeric 
and of disproportionation: 

As^AsS^ ->As4S3     +  AsS3/2 _ As4S4 

polymeric        molecular     polymeric ' molecular      molecular      polymeric 
The processes of the structural-chemical ordering in AsxS,.x IBS-layers are in agreement 

with the known Ostwald's rule of step for chemical reaction, accordingly to which "at chemi- 
cal processes, at the first stage will be formed not the most stable substances, but the sub- 
stances which are the nearest to the initial system" [13]. Probably, this conclusion is correctly 
as for photoinduced as for thermoinduced changes in the investigated IBS-films. Only using 
this approach we can explain the spectrally observed presence of the As4S3 - like molecular 
fragments in the exposed As4S4 films as well as the spectrally-observed appearance of the 
As4S4-like ones in the annealed As4S3 films. 

Comparison of the IR-spectra of the As2S3 films deposited by different methods shows 
that a structure of as-deposited films is determined not by the method to transfer As2S3 to a 
vapor phase itself, but by the molecular composition of the vapor. Only the stable molecular 
fragments having a crystalline analog might be frozen in the film. At condensation, non- 
saturated molecules will form the polymer atomic network characterized by the distribution of 
bonds which is closed to the random one [5]. For ion-beam sputtering, we can assume that 
non-defined fragments of glassy or crystalline target are knocked out to vacuum. As a result, 
the chemically non-saturated particles form the random polymer network at the condensation. 
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The results of the investigations of dissolution kinetics for AsxS,.x IBS-films agree with 
the spectroscopic data and confirm the thesis about the difference in structural-chemical or- 
dering between thermally evaporated films and IBS-layers. This difference is expressed as the 
following experimentally-observed facts: 

-IBS-layers are more chemically-stable than thermally-evaporated ones, it confirms the 
conclusion made above concerning to a high degree of polymerity of IBS-films; 

-the direction of the photoresistive effect depends on the As concentration in the film, it 
changes from negative to positive when As content passes the stoichiometry of As2S3; 

CONCLUSION 
The structure and properties of AsxS,.x IBS-films are considered as experimental realiza- 

tion of the model of the network chemically and structurally disordered and closed to the 
pure-statistic kind of ordering where only coordination numbers are permanently. This kind of 
ordering corresponds to the following situation: the continuous covalent structural network is 
built of the structural units, the forms of which are determined by coordination numbers of the 
atoms, but their chemical composition is random. The structural individuality in the investi- 
gated concentration region is the trigonal-pyramidal unit of type AsAs^S^.^ (n = 0, 1,2, 3) 
of statistically-random chemical composition. 
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ABSTRACT 
We have investigated the electrical conductivity of the PbO-PbCl2-CdCl2 oxychloride 

glasses by impedance spectroscopy. All glasses exhibit Arrhenius behaviour in log 
(conductivity) versus reciprocal temperature plots. The observation of a polarisation effect for 
a fixed applied voltage indicates that the electrical conductivity in PbO-PbCl2-CdCl2 glasses is 
due to the migration of ions rather than electrons. The evolution of the isothermal ionic 
conductivity with the glass composition can be described considering both chloride ions or 
Pb2+ ions as charge carriers. Structural characterisation of Pb environment in PbO-PbCl2-CdCl2 

glasses has been achieved using 207Pb NMR spectroscopy. Local environment of lead atoms 
becomes more ionic as PbCl2 is substitued for PbO. Ionicity of lead coordination is not affected 
by the substitution of PbCl2 for CdCl2. Our aim was to elucidate the local environment of Pb 
atoms in such a disorded system in order to explain the evolution of the conductivity with the 
glass composition. 

INTRODUCTION 
A large interest has developed in anionic conduction and particularly in halide 

conducting materials for sensors. The halide anionic conductivity in lead halosilicate glasses 
was first reported by Schultz and Mizzoni [1] and then, by Horton and Shelby [2], Sundar et 
al. [3] have investigated ionic conduction in lead halide - lead metaphosphate glasses and have 
reported that the conduction was principally due to halide ions rather than to the Pb2+. 
In this work, we have studied the electrical conductivity of PbO-PbCl2-CdCl2 glasses. The high 
chloride content of these glasses is of potential interest for the elaboration of chloride 
conducting glasses. Moreover the high polarisability of heavy metals is favourable to enable the 
mobility of large charge carriers. 
The modification of the polarisable cations environment will influence the electrical 
conductivity of PbO-PbCl2-CdCl2 glasses. We have used 207Pb NMR spectroscopy to elucidate 
the local environment of atoms in a such disorded system in order to explain the evolution of 
the conductivity with the glass composition. 

EXPERIMENTAL PROCEDURE 
Glass preparation 

The PbO - PbCl2 - CdCl2 oxychloride glasses are prepared from PbO, PbCl2, CdCl2 as 
raw materials. Batches of 5 g are melted in quartz crucibles covered with a lid in an electric 
furnace for 30 min. between 600°C and 700°C, depending on the PbO content. The melts are 
poured into a cooled brass mould to avoid their devitrification. The glasses are annealed at Tg 
for two hours and allowed to cool in the furnace. 
Weight loss measurements and chemical analysis of chlorine indicate that no significant 
volatilisation of chlorinated species occurs during melting. 

Glass transformation (Tg) temperatures were determined using a different}^ fining 
calorimeter ( Setaram D.S.C. 141) at a heating rate of 10 °C/min. 
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Structural analysis 
207lead NMR spectra are very broad because the polarizability of Pb2+ electronic cioud 

leads to very large chemical shift anisotropy. Moreover, in glassy materials, the disorder also 
increases the chemical shift anisotropy owing to lead environment distribution. In such 
conditions, MAS can not improve spectrum resolution. 207Pb NMR spectra were obtained with 
the variable offset cumulative spectrum method VOCS : the spectrum results in the sum of 5 
static echos recorded with 80 kHz offset. The pulse sequence is (TC/2 - x -it -acq) with n/2 = 3 
fisec, x = 60 jisec, 7t = 6.5 u.sec. Recycling delay is 30 sec, sufficient to enable spin relaxation. 
The spectra were recorded at 83.71 MHz (9.4T). Chemical shifts are referenced to a 0.5 M 
aqueous solution of lead nitrate at -2941 ppm vs tetramethyl lead at 0 ppm. 

Electrical measurements 
For electrical measurements, gold electrodes were deposited by sputtering on each face 

of polished glass samples of approximately 1 mm thickness. A.C. electrical conductivity 
measurements were carried out using impedance spectroscopy in the 20°C - 250°C 
temperature range by varying the measurement frequency from 1 to 106 Hz. 

Application of a 900 mV DC voltage with a regulated power supply leads to a decrease 
of the intensity toward zero within a few minutes. The observation of this polarisation effect 
can be taken as an evidence that the electrical conductivity is due to the migration of ions 
rather than electrons. 

RESULTS 
Glass formation and Glass Transition temperature 

Figure 1-a represents the glass forming region described by Fue-Jie et al. [ ]. We can 
notice on figure 1-b that the use of quartz crucible enables glass formation thanks to 
dissolution of silica during glass melting. We have measured the amount of Si02 in the 
oxychloride glasses by X-ray fluorescence spectroscopy and it appears that the amount of 
silica dissolved in the melt during glass melting is low (less than 6 mol. %). We have treated 
Si02 as primarily an impurity and given the compositions of glasses in terms of batch 
composition. (80-x) PbO- xPbCl2- 20CdCl2 glasses, i e. glasses with constant cationic fraction 
in batch composition, are located among line A on figure 1-b. On the same figure, line B 
represents glasses of 30 PbO- xPbCl2- (70-x)CdCl2 composition, i.e. glasses with constant 
anionic fraction. 

Line A PbO 

PbCfe 

PbO 

CdCi? PbCfe 

JLineB 

CdCfe 
«5 80 

Figurel-a Figurel-b 
Figure 1-a : Glass forming region described previously by Fue-Jie et al. [5]. 
Figure 1-b : Glass forming region extended thanks to dissolution of silica during the glass 
melting. 
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The effect of PbCl2 substitution for PbO in (80-x)PbQ- xPbCl2 - 20CdCl2 on the glass 
transition temperature is illustrated on figure 2. We can observe a 100°C decrease as PbCl2 

concentration varies from 30 to 60 mol. %. This evolution of Tg is characteristic of a 
weakened and expanded network as PbCl2 replaces PbO, i.e. as one O2' is substitued by two 
larger chloride anions [6]. 

250- * 

U 
2- 200- 
i- 

a 

* 

150 - 
* 

100-  1   1   1   1  

20 30 40 50 
x PbCI2 (mol. %) 

60 

Figure 2 : Effect of the glass composition on the glass transformation 
temperature of (80-x) PbO- x PbCl2 - 20 CdCl2 glasses. 

No significant evolution of Tg with composition along line B on figure 1-b for 30PbO- 
x PbCl2- (70-x) CdCl2 glasses can be deduced from figure 3. We can then affirm that the 
substitution of CdCl2 for PbCl2 does not modify the glass network. The small variation in the 
Tg values may be due to differences in glass density owing to the close values of Pb + and 
Cd2+ ionic radii (rpb2+ = 1.18 Ä ; rCa2+ = 0.95 Ä, values given by Shannon [6] for a six fold 
coordination state). 

300 

10 20 30 40 50 
x PbCI2 (mol. %) 

Figure 3 : Effect of the glass composition on the glass transformation 
temperature of 30 PbO- x PbCl2 - (100-x) CdCl2 glasses. 

Ionic conductivity 
As all glasses studied exhibit Arrhenius behaviour in log (conductivity) versus 

reciprocal temperature plots, the effect of the glass composition on the electrical conductivity 
will be discussed by considering the isothermal conductivity. The results obtained at 160°C are 
reported in Figures 4 and 5. Figure 4 plots the evolution of the isothermal conductivity as PbO 
replaces PbCl2 in glasses containing a fixed amount of CdCl2 ((80-x) PbO- xPbCl2 - 20CdCl2.) 
The effect of the substitution of PbCl2 for CdCl2 in 30PbO - xPbCl2 - (70-x)CdCl2 glasses is 
shown on Figure 5. In both cases (Figures 4 and 5), we can observe that the isothermal 
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conductivity is function of the PbCl2 content. We can note that GI<;O°C rises of nearly two orders 
of magnitude as PbCl2 concentration varies from 30 to 60 mol. %. 

30 40 50 
x PbCI2 (mol. %) 

60 

Figure 4 : Effect of the glass composition on the isothermal (160°C) 
electrical conductivity of (100-x) PbO- x PbCl2 - 20 CdCl2 glasses. 

30        40        50 

x PbCI2 (mol. %) 

60 70 

Figure 5: Effect of the glass composition on the isothermal (160°C) 
electrical conductivity of 30 PbO- x PbCi2 - (100-x) CdCl2 glasses. 

Structural analysis 
The 207Pb spectra of (80-x)PbO -xPbCl2 -20CdCl2 glasses are presented on figure 6. 

They reflect the evolution of the shielding on lead nuclei as PbO is substitued for PbCl2 in the 
glasses (line A on Figure 1-b). The spectrum of the 53.33PbO-26.67PbCl2-20CdCl2 glass is 
very broad , it is spread from -2000 to 2000 ppm, thus it reflects a very strong chemical shift 
anisotropy. The spectrum of the 30PbO-50PbCl2-20CdCl2 glass tends toward more negative 
chemical shifts and shows less chemical shift anisotropy. Although isotropic chemical shift can 
not be measured accurately on such spectra, the comparison with the spectra of crystalline PbO 
and PbCl2 reveals that the spectra of the oxychloride glasses are consistent with a lead 
environment containing both oxygen and chlorine. 
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Figure 6 : 207 Pb NMR specta of crystalline PbO, and (80-x)PbO -xPbCl2 -20CdCI2 

glasses. 

The 207Pb NMR spectra of 30PbO-xPbCl2-(70-x)CdCl2 glasses (Figure 7) remain similar as 
PbCl2 is substitued for CdCl2 (line B on Figure 1-b). 

Intensity (arbitrary units) 

=30 

x=50 

4000        2000        0        -2000     -4000 
Chemical shift (ppm) 

207 Figure 7 : z"'Pb NMR spectra of 30PbO- xPbCl2- (70-x)CdCl2 glasses. 

DISCUSSION 
The polarisation effect on glasses observed at fixed applied voltage allows us to state 

that the PbO - PbCl2 - CdCl2 glasses are ionic conductors. Two hypotheses can be proposed to 
support this observation. In the first one, we'll suppose that the electrical conductivity is due to 
the migration of chloride ions, and in the second one, Pb2+ ions will be consider as charge 
carriers. 

The evolution presented on Figure 4 supports the first hypothesis. In this case, the 
improvement of the conductivity can be attributed to an increase of the quantity of charge 
carriers by the substitution of PbCl2 for PbO. We can also correlate this assumption with the 
results shown on Figure 5. If we consider the replacement of CdCl2 by PbCl2 the amount of 
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chloride ions (na- ) remains constant. The enhancement of the electrical conductivity is 
attributed to the introduction of a more polarisable cation in the glass structure. The electronic 
structure of Pb2+ ions, and particularly the presence of an electronic lone pair can actually 
enhance the mobility of large charge carriers like Cl" ions through the glass structure. 

Let's now consider the second hypothesis : Figure 5 shows the improvement of the 
electrical conductivity as PbCl2 replaces CdCl2, while na- remains constant, i.e. as the amount 
of lead ions (nPb2+) in the glass network arises. Thus, the enhancement of the cationic 
conductivity, due to the Pb2+ ions, is associated to the increased number of charge carriers. 
This second hypothesis is also supported by the open network structure model which has been 
used by El-Damrawi [5]. According to this model, it is considered that the glassy network 
structure becomes weakened and expanded as PbCl2 replaces PbO. The decrease of Tg as 
PbCl2 is substitued for PbO illustrates this model. We can deduced from the characterisation of 
local Pb environment by 207Pb NMR and according to the empirical correlations reported by 
Fayon et al. [7] that the ionicity of lead-chloride and lead-oxygen bonds increases as PbO is 
replaced by PbCl2 (line A on Figure 1-b). In such an environment with weaker bonds, Pb2+ 

charge carriers can leave their sites more easily and move through the network. So, the 
evolution presented on Figure 4 can be regarded as the enhancement of the cationic 
conductivity by the expansion of a more ionic glassy network. 

CONCLUSION 
The electrical conductivity reported for oxychloride PbO - PbCl2 - CdCl2 glasses has 

been found to be due to the migration of ions. The evolution of the isothermal ionic 
conductivity with the glass composition can be explained either considering Cl' ions or Pb2+ 

ions as charge carriers. Measurements of current for a fixed applied voltage with lead 
electrodes (non blocking electrodes to Pb2+ ions) lead to a residual steady state current. This 
can be considered as an evidence of the participation of Pb2+ ions into the conduction 
mechanism. 

Other experiments using impedance spectroscopy have shown rapid and reversible 
reactions at the electrodes (at low frequency) under a CI2 atmosphere. It can be assumed that 
the electrical conductivity is also due to the migration of Cl" ions in the glass structure. 
Transport number measurements will be achieved by coulo-dilatometry to quantify the role of 
both possible charge carriers in the electrical conduction observed in the PbO - PbCl2 - CdCl2 
oxychloride glasses. 
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Introduction 

A series of alkali tellurite glasses of formula XR„0.(1-X) Te02, where X = 0, and 10 
to 33.3 molar percent was prepared by melting together the alkali carbonates of 
lithium, sodium, or potassium with tellurium oxide in the correct molar proportions at 
850°C for 30 minutes. After casting into disks the glasses were annealed at 250°C for 
30 minutes, then cooled at 1°C per minute to ambient. For the melting, recrystallised 
alumina crucibles were used. Electron microscope analysis by secondary electron 
emission indicated take-up of about 2% of A^203 on the glass allowed us a larger 
range of alkali content than is usually reported for these glasses in the literature. 

Density measurements were carefully made by Archimedes principle with toluene as 
the immersion fluid. 

Ultraviolet-visible absorption spectra were taken over the range 340-540 nm, using 
the glass disks in a Hitachi U3501 spectrometer. 

The electronic energy gap and the density of a glass are related to structure by the 
coordination of the tellurium ions by the oxygens. Of particular significance is the 
number of non-bridging oxygens coordinating to each tellurium ion. This last 
parameter is strongly affected by the alkali oxide content. 

From the densities, molar volumes for the oxygens, alkali ions, and tellurium ions 
were determined. Trends with alkali content will be discussed in terms of the changes 
in the network forming structure of the glass with alkali content from a 3-dimensional 
network of Te04 trigonal bipyramids linked in chains. As the modifier oxide is added, 
non bridging oxygens are formed in the structure. Additionally it is believed that the 
Te04 trigonal bipyramids change to Te03+1 tetrahedra. Since non bridging oxygens 
bind electrons less strongly than bridging oxygens we expect the optical absorption 
cut off to move to longer wavelengths as alkali is added. However, the change from 
Te04 to Te03+, is also expected to affect the absorption spectra, by shortening the 
cutoff wavelength, as the alkali content increases. These effects are interpreted in 
terms of the number of non-bridging oxygens per Te04 polyhedron. For no alkali, all 
four corners will be joined to other tetrahedra by bridging oxgens (Q4). As alkali is 
added, an increasing number of non-bridging oxygens is formed, and tetrahedra 
become joined by only 3 corners (Q3). One might expect a random mixture of Q4 and 
Q3 with even Q2 tetrahedra. However, M.A.S. N.M.R. experiments reported in the 
literature by R. Dupree and D. Holland (University of Warwick) and computer 
simulations by CRA Catlow and co-workers (Royal Institution and Keele University) 
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2. 

suggest a "constrained" model in which no Q2 are formed until all Q4 are converted 
to Q3. Our results show otherwise. The change in energy gap with alkali content is 
rapid around several molar compositions, notably 20% and 30%. This implies that 
some Q3 are changing to Q2 while some Q4 still remain. Full analysis and 
interpretation will be reported at the glass congress. 

Estimation of the electronic energy gap from the optical spectra was done in three 
ways, to yield information about the structure of the electronic energy bands on either 
side of the bandgap. A visual extrapolation of the steep absorption edge to the 
wavelength axis was supplemented by Taue and Urbach curve fits to the optical 
spectra. Urbach showed that impurity states in semiconductors just above the valence 
band, or just below the conduction band would lead to a thermalised energy gap 
narrowing, and give an absorption curve of form a(X)=oc(o) exp (he / XIE0) where 
Eg is the gap energy. This relation has been found for many glasses as well as 
semiconductors. Changes in the Urbach energy E0 as well as the energy gap obtained 
by extrapolation of the Urbach plot to the wavelength axis will be discussed in terms 
of disorder in the glassy structure. 

Taue showed that if the variation of density of electronic states with energy for the 
valence and conduction bands departs from the usually assumed parabolic function, 
then near the centre of the electronic absorption band, a tailing effect will exist, of the 
form    a(X)=A2(hc/A.-ET)2/(hc/X) 

That is, 
I 

[a(X).hc/X] 2 =A(hc/X-ET) 

Again, an extrapolation to the wavelength axis gives a value for the energy gap, and 
the value of Ej- - the tailing effect can be found by estimating the slope coefficient A, 
and the intercept - AEp These values will also be discussed in terms of the structural 
units present, and the disordering of the glass network. 
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ABSTRACT 

High-density energy systems such as lithium-ion batteries have a very promising future. To 
improve on the present technology requires an understanding of the electrode materials and 
identification of new electrolytes. For safety reasons, solid sate electrolytes are preferred. X 
number of lithium-ion conductors have been reported in the literature. This study builds on those 
results, based on the Li2S-SiS2 system. AC Impedance Spectroscopy was used to determine the 
ionic conductivity of glasses where additions were made of IVA, VA, VB or VIA sulphides to 
60/40 Li2S-SiS2 (mol %). These additions improved the stability of these glasses, so much so that 
thick samples (>2 mm) could be prepared by cooling without quenching. Addition of lithium 
halides further improved conductivity. Ionic conductivity values > 2x 10"3 S/cm at room 
temperature were measured, amongst the highest values reported in the glass literature. The 
temperature coefficients of these glasses will be reported, 

INTRODUCTION 

Sahami et al. [1] reported on fast-ion conduction in lithium sulphide based systems in 1985, 
followed by Pradel [2] in 1986. Since then, many patents and literature references have appeared 
outlining the potential of lithium-ion conducting glasses as solid electrolytes for secondary 
battery applications. The base glass contains Li2S and SiS2 as major components and the glass 
forming region has been established to be xLi2S-(l-x)SiS2, over the range 0.3 < x < 0.6. Ionic 
conductivities are typically 1 x I0"3 S/cm. Properties such as light weight, high energy density, 
high voltage stability, high ionic conductivity, and solid state, make the sulfide glasses an 
attractive alternative as an electrolyte. 

There are several drawbacks in processing the lithium sulfide glass. One particular undesirable 
characteristic is that the glasses spontaneously devitrify unless quenched rapidly, e.g., splat or 
roller-quench methods [2], or sputtering. These fabrication methods produce glass flakes or 
powders, and conductivity measurements must be conducted on pressed pellets. Measurements 
on pressed pellets are suspect because of grain boundary effects. Ideally, glass samples for 
conductivity measurements should be solid annealed solid pieces. For this and for more practical 
reasons, such as building working devices, it is desirable to identify means of stabilizing the 
glasses without impacting conductivity. 

High ionic conductivity coupled with high stability is a difficult balance with the lithium silicon 
sulfide glasses. It has been established that lithium carbonates, sulphates, phosphates and 
silicates stabilize lithium silicon sulfide glasses [3], but generally at the expense of ionic 
conductivity. By contrast, addition of lithium halides such as Lil improves conductivity, but has 
a neutral or negative effect on glass stability. We report significant improvements in stability and 
ionic conductivity in the lithium silicon sulfide glass system by adding various Group IVA, VA, 
VIA and VB sulfides or compounds. These components include SnS, SnS2, TaS2, Bil3, As2S3, 
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Sb203, and Te02. These additions stabilize the glass sufficiently that melts can be cooled to 
glass in the crucible, with no heroic quench needed, a major improvement over the base glass. 
As a result, we are able to obtain homogeneous solid glass patties of various thicknesses that can 
be easily annealed and their ionic conductivity measured. Moreover, in a few cases the 
conductivities at room temperature are amongst the highest reported. In these materials, ionic 
conductivity is further improved by addition of LiX (X = Br, I). 

EXPERIMENTAL 
v 

Because of the extreme hygroscopic nature of the batch materials and resulting glasses all 
batching, melting, and quenching procedures, as well as the conductivity measurements were 
carried out in an argon-filled drybox. Starting materials were ground powders readily available 
from Aldnch, Aesar, or Cerac, with as high purity as could be obtained. Powders were weighed 
out in 5g batches, mixed, placed in a vitreous carbon crucible, and melted in a furnace at 900°C 
for 10-15 minutes. The fluid melts were removed from the furnace and quenched on a steel 
plate. Glasses were flattened with another steel plate to form flat patties for conductivity 
measurements. Patties of various thicknesses, 1-9 mm, may be formed by this method. All 
glasses were annealed at approximately 300°C for half an hour, then cooled at furnace rate to 
room temperature. Compositions are reported as 40Li2S-60SiS2-XMSy where X is the moles of 
MSy added to the base glass (S can be oxide in a few examples). 

The ionic conductivity measurements were made using a specially designed fixture, using a two- 
electrode set-up. Both indium discs and lithium discs (0.7cm diameter) were used. Fresh discs of 
lithium were used in each experiment. There was no difference in the resistivity data recorded 
using the two different electrode materials. An AC impedance method, using an EG&G 283 
Potentiostat and a 1025 EG&G Frequency Response Detector, was used to measure the 
conductivity of the samples. Reproducibility of the conductivity data was 5% in the worst case 
sample to sample, but in most samples was better than 1%. A frequency range of 106 Hz to 1 Hz 
was used. The equivalent circuit which best described the data is shown in Figure 1 a, with a 
schematic of the response shown in Figure lb. 

Ret 
Figure la 

Ret -Z" [ohms] 

Cc R ion Cc 
R ion     (R ion + 2R ct) 

Z' [ohms] 
Figure 1 a: Equivalent circuit: R ion is the glass resistance; R ct is the charge transfer resistance, 
Ccc is the capacity of the charge transfer layer. Figure lb: Complex impedance plot 

Experimental error in the conductivity data is estimated to be 5%, mostly due to changes in the 
area of the ductile metal electrodes. Another possible error arises from the roughness of the glass 
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surface. In one case the sample was measured, then the surface ground and polished and the 
sample measured again. There was no significant difference between the two sets of data. 

The Tg and Tx data were obtained using a TA 2920 instrument, at a 10°C /min. heating rate from 
room temperature to 575°C. Aluminum pans were used, with AI2O3 as the reference. The Tg 

values were determined at the mid-point of the transformation range, and the Tx values were 
obtained from the start of the crystallization event. 

RESULTS 

The conductivity data on the base glass, 60/40 Li2s-SiS2 was measured first on different samples, 
using the lithium disc electrodes. The room temperature conductivity ofthat sample is 1.36±0.22 
x 10"3 S/cm. This is higher than values reported on pressed discs of 5 x 10"4 S/cm [4], but 
compares well with those reported by Aotani et al. [5] who claim that the electrical conductivity 
of sulphide glasses prepared by the pellatization method depends on the packing density. We are 
reporting measurements on annealed glass discs. 

Various sulphides and oxides of IVA, VA, VB or VIA groups were added to the base glass. Of 
particular interest are the additions of TaS2 and the sulphides of tin (+2 and +4). Figure 2 shows 
conductivity data measured at room temperature. The tin-containing glasses were a straw yellow 
color, while the tantalum-containing glasses were a deep reddish-brown in color. 
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Figure 2: Ionic conductivity of base glass containing 
SnS2,SnS or TaS2. (Line to guide the eye.) 

The TaS2 additions above approximately X=4 lead to devitrification of the glass. However, 
additions of the Sn(II) or Sn(IV) sulphides can be made to much higher levels, up to X=14. It 
should be noted that the initial additions of TaS2 result in an increase in ionic conductivity, while 
the additions of the tin sulphides (both valence states) leads to a decrease in the conductivity 
below X=3. There appears to be a linear relationship between the conductivity and the 
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concentration of tin. The highest conductivity, 2.1 x 10"3 S/cm at room temperature, was obtained 
on the composition 60 LiS2-40 SiS2-2.79 TaS2-4.02 Lil. This is the highest value recorded for 
lithium ionic conductivity in a solid at room temperature [2]. Table I lists the room temperature 
conductivity of some ternary lithium sulphide-silicon sulphide glasses. There was a measurable, 
but not significant electronic contribution to the ionic conductivity of the glasses described in 
this paper. 

TABLE I 

Values Of Room Temperature Conductivity for Additions to Base Glass 

Additions X ConductivitvCmS/cm^ 
PbS 3.80 0.63 
As2S3 5.46 0.82 
Sb2S3 1.04 0.75 
Bil3 3.94 0.90 
Sb203 2.38 0.97 
ZnS 7.21 1.12 
Base Glass 0.00 1.36 
Ti2S3 3.30 1.48 
TiS2 3.87 1.63 

In addition to these examples, the multi-component glass 60Li2S-40SiS2 with 1.95 SnS2-4.38LiI 
and 2.02 TaS2 additions had a room temperature conductivity of 1.62 x 10"3 S/cm. 

The effect of temperature on the ionic conductivity was determined for several glasses-see 
Figure 3. This Figure also shows that the ionic conductivity determined for a sample of the base 
glass with 2.77 TaS2 additions for sample of two thicknesses, 1.70 mm and 8.70 mm, agreed 
very well. This demonstrates that the interpretation of the impedance data is correct. 
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1/T(K) 
Figure 3 Conductivity of Glass 60Li2S-40SiS2-2.77TaS2 obtained 
fromirrpedance results using two sarrple thicknesses. 
(Ocle=1.70mrrt Square 8.7 mm) 
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Table II lists activation energies for several glasses. Kennedy and Yang [4] reported a value of 
0.33 eV as the activation energy for the base glass on a pressed pellet. Our value is lower, 
however, we measured an annealed sample. The different additions did not cause significant 
changes in the activation energy, indicative of the transport mechanism being the same in all 
systems. 

Table II 
Activation Energies for Selected Compositions 

Added Component X Activation Energy (eV) R 
Base Glass 0.00 .307 (16.3kcal) .996 

As2S3 5.46 .280 (14.9kcal) .984 
TaS2 2.77 .262 (13.9kcal) .996 
SnS2/LiI 4.9/3.04 .295 (15.7kcal) .999 
SnS2/LiBr 4.93/4.71 .284 (15.1 kcal) .991 
Bil3 2.29 .270 (14.3 kcal) .998 
PbS 4.80 .317 (16.9 kcal) .955 

A sense of a lack of stability for a glass can be strongly influenced by the conditions under which 
it is melted and formed. We found that 40Li2S-60SiS2 base glass was prone to spontaneous 
devitrification when melted for 30 minutes at 950 and splat quenched, even for patties as thin as 
1 mm. By lowering the melting temperature and decreasing the melt duration, we were able to 
quench an 8 g melt into a 2 mm thick patty with no devitrification at all. The melt that remained 
in the crucible devitrified, however, showing that rapid quench is still required. By contrast, 
standard batches of certain of the doped glasses cool to clear glass even when cooled in the 
crucible, and poured patties did not require pressing to form good glass. This stabilization is 
manifest in Tg,Tx and (Tx-Tg) data for SnS2 and SnS-containing glasses, as shown in Figure 4. 

500 

x 
t- 

o 
X* 

400 

300 

200 

100 - 

d   a i 
...; d  

^ Tg SnS 
n Tg SnS2 
o Tg Base Glass 
X (Tg-Tx) Base Glass 
+ Tx Base Glass 

* (Tg-Tx) SnS 
■ (Tg-Tx) SnS2 
▼ TxSnS 
a TxSnS2 

J 

i ... i ... i 

-2    0    2    4    6    8    10    12    14 

X (MSy) 

Figure 4: Tg.Tx and (Tx-Tg) data for additions of SnS2 or SnS 
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DISCUSSION 

Glasses based on additions of group IVA or VB sulphides, and in some instances oxides, show 
the same fast ion-conduction as the binary lithium sulphide-silicon sulphide glasses. Additions of 
TaS2. and TaS2+LiI, increase lithium ion conductivity, in the latter glass to > 2 x 10° S/cm at 
room temperature. This is the highest reported value for lithium mobility in a glass [2] The UV- 
edge in these systems shifts due to TaS2 additions, producing a reddish brown color  This 
probably indicates color center formation arising from the impetus for Ta4+ to lose an electron 
This in turn might facilitate the mobility of the lithium ions by reducing the depth of the potential 
well between Li sites. Tin is more amphoteric than tantalum, and produces effects on 
conductivity and glass stability intermediate between those of tantalum and group IVA sulfldes. 

As mentioned previously, TaS2 additions > X=4 cause the glasses to spontaneously devitrify but 
at lower levels the Ta-doped glasses more readily form glass than the base glass. Paradoxically 
the Tx-Tg of Ta-doped glasses is quite small, 59.9°C for X=2.69. In tin-doped glasses, T. shows 
little variation with addition of tin sulfides (SnSx, Fig. 4), but there are significant changes in Tx 

which translate mto a net increase in Tx-Tg.   Thus we see two aspects of glass stabilization 
Seen as the tendency of a final glass to devitrify on re-heating, SnSx additions stabilize the glass 
but TaS2 additions do not. In this case, nucleation of crystals from the glass is inhibited by the 
presence of tin ions. This might arise because tetrahedrally coordinated tin interferes with 
formation of SiS2 or binary lithium sulfides. Neutron diffraction data [6] indicates that all Si 
atoms occupy corner-sharing tetrahedra in Li2S-SiS2 glasses, so introducing a comparatively 
large tetrahedral species might increase the jump distance and lower conductivity. When 
stability is seen as a tendency to suppress crystallization on cooling of a melt, then both SnSx and i 
TaS2 additions improve glass stability. This effect might arise from interference with crystal 
nucleation or, perhaps more likely, from a reduction in the free energy of the melt relative to any 
crystalline phases. The latter only requires that the component added does not show large i 
positive deviations from ideal mixing to produce the desired effect. | 

CONCLUSIONS 

New glass-forming regions in the lithium sulphide-silicon sulphide field have been identified. 
Stable glasses were obtained in ternary systems with additions of group IVA, VA, VB or VIA 
sulphides or oxides. Room temperature ionic conductivity exceeding 2 x 10"3' S/cm is reported 
NMR studies are in progress to elucidate the lithium-ion environment in these glasses. 
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ABSTRACT 
Excited-state absorption and emission spectra are recorded from the 4F3/2 level of Nd3+ ions in 
ZBLAN (Zr-Ba-La-Al-Na) and BIG (Ba-In-Ga) fluoride glasses and in GGSC (Ge-Ga-S-Cs- 
Cl) chlorosulfide glass. Special attention is paid to the 1.3 urn region. 
The pump-probe technique utilized in this study is able to predict the gain profile as a 
function wavelength in optical fibers. Gain is expected at wavelengths greater than 1.31 um 
with ZBLAN and BIG, and 1.35 um with GGSC. An evaluation of the ratio between 
stimulated emission and excited-state absorption processes is obtained by Judd-Ofelt 
calculations. 

INTRODUCTION 
Low-phonon-energy glasses have received a great deal of interest for optical amplification at 
1.3 urn with Pr3+ ions [1], and, in a lesser extent, with Dy3+ ions [2]. Nd3+ is another rare-earth 
ion emitting in the 1.3 urn region. However, a major drawback with Nd is the absorption of 
the 1.3 urn signal from the 4F3/2 excited-state (ESA). Thus no gain can be obtained around this 
wavelength with Nd3+ -doped silica fibers, and, in ZBLAN fluoride fibers, gain is achieved at 
1.34 um [3], too far away from the 1.31 urn wavelength required for telecommunications. 
ESA processes may strongly vary from host to host. The immediate environment of rare-earth 
ions in a given material modifies the position of the energy levels involved in emission and 
ESA transitions. It may also change significantly the probabilities of such transitions. 
In the present paper, we report on a comparative study of the effect of ESA on stimulated 
emissions (SE) from the 4F3/2 level of Nd3+ ions in bulk ZBLAN (Zr-Ba-La-Al-Na) and BIG 
(Ba-In-Ga) fluoride glasses, as well as in a germanium-based chlorosulfide glass. Direct 
measurements of both ESA and SE are carried out by a pump-probe technique. This 
procedure has the capability to determine, from measurements with a bulk material, whether 
net gain is to be expected in fiber configuration. 

EXPERIMENTAL PROCEDURES. 

Glass synthesis and characterization 
Two neodymium-doped fluoride glasses were synthesized for this study: ZBLAN and BIG, 
whose compositions are: 53 ZrF4 - 20 BaF2 - 3 LaF3 - 3 A1F3 - 20 NaF - 1 NdF3, and 
30 BaF2 - 18 InF3 — 12 GaF3 - 20 ZnF2 - 6 ThF4 - 4 ZrF4 - 9 YF3, - 1 NdF3, respectively. 
They were prepared from oxides and fluorides carefully mixed together with a fluorinating 

IS(NOG)2<98 405 



agent (NEU, HF). The method is well described in the literature [4]. After fluorination around 
300 °C and melting around 800 °C under controlled dry atmosphere, the glasses are cooled 
down to the glass transition temperature (Tg). They are finally annealed nearly Tg (270 °C for 
ZBLAN and 320 °C for BIG) before being cut and polished for optical measurements. 
The chlorosulfide glass, referred to as GGSC, is of the following composition: 50 GeS2 - 25 
Ga2S3 - 25 CsCl with Nd2S3 substituting for the whole composition. It was prepared from 
high purity 5N elements (Ge, Ga, S) and 3N CsCl introduced in a silica ampoule under 
vacuum. The procedure is presented in details in a complementary paper in these proceedings 
[5]. 

The Nd3+ concentration was 1.91, 1.96, and 0.98 1020 ions cm"3 in ZBLAN, BIG and GGSC 
glasses, respectively. 

Optical measurements 
For ground state absorption measurements, a Varian Cary 5 spectrophotometer that operates 
from 175 nm to 3300 nm was utilized. 

Direct measurements of both ESA and SE were carried out by a pump-probe technique [6]. A 
Ti: sapphire laser pumps the 4F3/2 level, and a white lamp probes the transmission from 0.82 to 
1.44 jam. Both the pump and the probe are modulated, at frequencies of 10 Hz and 1 kHz, 
respectively. Special care was taken for measurements with GGSC glass that experiences self- 
defocusing with high pump powers. 

(*) 

RESULTS 

In the 1.3 um region, ESA is expected to occur from the 4F3/2 level of Nd3+ to the (2K]3/2, 
G7/2, G9/2) group of levels, as shown in Figure 1. In order to identify precisely the energy of 

the levels involved, we have recorded the ground state absorption (GSA) spectrum of Nd3+ 

ions in ZBLAN, BIG and GGSC glasses. The results 
are shown in Figure 2, on a normalized scale, for 
ZBLAN and GGSC glasses. The BIG spectrum, which 
is very similar to ZBLAN, is not shown. One should 
notice the red shift observed for GGSC: Nd3+, due to 
the nephelauxetic effect. Both spectra present two 
components with the main peak located in the low- 
energy side of the band. 
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Figure 2 : Normalized GSA spectra to the (2K13/2, 4G7/2, 4G9/2) 
levels in Nd3+-doped ZBLAN and GGSC glasses. 
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Table I: Electric-dipole line strength (in 10"40 esu2 cm2 units) and energy (cm"!) of 
ground-state absorptions to the (2K13/2, *Gm, 4G9/2) group of levels of Nd3+. 

Transition Nd3+ aquo ZBLAN: Nd3+ GGSC :Nd3+ 

Energy Sed Energy Sed Energy 

I9/2 "^   ^-13/2 

•*4G7/2 

19018 

19103 

3.21 

15.8 
19194 

4.79 

39.0 
18815 

-> 4G9/2 19544 7.89 19627 18.1 19286 

The absorption line strength, Sed, for electric dipole transitions can be calculated by the 
following equation: 

Sed=e2   £ Q, ((SLJpU\\S'L'J>)f 
(=2,4,6 

where e is the electron charge. The Judd-Ofelt parameters Qt (t = 2, 4, 6), 
previous reports, are equal to 2.20 - 2.82 - 3.94 for ZBLAN [7], and 7.09 - ; 
GGSC [5], in (10"20 cm2) units. The 
U® matrix elements were those 
calculated by Kaminskii et al. [8]. The 
results are listed in Table I. 
Considering the energy of the 
transitions (as compared to Nd3+ aquo 
[9]) and the relative intensity of the 
line strengths, the low-energy 
component in Figure 2 must be 
attributed to absorption to the (2Ki3/2, 
4Gm) levels and the %n -> 4Gg/2 
transition is assigned to the high- 
energy component. This is 
summarized in the energy-level 
diagram in Figure 1. 

The emission and absorption spectra 
of transitions from the 4Fy2 excited 
state are shown in Figure 3 for 
ZBLAN and BIG fluoride glasses. 
The spectra are calibrated to the 
ground state absorption cross-section 

(1) 

determined in 
S.99 - 5.03 for 
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of the %/2 -^ 4F3/2 transition by means 
of the Einstein reciprocity method 
[10]. Both spectra show an ESA band 
located at nearly 970 nm. This band, 
attributed to the 4F3/2 -> (2D3/2,

2G9/2, 
4Gii/2, 2Ki5/2) transition, has no 
influence on the 4F3# ■¥ 4lua 
emission at 1050 nm. On the contrary, 
ESA processes affect the 4F3/2 -> 4Ii3/2 
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Figure 3 : Excited state spectrum from the 4F3/2 level of Nd3+ 
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transition around 1.3 (im. Detailed 
spectra in this wavelength region are 
given in Figure 4. The stimulated- 
emission spectra are calculated by the 
Fuchtbauer-Ladenburg equation: 

°fflf =■ 
1 

%%n2 c 
ß_ Xs J(/t) 

\x 1(A) dk 
(2) 

light    velocity, 
(n),   branching 

1450 

nou i^uu izou ijuu        1^50 14ÜÜ        1450 

Wavelength (nm) 

Figure 4 : Stimulated emission and excited-state absorption 
in the 1.3 um region in Nd3+-doped (a) ZBLAN and (b) BIG 
fluoride glasses. 

( Ki3/2 

where c is the 
Refractive indices 
ratios (ß) and radiative lifetimes (xR) 
are reported in the literature [7]. The 
excited-state absorption bands in the 
1.3 urn region are obtained by 
subtracting the calculated stimulated 
emission profile from the recorded 
spectrum. The short-wavelength 
component, around 1230 nm, 
corresponds to the 4F3/2 -> 4G9/2 

transition. Despite its intensity, this 
band is not broad enough to alter the 
F3/2 ~^ I13/2 stimulated emission. 

Conversely, the long-wavelength ESA 
component, around 1320 urn (4F3/2 -7 

G7/2)), coincides with the 
the stimulated emission 

peak, resulting in a negative signal at 
wavelengths below 1310 nm for both 
ZBLAN and BIG glasses. However, 

the higher SE cross-section of BIG glass results in an increase of the signal at 1320 nm, as 
compared to ZBLAN. 
Similar measurements were 
carried out for GGSC: Nd3+ 

chiorosulfide glass. The full 
excited-state spectrum is shown in 
Figure 5. Contrary to fluoride 
glasses, there is no evidence of 
ESA processes in trie 1000 nm 
region. However, in the 1300 nm 
region, strong ESA transitions to 
4G9/2 and (2K13/25 

4G7/2) are 
observed. In the detailed 
spectrum, in Figure 6, one should 
remark that the most intense ESA 
band is at « 1330 nm and that the 
SE peak is shifted at « 1350 nm. 
Therefore, a positive cross-section 
is attained only in the 1350-1410 
nm range with a maximum at 
1375 nm. 
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Figure 5: Excited state spectrum from the 4F3/2 level of Nd3+ ions 
in GGSC chiorosulfide glasses. 
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DISCUSSION 
The first conclusion that can 
be drawn from the results is 
that none of ZBLAN, BIG or 
GGSC glass is suitable for 
optical amplification with 
Nd3+ in the second 
telecommunication window. 
This was already known for 
ZBLAN from measurements 
on Nd" -doped fibers. It must 
be mentioned that our results 
are in excellent agreement 
with those reported for fibers 
in terms of ESA profiles, and 
in terms of overall excited- 
state spectrum as compared to 
optical gain response [3]. 
Thus, a second information is 
that gain profiles in rare-earth-doped fibers can efficiently be predicted by means of excited- 
state spectroscopy applied to simple parallel-plate samples. 
By comparison with ZBLAN, a higher gain should be achieved with BIG glass at wavelengths 
greater than 1310 nm, due to higher SE cross-section. For GGSC:Nd3+ glass, no amplification 
is expected at wavelengths below 1350 nm. Above that wavelength, the remaining part of the 
signal is weak anyway, due to a decreasing stimulated emission in this region. 
We have investigated the possibility to predict, in some way, the effect of excited-state 
absorption on stimulated emission by Judd-Ofelt calculations. The results are given in 
Table II. For each composition, the integrated SE and ESA cross-sections, (J aSE dv) and 
(J GESA dv), were determined around 1.3 um from the spectra in Figures 4 and 6. The ratio of 
the emission to the absorption is given as R^ in Table II. Similarly, the electric-dipole line 
strengths and the Rs ratio between them were calculated by means of Eq. (1) and parameters 
available in the literature [5, 7, 8]. 

Figure 6: Stimulated emission and excited-state absorption in the 
1.3 um region in GGSC chlorosulfide glasses. 

Table II: Experimental integrated cross-sections and calculated electric-dipole line strengths for transitions 
from the 4F3/2 level, in (10"20 cm) and (10'40 esu2 cm2) units, respectively. R„ and Rs are the emission / 
absorption ratios. 

Glass F3/2 "^ I13/2 / ( G7/2, K13/2) F3/2 -> G9/2 

Experimental J-0 calculation J-0 calc. 

lasEdv Jo-ESAdV R« Sed (em) Sed (ESA) Rs Sed (ESA) 

ZBLAN 141.1 86.6 1.63 18.9 9.5 1.99 16.7 

BIG 215.8 113.3 1.90 19.3 7.2 2.68 17.6 

GGSC 122.5 157.6 0.78 24.2 29.1 0.83 30.0 
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By comparing R^ and Rs, one observes that the relative probabilities of emission and 
absorption processes obey the same ordering sequence (BIG > ZBLAN > GGSC). In addition, 
Re and Rs are in fairly good agreement, considering the approximation generated by the Judd- 
Ofelt treatment. So, the relative intensities of SE and ESA for the 1.3 urn spectrum of Nd3+ 

can be evaluated with good consistency by simple Judd-Ofelt calculations. 
We have also calculated the ESA line strength for the 4F3/2 -> 4G9/2 transition. For ZBLAN 
and BIG, it is found to be nearly twice as large as the line strength for the 4F3/2 -> (2Ki3/2, 
G7/2) transition. This is in good agreement with the spectra in Figure 4 where the 4G9/2 

component is noticeably more intense. For GGSC glass, the agreement is not as good: 
according to Table II, the line strengths should be the same for both components, which is not 
verified in the spectrum in Figure 6. This is possibly due to less applicable conditions for the 
Judd-Ofelt theory, in the case of GGSC. Because of an optical gap located in the blue, only 
six transitions were utilized for determining the Judd-Ofelt parameters in that glass [5]. 

CONCLUSION 

In summary, we have established the excited-state emission and absorption spectra from the 
4F3/2 level of Nd3+ ions in ZBLAN, BIG and GGSC glasses. Measurements were carried out 
by a pump-probe technique. This technique, which necessitates simple parallel-plate glass 
specimens, can predict optical gain profiles in fibers. Analysis of the spectra shows that, in the 
1.3 um region, optical gain is expected at wavelengths greater than 1,31 ^m with ZBLAN and 
BIG, and 1.35 urn with GGSC. In addition, we have shown that Judd-Ofelt calculations 
permit to evaluate the ratio between stimulated emission and ESA. 
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ABSTRACT 
Spectroscopie analyses of the multiphoton process in erbium doped glasses are de- 

scribed by monitoring the upconversion luminescence. The two-step upconversion mecha- 
nisms by excited state absorption and by energy transfer with excitation spectra and time- 
resolved luminescence decay are represented. Under CW excitation, the excited state absorp- 
tion was dominant in oxide glasses. In fluoride glasses the excitation profile of the Er34 green 
emission was superposed with the squared absorption spectra. In tellurite glasses, the ESA 
from the 4I13/2 level was dominant, since the excited energy relax rapidly to the 4I13/2 level. 

Under pulse excitation, the energy transfer upconversion was dominant in both glass- 
es. To clarify the dominant energy transfer scheme contributing the green upconversion, the 
luminescence decay curves were analyzed with proper rate equations in Er3+ doped systems. 
The intermediate level was found to be the \m in both tellurite and fluoride glasses. 

INTRODUCTION 
Due to its characteristic energy level structures, the multiphoton processes of Er3* in 

doped glasses occurs in several ways and characterizes the material performances. Even if we 
restricted to the case of III-V group diode laser pumping, the Er34 doped materials show var- 
ious behaviors, such as upconversion[l], negative nonlinear absorption (NNA) effect[2], and 
gain saturation in EDFA's. In fluoride glasses, considered to be an excellent host for green 
upconversion, the optimum Er3"1" content for efficient 550nm emission is often higher than that 
for UV excited Stokes emission. By 800nm pumping, it sometimes reaches up to 15mol% 
ErF3 in ZBN glasses[3], although the concentration quenching of Stokes 550nm emission 
usually starts around lmol% because of monotonic decrease of lifetime of the 4S3/2 with 
concentration, largely due to cross relaxations. However, in most oxide glasses, the optimum 
content by infrared pumping is very low even in well dispersed states [4]. This difference can 
be due to the difference of dominant mechanism of two photon excitations between low- and 
high-phonon energy hosts. This paper describes the observed data and reasonable analyese, 
which explain the different mechanisms of Er34 upconversions in fluoride and oxide glasses. 
The change of mechanisms of a doped tellurite by CW pumping and by pulse laser pumping 
are also shown. 

A. Difference in Er3* Luminescence Spectra 
Fig.l shows the 800nm pumped upconversion spectra of Er3* doped fluoride glasses 

(50MFn-30BaF2-15YF3-5ErF3; M= Zr, Hf, In, Ga, Al, Sc, or Zn)[5]. The 410nm emission 
due to the 2H9/2-^

4I15/2 is very weak, though it has stronger intensity by uv (380nm) excitation 
in all the glasses. This indicates that the successive two-step excitation through the \n level 
(E= 12500 cm"1) to the 2H9/2 is not a conceivable process for the green upconversion in fluo- 
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ride glasses. 

B. Elucidation of Excited State Absorption 
Generally for the upconversion by the energy transfer (APTE, Addition de Photons par 

Transfert d'Energie [1]) mechanisms in singly doped systems, the incident light is absorbed 
only in the transition from the ground state and the energy transfer occurs between adjacent 
excited ions. Thus the wavelength dependence of upconversion efficiency should vary simi- 
larly with the ground state absorption profile. In the case of excited state absorption (ESA) 
mechanisms, the efficiency depends both on the ground state (GSA) and ESA profiles[6]. The 
ESA cross section does not usually vary with wavelength in exactly the same way as the 
ground state absorption. Thus, to distinguish ESA and APTE mechanism it is effective to see 
how the upconversion efficiency varies with the wavelength of the pump light [6]. Tunable 
dye (DCM) lasers was used as a pumping source to verify the upconversion mechanism of 
tellurite and fluoroaluminate glasses doped with lmoI% Er. The CW-pumped excitation 
spectra of the 550nm upconversion in the fluoride and tellurite glasses are shown by white 
dots in FIG.2. Also the squared profile of the 4F9/2 absorption spectra of the corresponding 
glass are shown. It is seen that both profiles are similar in the fluoride, whereas those are 
different in the tellurite glass. In the two-photon process, the excitation efficiency should 
become proportional to the square of the first step pumping, which is proportional to the I 
absorption cross section. The deviation in Fig.2(b) is due to the contribution of the ESA from 
the 4I13/2, which has a large energy gap (E= 6600cm"1). The lifetime, x{ of the A\m level are J 
9ms and 4ms, while the xf of the 4In/2 level (E=10200cm_1) are 6.5ms and 210jis in the fluo- | 
ride and tellurite glass, respectively. Due to the difference of the energy gap, the xf (

4I13/2) is 
dominated by the radiative decay, while the x^(4I11/2) is sensitive to the phonon energy. By I 
pulse laser excitation of 650nm light, the green intensity of the tellurite became weaker. It is 
interesting that the excitation profile in the tellurite glass becomes almost similar to the 
squared absorption by pulse laser excitation as shown in Fig.3. Under the pulse (5ns) excita- 
tion, the ESA hardly occurs from the 4I13/2 level, since there should be a time lag for multipho- 
non relaxation from the 4Fe/2 level. 

C. Time Resolved Spectra by Pulse Excitation 
To see what's going on, the time resolved spectra were measured and analyzed for 

both glasses. The dynamics were investigated with decay curves by Stokes and anti-Stokes 
excitation (4F7/2=488nm, 4F9/2=650nm). The time resolved spectra (Fig.4.) and the decay 
curves of Er3*: 550nm luminescence due to the 4S3/2 -* 

4I15/2 in the tellurite and fluoride 
glasses are shown in Figs. 5 and 6, respectively. The white circles indicate the decay data of 
the upconversion luminescence (X = 650nm) and the squares the Stokes luminescence (\x= 
488nm). It is seen that the decay curve of upconversion differs from that of Stokes one. The 
Stokes luminescence decays with a single exponential whose time constants are shorter, 
whereas the decay curve of the upconversion has two exponential components. One compo- 
nent has a longer time constant than another. This can be explained by a set of rate equations 
which bases on a model assuming a simple mechanisms. This model is simplified by some 
assumptions that the relaxation rates from the 4F9/2 level to the intermediate level(l) and from 
the higher lying level than the 4S3/2 level to the 4S3/2 level(2) are rapid enough, which are valid 
because of their energy gap structure. The rate equations which satisfy the model are (1) and 

(2); 
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-^-=--i-W    n2 (1) 
dt Tlf 

CT    ' K) 

n W ^-^W (2) dn2_ 

dt x2f 2 
where the suffix denotes the level in Fig. 2, n means the population, xtf indicates the fluores- 
cence lifetime of the level i and WET is defined as the energy transfer rate. 
The intrinsic decay rate (the radiative decay + multiphonon relaxation) is determined with the 
decay of 488nm pumped emission as follows; 

i=--?L- (3). 
dt Tlf 

Solving the Eqs. (3) and (2) gives n2 as a function of t; 

C t 
D2={n2(0)-   -   -1_2T   -i>eXP(--) 

L2f      Z,Llf 2f 

2t 
+   -   -1_2T   -!eXP(--) (4) 

L2f      Z,Llf If 

with        r   Wgrni^2 

2       ' 

where n1(0) and n^ is the population of the intermediate level and the 4S3/2 level when t=0, 
respectively. Eq. (4) shows that the decay curve of the upconversion luminescence consists of 
two components whose time constants are x2f, the lifetime of the emitting level, and half of 
xlf, the intermediate level. The fitting of Eq. (4) to Fig. 4 results in the good agreement, 
where the lifetime for the Stokes luminescence of the 4S3/2 level is employed as the value of 
r2f. The values of xlf obtained by the fitting are 215|j,m for the tellurite and 7.35ms for the 
fluoroaluminate glass. 

To deduce the intermediate level, the multiphonon relaxation rate is considered, which 
is dependent on the energy gap AE to the next lower lying level and given by the form[7], 

WMp=W0exp(-aAE/rto) (5) 
where W0 is the transition probability extrapolated to zero energy gap, ho is the phonon energy 
and a is a function of the electron-phonon coupling constant. The Eq.(5) indicates that W^ 
is related to the AE and also to the phonon energy. 

Since there holds the relation of Eq. (6) among the fluorescent lifetime xp spontaneous emis- 
sion probability^ and multiphonon relaxation rate W^, xu obtained by the fitting and^'s can 
give Wj^p of each level. 

V^ZA + W^ (6) 
The A was calculated by three J-0 parameters (£22=7.14pm2, Q4= 1.74pm2, Q6=0.92pm2 for 
tellurite; Q2=2.27pm2, Q4=1.31pm2, Q6=0.98pm2 for fluoride). For the Er3+: % (J=9/2, 11/2, 
13/2), possible intermediate levels, the values of W^ obtained from Eq. (6) are plotted in Fig. 
5 versus energy gap. Fig. 5 also includes W^ of other levels which have been obtained in 
our previous works[8]. Since W^ changes exponentially with the AE for a given matrix as 
mentioned above, the \m level can be the APTE intermediate level of Er3*: 550nm upcon- 
version. Fig. 6 shows the values of W^ of the Er3+: \m level against the inverse phonon 
energy of each host[9-ll]. As expected from Eq. (5), WMp decreases exponentially as 
phonon energy decreases in Fig. 6, where W^ of the 4I11/2 level in the tellurite and fluoride 
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glasses fit to the trend. Thus, the APTE between the 4Iu/2 is the dominant process in both 
glass samples under pulsed-excitation. 

CONCLUSIONS 
The mechanism of Er3+ green upconversion under CW excitation depends on the 

phonon energy of host. The excitation spectra around 650nm in the oxide glasses deviate to a 
higher energy side than the absorption profile of the 4F9/2, whereas that in the fluoride glasses 
becomes identical to the square of this GSA, indicating the ESA and APTE upconversion, 
respectively. However, it is to be noted that under a pulsed laser excitation the spectra in both 
glasses become superposed to their (GSA)2. The ESA in the oxide glass can hardly occur 
simultaneously with GSA. The dominant intermediate level for upconversion under pulse 
excitation was the 4In/2 for both glasses. 
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ABSTRACT 
A comprehensive study has been conducted of the effects of high erbium dopant concentration 
on the fluorescence properties of the three lowest energy levels which are significant for 
infrared emission in Er3+-doped fluorozirconate glasses. Pulsed pump radiation at 
wavelengths of 800 nm, 980 nm and 1.5 |im was used to measure fluorescence rise and decay 
waveforms for Er3+ concentrations between 0.2 mol% and 18 mol%. A rate-equation model 
has been developed for the relevant levels and the fitting of this model to the experimental 
results has enabled the contribution of various ion-ion energy exchange processes to be 
identified and quantified. These processes are significant in determining the population 
dynamics, especially for the high dopant concentrations used. 

INTRODUCTION 
In recent years there has been considerable interest in compact laser-diode-pumped rare-earth 
laser sources for a range of medical, sensor, spectroscopic and communications applications. 
For compact bulk laser configurations, such as with microchip lasers, relatively high doping 
concentrations are normally required to obtain sufficient absorption of the pump radiation in a 
thin sample. We have discussed the attractiveness of erbium-doped fluorozirconate glasses 
for this application and presented [1] fluorescence measurements at concentrations of up to 
18 mol% which was higher than any previously reported dopant levels in these materials. The 
present paper reports further measurements of fluorescence rise and decay times together with 
rate-equation modelling that identifies and quantifies ion-ion energy exchange processes 
important to the population dynamics of the relevant levels. 

GLASS PREPARATION 
Samples of Er3+-doped ZBAN glass (ZrF4-BaF2-AlF3-NaF) with Er3+ concentrations from 0.2 
to 18 mol% were prepared by methods described previously [2]. For Er concentrations up to 
4 mol%, the glass contained some La3+. Above this level of erbium doping, the La3+ 

concentration was zero and the glasses could be described as ZBEAN. 

FLUORESCENCE MEASUREMENTS 
The samples were pumped using a Spectra-Physics optical parametric oscillator (MOPO) with 
a 10 ns, 30 mJ, output at wavelengths appropriate to the %n (800 nm), 4In/2 (980 nm) and 
4Ii3/2 (1.5 \im) levels. Rise and the decay waveforms of the fluorescence from these levels 
were measured as described previously [1]. 

ENERGY LEVELS 
The basic energy level diagram for Er3+ in ZBAN is shown in Fig. 1. As the present work is 
primarily concerned with 800 nm pumping, most of the excited ions are considered to be in 
the three lowest levels (%/z, 4hm, %3/2), although the 4S3/2 +2Hu/2 levels are included for 
completeness.   The levels considered in the modelling are designated as: 0(4Ii5/2>, l(4Ii3/2), 
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2(4Ii 1/2) and 3C%/2). The co-operative processes are designated as either two-ion(W) or three- 
ion (T), followed by up to six numbers indicating (starting levels, finishing levels). 
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Figurel.  Energy level  diagram,  fluorescence transitions  and co-operative processes  in 
Er^/ZBAN glasses 

The radiative transitions under consideration are shown together with the important 
multiphonon decays from the4I9/2,4Fj/2 and 2Hn/2 levels. The co-operative processes examined 
in the modelling of the observed fluorescence rise and decay waveforms are also shown and 
are detailed below: 

[2( In/2)—> S3/2+ I15/2L 
[ I9/2+ I15/2—>2 ( I13/2)], 

W(ll,30): ■ I9/2+ I15/2L [2 ri13/2)- 
T(300,011): [4l9/2+2(4I15/2)->4I]5/2+2 (4I13/2)], 
T(220,005): [2(4I11/2)+

4Ii5/2-^2 (4I,5/2)+4S3/2] 

W(22,50): 
W(30,ll): 
T(l 10,002): [2(4Ii3/2) A5/2 -*2 (4I15/2) + V], 

EXPERIMENTAL RESULTS 
The rise and decay waveforms of most of the fluorescence lines were fitted with exponentials 
and a summary of the results is presented in Table 1. Although each fit had a standard error of 
less than 5%, the repeatability of the measurements was about 20%, due to variations in the 
pulse-to-pulse spatial distribution of the pump source. The non-exponential (NE in Tablel) 
behaviour of the decay of the 4In/2 and 4In/2 levels at high concentrations was characterised by 
instantaneous rate changes of a factor of between 3 and 10 during the time of the decay. The 
fluorescence at 801nm from the %n level could be detected only with direct pumping into this 
level. The measured decay times (not shown in Table 1) varied between 9 jLis and 6 |ns over 
the concentration range. As multiphonon processes dominate the 4I9/2 decay, it would be 
expected that the rise times of the 4In/2 level would be similar to these decay times. Table 1 
shows this to be the case. Table 1 also shows some substantial variations in rise and decay 
times of the various levels with concentration. This variation is a good indication of the 
existence of ion-ion interaction processes. Another interesting feature was the observation of a 
fast component in the rise of the population of the 4I)3/2 level with 800 nm pumping. Although 
the measurement of this fast component (Fast in Tablel) was detector limited (~10(is), the 
most noticeable feature was its contribution to the overall rise of the level population. Whilst 
this fast contribution was virtually nonexistent at low concentration, it completely dominated 
the rise waveform at the highest concentration used. 
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Table 1 Measured fluorescence rise and decay times for the pump wavelengths 
NE - non-exponential, Fast - Fast component (see text) 

as shown. 

800nm pump 980nm pump 1.5|im pump 

Fluor. X 
(Level) 

Er 
(mol%) 

Rise 
(|is)      (ms) 

Decay 
(ms) 

Rise 
(ms) 

Decay 
(ms) 

Rise 
(ms) 

Decay 
(ms) 

980nm 
(4In/2) 

0.4 7.7 7.7 
0.8 7.8 

1.6 7.8 8.0 3.9 10.4 

4 7.5 8.3 8.2 1.7 12.8 

8 6.9 NE 
10 6.9 NE NE 1.3 12.3 

14 6.2 NE 
18 5.8 NE NE 0.3 L     7.4 

1.5jim 
( I13/2) 

0.2 9.3 

0.4 8.0 8.7 .9.5 
0.8 8.0 9.1 11.1 12.7 10.0 

1.6 8.0 10.4 10.3 
4 8.0 10.0 10.0 16.5 9.0 
8 Fast  +   3.9 11.6 NE 
10 Fast  +  2.9 15.5 2.3 16.3 NE 
14 Fast  +   1.0 15.0 NE 
18 Fast Only 7.4 0.61 7.7 NE 

RATE-EQUATION MODELLING 
General 

The modelling is based on the processes shown in Fig. 1.  The level populations in the rate- 
equations are normalised to the total ion concentration C [3]   and the normalised initial 
population n(0) of each pumped level was determined from 

n(0)=GE/hvS, 
where a is the absorption cross-section, E is the energy of the pump pulse, hv is the pump 
photon energy and S is the pumped area of the sample. The calculated initial populations 
were: 

n!(0)=(2±0.4)xl0"3   (for ai.5nm=4.6xl0("21) cm2, Ei.5Mm =6mJ, S=10mm2) 
n2(0)=O±0.2)xl0-3   (for G980nm=1.8xl0(-2!) cm2, E98onm =14mJ, S=13mm2) 
n3(0)=(5±0.1 )x 10'4 (for G8oonm=6.4x 10('22)) cm2, E800nm =5mJ, S=2.5mm2) 

The cross-sections were determined from appropriate absorption measurements. It can be 
seen that the ground state population was not significantly perturbed by the pump energy 
density used. 

Direct pumping 
The population dynamics of levels 4Ii3/2 and 4In/2 under direct pumping was modelled to 
examine the contribution of the co-operative processes W(22,50) and W(l 1,30) in Fig.l. The 
rate-equations incorporating these processes are nonlinear, and this could explain the observed 
non-exponential decay of these levels under direct pumping. Both processes are well known 
[3]; however, no estimates of the cross-relaxation coefficients in fluoride glasses have been 
published. The behaviour of both 4In/2 and 4Ii 1/2 levels was modelled by the equation: 
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dn(t)       n(t) 
■2KCn\t) 

dt x 
where x is the measured decay time in low concentrations and K is the cross-relaxation 
coefficient corresponding to W(22,50) or W(l 1,30). The normalised initial level populations, 
n(0), used were those detailed above. The explicit solution of these equations was fitted to the 
experimental waveforms to obtain estimates of the two parameters as shown in Table 2. 

Table 2. Cross-relaxation coefficients for co-operative processes in Er/ZBAN glasses 
Er (mol%) 0.8 4 10 14 18 
W(ll,30)(xl0("17)cm3s("l}) 1.0 2.3 4.0 4.3 
W(22,50)(xl0("17)cm3s(-1)) 1.7 3.0 7.1 

Although the values in Table 2 are subject to the uncertainties in the initial populations used 
in the fitting, there is an obvious trend to increased values at higher concentrations. One 
possible reason for this could be the presence of additional co-operative processes such as 
T(l 10,002) and T(220,005) (Fig.l). Although three ions are needed for these interactions, 
their probability could be appreciable since only the ground level and relatively highly- 
populated levels are involved in the case of direct pumping. However, inclusion of the three- 
ion processes with the limited data set results in fairly large uncertainties in the fitted 
parameters. Whilst a more detailed analysis of these processes is needed, the coefficients in 
Table 2 were sufficient to use as a starting point for the modelling of 4Ij3/2 and 4In/2 levels 
with 800nm pumping. 

800nm pumping 
For 800 nm pumping (see Table 1) the decays of the 4Ii3/2 and 4Iu/2 levels are less 
concentration dependent than with direct pumping. This could be due to the reduced 
importance of the three-ion processes T(l 10,002) and T(220,005) resulting from the relatively 
smaller populations of these levels caused by the smaller number of initially excited ions (see 
ni(0), n2(0), n3(0) above). For this reason these processes were not included in the present 
model. However, all of the other processes in Fig.l were considered. The fast rise of the 
population of 4Ii3/2 level, dominant at high concentrations, has already been described. This 
observation would suggest a co-operative process originating from the 4I9/2 level and hence 
the well-known [4] two-ion process W(30,l 1) (Fig.l) was included in the model. However, 
as discussed below, good agreement with the measured waveforms over the whole range of 
concentrations, requires the inclusion of the three-ion process T(300,011) instead of 
W(30,l 1). The full rate equations, describing the behaviour of the system with 800 nm pump 
are as follows: 

 = -{Al +m[
mph)n](t) + (b2lA2 +®2

mp )n2(t) + b3lA3n3(t) + 2W(30,U)Cn0(t)n3(t) + 

+ 27X300,01 l)C2«3(r)nQ
2 (t) - 21V (11,30)0^ (0 

dt 

dn^it) 

dt 

= -(A2 + m2
mpn )n2 (t) + (bnA3 + GT3

m/,n )n3 (t) - 2W (22,50)Cn2
z (t) 

= -(4 +GT3
m/">3 (0 +WQ. l,30)Cn,2 (t) - W(30,l \)Cn,{t)n,{t) -7(300,01 \)C\{t)nQ\t) 

In these equations, ni,n2,n3 are the normalised populations of levels 4Ii3/2, 
the radiative decay rate and co,mph is the multiphonon decay rate of the i-th level; by is the 

In/2and4I9/2; Aj is 
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branching ratio from i-th to j-th level; C is the concentration of the sample and W(30,ll), 
W( 11,30), W(22,50) and T(300,011) are the cross-relaxation coefficients for the ion-ion 
interaction processes shown in Fig.l. The equation for the ground level has not been 
presented since the number of excited ions is very small and thus n0 «1. The values of the 
parameters used are given in Table 3. 

Table 3. Parameters, used in the rate-equation modelling (ow- our work) 
Parameter A.(s-') A2(s-') M*1) o>i(s"!) oo^s-1) co3(s-') b2i b3i b32 

Value: 102 115 154 0 8 125000 0.12 0.22 0.01 

Source: 5,6,7,ow 5,6 5 5,7,ow 5,6,7, ow 5,ow 5,6 5,6 5,6 

Numerical solutions to the rate equations were obtained by the Fehlberg fourth-fifth order 
Runge-Kutta method and these were used to examine the importance of the various co- 
operative processes by fitting these solutions to the experimental waveforms. The most 
challenging task was the modelling of the fast rise of %M. level. The inclusion of the two-ion 
process W(30,l 1) and the exclusion of the three-ion process T(300,011) gave good fits to the 
data over the range of concentrations but required a value of W(l 1,30) that was ten times that 
determined from direct pumping at 1.5 fxm. However, inclusion of T(300,011) and the 
exclusion of W(30,ll) gave good agreement and a value of W( 11,30) consistent with that 
determined from direct pumping. The necessity of including the three-ion process is a 
significant result of the modelling. The values of the cross-relaxation coefficients that 
produced the best fits to the experimental waveforms are given in Table 4 

Table 4. Cross-relaxation coefficients for Er/ZBEAN glasses 
Parameter: W(22,50) W( 11,30) W(30,ll) T(300,011) 

———      i 
Value(cm /s) 5xl0("17) 4xlO(-1V) 0 0.4x10(38) 

Because of the use of numerical routines, it is difficult to give an estimate of the uncertainties 
in the values of these coefficients. However, a study of the sensitivity of the fits to changes in 
the values of coefficients, indicated an uncertainty of about 50%. Some of the measured 
waveforms together with the model predictions are presented in Figure 2. The good 
agreement indicates that a satisfactory model has been developed. 

_3+ 
CONCLUSION 
Fluorescence waveforms were studied for ZBEAN glasses having ErJ+ concentration of up to 
18 mol% using a number of pumping wavelengths. A rate-equation model for the population 
dynamics of the 4I 13/2' III«   alld L^ levels has been developed and good agreement with the 
experimental data has been obtained. The model incorporates a number of co-operative 
processes and estimates of the corresponding cross-relaxation coefficients have been obtained. 
A previously unreported three-ion process has been found to be necessary to explain the 
observed fast rise in the population of the 4Inn level. 
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Pr-DOPED GeS2-BASED GLASSES BY MEANS OF PURIFICATION 
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ABSTRACT 
Pr-doped germanium sulphide glasses are one of the most promising candidates for an 

efficient 1.3 um fibre amplifier. The major problem in designing this amplifier is the presence 
of OH* impurities and oxides which quench the !G4 metastable state. A chemical method of 
removal of OH" impurities from GeS2 powder is investigated in this paper. Tbermodynamic 
conditions for the purification of GeS2 by vapour phase reaction were established by 
controlling the reactive atmosphere, mixed with Ar - 5 vol % Hz -10 vol % HC1, at different 
temperatures (250 - 470 °C). The glasses made from the purified powders were characterised 
using FTIR to estimate the concentration of OH" ions. The equilibrium condition for the 
removal of OH" impurities from GeS2, Ga2S3, and Csl starting powders is discussed by 
considering the Gibbs free energy minimisation condition in an atmosphere of Ar - H2 - HC1. 
The roles of vapour species GeX4, GaX3 ( X: Cl, I) are particularly discussed in view of the 
removal of OH" ions and oxide impurities by considering the partial pressure-temperature 
diagram. 

The lifetimes of 1
GA level in Pr-doped purified glasses were measured. The 

relationships between the quenching of 1
GA photoluminescence and OH' ion concentration is 

discussed in view of the energy transfer model. The effect of the presence of OH" ion on the 
solubility of Pr-ions in the glass is also briefly discussed. 

1. INTRODUCTION 
Germanium sulphide glasses are promising hosts for Pr3+ ions for optical fibre 

amplifiers in the 1.3 urn telecommunication window[1l However, a major problem in making 
these glasses is the existence of OH-related impurities in the glasses, which result in the 
photoluminescence quenching. It is reported that the concentration quenching of 
photoluminescence results from the poor solubility of Pr3+ in the glasses and the presence of 
OH" ion impurities in the glasses has strongly affected the solubility of Pr3+ in the glassesf2]. 
For example, more than 400 ppmw Pr3+ can produce the complete self-quenching for unary 
GeS2 glasses, 1000 ppmw Pr2S3 for GeGaS glasses, and 2000 ppmw Pr3+ for GeS2-Ga2S3-CsI 
glasses. It is argued that the emission lifetime of ^4 level of Pr3+ in GeS2-based glasses 
decreases with increasing hydroxyl- and oxygen-content and both oxygen bonds and hydroxyl 
groups could be the acceptors13"55. 

In this investigation, the combined physical and chemical method of removal of OH" 
impurities from GeS2 powder and mixed compositions was studied. Thermodynamic 
conditions for purification of GeS2 powder by vapour phase reaction were established by 
regulation of the atmosphere and temperatures. The equilibrium condition for the removal of 
OH" impurities from GeS2, Ga2S3, and Csl starting powders are discussed by considering the 
Gibbs free energy minimisation condition in an atmosphere of Ar + H2 + HC1. The roles of 
vapour species GeXj, GaX3 ( X: Cl, I ) are particularly discussed in view of the removal of 
OH" ions and oxide impurities by considering the partial pressure-temperature diagram. 
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The glasses made from the purified powders were characterised using FTIR to 
estimate the concentration of OH" ions. The lifetimes of lG4 level in Pr-doped purified glasses 
were measured. The relationships between the quenching of ^4 photoluminescence and OH" 
ion concentration is discussed in view of the energy transfer model. The effect of the presence 
of OH" ion on the solubility of Pr-ions in the glass is also quantitatively discussed. 

2. EXPERIMENTAL 
The starting materials were elemental and compound chemicals with 99.99 - 99.999% 

purity. The glass composition was 79 mol % GeS2, 15 mo! % Ga2S3, and 6 mol % Csl, doped 
with 2000 ppmw and 700 ppmw. The procedure of making Pr-doped GeS2-based glasses was 
described in earlier papers*2'5' 6\ 

Germanium sulphide powder was purified by using a silica glass reactor, shown in 
figure 1. The powder mixed with a ratio of GeS2 : S = 5: 1 was heated slowly from room 
temperatures to 100 °C and then to 200 - 500 °C in an atmosphere of 4 vol % H2 + 10 vol % 
HC1 + Ar gas mixture for several hours (6-12 h). After purification, the mixture was cooled 
to room temperatures in the Ar + H2 atmosphere, and it was quickly withdrawn from the 
reactor to minimise the contact with the surrounding air. The purified chemical was then 
transferred inside glove box where it was used for making glass. 

The presence of OH ions in the 
glasses was characterised by measuring the 
strength of the OH' peak at a wavenumber 
of ~ 3500 cm'1 using FTIR. The 
concentration of OH" ions in the glasses 
was estimated by using the molar 
extinction coefficient (SOH), which is about 
14.5 Imol'^cm"1 for germanium sulphide 
glassesf6l The Pr-ion absorption in doped 
glasses was determined using a UV-VIS- 
NIR spectrophotometer operating in the 
300-3200 nm range. The lifetimes of ^4 
level in Pr-doped purified glasses were 
measured in the same way mentioned in 
elsewhere^. 

3. RESULTS AND DISCUSSION 

gas out 

H2+HCl+Argas 

Silica reactor 

Furnace 
10 % NaOH 

Silica crucible 

GeS2 : S = 5 : 1 

Figure 1: Process of purification of GeS2 

1) Purification of GeS? 
The GeS2 powder and the mixed compositions were purified by maintaining a reactive 

atmosphere of HC1 + H2 + Ar gas mixture in this investigation. Figure 2 shows that the strong 
OH" absorption exists in the glass made from GeS2 powder. This implies that the existence of 
OH-related impurities in the GeS2 powder is in the form of Ge02(GeOH) and water adsorbed 
on the surface of the powder. The OH-related impurities was mainly reduced through the 
following reactions. 

Ge02(s) + 4HCl(g) = GeCl4(g) +2H20(g) 

AG°T = -48468 + 79.5T Jmol"1,       Teq = 610K, 

Kp = P H20'PGeC14/P HC1 (1) 
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GeCl4(g) + 2H2S(g) = GeS2(s) + 4HCl(g) 

AG°x= 25995-85.3TJmor', 

Kp = P HCl /P H2'PGeC14'Ps2 

Teq = 305 K, 

(2) 

The free energy changed with temperatures in the reaction (1) and (2) can be calculated from 
thermodynamic data . The gas phase at 600 -1000 K and a pressure of 1 arm is assumed in 
equilibrium. The partial pressures of germanium halides in the equilibrium are plotted in 
figure 3. For example, in an atmosphere of H2 + HCl + Ar reactive gas mixture, reaction (1) 
will occur and, GeCU gas will form together with steam. The equilibrium partial pressures of 
H2O and GeCL» are compared with the reacting gas HCl. The equilibrium computation 
confirms that the HCl partial pressure will have the highest value compared to H2Q, GeCLi, 
H2S, SO2 and S2 gaseous species. We have also compared the partial pressures of GeS and 
GeCl2, which are less significant gaseous species but are important for considering the overall 
mass balance of Ge in the reactor. For sustaining the purification reactions (1) and (2), the 
conditions imposed by Le Chatelisr principle must be satisfied. Figure 2 shows that the 
strength of OH" absorption band in the purified unary GeS2 glass was much lower than that in 
the unpurified glass. Reaction (1) is exothermic and undergoes a major reduction in gaseous 
phase molar volume from 4 moles on the left hand side of the reaction to 2 moles in the 
forward direction. This means that a higher equilibrium partial pressure of HCl will shift the 
equilibrium in the forward direction. The exothermic nature of this reaction demands that the 
temperature must kept below the equilibrium temperature 610 K, which was derived by 
equating AG, to zero in equation (1). On the other hand, reaction (2) is mildly endothermic 
and undergoes a major increase in the molar volume in the forward direction. The signs of 
enthalpy and entropy changes for reaction (2) impose conditions that the temperature of the 
reactor must be kept above the equilibrium temperature of 305 K, and the gaseous reaction 
product, HCl must be removed. Since HCl is consumed in the reaction (2), the equilibrium in 
reaction (1) is never achieved. In the same way, the backward equilibrium in reaction (1) 
never dominates because GeC14 in continuously used by reaction (2). Table 1 summarises the 
results of the purification reaction under reactive atmosphere. From this table, it is apparent 
that the purification process is also dependent on time. This is not unexpected. 

S 

1. Unary GeS2 glass without purification 
2. Unary GeS2 glass after purification 
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Table 1: Purification reaction and OH concentration, c in ppmw, in the glass. 
Glass composition: 79 mol % GeS2,15 mol % Ga2S3, and 6 mol % Csl. 
Purification conditions: T = temperature in °C and t = time in hours. 

Sample Reaction conditions a^ cm"' c, ppmw 
S-24 unary GeS2 glass without purification 1.28 250 

?7 100 mol % GeS2, T = 475, t = 5 0.34 60 
S-0 without purification 2.82 470 
Pi T = 375, t = 8, GeS2 powder 1.61 270 
p2 T = 375, t = 16, GeS2 powder 1.86 310 
p4 T - 275, t = 24, GeS2 powder 1.80 300 
Pg T = 475, t = 6, glass composition 0.83 140 
p9 T = 350, t = 6, glass composition 2.01 340 

2) Estimation of OH" concentration in the glass 
The molar extinction coefficient, e0H, for germanium sulphide glasses was 

characterised and found to be 14.5 hnor1-cm"1[61. Estimation of OH concentration in the 
glasses can be made from the OH' absorption band using Lambert-Beer law (I = I0 exp[-ad], 
where ax is the absorption coefficient in cm"1, I0 and I are incident and transmitted light 
intensity at wavelength X respectively, and d is the sample thickness in cm). The concentration 
of OH", c (in ppmw), is related to the absorption coefficient according to the following 
equation: 

1000    M   a, 
ln(10)   p   e, (3), 

OH 

where M is the molar weight of an OH" ion, p is the density of the glass ( = 3.05 g/cm3). The 
concentrations of OH" ions in the purified and unpurified glasses are tabulated in table 1, from 
which it can be seen that the purification reaction by using HC1 and H2 gas mixture with 
excess sulphur contributes to a significant reduction in the OH" concentration of the unary and 
ternary glasses. 

3) OH" photoluminescence quenching 
The presence of OH" in the Pr-doped GeS2-based glasses has resulted in a strong *G4 

fluorescence quenching by decrease of solubility of Pr3+ in the glasses and by impurities 
quenching mechanism^. It is argued that the *G4 lifetime quenching in the GeS2-based 
glasses mainly results from the existence of OH" impurities which compete with Pr-ions for 
sharing structure sites in the germanium sulphide glasses. The presence of OH" ions, as stated 
in reaction (1) where H20 gas is involved in the reaction, contributes to the formation of Ge02 

in the glass. As a result [Ge04]4' tetrahedra are expected to form and adversely influence the 
non-radiative rate from !G4 level of Pr-ions. Furthermore, a [Ge04]4" unit is smaller in size 
than a [GeS4] " tetrahedron, consequently the overall packing of the glass structure results in a 
further reduction in the solubility of Pr-ions. 

The relationship between solubility of Pr3+ ions in the glass structure and OH" 
absorption coefficient, ax, was quantitatively studied by characterisation of Pr3+ absorption 
spectra at the range of 1200 - 1800 ran and by the corresponding integrated absorption 
coefficients. The integrated absorption coefficient, a; in cm'V1, is defined as[9]: 
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aä = jf(v)dv = cjf(u)du       (4) 

where f(v) is the absorption coefficient in cm"1 at frequency v, u is the wavenumber in cm'1 

and c is the speed of light. The overlapping 3F4 and 3F3 absorption bands were chosen to 
calculate the integrated absorption coefficient, shown in figure 4(a). The plots of the 
integrated absorption coefficient for 700 ppmw and 2000ppmw Pr-ion concentrations versus 
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Figure 4: (a) Absorption spectra of 500 ppmw OH' and 2000 ppmw Pr   doped glass 
sample, (b) Integrated absorption of overlapping 3F4 and 3Fs absorption bands 
as a function of OH" absorption coefficient in the glass samples. 

OH" absorption are shown in Figure 4(b). It 
x 1012 cm"'-s"! for 2000 ppmw and 3.6 x 
without       OH"       impurities.       These 
reported for I" ion modified GeS2 glasses[8], 
which are ~ 11.7 x 1012 cm"1's"1 for 2000 
ppmw and ~ 3.8 x 1012 cm' i „-1 s"1 for 700 
ppmw. From figure 4(b), it is evident that 
the solubility of Pr3+ in the decreases with 
increased OH" absorption. 

The measured *G4 lifetimes (T, US) 

in 2000 ppmw Pr3+ doped glasses were 
tabulated in Table 2. In view of the energy 
transfer mechanism, the inverse measured 
lifetime, (x, us), increases with OH" 
concentration according to equation Ttof

J = 
Tmax'1 + kcoH, where k is constant and COH 

is OH" concentration in ppmw^6"9l 

can be estimated from figure 4(b) that a i, is 11.2 
1012 cm"'s"1 for 700 ppmw Pr3+-doped glasses 

data       are       consistent       with       those 

Table 2: Measured JG4 lifetime in the 
GeS2 based glasses with different OH" 

concentrations 
Sample OH- concentration, 

ppmw 
T(US) 

Li 360 190 
U 200 110 
U 110 195 
U 110 140 
U 100 155 
u 100 210 
L7 80 160 
Lo 10 360 
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4. CONCLUSIONS 
Thermodynamic conditions for OH" ion removal from the starting powder were 

studied. The equilibrium conditions determined by equation (1) and (2) require that the 
purification temperature should not be maintained well above 610 K. The presence of excess 
sulphur while purifying GeS2 starting powder is essential for reducing the OH" concentration. 
The process is also temperature and time dependent. The lifetime of *G4 level in Pr-ion is 
adversely affected by the presence of oxygen and OH" ions. 
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Thulium has been used as a potential laser ion in crystals, but not in glasses. A strong 
self quenching mechanism exists for thulium in glasses, which does not exist for 
thulium in crystals. Two possible mechanisms could be active:- distortion of sites 
leading to relaxed selection rules and loss of energy via phonon-assisted routes, and/or 
self-quenching by clusters of thulium ions. We have investigated these for the 
fluorescence band centred at 1.8um. 

Pulsed 20mW, 10ns, excitation from a Ti-sapphire laser at 795 nm, and whole band 
(1600-2100 nm) fluorescence decay curves have been obtained using a doped InGaAs 
diode, custom built by Plessey, such that it detects over the range 1500-3000 nm. The 
diode detector operated at room temperature. 

C.W. excitation using the monochromated output of a xenon lamp - 795 nm ± 5nm - 
has been used to obtain spectral intensity - wavelength profiles of the fluorescence 
over the range 1600-2100 nm, using an EG and G Judson type PbS, dry C02 cooled 
photo-conductive cell which detects over the range 1200-2600 nm. 

A series of alkali tellurite glasses of form XR20 (l-X)Te02 with 0.1 to 5.0 mol % of 
Tm203 was made, for R = Li, Na, K, with X covering the range 10, 15, 20 and 30 
mol%. The dry alkali carbonate, thulium oxide, and tellurium oxide were weighed in 
the correct proportions and mixed thoroughly before transfer to crucibles made of 
recrystallised alumina. The glasses were melted at 850°C in air for 30 minutes, 
poured into disk molds, and annealed at 250°C for 30 minutes, then cooled at 1°C per 
minute to ambient. The top surfaces and sides of the disks were sufficiently smooth to 
not require further polishing. The spectral measurements, including ultraviolet - 
visible - infrared absorption, and measurements of disk thickness were taken. 

The results all indicate a quantum yield which falls with concentration of thulium 
above 0.5 mol%. By expressing the fluorescence signal intensity under c.w. 
excitation in units of intensity per unit of excitation absorbed per mole of thulium we 
obtain a falling signoid plot of quantum yield with concentration indicative of 
Forster-Dexter type multipole - multipole interactions. Dipole - dipole interactions 
seem to be ruled out, on grounds of the relatively low concentrations on thulium ions 
needed to produce that type of interaction. Instead, dipole-quadrupole interactions 
appear to be active. The fluorescent lifetime measurements for pulsed excitation show 
a similar behaviour, again indicating dipole-quadrupole interactions. Both of these 
would suggest that the ions are in close proximity to each other i.e. clustered. If site/ 
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2. 

distortion and relaxation of selection rules were the only determinant, one would 
expect dipole-dipole interactions to be the dominant quenching mechanism at both 
low and high concentrations. The "background" quenching at low concentrations is 
an indication of the effect of site distortion/vibronic coupling, and can be compared to 
that seen in the more regular ion sites of crystals doped with low concentrations of 
thulium. 

Research described elsewhere in this conference in which EXAFS studies of thulium 
in glasses is reported, shows possible clustering of thulium ions in alkali rich parts of 
the glassy network. Studies by us on densities and electronic energy gaps of undoped 
alkali tellurite glasses, also reported at this conference, indicate the presence of 
inhomogencity on a microscopic scale. This may indicate presence of alkali rich 
regions in the glass structure, into which the thulium ions migrate and cluster. 
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ABSTRACT 

We have investigated the process of fluorescence quenching from the *D2 state of Pr3+ 

ions in fluorophosphate glasses of composition (in mol%) 60NaPO3-15BaF2-(25-x)GdF3- 
xPrF3 (x= 0.1, 0.2, 0.5, 1, 2, 5, and 10) due to energy transfer among Pr3+ ions. The 
fluorescence of the *D2 level shows a strong concentration quenching for Pr3+ concentrations 
higher than x=0.1 mol% even at 4.2 K. The non-exponential character of the decays of the *D2 
level when increasing concentration, together with the behaviour of the effective decay rates 
as a function of Pr3+ concentration, indicate the presence of a dipole-dipole quenching process 
in the framework of a limited diffusion regime. Anti-Stokes emission from the 3Po level 
following excitation of the 1I>2 state is also observed. This anti-Stokes emission is attributed to 
up-conversion by energy transfer. 

INTRODUCTION 

Fluorophosphate glasses are promising host materials for optical applications because of 
their optical properties, low refractive indices, low dispersion, and good transparency from the 
ultraviolet to the infrared regions of the optical spectra [1,2]. In general, highly concentrated 
rare earth glasses are difficult to synthesize because they are very unstable materials. However, 
recently new fluorophosphate glasses in the NaP03-BaF2-REF3 system have been obtained 
which are very stable and able to accept huge amounts of rare earth ions [3]. Among these 
latter, trivalent praseodymium is a very attractive laser activator because its optical spectrum 
from ultraviolet to near infrared contains a large number of metastable multiplets from which 
laser action has been shown. But unfortunately, concentration quenching of the Pr3+ emission 
is a common phenomenon in many systems [4-7]. Among the energy transfer mechanisms 
reponsible for the quenching of the emitting levels of Pr3+, cross-relaxation and upconversion 
are very important. Both contribute to a non-exponential behaviour of the decay curves, but 
upconversion is particularly interesting since it may lead to the observation of anti-Stokes 
fluorescence. 

In this work we report the results of the concentration quenching of the *Ü2 state in Pr3+ 

-doped fluorophosphate glasses of composition (in mol%) 60NaPC>3-15BaF2-(25-x)GdF3- 
xPrF3 (x= 0.1, 0.2, 0.5, 1,2, 5, and 10). The generation of anti-Stokes fluorescence from 
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the 3Po-»3H4 transition under excitation of the !Ü2 level is studied. This anti-Stokes emission 
varies quadratically with the laser intensity indicating that the up-converted fluorescence is due 
to the interaction between two excited Pr3+ ions in the *D2 state. 

EXPERIMENTAL TECHNIQUES 

The fluorophosphate glasses used in this study were prepared at the Laboratoire de 
Verres et Ceramiques of the University of Rennes (France). Glasses were synthesized in the 
NaPOs, BaF2, (GdF3/PrF3) system with the following compositions in mol% : 60NaPC«3- 
15BaF2-(25-x)GdF3-xPrF3 (x= 0.1, 0.2, 0.5, 1, 2, 5, and 10), and designated as NBGdPrx. 
Details on the entire glass forming diagram may be found in Ref. [3]. Rare-earth oxides were 
processed by a fiuorinating agent NH4F,HF. The fluorination of the rare-earth oxides was 
carried out at 300 °C in a vitreous carbon crucible under argon atmosphere during four hours. 
Then, the excess of NH4F,HF was eliminated at 800 °C, and the newly formed rare-earth 
fluoride was cooled down to room temperature. At this stage, the phosphate and fluorides were 
mixed together and the batch was heated up to 1100 °C for melting and refining for 15 minutes, 
then cooled down to 750 °C, and poured onto a brass mold preheated at the glass transition 
temperature, Tg. Finally, the samples were annealed at Tg before being appropriately cut and 
polished for the optical measurements. 

The samples temperature was varied between 4.2 K and 300 K with a continuous flow 
cryostat. The steady-state emission measurements were made with an argon laser as exciting 
light. The fluorescence was analyzed with a 0.25 monochromator, and the signal was detected 
by a Hamamatsu R928 photomultiplier and finally amplified by a standard lock-in technique. 

Lifetime measurements were performed by exciting the samples with a pulsed frequency 
doubled Nd:YAG pumped tunable dye laser of 9 ns pulse width and 0.08 cm"1 linewidth. The 
fluorescence was analyzed with a 1 m Spex monochromator, and the signal was detected by a 
Hamamatsu R928 photomultiplier. Data were processed by a EGG-PAR boxcar integrator. 

Experiments under pulsed excitation on the ^2 level were performed by using a high- 
power optical parametric oscillator (MOPO, Spectra Physics model 730) which provides 10 ns 
pulses of about 35 mJ of average energy with a repetition rate of 10 Hz. The luminescence was 
dispersed by a 500 M SPEX monochromator (spectral resolution =0.05 nm) and detected with 
a cooler photomultiplier. The signals were recorded by using a SR400 two-channel gated 
photon counter. The decay time measurements were performed using the averaging facilities of 
a Tektronix 2400 digital storage oscilloscope. 

RESULTS AND DISCUSSION 

The room temperature steady-state emission spectra were obtained for all concentrations 
in the 470-800 nm spectral range by exciting with an argon laser. After excitation in the 3P2 
level (454 nm) there is emission from 3Po and *D2 levels. The emission lines are related to 
transitions 3Po-»3H4,5,65 

3Po-*3F2,3,4 and 1D2-»3H4)5. At low concentration, the most 
intense emission corresponds to the 1D2->3H4 transition. However, as concentration rises this 
transition shows a strong quenching and at high concentration, the most prominent one is the 
emission from the 3Po level. This strong concentration quenching of the *Ü2 emission is often 
observed in the emission spectra of Pr3+ and has been attributed to cross-relaxation between 
Pr3+ ions [4-7]. 
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In order to obtain additional information on the luminescence properties of Pr3+ ions in 
these glasses, the fluorescence dynamics of the 3Po and !D2 emitting levels were investigated 
as a function of Pr3+ concentration at different temperatures. Decay curves for all samples were 
obtained under laser pulsed excitation at 486 nm, and collecting the luminescence at different 
emission wavelengths between 490 and 720 nm. Table 1 shows the lifetime values of the 3Po 
and !D2 levels as a function of concentration at 4.2 K, 77 K and 295 K. As can be observed the 
lifetimes of the 3Po level are nearly independent on concentration up to 5 mol%; however, the 
lifetimes of the lT>i level become shorter with increasing concentration even at low temperature. 
The decays of the lT>2 level can be described at low concentration (0.1 mol%) by an 
exponential function in the 4.2 K-295 K temperature range. As concentration increases the 
decays become non-exponential and a rapid lifetime decrease occurs. This variation of 
fluorescence with concentration indicates the presence of energy transfer processes at 
concentrations higher than 0.1 mol%. The same behaviour was observed at 77 K and 295 K. 
As in other Pr3+ systems investigated, the *D2 emission is affected much more strongly by 
quenching than is 3

PQ, SO we will focus the discussion on the *D2 level and its fluorescence 
dynamics. 

Table 1. Lifetimes (|is) of the 3Po and *D2 levels as a function of Pr3+ concentration at 
three different temperatures. 

3Po -E>2 

x (mol%) 4.2 K 77 K 295 K 4.2 K 77 K 295 K 

0.1 5.5 5.5 5.4 275 260 238 

0.2 5.5 5.4 5 225 211 200 

0.5 5.5 5.3 5.1 118 112 105 

1 5.3 5.4 4.5 47 40 40 

2 4.1 3.9 3.4 12.3 11.2 10.3 

5 3.5 3.2 3.2 4.7 4.6 4.1 

10 3 2.7 2.7 3 2.9 2.7 

The lifetime of JD2 state of Pr3+ ion should be governed by a sum of probabilities for 
several competing processes: radiative decay, nonradiative decay by multiphonon emission, and 
by energy transfer to other Pr3+ ions. Nonradiative decay by multiphonon emission from the 
*D2 level is expected to be small because of the large energy gap to the next ^4 lower level 
(=7100 cm-1) as compared with the highest energies of the phonons involved (=1300 cm*1) [9]. 
Hence, at low temperature and low concentration (0.1 mol%) the measured lifetime, which is 
single exponential, should approach the radiative lifetime of the *Ü2 level. As the concentration 
rises, the lifetime decreases even at 4.2 K (see Table 1) indicating that Pr-Pr relaxation 
processes are present at concentrations higher than 0.1 mol%. 

Concentration quenching of fluorescence leading to a fast  lifetime decrease at high 
concentration can be due to one or both of the following processes: (i) cross relaxation between 
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Pr3+ ions, (ii) migration of the excitation energy due to resonant energy transfer among Pr3+ 

ions and finally to a quencher center. Energy migration has been described either as a diffusion 
process or as a random walk (hopping model) [9]. In the diffusion model, in the case of dipole- 
dipole interaction, at long times the fluorescence of the donors decay exponentially with an 
effective decay time given by: 

-L = -L+VCACD (1) 
T    T0 

where V is a constant involving donor-donor and donor-acceptor transfer constants and CA and 
CD are the acceptor and donor concentrations respectively, the donor decay regime described 
by relation (1) is known as diffusion-limited decay [9]. In our case the donors and acceptors are 
the Pr3+ ions, and the equation gives the effective decay as a function of the square of 
concentration. Hence a logarithmic plot of the effective decay versus concentration should show 
a slope equal to two if the *D2 decay is diffusion limited. 

Figure 1 shows a logarithmic plot of the effective fluorescence decay times as a function 
of the Pr3+ concentration. As can be observed, in this concentration range, the slope is 1.85, 
which indicates that the behaviour is close to a dipole-dipole quenching mechanism in the 
framework of a limited-diffusion regime. 

The quenching of fluorescence from the *D2 level can be associated with different kinds 
of cross relaxation processes. One of these processes is attributed to the following transitions 
between two Pr3+ ions: (!D2 ,3H4)-»(1G4, ^3,4). This process results obviously in un- 
conversion to the 3Po- However, ions in the !Ü2 state can upconvert back to the 3PQ, leading to 
the observation of anti-Stokes fluorescence [10-14]. Two energy transfer mechanisms have 
been proposed to account for this upconversion. In one kind of process, there are two JD2 
ions, with one making a transition to the ^4 while the other goes to the 3P2 : (2D2 
,1Ü2)->(3P2,1G4). The second process is an ion from the *D2 going to the 3H4, while an ion 
from the 3H6 goes to the 3Pi: (*D2,3H6)-K3H4,3Pi). In both cases the 3Po is then populated 
by fast nonradiative decay [10]. 

To investigate the possibility of up-converted fluorescence in this system we have excited 
directly the ]Ü2 level and we have observed anti-Stokes fluorescence from the 3Pn-»3H4 
transition in the 4.2 K-295 K temperature range for different Pr3+ concentrations. Figure 2 
shows the up-converted emission for the sample doped with x= 5 mol% at 4.2 K. The broad 
line is due to large site-to-site variations of the crystal field strength. 

The intensity of the anti-Stokes emission shows a quadratic dependence with the 
excitation laser energy indicating that the up-conversion fluorescence is due to the interaction 
between two excited Pr3+ ions in the ID2 state [12,14]. Figure 3 shows the integrated emission 
intensity of the up-convened fluorescence as a function of the square of the laser energy. This 
process has been observed in borate [12] and fluoroindate [14] glasses and has been attributed 
to a redistribution of energy between two ions according to: 2D2 + !D2 -> 3Po + *G4 + 
phonons. 

Up-conversion by energy transfer leads to a decay curve for the anti-Stokes emission 
which shows a rise time and a lifetime longer than that of the 3Po level under direct excitation. 
These effects become more pronounced as the lT>2 lifetime increases [11]. Figure 4 shows the 
experimental decay of the 3Po level obtained by exciting at 486 nm and at 590 nm for the 
sample doped with x= 5 mol% . As can be observed the lifetime values are similar with a small 
rise time in the case of the anti-Stokes emission. This is probably due to the lifetime value of the 
lT>2   level which at this concentration, is similar to that of 3

PQ. In samples with low 
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concentration where the lifetime of the *D2 level is longer, the up-converted emission is too 
weak to measure accurately the decays. Therefore, it seems that this up-conversion energy 
transfer process has a very low efficiency to account for the observed quenching of the JD2 
level. 

CONCLUSIONS 

From the above results, the following conclusions can be reached: 
(i) Fluorescence quenching from the JD2 state has been demonstrated to occur for Pr3+ 

concentrations higher than 0.1 mol% even at 4.2 K. This can be attributed to a cross relaxation 
process. 

(ii) A weak anti-Stokes fluorescence from the 3Po-»3H4 transition under excitation of the *D2 
level was observed. This anti-Stokes emission varies quadratically with the laser intensity, 
which shows that the up-converted fluorescence is due to the interaction between two excited 
Pr3+ ions in the *D2 state. A rise time was found to be associated with the 3Po decays showing 
that this level is populated from lower lying levels and supporting the argument that energy 
transfer is the responsible for the upconversion process. 
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Fig. 1.- Logarithmic plot of the effective 
decay rate of the *D2 emission as a function 
of Pr3+ concentration at 4.2 K. 
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T = 4.2 K 

470 480 490 500 510 
Emission Wavelength (nm) 

Fig. 2.- Fluorescence spectrum correspon- 
ding to the 3Po-»3H4. transition at 4.2 K. 
The excitation wavelength (590 nm) was in 
resonance with the transition 3H4->1D2. 
(Sample with x= 5mol%) 
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T = 4.2K 

200 400 
[Excitation energy (mJ)]2 

Fig. 3.- Fluorescence intensity of the up- 

converted 3Pn-»3H4 emission as a function 
of the square of the excitation energy. Data 
correspond to 4.2 K and 5 mol% of Pr3+. 
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T = 4.2K 

40 
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Fig. 4.- Experimental emission decay curves 
of level 3Po obtained under direct excitation 
(486 nm) and under excitation in resonance 
with the transition 3H4-»1D2 (590 nm) for 
the sampled doped with 5 mol% of Pr3+. 
Data correspond to 4.2 K. 
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ABSTRACT 
Different concentrations of Pr3+/Yb3+-codoped ZBLAPN glasses are prepared. The 

relationships of different concentation of PbFz-doped with thermal stability are studied. 

The absorption spectras are measared. The fluorescent properties are calculated by using 

the Jadd-ofelt theory. The energy trasfer rates between Pr3+ and Yb3+ are calculated. It is 

shwon that the use of Yb3+ intensify the absortion of Pr3+. 

I  INTRODUCTION 
Fluoride glass fiber is the most promising candidate for use in infrared optical amplifi- 

er because of the low phonon freguency characteristics. It has already been confirmed that 

a Pr3+-doped fluoride fiber amplrfier operating at 1. 3jum has the potential for a high gain, 

a high saturated output power and a large bandwithC!]. This gain characteristic has been 

achieved by developing low-loss high —NA fluoride single-mode fibers and codoping with 

other rare earth ions. 

Among RE ions, Yb3+ has the simplest energy diagram which removes detrimental 

complications, such as excited state absorption. Its long fluorescence lifetime and low 

thermal loading is quite benefitical for energy transfer source. In order for high NA fiber 

to be got, the most effective and common means for raising the refractive index of the core 

is to substitute some of the Ba2+ with Pb2+. Every mole percent of substitutional Pb2+ rais- 

es the refractive index by 0. 003, but with increasing Pb2+ doping the glass becomes unsta- 

ble; beyond 10%, it readily devitrifiesC2]. The goal of this study is to investigate the ab- 

sorption spectra and fluorescent properties of Pr3+/Yb3+ codoped ZBLAPN glasses, it is 

shown that the use of Yb3+ intensify the absorption of Pr3+. In other way we present the 

thermal stability of ZBLAPN glasses under the influence of Pb2+ dopant concentration. 

I EXPERIMENTAL 
Glasses were made from high purity anhydrous metal fluorides, which were batched 

under dry nitrogen in platinum crucibles. Melting was carried out around 850 C for 1. 5h in 

an electrothermal furnace with a silica liner tube attached to the side of a nitrogen purged 

dry-box.   The glass melts were then poured into brass moulds held just below the glass 
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transition temperature (Tg), typically 240U and annealed for 8 h. In the present work, 
nine samples have been examined.  Five samples were codoped with Pr3+ and Yb3+ of 0. 

1%. 0. 2%, 0.3%, 0.4%, 0.5% and 1%, 2%, 3%, 4%, 5% in weight. Four samples 

were doped with Pb2+ of 4%, 4. 5%, 7. 5%, 9. 5% in molo concentration. 

The UV/visible absorption spectra were measured by using a UV - 3400 Spectropho- 

tometer (HITACHI).  The glass thermal stability has been evaluated using DTA analysis 
With a 10°C/min heating rate values. 

In the Judd-Ofelt theory™ the linestrength S* by neglect electric guadrupole and magnetic 
dipoie transitions is given; 

sed = e'in2\\ u<2) P + ßJI u<4)ll2 + ß6|| U(6) II2] (i) 
O«(t = 2,4,6) is phenomenological intensity parameter,  U(,)(t = 2,4,6) is the matrix ele- 
ment, which were calculated with datum in the literaturC4]. 

Integral of the electric dipoie absorption intensity is shown • 

J P3M2J+ 1) n 9        btd (2) 

P is the concentration of Pr3+, X is average wavelength, n = n(X) is index of refraction 
at X. 

A least-squares fitting from the measured absorption linestrengths were used to pre- 
dict the Judd-Ofelt parameters fllA of Pr3+ by equations (1), (2). 

Due to the weak absorption band from tt4 to fc, of Pr3+ and the high concentration of 

Yb3+ in the host, the absorption band at 1. O^rn can be approximate to the absorption of 

Yb3+.   Using *F6/2  *Fm line strength of Yb3+, one can calculate the Sed of Yb3+ and 

Eß»<^ll   UH>IU,'> 

We can calculate the spontaneous emission probability from j energy level to j' level A 
(j, j'), a branching ratio ß and a radiative lifetime r0 of Pr3+

s 

Ali    \'\ 64;rV n(n2 + ?.)2 ^ _, „      , 
Mj' J ) ~ 3/u:3(2J + l)  9"  2ß'( < 4/V   II   U(" II iff > y (3) 

«=2.4,6 

Mi.f) 
"~I>o./> (4) 

ro=CS^OV)]-1 (5) 

Where h is Planck's constant, n is the index of refraction, 7 is the frequency. 

Using Judd-ofelt analysis KUSHIDA calculated energy transfer rates from electric dipoie 

moment-electric dipoie moment, electric dipoie moment- electric quadrupole moment, 
electric quadrupole moment- electrie quadrupole moment03. 

SA " <2Js+ l)(2J, + l) (I} (TT) (^)2^Eß» < Js II   IT" II Js' >2] 

CSßM<^||  \J{n\\JA'>*13 (6) 
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,2^ ,e 

< 4/mi4/>2 < / || C<2> || />2 < JA ||   U<2) II JA' >2S (7) 

PÄ 
1 <T> & <&<*fWUf>' SA ~ iZJs + 1)(2JA + 1) v 5 ' v h ' XR5 

< 4/ ll y\ || 4/ >2 < f || C<2) II / >4 < Js ||  Ul2> II ./*' >2 

<«MI   U(2)II«V>25 (8) 

S presents the sensitizer, ion, A is the acceptor ion. 5 — 10 3cm  1      ,    R is distance be- 

tween ions. R = Jjj:—    N    , NYb and NPr is unit particle number of Yb3+ and Pr3+. 

M RESULTS 

1. Absorption spectrum of Pr3+/Yb3+ co-doped flouride glasses were given in Fig 1, 

Sim       Hmo     1 .wo     2000   2f.O(i(im.>       Son 

lOOOppm 
lOIMi 1580        ZIIIMI      2r.()(l(iilii)   5('0 I<I00        IM«) 

2000ppm 
ZOO«      25(1(1(11111) 

3000ppm 

SCO 100.)        ,500 2000 jr,,,,,,,,,,) W|) |1(0|, fwl        vm        2,(|o(nM) 

4000ppm 5000ppm 

Fig: I Absorption spectrum of Pr^/Yb^co-doped flouride glasses 

2. Values offl^vCX lO^cm2) of Pr3+ were fitted: 

a 2A a 4A a 6A 

lOOOppm 4.2 

2000ppm 2.8 

3000ppm 1.9 

4000ppm 1.2 

5000ppm 1.3 

4.9 5.8 

4.8 5.7 

5.0 5.1 

6.4 5.0 

5.8 5.1 

Table 1 Values of fl,A(xlO "cm') by fitting diferent energy levels 
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3. Values of J]A, < J, II  U(,> II Ji >2(X 1CT2<W) wer? measured. 

^n„<js\\ u<0IU/>2 

lOOOppm 

2000ppm 

SOOOppm 

4000ppm 

5000ppm 

3.26 

2.89 

3.18 

2.79 

3.16 

Table 2 Measured values of J}{2„ < ./, ||   U(,) II J.' >HX 1<T2W) 

4. Values of A(j,j') were calculaed: 

lOOOppm 2000ppm 3000ppm 4000ppm 5000ppm 

440 

«5-*H4 10.00 9.53 8.68 8.97 8.87 
tt«-'Hs 8.99 8.59 7.85 8.16 8.05 

-3H4 13.18 12.95 11.89 12.30 12.23 

^V'H. 0.50 0.49 0.44 0.44 0.44 
-3H5 62.77 61.63 57.64 61.81 60.47 
-3H4 290.10 244.08 217.07 229.08 218.22 

^3-*F, 0.26 0.23 0.23 0.27 0.25 
-3H6 21.46 21.08 19.60 20.80 20.45 
-3HS 111.94 88.34 75. 54 76.71 72.97 
-3H4 522. 00 504. 97 469. 62 501.76 490.30 

IV'F, 0. 68X10-2 0. 62X10-2 o. 6ixio-2 
0. 60X10-2 0. 61X10"2 

-3F2 0.69 0.68 0.61 0.60 0.61 
-3H6 37.57 33.37 30.26 32.17 30.95 
-3H5 125.67 122. 10 114.81 124.95 121.19 
-3H4 252. 44 246.33 222. 60 223. 72 225. 22 

"G4-
3F4 16.36 15.48 14. 13 14.73 14.49 

-3F3 2.67 2.59 2.33 2.31 2.34 
-3F2 2.24 2.19 2.21 2.70 2.50 
-3H6 118.82 105. 90 95.50 100.27 97.05 
-3H5 271.06 261.65 237. 70 242.82 242.07 
-3H4 23.26 22.26 20.37 21.22 20. 93 

'Dz-'G, 377. 21 288. 21 225. 86 192.08 194.91 
-3F4 1026. 80 697.38 481.98 317.19 341.25 
-3F3 106.83 84.52 72.48 73. 90 70.23 
-3F2 330. 81 311.54 314.84 391.26 356.61 
-3H6 317.42 311.04 319.62 401.12 366. 49 
-3Hs 16.35 16.02 16.27 20.05 18.46 
-3H„ 803. 04 782.91 722. 31 757.169 747.42 
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5. Energy transfer rates between Yb3+ and Pr3+ were calaulated: 

<\.  Yb" ( f 6/2;-hi JfT { -hi4; *Y r^K *m)-rrrmik \JA) 

pdd pdq pii 

lOOOppm 15.2 4.0 0.45 

2000ppm 53.0 23.1 4.7 

3000ppm 116.9 72.2 17.5 

4000ppm 191.9 138.4 46.5 

5000ppm 328.0 276.3 94.5 

Table 4       Energy transfer rates from Yb3+( ^s/2) to Pr3+( tt,) (S"1) 

s. rr" 1. \jt)-r- Y t>"' <. T7/2; "^r "(tljtib'^l fs/2^ 

p3d pdq p<w 

lOOOppm 11.4 1.3 0. 34 

2000ppm 39.8 8.2 3.6 

3000ppm 87.6 21.3 13.1 

4000ppm 143.9 48.4 34.9 

5000ppm 246.0 81.4 72.8 

Table 5     Energy transfer rates from Pr3+( 'GO to Yb3+( %n) <S~') 

C. Yb3+( 2F5/2) + Yb3+( fr^) *Yb3+( fr7/2)+Yb3+( fr5/2) 
pdd                                                               pdq pqq 

lOOOppm                     455.6                           48.2 5.1 

2000ppm                    1442.5                         273.7 51.9 

3000ppm                    3869.7                         869.9 195.6 

4000ppm                    5230.0                        1616.7 499.8 

5000ppm                   10625.7                       3380.4 1075.4 

Table 6     Energy transfer rates from Yb3+( ^5/2) to Yb3+( ^v{) (S~") 

D. Yb3+( 2F5/2)+Pr3+( £4) *Yb3+( ^7/2) + Pr3+( P0) 

pdq 

lOOOppm 32.6 0 0 

2000ppm 112.8 0 0 

3000ppm 285.4 0 0 

4000ppm 578.3 0 0 

5000ppm 927.6 0 0 

Table 7       Energy transfer rates from Yb3+( Ts«) to Pr,+ ( "G4) (S_l) 
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6 Fig 2 shows the DTA curves of those samples doped with Pb2+. 

IV DISCUSSION: 

1. Comparing OtA and A(j, j') of Pr3+/Yb3+ co-doped glass with fl, and A(j,j" ) of 

Pr3+ doped glass [7] one can note that the influence of Yb3+ doped on energy levels of Pr3+ 

is less. 

2. Table 3 shows that with the increase of concentration, every A (j,j') gradually de- 

creases but changes a little. The results prove that the ion concentration of Pr3+ alone 

doped can be more than lOOOppm, but table 3 shows when Yb3+ ions are added, the energy 

transfer rate from Yb3+( "Fj/s) to Pr3+< ^4) following increase of Pr3+/Yb3+ concentra- 

tions rises doubly. Energy transfer rate mays compensate absorbablity reducing due to co- 

nentration increase, it is shown that it is perfectly possible to increase concentration of 

Pr3+. 

3. Table 6 shows the energy transfer rate from Pr3+( K}^) to Pr3+( ^o) is large, this 

is harmful to making amplifier but favourable to manufacturing upconversion laser. 

4. Fig. 2 presents the thermal stability of glasses containing PbF2 concentration being 

greater than 4. 5%mol begins changing badly, in glasses containing PbFz over 4. 5%mol 

separated phases show up. 

V CONCLUSION 

Using the Judd-Ofelt theory the fluorescent properties of Pr3+/Yb3+ codoped 

ZBLAPN glasses and the energy transfer rates between Pr3+ and Yb3+ were calculated. It 

is shown that the use of Yb3+ intensify the absorption of Pr3+. This predicts that the con- 

centration of Pr3+ doped mays increase direct ratio with Yb3+ codoped. 

Over 4. 5%mol of PbFe doped separated phases appear, this will increase transit 

wastage of optical fibre. 
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The emission properties and energy transfer of Yb-Tm codoped fluoride 

glass 

MaoheLi Changhong Qi FengyingLin HefangHu 

Shanghai Institute of Optics and Fine Mechanics, CAS 

P.O.BOX 800-216, Shanghai 201800, China 

Abstract 

In this paper a series of Yb-Tm codoped fluorozirconate glass with = 

different dopant content was prepared. The upconversion fluorescence = 

properties of glasses were measured using 970nm LD as a exciting source. = 

A strong blue upconversion fluorescence band at 478nm due to 1G4-3H6 = 

transition and two other week upconversion fluorescence bands at 647 and = 

792nm due to 3F2-3H6 and 3F4-3H6 transition, respectively, were = 

observed. The relationship between the upconversion fluorescence = 

intensity and dopant concentration were studied. The glass containing = 

high Yb3+ and low Tm3+ concentration exhibits most strong upconversion = 

fluorescence intensity. The energy transfer mechanism from Yb3+ to = 

Tm3+ was also discussed. 
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The time-resolved mode-mismatched thermal lens technique has been used to 
determine an absolute value for the optical path change with temperature (ds/dT), thermal 
diffusivity (D) and conductivity (K) in ion doped fluoride glasses. We present, for the first 
time, thermal diffusivity and conductivity results for fluoride glasses. The method is simple and 
can be applied to a wide range of fluorescent materials. 

INTRODUCTION 

The thermal lens (TL) technique1 has proved to be valuable to study transparent 
materials2"7. Since the first report of the TL effect, the sensitivity of the technique has been 
improved by changing the experimental configuration. The two-beams mode-mismatched 
method is the most sensitive one. 

The TL effect is caused by the deposition of heat via a non-radiative decay process 
after the laser energy has been absorbed by the sample. In this situation a transverse 
temperature gradient is established, owing to the temperature coefficient of refractive index 
(dn/dT), a refractive index gradient is produced, creating a lens-like optical element, the so- 
called TL. As the probe laser beam passes through the sample, its propagation is affected 
resulting in a spreading or focusing of the beam center. By measuring its beam center intensity 
variation in the far field, the thermo-optical properties of the sample can be determined. The 
time-resolved method is used to study the temporal evolution of the TL effect, allowing the 
determination of sample thermal diffusivity. 

The thermal diffusivity of a material is known to be dependent upon the effects of 
compositional and microstructural variables as well as processing conditions. In this study, we 
apply the TL technique in several fluoride glasses to determine an absolute value for the optical 
path change with temperature (ds/dT), thermal diffusivity (£>) and conductivity (K). 

The fluoride glasses are very transparent, presenting very low absorption coefficient 
(~10"3 - lO^cm"1) in the visible and even lower in the mid infrared. Consequently the TL signal 
from undoped matrixes are very low. To improve the signal to noise ratio of our experiment, 
we doped the glasses with low concentrations of Cobalt. 

THEORY 

The theoretical treatment of TL is done using Fresnel diffraction theory8. An analytical 
expression can be obtained for probe beam intensity I(tf: 
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7(0= 7(0} t   e 
1 atan 

2 
2m V 

[(l+2 rnf +V2]tc/2t + l + 2m + V: 

where 

^ 2 

w = r7T }    > v= T when Z.«Z* 

(1) 

(2) 

Here, Zc is the confocal distance of the probe beam, Z7 is the distance between the 
probe beam waist and the sample, Z2 is the distance between the sample and the detector (2), 
colp is the probe beam radius at the sample, a„ is the excitation laser beam radius at the 
sample, te is the characteristic thermal lens time constant, $ is approximately the phase 
difference of the probe beam at r = 0 and r = S coe induced by the thermal lens, and 1(0) is the 
value of I(t) when the transient time / or 6 is zero. 

The TL effect can be treated through the calculation of the temporal evolution of the 
sample temperature profile AT(r,t), caused by a Gaussian beam The TL transient signal 
amplitude is proportional to its phase shift gfven by3 

0 = 
PAL    ds_ 
KXP   dT 

(3) 

where P is the excitation laser power, K is the thermal conductivity, Xp is the probe beam 
wavelength, L is the sample thickness, ds/dT is the optical path temperature coefficient, A is 
the absorption coefficient and <p=l-TjÄj<Äem> is the fraction of absorbed energy converted 
into heat per photon, where </> is the sample radiative quantum efficiency, Xe is the excitation 
beam wavelength, and <Äem> is the average wavelength of the fluorescence. In the case of 
Cobalt doped samples, we supposed that all absorbed energy is converted into heat so rj = 0 
and q>=\. 

The optical path change with temperature is given by 

ds_ 
dT =(n-l)(l+vV+^ (4) 

where n is the refractive index, v is the Poisson ratio and y is the linear temperature expansion 
coefficient. 

The characteristic TL signal response time tc is given by 

/„ = 
(Ope 

4D (5) 

where D - K/pC is the thermal diflusivity, p is the density, C is the specific heat and K is the 
thermal conductivity. 

We performed time-resolved TL experiments in Several fluoride glasses, using the two- 
beams mode mismatched TL configuration. Parameters 0 and t, can be determined by the 
proper fitting of the transient TL signal and then the thermal diflusivity D and conductivity K 
and the optical path change with temperature ds/dT can be obtained. 
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EXPERIMENT 

The starting materials used for the preparation of the glasses were fluorides (BDH and 
Strem products), and oxides such as In203 and Ga203 (MetalEurop). The ammonium bifluoride 
was used to transform oxides in fluorides. The mixture was heated in a crucible for melting and 
refining. Finally, the melt was poured into a brass mold preheated at few degrees below the Tg 

temperature to prepare samples with 4mm of thickness. All these operations were made in 
glove boxes with controlled inert atmosphere whose relative moisture was below lOppmv. 

Table 1: Concentration of glasses (wt %). 

Acronym ZrF4 YF3 LaFj AlFj GaFj InFj CaF2 SrF2 BaF2 ZnF2 PbF2 NaF 

ZBLAN 53 4.5 3.5 29 10 

YABC 20 40 20 20 

IGPZCa 20 15 20 15 30 

ISZn 6 34 20 16 20 4 

InSBZnGdN 2GdF3 40 20 16 20 2 

The mode-mismatched thermal lens experimental setup used is showed in Figure 1. 
We used an Ar+ laser as an excitation beam and a HeNe laser as probe beam The sample 

was positioned at the waist of the excitation laser beam, where the power density was 
maximum. 

trigger 

Figure 1: A schematic diagram of the mode-mismatched thermal lens experimental 
apparatus, where M]t M2, M3l M4 andM5 are mirrors.Dj andD2 are detectors, andLj andL2 

are lenses. 

The excitation beam was focused with a ff= 15cm lens (Li), and the sample was put at 
its focal plane. The exposure of the sample to the excitation beam was controlled by means of 
a shutter or a mechanical chopper. The probe laser beam was a HeNe laser at 632.8nm. It was 
focused by a converging lens (L2) with focal length f2= 25cm at an angle a < 1,5° which refers 
to the excitation beam and centered to pass through the thermal lens to maximize the TL 
signal. The excitation beam, was incident on a detector (Di) and used as a trigger, after having 
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passing through the sample. These adjustable mirrors M3, M4 and M5 were used to get a long 
optical length (~2m) from the sample to an iris mounted before the detector (D2). An iris was 
put in front of the detector in order to select the beam central part. 

The optical absorption coefficients were determined using the same experimental 
configuration applied to the TL measurements. The transmitted light of the Ar+ laser at 
514.5nm was recorded for different incident power. 

The experimental parameters used are summarized in Table 2. 

Table 2: The experimental parameters for TL measurements. 

K 632.8 xlO-7 cm 
Zop 21.6  ±   0.04 cm 
Ziep 4.27  +   0.07 cm 
K 514.5 x 10'7 cm 
Zoe 14.47  ±   0.002 cm 
Zce 0.34  ±  0.003 cm 
0>oe 2.35 x 10-3cm 
z, 4 cm 
<o„ 12.7xl0'3cm 

m = (c9D / (ooe )
2 29.22 

V = (Z,/Z„,) 0.937 

We also performance measurements in a soda lime sample in order to check our 
dirrusivity value with the literature one [3]. 

RESULTS AND PISCUSION 

Figure 4 shows a typical TL signal, for the ZBLAN with 0,3% of Cobalt. We fitted the 
experimental data with Eq. (1) and obtained 0= 0.23 ± 0.0004 and te = 0,52 ± 0.004ms. Using 
Eq. (5) from tc and moe (Table 2) we calculated D = 2.6 x 10"3cm2/s. 

'OOQO 

10    20    30    40    50 

Time [ ms ] 

Figure 4: Transient Thermal Lens signal for the 0.3% Cobalt ZBLAN sample in a P = 42.2mW 
(k= 514.5nm). The line indicates the fitting made with Eq. (1). 
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We studied 4 ZBLAN samples doped with 0.1, 0.2, 0.3 and 0.375 wt% of Cobalt. Figure 
5 shows that, in this Cobalt concentration range, the thermal diffusivity was practically 
constant (within our experimental uncertainty): D = (2.6 + 0.14) x 10*3cm2/s. From this D 
value we calculated K = (7.4 ± 0.4) x 10"3W/kcm using the pC value for ZBLAN from ref 
[10]. 

3,0 

» 2,8 
CM 

|2,6 
CO 

o 2,4 

Q 2,2 

1       "' " - -f    -"—      '  

1 1 

i- 

1 ■ 

_ 

0,1 0,2 0,3 0,4 

[ wt % Co+2 ] 

Figure 5: Thermal difEisivity versus Cobalt concentration in ZBLAN 

Figure 6 shows that 0P/L increases linearly with the absorption coefficient A, so by Eq. 
(3) this behavior indicates that the product ^ds/dT remains constant in the Cobalt 
concentration range studied. 

The same procedure was adopted for the other samples. For these glasses we do not 
have the pC value. However, Bruce9 analyzed 12 kinds of fluoride glasses and concluded that, 
at 300k, the molar specific heat is almost constant ~ 21.3k"1mol'1 (86% of the Dulong-Petit 
value). For instance, using this value for ZBLAN we obtained pC = 2.7Ws/kcm3 in a good 
agreement with the experimental value pC = 2.8Ws/kcm3 from ref. [10]. We estimated pC for 
all the samples and calculated K from our experimental D datas as shown in the Table 3. 

CD    0,0     0,5     1,0     1,5    2,0    2,5 

A [ crtT1 ] 

Figure 6:. This graphic shows the linear behavior of the product K"Jds/dT. 
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CONCLUSIONS 

AU fluorides we studied presented negative ds/dT values. We remark that ds/dT a[<f>- 
t]ß\ where <f> and ß are the temperature coefficients of the electronic polarizability and volume 
expansion respectively, and 7 is a constant that depends on the glass refractive index and the 
Poisson ratio v. Therefore the negative ds/dT values are an indication of the small <j) values of 
fluorides. 

For laser applications, the thermal parameters are very important. High thermal 
conductivity is desired to dissipate the heat from the laser action region. It is well known that 
fluoride glasses do not have thermo-optical properties suitable for high power laser 
applications. However we observed that fluoroindate glasses, which have very good optical 
properties, presented thermal conductivity -18% and diffusivity -23% greater than the one of 
ZBLAN. 

Table 3: Results of thermal diffusivity and conductivity and the optical path change with 
temperature ds/dT. 

Samples A 
(cm1) 

D 
(10"3 cm2/s) 

K 
CIO"3 W/kcm) 

ds/dT 
(10^ k_1) 

IGPZ 0,2% Co 0.9 ±   0.04 2.9 ± 0.14 8.0 ± 0.39 -1.8 ± 0.14 
ISZn 0,2% Co 1.0 ± 0.10 3.1 ± 0.06 8.4 ± 0.16 -1.2 + 0.20 

InSBZnGdN0,29%Co 0.8 ± 0.02 3.2 ± 0.07 8.6 ± 0.19 -1.7 ± 0.14 
YABC 0,377% Co 1.8 ± 0.03 3.3 ± 0.06 8.1 ± 0.15 -1.9 ± 0.13 
ZBLAN 0,1% Co 0.4 + 0.09 2.6 ± 0.25 7.4 ± 0.71 -6.1 ± 1.79 
ZBLAN 0,2% Co 0.7 + 0.003 2.5 ± 0.15 7.1 ± 0.43 -5.5 ± 0.43 
ZBLAN 0,3% Co 1.5 ±   0.02 2.5 ± 0.13 7.1 ± 0.37 -5.6 ± 0.37 

ZBLAN 0,375% Co 2.2 ±   0.10 2.7 ± 0.05 7.6 ± 0.14 -6.0 ± 0.52 
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Abstract 

Photo-induced changes have been investigated in new synthesized Sb2Se3-BaCl2-PbCl2 glasses 

using a C02 pulse laser (A = 10.6 um). A source beam from the same IR laser was split into a 

probe and pump beam which have been mutually delayed in time and possessed different 

intensities. It was revealed that such illumination by continuous CO laser (A. = 5,5 um, W = 45 

W/cm2) during several hours leas to an increase of output optical second harmonic generation 

signal. We have also observed an influence of external mechanical uniaxial stresses on the 

output photoinduced optical SHG. We have found that the time delay between the probe and 

pump beam, CO photon time exposure and temperature strongly influence behaviour of 

corresponding nonlinear optical susceptibilities. Time-resolved measurements indicate 

existence of at least three short-time components, which can be connected with different 

mechanisms of the observed phenomenon. It was clearly shown that degree of a 

noncentrosymmetry of corresponding chemical bonds corresponds to the time of the CO-laser 

light exposure, temperature and mechanical stresses. 
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The time-resolved mode-mismatched thermal lens technique has been used to 
determine an absolute value for the optical path change with temperature {ds/dT), thermal 
diffusivity (D) and conductivity (K) in ion doped fluoride glasses. We present, for the first 
time, thermal diffusivity and conductivity results for fluoride glasses. The method is simple 
and can be applied to a wide range of fluorescent materials. 

INTRODUCTION 

The thermal lens (TL) technique has proved to be valuable to study transparent 
materials " . Since the first report of the TL effect, the sensitivity of the technique has been 
improved by changing the experimental configuration. The two-beams mode-mismatched 
method is the most sensitive one. 

The TL effect is caused by the deposition of heat via a non-radiative decay process 
after the laser energy has been absorbed by the sample. In this situation a transverse 
temperature gradient is established, owing to the temperature coefficient of refractive index 
(dn/dT), a refractive index gradient is produced, creating a lens-like optical element, the so- 
called TL. As the probe laser beam passes through the sample, its propagation is affected 
resulting in a spreading or focusing of the beam center. By measuring its beam center 
intensity variation in the far field, the thermo-optical properties of the sample can be 
determined. The time-resolved method is used to study the temporal evolution of the TL 
effect, allowing the determination of sample thermal diffusivity. 

The thermal diffusivity of a material is known to be dependent upon the effects of 
compositional and microstructural variables as well as processing conditions. In this study, we 
apply the TL technique in several fluoride glasses to determine an absolute value for the 
optical path change with temperature (ds/dT), thermal diffusivity (D) and conductivity (K). 

The fluoride glasses are very transparent, presenting very low absorption coefficient 
(-10" - 10" cm") in the visible and even lower in the mid infrared. Consequently the TL 
signal from undoped matrixes are very low. To improve the signal to noise ratio of our 
experiment, we doped the glasses with low concentrations of Cobalt. 

THEORY 

The theoretical treatment of TL is done using Fresnel diffraction theory8. An analytical 
expression can be obtained for probe beam intensity I(t)3: 
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2m V 

[(l+2m)2+F 2 \e/2t + l + 2m + V' 

where 

m= r— /   ; V=  ~ when ZC{(Z3. 
(One ^c 

(1) 

(2) 

Here, Zc is the confocal distance of the probe beam, Zx is the distance between the 
probe beam waist and the sample, Z2 is the distance between the sample and the detector (2), 
(oJp is the probe beam radius at the sample, cooe is the excitation laser beam radius at the 
sample, tc is the characteristic thermal lens time constant, 9 is approximately the phase 

difference of the probe beam at r = 0 and r = -Jz coe induced by the thermal lens, and 1(0) is 
the value of I(t) when the transient time t or 9 is zero. 

The TL effect can be treated through the calculation of the temporal evolution of the 
sample temperature profile AT(r,t), caused by a Gaussian beam. The TL transient signal 
amplitude is proportional to its phase shift given by' 

9 = 
PAL    ds 
YXp^'dT 

(3) 

where P is the excitation laser power, K is the thermal conductivity, kp is the probe beam 
wavelength, L is the sample thickness, ds/dT is the optical path temperature coefficient, A is 
the absorption coefficient and q>=l-r\h/<\m> is the fraction of absorbed energy converted 
into heat per photon, where <j) is the sample radiative quantum efficiency, ke is the excitation 
beam wavelength, and <kem> is the average wavelength of the fluorescence. In the case of 
Cobalt doped samples, we supposed that all absorbed energy is converted into heat so rj = 0 
and <p = 1. 

The optical path change with temperature is given by 

ds 

df 
= (p-l)(l+v}y + 

dn 
dT 

(4) 

where n is the refractive index, v is the Poisson ratio and y is the linear temperature expansion 
coefficient. 

The characteristic TL signal response time tc is given by 

f, = 
4D 

(5) 

where D = K/QC is the thermal diffusivity, Q is the density, C is the specific heat and K is the 
thermal conductivity. 

We performed time-resolved TL experiments in several fluoride glasses, using the 
two-beams mode mismatched TL configuration. Parameters 9 and tc can be determined by the 
proper fitting of the transient TL signal and then the thermal diffusivity D and conductivity K 
and the optical path change with temperature ds/dT can be obtained. 
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EXPERIMENT 

The starting materials used for the preparation of the glasses were fluorides (BDH and 
Strem products), and oxides such as ln203 and Ga203 (MetalEurop). The ammonium 
bifluoride was used to transform oxides in fluorides. The mixture was heated in a crucible for 
melting and refining. Finally, the melt was poured into a brass mold preheated at few degrees 
below the Tg temperature to prepare samples with 4mm of thickness. All these operations 
were made in glove boxes with controlled inert atmosphere whose relative moisture was 
below lOppmv. 

Table 1: Concentration of glasses (wt %). 

Acronym ZrF4 YF3 LaF3 AIF3 GaF3 InF3 CaF2 SrF2 BaF2 ZnF2 PbF2 NaF 

ZBLAN 53 4.5 3.5 29 10 

YABC 20 40 20 20 

IGPZCa 20 15 20 15 30 

ISZn 6 34 20 16 20 4 

InSBZnGdN 2GdFs 40 20 16 20 2 

The mode-mismatched thermal lens experimental setup used is showed in Figure 1. 
We used an Ar+ laser as an excitation beam and a HeNe laser as probe beam. The 

sample was positioned at the waist of the excitation laser beam, where the power density was 
maximum. 

trigger 

Figure 1: A schematic diagram of the mode-mismatched thermal lens experimental 
apparatus, where Mh M^ Mj, M4 andM5 are mirrors,D1 andD2 are detectors, andLj andL2 

are lenses. 

The excitation beam was focused with a fj= 15cm lens (Lj), and the sample was put at 
its focal plane. The exposure of the sample to the excitation beam was controlled by means of 
a shutter or a mechanical chopper. The probe laser beam was a HeNe laser at 632.8nm. It was 
focused by a converging lens (L2) with focal length/2= 25cm at an angle a < 1,5° which refers 
to the excitation beam and centered to pass through the thermal lens to maximize the TL 
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signal. The excitation beam, was incident on a detector (Dx) and used as a trigger, after having 
passing through the sample. These adjustable mirrors M3, M4 and M5 were used to get a long 
optical length (~2m) from the sample to an iris mounted before the detector (D2). An iris was 
put in front of the detector in order to select the beam central part. 

The optical absorption coefficients were determined using the same experimental 
configuration applied to the TL measurements. The transmitted light of the Ar+ laser at 
514.5nm was recorded for different incident power. 

The experimental parameters used are summarized in Table 2. 

Table 2: The experimental parameters for TL measurements. 

K 632.8x10"'cm 
zop 21.6  ±  0.04 cm 
ZCp 4.27  ±  0.07 cm 

K 514.5 x 10"' cm 

Z0e 14.47   +  0.002 cm 
z 0.34  ±  0.003 cm 
0>0e 2.35 x 10"cm 
z, 4 cm 

»p 12.7xl0'3cm 
m = (cop / cooe)" 29.22 
V = (Z,/ZCD) 0.937 

We also performance measurements in a soda lime sample in order to check our 
diffusivity value with the literature one [3]. 

RESULTS AM) DISCUSION 

Figure 4 shows a typical TL signal, for the ZBLAN with 0,3% of Cobalt. We fitted the 
experimental data with Eq. (1) and obtained 9 = 0.23 ± 0.0004 and tc = 0,52 ± 0.004ms. Using 
Eq. (5) from tc and cooe (Table 2) we calculated D ■■ 2.6 x 10'W/s. 

0    10   20   30   40   50 
Time [ ms ] 

Figure 4: Transient Thermal Lens signal for the 0.3% Cobalt ZBLAN sample in a P; 
42.2mW 

(X = 514.5nm). The line indicates the fitting made with Eq. (1). 
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We studied 4 ZBLAN samples doped with 0.1, 0.2, 0.3 and 0.375 wt% of Cobalt. Figure 
5 shows that, in this Cobalt concentration range, the thermal diffusivity was practically 
constant (within our experimental uncertainty): D = (2.6 ± 0.14) x 10"3cm2/s. From this D 
value we calculated K = (7.4 ± 0.4) x 10~3W/kcm using the QC value for ZBLAN from ref. 
[10]. 

3,0 

w 2,8 

£ 26 
CM 

CO 

o 2,4- 

Q 2,2 

1              '              !              '    i 

- - 

I ( 
i- 

. 

i , 
0,1        0,2       0,3 

[wt%Co+2] 
0,4 

Figure 5: Thermal diffusivity versus Cobalt concentration in ZBLAN 

Figure 6 shows that QP/L increases linearly with the absorption coefficient A, so by Eq. 
(3) this behavior indicates that the product K2ds/dT remains constant in the Cobalt 
concentration range studied. 

The same procedure was adopted for the other samples. For these glasses we do not 
have the QC value. However, Bruce9 analyzed 12 kinds of fluoride glasses and concluded that, 
at 300k, the molar specific heat is almost constant - 21.3k"1mol"1 (86% of the Dulong-Petit 
value). For instance, using this value for ZBLAN we obtained QC = 2.7Ws/kcm3 in a good 
agreement with the experimental value QC = 2.8Ws/kcm3 from ref. [10]. We estimated QC for 
all the samples and calculated K from our experimental D datas as shown in the Table 3. 

',0   0,5    1,0    1,5    2,0   2,5 

Figure 6:.This graphic shows the linear behavior of the product K'Ms/dT. 
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All fluorides we studied presented negative ds/dT values. We remark that ds/dT a [ <j> - 
t]ß ], where <j> and ß are the temperature coefficients of the electronic polarizability and 
volume expansion respectively, and t] is a constant that depends on the glass refractive index 
and the Poisson ratio v. Therefore the negative ds/dT values are an indication of the small <j) 
values of fluorides. 

For laser applications, the thermal parameters are very important. High thermal 
conductivity is desired to dissipate the heat from the laser action region. It is well known that 
fluoride glasses do not have thermo-optical properties suitable for high power laser 
applications. However we observed that fluoroindate glasses, which have very good optical 
properties, presented thermal conductivity -18% and diffusivity -23% greater than the one of 
ZBLAN. 

Table 3: Results of thermal diffusivity and conductivity and the optical path change with 
temperature ds/dT. 

Samples A 
(cm1) 

D 
(10"3 cm2/s) 

K 
(103 W/kcm) 

ds/dT 
(lO-'k1) 

IGPZ 0,2% Co 0.9 ±  0.04 2.9 ± 0.14 8.0 ± 0.39 -1.8 ± 0.14 

ISZn 0,2% Co 1.0 ± 0.10 3.1 ± 0.06 8.4 ± 0.16 -1.2 + 0.20 
InSBZnGdN0,29%Co 0.8 + 0.02 3.2 ± 0.07 8.6 ± 0.19 -1.7 ± 0.14 

YABC 0,377% Co 1.8 ± 0.03 3.3 ± 0.06 8.1 + 0.15 -1.9 ± 0.13 
ZBLAN 0,1% Co 0.4 + 0.09 2.6 ± 0.25 7.4 ± 0.71 -6.1 ± 1.79 
ZBLAN 0,2% Co 0.7 + 0.003 2.5 ± 0.15 7.1 ± 0.43 -5.5 ± 0.43 
ZBLAN 0,3% Co 1.5 ±  0.02 2.5 + 0.13 7.1 ± 0.37 -5.6 ± 0.37 

ZBLAN 0,375% Co 2.2 ±  0.10 2.7 ± 0.05 7.6 ± 0.14 -6.0 + 0.52 
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ABSTRACT 

The results of an experimental study of high-temperature and light intensity dependence 
measurements of photoinduced linear dichroism of amorphous AS2S3 are given. At 
temperatures close to the glass transition temperature a light intensity dependence of the 
saturation value of the photoinduced dichroism (PDi) is observed. In addition, it is shown that 
the build-up kinetics of the PDi are temperature and light intensity dependent. These new data 
show that the so-called reciprocity law is limited to a certain temperature range (below the 
glass transition temperature). As a consequence, the model that tries to explain the PDi and 
that makes use of this law, will also have the limitation to that particular temperature range. 

INTRODUCTION 

Chalcogenide glasses exhibit good transmittance in the near infrared and have other 
promising qualities to serve as glass host materials for rare earth doping (Er, Pr, Ny...), 
leading to efficient optical fiber amplifiers1'2'3. At the same time, these semiconducting 
glasses (both films and bulk), become metastable optically anisotropic solids, with the optical 
axis parallel to the electric vector of the inducing light, on being exposed to linearly polarized 
light. When exposed to unpolarized light the optical axis appears with respect to the 
propagation direction of the inducing beam5. This photoinduced anisotropy (PA) is already 
commercially exploited in so-called Bragg reflectors and rocking-filters6'7'8'9. The study of the 
underlying microscopic mechanism of this behaviour, which is still not well understood, is 
also very important from fundamental point of view since it is based on intrinsic defects of the 
glassy state1 . 
PA of chalcogenide glasses (e.g. AS2S3, Se, GeS2...) has already been extensively 
investigated the last 15 years, giving rise to some 'universal' observations: a slow build-up of 
the anisotropy is observed (seconds to minutes, and even hours) with an even slower dark 
relaxation11. The effect is optically reversible and it does not show fatigue after many cycles 
of changing the polarization state of the inducing light12. The saturation value of the 
anisotropy does not depend on the inducing light intensity well below the glass-transition 
temperature, and its corollary: the slowing down of the kinetics when lower light intensities 
are used10. This observation has been referred to as the reciprocity lawUM. 
Relatively few measurements of the temperature dependence have been performed. What is 
known up to now is that decreasing temperature increases the saturation value of the PA in an 
apparently activated way between the glass transition temperature, TK, and about Tg -100 K, 
followed by a relatively insensitivity to the temperature at lower temperatures  '  . In these 
papers, the observed decrease in the anisotropy with rising temperature is ascribed to thermal 
relaxation processes. 
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However, based on a simple and general mathematical model, Baranovskii et cd)1 showed 
that latter assumption is in conflict with the observed independence from the light-intensity of 
the steady-state anisotropy. The model is looked at in two extreme cases: the rate of aligning 
the already present dipoles is very fast compared to the relaxation rate and vice versa. It is 
concluded that the only possibility of explaining the temperature dependence of the saturation 
level of the PA (and staying consistent with the reciprocity law) is to allow a temperature 
dependence of the number of dipoles available for orientation. Indirect support for that 
conclusion was seen in the experimentally observed temperature independence of the kinetics 
of the anisotropy build-up and the independence of the saturation level of the PA on the 
generation rate (which is directly proportional to the light intensity). 
In this paper we show that, based on new data on As2S3 films that the kinetics of the PA 
build-up are indeed temperature dependent. We also present some data showing that the light- 
intensity independence of the PA (and as a result the reciprocity law) is only valid within a 
certain temperature region. The validity of the reciprocity law within a given temperature 
interval is defined with respect to the glass transition temperature of the material under study. 
These new results define the limits within which the experimental data can be explained by 
the Baranovskii et al}1 model. 

EXPERIMENTAL 

The experiments where performed on fresh As2S3 and Se films prepared by thermal vacuum 
evaporation under a 5.10"5 Torr atmosphere. Starting materials for evaporation were As2S3 

powder and Selenium metal grey (99.995% purity). An air-cooled Ar+ laser (A.=514 nm) and a 
HeNe laser (A,=632.8 nm) were used to induce the effect in respectively As2S3 and Se. 
Inserting neutral density filters in the light path gave the desired light intensities. The linear 
dichroism, defined as 2.(I//-Il)/(I//+I1J=(a1-a//).h=A with I,u respectively the intensity of 
the transmitted beam parallel and perpendicular to the polarization direction of the inducing 
beam, h the thickness of the sample and o^//respectively the absorption coefficients 
perpendicular and parallel to the polarization direction of the inducing beam. The value of the 
denominator was detected with a lock-in amplifier by modulating the polarization state of the 
laser beam between two mutually orthogonal directions. A detailed description on measuring 
linear dichroism is given elsewhere18. The samples were heated in an optical thermostat, filled 
with nitrogen gas to serve as contact gas and to avoid sample contamination at high 
temperatures. Because chalcogenide glasses exhibit both scalar (e.g. photodarkening, 
photobleaching) and vectoral (e.g. dichroism, birefringence) photoinduced effects19, care was 
taken to bring the photodarkening in the samples to saturation before measuring the linear 
dichroism. 

RESULTS 

Figure 1 shows the typical build-up kinetics and reversibility of the PA in amorphous 
chalcogenides. The build-up is a relatively slow process: depending on the temperature and 
light intensity used, it can take up to 1 hour to reach saturation. When changing the 
polarization state of the inducing laser beam to its orthogonal state, the PA is broken down 
quite fast (compared to the build-up) and again a build-up process will start, but this time it 
will induce anisotropy with the opposite sign. This kind of experiment was done at different 
temperatures up to Tg, which is around 180°C for As2S3 films, and at light intensities of 5 and 
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50 mW. Typically between four and six reorientation cycles were recorded and analysed in 
order to obtain reliable fit data. Each of these cycles was fitted with the stretched exponential: 

A(t)=As. 1-exp (-Y 

with A the value of the PA, As its saturation value, x a typical relaxation parameter and y a 
parameter which characterizes the stretched exponential behaviour. 
The data can also be fitted with the same function, but with -f/r' in the exponent. Then the 
relation x'=xr holds. The values presented below refer to x. Figure 2 shows the variation of the 
parameter T with temperature and light intensity. This parameter is clearly dependent on the 
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Figure 1: Anisotropy A versus time (min) for 
an As2S3 film at 125°C with a 50 mW 
inducing laser beam (Ar+ 514 nm line). 

300      330      360      390      420 
temperature (K) 

450 

Figure 2: Value of the fit parameter x versus 
temperature (K) for a 5 mW (squares) and a 
50 mW (circles) inducing laser beam (Ar+ 

514 nm line). 

temperature and the light intensity. Higher light intensities will speed up the process, and this 
for all temperatures investigated. From 373 K on, increasing the temperature also results in 
faster kinetics for both light intensities. We also note the peculiar behaviour at lower 
temperatures (from 373 K to 298 K): decreasing the temperature will increase the speed of the 
processes! In figure 3, the second parameter y is plotted for different temperatures and light 
intensities. Within the experimental uncertainty, there was no dependency found on the 
temperature or light intensity. Close to Tg, it seems there may be some strong increase of y, 
but due to the large experimental uncertainty it is difficult to make this conclusion. 
The natural logarithm of As (the saturation value of the PA) versus the reciprocal temperature 
is plotted in figure 4, for the two light intensities investigated. The typical dependence of As 

on temperature was already published elsewhere15, but it also shows for the first time the 
limited validity of the so-called reciprocity law. There is indeed light intensity dependence at 
higher temperatures, therefore violating the reciprocity law. This is better shown in a 3D 
graph in figure 5, showing the temperature dependence for both 5 and 50 mW. 
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Figure 3: Value of the fit parameter y 
versus temperature (K) for a 5 mW 
(squares) and a 50 mW (circles) inducing 
laser beam (Ar+ 514 nm line). 
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Figure 4: Natural logarithm of As versus 
the reciprocal temperature, for a 5 mW 
(squares) and a 50 mW (circles) inducing 
laser beam (Ar+ 514 nm line). 
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Figure 5: 3D representation of the temperature and light intensity dependence of PA. On 
the x-axis we see time (min), on the y-axis per temperature two light intensities are 
shown, and on the z-axis the anisotropy A is plotted. The labels correspond to the 
following: 1 (125°C, 50mW), 2 (125°C, 5mW), 3 (150°C, 50mW), 4 (150°C, 5mW), 5 
(160°C, 50mW), 6 (160°C, 5mW). 
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Following the notion that the PA can be explained on the basis of a reorientation of intrinsic 
defects10, the idea was conceived that measurability near Tg might be improved by making 
use of samples with an increased density of native defects. It was thought that oblique 
deposition would give such material with more defects, and thus a higher value of PA. In 
addition, oblique deposition at large angles will give columnar growth, making the material 
more porous20. We evaporated some AS2S3 films at an angle of 80° with respect to the plane 
perpendicular to the evaporation direction. The PA was measured at room temperature with a 
15mW strong inducing laser beam. As shown in figure 6, and compared to the saturation 
value of the normal films at room temperature, two remarks can be made: 1) the saturation 
value of the PA does not seem to be enlarged considerably, 2) the films show strong 
"structural" anisotropy, which can be changed by the photoinduced anisotropy. These 
experiments were also performed on oblique deposited Se films, showing an increase of As by 
a factor of 2,5. The structural anisotropy was not seen in those samples, indicating that 
probably no columns were formed during evaporation. This was confirmed by AFM surface 
scans, showing no difference between oblique and normal evaporated samples. 

15mW, RT 
15 mW.RT, 90° rotated 

0,03 

0,02 

0,01- 

0,00 

-0,01 - 

-0,02- 

-0,03 

-20 0 20 40 60 80 100 120 140 160 180 
time (min) 

Figure 6: Anisotropy A versus time (min) for an 
oblique deposited AS2S3 film at room 
temperature (squares) and induced with a 15mW 
Ar+ 514 nm line. Rotating the sample with 90° 
gives the triangles-signal. 

DISCUSSION 

The behaviour of the fit parameters can be explained to some extent. The parameter x is 
clearly dependent on light intensity. The higher the light intensity, the smaller the values of T, 

hence the faster the kinetics. The dependency of x on temperature from 373 K to 450 K is also 
logical: higher temperatures will give smaller values of x and therefore faster kinetics. 
In the first case, more optical stimuli will be given to the microscopic units responsible for PA 
such that the kinetics become faster when more intense light is used. In the latter case, the 
supply of more thermal energy to those units makes it easier to realign them. The temperature 
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dependence of x in the temperature region 298 K to 373 K is less obvious: increasing the 
temperatures in that region will lead to higher values of x with a slowing down of the kinetics 
as a consequence. This is rather a puzzle and needs further investigation. 
As pointed out before, the parameter y is independent on temperature and light intensity 
within the experimental uncertainty, y is also less than 1, except possibly very close to Tg, 
which shows that the simple exponential rate equation used in Baranovskii et al}1 is an 
oversimplification. Clearly, in amorphous materials a distribution of rate constants can be 
expected, and a y value below 1 is the natural consequence. From the constancy of y with 
respect to temperature and light intensity, we may conclude that that distribution directly 
relates to the frozen-in disorder of the amorphous structure. This distribution will not 
considerably change with temperature and light intensity, explaining the behaviour of y. 
The strong structural anisotropy in the oblique deposited films most probably comes from the 
presence of columns in the film. This assumption was confirmed by turning the sample 90° 
with respect to the electric field vector of the inducing beam. This gives a structural 
anisotropy in the opposite direction (triangles in figure 6). The fact that this structural 
anisotropy can be lowered by photoinduced anisotropy, is another confirmation that the 
photoinduced changes in chalcogenide materials are correlated with structural changes in the 
material19. 

CONCLUSIONS 

In the paper of Baranovskii et al.17, it is shown that to obtain temperature dependence in As, it 
would be either through the temperature dependence of x, or through a temperature 
dependence of the concentration of centers (defects) which are responsible for PA. The new 
data presented in this paper show that both conditions are fulfilled only in a certain 
temperature range. Therefore, the new observations define the limits within which the 
experimental data can be explained by the Baranovskii et al.17 model. 
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ABSTRACT 

The qualitative and quantitative aspects of the impurities influence on the optical 
transmission of As-Se-Te glasses in the 4-12 mkm wavelength region are considered in 
the paper. 

INTRODUCTION 

High-purity glasses of As-Se and As-Se-Te systems are promissing optical 
materials. They have a high transparency in the wide spectral region and low optical 
losses in the middle IR range. 

The theoretically predicted minimum of optical losses is equal to 5-10" dB/km at 
6.1 mkm for As2Se3 glass. The optical loss value less than 0.1 dB/m is expected between 
2 and 8 mkm and about 0.8 dB/m at wavelength 10.6 mkm. Optical losses at 10.6 mkm 
in the glass of As-Se-Te system may be lower than in As2Se3 glass because of a shift of 
multiphonon absorption edge into the long-wave range. 

The real optical losses in the glasses are higher then theoretically predicted as a 
result of impurities presence. These impurities are oxygen, carbon, sulfur and hydrogen 
bounded with each other or with the elements-macrocomponents of glass. Absorption 
bands due to these compounds are within the transparency region of chalcogenide 
glasses. 

The quantitative and qualitative data on the effect of these impurities on optical 
losses in the As-Se and As-Se-Te glass systems at 4-^12 mkm are limited. 

The purpose of this work was the investigation of the impurities in the As-Se and 
As-Se-Te glasses by IR spectroscopy of bulk samples and fibres and of the impurity 
effect on the optical losses of glasses. 

EXPERIMENTAL 

The experiment included the preparation of the glasses with the known content of 
impurities of sulfur, carbon and oxygen and with investigation of transmission spectra 
of the samples. 

We investigated the impurities influence using glasses of As2Se3 and AsiSe^Te^s 
compositions. 
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Synthesis of As2Se3 and As2Sei>5Tei>5 glasses carried out by melting the purified 
elements (As, Se and Te) in the vacuumed and sealed reactors from silica. To preclude 
contamination of their surface and oxidation the starting substances were loaded into the 
reactor by vacuum distillation or sublimation from the intermediate vessels in the all- 
soldered set-up. 

Purity of glasses obtained by the direct synthesis from the elements is depended by 
the degree of purity of the elements used and by the temperature-time conditions of the 
synthesis. 

In an initial arsenic the content of carbon was 0.6 ppm and the concentration of 
submicron particles did not exceed MO6 cm"3. In an initial selenium the content of 
carbon was 10 ppm, the content of hydrogen in the form of SeH was less than 1 ppm.at. 
and the concentration of particles with sizes of 0.07+0.1 mkm did not exceed 5-106 cm"3. 
In an initial tellurium the content of carbon was 0.7 ppm and the concentration of 
submicron particles with sizes of 0.07+0.1 mkm did not exceed 3-106 cm"3. 

The melting of mixture was carried out in the rocking furnace at 750°C for 7 hours. 
To form the bulk glass samples we cooled the melt of As2Se3 glass in the range of 
750+400°C and of As2Sei,5Tei>5 glass in the range of 750+500°C at the rate of about 1 
K/min, then quenched it in air, separated the glass rod from the walls of silica ampoule 
and annealed. The content of impurities in glasses was determined by the reactive gas 
chromatography technique, laser mass-spectrometry, laser ultramicroscopy and IR- 
spectroscopy. 

The given quantity of impurity (carbon, oxygen or sulfur) were added to the 
samples of base glasses. Then the glass was melted and homogenized again. 

The samples with thickness of 1, 3 and 14 mm were made from prepared glasses, 
their transmission spectra were registered in the wavenumber range of 5000+350 cm"1 

using IR-spectrometer Bruker IFS-113V. 
Optical fibers with diameter of 200+500 mkm were drawn from these glasses by a 

single crucible, a double crucible and a «rod-in-tube» technique. The total optical loss 
spectra of fibres were measured by a well-known two-point method. 

RESULTS 

The prepared glasses contained 1+3 ppm of carbon, 106 +107 cm"3 of particles with 
sizes of 0.07+0.11 mkm and 1 ppm.at of hydrogen in the form of Se-H groups. The 
transmission spectra of the tested glass samples were obtained in the 5000+350 cm"1 

spectral region. The transmission spectra of the best glass samples had no absorption 
bands, caused by As-0 and Se-0 bonds at 1+15 mm optical way. 

The transmission spectra were the primary information about the quality of glasses 
prepared and about the impurities which present in the glass. 

The transmission spectra were convert to the absorption spectra taking into account 
of the sample thickness and using a base line method. A program has been used for 
analizing of complex shape absorption bands to determine their parameters and to 
evaluate their contibution to total absorption at various wavelengths. 

Figure 1 shows spectral dependence of the absorption coefficient for high-purity of 
As2Se3 and As2Sei>5Tei>5 glasses composition in the 1800+400 cm"1 wavenumber range. 
It is seen the essential shift of multiphonon absorption edge into the short wavenumber 
range after partial substitution of selenium by tellurium. 
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Fig. 1 Absorption spectra of As2Se3 (1) and AsaSei^Te^s (2) glasses 

The spectral dependence of the extinction coefficient of sulfur in As2Se3 (1) and 
As2Seii5Tei;5 (2) glasses in the 1400+500 cm"1 wavenumber range is given in the figure 
2. This dependence was obtained from absorption spectra of glasses doped by the 
elementary sulfur up to 10 at.% with respect to a stoichiometric ratio of 
arsenic/chalcogen. 

0,0001 

wavenumber, cm" 

Fig.2. Spectral dependence of the extinction coefficients of sulfur in As2Se3 (1) and 
As2Sei!5Tei>5 (2) glasses 

Figure 3 shows absorption spectra of high-purity As2Se3 (1), AS2S3 (2) glasses and 
of (As2Se3)o,95(As2S3)o,o5 glass composition, prepared by melting of given amounts of 
As2Se3 and AS2S3. A remarkable effect is a transfer of hydrogen from SeH-groups to 
sulfur atoms, caused by more higher bond strength of SH in comparison with SeH bond. 
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Fig.3.A hydrogen transfer from Se to S in the mixed As2S3-As2Se3 glasses. 1,2,3 - 
absorption spectra of As2Se3, As2S3 and (As2Se3)0,95(As2S3)0,05 glasses, respectively 

Figure 4 shows transmission spectra of As2Se3 before (1) and after (2) adding of 
100 ppm carbon powder. It can be seen the essential decrease of intensity of oxides 
bands, of initial glass, increase of intensity of carbon dioxide band and appearance of 
new band with maximum at 2190 cm"1 in the spectrum of the glass doped by 100 ppm of 
carbon. 
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Fig.4. Transmission spectra of As2Se3 before (1) and after (2) adding of 100 ppm 
carbon. The depth of samples is 2 mm 
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Figure 5 shows spectra of total optical losses for monolayer fibers of As-Se-Te 
glass system, prepared at different conditions. The glass composition: 1 - AsiSe^Tei^, 
2 - Ge3As36Se5iTeio, 3 - As2Sei,5Tei 5. 

12C0O 

10000 

am 

■a 
ö 

eooo 

4TJ0 

2000 - 

A., (im 

Fig.5. Total optical loss spectra of fibers based on glass compositions: 1 - AsiSei^Te^s, 
2 - Ge3As36Se5iTeio, 3 - As2Seii5Tei>5 

DISCUSSION 

The impurities of oxygen, hydrogen and sulfur have an essential influence on the 
optical transparency of As-Se and As-Se-Te glass systems in the 2500-^700 cm"1 region. 
Compounds of these impurities with the elements-macrocomponents of glass and with 
each other are responsible for an appearance of absorption bands (fundamental bands, 
overtones and their superpositions). If the impurities content is high, these bands are 
resolved the spectra only of thin samples (Fig.4). In total optical loss spectra of fibers 
they are overlapped and are registered as a continuous absorption bands in wide spectral 
region (Fig.5). 

As appears from the experimental results, the sulfur has an influence on optical 
transparency of As-Se-Te glasses in 1000-500 cm"1. Its content which causes the loss 
closed to intrinsic one is equal to about 1000 ppm for 1200-850 cm"1. This level is 
essentially lower in the long wavelength region. The influence of oxygen impurity is 
much more stronger (by several orders of magnitude greater). The value of the 
acceptable concentration of oxygen impurity is estimated as ~0.l-f0.01 ppm.at. The 
content of hydrogen also should not exceed parts of ppm.at. 

The impurities of oxygen, carbon, hydrogen and sulfur interact during synthesis of 
glass-formating compounds not only with the elements-macrocomponents, but also with 
each other. For that reason their initial chemical form is changed. Therefore, the optical 
loss spectra of fibres and transmission spectra of bulk samples can not be reproduced, 
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even if glasses and fibres were prepared from the same initial substances and at the same 
conditions. Fig.5 confirms this statement. 

The source of gas-formation impurities in the glasses are initial substances, material 
of a container, in which glass melt is prepared, gas environment, including vacuum 
residual gases. Because of high values of extinction coefficients of these impurities 
small variations in impurity content in initial substances and in the conditions of 
synthesis affects strongly on the optical characteristics of glasses, 

CONCLUSION 

The optical losses of As-Se-Te glasses in the 4-12 mkm spectral region are very 
sensitive to the presence of oxygen, hydrogen, carbon and sulfur. The impurities content 
in the glasses with intrinsic optical losses should not exceed the level of tens of ppb.at. 
to tens ppm.at. 

470 IS(NOG)z,98 



HP12 
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As-S AND Ag-As-S THIN FILMS 
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ABSTRACT 

Reflection measurements at infrared (IR) wavelengths are used to measure thermally 
induced changes in the optical thickness of as-deposited and annealed As-S and Ag-As-b 
amorphous thin films. For annealed As-S films the values for the change in optical thickness 
corresponded to the expansion coefficient for the bulk material between room temperature 
and ~160°C, indicating that the refractive index, n, has a negligible dependence on 
temperature. In contrast, the Ag-As-S system was found to have thermal coefficients -2.5 
times those for the As-S films, and this was not reduced by annealing. 

INTRODUCTION 

Chalcogenide glasses such as the arsenic sulphides (As-S) are well known TR transmitting 
materials which have been under investigation for many years because of the range of photo- 
induced effects they exhibit such as photodarkening and metal-photodoping [1,2]. Potential 
applications include diffractive optical element (DOE) and photonic band gap (PBG) devices. 
PBG structures need to have high resolution with large refractive index modulation, both of 
which can be achieved by metal-photodoping. Though devices using the bulk material are of 
interest, structures in thin films are also important. 

A feature of As-S glasses which is sometimes overlooked is the thermal coefficient of the 
refractive index (dn/dT). For example, for bulk As40S60 (the most stable As-S glass), the 
figure for dn/dT is lower than for most of the other commonly used IR materials such as Ge, 
ZnS, NaCl etc. [3]. Any device fabricated in an IR material will therefore deteriorate in 
performance with changes in ambient temperature; diffractive structures, for example, can 
exhibit sharp angular/wavelength dependence and would become 'de-tuned'. Similarly, 
thermal imaging systems would suffer defocusing at different temperatures. This problem 
has led to the routine use of hybrid (refractive/diffractive) structures which have an 
athermalising effect whilst minimising cost and weight of the optical system [4]. Other work 
has investigated the use of As40S60 for a hybrid single element lens which is both achromatic 
and athermal when set in an aluminium mount [5]. 

EXPERIMENTAL PROCEDURES 

The As-S films were deposited on glass slides from thermally evaporated As-S fragments in a 
quartz crucible heated via a wire coil. The deposition rate was kept stable at -O.lnms"" 
since this is known to yield films with composition matching the source [6,7]. The 
thicknesses of the films were checked independently with a surface profilometer (Dektak 
IIA). Ag-As-S films were prepared from bilayers of Ag/As33S67 which were heated for a 
prolonged period well beyond the complete exhaustion of the Ag into the As-S glass matrix. 
The resulting composition was estimated as Ag2J As26S53. 
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The reflection spectrum of the thin films was recorded with the sample in a temperature cell 
(Specac P/N 21.520). As temperature is increased the spectral features shifted due to the 
change in optical thickness (nt) of the film, where t is the geometric thickness of the film. 
The measurements were restricted to the relative shift of the spectrum, for which the absolute 
instrumental accuracy is less important than the repeatability of the recorded spectra. Small 
changes in n over this small spectral shift could be neglected because the materials are non- 
dispersive (dn/dA~Q) in the wavelength region considered [8]. The average measured shifts 
in the spectra were found to be reproducible and reversible during several annealing cycles, 
except where indicated. 

3.4 3.6 

A (/im) 

Figure 1: theoretical reflectance spectrum for a thin film on a glass substrate. The dashed line 
is at an elevated temperature, where: «fllm = 2.4, t = 16//m, «substrate = 1-52, Sn/n - 10 x 
10-6oC_1, a/t = 25 x 10-6oC_1 and Ar=120°C. 

If the thermal coefficients of expansion and refractive index are small, it can be shown that 
[9]: 

St     ön 
t       n 

(1) 

where 0= (A[hot] - A[cold])/(A[hot]) 
and <* and <5h are the thermally induced increments in t and 

n. 2[hot] and A[cold] are wavelengths corresponding to equivalent spectral features for the 
upper and lower temperatures respectively. Hereafter values of 6 are given averaged over a 
temperature range. A calculated example of these effects is shown above in figure 1. 

RESULTS AND DISCUSSION 

ANNEALING As4nS6n FILMS 

An as-deposited 16.1/zm thick film of As40S60 was heated to 135°C and the shift in the 
spectrum recorded. The shifts at various wavelengths were used to calculate values for 6 
which are plotted as squares in figure 2. Though neither of the coefficients could be 
calculated independently from this data, previous literature gives coefficients of dn/dT < 
3 x lO"6^"1 for a similar wavelength range [1], and dt/tdT = 20-25 x lO^CT1 [3,10] 
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which is consistent with smaller values of 6 than those given here. The differences are 
explained by the fact that the present data relates to as-deposited films rather than the bulk 
material. 

X(^tm) 

Figure 2: Effect of heat on the optical thickness of a 16.1/mi thick As40S60 layer. D's 
represent values of 0 after annealing the as-deposited film at 135°C, o's represent values after 
film has been annealed at 160°C and A's represent the estimated dn/dT'for the annealed films 
assuming an expansion coefficient for the annealed film equal to that for the bulk As40S60. 

Subsequently, the same sample was raised to the annealing temperature for As40S60 glass, i.e. 
10°C below the glass transition temperature of T% = 170°C. The data obtained on re-heating 
after annealing is plotted as circles in figure 2, whilst the triangles represent calculated values 
for dn/dT assuming a film expansion coefficient equal to that of As40S60, i.e. 23.7x 10 °C . 
Annealing has reduced the thermal coefficients of the film such that they are closer to the 
values for the bulk material [7] given by the dashed line which represents dn/dT obtained by 
Rodney [1] for a more limited temperature range (19-31°C). An average value for dn/dT 
across the wavelength range for the present data is 3.3 xlO_6oC_1. In comparison, Young 
[11] gives dn/dT ~ 5 x 10~*°C-1 for thin films of the same material at A = 2.5//m and with T = 
-196 to 90°C after correcting for the thermal expansion coefficient which was taken as 
23.7x lO^Cr1. 

ANNEALING OF As^Sfi7 AND Ag71 As?,6S„ FILMS 

The thin films samples of these materials had layer thicknesses of 1.4-1.5/im. The reduced 
thickness meant that fewer oscillations were present in the reflection spectra and hence the 
data generated is for a more restricted wavelength range. For the As33S67 film the values of 6 
at ASAjum are given in table 1 below, where the sequence reading from top to bottom 
corresponds to the order in which the heating cycles were carried out. 

It is apparent that annealing at the higher temperature produces a reduction in 6 compared 
with the as-deposited film. The average values for 0are 42.1 and 23.7 xKT^CT1 for the as- 
deposited film and the film after annealing at 154°C respectively. The values of 6 for this 
composition are in the same range to those found for the annealed As40S60 film, where dn/dT 
is very small and 0is accounted for by the expansion coefficient of the bulk material. 
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Table 1: values of 0for As33S67 and Ag21As26S51 films following annealing at the indicated 
temperatures. 

As33S67 Ag2iAs26S53 

r°c e xio~*oc e XKT^C 

140 40.04 
140 34.91 65.47 
140 45.26 70.33 
154 47.65 62.55 
154 25.70 66.44 
154 21.46 74.88 
154 23.96 

In diffractive optical elements produced in these glasses the Ag-As-S phase is a secondary 
grating material having greater refractive index and etch resistance compared with the As-S 
glass. Values of 6 for this material are given in the table 1 above, for A = 2.7 - 3.9/mi. The 
coefficients do not appear to be reduced by annealing, and this can be explained by the fact 
that the sample was effectively annealed by heating the original bilayer system to induce Ag 
diffusion into the As33S67 layer. The average value of 6 is 67.9 xlfT^C \ which is -2.5 
times larger than the figure for the As-S compositions. This indicates a stronger dependence 
of refractive index and/or film expansion on temperature for the Ag-containing films. It is 
known that the effect of introducing Ag into the As-S glass matrix results in a material with a 
larger refractive index and a shift in the dispersion curve towards longer wavelengths [8,12]. 
Optical devices in the form of Ag structures dissolved in As-S glasses would have different 
thermal coefficients for each material phase. 

CONCLUSIONS 

The thermal properties of As-S and Ag-As-S films have been investigated using reflectance 
measurements at IR wavelengths. For As40S60 the measured change in optical thicknesses 
are essentially the same as with the coefficients for the bulk material once the films are 
annealed at 160°C. In the wavelength range 3-10//m the estimate of 8n/n is 3.3 x 10_6oC * 
between room temperature and 160°C. For As33S67, the sum of the thermal coefficients of 
film expansion and refractive index change is 23.7x KT^C"1 for a similar temperature range. 
This figure can be accounted for by the expansion coefficient of the As33S67 alone, where 
dn/dT is negligible. In both cases annealing reduced the thermal coefficients of the as- 
deposited films to the values given. The Ag2iAs26S53 layer had thermal coefficients -2.5 
times those given for the As-S layers for a similar wavelength and temperature range. These 
values are not reduced by annealing which effectively takes place during the prior thermal 
diffusion of Ag into the As-S layer. These low coefficients give the annealed As-S films 
good potential in athermalising optics. 
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ABSTRACT 

Electron paramagnetic resonance, optical and physical properties of copper ions in (85- 
x/2) R2BA - x PbO - y CuO - (15 - x/2 - y) TeO, (x - 0,10; y = 0.1 - 1.5; R = Li, Na or K) 
glasses were studied. EPR spectra of all the glasses show resonance peaks characteristic of 
Cu ions. The number of spins participating in the resonance were measured as a function of 
temperature and the activation energy was calculated. The optical absorption spectra of all the 
samples show a broad absorption band; the position of the band head varies from 14500 cm"1 to 
12700 cnf for glasses with different alkali ions. By con elating the EPR and optical data, the 
molecular orbital coefficients were evaluated. The optical energy gap E0|)t and Urbach energy 
AE were calculated for all the glass samples from their ultraviolet absorption edges. The optical 
energy gap varies between 3.4 - 2.7 eV and increases from Li to K glasses. Also it was 
observed that as copper ion concentration is increased Eopt decreases while AE increases. This 
was explained as due to change in non-bridging oxygen content. 

t. INTRODUCTION 

TeUurite glasses were considered to be important because of their optical and electrical I 
properties, and as potential optical CD memory devices.   The distinguishing factor about the I 
matrix of this glass is that the tellurium atoms have unshared pairs of electrons which do not 
take part in bonding. On the other hand, their relatively low temperature of crystallization and I 
melting makes these types of glass an active candidate for CD memory devices.  Further these I 
glasses are characterized by low glass transition temperature, high refractive index and high 
transmittance from ultraviolet to near-infrared.  Yet the knowledge of the structure of teOurite I 
glasses is limited [1]. | 

It is known that Te02 in combination with modifiers, like PbO, form stable glasses at 
cooling rates typical of glass preparation (< 1 K/min.). Recently, the teilurite glasses drawn the | 
attention of many investigators for their optical, electrical, Raman, structural, infrared, XPS and I 
EPR & magnetic susceptibility properties [ 2-9]. 

Electron paramagnetic resonance (EPR) spectrum of transition metal ions in glasses is 
an interesting research subject [10] and affords a method to investigate glass structure. The 
ability to characterize the local structure of a paramagnetic centre and sensitive detection of 
structural changes form the basis for the increasing number of application of ESR technique to 
glasses [11]. 

The present study describes the Electron paramagnetic resonance, optical and physical 
properties of R2B4C)7 - Tef)2 - PbO - CuO and R2B407 - Te02 - CuO glasses ( R - Li, Na or 
K). 

2. EXPERIMENTAL TECHNIQUES 

The glass samples were prepared by melt quenching method with the compostitions 
given in Table 1.   The densities of all glasses were measured at room temperatures using 
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['able 1 
Composition of the Glasses studied in the present work 

Glass T-i2ß„07    Na2B„Ü7     K2B„07 

80 

85 

LPT1 80   
NPT1 ... 80 
KPT1 — -_- 
Ml 85   
NT I — 85 
KTI —   
NPTO. 1 ... 80 
NPT0.5 — 80 
NPTO. 75 — 80 
NPT1.5 ... 80 

TeO, PbO CuO Melting 
Temperature (°C) 

9 10 1.0 943 
0 10 1.0 852 
9 10 1.0 852 
14 — 1.0 943 
14 ... 1.0 852 
14 ... 1.0 852 
9.9 10 0.1 852 
9.5 10 0.5 852 
9.25 10 0.75 852 
8.5 10 1.5 852 

Archimedes' principle with Toluene as the immersing liquid. The refractive indices of the glass 
samples were measured using an Abbe's refractomefer at sodium yellow wavelength (5893 A). 

Electron paramagnetic resonance spectra were recorded at room temperature on an EPR 
spectrometer (JEOL-FE-I.X) operating in the X-band frequencies with a modulation frequency 
of 100 kHz. EPR spectra of KFT1 glass sample was recorded at different temperatures (103 - 
294 K) using a variable temperature controller (JES-UCI-2AX). 

Optical absorption spectra of all the glass sample;; were recorded at room temperatures 
on an I lit« hi U-3400 UV-VIS-NIK Spectrophotometer from 200 to   1300 nm 

3. RESULTS. AND ANALYSIS 

3.1 ELECTRONPARAMAGNETIC^ 
No EPR signal is observed in the undoped glasses confirming that the Starting materials 

used in the present work were free from transition metal impurities. All other glasses doped 
with copper ions show resonance peaks.   Figure 1 shows the EPR spectrum of Cu2+ ions in 
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FIGURE 1 
EPR Spectra of LPT1 glass at room temperature. 
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lithium lead boroteDurite glasses at room temperature. The EPR spectra of all other samnles are 
stm.lar to^nt 1 and are similar to those reported earlier for <J ions in iftla.ure ^6 

using th^tbrZa MT;   Pim Ca" bC CalCUla,ed WiUl «" hC,P °f ' ,efete"Ce <™0,5H20) hy 

where A » the area under the absorption curve which can be oblled by dS*l IfegVatg the 

Z tZTl f 0,P1,°»Cm!; SCan " ** mag"e,ic ,k,d —Poking to the uXgfh of the chart. G ,s the gam; Btn ,s die modulation field width; g is the g factor; S is the spin of the 

Af ltS f )U"d fateV The ^^ '*' ■"* W represent L con^^Ä 
fot Cu   sample and the reference (CuSO,. 5H20) respectively grumes 

from tl J^P^T °f ^f.ions \KP'" «la» «ample were calculated at various temperatures 

X N vf A'm-jgt slpt" a* fc( *'""  "*" 2 Sf- * «" 

0 

3.2 PilYMjALJLROP^^^^ 

The optical dielectric constant p8e./&p can be calculated using the formula [18]: 
(pSefSp) = e- 1 ~ (n: - 1} 

where n is the refractive index of the glass sample. 
The polaron radium rp can be calculated using the formula [19]: 

rp = (l/2)(II/6N)"3 r3) 

^^^Zt^nTiom PCT "* vo,"me """,he inler ionfc separation ca" "• 
r, = tV/M"3 w 

1 he electronic polarizability ot, can be evaluated using the formula [20]- 
at - (3/41W) f (n'-1) / (,r \2) ] ' (5) 

»nii, flablert liS,S U* d<;nf es< molat wh«™s, refractive indices, number of Copper ions per 
urn volume, »he opt.ea! dielectric constants, polaron radii, inter ionic distances anS electee 
polanzab.üt.es calculated from the above relations for the glasses studied in the present work 

3-3 ^XICAL.^MORFJ^N SP1CTJ1UN1 
„,.,     FiRUre 3 shows the optical absorption spectrum of LPT1 glass sample at room 
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FIGURE 2 
A plot of log N vs. 1/T for KPT1 glass sample. 
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FIGURE 3 
Optical absorption spectrum of LPT1 glass 
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temperature observed between 500 nm and 1300 nm. From the figure we can observe that 
there is only one broad absorption band centered at 766.3 nm (13045 cm1). This band has 
been assigned to 2BU   > %g transition of Cu2' ions in a distorted octahedral site. 

3.4 micMtmEBüxmzmnimmimEmY 
me«™* 77 {TrC °tthC abS0rp!i0n Cdge of a'™Phous semiconductor, is an exponential 

ÄJNT 
COeffident a(V> With **" "■" <*> * -orda„rrÜan 

Optical absorption measurements were made as a fimrtinn „f „u , 

where d is the thickness of the glass umnle T   ™H i «.   .i.   • .     • ■ ^ 

-***. «» fear pari, of to £«'* X74^rl7T   *" ?" I** ^ 
mo. % of copper fa. in Sodta, .cd borJtafaS»/ " P,<"°fE-W 

*« .h"tx„t;Xr*ir,ro:;»:rrnT p**• "*— rf- *- 
ion concenlrai™. * pi°' °rUrbach """W » a ««««"> of copper 

4. BiseussioN 

41 ECRSIUErgs 

dtoÄ^^is^x^may r«r ST* *■ -*~ «■ ciegenerate dx2   y2 orbital and this produces the tetragonal 

FIGURE 4 
Variation of Eopl and AE with mol % of Cu in NPT glass sampl es. 
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distortion   The EPR spectra orCiT ions in the present glasses can be analysed by using an 
axial spin-Hanultonian of the form: * 

» = ßgKH, Sz + ßgj (Hx S, + Hy Sy) + A„S,U + A2 (Sx Ix + S,Iy) (9) 
The symbols in the above equation have their usual meanings; the nuclear quadrupole and 
nuclear Zeeman interaction terms are ignored. 

The solution of the spin-Hamiltonian gives the expression for the peak position of the 
principal g and A tensors as [21] 

hv^gußH + mA,* (15/4-m2)[A.l
2/(2gl!ßH)J 10(a) 

f i, .     A  hv = *iP" + mA->- + OM-^RAi + Aj/flgrfH)] 10(b) 
tor parallel and perpendicular hyperfine peaks respectively. Here m is the nuclear magnetic 
quantum number of the copper nucleus with values 3/2, 1/2, -1/2 and -3/2 and v is the 
microwave frequency at resonance. Using equation 10(a) and 10(b), the spin-Hamiltonian 
parameters were evaluated for all glasses presented in Table 3. From Table 3, we observe that 
gii and g,. values are decreasing from Li to K glasses. This confirms that the copper ions are 
surrounded by alkali ions. There is no significant change in the spin-Hamiltonian parameters as 
the copper concentration is increased. 

Figure 2 shows a plot of log N vs. 1/T.   From the graph the activation energy can be 
■22 J. calculated. The activation energy thus calculated was found to be 7.305 X 10'   „. 

•ii u I*6 "Umber °f C°Pper l0nS [sh0Wn in ,ab!e 21 ca,c»,ated from density measurements 
wflbe the sum of copper ions in +2 oxidation state (N2) and +1 oxidation state (N,). Since 
fcFK technique is sensitive for copper ions in +2 oxidation state, the number of spins obtained 
from EPR spectra refers to those in +2 oxidation state (N2) only. From these two numbers it is 
possible to calculate the ratio of number of copper ions in +1 state to +2 state (i.e, N,/N2). 

(4.2) QPlICi^AftSOEimöN^ECmLIM 
Table 3 lists the absorption bands observed for different glasses reported in the present 

work. Each of these bands was assigned to the transition 2B,8 --► 2B2g as given in Table 3 
From the table, we can observe that the band positions fail at higher energies for glasses with 
lead content than that for glasses without lead content for each alkali ion. This indicates that die 
crystaltleld around the central metal ion <Cu2') will have the influence of lead ions in glasses 
Table 3 also lists the molecular orbital coefficients ß,2, a2, r n (%), To (%) calculated from 
the formulas given in literature [22,23]. From the table, it was observed that the p2 value 
decreases and a2 value increases from Li to K (for glasses with and without lead content). This 
indicates that the in-plane a bonding and the in - plane n bonding are dependent on the type of 
alkali ion present in the glass. This supports the conclusion drawn from spin-Hamoltonian 
parameters. 

Table 2 
Physical parameters for the glasses studied in the present work 

Glass 
Sample 

LPT1 
NPT1 
KPT1 
LT1 
NT1 
KT1 

Density     Refra- 
(g cm'3)     ctive 

Index 

3.4777 
3.2972 
3.8287 
3.8722 
6.7405 
4.3507 

1.481 
1.329 
1.489 
1.441 
1.332 
1.477 

Number of 
Cu ions 
(1020ions 
cm"3) 
1.2227 
1.008] 
1.0352 
1.4236 
2.1243 
1.1993 

Optical        Poloran 
Dielectric    radius 
Constant     r„ (A) 

1.1934 
0.7662 
1.2171 
1.0765 
0.7742 
1.1815 

8.120 
8.659 
8.583 
7.718 
6.754 
8.172 

Ihterionic 
distance 
ii(A) 

20.148 
21.486 
21.297 
19.152 
16.760 
20.278 

Electronic 
polarizability 
(10-" cm3) 

5.5565 
4.8180 
6.6559 
4.4284 
2.3053 
5.6246 
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Table 3 
Spin Hamilfonian parameters, optical band positions and molecular orbital coefficients 

for the glasses studied in the present work 

^"P'e cm',)       cm') (cm') (o/e) 

LPT1       2.323     2.067     128.7       22.1 1304.5 0.9086     0.6944      18.28       66.60 
NPTI       2.293     2.056     136.4       230 14480 0.8804     0.7210     2302       6080 

LT! 2.330     2.063     117.1        25.5 12870 0 9445     0 6323      mo       SO n 
Nil 2.303     2 060     ,22.4       23.8 ,2710 0.8892     of ,6 6 
KH 2.294     2.056     ,28.7       24 7 12910 0.8646     0.6567     27.08       74.81 

(4.3) QzucM,.Etmois}M.^mjjsB^iimmjsi 
Tlie values of optical energy gap observed in the present work for different glasses were 

hsted in I able 4. The values obtained in the present case were of the same order for those of 
copper tellurium oxide glasses [3], PbO - Te02 glasses [6] and tellurium borate glasses 14] 
reported in literature. 

Figure 4 shows a plot of optical energy gap (Eopt) and Urbach energy (ÄE) as a function 
of the copper ion content in the glass.   From the figure we can observe that the energy gap 
increases with CuO content while Urbach energy decreases with increasing CuO content 
Similar behaviour was observed by Hasan and Hogarth [3].   They have attributed this as a 
consequence of the increase in non-bridging oxygen ion content with increasing CuO content. 

Table 4 
< optical band gap energies and Urbach energies 

for the glasses studied in the present work 

Urbach Energy 
AE (eV) 
0.3688 
0.2884 
0.2510 
0.2783 
0.2506 
0.3033 
0.2780 
0.2934 
0.3001 
0.3175 

5- CONCLUSIONS 

°   ^S^^S^ abSO,PHOn SPCC,ra °f CV+ i0nS fa a,kaU lead borote«uri* *"". was observed that the copper ions were occupied in octahedral site with tetraeonal 

IS^t^S WCre "T™*****» ™d W ions in the glares s2d 
be ween  IOTM      ,  "TV?™ M ^^ te'nPe™«u™ *how * linear dependence 

7J05X10-I aC,iVati°n  ener8>' W3S Ca,CU,a,ed  and  found  *>  ^ 

UDoen°t^ ,vne
e
nof^8,ai- (Eop,!iaud ,hC Ufbach energies <AE> werc fou«d «* ^ dependent upon the type of alkali ion and the presence of lead ions. 

Glass System Optical Euer, 
Gap (eV) 

LPT1 2.875 
NPTI 2.900 
KPT1 3.320 
LT1 2.875 
Nil 3.000 
KT1 3.125 
NPT0.1 3.425 
NPT0.5 3.125 
NPT0.75 3.100 
NPTI. 5 

3NS 

2.725 

2) 

3) 
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4) Eopt and AE were found to be changing with CuO content which was assigned to the 
increase in non-bridging oxygen content with increase in CuO. 

5) By correlating EPR and optical data, it was observed that in-plane a bonding decreases and 
in plane II bonding increases from Li to K (for glasses with and without lead content). 
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ABSTRACT 
We report on bright and long lasting phosphorescence in Eu -doped glasses based on SrO- 
AloOo-SiOo. After irradiation by a white-color fluorescent lamp, a visible light ( peaking at 
510 nm ) can be seen with the naked eye in the dark even 24 hours after the removal of the 
activating light. Thermal luminescence curve, X-ray absorption and ESR spectra have been 

9+ measured. The long lasting phosphorescence in the Eu   ' -doped glasses is suggested to result 
from the recombination of electrons and holes at shallow traps in the glass matrix which can be 
thermally released at room temperature, and energy transfer between the recombination 
centers and Eu     ions. 
*To whom correspondence should be addressed. E-mail: jrq@hap.jst.go.jp 

1. INTRODUCTION 
Defects are usually a negative factor for the realization of functions in materials. However, 

in fiber gratings [1, 2] and photostimulated luminescence [3-5], defects artificially introduced 
by using external fields such as UV light and X-ray play important roles. In the formation of 
Bragg fiber gratings, the increase in refractive index of Ge-doped silica glasses after the 
irradiation by UV light is suggested to arise from the formation of various color centers e.g. 
GeE' and local densification of the glasses. Fiber gratings have been used as optical filter which 
can be directly connected to optical communication system. In the case of photostimulated 
luminescence, defect centers e.g. F centers act as electron trapping centers. The electron 
trapped by the F-center after the X-ray irradiation is released after the excitation by a visible 
or an infrared laser, and recombines with a trapped hole, leading to emitting a light whose 
intensity is proportional to the irradiated dose of X-ray. Photostimulable luminescence 
phosphors have been used as materials for 2-dimensional X-ray sensor. 

In this paper, we report on a novel, defect-concerned phenomenon in Eu -doped 
aluminosilicate glasses. After the irradiation by UV or visible lights with wavelengths shorter 
than 450nm, the glasses show bright and very long lasting phosphorescence. The mechanism 
of the long lasting phosphorescence has also been discussed. 

2. EXPERIMENTAL 

Compositions of the glass samples used in this study were xALOo • 40SrO ■ (60- 
x)Si02 • 0.05Eu2O2 • 0.05Dy2O, (-x=0, 10, 30) (xED ) and 40SrO • 30Al2O3 • 30SiO2 • 
0.05Eu2O2 ( 30E ) ( mol% ). Dy     ions were introduced into some of our samples and we 
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expected them to act as hole traps as they act in SrAI204 crystal doped with Eu and Dy3+ 

[6]. Reagent-grade AI2O3, SrCC>3, Si02, EU2O3 and Dy2C>3 were used as starting materials. 
Approximately 30 g batches were mixed and then melted in Pt crucibles at 1550°C for 60 min 
under an ambient atmosphere. The crucibles containing the melts were then taken out of the 

furnace, and cooled to room temperature. The obtained colorless and transparent glasses were 

then pulverized into pieces, put into glassy carbon crucibles and remelted under an Ar+H2 (5 

vol% ) atmosphere at 1550°C for 60 min. The melts were then quenched to the room 

temperature.Transparent glasses in dark green color were obtained. The glass samples were 
cut, polished and subjected to the optical measurements. Absorption spectra of the samples 
were measured by a spectrophotometer (JASCO V-570 ). Normal fluorescence spectra of the 
samples were measured by a fluorescence spectrophotometer ( Hitachi 850 ) using 394 nm 
UV light from a xenon lamp as the excitation source. For the phosphorescence spectrum and 

decay curve of phosphorescence measurements, glass samples were first irradiated by an UV 

lamp with a power of 300 W for 30 s. Thermoluminescence glow curves of the irradiated 
glass samples were measured with a thermoluminescence detector reader ( made by Kasei 

Optonics Co Ltd., Japan ) at a heating rate of 2°C/s. X-ray absorption spectra of the Eu2+- 

Dy3+ co-doped 30ED sample irradiated by 6.981 keV X-ray for Eu ions and by 7.790 keV 

for Dy ions for various durations were measured at the photon factory of the National 
Laboratory for High Energy Physics, with an electron beam energy of 2.5 GeV and a 
maximum stored current of about 400 mA. The absorption spectra of Eu203 , EuF2, EuF3, 
EuS, Dy2C>3, DyF3 and Dy^ crystals were also measured as references. 

All measurements were carried out at room temperature except for the thermal luminescence 
curve. 

3. RESULTS 

Figure 1 shows the photoluminescence spectra of the glass samples. The excitation 
wavelength was 394 nm. An emission band at 510 nm due to the 5d-4f transition of Eu2+ was 
observed [7]. No emission peaks due to the^Dj (i=0,l )-*7F- (j=0~4 ) transitions ofEu3+ 

were observed [7]. Therefore, most of the Eu ions are present as divalent state in the reduced 
samples. 

Figure 2 shows the excitation spectra of the xAl203 • 40SrO • (60-x)SiO2 • 0.05Eu2O2 • 
0.05Dy2O3 ( x=0, 10, 30 ) glass samples when the emission at 510 nm is monitored. All 
bands can be ascribed to the transitions of Eu2+ ions. The intensity of the band at 425 nm 
decreases with increasing AI2O3 concentration. 

After irradiation by a white-color fluorescent lamp with a power density of 2xl04 lx for 
30 min, no phosphorescence was observed in the samples fabricated under the ambient 
atmosphere, while glass samples remelted under the reducing atmosphere showed a bright and 
long lasting phosphorescence. The phosphorescence in 30ED sample can still be seen with the 
naked eye in the dark even 24 hours after the removal of the exciting lamp. The emission 

spectra of the phosphorescence have similar appearances to the photoluminescence spectra 
excited by 394 nm light. Figure 3 shows the decay curves of the phosphorescence at 510 nm 
in glass samples after the irradiation by an UV lamp with a power of 300 W for 30 s. The 
emission decays quickly at first and then the intensity decreases slowly. The decay curves of 
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30ED and 30E samples overlap with each other. Figure 4 shows the thermal luminescence 

curves of the glass samples irradiated by the UV lamp for 30 s. There is a broad band with the 

maximum at about 50°C, ranging from room temperature to 230 C. 
Figure 5 (a) and (b) show the X-ray absorption spectra due to the absorption of Eu and Dy 

ions of 30ED sample doped with Eu2+ and Dy3+ X-ray irradiated for various durations. The 
X-ray absorption spectra of Eu2+, Eu3+ and Dy3+ doped crystals are also shown in Figure 

5(a) and (b) for comparison. The bands at 6.973 keV and 6.981 keV are assigned to the 

absorption due to the Eu2+ and Eu3+, respectively. A new band should appear in the 

wavelength regions shorter than 6.973 keV if Eu+ (Eu2++electron) is formed after the X-ray 
irradiation. However, little difference can be found between the absorption spectra of 30ED 

before and after the X-ray irradiation. 
Figure 6 shows the ESR spectra of 10ED sample, a is the spectrum of the sample after the 

irradiation by the UV lamp for 5 min, b is the spectrum of the sample 5 min after the 
measurement of a, c is the spectrum of b was further heat-treated at 80°C for 2 min and d is 
the spectrum after c was further irradiated by the UV lamp for 2 min. The signals ranging from 
500 to 2600 Gauss are ascribed to Eu2+ ions and the sharp signal at about 3400 Gauss ( g^ 

2.0) is attributed to the defect centers [8]. 

4. DISCUSSION 
The long lasting phosphorescence is suggested to be due to the thermostimulated 

recombination of electrons and holes at traps which leave electrons or holes in a metastable 
state at room temperature [9]. Usually, incorporation of rare earth ions such as Eu    , Sm    , 
Dy3+ into phosphors can largely change the phosphorescence properties of the phosphors, 
therefore, such rare earth ions are proposed to act as electron or hole trapping centers [10]. 

2+      3+ The mechanism of the long lasting phosphorescence in Eu" -Dy      doped strontium 
aluminate phosphor has been investigated by  Matsuzawa et al [6].    Based on the 

photoconductivity measurements, Matsuzawa et al. proposed that Dy     ion acts as hole 
traps ( Dy3++hole -*Dy4+ ) and Eu2+ acts as electron traps (Eu2++hole -*Eu+). 
Introduction of Dy3+ into the Eu-doped strontium aluminate results in the creation of a 
highly dense trapping level which locates at a suitable depth so that the trapped hole is 
thermally released with a proper rate at room temperature. Thus bright and long lasting 
phosphorescence takes place. 

However, no evidence has been obtained for the conversion of Euz   to Eu    and Dy     to 
Dy      up to now. From Fig. 5(a) and (b), little difference can be observed between the 
absorption spectra of Eu and Dy ions in 30ED sample doped with Eu     and Dy     before and 
after X-ray irradiation, though long lasting phosphorescence was observed after the X-ray 
irradiation. In addition, the photoluminescence spectrum, decay curve of phosphorescence and 
thermal luminescence curve in 30ED sample were observed to be nearly the same as those in 

9-4- 
30E sample. Moreover, little difference can be observed in the signals due to Eu ions from 
ESR spectra of the glass sample ( 10ED ) before and after the irradiation of UV light. 
Therefore, we suggest that Eu and Dy ions do not directly act as hole and electron 
traps. 

ESR spectra in Fig. 6 show that color centers have been formed after the UV irradiation. 
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Fig. 1. Photoluminescence spectra of glass 
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After removal of the activating UV light, the intensity of the signal due to the color centers 
decreases with time, which agrees well with the decay of phosphorescence. The partially 
enlarged ESR spectrum at about g=2.0 showed that the signal is a combined results of electron 

(g<2.00) and hole (g>2.00) trapping centers. Hosono et al found that calcium aluminate glasses 
without any rare earth ions melted under a reducing atmosphere show photochromism [8]. 

Upon exposure to ultraviolet radiation, broad absorption with an apparent peak of around 2 
eV and a shoulder around 3.5 eV were induced, and after interrupt of the light illumination, 

both bands faded at room temperature. The photochromism is suggested to originate from an 

electron trapped at the site of oxygen vacancy surrounded by Ca + ions. The oxygen vacancy 

in the glasses was formed due to the strong reduction in the reducing atmosphere. We suggest 
that such oxygen vacancies surrounded by Sr2* ions also exist in the glass samples fabricated 
under the reducing atmosphere and may act as electron trapping centers, since the 
physicochemical behaviors of Ca2+ and Sr2* are very similar. After irradiation by the white- 
color fluorescent lamp, electrons and holes are formed in the samples. Part of the electrons are 
trapped by oxygen defects and part of the holes are captured by other defects in the glass 
matrix. Since the electron trap depth is broadly distributed and shallow, the electrons can be 
thermally released at room temperature, recombine with the trapped holes. The released 
energy due to the recombination of electron and hole is transferred to the Eu ions, and long 
lasting phosphorescence is brought about. The question what the concrete hole trapping 

center is still remains. Further study is in progress. 

5. CONCLUSIONS 
 —  0_l_ 

In conclusion, the bright and very long lasting phosphorescence in Eu -doped glasses 
based on SrO-AI203-Si02 was observed. Based on the thermal luminescence, X-ray 
absorption and ESR spectra, the long lasting phosphorescence in the Eu +-doped glasses is 
suggested to result from the recombination of electrons and holes at shallow traps in the glass 
matrix which can be thermally released at room temperature. These glasses can absorb lights in 
UV and visible regions with shorter wavelength region to emit light at 510 nm, which fits well 
with the wavelength region corresponding to a larger conversion efficiency of the conventional 
amorphous silicon solar cells. They may be promising materials for energy-saving display and 
useful for the enhancement of the conversion efficiency of solar cells. 
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Fig. 5(a) X-ray absorption spectra of Eu ions 
in  30ED   sample   X-ray    irradiated    for 
various durations. The wavelength of the 
irradiated X-ray is 6.981 keV. 
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Fig. 5(b) X-ray absorption spectra of Dy 
ions in 30ED sample X-ray irradiated 
for various durations. The wavelength of 
the irradiated X-ray is 7.790 keV. 
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Fig. 6 ESR spectra of the 10ED glass sample, a: after the irradiation by the UV lamp for 5 
min. b: 5 min after the measurement of a. c: b was further heat-treated at 80 °C for 2 min. d: c 
was further irradiated by the UV lamp for 2 min. 
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ABSTRACT 
Photo-induced increases in absorption near the bang-gap edge have been investigated in a 
series of germanium selenide glasses using 150 fs pulses from a Ti-sapphire laser at 800 nm. 
The observed changes appear as a red shift in the band-gap absorption edge. Illumination 
using polarized light shows the formation of both isotropic and anisotropic components, with 
the latter aligned in the direction of polarization. An associated index change is observed and 
acts to form a radial gradient index due to the Gaussian cross-sectional intensity profile of the 
laser pulse. Reversibility and dependence of the effect on germanium concentration are 
investigated. 

INTRODUCTION 
Photo-induced changes in the optical properties of chalcogenide glasses have been observed 
both with unpolarized [1] and polarized [2] light. These changes are associated with a 
photodarkening process [3] which appears as a red-shift in the absorption edge of the glass. 
Studies in arsenic chalcogenide glasses have demonstrated that the photodarkening is 
reversible and results from structural changes in the glass [3]. While measurements indicate 
that the structural changes correspond to modifications of the short and medium range order 
of the glass, the nature of the structural change, however, is still not fully understood. The 
photodarkening is only one of several changes in physical and chemical properties that result 
from band-gap light exposure, including density [4], viscosity [5], chemical durability [6], 
elecronic transport properties [7] and crystallization [8]. 

This work examines the behavior of a series of GexSe,.x glasses (with x varied between 0.10 
and 0.25). These glasses have structures that span a broad range of different geometries, 
including the Ge3SeI7 and the GeSe4 compositions that represent the maximum connectivity 
[9] and the rigidity percolation [10] compositions. The goal of this research is to separate the 
photo-induced absorption and refactive index changes, and to relate them to structural 
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changes through IR absorption, photoluminescence and Raman scattering measurements. 

SAMPLE PREPARATION 

Raw materials of Se and Ge were purified before melting into glasses. Selenium was heated 
at 250°C to eliminate oxide impurities. The purified compounds were sealed in a dehydrated 
silica ampoule under vacuum. The ampoule was then heated in a rocking furnace at 600°C 
for several hours [11]. The ampoule was cooled vertically to form a 1 cm diameter rod from 
which disks 1-2 mm thick were cut. The samples were then polished on both faces. Sample 
compositions tested were GeSe,, Ge3Se,7, GeSe4 and GeSe3. 

OPTICAL MEASUREMENTS 

The optical set up consisted of pump and probe optical paths passing through the sample in 
the same 4 mm2 spot. The low intensity probe beam is monochromatic and wavelength 
selected by a grating in a UV-visible spectrometer. The high intensity pump beam is 
generated by a titanium-sapphire laser operating at 76 kHz, producing 150 fs pulses. The 
pump beam power was varied up to 1.5 Watts, corresponding to 20 ji J/pulse and an average 
power of 130 MW/pulse. Most of the experiments were conducted at a power of 1 W and 
exposures were varied by changing the total fluence. 

A second set of measurements was 
conducted using the method of open 
aperture z-scan. The test set up was 
designed following the z-scan method of 
Sheik-Bahae and co-workers [12]. A 
diagram of the apparatus is shown in Fig. 1. 
The laser beam is divided into two equal 
beams, one for reference and the other for 
the measurement. The light from the 
second beam is focused by a lens and 
passes through the sample on its way to an 
aperture and a detector. In the normal z- 
scan test, as the sample is positioned along 
the path of the beam, first before the focal 
point, then past the focal point, the 
refractive index of the sample will deflect 

and move the actual focal point, thus increasing or decreasing the intensity of the light at the 
detector. If the sample has a negative NLO coefficient, it will move the focal point closer to 
the aperture when located before the focal point and thus increase the intensity. If the sample 
has a positive NLO coefficient, the opposite case occurs. The z-scan tests conducted used 
both a carbon dioxide laser (as shown in the figure) and the pulsed titanium-sapphire laser. In 
an open-aperture test, the aperture ahead of the detector is removed. Using the latter method, 
absorptive changes may be distinguished from changes in refractive index. If the sample 
undergoes changes in refractive index without absorption, then no change in intensity is seen 
at the detector as the sample is scanned through focus. In the case of absorptive changes, 

Lens Sample 
Detector 

Detector 

Figure 1 - Sketch of z-scan apparatus. The 
sample is scanned along the beam axis and its 
position spans across the focal point of the 
lens. Both carbon dioxide and titanium- 
sapphire lasers have been used. 
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there will be an increased loss as the sample is scanned through focus. 

Wavelength (nm) 

Figure 2 - Band-gap absorption edge for 
different times of pump-beam exposures to 
near-band-gap light. 

700 750 800 850 
Wavelength (nm) 

Figure 3 - Difference in absorbance from an 
unexposed sample near the band edge of the 
glass for the same exposure times of Fig. 2. 

RESULTS 
Plots of the measured absorption edge for the Ge20Se80 glass as a function of wavelength for 
different fiuence levels are given in Fig. 2. As the fluence is increased, the sample absorbance 
near the band-gap increases. This is more evident in plots of the difference in absorbance for 
the same fluence values as shown in Fig. 3. The difference in absorbance is calculated from 
the unexposed absorption edge. The largest difference appears at the band edge. 
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Figure 4 shows the 
variation in 
transmitted intensity 
in an open-aperture z- 
scan measurement. 
The successive scans 
show a more 
pronounced decrease 
in intensity through 
focus. This clearly 
indicates that the 
absorptive processes 
dominate the response 

40000 30000 20000 10000   0   -10000 -20000 -30000 -40000 -500( CA, . 
of this material to 

Postion (urn) 

Figure 4 - Open-aperture intensity measurement showing the increase     .*'        e       WaS 

in loss with exposure to near-band-gap light. evident only under 
exposure to near- 

band-gap light. Measurements with the carbon dioxide laser at much higher powers showed 
no permanent damage. 
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DISCUSSION 

The photo-induced changes caused by near band-gap light in chalcogenide glasses involve 
both an increase in absorption and a change in refractive index. These are related to each 
other through Kramers-Kronig relations [13]. The studies presented here have mostly 
concentrated on absorptive changes. For example, the pump-probe set up and the open- 
aperture z-scan tests only examine the absorptive changes. We have observed the effects of 
index changes in examinations of the transmitted beam through the formation of refractive 
interference rings or Fabry-Perot fringes about the beam's central axis and through closed 
aperture z-scan tests which show the intensity dependence of the refractive index of the 
exposed material. 

However, in the analysis of the underlying processes, it is useful to determine the 
fundamental causative process in order to identify the microscopic mechanism, whether it is 
the formation of color centers or regional changes in the polarizability of the material. Our 
studies indicate that the change in absorption dominates. It appears to result from the 
formation of sub-band-gap defect states possibly through the formation of a donor-acceptor 
band that may result from valence-alternation pairs [14]. Ongoing studies of the 
photoluminescence behavior of these material may help elucidate the nature of the donor and 
acceptor states involved. 
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Abstract 

We report results of a systematic study examining the relationship of bond type and 
concentration to the linear and nonlinear optical properties of As-S-Se glasses. The effects of 
iso-structural substitution of Se for S, and intrinsic and extrinsic impurity level as 
characterized by linear and nonlinear absorption processes, are discussed. Nonlinear optical 
properties of chalcogenide glasses in the system As-S-Se measured at 1.6 urn was reported. 
The nonlinearities measured reach 400x the value for pure silica. The enhancement of the 
kerr effect for small As/(S+Se) molar ratio is interpreted to be due to the formation of S-Se 
bonds. The applicability of these materials in planar waveguides is reported. 

Optical glasses exibiting large nonresonant nonlinearity are good candidates for 
optical switching devices. Glasses have the advantage in comparison with semiconductors, 
polymers to have a fast response time, a low linear and multi photon absorption in the range 
of wavelength of interest. In comparison with crystals they are low cost materials and more 
easily compatible to fiber or thin film processing. 

Chalcogenide are very promising materials. They have been studied first for IR 
transmission due to their low phonon energy at these wavelengths. The interest reported on 
chalcogenide for optical devices is recent (1). Recent studies have reported the possibility to 
use these materials as optical memories, grating and switching devices. As2S3 glasses have 
been demonstrated to have a third order nonlinear susceptibility 80 times higher than pure 
silica (1). Their ability to be integrated in devices has been demonstrated. Nevertheless the 
nonlinear optical properties have yet to be completely understood. 

This paper reports results of a study performed on chalcogenide glasses in the ternary 
system As-S-Se suitable for optical devices. The interest of such glasses has been previously 
discussed (2). In this paper a systematic study of the linear and nonlinear optical properties of 
these glasses and a correlation between the molecular and the optical properties is discussed. 
Local structural investigations have been carried out on such glasses (3) but the influence of 
the different molecular entities on the linear and the nonlinear optical properties of these 
glasses is not well understood. The glass compositions examined in this study are shown in 
the ternary diagram in Figure 1. 

Two variations of composition within the ternary have been studied. First, 
compositions along the line x As2S3 - (1-x) As2Se3 have been investigated in order to keep the 
molar ratio As/(S + Se) = 2/3 constant and carry out an iso-structural replacement of sulfur 
by selenium. Secondly the compositions corresponding to the molar ratio Se/S=l while 
decreasing the molar ratio As/(S + Se) have been examined. Shown in Table 1 are the 
measured glass transition temperature and density for these samples. 

IS(NOG)2'98 493 



Figure 1 : Ternary diagram As-S-Se of studied glass compositions 
1 As40S6o; 2 AS40S45 Sei5; 3 AS40S30 Se30; 4 As4oSi5 Se45; 5 As4oSe6o; 

6 AS32S34 Se34; 7 As24S38 Se38 

Glass Glass composition Density Glass transition temperature 
number (g/cm3) (± 0.01) Tg(±2*C) 

1 AS2S3 3.20 215 
2 AS40S15 Se« 3.56 207 
3 As4oS3o Se3o 3.92 202 
4 AS40S45 Seis 4.27 196 
5 As4oSeeo 4.59 191 
6 As32S34 Se34 3.74 154 
7 As24S38 Se3g 3.63 135 

Table 1 : Glass composition, density and glass transition temperature 

Samples of chalcogenide (ChG)glasses were prepared from a batch of 15g of high purity 
metals, arsenic, sulfur and selenium (Cerac, 99.999 %). The batch was transferred and sealed 
under vacuum in quartz ampoules. The ampoule was transferred to a rocking furnace and 
heated up to a temperature between 700"C and 900#C, to obtain a good fluidity, for 24 hrs. To 
insure good homogeneity of the melt, the ampoule was rocked for two hours. The glass was 
then quenched by removing the ampoule from the furnace to air, and annealed at 30*C 
degrees below the glass transition temperature under vacuum for 1 hour. Glass samples were 
then cut and optically polished. Upon addition of the selenium to the glass, a change in glass 
color is observed from red to dark. As this glass exhibits a very good stability, the melt could 
be kept in the furnace during the cooling of the furnace without showing any signs of 
crystallization, but the quench was necessary to avoid the breakage of the tube and the glass 
rod during cooling. 

Numerous physical and optical properties of the melted glass samples were measured. 
The density of the different vitreous compositions has been measured using the Archimedes 
method in diethyl Phtalate. The accuracy was better than ± 0.3%. The glass transition 
temperature was investigated using a Differential Thermal Analysis, DTA (TA Instrument 
SDT 2960) following a ramp of 10 *C/min. The glass transition temperature is taken at the 
inflection point of the endotherm with an accuracy of ± 2 *C. 
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Linear optical absorption spectra were recorded on a Perkin-Elmer spectrophotometer 330. 
The nonlinear optical properties were measured by using a standard Z-Scan set up as 
described by Sheik- Bahae and co-workers (4). The laser system was a Spectra-Physics 
optical parametric amplifier combination with a Ti:sapphire source and a generative 
amplifier. The measurements were done at 1.6 um with 100 fs pulses and microjoule pulse 
energies. The spectral width and the temporal envelope were monitored during the 
experiments. The measurements were carried out for intensities around 20GW/cm . 

Table 1 summarizes the measured glass densities. In the system x As2S3 - (1-x) 
As2Se3 the density increase linearly from the density of the glass As2S3 (3.2 g/cm ) to the 
density of the glass As2Se3 (4.59 g/cm3) as indicated on Figure 2. This linear evolution shows 
a replacement of the sulfur by the selenium without a strong structural change. This 
observation is in agreement with prior Raman studies on glasses of this system which pointed 
out that the selenium substitute the sulfur in the pyramidal site AsZ3 (Z=S or Se) without 
structural change or site segregation. (3, 5). On the contrary as shown on figure 4, the 
decrease of the density of the glass when the ratio As/(S+Se) decrease versus the molar 
percentage of arsenic is also linear with the molar percentage of arsenic. 
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Figure 3 Density of glasses in the system x As2S3 (1-x) As2Se3 versus the molar ratio, 
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Figure 4 : Density of glasses for modification of the ratio As/(S+Se) versus the molar 
percentage of Arsenic introduced 
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The glass transition temperatures taken at the inflection point are also reported in the table 1. 
For the glass system x AS2S3 - (1-x) As2Se3 the transition glass temperature decrease as the 
selenium content increase from 215"C (AS2S3) to 191"C (As2Se3). When the ratio As/(S+Se) 
decrease the glass transition temperature Tg decrease dramatically. The Tg drop from 202 "C 
for the glass As4oS3oSe3o to 135"C for the glass As24S3gSe38. 

The linear absorption spectra of glasses are reported on the figures 5 and 6. As soon 
as the sulfur is substituted by the selenium in the glass system x AS2S3 - (1-x) As2Se3, the 
optical bandgap shifts progressively to the near infra-red as shown in Figure 5. The decrease 
of the molar ratio As/(S+Se) doesn't significantly affect the linear absorption, as can be seen 
in Figure 6 where the tail of the band edge remains in the same wavelength range for the 
three glasses 3, 65 7. Results on nonlinear absorption and index will be presented. 
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Figure 5 : Absorption spectra of glasses 1,2, 3,4, 5 

£ o 

'o 

u 
o o 
a 
.0 
+-» 
& 
o 
en 

< 

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

650 

AS24S38Se38 

As32S34Se34 

As4oS3oSe3o 

850 

Figure 6 : Absorption spectra of glasses 3 ,6,7 

496 IS(NOGr'98 2«f 



References 

1H. Nasu, Y. Ibara, K. Kubora, J. Non-Cryst, Solids, 110, (1989), 229. 
2 K. A. Cerqua-Richardson, J. M. McKinley, B. Lawrence, S. Joshi, A. Villeneuve, J. Optical 
Materials, 12,4 (1998). 
3 J. A. Freitas, Jr. & U. Strom, J. tfon-Cryst. Solids, 59 & 60, (1983), 875. 
4 M. Sheik-Bahae, A. A. Said, T. tf- Wei, D. J. Hagan, E. W. Van Stryland, IEEE J. Quantum 
Electron., 26, (1990), 760. 
5 D. J. Treacy, S. G. Greenbaum, U. Strom, P. C. Taylor, J. Non-Cryst. Solids, 59 & 60, 
(1983), 847. 

IS(NOG)2,98 497 



HP17 

NON-LINEAR OPTICAL PROPERTIES IN CHALCOGENIDE VITREOUS 
SYSTEMS. 

C. Quemard*, F. Smektalaa, J. Lucas8, C. Coudercb, A. Barthelemy*. 

a Laboratoire des Verres et Ceramiques, Universite de Reimes 1, Avenue du General Leclerc, 
35042 Reimes cedex, France 
Institut de Recherches en communications Optiques et Microondes, Universite deLimoges, 
87060 Limoges, France. 

ABSTRACT 

Chalcogenide glasses of different systems have been tested by the z-scan technique in regard 
with their third-order non-linear optical properties. Non-linear refractive index is measured in the 
glass transparency region with a pulsed Nd-Yag at low level energy and low repetition rate to 
avoid thermal effect and measure ultrafast electronique nonlinearity. Values of non-linear 
refractive index as high as 700 times the non-linearity of silica glass have been obtained for a Ge- 
As-Se glass. 

1. Introduction. 

Laser appearance allowed strong intensities and put forward non-linear phenomena into 
materials. Among the different third-order effects observed in glasses, the variation of the 
refractive index (n) with the intensity (I) of an electromagnetic wave is of interest for applications 
in ultra-fast, all optical switching devices. Indeed, n can be expressed as n= n0+ n2I, where n0 is 
the linear index of refraction and n2 the non-linear index of refraction. Glass could be a good 
material to realize this kind of device. But silica glass, used for telecommunications transmission, 
has a small non-linear refractive index (2.7.10"20 m2/W at 1.06 urn) [1]. This nonlinearity is not 
sufficient for real application in ultra-fast switching device. Oxide .fluoride and chalcogenide 
glasses have been tested by different technics. Among these different glasses families, the 
chalcogenide one exhibits the greatest nonlinearities. The literature presents As2S3 as a good non- 
linear material with n2 values ranging from n2= 0.9.10"18 m2/W measured by the Kerr Shutter 
method at 1.55um [2] to n2= 25.10"18 m2/W measured by the THG technique at 2.1um [3]. We 
have focused our attention on other chalcogenide glasses, especially in Ge-Se, Ge-As-Se and Ge- 
As-Se-Sn systems. Non-resonnant non-linear refractive indices , n2, and non-linear absorption 
coefficients ß have been quantified by the Z-scan technique. 

2. Experimental procedure 

2.1 Glass synthesis. 

The elements (5N purity) are evacuated under vacuum to remove oxygen. Se and As elements 
are purified by the oxide volatilization method. The oxides, (Se02) and (As203) present vapor 
pressures over than those of the elements Se and As respectively. Then, the scealled silica tube is 
introduced into a rocking furnace. The raw material is melted at 900°C and quenched in air to 
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room temperature. The glasses are polished to obtain a two plane and parallel faces disc for z- 
scan measurements. 

2.2 Measurement technique. 

The measurement technique used is the z-scan technique [4]. A Nd-Yag laser, emitting 50 Ps 
at 1064 nm pulses with a repetition rate of 10 Hz is used. The pulses average energy of the order 
of the mJ, doesn't induce thermal effect, whereas the pick intensity closed to 2 GW/cm2 allows 
the observation of non-linear phenomena. Measurements are made in the glass transparency area 
(fig. 1). There are different contributions to n2; the electronic effect, which is an intrinsic glass 
property with a very fast response time but a small effect. The nuclear effect is a molecular 
reorientation but doesn't occur in glasses. The thermic effect appears when too much energy is 
used, then the n2 is exalted and the response time is smaller 

GeSet gjass transmission spectrum 

1000 1400 1800 

Wavelengths (nm) 

Figure 1: transmission spectrum of GeSe4glass 

The laser beam is focused by a convergent lens The sample is first placed at the focal point 
(Z=0) then it is moved here and there along the axial laser beam (-Z and +Z). The sample 
transmittance is registred through a diaphragm. When non-linear absorption (TPA) is present, we 
record an open diaphragm curve to quantify non-linear coefficient absorption, ß. Then a closed 
diaphragm z-scan curve is registered and normalized from the non-linear absorption. 

3. Results and discussion. 

The bench has been calibrated by the liquid CS2 measurement. The value found for n2 is 
2.8.10"18 m2/W. The difference observed with the literature is 7% (n2= 3 10"18 m2/W [4]). 

Then, Ge-Se, Ge-As-Se and Ge-As-Se-Sn glasses have been characterized. For each glass two 
measurements were performed. For the non-linear absorption coefficient, the curve presents a 
characteristic valley shape (fig.2). ß is proportionnal to the valley amplitude. Then for the non- 
linear refractive index, the z-scan curve, normalized from the non-linear absorption presents a 
valley-pick shape (fig.3) characteristic of a positive n2. The non-linear refractive index is 
proportional to the valley-pick amplitude. The transmittance variations are dominated by 
electronic effects. All the experimental conditions have been chosen to avoid thermal 
contribution. Typical z-scan curves are presented in fig. 2 and 3 for GeSe4glass. Results for n2 
and ß are presented in table 1. The experimental error is around 15-20 % 

IS(NOG)2'98 499 



m
pl

itu
de

 (
a 

u)
 

Opened diaphragm curve 

i 

09 

0.8 

0.7 • 

0.6 

-30    -20    -10    0       +10   +20   +30   +40 

Z(cm) 

Figure 2: non-linear absorption curve 
for GeSe4 glass 
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Figure 3: z-scan curve corrected from 
non-linear absorption for GeSe4 glass. 

Table 1: Non-linear characteristics of several chalcogenide glasses. 

Compositions \ap 
(nm) 

Tg 
(°C) 

^gap'^Laser n2 

(10-18m2/W) 
ß 

(10-11m/W) 
Thickness 

(mm) 
Ge5Se95 748 81 0.703 12.9 1.7 2 
GejoSego 746 102 0.701 14.7 1.8 1.9 
Ge2oSego 745 165 0.700 12.9 1.8 [_ i 
Ge2oAs4oSe4o 839 316 0.79 18.5 5.9 1.18 
Ge27Asi3Se6o 680 315 0.64 20 1.5 1.16 
Ge27Asi3Se55Sn5 945 292 0.89 17.7 4.6 1.2 

Among the different chalcogenide glasses tested, Gex-Sei.x glasses, where x= 0.05, 0.1, 0.2, 
don't exhibit non-linear refractive index significant variation. All the n2 values are around 
13. 10" m2/ W ± 15-20%.The measurement experimental error is too important to conclude for 
small n2 variations The non-linear absorption coefficient is similar for the three compositions, 
that is in relationship with the wavelength band-gap. Indeed, between Xgap and 2A,gap, non-linear 
absorption is present, scales as A,gap

3 and is maximum for A,gap/XLaser= 0.7 [5]. 
We have also studied the influence of different elements on the non-linearity. First, 40% Se 

have been substituted by 40% As in the GeSe4 glass, to characterize the As influence against Se. 
The non-linear refractive index measured is stronger for Ge2oAs4oSe4o (18. 10"18 m2/W) than for 
GeSe4 (13. 10" m2/W). This points out the positive effect of arsenic on n2. The introduction of 
As in Ge-Se systems leads to increase the linear refractive index n0 [6]. Considering that n2 

increases with no [7], this result is not surprising. The higher non-linear absorption coefficient 
observed for Ge20As40Se4o glass is consistent with the two-band model established for semi- 
conductor materials [5], since ß scales as Xgap

3. 
For Ge27Asi3Se6o glass a high n2 (20.10"18 m2/W) is also obtained. This glass presents the 

advantage of a smaller Xgap and smaller non-linear absorption by comparison with Ge20As40Se4o. 
Tin has been introduced in the Ge27Asi3Se6o glass by substitution of 5% Se. This leads to the 

apparition of trigonal structures [Sn Se2/2 Sei/3] where one tin atom is linked with three selenium 
atoms. Two selenium bonds are bridging ones, the third one being a donor-acceptor bond from 
selenium to tin. Thus, one tin atom presents one lone pair and is linked with two selenium atoms 
presenting each other two lone pairs and selenium atom presenting one lone pair [8]. Thus by 
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comparison with Ge27Asi3Se6o glass, with have substituted 5% of Se presenting two electronic 
lone pairs by 5% of Sn presenting one electronic lone pair higher in energy. In the same time, 5% 
of selenium presenting two lone pairs is replaced by 5% of selenium presenting one lone pair 
because of the donor-acceptor bonds. No significant variation of the non-linear refractive index 
has been noticed. This seems to indicate a positive effect of the polarizable electronic lone pair of 
tin on n2 

Different chalcogenide glasses have been tested in order to see different contributions to the 
nonlinearity. We could see that the substitution of Se by As in Ge-Se systems increases the 
nonlinearity. As increases the linear refractive index and so the non-linear refractive index. n2 

increases. Ge^AsnSeeo glass appears to be a good candidate for an all optical ultrafast switching 
device. It presents a strong non-linear refractive index (20. 10"18 m2/W) 700 times higher than 
those of silica, and a small non-linear absorption Despite the higher energy level of the Sn 
electronic lone pair, the substitution of Se by Sn has not lead to an increase in n2 values. 
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ABSTRACT 

The study of interaction and glass formation in the ZnBri-HgBrs-CsBr ternary system 

was performed to search for and synthesize new vitreous halide phases for use in IR 

optics. This system is studied by differential thermal analysis (DTA) and X-ray powder 

diffraction (XRD) methods. Liquidus surface projection and coordinates of non- 

variant points of the ZnBn-HgBn-CsBr ternary system are determined. The condition 

for the synthesis of glasses, the glass formation region, and glass transition, 

crystallization and liquidus temperatures of synthesized glasses are examined. 

Devitrification stabilities and the T^/T, ratio are calculated. The obtained results are 

used to determine the most promising compositions for synthesis of stable glasses in 

the ZnBr2-HgBr2 and the ZnBr2-CsBr binary systems, and the ZnBn-HgBn-CsBr 

ternary system. 

INTRODUCTION 

Recently, much attention has been paid to non-fluoride halide glasses. The cut-off wave 

lengths of these halide glasses are much longer than those of fluoride glasses and 

therefore these glasses are considered to be useful for transmission of CO2 laser [1,2]. 

ZnBr? glass is a potentially useful optical material with low losses, if the glass can be 

protected from atmospheric moisture [3]. However, ZnBr2-based glasses have been 

rather less investigated. The glasses were obtained in the systems RBr-ZnBr2 (R=Li, 

Na, K, Rb, Cs, Tl) in the consentration range from ~50 to 100 mol % ZnBr2 [4]. Glass 

formation has been examined for the ZnBr2-KBr-MBr2 systems in which M=Mg, Ca, 

Sr, Ba, Mn, Fe, Co, Ni, Cd, Pb [5-8]. Interaction and glass formation in the ZnBr2- 

CdBr2-CsBr ternary system were investigated in our earlier papers [9,10]. Glass 

formation in the ZnBn-CdBr2 and the ZnBr?-HgBr2 binary systems was investigated 

[9,11]. Replacement of Cd by Hg shifts the cut-off wavelength to the farther IR region. 

Information about the ZnBn-HgBri-CsBr ternary system is absent. The binary systems 
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limiting the ZnBr2-HgBr2-CsBr system were investigated [11,12,13]. Before studying 

glass formation in the ZnBr2-HgBr2-CsBr ternary system, we studied the interaction of 

components of this system [14]. Knowledge of phase diagrams allows to predict glass 

formation in systems [15]. 

EXPERIMENTAL 

The ZnBr2-HgBr2-CsBr ternary system was investigated by DTA and XRD methods. 

The equipment for DTA and XRD has been described previously in [11]. The starting 

ZnBr2, HgBr2 and CsBr were synthesized, purified and dried.The emission spectral 

analysis of purified bromides showed the purity of each reagent of 99,999 wt %. All 

operation with ZnEr2 were done in a dry argon box to avoid hydration of ZnBr2. Batch 

mixtures of 0,5 g with appropriate compositions of the initial bromides were melted in 

vacuum quartz crucibles at temperatures of 300° higher than their melting points for 

about 20 min and quenched in water-ice mixture with NaCl. The quenching rate was ~ 

200-250 °/sec. Glass formation was determined by the transparency of samples by eye 

observation. All glasses were colourless. Specific temperatures of the glasses were 

measured by DTA at heating rate of 8-10°/min. 

RESULTS AND DISCUSSIONS 

Six compounds are formed in these binary systems, viz. Cs3ZnBr5, Cs2ZnBr4, CsZn2Brs, 

Cs2HgBr4, CsHgBn and CsH^Brs- All compounds melt congruently except CsZn2Br5 

which melts incongruently. Compounds Cs2HgBr4 and Cs3ZnBr5 as well as Cs2HgBr4 

and Cs2ZnBr4 form continuous solid solutions. Liquidus surface of the ZnBr2-HgBr2- 

CsBr system consists of 8 initial crystallization fields of the following phases: ZnBr2, 

HgBr2) CsBr, CsZn2Brs, Cs2ZnBr4, CsHg2Br5, CsHgBn and continuous solid solutions 

(Fig.). Coordinates r>f non-variant points were determined [14]. 

Glass formation of the ZnBr2-HgBr2-CsBr system has been examined. In the ZriBr2- 

HgBr2 binary system good transparent glasses were obtained in the concentration range 

60-100 mol % ZnBr2 , and in the ZnBr?-CsBr system 75-100 mol % ZnBr2. The DTA 

results for the quenched vitreous samples of the ZnBr2-HgBr2 and the ZnBr2-CsBr 

binary systems and the ZnBr2-HgBr2-CsBr ternary system are listed in the table, 

showing the compositions of the samples; glass transition(tg), crystallization (tc) and 

liquidus (t,) temperatures; and the calculated devitrification stabilities (Tc-Tg)fTg and 

T/T, ratios (T is the absolute temperature). 
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Table. DTA for quenched vitreous samples of ZnBr2-HgBr2-CsBr ternary system 

Composition, mol %       : 
ZnBr2 HgBr2 CsBr h 

t, °C 
t. t, 

100     0 0 150 230 395 

95       5 0 80 205 390 

90       10 0 105 150 385 

80       20 0 40 235 370 

d>Tp/Tg      T/Ti 

0.19 0.64 

0.35 0.63 

0.12 0.57 

0.62 0.48 

70   30   0 55   220  360 0.50 0.51 

60  40   0 40   -    355 - 0.50 j 

90   0   10 -    160  375 

75   0   25 110  160  315 0.13 0.65 

50   30   20 105  130  315 0.07 0.64 

45   35   20 90   120  280 0.09 0.65 

L 
45   30   25 80   215  235 0.40      0.69 | 

-j 

In the ZnBr?-HgBr2 binary system stable glasses can be obtained at the HgBr2 

concentration less than 15 mol%, because in this concentration range, t^ >80°C; the 

devitrification stability (Jc-Tg)JTg is relatively low (<0.35), and 0.57< T/T, <0.65. Note 

that the sample 90ZnBi'2- lOHgBn is especially promising for synthesis of stable glass, 

because this sample has a comparatively high te value (105°C) and the lowest 

devitrification stability (0.12) in this system, and T/T, =0.57. The devitrification 

stability of this sample is lower than that for the ZnBr2 glass. The glass 75ZnBr2 - 

25CsBr (tg = 110°C, (T/T^/T^ =0.13; T/T/ =0.65 is of interest for the same reason. 

Analysis of obtained results allows to determine the glass formation region (Fig.) and 

to choose compositions of the most stable glasses which have relatively high tg(>80°C), 

low devitrification stability (Jc-Tg)JTg (<0.20), and 0.57< T/T, <0.65. This agrees well 

with the "rule of two-thirds", which is a criterion of glass formation [15]. 
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ABSTRACT 

Sulphide glasses based upon the ternary system GeGaS were stabilised by addition of 
antimony. Their thermal stability is very good, indicating a promising ability for fibre 
drawing. These new glasses show a good transparency from 0.6 to 11 urn. The 1.3 urn 
emission of Dy3+ could be observed because of the low phonon energy of these glasses. A 
Judd-Ofelt analysis was conducted, and the 1.3 urn transition was characterised in terms of 
emission cross section and quantum efficiency. The emission properties of Er3+ at 1.55 urn 
were also studied, especially the lifetimes at different temperatures. 

1. INTRODUCTION 

The search of new hosts for rare-earth ions is of prime importance for the development of 
optical fibre amplifiers in the 2nd and 3rd telecommunication windows. The emission of Dy3+ 

has been already studied in low phonon energy germanium sulphide glasses at 1.3 urn [1, 3] 
and recently Er3+ has been investigated at 1.55 urn in GaLaS [4]. But in order to develop 
fibres with reasonable losses, it is necessary to work with very thermally stable glasses. 

In this paper we will describe the spectroscopic properties of Dy3+ and Er3+ ions in a new 
matrix based upon the ternary system GeGaS stabilised by addition of antimony. These new 
glasses are characterised by an excellent resistance towards water even at 60°C for several 
hours, the infrared spectra showing no significant changes. They show a relatively high glass 
transition temperature and, contrary to GeGaS and GaLaS glasses, the crystallisation peak is 
very weak (with a heating rate of 10°C min"1). 

2. EXPERIMENTAL PROCEDURE 

GeGaSbS glass samples were prepared by weighing pure elements (5-6N) in a dry glove box. 
Then, the mixture was placed in a fused silica ampoule and pumped under vacuum for a few 
hours. At this stage, the tube was sealed, heated in a rocking furnace at 1000 °C for 6 hours, 
and cooled down to room temperature. About 3 mm - thick glass plates containing 0.05, 0.1, 
0.2, 0.5 and 1 at.% Dy3+ and Er3+ were obtained. An undoped GeGaSbS glass prism was also 
fabricated. 
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Thermal analyses were carried out on single glass chips, about 50 mg, in sealed aluminium 
pans. The measurements were performed at a heating rate of 10°C min"1 by means of a 
Setaram 92 differential scanning calorimeter. The accuracy of the measurement is ± 2°C. 

The refractive index of GeGaSbS glass was measured by two independent methods at 
632.8 nm using a He-Ne laser. First, by the prism-coupling method with a rutile prism 
optically coupled to a GeGaSbS glass plate and, second, by the minimum deviation method 
applied directly to the GeGaSbS prism. 

For rare-earth emission measurements, continuous excitation in the infrared was obtained 
with a Coherent CW ring titanium-sapphire laser (2 GHz linewidth) pumped by a Coherent 
310 argon ion laser. Fluorescence at 90° was analysed through a Jobin-Yvon double 
monochromator (HR320). Laser light was modulated through a mechanical chopper and the 
output signal of a germanium photodiode (ADC, 403 L, Low Speed), cooled to liquid 
nitrogen temperature, was fed into a lock-in amplifier. The fluorescence data were corrected 
by the response of the detection system obtained with a calibrated standard lamp. 

Selective pulsed laser excitation was used for lifetime measurements. The visible beam of a 
pulsed dye laser pumped by a Nd :YAG from BM Industry was shifted towards the infrared 
range by stimulated Raman scattering through an H2 cell and delivers pulses of about 10 ns 
duration and 0.04 cm"1 spectral width. The fluorescence was then analysed with a Jobin-Yvon 
monochromator (H25) and a high-speed germanium photodiode (ADC, 403 HS, High Speed) 
cooled to liquid nitrogen temperature. The fluorescence time evolution was then recorded 
with a Lecroy 9410 digital oscilloscope. 

3. RESULTS 

3.1 Thermal and physical properties 

The results of thermal analysis obtained for standard GeGaS and 80GeS2, 20Ga2S3 glasses 
compared to our stabilised GeGaSbS glass are shown in table 1. The glass transition 
temperatures are equal to 333, 432 and 305°C and the crystallisation temperatures are 506, 
513 and 494°C, respectively. There is a good agreement between our measurements and 
previously reported data [5, 6]. The temperature difference between crystallisation (Tc) and 
glass transition (Tg) is the largest for GeGaSbS glass with a value of 189°C. This is to be 
compared with 81°C and 173°C for standard glasses and to 129°C in GaLaS for which Tc and 
Tg are respectively 681°C and 552°C [7]. In addition, the crystallisation peak is significantly 
less intense for GeGaSbS glass. 

Table 1 : Thermal properties of different sulphide glasses and corresponding refractive indices 

Glass Tg(°C) TS(°C) Tx-Tg(°C) n Ref. 

GeGaS 333 506 173 2.15 [8] 

80GeS2 - 20Ga2S3 432 513 81 2.15 [9] 

GeGaSbS 305 494 189 2.3657 This work 

GaLaS 552 681 129 2.38 [10] 

GeGaSbS glass shows a high refractive index, as expected. Two different methods were used 
to measure the index. First, we used the prism coupling technique [11]. The measurements 
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were performed three times, with a very good reproducibility, leading to a mean refractive 
index of 2.3657 ± 5x10 at 632.8 nm. This result was confirmed by direct measurement using 
the minimum deviation technique with a GeGaSbS prism. The refractive index was found to 
be 2.368 ± 2xl0"3 which is in good agreement with the previous measurement. 

GeGaSbS glasses are transparent from 0.6 urn in the visible to 11 urn in the infrared. The long 
wavelength limit is due to the absorption of the first harmonic of Ge-S and Ga-S vibrations 
located at 13.0 um. This absorption increases rapidly with the thickness of the sample. 

A Raman scattering spectrum recorded for undoped glass with excitation at 676 nm is shown 
in Fig. 1. The main band, which peaks at 340 cm"3, is due to the Ai vibration mode, also 
known as the breathing mode of the GeS4 and GaS4 groups. 

The shoulder located at 430 cm"1 is attributed to S3Ge-S-GeS3 and S3Ga-S-GaS3 vibration 
modes while the structure observed at 470 cm"1 is due to the presence of some -S-S- bonds, 
the glass composition being non-stoechiometric. As can be seen on the expanded-scale 
spectrum, there is a weak signal in the 600-800 cm"1 region. This is explained by the presence 
of residual oxygen within the glass leading to some high-energy metal-oxygen vibration 
modes. 

Ai breathing mode (GeS4) 

-S-S- 

200 

WavenumberCcm"1) 

Figure 1: Raman spectrum of GeGaSbS sulfide glass.  (—): 
expanded scale. 

3.2. Optical properties of Dy at 1.3 urn 

As reported in a previous paper [12], the Judd-Ofelt parameters have been determined as 
Q2 = 8.49 , Q4 = 2.29 , Q6 = 1.79, in (10"2° cm2) units. Considering that the 1.3 urn emission 
originates from two overlapping levels, 6Fn/2 and 6H9/2, we have defined an effective 
spontaneous emission rate for this transition. This effective rate, which is a combination of the 
individual radiative rates as referred in [13], is equal to 2641 s'1. The corresponding effective 
lifetime is 379 us, apparently higher than usual reported lifetimes for GeGaS ternary glasses 
[1,3]. This point will be discussed later. 

The 1.3 nm emission for the 0.1 at.% Dy3+ sample, expressed in terms of emission cross- 
section, is displayed in Fig. 2. The (6H9/2, 6Fn/2) -> 6Hi5/2 emission band is centred at 
1.336 urn and has a bandwidth of 95 nm. We assumed that there is no re-absorption of the 
emission neither from the ground state nor from excited states. 
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Lifetime measurements around 
1.3 um were performed with 
pulsed excitation at 1110 nm 

-> 6H7/2, 6F<)/2) for various 

1200 1250 1450 1500 1300     1350     1400 

Wavelength (nm) 
Figure 2 : 1.3 nm absorption and emission cross sections of Dy3^ 
ions in GeGaSbS glass 

( Hi 5/2 
Dy3+ concentrations. For 0.1 and 
0.05 at.% Dy3+, the decays are 
identical. So, we can conclude 
that there is no luminescence 
quenching for these 
concentrations. 

For concentrations above 0.1 %, 
decays start shortening due to 
Dy3+ — Dy3+ interactions. 
Whatever the Dy3+ concentration 
is, the decays are markedly non- 
exponential. It is then necessary 
to estimate a measured lifetime. 
For the lowest concentrations, 
the first e-folding time of the 
decay curve is found to be 33 us 
and the zero-order momentum is 
equal to 38.5 us. For the 0.2 and 
1 at. % Dy3+ samples, the first e- 
folding time drops to 24.3 and 
3.5 us, respectively. Using those 
results, the total quantum 
efficiency, is 10% for the 0.1 % 
doped sample. 

For the 0.1  % doped sample, 
decays  were  also  recorded  at 

10 K. The results are displayed in Fig. 3. Even at low temperature, decays remain largely non- 
exponential. The difference between 10 K and room temperature lifetimes (e.g. 71 fis and 
33 {is at 1/e) clearly indicates that non-radiative relaxations occur. 

10" 

$ io- 
II) 
c 

"S 10-' 
N 

|  10- 

l(l/=)-l33«45 

t-42|H 

.   t-76ns 

0,8 1.2 

Time (ms) 
Figure 3 : ( H9/2,  F] 1/2) decays at 10 K and room temperature 
for GeGaSbS glass doped with 0.1 % Dy3+. (•): exponential fits. 

3.3.   Optical  properties  of Er 
1.55 um 

.3+ at 

Considering the limited transparency 
of these glasses in the visible, only 4 
optical transitions of Er3+ ions can be 
observed. The 1.55 jam emission of a 
0.2% Er3+ sample is displayed in 
fig. 4. As reported in GaLaS [4], the 
peak is centred at 1.54 urn. 
Meanwhile, the shoulders located at 
1519 nm and 1555 nm in our glass are 
more intense than in GaLaS. This 
results in a full width at half 
maximum   as   large   as   50 nm   in 

3 

g 

1538 J 

600 

1519    / 

V   1555 - 

400 

\ 1574 . 

200 - 

0 
14 

~""v           1 t              r~v"~ 
50 1500 1550 1600                        161 

Wavelength (nm) 
Figure 4 :1.54 (am emission of Er3+ ions in GeGaSbS glass 
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300 K 

20 25 5 10 15 

Time (ms) 

Figure 5: \m and %m decays at 300 K GeGaSbS lEr1' 
(0.05 at. %) glass 

15 K 

0.00 0,01 0,02 

Time (s) 

Figure 6: %m and 4I13,2 decays at 10 K GeGaSbS :Er3 

(0.05 at. %) glass 

GeGaSbS glasses. Thus, these 
glasses presents a better 
potential than GaLaS for 
broadband amplification in the 
1.55 ^m spectral domain. 

Lifetimes measurements were 
performed for the lowest 
concentration (0.05 at. %) at 
room temperature and 15 K by- 
pumping at 979 nm (4Ii5/2 -» 
In/2)- All the decays curves 

could be fitted by single 
exponentials at long times. 

At room temperature, the 
fluorescence decay time is 
measured to be 4.0 ms and 
1.7 ms respectively for the 
1.54 (im and 985 nm emissions. 
This is in the same order of 
magnitude as the one obtained 
in GaLaS (3.0 ms for the 
1.54 urn transition). 

The same measurements, 
carried out at 15 K, show that 
the lifetimes for 4Ii3/2 and 4In/2, 
increase to 4.6 ms and 2.3 ms as 
displayed in fig. 6. This 
indicates that as observed in the 
case of dysprosium, non- 
radiative relaxations occur. 

4. DISCUSSION 

We mentioned in the previous section that the effective lifetime (379 jus) for the 1.3 urn 
emission of dysprosium in GeGaS was apparently longer than the lifetime reported for GeGaS 
(227 us) [1, 3]. This is actually due to a different method of calculation. In our case, the 
individual radiative rates of 6H9/2 and 6Fn/2 were balanced by their respective degeneracies. In 
ref [1, 3], the two contributions were simply added. In the former case, the effective decay 
time is intermediate between the two radiative lifetimes. In the latter, the overall decay is 
found to be more rapid than the fast component, which has no physical meaning in our 
opinion. After recalculation of the effective lifetime of the 1.3 urn transition in standard 
GeGaS glasses, a value of 417 pis has been found, which leads to a quantum efficiency of 9 % 
instead of 17 % previously reported. This is to be compared with 10 % for our stabilised 
GeGaSbS glass. 

In the same way, one must also pay attention to the emission cross-section, which must be 
calculated from effective emission rates and effective branching ratios. The use of effective 
emission rates leads to an estimated value of 2xl0"20 cm2 for conventional GeGaS glass, 
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which is similar to the cross-section of 1.9xl0"20cm2 obtained in this work for GeGaSbS 
glass. 

For Dy3+ and Er3+ doped glasses, lifetime decreases with increasing temperature, even at low 
rare-earth concentrations indicating the presence of non-radiative relaxations. For Dy3+ doped 
samples, considering the weak energy gap of 1900 cm"1 between (6H9/2, Fn/2) and ( Hun), 
one may attribute these relaxations to multiphonon emission. According to the Raman 
spectrum in fig. 1, the main vibration mode is located at 340 cm"1. The non-radiative process 
is, then, in a 5-6 phonon regime which is consequently very probable. With an energy gap to 
the lower level of more than 6000 cm"1, intrinsic non-radiative relaxations can not occur from 
the 4Ii3/2 level of Er3+. In that case, the decrease of the lifetime with increasing temperature 
can be explained by the presence of traces of impurities which generate high energy metal- 
oxygen bondings, as suggested by the Raman spectra in fig. 1. 

5. CONCLUSION 

The 1.3 urn emission of Dy3+ was observed in a new generation of GeGaS glasses stabilised 
by addition of antimony. The lifetime of this transition is found to be 379 us which leads to a 
quantum efficiency of 10 % and an emission cross section of 1.9xl0"20cm2. This is 
comparable to the results obtained in standard GeGaS glass. For Er3i~, the 1.55 urn emission 
lifetime has been measured to be 4.0 ms and the width at half maximum is significantly 
broader than for GaLaS. The main interest of these new glasses lies in their good thermal 
stability towards devitrification, and their consequent potential to the realisation of rare-earth 
doped fibres with reasonable low optical attenuation. 
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ABSTRACT 

Optical properties of different halide modified Germanium Gallium Sulfide glasses 
doped with Nd+ ions are presented. Halide modifiers can change the physical and optical 
properties of the glasses. Absorption spectra were measured and oscillator strengths calculated. 
Judd-Ofelt parameters were determined and compared with sulfide glasses of varing halide 
content. Excited state emission lifetimes were calculated by the Judd-Ofelt theoiy and compared 
with the measured lifetime. The halide modified glasses have been found to present a curious 
reversible water sensitivity. 

INTRODUCTION 

With the development of integrated optical amplifiers and techniques such as Wavelength 
Division Multiplexing in large demand in the telecommunications industries, a great amount of 
research has been undertaken to find new glass matrices containing rare earth ions. Optimization 
of the physical and optical properties of such glasses can lead to important advances in amplifier 
quantum efficiencies. A low multiphonon glass can greatly improve amplification performance 
in the l,3jj.m telecommunications transmission window, where rare-earth doped fluoride and 
chalcogenide glasses are currently the best candidates. Chalcogenide glasses are highly 
transparent in the infrared and have large oscillator strengths necessary for excitation. However, 
one drawback to these glasses is that the reduced short-wavelength transmission can limit the 
choice of high energy transition levels of rare-earths for population inversion in the glasses. 
Modifying chalcogenide glasses with halides can shift the absorption bandgap to shorter 
wavelengths without significantly reducing the infrared transmission and rare-earth absorption 
coefficients. 

The Germanium Gallium Sulfide glass system has been well studied in its potential as a 
low multiphonon glass for laser and fiber optic amplifier applications. [1-5] Various studies 
have incorporated halides into chalcogenide based glasses [6-9]. This work concentrates on the 
physical and optical qualities of glasses recently developed by Yu. S. Tver'yanovich et al [10] 
who incorporated metal chlorides into the Ge-Ga-S ternary system. The halides, when added to 
the system, act as network modifiers. It was found that using a cation of large radius, such as 
cesium opens up the basic tetrahedral structure and forms the most stable glasses. 

In this work it is found that some of these glasses can incorporate significant amounts of 
rare-earth ions. Changing the chemical composition of the glass host can significantly affect the 
optical characteristics of rare earth ions. Neodymium ions which have been the most extensively 
studied laser ions [2, 11-14] are added to the glass matrix whose physical and optical qualities 
are measured under varying halide content. The composition Ge25Ga5S70, a chalcogenide glass 
commonly used as a rare-earth host, was synthesized in the laboratory'for reference to the halide 
modified glasses. 

EXPERIMENTAL PROCEDURES 

Starting materials of high purity 5N elements for the synthesis of glass were weighed 
and batched in a dry box under an argon atmosphere. For halide modified glasses 3N purity 
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CsCl, CsBr or Csl was used. Neodymium was incorporated as Nd2S,. The method for 
synthesizing the glasses was a standard one. In the dry box, the products were transferred into a 
silica ampoule which was then put under vacuum for several hours at 10"3 torr and sealed. The 
sealed ampoules were then put in a rocking furnace and heated to 925°C at 1.5°C per minute. 
Before the ampoules were taken out, the rocking was stopped and the temperature was reduced 
to 800°C. This allows the reduction of bubbles in the glass and a gentler cooling. The glasses 
were cooled in air and annealed at the glass transition temperature, Tg, for several hours. 

It had been noted that often the ampoule and subsequently the glass sample would break 
during annealing. Breakage occurs because air cooled samples would often stick to the sides of 
the ampoule walls and break as the glass relaxes. This problem is avoided by very quickly 
dipping the ampoules in water while cooling. This allows the exterior to solidify quickly and 
unstick to the ampoule walls. The samples is then be placed in the annealing oven without 
breakage. 

After annealing, the samples were cut and polished using 0.5(im aluminum oxide 
powder and water. Samples containing halides polished this way did not show any initial 
sensitivity to water. The glass transition temperature and crystallization points, Tx, were 
measured by differential scanning calorimeter (DSC) using a Setaram 92 DSC. 

To obtain the Judd-Ofelt parameters, the density and index of refraction of the glasses 
were needed. Density was measured in CC14 using the Archimedes principle. The index of 
refraction was measured at 632.8nm with a He-Ne laser using the prism coupling technique. 
To obtain the oscillator strengths of the neodymium 4f-4f transitions, absorption spectroscopy 
was measured from 350nm to 3000nm using a Cary 5 Vis-IR spectrometer. Infrared 
spectroscopy was performed using a Bomem-Michelson Ml00 FT-IR. Fluorescence emissions 
and radiative lifetime measurements were carried out by directly pumping the 4F,,2 transition at 
880nm using a Ti:Saphire laser. The measurements were taken at the Universidad del Pais 
Vasco, Spain, by J. Fernandez with an accuracy of ±3%. 

RESULTS 

Glass compositions 

Work by Tver'yanovich et al. showed that in the GeS2-Ga2S;,-MCl (where M is a metal) 
ternary system, stable glasses are found when chlorides are added along the GaS, 5 tie-line. 
Having no glass formation with GeS2, it was suggested that the halides form a gallium-haiide 
complex which serves as a network terminator. Halides with the largest cation radius such as 
cesium open up the glass forming network and form the most stable glasses. In this study all 
compositions contained 25% cesium halides, giving a composition of 50GeS2 25Ga2S, 25CsX 
(X being a halogen Cl, Br, or I). These were found to give the most thermally stable glasses. 
Higher halide content would break too many of the network forming bonds and give a very 
fragile glass. For reference purposes the glasses are coded GGSC for CsCl modified glasses, 
GGSB for CsBr, GGSI for Csl, and GGS for the unmodified Ge25Ga5S70 glass. 

Table 1: Physical Propert es of Halide Modified Chalcogenide Glasses 

Glass Composition Ndu (10" cm'3) Tg +2°C Tx ±2°C Tx-Te±4°C d(ecm') riD 

GGS 25 5 70 333 506 173             2.798 2.1603 ±0/)0_Q5„ 

±0.001 
GGS 25 5 70 0.5% Nd3+ 5.69 330 513 183 
GGSC 347 . 3.06 2.016 

GGSC 0.5% Nd3+ 5.41 348 492 144 
2.031 ±0.001 GGSB 347 . 3.197 

GGSB 0.5% Nd-,+ 5.39 348 . - 
GGSI 347 . 3.279 2.0559 ±0.0005 
GGSI 0.5% Nd,+ 5.99 342 - - 

Physical Properties 

Table 1 lists Tg, Tx, the density d, and the index of refraction nD of the glasses. DSC 
measurements of undoped samples containing cesium halides show no crystallization peaks up 
to 550°C, the limit of the apparatus. Halide modified glasses were stable enough to be placed 
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directly in the annealing oven from the synthesis furnace without crystallization. The GGS 
glass showed a crystallization peak at 506°C but the separation, Tx -T is large enough to give a 
stable glass and remains relatively stable when Nd3+ ions are added. However in the GGSC 
glass, a strong crystallization peak appears as soon as a small amount of Nd2S3 is added, and is 
limited to 0.25% Nd2S3 (0.5 cat.% Nd3+). Compositions containing Csl, on the other hand, 
show no crystallization even with higher amounts of rare earth ions; up to 1.0 cat.% Nd3+ was 
incorporated with no sign of crystallization (9.8 
attempted. 

10    cm"). Higher concentrations were not 
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FIG 1: Infrared transmission of GGSI glass after 
3 months exposure to air; and after 24hrs. heated 
at 300°C under an argon atmosphere 
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FIG 2: Visible bandgap absorption in GGS, 
GGSI, GGSB, GGSC, glasses. %l2 -> 4G7/2, 
4G7/, transition is visible at 535nm 

Infrared optical transmission measurements were made to monitor the sensitivity of these 
glasses to atmospheric moisture. GGS glass is totally insensitive to humidity, but halide 
modified glasses samples showed large absorption bands corresponding to H,0 and OH", and it 
was initially supposed to come from a mistake in the synthesis of the glass. However these 
bands were found to increase over time showing no visible degradation to the glass. This effect 
is due to a curious phenomena where the glass absorbs molecular water like a sponge on the 
surface without any apparent chemical modification. The water could then be removed simply 
by heating the glasses above 100°C in a dry atmosphere. This reversible surface effect should 
not affect the radiative performance of the rare-earth ions incorporated into the glass. However 
an absorption band corresponding to S-H vibrations remains unchanged and is found in the 
bulk of the glasses. This is a common problem associated with sulfide glasses, and is found 
also in the GGS glasses. 

580 600 
Wavelength (nm) 

FIG 3: Absorption of the 4I9/2 ->
4G5,2 

2G7/2 

transition in GGSI and GGSC glasses. 

Rare-Earth Spectroscopy 
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FIG 4: %l2 -* 4F7, 
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Transitions in GGSI and GGSC glasses 

When halides are added to sulfide glasses the band gap is progressively shifted to 
shorter wavelengths with increasing halide content and goes from light orange for the GGS 
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glass to a pale yellow for the GGSC glass. The band gap taken arbitrarily at 5 cm"1 gives a value 
of 502nm for GGS glass, 458nm for GGSI glass and 431nm for GGSC and 426nm for GGSB 
glasses (Fig 2). It is to be noted that glasses modified with bromide and chlorine have similar 
bandgaps. 

With neodymium doping these glasses turn slightly green. The glasses used for rare- 
earth spectroscopy were doped at 0.5% Nd3+; the concentrations are listed in table 1. The 
oscillator strengths for the neodymium 4f-4f transitions when compared to oxide or fluoride 
glasses are several times stronger, giving elevated Judd-Ofelt parameters. The largest oscillator 
strengths are found in the GGSI glasses with only slightly weaker transitions for the GGS and 
GGSB glasses. However, when CsCl is incorporated into the glass the oscillator strengths are 
reduced almost by half when compared with the other glasses (Figs 3,4). Transitions in the 
CsCl modified glass are also blue-shifted due to the neuphelauxic effect and a higher ionicity of 
the glass matrix. 

For Judd-Ofelt calculations, oscillator strengths (Table 2) were obtained in the Nd + 

doped samples by integrating the effective cross section of the transitions and used in the 
equation: 

/=-5£-| a(v)dv 
7te N«' 

where m is the electron mass, e the electron charge, c the speed of light and N is the 
concentration in cm"3 of Nd3+ all in cgs units. The Judd-Ofelt parameters were determined using 
the reduced matrix elements U(,) for Nd3+ in NdF3 calculated by Argonne National Labs [15]. 
The values of the index of refraction was assumed to be constant, and only electric dipole 
transitions were taken into consideration such that a transition of average frequency v from a 
level J to J' is: 

fO;T) = 
8TC mv n[n2+2]2 

3h(2J+l)e2n2 
Sed(J;J'), 

where Sed is the electric dipole line strength: 

SeiJ;J')=e X ^tlWj||u(t)||4/J' 
t=2,4,6 

The Judd-Ofelt Q, parameters were then calculated by fitting using a least squares method. The 
root mean square deviation (rms) are an order of magnitude larger than the values found in the 
literature for fluoride glasses, however the oscillator strengths are much larger and smaller a 
number of transitions were used for fitting. The Judd-Ofelt parameters for the studied glass 
compositions are given in table 2. The average wavelengths for transitions were the same for all 
the sulfide glasses except GGSC which is blue shifted. As compared to fluoride glasses, the Q 
parameters are larger due to the increased oscillator strengths. However, in fluoride glasses the 
£l2 parameter is small in relation to the ß4 and Q6 parameters [16]. 

Table 2: Judd-Ofelt Parameters and Calculated Radiative lifetime for Halide Modified Chalcogenide Glasses 
Oscillator Strengths (10s) 

%,2 -» GGS GGSI GGSB GGSC 
X (nm)      Measured Calculated Measured Calculated Measured Calculated X (nm) Measured Calculated 

AG^|2 AGgi2 528 1404           1739 1643          1817 526J 1061 1251 
4G5/2 207/2 595 6756 6757 6922          6900 6905         6894 591 4634 4622 
4FM 4Sj,2 756 1425 1536 1446           1660 1333          1483 753 949 1089 
Fa/2 "H9/2 814 2154 2010 2251           1892 2099          1846 810 1557 1316 
Fl/2 890 828 968 878            766 829           837 886 605 578 
I15/2 1662 74 41 67              47 61             41 1659 ill 30 
»13/2 2533 367 294 374            323   
8RMSÜ0-8) 141 (1.21%) 275 (2.06%) 198 (1.54%) 195 (2.20%) 
Judd-Ofelt Parameters (1020 cm2) 
Q2 8.06 11.3 10.8 7.09 
«4 13.7 11.3 13.1 8.99 
fi6 6.16 7.58 6.79 5.03 
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In this work, the calculated Q2 parameter relies largely on the 4I9/2 H> 
4G5/2 hypersensitive 

transition. It is found that this transition has significantly larger oscillator strengths relative to 
other transitions in the sulfide glasses resulting in stronger ß2 parameters. This transition is 
thought to be an indicator of the overall covalency of the ligands surrounding the rare earth ion. 
Accordingly, in the GGSC glass the Q2 parameter is reduced. 

The Judd-Ofelt parameters allow us to calculate the excited state emission probabilities 
and the branching ratio of Nd3+ transitions in the glass host (table 3). The U(2) reduced matrix 
element is zero, in the 4F3/2 -> 4I]5/2,4I13/2,

4Iu/2,4I9/2 transitions giving that the over all lifetimes 
are only dependent on the Q4 and Q6 parameters, and the index of refraction. The total emission 
probabilities are strongest in the GGS glasses due to the higher index of refraction, but the 
GGSI glass gives the largest branching ratio and emission probability at the important 1.3 {im 
telecommunications window. The Unreduced matrix element is zero for the 4F3/2 -> 4Il3/2 
transition, so that it is only reliant on the £\ parameter and the index of refraction. 

The radiative probabilities of the GGS glass varies slightly with that found in the 
literature, but are similar. Abe et al. found Judd-Ofelt parameters of 10.6, 9.29, 7.08 (ß2A6 

respectively) for Nd3+ in a glass of the same composition resulting in a calculated radiative 
lifetime of 74 |is [2]. 

The measured radiative lifetime in GGSC glass was exponential indicating no competing 
decay phenomena. However, the value for the measured lifetime (121(is) was longer than that 
predicted by the Judd-Ofelt theory (10411s). This normally cannot occur since any competing 
non-radiative decay shortens the total radiative lifetime, but this falls within the accuracy of the 
Judd-Ofelt theory. 

Table 3: Calculated spontaneous emission probabilities for sulfide glasses; Measured radiative lifetime 
for GGSC glass 

GGS GGSI GGSB GGSC 
4F.V2 -> A.(nm) A(s-') ß        : A (s1) ß            A (s"1) ß X (nm) A(s"'L„ß  

3T" 07ÖÖ3 115/2 1916 47 0.003        48 0.004          41 0.003 1897 
113/2 1372 962 0.056      983 0.071         842 0.061 1364 

1074 
617    0.064 

ill/2 1080 6830 0.394    5973 0.433      5629 0.407 4004    0.417 
Iy/2 890 9483 0.547     6808 0.493      7304 0.529 888 4954    0.516 

Aiotal (S   ) 17322 13812 13816 9606 
104 Tcalc (US)       1 58 72 72 

Measured x (Us) 121 ±4 

DISCUSSION 

Electric dipole transitions in rare earths are sensitive to their environment in that covalent 
polarizable bonds allow greater movement of the 4f electrons during the transition. Since iodine 
and sulfur are highly polarizable, oscillator strengths are increased proportionately, and are only 
slightly reduced when CsBr is added (Table 2). However, when CsCl is added to the 
composition, the oscillator strengths are significantly reduced, more so than one would suppose 
given the ratio of sulfur to chlorine in the composition. In this composition there are 7 sulfurs 
for every chlorine atom. The significant reduction in transition intensity indicates that the 
neodymium cations show a preference for chlorine anions. This is in agreement with the theory 
that rare-earth trivalent ions are considered to be "hard" acids which are preferentially 
coordinated with "hard" bases [12]. The so called "hard" bases are low polarizable ligands that 
have high electron affinities such as F and Cl'; Br" and I" are considered to be "soft" bases. In 
the CRC Handbook of Chemistry and Physics the listed electron affinities are 3.61, 3.36 and 
3.05 eV for Cl, Br and I respectively. On comparison with the electron affinity of sulfur at 2.08 
eV, Nd + would show a preference for all the halides. However what is most likely to explain 
the reduction in oscillator strength in the CsCl modified glasses is the polarizability. Chlorine 
has a polarizability of 2.18, in units 10'24 cm"3, where as sulfur has higher polarizability of 
2.90 and 3.05 for Br and 5.35 for I. This would indicate that if Nd3+ has a preference for anions 
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with a larger electron affinities, the absorption intensities are largely influenced by the 
polarizability of the ligands. 

The total radiative probabilities in the halide glasses are reduced mostly due to the 
reduction of the refractive index as compared to the GGS glass, However, the large absorption 
coefficients and favorable Judd-Ofelt parameters give similar lifetime to the GGSB and GGSB 
glasses. Only the CsCl modified glass has a significantly lowered radiative probability which 
can be attributed to lowered Q4 and Q* parameters. 

CONCLUSION 

Chalcogenide glasses are a well researched medium for use in for rare-earth doped 
amplifiers. Halide modified chalcogenide glasses can be used to control some of the parameters 
which need to be optimized for efficient amplification. In this way a compromise in glass 
attributes can be envisioned such that rare-earth absorption coefficients remain strong while 
expanding the short wavelength window of the glass host. In this case Ge-Ga-S glasses 
modified with CsBr present the best compromise for high transparency and strong rare-earth 
absorption coefficients. 

For glasses containing halides there are often problems associated with atmospheric 
moisture, as is the case for the current glasses studied. However, since the effect is a priori a 
surface phenomena where there is no degradation to the transparency, optical systems could still 
be envisioned. The diffusion rate of into the glass is still unknown, but it has been noted that the 
diffusion rate follows the concentration of halides in the glass. 
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ABSTRACT 

High purity (GeS2Vx(Sb2S3 )20. xNdCl3, x = 0, 0.01, 0.1, 0.5, glasses were prepared 
and their optical properties determined. The Ge~Sb-S system dissolves up to 0.5 mol. % 
of NdCl3. The structure of these glasses is formed by interconnected GeS4 tetrahedra 
and SbS3 pyramids as it follows from the Raman spectra. The glasses are optically well 
transparent in the range from 15400 cm"1 to 1000 cm'1. Doping with Nd creates new 
absorption bands which can be assigned to electron transfer from the 4I9/2 level to 2Gs/2, 
G7/2, Hn/2, F9/2, F7/2, S3/2, "H9/2, F5/2, F3/2, 

4Ii3/2 and 4In/2 levels. The oscillator 
strengths and Judd-Ofelt parameters were evaluated. Their values are close to the values 
of those of Nd3+ in another chalcogenide hosts. The long-wavelength absorption edge 
was found near 1000 cm"1 and is due to multiphonon Ge-S and Sb-S vibrations! In 
doped glasses, several broad luminescence bands, near 890, 1080, 1370 and 1540 nm, 
were found, which can be assigned to the transitions from 4F3/2 to 4I9/2 , to4IU/2 , to 4I]3/2 

and I15/2 electron levels. The 890nm luminescence band was excited also by 1064nm 
line and represents probably the upconversion of light. 

1. INTRODUCTION 

The luminescence of rare earth (RE)- doped glasses have been studied frequently for 
potential application in lasers, light amplifiers and light up-convertors (see, e.g. [1-7]). 
For such applications, the quantum efficiency, which is different for the same RE ion 
placed in different hosts, is important [3-5]. The non-radiative transitions to the lower 
electron energy state, when several lattice vibrations are generated, compete with the 
radiative transitions. The emission from the 4F3/2 level of Nd3+ ion to the underlying 
I15/2 level can be quenched because of the above mentioned multiphonon relaxation 

[6,7]. The whole quantum efficiency is then reduced [3,4]. 

The non-radiative decay rate, (Op, due to multiphonon relaxation, depends on the 
energy gap, AE, and phonon energy, h co, and is given by Miyakawa-Dexter equations 
[8] 

4 

(Op- cooexp 
r. 

v 
-ccAE 

fi(0 
«=ln(p/g)-l, (1) 
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where/? = ft (d, g is the electron-phonon coupling strength, and coo is a host dependent 
constant. 

For glasses with a small maximum phonon energy, the number of phonons required 
to bridge the energy gap, is large, leading to a smaller multiphonon relaxation rate [8]. 
The chalcogenide glasses, because of the larger atomic weights of their constitutive 
elements, have smaller phonon energies than do oxide glasses and the probability of 
multiphonon relaxation can be less. The energy gap between 4F3/2 and underlying I15/2 
level in Nd ions is relatively large (~ 6500cm'1 [9]). Its value, in combination with low 
phonon energies, decreases the probability of multiphonon relaxation. 

The RE compounds or elements are well soluble in oxide and halide glasses, while 
their solubility in chalcogenides, e.g. in Ge-S system glasses, is generally less and. is 
often too small for many possible applications [5]. From this point of view, the glasses 
from the system, Ge-Sb-S, similarly to the Ge-Ga-S glasses studied earlier [6], are 
promising because they can dissolve larger amounts of RE elements or their 
compounds. 

2. EXPERIMENTAL 

Samples were prepared from high purity elements (Ge, Sb, S, all of 5N-purity) and 
from neodymium chloride (NdCl3 per analysis, p.a.) in evacuated silica ampoules (T ~ 
960°C, 40 hrs) in a rocking furnace. After the synthesis, the ampoules were annealed at 
800 °C for 8 hrs and then air quenched. The homogeneity of the samples was confirmed 
by optical and electron microscopy and by X-ray diffraction. The composition and its 
uniformity was also checked by an energy dispersive X-ray analyzer (EDAX). 

The optical spectra of cut and polished planparalel plates were measured using 
spectrophotometer (JASCO V-570 (VIS, NIR)) and FT spectrophotometer (BIO-RAD 
FTS 45 (IR)). 

The Raman spectra were measured at room temperature by FT Bruker 
IFS 55/FRA106 spectrophotometer, the YAG:Nd line (1064 nm) was used for 
excitation of Raman spectra. The Ar+ ion laser lines (476.5, 488nm) and YAG:Nd laser 
line (1064 nm) were used for luminescence excitation. 

3. RESULTS 

The samples (GeS2)8o-x (Sb2S3 )2o. xNdCl3, (x = 0, 0.01, 0.1, 0.5) were orange in 
color. The glasses were optically homogeneous to the eyes and to the methods given 
above. Their X-ray diffraction patterns did not contain any peaks attributable to crystals. 
Several broad bands typical of the amorphous state were observed. The densities of 
samples were increasing a little with increasing Nd3+ content (d = 3.22-3.26 g cm'). 

The short-wavelength absorption edge lies between 500 and 600 nm in the visible 
region of the spectrum. Doping of the samples with NdCl3 (Fig. 1) creates new 
absorption bands near 16892, 16447, 14493, 13333, 12315, 11312 cm'1 (Fig. 1), which 
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are similar to the bands of Nd3+ in fluoride glasses [10,11] and in GeS2-Ga2S3 glasses 
[6]. In the spectra of glasses with higher Nd content (~ 0.5 mol.%) can be seen a weak 
absorption band near 1950 cm'1 which can be assigned to electronic transitions between 
the level I9/2 and 4In/2 of Nd3+ ion. The long-wavelength absorption edge of the samples 
was found near 1000 cm"1 and its position can be assigned to the multiphonon Ge-S and 
Sb-S vibrations. 

The reduced Raman spectrum of (GeS2)8o(Sb2S3)2o glass was given and discussed in 
[10]. In accordance with [11] the main bands can be assigned to the vibrations of SbS3 

pyramids, to the vibrations of GeS4 tetrahedra and to vibrations of S3Ge - S - GeS3 

structural units. It does mean that the structure of host glass is formed mainly by the 
"lattice" of GeS4 tetrahedra and SbS3 pyramids, which are interconnected by bridging 
sulfur atoms. An identical result was received also from the analysis of IR reflectivity 
spectra. 

The doping of Ge-Sb-S glass by Nd does not influence the IR and Raman spectra as 
can be expected, because the density of NdCl3 dissolved molecules in glassy matrix is 
low. 

In the luminescence spectra of Nd-activated glasses (Figs. 2a,b) were observed four 
broad luminescence bands, which can be assigned to the transitions between the discrete 
electron levels of Nd3+ ions. 

4. DISCUSSION 

In analogy with Ref. [6, 7, 10], the absorption bands introduced by Nd doping in 
visible (VTS) and near infrared (MR) region of spectrum can be assigned to the electron 
transitions from the ground 4I9/2 level to the2G5/2 , 2G7/2,

2Hn/2, 
4F9/2 , 4F7/2 , 4S3/2 , 2H9/2, 

F5/2 and F3/2 higher energy levels. The transitions from the 4I9/2 level to (4G7/2 , 4G9/2, 
2Ki3/2) are hidden in short wavelength absorption edge, the transition to (2Hn/2, 

2G5n , 
G7/2 ), to ( F7/2 , S3/2 ) and to (H9/2 , 4F5/2 ) levels are forming absorption with 

overlapping of individual bands (Fig. 1). 

The oscillator strength / depends on the intensity of absorption bands and can be 
calculated from 

,     mc   f   . . , 

where m and e are electron mass and charge, respectively, a(v) is absorption cross- 
section, N is the density of Nd3+ ions. The absorption cross-section is given by a (v) = 
a(y)IN, where a is absorption coefficient and N is the density of Nd3+ ions (cm"3). The 
obtained values of oscillator strengths are given in Table I. 

A set of fexp data served as the basis for calculation of the Judd-Ofelt parameters [12, 
13], Qt, using Eq. (3). 

feJaJ,a'J') = fcak{aJ,a'J') = 
%7t2mv 

3/2(2.7 + 1) 

\2 
(ft2 +2)~     - •        2 

9«     ,=ttQ' 
ajkj{t)la'J' (3) 
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where/exp and/ca/c are experimental and calculated oscillator strengths, respectively. The 
h is Planck's constant, m is electron mass, v is mean wavenumber of the absorption 
band, J is the ground-state total angular momentum of Nd (J=9/2), n is the refractive 
index of the material, Q* are the Judd-Ofelt phenomenological intensity parameters and 

the (ajiU{t)la'J'\ are the reduced matrix elements of the tensor operator, iß of rank t, 

which have been taken from [12, 13]. The obtained values of the Judd-Ofelt parameters 
,-20 areQ2-(3.1 +0.07)xl0-20cm2, 0»= (3.2 ±0.l)xI(Tucm", n6 = (7 + 3)xl(TlW. The 

Qi parameters obtained are similar to these ones for Nd   in Ga-Ge-As-S glasses [7]. 

Table I. 
Experimental (fexp) and calculated (fcaic) oscillator strengths for transitions from  I9/2 
level of Nd   ion to the level given in table 

Level Wavenumber 
Tern1! 

texp 
(10-8) 

Icalc 

(10-8) 
^3/2 11312 281 286 

F5/2,   H9/2 12315 711 705 

F7/2,    S3/2 13333 619 624 
F9/2 14493 59 54 

Hi 1/2, G5/2, G7/2 16447, 16892 2548 2550 

The luminescence spectrum of Nd-activated glasses (Figs. 2a, b) consists of four 
broad luminescence bands which we assign to the transitions between discrete electron 
levels of Nd3+ ions: 4F3/2 - %a or 4F7/2 - I11/2 (890 nm); 4F3/2 - 4In/2 (1080 nm); 4F3/2 - 
4Ii3/2 (1370 nm); and 4F3/2 -4Ii5/2 (1540 nm). The different shape of individual 
luminescence bands of NdCl3 doped glasses may be caused by difference in the 
coordination sphere of Nd3+ ions. 

The luminescence band with maximum near 890 nm has higher energy than the 
excitation light (1064 nm) and it is probably caused by an upconversion effect. The 
exciting light can transfer electrons of Nd3+ ions from fundamental level %n to the 
excited level 4F3/2 or to the 4F7/2 (4S3/2) level in two steps. The difference of energy 
between 4F3/2 and 4I9/2 level is higher (Fig. 3) than the energy of excitation light (9398 
cm _1) and the process of excitation can not proceed by absorption of one photon only. 
The slope, k, of linear dependence of log Iium vs. log IeXc is k = 1.82, where Iium is 
intensity of luminescence and Iexc is the excitation power. The quadratic dependence of 
the intensity of luminescence with the laser power indicates that the two photons 
participate in this process. The value of k is rather less than 2, which can be expected, 
because the downward electron transitions tend to equalize the populations of the 
pumped initial and final states. Such an effect is commonly observed in two-photon 
upconversion processes [14]. 

It is also possible to explain the presence of luminescence band with maximum near 
890 nm (when excited by 1064 nm light) as an anti-Stokes band excited with 
contribution of several phonons. The energy difference between the excitation and 
luminescence light maxims is -1950 cm"1, the highest energy of phonons in this type of 
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glasses can be evaluated as -400 cm"1 [5]. It does mean that ~ 5 phonons should be 
absorbed for such luminescence excitation, which seems to be less probable. 

5. CONCLUSION 

The GeS2 - Sb2 S3 glasses dissolve relatively large amounts of Nd3+ and form stable 
and homogeneous glasses. Their properties are similar to Nd-doped Ge-Ga-S and Ge- 
Ga-As-S glasses [6, 7]. Due to lower phonon frequencies in sulfide glasses than in oxide 
or halide glasses, the Nd doped chalcogenides may be good candidates for high 
efficiency light amplifiers, up-convertors, lasers and other optoelectronic devices. 
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IP9 

New Heavy Metal Oxide Glasses 

D. R. MacFarlane and P. J. Newman 

Department of Chemistry, Monash University, Clayton, Vic, Australia 

An important means of monitoring the curing of advanced polymer resins, for example 

those involved in graphite fibre composites, for aerospace applications involves 

evanescent wave spectroscopy using optical fibre technology. In order to obtain the 

most sensitive probe, the optical fibre roust transmit in the near infrared, have a high 

refractive index and a glass Transition temperature in excess of 350° C. 

We report here a new series of heavy metal oxide glasses, based on the oxides of lead, 

bismuth and gallium with the addition of germanium oxide, designed to have the 

required properties. The multicomponent mixture system investigated was (25- 

x/3)Bi203-(57-x/3)PbO-(i8-x/3)Ga203-xGeO2, x=0 to 15 mol%. The glasses were 

prepared by melting the appropriate amounts of pure oxides in a gold crucible in air 

and splat quenching the resulting viscous liquid. All the glasses were deep 

yellow/orange. 

The addition of GeCb was found to improve the thermal stability of the glass. The 

glass transition temperature increased from 330°C for the germanium free glass to 364° 

C for a glass containing 15 moI% Ge02. This improvement in glass stability is 

thought to be due to the enhancement of network formation in the glass brought about 

by the presence of GeÜ2. Addition of GeÜ2 improved the mid-infrared region of 

transparency, the transparency cut-off shifting from ca. 6 microns at x=Q to 8 microns 

at x = 15 mol%. 
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Te02 based glasses and glass ceramics materials 

F.C.Cassanjes, D.Matai, M.A.Zagheti, J.A.Varela, Y.Messaddeq and S.J.L.Ribeiro 

Institute of Chemistry- UNESP- 

PoBox355-Zip 14801-970, Araraquara-SP-Brazil 

key-words- ferroeletrics, glass-ceramics, Te02 glasses, non-linear optical devices 

Te(>2 based glasses have received great attention in the last years mainly because of the 

potential applications either as non-linear optical devices or as laser hosts for lanthanide 

containing materials. With these two guide lines we have been studying glasses in the system 

(Li20-K20)-Nb205-Te02. The vitreous domain has been established and the role of the crucibles 

material on the preparation conditions has been stressed. SnCb and gold crucibles have revealed to 

be well adapted materials for these highly corrosive melts. Tripositive lanthanide ions (Pr, Nd, Eu. 

Ho, Er and Tm) have been added to the most stable compositions and their spectroscopic 

properties studied under the Judd-Ofelt formalism for f-f electronic transitions. The role of Eu203 

as a nucleating agent has been established by Differential Thermal Analysis. With the knowledge 

of nucleation temperatures glass ceramics have been obtained from two-stage heat treatments. In 

an alternative way composite materials have been obtained by incorporation at T8 of ferroelectric 

phases as LiNb03:Ln and PLZT:Ln (Ln= Nd and Eu) in the glasses. These composite materials 

have been characterised by x-ray diffraction and electronic spectroscopy and they are suggested as 

potential candidates as laser hosts or non-linear optical devices. 
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Fig. 1. Ground state absorption cross 
section of Nd3+ ions in 
(GeS2)79.5(Sb2S3)2o(NdCl3)o.5 glass. 

Fig. 2a. Luminescence spectrum of 
the glass (GeS2)79.9(Sb2S3)2o(NdCl3)o.i. 
The bands with maximum near 1370 
and 1540 nm (excitation line 1064 nm) 
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Wavelength, nm 

18 
16 

T|14 
° 12 

Level   Absorption Emission   Upconversion 

I-  4F      4S'2 

S    8 

<F. 

Fig. 2b. Luminescence spectrum of 
the glass (GeS2)79.9(Sb2S3)2o(NdCl3)o.i. 
The bands with maximum near 890 and 
1080 nm. The band with maximum near 
890 nm was excited by 1064 nm laser 
line. The luminescence band near 1080 
nm was excited by Ar+ laser lines 
(476.5 or 488 nm). 

Fig. 3. Energy scheme of electron 
transitions in Nd3+ ion in 
(GeS2)79.5(Sb2S3)2o(NdCl3)o.5 glass. 
Possible upconversion transitions are 
given by dotted lines, corresponding 
luminescence transitions by dashed 
lines. 

IS(NOGr'98 2<f 525 



IP11 

GLASS COMPOSITIONS CONTAINING ErP04 AT HIGH 

CONTENTS. 

C.M.Moya, C.A.S.Barbosa, P.Melnikov, S.J.L.Ribeiro and Y.Messaddeq 

Institute of Chemistry - UNESP 

PoBox355-Zip 14801-970, Araraquara-SP-Brazil 

e-mail younes@iq.unesp.br 

key-words: erbium phosphate glass, infrared emission. 

Glasses containing ErP04 are not known. The present work deals with  the 

study of ternary system ErP04-BaF2-InF3 (mol %), where their formation has been 

discovered. It is  to be noted that a strickt condition for glass stabilization is the 

usage of high purity ErP04. That is why a special technique for the synthesis of this 

precursor  has   been   developped  and  implemented.   It  consiste   of Er(OH)3 

precipitation and its further conversion into ErP04 by addition of stoichiometric 

quantity of H3P04, at room temperature. After dehydration at 180°C, the product is 

fired at 900°C during 2 hours. High purity ErP04 samples were obtained and used 

for glass preparation. Glass compositions up to 30% mol Er3+ have been obtained in 

this system and their characterization performed by Thermal Analysis, X - ray 

Diffraction and Vibrational Spectroscopy (IR Absorption and Raman Scattering). 

Data on binary system with glass composition 70% TnF3 - 30% ErP04 are also 

reported. Special attention has been paid to the infrared emitting properties of the 

obtained glasses which may be considered as    promising materials for the 

preparation of advanced optical devices. 
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Universidad del Pais Vasco, Alameda Urquijo s/n, 48013 Bilbao, Spain 

ABSTRACT 

Rare-earth-rich fluoroarsenate glasses are synthesized in the Na20, AS2O5, BaF2, YF3 system. 
Physical constants are given for the most stable compositions. The behavior of neodymium 
ions in the in (40 Na4As207 - 30 BaF2 - 30 YF3) glass is investigated in terms of emission 
spectroscopy and lifetime measurements as a function of temperature and concentration. 
Time-resolved line-narrowed fluorescence spectra of the 4F3# -¥ \a transition show that 
energy transfer occurs between non-resonant sites. A quantitative measure of the transfer as a 
function of time indicates that a dipole-dipole mechanism dominates. In addition, the transfer 
rate is found to increase with increasing excitation energy, that is with increasing number of 
possible energy acceptors. 

New glasses were recently discovered in the Na4As2(>7, BaF2, YF3 system [1]. Stable 
compositions with YF3 content as high as 40 mol % were synthesized. These glasses are 
parent materials with fluorophosphate glasses of the NaP035 BaF2, YF3 system [2]. While 
optical properties of some active ions have been already investigated in fluorophosphates 
[3-6], the behavior of rare-earth ions in fluoroarsenate glass is unknown. 

The optical properties of rare-earth ions depend on the chemical composition of the host. 
From a fundamental point of view, the investigation of such properties gives important 
information on the structure of the glass, and on energy transfer that occurs between rare-earth 
sites. 

In this paper, after a brief description of the basic physical properties of ündoped 
fluoroarsenate glasses, the optical properties of Nd3+ ions are investigated by means of time- 
resolved fluorescence line narrowing (TRFLN) measurements. 

EXPERIMENTAL PROCEDURES. 

The raw materials are commercial BaF2, Y2O3, and Na2HAsC>4-7H20. The yttrium and 
neodymium oxides are fluorinated by a classical reaction with ammonium bifluoride NH4F, 
HF at 300°C in an open platinum crucible. The arsenate compound is obtained by dehydration 
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of Na2HAs04-7H20, in a vitreous carbon crucible heated at 300°C for 3 hours under nitrogen 
flow. A thermal gravimetric analysis confirms the dehydration. After this stage, the arsenate 
compound is introduced into a dry glove box where the various compounds are weighed. 

The use of vitreous carbon crucible for glass melting is not possible because reduction of Asv 

into As , and even As0, occurs. Thus, melting of fluoroarsenate glasses must take place in a 
platinum crucible heated at 900 °C for 15 minutes in air. The risk of reaction between 
platinum and arsenic is real, but only in reducing conditions, which is not the case in the 
present experiment. 

Then, the melt is cast into a brass mould, either at room temperature for vitreous domain 
investigations, or preheated at a temperature close to the glass transition temperature (Tg) to 
obtain bulk pieces. Finally, the samples are annealed at Tg and cooled down to room 
temperature before being cut and polished for optical measurements. 

Neodymium-doped samples are prepared by substituting NdF3 for YF3 in the initial batch. 
Glasses containing 0.1, 0.5,2 and 5 mol % NdF3 were synthesized. 

Thermal analyses were performed with 30-mg samples at a heating rate of 10 °C/min, from 
room temperature to 550°C. A Setaram model 92 Differential Scanning Calorimeter was 
employed. Densities (d) were measured at room temperature in carbon tetrachloride by the 
Archimedean method. Refractive index (nD) measurements were performed at sodium D-line 
with an Abbe refractometer. 

The samples temperature was varied between 4.2 K and 300 K with a continuous flow 
cryostat. Time resolved fluorescence line narrowing spectroscopy for the 4F3/2 -> 4I9/2 

transition were performed by exciting the samples with a Ti-Sapphire laser, pumped by a 
pulsed frequency doubled Nd:YAG laser (9 ns pulse width). The emission was detected with 
a Hamamatsu R5108 photomultiplier provided with a gating circuit designed to enable gate 
control from external applied TTL level control signal. Data were processed by an EGG-PAR 
boxcar integrator. 

RESULTS 

Glass compositions and physical 
characterization 

The glass-forming diagram obtained for 
the (Na4As207 - BaF2 - YF3) system is 
given in Figure 1. The limits correspond 
to samples quenched in a brass mould at 
room temperature, in air. 

A wide forming area of colorless glasses 
is found. They are referred to as NAsBY 
glasses. The limits of the glassy domain 
are : Na4As207: 15-75 %, BaF2: 0-55 %, 
YF3: 5-55 %. The most stable 
compositions are found in the central part 
of the domain. Stability parameter AT is 

BaF, 

Na4As207 
0   10  20  30  40  50  «0  70  80  90  100 

mol % 

Figure 1 : Glass forming diagram in the the 
(Na4As207 - BaF2 - YF3) system 
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Table I: Physical properties of undoped fluoroarsenate glasses 

Glass Tg Tc AT nD d 

composition (+ 2 °C)     (±2°C)    (±4°C)     (±0.001)     (± 0.01 g.cm'3) 

(NAs)3oB3oY4o 269 420 151 1.548 3.88 

(NAs)4oB3oY3o 277 390 113 1.555 3.72 

(NAs)5oB3oY2o 272 353 81 1.554 3.60 

as high as 151 °C for (NAs)3oB3oY4o glass, as reported in Table I. Such compositions can 
easily be cast in bulk pieces, a few millimeters thick. In this central area, we have observed 
that, for a given BaF2 content, the glass stability decreases with increasing Na4As207 
concentration. Thus, the data in Table I show that AT drops to 113 °C for (NAs)4oB3oY3o 
glass, and 81 °C for (NAs)5oB3oY2o. In addition, it is to be noted that glasses can be 
synthesized in the Na4As207-YF3 binary system. They exhibit a good stability, with a AT 
parameter of about 100°C for the (NAs)60Y4o glass. 

Optical properties of Nd3+ ions 

With a full transparency from 400 run to 2700 nm, Nd3+-doped (NAs)4oB3oY30 glasses show 
as many as thirteen optical transitions in their absorption spectrum. In a previous report [7], 
we have determined the J-0 parameters: Q2 = 4.04 , Q4 = 4.31 , and Q6= 6.65, in (10"' cm ) 
units. It is well established that Q2 increases with the covalent nature of the host. In 
fluoroarsenate glass, Q2 is intermediate between the values reported for fluorophosphate 
glasses (2.4 - 3.7) and pure phosphates (> 4.0) [8], This is consistent with the facts that 
arsenates are more covalent than phosphates and that fluorine increases the ionic character of 
the glass. 

By means of the J-0 parameters, the radiative lifetime is found to be 301 \xs for the 4F3/2 level. 
At room temperature, the upper-lying 4Fs/2 (2H9/2) levels are weakly thermalized. We have 
checked that thermalization had no influence on the 4F3/2 lifetime, so that experimental and 
calculated lifetimes can be directly compared. 

The time-resolved line-narrowed excitation spectrum was recorded for the %/2 -> 4F3/2 

transition of Nd3+ ions in (NAs)4oB3oY29.9Ndo.i glass. The spectrum, shown in Figure 2, is 
obtained at 77 K with a time delay of 1 us after the laser pulse by monitoring the 4F3/2 -> 4In/2 
emission. Two components, as expected with low-symmetry sites, are found for the 4F3/2 level 
of Nd3+. There are located at 863 and 872.5 nm. 

Lifetime measurements of the 4F3/2 level were performed at 4.2 K, 77 K and room temperature 
by monitoring the 4F3/2 -> 4In/2 emission at 1053.6 nm. The 4F3# level was directly excited at 
873.6 nm, that is in the low-energy Stark component of the 4Ig/2 -> 4F3/2 excitation profile 
shown in Figure 2. All decays were single exponentials, probably because of the use of 
narrow line excitation. The results are shown in Figure 3. Since there is no non-radiative 
relaxation from 4F3/2, the lifetime measured at low concentration is the pure radiative lifetime. 
Within the experimental error of 3%, the lifetime is similar for 0.1 and 0.5 % Nd3+, whatever 
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dependence of the Ln[(IB/lN+l] 
function on t1/2 was found, 
indicating that a dipole-dipole 
mechanism of interaction among 
the Nd3+ ions dominates in this 
time regime. The values of the 
y(EL) parameter for the two 
excitation energies were found to 
be 23 s'1/2 (EL= 11442 cm"1) and 
45s'1/2 (EL = 11481 cm'1). The 
increase of the energy migration 
rate with increasing excitation 
energy (EL) is due to the increasing 
number of possible energy 
acceptors. 

CONCLUSION 

T=4.2 K 

0 20 10 
t1/2(us1/2) 

Figure 5 : Time evolution analysis of the 4F3/2 -> 
4I9/2 emission spectrum in NAsBY:Nd3+ (5 mol %) 
by means of Eq. (1). 

In summary, rare-earth rich fluoroarsenate glasses have been synthesized in the Na20-As205- 
BaF2-YF3 system with M = Na or K. The behavior of Nd3+ ions was studied in this new 
material. Good agreement between calculated (301 jas) and measured lifetimes (284 (as) was 
found for the F3/2 level, indicating favorable conditions for applying the Judd-Ofelt theory to 
this new neodymium-doped glass system. 

Study of the lifetime as a function of Nd3+ concentration indicates that energy transfer due to 
Nd - Nd interactions takes place above 0.5 % NdF3. Analysis of time-resolved fluorescence 
line-narrowing spectra of the 4F3/2 •» 

4I9/2 transition show that energy transfer occurs between 
non-resonant sites and that dipole-dipole mechanisms dominate in the 1 us - 350 ,us time 
regime. 

Melscoet, G. Fonteneau, and J. Lucas, J. Non-Cryst. Solids (1998) 
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3+ Figure 4 : TRFLN spectra of the 4F3/2 -> I9/2 emission in NAsBY:Nd   (5 mol %). Resonant 
excitation at (a) 871 nm and (b) 874 nm. 

DISCUSSION 

From the results in Figure 3, we can conclude that there is no concentration quenching for 
0.5 % Nd3+ (4.67x1019 ions cm"3). As a result, the experimental radiative lifetime is defined as 
the average of the lifetimes measured for 0.1 % and 0.5 % -doped samples. It is equal to 
284 [is. This is in good agreement with the calculated lifetime of 301 p,s, which shows the 
validity of the Judd-Ofelt theory for neodymium ions in fluoroarsenate glasses. 

Above 0.5 %, energy transfer between Nd3+ ions is responsible for the decrease of the 
lifetime. Energy transfer processes account also for the shortening of the lifetime with 
increasing temperature, as observed for the 2% and 5% -doped samples. 

A quantitative measure of the transfer is provided by the ratio of the intensity in the narrow 
line to the total intensity of the fluorescence in the inhomogeneous band shown in Figure 4. 

Neglecting the dispersion in the radiative decay rate, and using the Foster formula for dipole- 
dipole energy transfer, one can write for the relationship between the integral intensities of the 
broad background emission IB, and the narrow luminescence component IN: 

Lit 
\IN 

+ 1 =r{EL)t 1/2 (i) 

The macroscopic parameter y (EL) has the meaning of an integral characteristic, reflecting the 
average rate of excitation transfer from donors to the ensemble of spectrally nonequivalent 
acceptors [9]. 

We have analyzed the time-resolved site-selective fluorescence spectra of the F3/2 -> I9/2 
transition obtained at different time delays between 1 \xs and 350 \is according to Eq. (1). 
Figure 5 shows the results for two excitation energies. As can be observed, a linear 
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the temperature is. Above 0.5 % Nd3+, the 
lifetime decreases down to 126 u.s at room 
temperature for 5 mol % NdF3. 

The existence of energy transfer between Nd3+ 

ions in these glasses can be studied by using 
time resolved fluorescence line narrowing 
(TRFLN) spectroscopy. If the laser source is 
pulsed and ion-ion interactions are present, the 
TRFLN technique provides us with a way to 
measure optical energy propagation from the 
initially excited subset of ions to other elements 
of the inhomogeneously broadened line. This is 
done by observing the emission characteristics 
of the system as a function of time. Resonant 
time-resolved fluorescence line narrowed 
emission spectra for the 4F3/2 "> %n transition 
were performed  for the  5   % Nd3+-doped 

850 860 870 880 

Excitation wavelength (nm) 

890 

Figure 2: Time-resolved line-narrowed 
excitation spectrum of the %/2 -> 4F3/2 

transition of Nd3+ ions in 
(NAs)4oB30Y29.9Ndo.i glass. Time delay 
of 1 |as after the laser pulse by monitoring 
the F3/2 -> 4In/2 emission. 

sample, at 4.2 K. Excitation was at different 
wavelengths into the %/2 -> 4F3/2 absorption 
band and spectra were recorded at different 
time delays after the laser pulse. It is important 
to    perform    the    measurements    at    low 
temperature to ensure that only the lowest 
energy Stark  level  of the  ground state  is 
excited. Typical results of these measurements 
are given in Figure 4, which shows the spectra 
at time delays between 1 JLS and 350 JJS, for two different excitation wavelengths, 871 nm 
(high energy wing of the low energy component 4I9/2 -> 

4F3/2 absorption band) and 874 nm 

(energy at the peak of the low energy component of 4I9/2 -» 4F3/2 absorption band), 
respectively. In the spectra, 
we observe a simple FLN 
line and a broad emission 
which arise from the non- 
narrowed inhomogeneous 
line. As time delay 
increases, the relative 
intensity of the narrow line 
and the broad (non 
selected) emission change. 
The latter becomes 
stronger indicating the 
existence of energy 
transfer between discrete 
regions of the 
inhomogeneous broadened 
profile. 
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Figure 3 : Lifetime of the 4F3/2 level as a function of Nd3+ 

concentration and temperature. The lines are only guides for 
the eye. 
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ABSTRACT. 

Fluorophosphate systems can lead to a large variety of glasses with high concentrations of 

rare earths. In order to study the glass forming behavior of arsenic pentoxide in similar 

oxyfluoride systems, glass formation has been studied in new rare earth rich oxyfluoride 

systems M20-As2C>5-BaF2-YF3, where M = Li, Na or K. Physical, thermal and optical 

properties have been measured in these new glasses. A particularly large glass forming region 

has been found in the sodic system. Stable glasses can be cast with glass transition 

temperatures around 270°C. Fluoride rare earth concentrations as high as 36 % molar can be 

introduced in these matrixes. The introduction of lithium in the glasses significantly improves 

their chemical durability. 

1.   INTRODUCTION. 

Because large concentrations of rare earths can be introduced into the NaP03-BaF2-LhF3 

system (Ln = rare earth) [1], we have studied glass formation in similar oxyfluoride systems, 

and in particular in fluoroarsenate systems. The glass forming role of phosphorous pentoxide 

P2O5 is well known, and similar behavior has been demonstrated for arsenic pentoxide AS2O5 

[2-5]. Hence we have begun studying systems containing arsenic pentoxide (AS2O5) as glass 

former, alkali metal oxide M2O (M = Li, Na or K) and barium fluoride (BaF2) as modifiers, 

and yttrium fluoride (YF3) as a model for the behavior of fluoride rare earths in these systems. 

The interest of this kind of glassy host is for example for visible light sources, since fluoride 

glasses are very good materials for these types of applications [6]. When a rare earth such as 

terbium is introduced into the glass, faraday rotator properties are enhanced and an optical 

isolator application can be envisaged [7-8]. Thus, the aim of this work has been to establish 

the glass formation in rare earth rich fluoroarsenate systems, to identify glass forming regions, 

and to characterize these glasses with regard to their transparency range, thermal behavior, 

densities and refractive indices. 
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2. EXPERIMENTAL PROCEDURES. 

2-1. Glass synthesis. 

The raw materials used for these studies are commercial grade BaF2, Y203, Na2HAs04- 

7H20, KH2As04, As205 and Li2C03. Yttrium oxide is fluorinated with ammonium bifluoride 

NH4FHF at 300°C in an open platinum crucible and is converted to yttrium fluoride [9-10]. 

Arsenate compounds Na4As207 and KAs03 are obtained by dehydration of Na2HAs04-7H20 

and KH2As04 respectively. Reaction between As205 and Li2C03 in aqueous solution leads to 

precipitation of Li3As04. After filtration and drying, Li3As04 is mixed with As205. Heating at 

600°C leads to LiAs03. The fluoroarsenate glasses are prepared by mixing the different 

compounds required amounts, and melting them in a platinum crucible heated at 900 °C for 

15 minutes, in air. Typically 15 g batches are melted. The melt is then either cast into a brass 

mold at room temperature, or preheated near glass transition temperature (Tg) to obtain bulk 

pieces, which are then annealed before cooling to room temperature. 

2.2. Glass analysis. 

In order to confirm the glass composition after synthesis, because compounds such as 

AsF3 or AsF5 can volatilize, and also to verify the arsenic oxidation state, the glass is 

dissolved in 10 N non-oxidizing cold chlorhydric acid. This solution is then used for fluorine 

and arsenic proportioning. Fluoride ions are titrated using a specific electrode and a 

millivoltmeter coupled with an automatic proportioning device, whose precision is 10"2 cm3, 

calibrated with NaF solutions. Proportioning is obtained by the addition method [11]. In order 

to establish the presence or absence of As111 in the dissolved glass solution, an excess of an 

oxidizing agent, such as K2Cr207, is added to the solution, in order to oxidize all of the 

arsenic to Asv. Any remaining CrVI is titrated by Fe". The measurement of the arsenic present 

is realized by reduction of Asv to As111 with an excess of an iodide solution, which is then 

titrated by Na2S203. The methods were checked with KH2As04 and KAs02 standards 

solutions. 

2.3. Physical characterizations. 

Densities were measured by the Archimedean method. Refractive indices were 

determined with an Abbe refractometer at the sodium D light. Thermal analyses have been 

performed on 30 mg samples, at a heating rate of 10K/mn, from room temperature to 550°C. 
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3. RESULTS. 

3.1. Glass synthesis and physical characterisations. 

The glass forming regions obtained in the Na4As207-BaF2-YF3 and KAs03-BaF2-YF3 

systems are given figure 1. 
□ Vitreous phases 

BaF 

Na*As20 

Crystallized phases BaF, 

KAs03 

Figure 1: Glass forming regions in Na4As207-BaF2-YF3 and KAs03-BaF2-YF3 systems. 

The boundaries correspond to samples poured in a brass mold at room temperature, in air. The 

glass transition temperatures (Tg) and crystallization temperatures (Tx) were determined from 

thermal analysis. Data for some of these glasses are presented in Table 1. 

Table 1: Physical properties of some fluoroarsenate glasses. 

Glass 
composition 

Tg(°C) 
(± 2 °C) 

Tx (°C) 
(+ 2 °C) 

Tx-Tg (°C) 
(±4°C) 

nD 

(± 0.001) 
P (g-cm_i) 

(±0.01) 
A30B30Y40 269 420 151 1.548 3.88 

A30B40Y30 284 412 128 1.545 3.92 

A40B30Y30 277 390 113 1.555 3.72 

A4oB20Y4o 288 397 109 1.549 3.68 

K-7oBioY2o 230 340 110 - - 

Aa(Kk)BbYy, glass composition in molar percentages a, k, b, y; A, Na4As207; K, KAs03; B, BaF2; Y, YF3; Tg, glass 

transition temperature; Tx, crystallisation temperature; nD, refractive index at sodium D radiation; p, density. 

A representative transmission spectrum is presented figure 2. 
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Figure 2: Transmission spectrum of A4OB2QY4O glass (1.82 mm thickness). 
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Composition analysis by proportioning shows that essentially no fluorine is lost during 

melting (table 2). So there is no formation of volatile compounds such as AsF3 or AsF5. 

However, there is a small deviation in the arsenic concentration as well as a presence of 

reduced arsenic. This is explained by the observed accelerated aging of platinum crucibles, 

which suggests a reaction between arsenate compounds and platinum. The reducing agent 

involved is assumed to be residue from the NH4FHF used in the fluorination of Y203. 

Tabje2: Fluorine, As111 and Asv proportioning results for some fluoroarsenate glasses. 

Glass 
composition 

Present As"1 % 
(±0.3) % 

Present Asv % 
(±0.3) % 

Total As present % 
(±0.6) % 

Present fluorine % 
(±0.3) % 

A60B20Y20 2.8 96.4 99.2 99.8 

A50B30Y20 2.3 97.2 99.5 99.9 

A40B30Y30 

*   D V 

4.3 95.2 99.5 100.0 

As shown figure 1, a wide glass forming region of colorless glasses occurs in Na20- 

As205-BaF2-YF3 system. Compositions near the center are stable (Tc-Tg can be as high as 

150°C for A30B30Y40 glass for example) and they can easily be cast into bulk pieces (30 x 10 x 

10 mm). In the case of KAs03-BaF2-YF3 system, the glass forming region is smaller. 

Nevertheless a stable glass is obtained for the K7oB,oY2o composition with a difference in Tc- 

Tg of 110°C. The chemical durability of these glasses is poor. The measurement of an 

infrared spectrum after few hours of exposure to room atmosphere shows the apparition of a 

strong absorption band at 2.9 urn (OH vibration). Surface devitrification occurs because of a 

reaction with atmospheric water. In order to improve the chemical durability of these new 

fluoroarsenate glasses, some compositions have been investigated in the sodic system with the 

aim of reducing the sodium amount present in the glass. The most stable glass (A30B30Y40) of 

the Na4As207-BaF2-YF3 system has been chosen as a basis. In this composition, Na4As207 

has been partially substituted by LiAs03 and glasses have been synthesized in the LiAs03- 

Na4As207-BaF2-YF3 system (table 3). The higher ratio Li/Na allowing glass synthesis is 1.25. 

The chemical durability of these Li-containing glasses is considerably better than these of 

previous ones. After 24 h of exposure to room atmosphere, their infrared spectrum shows no 

modification. What's more, for sodic glasses, the transmission falls down to 65% after 6 

minutes in water. For lithium containing glasses, it must be wait 90 minutes before seeing a 

small alteration in the infrared spectrum (figure 3). 
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Table 3 : Incorporation of lithium in fluoroarsenate glasses. 

Glass 

composition 

Tg(°C) 

(±2°C) 

Tx (°C) 

(± 2 °C) 

Tx-Tg(°C) 

(+4°C) 

L25A5B30Y40 308 366 58 

L20A10B30Y40 310 360 50 

L10A20B30Y40 293 368 75 

L5.5A24.5B30Y40 298 403 105 

LiAaBbYy, glass composition in molar percentages 1, a, b, y; L, LiÄsÖ3; A, Na4As207; B, BaF2; Y, YF3; Tg, 

glass transition temperature; Tx, crystallisation temperature. 
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Figure 3 : Infrared spectra of a lithium containing fluoroarsenate glass, 
a : just polished - b : after 5 mn in water - c : after 90 mn in water 

4. DISCUSSION. 

These new fluoroarsenate glasses are singular compare to classical fluorophosphate 

glasses. There composition is particular. They present a high concentration in rare earth. The 

most stable composition, 18.75% As205, 25% YF3, 37.5% Na20, 18.75% BaF2, contains 25 

% mol rare earth. Since this composition is leading to glass, the melt is highly polymerized, 

with a high connectivity between polyhedrons. Then, yttrium must play a glass former role. 

Indeed, when we examine the ratio anion (O+F) on former cation, we are in a particular 

situation. If arsenic is the only glass former, then this ratio is equal to 6.5. A seven-fold 

coordination should be envisaged. This is highly unlikely for the chemistry of arsenic. With 

yttrium as glass former, the ratio anion (O+F) on former cation (As+Y) is pretty close to four. 

It must be also noted that the ratio oxygen on fluorine is close to 1 and that the concentration 

in modifier cations (sodium and barium) is particularly high (BaF2 + Na20 = 56.25 % mol). In 
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front of this situation and to account chemical singularity of these glasses, we propose two 

structural hypotheses. They are based on two possible coordinations for arsenic, 4 and 6. On 

one hand, on the basis of a 4-fold coordination, it could be envisaged [As03F] tetrahedrons, as 

observed for phosphorous in fluorophosphate glasses [12-13]. These tetrahedrons could be 

connected with [Y05F3] polyhedrons. All oxygen atoms are bridging, except one for yttrium 

and arsenic. Thus, the chemical characteristics of the composition are respected. The high 

concentration of modifier cations is in favor of this opened structure. But the connectivity of 

yttrium polyhedrons is low (four bridging oxygen for yttrium 8-fold coordination). On the 

other hand, on the basis of a 6-fold coordination for arsenic, it can be obtained a higher 

connectivity for yttrium polyhedrons. Indeed, in this case, [As04F2] polyhedrons connected 

with [Y05F2] ones could be envisaged, with all bridging oxygen atoms. Then, five oxygen 

atoms are bridging for yttrium seven-fold coordination. Also, combination of 4-fold and 6- 

fold coordination for arsenic could be possible. 

5. CONCLUSION 

A new family of glasses has been identified. These glasses are rare earth rich fluoro- 

arsenate glasses. They are synthesized in M20-As205-BaF2-YF3 systems where M = Li, Na or 

K. A large glass forming region was found in the sodic system, where stable glasses can be 

cast, with glass transition temperatures around 270°C. Rare earth contents as high as 36 % 

molar can be introduced in these glasses. Introduction of lithium in the composition 

significantly improves the chemical durability. Considering the chemical singularity of these 

glasses, two structural models are proposed, according to arsenic coordination. 
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ABSTRACT 

New oxysulphide glasses involving Sb2Os, Sb2S3and MxS which have different 

features from classical oxide glasses and pure chalcogenides glasses have been pre-. 

pared. Glass forming regions have been shown in the Sb203-Sb2S3, Sb203-MxS bina- 

ry systems and ternary systems. These glasses are easy to prepare and chemieally 

stable. The thermal and optical properties of the glasses have been measured and 

compared with the glass of Sb203 and the glasses of Sb203-RX2. The glasses are 

transparent ranging from 0. 7um up to 7. Oum and AT>90C- The glasses are po- 

tential candidates for IR transparent glass around 0. 7-7. Oum. The value of o (100— 

200'C) of the glasses is about 10~5 Q~' cm-'. 

INTRODUCTION 

The oxysulphide and oxyhalide glasses, chalcohalide glasses containing oxide 

and sulfide or halide components have been studied intensively in recent times P3 

Their glass-forming ability are often better than pure oxides and chalcogenides1*3. 

For some properites they are even better than that of pure oxide glasses. Sb203 is 

considered as a glass former. But pure single component glass in loo difficult to pre- 

pare. Kordes who prepared a few milligrammes of the glass was the first to succeed 

in overcoming the problems of preparation. Dubois^3 prepared Sb203-RXm oxyhalide 

glasses. It was expected that, by adding the sulfide as a modifier, the glass-forming 

ability of Sb203 would have been improved. In this paper new oxysulphide glasses in- 

volving Sb203 and Sb2S3, MxS are reported. Glass-forming regions have been 

shown. The characteristic temperature, the IR. UV transmission spectras and the 

electrical conductivity of the glasses sample have been measured. 

EXPERIMENTAL 

The starting materials are AR Sb203, Sb2S3, MxS.  A mixture of Sb203 and 

Sb2S3 or MxS was put into a covered quartz crucible in an argon atomsphere and 
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rapidly heated to a temperature between 800 and 850"C. The mixture was comtplete- 

ly melted and quenched in air after melting homogeneouly for several minutes. Glass 

flakes with the thickness of 0. 5 —2mm were found. The melt was poured into a bass 

mould at 280"C » then cooled showly down to room temperatave. 30(mm)X30(mm) 

X5mm thick pieces of glass were obtained. 

The glass-forming region of the system was determind by X-ray diffractometry. 

The thermal properties of these glasses were measured using a DT-3013 with a heat- 

ing rate of 10 Ks-1. The IR spectra were recorded by a spectraphotometer (Nicolet 

SX— 107). The UV spectra were recorded by a spectrophotometer (Hitachi U — 

3400). 

RESULTS 

Binary glasses may be formed by combining Sb203and Sb2S3, K2S, Na2S, ZnS. 

The composition ranges are shown in Fig. 1 Numerous ternary glasses are derived 

from these binary associations. The vitreous areas are shown in Fig. 2 The results of 

DTA are given in tablel. The influences of Sb2S3contint on Tg and AT are shown in 

Fig. 3. Fig. 4. Typical transmission curves are shown in Fig. 5,Fig. 6 for a glass sam- 

ple of 2mm thickness. 

SbjOs        80        60 

• DEL 

40 20 K2S 

(Na2S) 

-i—-—i i 

Sb203        80       60       40       20       ZnS 

Sb203        80        60       40       20       Sb2Ss 

SbjO» mol %-  

Na,s Sb,0, 

Fig. 1.     Glass-forming range in the binary Fig. 2.     Glass forming range in the ternary 

system. system. 
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Fig. 2.     Glass forming range in the ternary system 
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Fig 5.     UV transimission spectra of glass. 
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Fig 6.     1R transmission spectra of glasses. 
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Table I.     The characteristic temperature of the glasses 

System Composition (mol%) TgCC) TcCC) Tc-TgCC) 

Sb203
<0> 

100 245 296 51 

Sb203-Sb2S3 

80 : 20 
60 : 40 
50 : 50 
40 '. 60 
20: 80 

225 
250 
241 
238 
225 

349 
351 
356 
350 
318 

94 
101 
115 
112 
93 

Sb2S3
<B> 

174 174 i74 0 

Sb203-K2S 80 « 20 246 404 158 

Sb209- Na2S 90 : 10 257 363 106 

Sb203-ZnS 90 : 10 265 368 103 

Sb203-K2S-ZnS 80 : 10 :  10 285 398 113 

Sb203-K2S-Na2S 80 : 10 : JO 270 390 120 

Sb2Os-ZnS-Na2S 80 :   10 : .10 275 390 115 

Sb203-PbCl2 <s> 
70 : 30 264 340 76 

Sb203-ZnF2 
1 

80 : 20 203 265 62 

The electrical conductivity of these glasses was measured (Tab. 2). The electri- 

cal conductivity of the oxysulphide glasses is similar to chalcohalide glasses, is 

greater than the multicornpenent chalcogenide glasses. The conduction mechanism 

requires further study. 

Table 2.     Electrical conductivity of glasses 

System 

Sb203-K2S 

Sb203-Sb2S3 

Sb2S3-Na2CI[l] 

Sb2S3-TI2Sm 

Composition (mol%) 

80 : 20 

60 : 40 

80 : 20 

80 : 20 

TCC) 

100-200 

100-200 

100-200 

180 

oCQ-'cm-1) 

2X10-5 

3. JX10-" 

4X I05 

6. 8X10-7 

DISCUSSION 

From tablel,we can see, comparing with Sb203 glass , the values of Tg increase 

with adding MxS. The values of Tg first increase then decrease with adding Sb2S3. 

The values of Tc and AT increase greatly with adding MxS and Sb2S3 In the Sb203- 

Sb2S3 binary glasses, the value of AT is up to the maximum when the contents of 

Sb203and Sb2S3 is same. Comparing with single componet Sb203 glass and 70 Sbz03 

-30pbcl2 glass, shown in Tab. 1, the oxysulphide glasses have bigger value of AT. 
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It is difficult to prepare glass by using pure single component Sb203. But oxysul- 

phide glasses can be easy to prepare. The glass forming ability of Sb203 has been 

greatly improved by adding MxS, and Sb2S3. Tc-Tg can reach up 158 C, permitting 

the preparation of preforms of considerable size. From Fig. 5. we can see, the trans- 

parent domain is expanded as PbC!2 or MxS is added to Sb203and turns into narrow 

as Sb2S3 is added to Sb203. From this experement we know the U V-vis cut-off waue- 

lengtn shift to longer wauelength with increasing Sb2S3. The color of glasses are yel- 

low as adding MxS. It change from deep red to black with the increase of Sb2S3 con- 

tent. In Fig. 6. the absorption band at 3. Oum results from traces of hydroxyl groups 

and water. The transparent domain is expanded and the absorption at 3. Op in is de- 

creased when the MxS and Sb2Ss were introduced as a modifcr. The new oxysulphide 

glass has broader transparent domain than Sb2Oj glass. IR transparent range of the 

new glasses is similar to halide as a modifer. 

CONCLUCSION 

In this work, new oxysulphide glasses involving Sb203 and Sb2S3, MxS have 

been prepared. The glass-forming areas have been investigated. The glass transition 

temperature lies between 225 and 285 C > Tc-Tg between 93 and 158 C- The IR- 

transparent wavelength extends up to 7. Oum. These glasses are potential candidates 

for IR-transparent glasses 0. 7-7um. 
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