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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

8.50-9.10

Chairman:

9.10-10.10

Monday 7 September

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

D MacFARLANE (Monash University, Australia)

KEYNOTE LECTURE: *“The Glass Ceiling”
D N PAYNE -

Optoelectronics Research Centre, University of
Southampton, UK

SESSION A GLASS PHOTONIC DEVICES

10.10-10.50

10.50-11.30

A1(l) INVITED PAPER

“Non-silica glass fibre amplifiers”

T KANAMORI', Y NISHIDA', A MORI', K KOBAYASHI'"
M YAMADAZ, T SHIMADA', M SHIMIZU' & Y OHISHI?
"NTT Opto-Electronics Laboratories, Ibaraki, Japan

2 NTT Electronics Corporation, Ibaraki, Japan

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

12.30-1.50
1.50-2.30
SESSION

Chairman:
2.30-2.50

2.50-3.10

3.10-4.10
4.10-4.30

4.30-4.50

A3 “Pr*.-doped InF,/GaF based fluoride glass fibres and
Ga-Na-S glass fibres for light amplification around 1.3um”
KITOH, H YANAGITA, H TAWARAYAMA, K YAMANAKA,
E ISHIKAWA, K OKADA, H AOKI, Y MATSUMOTO,

Y MATSUOKA & H TORATANI

HOYA Corporation, Tokyo, Japan

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

A4(l) INVITED PAPER
“Active and passive chalcogenide glass optical fibres for IR

applications”
J S SANGHERA & | D AGGARWAL

Naval Research Laboratory, Washington DC, USA

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

B1 *Towards low optical loss gallium-lanthanum-sulphide

glass fibres” v
R LI & A B SEDDON

Centre for Glass Research, University of Sheffield, UK

B2 “Sol-gel processing of germanium sulphide based films”
O MARTINS, J XU & R M ALMEIDA
INESC Instituto Superior Técnico, Lisbon, Portugal

Tea and POSTER SESSION [AP, BP, CP]

B3 “Catalysed gelation of amorphous sulphides”

J S SANGHERA', C SCOTTO?, S BAYYA 2&

I D AGGARWAL'

" Naval Research Laboratory, Washington DC, USA
2 Virginia Polytechnic Institute, Blacksburg, USA

B4 “In-situ generation of Eu® in glass-forming melts”

D R MacFARLANE', P J NEWMAN', J D CASHION? &

A EDGAR?

! Department of Chemistry, Monash University, Australia

2 Department of Physics, Monash University, Australia

% School of Chemical & Physical Sciences, Victoria
University, New Zealand
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4.50-5.10

5.10-5.30

6.30

SESSION

Chairman:

8.30-9.10

9.10-9.30

B5 “Measurements, procedures and results from
investigations into heavy metal fluoride glasses for
electromagnetic calorimetry in particle physics”

K W BELL®, R MBROWN', D J A COCKERILL',

P S FLOWER', P R HOBSON?, D C IMRIEZ B W
KENNEDY', A L LINTERN', J M PARKER® & M SPROSTON'
" Rutherford Appleton Laboratory, Didcot, UK

2 Department of Physics, Brunel University, UK

% Centre for Glass Research, University of Sheffield, UK

B6 “Incorporation of lanthanum oxybromide in fluorophosphate

glasses”
J BDENIS & M POULAIN

Laboratoire des Matériaux Photoniques, Université de
Rennes, France

Coaches depart for the Mappin Museum and Peak
Caverns

Tuesday 8 September
C GLASS STRUCTURE

S W MARTIN ( lowa State University of Science &
Technology, USA)

C1(l) INVITED PAPER

“Quantitative nuclear magnetic resonance (NMR) studies of
the local structure in chalcogenide glasses”

H ECKERT, G REGELSKY, P MUTOLO, J SCHMEDT,

M WITSCHAS

Institut fir Physikalische Chemie, Westfalische Wilhelms
University, Germany

C2 “Neutron diffraction studies of the structure of Ge-based
multi component sulphide glasses”

A C HANNON' & B AITKEN?

"I1s1S Facility, Rutherford Appleton Laboratory, Didcot, UK
2 Corning Incorporated, Corning, USA




9.30-9.50

9.50.10.10

10.10-11.10

SESSION

Chairman:

11.10-11.30

11.30-11.50

11.50-12.10

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

C5 “EXAES studies of possible clustering of thulium ions in
tellurite glasses”

D B HOLLIS', D P TURNER', L D FIRTH' &

F W MOSSELLMANS?

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

2 SRS Laboratory, Daresbury, England

Coffee and Conference Photograph

D GLASS PHYSICOCHEMICAL
PROPERTIES

J 'S SANGHERA (Naval Research Laboratory, USA)

D1 ZInitial corrosion stages of a heavy metal fluoride glass in

water”

B HUEBER', G H FRISCHAT', A MALDENER?, O DERSCH?

& F RAUCH?

" Institut far Nichtmetallische Werkstoffe, Technische
Universitat Clausthal, Germany

2 Institut fiir Kernphysik, Universitat Frankfurt/Main, Germany

D2 “Viscosity of fluoride glasses near the fibre drawing
temperature” .
G ZHANG'?, J JIANG'? M POULAIN2, A S DELBEN' &
J R DELBEN'
" Laboratoire des Matériaux Photoniques, Université de
Rennes, France
Departamento de Fisica, Universidade Federal de Mato
Grosso do Sul, Brazil

D3 “Physical properties and Raman spectroscopy of GeAs
sulphide glasses”

B G AITKEN & C W PONADER

Corning Incorporated, Corning, USA
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12.10-12.30

1.45

SESSION
Chairman:

8.30-9.10

9.10-9.30

9.30-9.50

9.50-10.10

D4 “Crystallisation in 70Ga,S;-30 L.a,S; glasses as a function

of oxide/hydroxide concentration”
S P MORGAN, | 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
COACHES DEPART FOR TRIP TO BRONTE COUNTRY

Wednesday 9 September

E GLASS PROCESSING

A JHA (University of Leeds, UK)

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

E2 “Photoinduced active and ive integrated-optic

I nts_in rapid thermally an halcogenide glasses”
S RAMACHANDRAN & S G BISHOP
Microelectronics Laboratory, University of lllinois, USA

E3 “Design and fabrication of PZG fluoride glass channel

waveguides. The state of the art”
Y GAO', B BOULARD', M LEMITI?, R RIMET®, P

LOEFFLER* & H POIGNANT®

" Laboratoire des Fluorures, Université du Maine, France

2 INSA, Villeurbanne, France

3 L aboratoire d’électromagnétisme micro-onde et
optoélectronique, Grenoble, France

“ Robert Bosch GmbH, Stuttgart, Germany

5 France Télécom, CNET Lannion, France

E4 “Planar and channel waveguides on fluori lasses”
R SRAMEK, G FONTENEAU & J LUCAS

Laboratoire Verres et Céramiques, Université de Rennes,
France




10.10-10.30

10.30-11.10
11.10-11.30

11.30-11.50

SESSION

Chairman:

11.50-12.30

12.30-12.50

12.50-2.10

E5 “Physical vapour deposition of rare earth doped ZrF,-
based glass planar wavequides”

P J MORAIS, M C GONCALVES & R M ALMEIDA
INESC Instituto Superior Técnico, Lisbon, Portugal

Coffee

E6 “Chemical etching of AlF,-based glasses”
Y D WEST,ER TAYLOR, R C MOORE & DN PAYNE

Optoelectronics Research Centre, University of
Southampton, UK

E7 “Compositional investigation of Yb* doped heavy metal
fluoride glasses for laser-induced fluorescent cooling
applications”

M T MURTAGH, G H SIGEL Jr, J C FAJARDO,

B C EDWARDS & R | EPSTEIN

Fibre Optic Materials Research Programme, Rutgers
University, USA

F GLASS ELECTRONIC & IONIC
PROPERTIES

A C HANNON (Rutherford Appleton Laboratory, UK)

F1(I) INVITED PAPER

“lonic conductivity in optimised chalcogenide FIC glasses”
S W MARTIN

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

F2 “Glass-forming ability and cationic transport in qallium-
containing chalcohalide glasses” ’
YUS TVER’YANOVICH, vV V ALEKSANDROV, | V MURIN &
E G NEDOSHOVENKO

Department of Chemistry, St Petersburg State University,
Russia

Lunch
MEETING OF THE INTERNATIONAL ADVISORY BOARD




SESSION G RARE EARTH DOPING

Chairman:

2.10-2.50

2.50-3.10

3.10-3.30

3.30-4.30

4.30-4.50

. 4.50-56.10

J H SIMMONS (University of Florida)

G1(l) INVITED PAPER

“Comparison of low-phonon hosts for 1300 nm optical

amplifier”

R S QUIMBY' & B G AITKEN?

" Department of Physics, Worcester Polytechnic Institute,
USA

2 Corning Incorporated, USA

G2 “Spectroscopic properties of Nd* in fluoroaluminate

glasses for an efficient 1.3um optical amplifier”

M NAFTALY', AJHA' , BN SAMSON? & E R TAYLOR?

" Department of Materials, University of Leeds, UK

2 Optoelectronics Research Centre, University of
Southampton, UK

G3 “Role of the Urbach edge and host glass defects in broad

band excitation of rare earth dopants in chalcogenide

glasses”

D A TURNBULL', V KRASTEVAZ?, J S SANGHERA®,

G H SIGEL JR? & S G BISHOP!

" Microelectronics Laboratory, University of llinois, USA

2 Fibre Optics Materials Research Programme, Rutgers
University, USA

% Naval Research Laboratory, Washington DC, USA

Tea & POSTER SESSION [DP, EP, FP, GP[

G4 “New rare earth doped selenide and telluride alasses 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 & | D AGGARWAL

Naval Research Laboratory, Washington DC, USA

G5 “Mid-infrared emissions and non-radiative relaxation in Ge-
Ga-S glasses doped with Dy**”

JHEO & Y B SHIN

Department of Materials, Science & Engineering, Pohang
University of Science and Technology, Korea




5.10-5.30

5.30-5.50

7.00

SESSION
Chairman:

8.30-9.10

9.10-9.30

G6 “Synthesis and optical properties of the Ge-Sb-S:PL(;!3

system glasses”

B FRUMAROVA', P NEMEC? M FRUMAR?& J OSWALD?

! Joint Lab of Solid State Chemistry of the Academy of
Science and of University of Pardubice, Czech Republic

2 Department of General Inorganic Chemistry, University of
Pardubice, Czech Republic

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

G7 “Site-selective spectroscopy of Nd* ions in heavy metal

oxide glasses”

R BALDA', J FERNANDEZ', M SANZ', L M LACHA', A

DE PABLOS? & J M FERNANDEZ-NAVARRO?

! Dpto de Fisica Aplicada 1, ETSII, y Telecom, Universidad
del Pais Vasco, Bilbao, Spain

? Institute de Ceramica y Vidrio, Madrid, Spain

COACHES DEPART FOR CONFERENCE DINNER

Thursday 10 September
Authors to put up posters HP & IP

H OPTICAL PROPERTIES
R M ALMEIDA (Instituto Superior Tecnico, Portugal)

HI () INVITED PAPER

“Studies of optical nonlinearities of chalcogenide and heavy
metal oxide glasses”

F WISE', | KANG', S SMOLORZ', B G AITKEN? &

N F BORRELL?

! Department of Applied Physics, Cornell University, USA

2 Corning Incorporated, USA

H2 (Substituted paper)
“Broadband 1.5um emission spectroscopy of Er¥*-doped

tellurite glasses”
S SHEN, M NAFTALY & A JHA

Department of Materials, University of Leeds, UK




9.30-9.50

9.50-10.10

10.10-11.10
11.10-11.50

11.50-12.10

12.10-1.10

SESSION |

Chairman:

1.10-1.30

H3 “Recent developments in As-S glass fibres”

G G DEVYATYKH', M F CHURBANOV', I V SCRIPACHEV',

G E SNOPATIN', E M DIANOV? & V G PLOTNICHENKO?

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

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

H4 “Light scattering from coated dielectric particles in
fluorozirconate glass”

A EDGAR

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

Coffee and POSTER SESSION [HP, IP]
H5(I) INVITED PAPER
“Photoinduced effects in rare-earth doped and undoped

chalcogenide glasses”
V TIKHOMIROV

Department of Materials, Unversity of Leeds, UK

H6 “Bragg gratings inscription in rare earth doped

fluorozirconate glasses”

R SRAMEK', F SMEKTALA', J LUCAS', W X XIE?

P BERNAGE? & P NIAY?

" Laboratoire des Verres et Céramiques, Université de
Rennes, France

2 Laboratoire de Dynamique Moléculaire et Photonique,
Université des Sciences et Technologies de Lille, France

Lunch

NEW GLASSES/GLASS
SYSTEMS AND NEW DIRECTIONS

J M PARKER (University of Sheffield, UK)

I1 “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,
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1.30-1.50

1.60-2.10

2.10-2.50

2.50

France

12 “Nano-crystalline fluorescence in fluoride glasses”

D R MacFARLANE', J JANVORNIEZKY', P J NEWMAN' &

D J BOOTH?

! Department of Chemisty, Monash University, Australia

2 Department of Physics, Victoria University of Technology,
Australia

I3 “Tungsten-tellurite glass: a new candidate medium for Yb%*
doping”

XFENG, C Ql, FLIN & HHU

Shanghai Institute of Optics & Fine Mechanics, China

I4(l) INVITED PAPER

“Ultra-transparent glass ceramics for photonic applications”
P A TICK

Corning Incorporated, Corning, USA

Tea and Departure
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LIST OF SPONSORS OF IS(NOG)®

Corning SA, France.

Galileo Corporation, USA.

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

European Commission,

Directorate General XI1I,

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

= +33299 286262

+33 299 28 1600

E jean-luc.adam®@univ- rennesi.fr

Dr Ishwar Aggarwal

National Research Laboratory
Code 5606

Washington DC 20375-5000
USA

= +12027679316

+1 202 767 9311

& ish.aggarwal@nrl.navy. mil

Dr Bruce Aitken
Corning Incorporated
SP-FR-05-1

Corning

NY 14831

USA

= +16079743111
+1 607 974 3675

& aitkenbg@corning. com

Dr Rui Almeida
INESC

R Alves Redol 9-3D
1000 Lisbon

Portugal

= +3511 3100371
+351 1 3145843

E rmaa@inesc.pt

Dr Luise Anselm

Inst f Hochfrequenztechnik
TU-Braunschweig
Bienroderweg 53
Aubenstelle

38018 Braunschweig
Germany

o +49531 3919450
+49 531 391 9452
& lanselm@tu.bs.de

Dr Graham R Atkins
University of Sydney Australian
Photonics CRC

Australian Technology Park
Everleigh

NSW 1430

Australia

& +61293511923

+61 29351 1910

E g.atkins@oftc.usyd.edu. au

Prof Rolindes Balda
Universidad del Pais Vasco
Dept Fisica Aplicada |
ETSIl y Telecom

Alameda Urquijo s/n

Bilbao 48012

Spain

= +34944 278055

+34 944 414041

& wupbacrr@bi.ehu.es

Dr Roger F Bartholomew
Corning Incorporated
Sullivan Park FR-5
Corning

NY 14831

USA

&= +1607974 3181
+1 607 974 3675
E bartholomew@corning.com

Profesor Stephen Bishop
University of lllinois

127 Microelectronics Lab
208 North Wright Street
Urbana

IL 61801

USA

& +1217 3333097

+1 217 244 6375

& sgbishop@uiuc.edu

Miss Stephanie Blanchandin
LMCTS Faculte des Sciences
123 Avenue Albert Thomas
87060 Limoges Cedex

France

® +33555457496
+33555457270

& pthomas@unilim.fr




Mr Valentin K Bogdanov

Optical Technology Research Lab
Victoria University

PO Box 14428

Melbourne City

Victoria 8001

Australia

& +6139688 4297

B +6139688 4698

& valentinebogdanov@vut. edu.au

Dr Brigitte Boulard
Universite du Maine
Laboratoire des Fluorures
72085 Le Mans Cedex 9
France

& +33243833350
+33243833506

& brigitte.boulard @fluo.univ-lemand.fr

Dr Marco Braglia
CSELT

Via G Reiss Romoli 274
10148 Torino

Italy

= +39112285619
+39 11 22 85 840

& marco.braglia@cselt. it

Mrs Maria Brekhovskikh
Kurnakov Inst of Gen & Inorg Chem
Russian Academy of Sciences
Leninsky pr 31

Moscow 117907

Russia

&= +7 095955 4853

+7 095 954 1279

Dr Tomaz Catunda
Universidade de Sao Paulo
Inst de Fisica de Sao Carlos
Caixa Postal 369

SP 13560-970

Brazil

= +55162739861
+5516 271 3616
= 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

& +78312668666

’ +7 8313 66 91 62

EH sen@hp.nnov.su

Miss J Costello

Society of Glass Technology
20 Hallam Gate Road
Sheffield S10 5BT

UK

= +44114 266 3168

+44 114 266 5252
jill@glass.demon.co. uk

AFTER 14 SEPTEMBER
Don Valley House

Savile Street East

S4 7UQ

= +44 114 263 4455

+44 114 263 4411

Dr Gary Dale

Dept of Electrical Engineering
University of Edinburgh

Kings Buildings

Mayfield Road

Edinburgh EH9 3JL

Scotland

& +441316505638

& 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

= +33299 286263

+33 2 99 286972

Dr Leonid Dmitruk

General Physics Institute
Russian Academy of Sciences
Vavilov Street 38

Moscow 117947

Russia

&® +70951328275
+7 095 135 0270




Dr Helimut Eckert

Inst fur Physikalische Chemie
Westfalische Wilhelms Univ
Scholssplatz 7

D-48149 Munster

Germany

® +492518329161

+49 251 832 9159

& eckert@uni-muenster.de

Dr Andrew Edgar

Victoria University

School of Chem & Phys Sciences
Kelburn Parade

Wellington

New Zealand

® +644472100

+64 4 495 5237

& andy.edgar@vuw.ac.nz

Dr Peter Ewen

Dept of Electrical Engineering
University of Edinburgh

Kings Building

Mayfield Road

Edinburgh EH9 3JL

Scotland

® +44 131650 5651

+44 131 650 6554

E pjse@ee.ed.ac.uk

Mr A J Faber

TNO Inst of Applied Physics
PO Box 595

NL 5600 AN Eindhoven
The Netherlands

@® +3140 2650260
+31 40 244 9350
2 faber@tpd.tno.nl

Dr Xian Feng

.Shanghai Inst of Optics & Fine Mechanics

Adacemica Sinica

PO Box 800-216

Shanghai 201800

China

® +86 21 595 34890 564

+86 21 595 28885

Prof Joaquin Fernandez
Universidad del Pais Vasco
ETSIly Telecom

Alameda Urquijo s/n

Bilbao 48013

Spain

® +34944 278055

+34 944 414041

& wupferoj@bi.ehu.es

Dr Paul S Flower

Rutherford Appleton Laboratory
Didcot

Oxon OX11 0QX

UK

® +441235 446264

+44 1235 446733

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

® +49 5232 722463

+49 5232 723119

B gunther.frischat@tu- clausthal.

Prof Miloslav Frumar
University of Pardubice
Dept of Inorganic Chemistry
53210 Paradubice

Czech Republic

@ +420 406037161
+420 40 514530

& 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

B +44 114 222 5921
+44 114 222 5943
& d.furniss@sheffield.ac. uk




Professor Fuxi Gan

Shanghai Inst of Optics & Fine Mechanics
Adacemica Sinica

PO Box 800-211

Shanghai 201800

China

= +862159528814

+86 21 5952 8812

B fxgan@fudan.ac.cn

Mr Marie Pierre Glemot
University of Rennes 1

CEMA Lab Materiaux Photoniques
Campus de Beaulieu

F-35042 Rennes Cedex

France

= +33299286263
+33 299 286972

Mr Laurent Griscom
Universite de Rennes 1

Lab des Verres & Ceramiques
Campus de Beaulieu

35042 Rennes Cedex

France

&= +33299286734
+33 29928 1600
& laurent.griscom@univ- rennes1.fr

Dr Yann Guimond

Universite de Rennes 1

Lab des Verres & Ceramiques
Campus de Beaulieu

35042 Rennes Cedex

France

& +33299286734
+33 2 9928 1600
& guimond@univ-rennesi.fr

Dr Alex Hannon

ISIS Facility

Rutherford Appleton Laboratory
Chilton

Didcot

Oxon OX11 0QX

USA

& +44 1235 445358
+44 1235 445720
E a.c.hannon@rl.ac.uk

Prof Olav Gaute Helleso
Dept of Physics
University of Tromso
N-9037 Tromso Norway
® +4777645297
+47 77 64 55 80

& ogh@phys.uit.no

Dr Jong Heo

Dept of Mater Sci & Eng
POSTECH

Pohang Univ of Science & Tech
San 31, Hyoja-dong

Pohang

Kyungbuk 790-784

Korea

® +82562279 2147

+82 562 279 2399

B jheo@postech.ac.kr

Mr Peter Hertogen

Katholieke Univ Leuven

Semiconductor Physics Lab
Celestijnenlaan 200

B-3001 Heverlee-Leuven

Belgium

& +3216327100

+32 16 32 7987

B peter.hertogen@fys. kuleuven.ac.be

Dr Dan Hewak

University of Southampton
Optoelectronics Res Centre
Southampton SO17 18J
UK

& +441703593 164
+44 1703 593 149
E dh@orc.soton.ac.uk

Dr David B Hollis
Dept of Physics
University of Paisley
High Street

Paisley PA1 2BE
Scotland

® +44 141848 3606
+44 141 838 3616

& holl-ph0@paisley.ac.uk




Dr Joyce lllinger

Chief, Materials Sci Branch
European Res Office US Army
223 Old Marylebone Road
London NW1 5TH

UK

® +44 1715144930

+44 171 724 1433

jilinger@army.ehis. navy.mil

Dr Katsihisa Itoh

Hoya Corporation
Technology Development Lab
3-3-1 Musashino
Akishima-shi

Tokyo 196-8510

Japan

® +8142546 2721

+81 42546 2746

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

Dr Animesh Jha
University of Leeds
Dept of Materials
Leeds LS2 9JT

UK

® +1132332342
+113 242 2531

H  ajha@leeds.ac.uk

Dr Terutoshi Kanamori
NTT Opto-electronics Lab
Tokai-Mura, Naka-gun
Tokai

Ibaraki 310

Japan

® +8129287 7519
+81 29 287 7193

B kanamori@iba.iecl.ntt. co.jp

Dr Jens Kobelke

Inst fur Physikalische Hochtechnologie
IPHTe v Jena

Helmholtzweg 4

D-07743 Jena

Germany

® +49 3641302818

+49 3641 302850

& kobelke @main.ipht- jena.de

Mr Joerg Kraus
CSELT

Via G Reiss Romoli 274
10148 Torino

ltaly

® +3911228 7311
+39 11 228 5840

& joerg.kraus@cselt.it

Ms Liv Kukkonen

University of Sheffield

Dept of Engineering Materials
Hadfield Building, Mappin Street
Sheffield S1 3JD

UK

+114 222 5983

Dr Irina Kuznetsova
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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 (TR*") ions. It was shown that
optical properties of most part TR* such as Er’*, Pr'*, Yb*, Tm™, Ho*" 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 AA ~ 7nm
(’F,, > ’F, manifolds transition in ZBLAN glass) and transfer this excitation to another kind
of ions: Er’’, Pr’*, Tm*, Ho* via cross-relaxation and cooperative processes. An infrared
emission can be also sensibilized in pairs such as Pr’*/ Nd**, Tm* / Nd**, Er’*/ Ho*" etc. We
also shown that Rare-Earth «triplety Er’/ Ho* / Yb*' 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 %):

ZtF, | BaF, | AIF, | LaF, | YbF, | EfF, | HoF, | NaF
1| 52 20 4 3 - 1 - 20
2| 52 20 4 1 - 3 - 20
3| 52 20 4 - 3 1 - 20
& 52 20 4 - 3 - 1 20
5| 5175 | 20 4 - 3 I 0.25 20
6| S5L5 20 7 - 3 1 0.5 20
7| 51 20 4 - 3 I 1 20

The InGaAs/GaAs quantum-well CW diode-laser (Apump = 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 0.0lnm spectral
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RESULTS AND DISCUSSION
Spectra of an upconversion
luminescence of sample 1
(Imol.% Er'":ZBLAN) at room
(dotted curve, scaled in 20 times)
and nitrogen temperatures (solid
curve) are shown in Fig.1.
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*/YY pair is only 8 times,
Fig.3. Decay times of green
luminescence at 544nm (the
gravity center of the *S,, — “I,,,
transition) in pair at room and
nitrogen temperatures become
1091 and 1452 mksec
correspondingly, that is
considerably smaller than in the
single erbium of 1mol.% (see
Fig.2).

It can be seen from Fig. 1 and 3,
that the luminescence in band A
~ 520 + 530nm CH,,, — ‘I,
transition) hasn't appear at 77K
neither in Er*" nor in Er/Yb* -
doped samples. This fact can be
explained if we suppose that
level °H,,,, populates from lower

energy level, *S,, with phonons (hv,, ~ 576 cm™) 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*/Ho*, Er*/Tm*/Yb*, Nd*/Tm*/Cr** etc. It was found in [1],
that triply-doped fluorozirconate glass Yb**/Er*/Ho*":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**/Er’” and Yb**/Ho> - Figs. 4a and b correspondingly. At

present time we’re going to explain the discussed phenomena as follows (see Fig.5).
First: the Ho*" ion provides upconversion

""1 ‘Fra H Fs such as Er" one, with similar

Fig.5 ',./""sz i ‘ ‘ F, pump/luminescex.lce wavelengths  and
s T T — s, compar.able efficiency. The .seco.nd goal (?f

! w, F, co-doping the Yb”./Er3+ pair with Ho** is

} . ] well-known: ion-ion energy transfer

F o s o e * between lower levels of these ions,

N e Al 5. (including phonon-assisted transitions) i.e.

i Fe Eg ., E 515 Er1,,,oHo" S, 5 EP'L,»Ho T,

; - @ ® leads to depopulation of metastable

£ ’ —ﬁ-L . erbium levels, which slow down the speed
S E ‘_E-‘— b of upconversion process. There are also
@ | 8 s some energy transfer processes between
I , »“ & L . higher levels of this system, which also
¢ Fm 1 v¥ V¥ vV b improving its upconversion
Yb* EF Ho™ characteristics: Er'*:’H,,,—Ho’>":°F, (the

presence of this transition is follows from
luminescence spectra near 525nm, Fig.4a); Ho>":’S,&Er*:*S,, - 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 Ho™,
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 70Ga,S;-30La,S; GLASSES
I. M. Reaney, S. P. Morgan#, R. Li and A. B. Seddon.

Centre for Glass Research,
Department of Engineering Materials,University of Sheffield, Sheffield, S1 3JD, UK.

ABSTRACT

The crystallisation of 70Ga;S;-30La,S; 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 Ga,S;.
On reheating glass samples containing greater levels of oxide, barrel shaped crystals formed
composed of laths of melilite-structured Las33GagS;s and the new phase in an eutectic or
eutectoid-like microstructure.

INTRODUCTION

100-xGa,S3-xLayS; (GLS) based glasses were investigated quite extensively in the 1970°s by
Loireau-Lozac’h et al.>> who mapped out the glass forming region® and identified crystalline
phases. According to these authors, slow cooling produced a mixture of o-Ga,S3 and a
hexagonal phase, LaGaS;. On reheating a glass of 64Ga;S;:36La,S; (mol%), LaGaSs,
hexagonal LasGas 3354, and tetragonal Las 33GasS;4 were produced. When the Ga,S3 content
was increased, heat treatment resulted in Laz 33Ga6S;4.

More recent investigations*® have revealed glass formation and crystallisation behaviour that
contradicts the work of Loireau-Lozac’h et al.*?. Morgan ef al.* 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.* Furthermore, X-ray
diffraction patterns from reheated crystallized samples produced by Morgan*® did not
correspond to the phases and phase evolution reported by Loireau-Lozac’h ef al 2>,

To investigate the discrepancy between recent results*> and those reported previously”?, two
glasses of composition 70Ga,S;:30La;S; 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 70Ga,S3:30La,Ss (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 lmm sample pathlength and then
converted to % transmission. A Philips 1700 diffractometer was used for powder X-ray
diffraction (XRD). Cu Ka radiation was used to scan samples through the range 20 to 80 °20
at 2°20 minute™.

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 GATAN 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 al.>.

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 2.94pm
(3400cm™), 5.50um (1817cm™), 8.63um (1158cm™) with an IR edge composed of two bands
at 10.71pm (933cm™) and 12.63 um (792cm™). It should be noted that, as the oxygen content
of the glass precursors increased, the intensity of the band at 8.63 pm also increased.
Madeiros-Neto (1995)° and Hewak (1994)" have suggested that this band is associated with
SO, 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 La;o;3GagSi4
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 al.%, 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, ¢ = 0.94 nm and B =86°.
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Figure 1. Fourier transform infrared spectra
of glass | and 2.

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 | pm in diameter and have approximately a 2:1
Ga»S;3:LasS; ratio according to EDS analysis.® The inter-lath phase was shown by EDS to be
Ga-rich and it is suggested that this might be o-Ga,S;,
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Figure 2. X-ray patterns of glasses 1 and 2, heat treated at ~ Figure 3. TEM image showing the
590°C and 610°C, respectively, for 3h. M=melilite: internal morphology of crystallites in
N=new phase. 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.
[n 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 Ga;,S; phase,
proposed to exist between laths in crystallised glass 1, was not considered to be present as one
of the intergrowth phases.




Morphologically identical erystals o those in Fig. 4 have been studied i great detail (Figs o
and 7). These envstals were found o grow (accompanied by other phases which will be
discussed ina future paper) during the melt-cooling of more recent samples of GLS:
specitically, 65Ga:S;-35La:8: made from component sulphides (“standard” supplied by Merck
after June 1996) melted inside a vitreous carbon crucible, held inside a silica tube: the batch
contained 044w t%0 total oxygen according to LECO analysis. Mclt cooling of 65GasS;-
35LaxS: was achieved by cooling tfrom the liquidus at 1°C min™ to 785°C. immediately
tollowed by fast quenching to ambient. TEM of the intergrowth type crystals gave many spots
on the clectron diffraction patterns from the intergrowth itself. Fig. 6, which could be indexed
according to the [001] zone axis of the new monoclinic phase found in glass 1.5 The extra
reflections could be indexed according to the [001] zone axis of the melilite-structured
compound. La;3;GasSy. Figure 7 is an end-on view of the same kind of intergrowth 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 Figure 5. Energy dispersive X-ray spectra from phases
internal structure of the crystallites in the heat treated shown in Fig. 4.

glass 2 at 610°C/3h.

Figure 6. Electron diffraction pattern from Figure 7. End-on lattice image of the laths found in

laths. one phase found in 65Ga,S;-35La,S; which had Fig. 6 and morphologically identical to laths shown
been cooled trom the liquidus at 1°C min™ to 785°C., in plan view in Fig. 4 for glass 2. A = region of new
followed by fast quenching to ambient. The crystals phase and B = melilite.

appear morphologically identical to those observed in
Glass 2 (Fig 3). A = [001],. phane afterref {8 and B =
(00T e after refs [2.3].




Fhese are marked A and B in the image. The region marked A arises trom the new monoclinie
phase whereas B corresponds to a second phase with a different d-spacing. compatible with
melilite-structured. La;s 33Ga,S 4. I EDS traces from the two sets of laths are compared then
they appear virtually coincident, Fig. 3. indicating that the new GLS phase and the second
phase have similar Ga,S;:LasS; ratios.

Figure 8. TEM micrograph showing region of residual ~ Figure 9. TEM image of the interface between the

glass between barrel shaped crystals in heat treated residual glass and showing the presence of Ga

glass 2. sulphide. Inserted is a streaked electron diffraction
pattern from the Ga-sulphide phase

Peaks arising from Laj; ;3GasS;4 are present in X-ray diffraction patterns and this phase has a
Ga,S3 : La;S; = 1.8 : 1.0, close to that of the new monoclinic 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, Laz 33GasS 4 and the new monoclinic phase.

The extent to which the melilite-structured, La;o3GagSi4 phase (with respect to the new
monoclinic 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 monoclinic
phase first discussed by Morgan e¢ al® 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-GasS; have been observed in GLS glass.m




CONCLUSIONS

For the 70Ga,S3-30La,S; 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 ef 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) Las 33GagS 4 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 Las 33Ga4S4.
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1. ABSTRACT

Extrusion of inorganic glass melts is demonstrated as a helpful approach for
making fibreoptic 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 al Y 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 Roeder™™, for various systems
including soda-lime-silica, lead silicates and boric oxide. Complex rod and tube sections
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have been produced. Roeder and Miura et al® 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 10®Pas. 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 5Na,0-75B,0;3-20Si0,
(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 Na,CO; 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 5Smm 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 (Roeder'™). 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
1D 0D D OD

A [7.0 H20 385 D.5 120 P.84+0.10 [11.63£032 48 @1 00
B 6.0 40 405 1.5 120 [1.66+0.13 |11.7640.12 8.0 7.1 |160
C [10.2 425 390 1.0 12.0 |1.1540.19 [12.59+0.26 [12.0 [11.0 {190




A typical result for the 10mm/Smm 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
0f 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 10kN 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.
3.1 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 S5kN 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.

Thermocouplé \
(b)

<«-Glass

% '« Glass

(a)

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




Figure 3. Core/clad extruded samples of 2.5Nay0-87B203-10.558i07 (mol%) glass,

undoped, and doped with 1 wt% cobalt oxide to give the purple coloration. The overall
outside diameter is constant 10.9mm 0.1mm over 150mm but the core/clad. diameter
ratio has become larger as the extrusion proceeded giving a tapered core/clad interface.
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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 2.5Nay0-87B203-10.5Si07 (mol%) glass, coloured purple

with 1wt% 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 Smm have been extruded
with very good diameter variation and circularity along the rods. Tubes of oxide and
GLS glass with a Imm 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
11" International Symposium on Non-Oxide Glasses and New Optical Glasses
IS(NOG)” ‘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 d1scuss1on of all types of non-traditional
inorganic glasses. About 100 delegates are attending the 1® Symposium from 21 different
countries.

IS(NOG)? ‘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 1" 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 11™ 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
(ORCQ), 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 Southamptcn)
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 1"
Symposium to Sheffield. I am especially grateful to the financial Sponsors, who are listed herewith,
for making the Symposium possible.

1bid you a very warm welcome to Sheffield.

AAa\e.\- % Seoctoi—
—

Angela B. Seddon, Chairman of ISNOG)? ‘98
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A1(D
NON-SILICA GLASS FIBER AMPLIFIERS

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

NTT Opto-Electronics 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 InF,-based fibers and low-loss Er*-doped
TeO,-based fibers, and their use in constructing an efficient 1.3-ym band PDFA and a low-
noise 1.5-pm 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 pm amplification using a Pr'*-doped ZrF -based
fiber, low phonon energy glasses have generated great interest as efficient hosts (1, 2]. This is
because the 'G, level in Pr'* suffers a multi-phonon relaxation which leads to a reduction in
the quantum efficiency of the 'G, to *H, transition. There has been a considerable amount of
research on new glass hosts for efficient Pr'*-doped fiber amplifiers (PDFAs). The suggested
hosts are InF,-based fluoride glasses such as the InF,-based system [3], the InF,/GaF,-based
system [4], the PbE,/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 InF,-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
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InF,-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
pm band by using Er**-doped TeO,-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
TeO,-based Er*-doped fiber amplifiers (EDFAs). This can be also achieved by developing
low-loss TeO,-based fiber.

This paper describes the development of low-loss Pr'*-doped InF,-based fibers and
low-loss Er'*-doped TeO-based fibers, and efficient 1.3-um band PDFAs and a low-noise
1.5-um 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: InF;-based glasses [3, 5]: InF, and GaF, 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
NH,FHF were melted at 850 °C in vitreous carbon crucibles. The melts were cast into metal
molds to produce preforms and jacketing tubes.

TeO,-based glasses: High-purity TeO, 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 pm, and the
signal wavelength and signal level were 1.30 um and -30 dBm, respectively.

!
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We measured the gain characteristics of a TeO,-based EDFA with a cascade
configuration. Each fiber was pumped by a 1.480 pum 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 TeO,-based fibers. The TeO,-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.

3. RESULTS AND DISCUSSION
3.1 InF,-based PDFA
a) Single-mode fiber characteristics

Single-mode fibers with An values
of 2.5 and 3.7% were fabricated using the
InF,-based system [3] and those values
4.6 and 6.6 % using the PbF,/InF,-based
system [5]. A typical transmission loss

spectrum is shown in Fig. 1. The large

Loss (dB/m)
o

iy

PR [ TN VRN S [N N ST TN NN TR OO VO NN TN TN SN N T T

04 06 08 10 12 14 16
Wavelength (um)

Fig. 1. Transmission loss spectrum of InF3-based fiber

with An of 2.5% and Pr3+ content of 500 ppm.

peaks around wavelengths of 0.6 and 1.0
pm are caused by Pr’*. The small peak at
0.8 um is due to the cutoff of the first 0.01
higher-order mode. Table 1 lists the

parameters and transmission losses of the
Pr'* doped fibers we obtained. Low loss
values of 0.04, 0.05, 0.18 and 0.20 dB/m
were obtained at 1.2 pm 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 InF,-based system, were effectively reduced to the level of ZrF -based

single-mode fiber by

using purified InF, Table 1. Characteristics of Pr3+-doped InF3-based single-mode fibers.
and GaF, raw
materials. These loss An Glass Core Cutoff Loss
L system diameter wavelength
characteristics (%) (1m) (um)  (dB/m, 1.2 um)
indicate that the
2.5 InF3-based gl 2.0 0.9 0.04

losses of the InF,- nr3heseC glass
based fib . h A 3.7 InF3-based glass 1.8 1.0 0.05

ased fibers with An 4.6 PbF,/InF3-based glass 1.6 1.0 0.18
values of 2.5% and 6.6 PbFynFybased glass 1.2 1.0 0.20

3.7 % approach the
0 app Pr3+ content is 500 ppm.

practical level
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required for fiber amplifiers. By contract, the - 25

InFy-basedfiber]  © M
fibers with An values of 4.6 and 6.6%, fabricated " [with An of 6.6% Ak
from the PbF/InF,-based system, exhibit a o 201
slightly high loss value. The difference in the loss %
levels indicates that the thermal stability of the '@ 157 )

. o)) InF3-based fibe
PbF/InF,-based system must be slightly T 10 with An of 3.7%
improved. g ZrFs-based fiber
L H 0,
b) Amplification characteristics £ 5 With An of 3.7%
Figure 2 shows the internal small signal

ain dependence on the pump power for 20 m 0
& P pip P 0 50 100 150

long and 19 m long single-mode fibers with An Pump power (mW)

values of 3.7 and 6.6%, respectively [13]. The
Fig.2. Pump power dependence of gain at 1.3 pm.

dependence with the most efficient ZrF,-based Tnput signal level: -30 dBm

fluoride fiber with a An of 3.7 % is Pr3+ content: 500 ppm

also shown for comparison [14]. An

internal small signal gain of 28.2 Table 2. Gain coefficients of Pr3*-doped fluoride fibers
g .

dB, corresponding to a net gain of An Gain coefficient of Gain coefficient of

20 dB, for a fiber with a An of 6.6 % InF3-based fiber ZrF4-based fiber

was achieved at a pump power of (%) (dB/mW, 1.3 pm) (dB/mW, 1.3 pm)

100 mW. This net gain is nearly 2.5% 0.18 0.14

double that of the most efficient 3.7 0.26 0.21

ZrF,-based Er**-doped fiber. Table 2 4.6 0.30 -

summarizes the gain coefficients of 6.6 0.36 '

fluoride fibers. The gain coefficient Pr3* content is 500 ppm except for 2.5 % An fiber; ,

i *: Pr3+ content is 1000 ppm.
was increased from 0.18 to 0.36 by content is P

increasing the An from 2.5 t0 6.6 % 20
for InF;-based fibers. It is clear that InF,-
based fiber achieves gain coefficients about
1.3 times higher than ZrF,-based fiber with
the same An value.

InF3-based PDFA

15 F
10

We used these low loss fibers to ZrF 4-based PDFA
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 um

Signal wavelength: 1.302 um
Pump wavelength: 1.047 um
-15 |- Pumppower: 500 mW (Backward pumping)

Pr3+ content: 1000 ppm
1 1 1 1

Output signal power (dBm)

_20 1 1. 1
LDs and fibers with a An of 6.6% for -30 25 20 .15 -10 -5 0 5 10
rack-mounted shelves [15, 16]. In the Input signal power (dBm)
former module, as shown in Fig. 3, we Fig. 3. Output signal power dependence
achieved an output power of 15.6 dBm, on input signal power.
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which is 2.4 dBm more than that of a ZrF,-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 um transmission

systems.

3.2 TeO,-based EDFA
~ a) Single-mode fiber characteristics
We fabricated a low loss TeO,-
based fiber using synthesized high-purity
TeO,, which was white because it contained

no yellow or gray TeO, and no black TeO.
The transmission loss spectrum of the fiber
is shown as a solid line in Fig. 4. The An of
the fiber was 1.5%. The cutoff wavelength

Loss (dB/m)

and the Er** concentration were 1.15 pm

and 500 ppm, respectively. The broken line

shows the loss spectrum of a fiber obtained

0.01...ll....l...JLJ---l....I.-;
09 10 11 12 13 14 15

Wavelength (1m)

using commercial TeO, raw material for
comparison. The An, the cutoff wavelength,

and the Er’* concentration of the fiber were
Fig. 4. Transmission loss spectra of Er3+—d0ped

1.5%, 1.3 pm, and 4000 ppm, respectively. TeO,-based fiber

The absorption peaks observed around 1.0
and 1.4 um were caused by Er'*. The

fiber prepared using the high purity 50

TeO, exhibited a low loss of 0.05 40

dB/m at 1.2 um. By contract, the loss o
of a fiber obtained using commercial 30 ‘:’
TeO, was 0.9 dB/m at 1.2 um. The 20 ‘g
difference between the losses is ";
attributed to the purity of the TeO, 10 -g
raw material. 0 =
b) Amplification characteristics T
Figure 5 shows the small -1(1).52 154 156 158 1.60 1.62 1.62

signal gain and noise figure spectra of
a TeO,-based EDFA with a cascade _ .

. . . ] Fig.5. Small signal gain and noise figure spectra
configuration using low-loss fibers. of TeOy-based EDFA.

Wavelength (um)

The fiber were 4 and 10 m in length
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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 wm, and we obtained gains
exceeding 20 dB over an 83 nm bandwidth of 1.528-1.611 um. The minimum noise figure
was 4.8 dB at 1.602 pum, and we obtained a noise figure of < 6.5 dB over an 85 nm bandwidth
of 1.539-1.624 pum. The noise figure in the short wavelength region below 1.535 pm 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
TeO,-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 InF;-based Pr'*-doped single-mode fibers as
efficient 1.3 um band amplification hosts, and low-loss TeO,-based Er**-doped single-mode
fiber for low noise 1.5 pm broadband amplification. We achieved high gain coefficients of
0.36, 0.30, 0.26, and 0.18 dB/mW for PDFASs 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 TeO,-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(D)
FABRICATION OF GLASS BASED OPTICAL AMPLIFIERS

AJ Faber ’
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5600 AN Eindhoven, NL, email faber@tpd.tno.nl

ABSTRACT :

Different techniques for the fabrication of glass planar optical waveguides, 1nclud1ng
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 pm 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 pm 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 InF,/GaF, BASED FLUORIDE GLASS FIBERS AND
Ga-Na-S GLASS FIBERS FOR LIGHT AMPLIFICATION AROUND 1.3 pm

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 pm have been requested in optical
telecommunication networks. Pr**-doped non-oxide glass fibers have been expected as the
most suitable amplifier at 1.3 um. The efficiency of PDF is critically dependent on the
radiative efficiency of the 'G, 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 InF,/GaF, based fluoride system and chalcogenide
system, Ga-Na-S(GNS).

The InF./GaF, based glass has a lower phonon energy than ZrF, based fluoride glass,
such as ZBLAN; which is now a major glass system for Pr’* doped fibers, which should result
in a relatively high RQE of the Pr’* ion[1]. 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.

EXPE T T
InF./GaF, BA YSTEM

High purity fluoride raw materials (but still of commercial grade) for Pr’":1000 ppmwt
doped InF,/GaF, glass were mixed, melted in a carbon crucible in an inert-gas atmosphere,
and quenched. The RQE of Pr*’ ions in the InF,/GaF, glass was estimated from Judd-Ofelt
analysis and lifetime measurement[1]. The RQE was 1.6 times higher than that of Pr’* in
ZBLAN[1].
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In order to fabricate a high NA(numerical aperture) single-mode fiber using InF,/GaF,

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[5].

Pr’*:1000 ppmwt doped InF,/GaF,
glass single-mode fibers were drawn to a
cladding diameters of 110-130 um and core
diameters of 1.2-1.4 um. 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 pm.
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
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Figure 1. Tensile strength of an
InF,/GaF, based PDF

Sample span length was 200 mm. Measured under
25 T ,60%RH.

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’":500ppmwt doped PDF was able to offer a slightly higher gain
coefficient than a Pr’*:1000 ppmwt doped PDF for small signal input [7].

Figure 2 shows the fiber length
dependence of the signal output power for a
Pr’*:1000 ppmwt doped InF.,/GaF, 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 InF,/GaF,
based glass single-mode fibers connected to
silica fibers[6].
sealed against environmental atmosphere.
The reliability tests of these PDFMs is now
almost completed, and so far our modules

The modules have been

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’*:1000ppmwt doped InF,/GaF, 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 pm.
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amplification properties of our recently developed InFy/GaF; based PDFMs :

Figure 3 shows the pump power dependence of the signal output power at 1.305 pm
based PDFM. The input signal level was +2.1 dBm(=1.62 mW) ;

Figure 4 shows the input signal power dependence of the net gain for 220 mW of pump
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Figure 3. Pump power dependence of the Figure 4. Input signal power
signal output power of InF,/GaF, based dependence of net gain of the
PDFM. ’ InF,/GaF, based PDFM.
The input signal‘level was +2.1 dBm. Bi-directional pumping The pump power was 220 mW. The PDF and pump
configuration with pump wavelength of 1012 nm. configurations were the same as in Figure 3.

The PDF length was 5.8 m long with core diameter of 1.2 um. The
background loss of the PDF was 0.15dB/m at 1.2 um.
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Figure 5. Signal wavelength
dependence of output power of a

InF,/GaF, 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 Fizure 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**:750 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 Dy** doped GNS glass as an over-cladding glass to strip cladding modes.
The Pr’*:750 ppmwt doped GNS glass single-mode fibers were drawn into cladding
diameters of 110-130 um, core diameters of 2.0-2.5 pm. The fibers were in-line-coated by

U —— 16 ¥ — T
i 0.81 dB/mW | 4F .
30} - S 1} i
— ¥ 0.29 dB/mW _E_'
g 20} A § 5 101 T
g%,, . E. 8t .
& 10F - 5 -
5] £ ]
0 —@— GNS-PDF 1 .
—A— I"F JGa™F -PDF
-10 PPN BT S ST S 1 L
0 50 100 150 0 5 1000 150 200
Pump power [mW] Pump power [mW]
Figure 6. Pump power dependence of the Figure 7. Pump power dependence of
net gain of the Pr’*:750 ppmwt doped fiber output power at 1340 nm.
at 1340 nm. The input signal level was —8 dBm. Pump and fiber configurations

The input signal level was —30 dBm. Bi-directional configuration were the same as in Figure 6.

with pump wavelength of 1017 nm. The PDF length was 6.1 m and
the core diameter of 2.5 um. The numerical aperture was 0.31.
UV curable polyurethan-acrylate polymer. The background losses at 1.3 pm of these fibers
were 1.2-1.5 dB/m. No GSA(ground state absorption) of Pr’**ions around 1.3 pm 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 100mW were obtained[4].

Figure 6 shows the pump power dependence of the net gain at 1.34 um for a Pr**:750
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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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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 um 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.
DISCUSSIONS

At present, a higher output level of optical
amplifier is requested in the optical
communication net-work. One of the issues of
InF./GaF, 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 InF,/GaF, based
PDF. This simulation suggests that the fairly
large ESA(excite state absorption ) from 'G, to
'D, level might significantly reduce the output
power of amplified signal in the InF,/GaF;
based PDF. But we can expect that the
InF,/GaF, based PDFs will be able to amplify
with higher efficiency than high NA ZBLAN
PDFs. Figure 9 shows the extrapolated for

140 [

— —

o] (= [ood
[ S (=

T 7T
I 1 1

N
(=3
L

!

:

Output power from PDFM[mW]

20:- -
F O

L. O E
0 [ O MO B IR | NP B )
0 200 400 600 800 1000

Pump power[mW}]
Figure 9. An extrapolation for out
put power of the InF,/GaF, based
PDFM in high pump power region
based on measured property.

output power of the InF,/GaF; based PDFM ina

high pump power region. This
extrapolation is based on the
measured pump-output power

characteristics. An output power 16 o
over +20 dBm(=100 mW) is
expected for a pump power of 14
800 mW and an initial input level T b
of +2.0 dBm. 5
The GNS glass single- % 10F
mode fiber yields a much higher B 3
gain coefficient around 8 8¢
wavelength of 1340 ~ nm. oF
However, the gain coefficient
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become lower in a shorter
wavelength region. At 1310 nm,
the gain coefficient for small
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Figure 10. Signal wavelength dependence of output

. . power for hybrid PDF.
m . .
pUt Slgnals was 0.51 dB/mW. For the hybrid PDF, the input signal level was —~6dBm , the pump power was
GNS-PDFs are best suited for 200mW, the fiber length was 5.1 and 4.8m for the GNS PDF and the InF;/GaF;
- 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 InF,/GaF, based PDF falls in the signal
wavelength range 1330 — 1350 nm. The available signal wavelength region for the InF,/GaF,
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
InF,/GaF; 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 InF,/GaF, 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 InF,/GaF; 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 Pr** doped fiber amplifiers around
1.3um. The InF,/GaF; 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 InF,/GaF, based fluoride glass PDF and GNS
PDF has the flattest gain spectrum in 1.3um 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 énd LD. 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 hterature
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 : Active Applications

Laser Power Delivery ' | Rare Earth Doped Fibers

e 54um(CO) e Fiber Lasers - 1.08 um (Nd)

e 10.6 um region o Amplifiers - 1.08 um (Nd)

e Atmospheric 2-5 pm region -1.34 ym (Pr)

e Medical Free Electron Laser (2-10 pm) -134 um (Dy)

e Anti-reflection (AR) coatings e Infrared Scene Simulation (IRSS)
Chemical Sensing , emission in 2-5 pum and 8-11 pm region
e Aqueous, non-aqueous, toxic chemicals e Chemical Sensing — Toluene detection
e Polymers, paints, pharmaceuticals e Gratings - 1.5 um

¢ Condition Based Maintenance (CBM) Non-linear

e Cone Penetrometer System ¢ Optical switching

e Active Coatings ¢ Second Harmonic Generation

e Bio-medical ¢ Frequency mixing

Temperature Monitoring o Electrical Poling

e Grinding ceramics

Thermal Imaging & Hyperspectral Imaging

e Coherent fiber bundles ‘ .

Near Field Microscopy

¢ Imaging and spectroscopy

Fiber Multiplexing

¢ Fiber couplers

Refractive/Diffractive Elements

e Micro-Lenses
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B1
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, S1 3JD, UK

ABSTRACT

Gallium-lanthanum-sulphide (GLS) glasses have been proposed as potential rare-earth hosts
for 1.3pum 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 1.3um optical amplifiers’. GLS glasses have a considerably lower characteristic phonon
energy (by about 200-300 cm™), and thus significantly lower non-radiative decay rates, than
ZBLAN fluoride glasses’. Hence GLS glasses exhibit longer emission lifetimes of rare-earth
dopants, such as Pr’". 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
paralle]l with the Optoelectronics Research Centre (ORC), Southampton University, have
mvolved 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,Ss-1.a,S; SYSTEM
The formation of glasses in the system Ga,S;-La,S; was reported in the 1970s>*. It was

claimed that the extent of the glass forming region depended on the melt-quenching
temperature: from 1100°C, the glass region extending from n=0.50 to 0.75; at 1200°C, from
n=0.50 to 0.85, where n=Ga/(Ga+La) is cationic mole fraction’.

Recently, studies carried out in both the ORC® and CGR® 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 [0]=0.21wt% could crystal-free glass be made on fast quenching®. 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 impaired”.

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 10000ppm Pr,S; dopant have been made. Figure 1 shows
IR absorption spectra collected for two glasses of n=0.70 and [O]=1wt%, one undoped and the
other doped with 5000ppm Pr,S;. Bands due to Pr’* dopant are evident but the OH
absorption band at around 2.9um is negligible for optical pathlength of approximately Smm.

PHASES DETERMINATION DURING CRYSTALLISATION

Two intermediate phases appear in the phase diagram established by Loireau-Lozac'h et al*:
GayoLagS14 of hexagonal structure and LaGaS; of monoclinic structure. Another crystal
phase GasLa;0sS14 of melilite type tetrahedral structure was also identified and and it was only
well formed in presence of slight excess of Ga,Ss°. It was reported by Loireau-Lozac'h et al’
that in an n=0.64 GLS glass, three phases GasLa103S14, Gaio3La6S14 and GaLaS; formed in
varying proportions on reheating. When the heat treatment temperature was raised, a decrease
of phase GaLaS; and an increase of phase GasLai05S14 Was observed, whereas the
concentration of GaiosLasS14 kept practically constant. When n>0.64 then phase GasLaio3S14
was alone appeared in the GLS glasses on heating.

A comprehensive crystallisation study has been carried out when reheating glasses in the Ga,S;
-La,S; system, with n=0.75, 0.72, 0.70, 0.68, 0.65, 0.62 , over a sufficiently wide range of
temperature’. 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 2Ga;S;-La,S;°. Also identified was phase B, which
showed a similar XRD profile to that of GasLaiosS14 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 Ga,S;. A La-rich gallium lanthanum sulphide phase (phase C) was detected
in the heat treated GLS glasses with increasing heat treatment temperature or La,S;
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-Ga,S; (phase D) also appeared in the n=0.75 glass on fast melt quenching and in
the heat treated n=0.72, 0.75 glasses. These results highlight significant differences when
compared with those reported by Loireau-Lozac'h et al.>. We suggest that a different oxide
level in the starting materials may have contributed to the different crystal phases obtained m
our laboratory compared with those obtained previously by Loireau-lozac’h et al.**. To help
clarify this difference, detailed investigation of the effects of oxide content on the crystallisation
behaviour of GLS glasses have been carried out™”. ' -

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

IS(NOG)? ‘98 21




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 glasses™.

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 n1=0.70 with La,O; substituted at the expense
of La,S;°. When the batches prepared contained less than <0.13wt% oxygen melts devitrified
on quenching. As La,O; 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 further 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 work®. 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 GasLaj03S14
(JCPDF card no. 27-0229), we suggested that phase B might be GasLa;055:40; (JCPDF card
00.39-0767).

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 B> ', Thus,
addition of a certain amount of oxide could lead to the total glass composition approachmg 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 studied'?.

When three glasses of n=0.65, 0.70 and 0.75 and [0]<0.45wt% were remelted and cooled at
1°C/min to785°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 0=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. a-Ga,Ss, 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 1°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 [0]=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
might3 gave explained why Loireau-lozac’h et al did not identify these two phases in their
work™ ",

THE EFFECTS OF ADDITIVES

Zn, Pb, Bi, Cd, Sr, and Ba sulphides were added to n=0.70 glass at the expense of La,S;
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 (MCIx, x=1 or 2) were also introduced into the GLS glasses
in the form of (100-y)(0.70Ga,S; 0.30La,S3) YMCIx (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, La,O; was used
to substitute for La,S; while n was kept constant at 0.70. When the overall oxide content [O]
was 0.57wt%, then up to Smol% 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 BaCl, was
used instead of CsCl then only half the equivalent mole fractions could be added, possibly due
to BaCl, supplying double the Cl. When compared with the original GLS glasses these
chioride 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,
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ABSTRACT

Germanium sulfide is a well known optical materiai, which is transparent in the 0.5-10 pum
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
(GeCly) and germanium ethoxide (Ge(OC,Hs),), 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 GeO,. 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 GeS, glass were

usually obtained. In some cases, the film composition contains germanium sulfide without oxide
impurities.

L INTRODUCTION

Fiber optic and integrated optics (I0) amplifiers for the 1.3 pm telecommunications window
may be developed by doping suitable glass host materials with praseodymium ions (Pr>*). This ion is
optically active near 1.3 um, based on the radiative transition from the metastable l(}4 state to the

3H5 state. This transition is quenched by non-radiative multiphonon relaxation from the !G 4 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 GeS, are promising hosts [1,3]. Germanium sulfide is a well known

optical material, which is transparent in the 500 nm to 10 um 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 GeS, and GeO,. The authors proposed that

water impurity was the reason for GeQ, formation during GeS, synthesis. Special precautlons 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.

II. EXPERIMENTAL PROCEDURE

11.1) Film fabrication
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For the preparation of GeS, sol-ge! 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(OC,Hs)y), or

germanium tetrachloride (GeCly) ;
- the different sources of sulfur : thiourea (SC(NH,),), thioacetamide (CH;CS(NH,)), or
hydrogen sulfide (H,S) ;

- the nature of the solvent : ethanol, or toluene ;
- the nature of the catalyst : HCI, HySOy, or propionic acid (CH;CH,COOH).

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

I1.1.1) 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
thicurea in toluene.

Suitable sols were used for depositing films in a glove box filled with dry N,. 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.

I1.1.2) Reaction between thioacetamide and Ge precursors

Thioacetamide was easily dissolved in ethanol (but not in toluene), yielding a ciear solution.
GeCly was added to this solution very slowly. The reaction between thioacetamide and GeCly (there

was no reaction with TEOG), was observed by the changing color : the solution becomes yellow and,
after 3 minutes, it slowly becomes milky. Fiims 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.

I1.1.3) Reaction between HZS and Ge precursors

After testing different experimental conditions, the direct reaction between H,S and TEOG
did not give good results. Only GeCl, appears to give good results in the preparation of germanium
sulfide sol-gel films, using the following method. Inside a N,-filled glove-box, GeCly is easily

dissolved in toluene, containing propionic acid catalyst (this was found to be preferable to HCI or
H,S0,), 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 H,S/GeCly ~ 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).

1.2) 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™!. XPS measurements were carried out in a ultra
high vacuum chamber, using a Mg Ka X-ray source. Refractive index and thickness measurements
were performed with an ellipsometer (Rudolph Research, A=633 nm).

III. RESULTS and DISCUSSION

II.1) Films prepared by the reaction between thiourea and Ge precursors

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

III. 1 1) IR spectra
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Figure 1 : Infrared absofption 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-O
bonds is indicated by the peaks at 870 cm-! and at 560 cm"!, the same as found in germanium oxide
by several authors [9-11] ; most of these films appear to be composed of GeO,, containing
appreciable amounts of OH, at 250°C, revealed by the broad band near 3300 cml. A positive
identification of Ge-S bonds at ~334 cm™! [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.

111.1.2) 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 GeO, and GeS, 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 GeS, and
GeO, would be approximately 33:67, based on the Lorentz-Lorentz equation [13] :

2 2 2

ne -1 - - .

L - 5 1+V,,”g ! with V, =1-7,
ny+2 n; +2 n,+2

with ¥ and ¥, : volume fractions of GeS, and GeO, respectively
ns,n, and n . :refractive index of GeS, glass (2.30), GeO, 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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IM.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 €V 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) At% Possible chemical
+1ieV Environment
Ols 532 73+£73 GeO, + adventitions
S2p 165 5+£05 GeS,
169 3+03 H,S
Ge 3d 33 18+1.8 GeO, and GeS,

1I1.2) Films prepared by the reaction between thioacetamide and Ge precursors

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

II1.2.1) IR spectra

The IR absorption spectrum of a germanium sulfide based film (figure 2) shows absorption
bands at 375 cm-! and a shoulder at 435 cm™}, corresponding to the presence of Ge-S bonds. The
absorption band of Ge-O bonds at 870 cm'! 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 germanivm sulfide
(only Ge-S bonds are present in the IR spectrum).

10 - 110

L™

90

80 |- a)

% Transmittance
2

% Transmittance
2
T

375
70
nr

£0 [ UUSI WS U IO E S UPRNS RN BRSPS EU S | 1 " i " 1 2 1 1 2 1
4000 3500 3000 2500 2000 1500 1000 500 600 500 400 300 200 100

Frequency (cm-1) Frequency (cm-1)

Figure 2 : Infrared absorption spectra of germanium sulfide containing film, prepared from GeCl, and
thioacetamide, dried at 250°C, during 5 hours : a) middle IR ; b) far IR spectrum

I11.2.2) 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 GeS, glass [3].

11.2.3) XPS spectra
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Figure 3 : XPS spectra of germanium sulfide based film prepared with GeCly, 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 CI 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.

II1.3) Films prepared by the reaction between HZS and Ge precursors

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

11.3.1) IR spectra
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Figure 4 : Infrared absorption spectra of germanium sulfide based film, prepared with GeCly and H,S,
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-O 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 em” and 435
em’, 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 GeS, and some residual GeO,.

Although special precautions were taken by using the N,-filled glove-box and the schlenk technique

under dry nitrogen, there was still some water contamination during processing, responsible for the
GeO, formation.

111.3.2) Ellipsometric measurements

The refractive index values of different germanium sulfide based films at 633 nm 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
applications (e.g. P doping), the best results so far have been achieved with films prepared by the
reaction of GeCly 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 GeS, glass).

At this point, the fabrication of GeS, planar waveguides by sol-gel processing appears
feasible. Their optical quality will still be further improved and optical propagation loss
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 Eu?* in a fluoride melt by a variety of chemical
reductants and by bulk electrochemical reduction. The Eu?* 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 Eu?™ jons, although a
fluoroaluminate glass made using the LiH reduction technique showed strong luminescence.

1) 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 biue 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 Eu?* 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 Eu?* luminescence from
a 4f65d! to 417 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 EuZ* ions shows a
small but measurable photostimulated phosphor effect. Europium is commonly available
only as the 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 Eu?* doping for X-ray phosphor applications. However,
fluorozirconate glasses present a particular problem for low valence dopants due to the ease
with which Zr4* can be itself reduced. We have therefore undertaken a study of processes by
which Eu?t ions can be introduced into the fluorozirconate hosts using a variety of
techniques to reduce trivalent to divalent europium. The Eu®* 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 these ions in many other glasses (see for example the review by Brodbeck and Iton [6]).
Both Eu2* and Gd3* have an {7 electronic configuration with an 3S,,, ground state, which 1s
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 7F,, singlet ground state which does not contribute to the EPR
spectrum or the magnetic susceptibility; the 7F, 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. Hy gas was instrument grade (99.9%) from BOC and
mixed with high purity argon to give S, 10 and 25 vol% mixtures. Fluorozirconate (53ZiF4-
20BaF)-1.5LaF3-1.5YF3-3A1F3-20NaF-1EuF3) and fluoroaluminate (35A1F3-10BaF,-20CaF,-
1081F2-14YF3-10MgF-1EuF;3) glasses were batched in a nitrogen filled drybox and melted
in 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 Hp 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, smail 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 Eu?* content in our glass samples, we compared the
amplitude of the broad EPR absorption line at ~0.1T (shown in figure 1) with the equivalent
line in a ZBLYAN sample doped with 1% Gd3+ We assume that all of the gadolinium occurs
in the trivalent 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 0.1T for
the Bu?* 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
reproducibility 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 151Eu and 153Eu hyperfine splitting broadens the Eu2* line by around
15% compared to that for Gd*. 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 Eu’* 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 Eu?* 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 linewidth 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 nm 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
Eu?* 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 0.1T 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 mol 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 Eu?" ions, suggesting that the indium is
reduced before the europium. Electrochemical reduction produces a glass of high
transparency and up to 0.28 mol% Eu?". 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 Eu* to
Eu?*. 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
EuF; 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.

Single glass samples were produced with LiBH, and ZrH, . These reductants appeared to be
almost as effective as LiH in reducing the Eu3*. We have also examined glasses containing 1
mol% EuF; which had 1 mol% of CeF;, MnF,, or ZrO, 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 EuF, sourced from Agfa AG. We include results for this material in
Table 1. The Agfa material does not lead to a significant concentration of Eu?* 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 EuF, 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 EuF, using the LiH
reductant process. EPR assays of the relative Eu?* content in these glasses showed that the
glass made from the Agfa europium fluoride contained approximately one-fifth the Eu?*
concentration of the other two glasses. The fluoroaluminate spectra show a broad Eu?*
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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 4f05d to 4f’
transition, whilst a narrow line at 360 nm is the %P, to %S, 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 Eu’*, but the glass
produced with Agfa starting material showed Eu’* luminescence peaks near 600nm.

The Mossbauer spectrum of a fluorozirconate glass produced using 5% EuF, and 5% LiH
was similar to that reported earlier for a fluoride glass with the composition 61ZF ,-2EuF,-
12 BaF,-7ThF, [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 Eu?* and —0.3(2) mm/s, 3.0(4) mm/s and 13(2) % for Eu3*. The
linewidth for Eu2* is anomolously large [10].

4) DISCUSSION

We have not observed Eu?" 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* jons is observed in all of the glasses (provided onlx
that a significant fraction of Eu?* remains in the reduced glass). Furthermore, the same Eu’

to Eu?" reduction processes lead to very efficient luminescence in the closely related
fluoroaluminates. Efficient Eu?* emission is also observed in many crystalline fluorides such
as CaF,. The fluorozirconates therefore appear to be a special case. A small crystal field
splitting of the 4°5d lowest term might leave the lowest level of this configuration above the
first excited state 6P 1, of the 4f7 configuration, but no luminescence corresponding to the
latter transition, which 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 Eu?*, and some
reduced zirconium species which may be Zr>* or Zr?*. We see no evidence for Zr>" in any
of our EPR spectra; Zr?* is an even electron system and is EPR inactive, It is possible that
the Eu?* 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 4f°5d 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 Eu?" - Z¥" and Euw3*t - 703t
configurations.

5) CONCLUSIONS

Reduction of Eu3* to Eu?* in fluorozirconate glass can be achieved by addition of LiH, NaH,
LiBH, or ZrH] 4 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 Eu?* luminescence. No Eu?* luminescence could be observed from any of the large
number of fluorozirconate glasses produced, most of which demonstrably contained a
significant Eu* content. We conclude that the absence of Eu?* luminescence is an intrinsic
feature of this material, and precludes the use of this material in X-ray phosphor applications.
However, since Eu?* 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 ZBLYAN:Eu glasses. Glassy carbon

crucibles are denoted by gc.

Crucible

graphite
graphite

gc
gc
gc
gc
gc
gc
gc
gc
gc

gc

Atmosphere

Ar
Ar

Ar
Ar, 5% Ha
Ar, 5% H2
Ar, 5% H,

Ar

Ar

Ar

Ar

Ar

Ar
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Additives
or Process

0.25% InF,

e/chemical

1% LiH
1% Nat
0.25% LiBH,
0.5% ZrH;
1% EuF; (Agfa)

1% EuF, (Cerac)

Eu®*/Gd™
EPR

Signal Ratio

0.23
0.04

0.22
0.52
0.81
0.74
0.74
0.66
0.78
0.86
0.05

0.67

Estimated Fu®*

Concentration

{mol%)

0.29
0.05

0.28
0.66
1.03
0.94
0.94
0.84
0.99
1.09
0.06

0.85

Luminescence

{350 nm
excitation)

orange
orange

orange
orange
nil
nil
nil
weak orange
nil
nii
orange

nil
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Figure 2: Luminescence spectra for three samples of fluoroaluminate glass containing 1
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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 ZBLLAN 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[1,2,3].
Recent work has concentrated on the production of large blocks of glass (620g). This
has necessitated the use of different batches of HfF, 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 *+ 1ns (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 1ns 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 CeF, crystal of similar thickness
(5mm) and yields were expressed as a percentage of CeF, 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 R1166 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
ime 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.

3900
7 .
T 9850-
- 'Y
§ 8800
s 'Y
5 3750
N .
T 37
© 00 ®
>
ko] 3650
£

®

§ 3600

3550 ?

250 260 270 280 290 300 310 320 330 340

Temperature °K -
Fig.1 Integrated light yield within a 130ns time interval, as a function of temperature.
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Indium addition

There was a very strong fall in yield with increasing InF, concentration, but
measurements of the UV transmission at the CeF, 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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Fig.3 The effect of increasing cerium concentration on decay time
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Zirconium addition
The substitution of HfF, with ZrF, caused a gradual fall-off in yield with 100%

substitution giving no significant signal. Fig.4 compares the pulse shapes for different
Z1F, 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 vield (Fig. 5 ).
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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
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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.1) 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 InF, is
added. Measurement of the transmission of InF, 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 CeF, .
additions. We have been able to confirm this result [1]. We also find that pure CeF,
has a yield of about 10 times the yield of 5% CeF, 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 te clustering, causing an increase in the non radiative
decay modes.

The onset of quenching with the substitution of ZrF, for HfF, (Fig.4) is surprisingly
slow given that there is no significant scintillation yield with pure ZrF,. This result is
very significant from the point of view of calorimetry since the performance is
insensitive to ZrF, 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 HfF, 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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ABSTRACT

New fluorophosphate glasses containing LaOBr were synthesized. LaOBr was prepared
at 450°C by the chemical reaction of the bromine gas on the LapO3; powder. The vitreous
areas in the NaPO3-LiF-LaOBr and NaPQj3-BaF;-LaOBr ternary systems are reported. Glass
samples were characterized by DSC. The incorporation of lanthanum oxybromide was found
to increase the glass stability against devitrification. Two series of glasses were prepared with
the composition (55-x/2)NaPQ; (45-x/2)BaF, xLaOBr and 49NaPO; 39BaF;
(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 (NaPOj3), from Strem, LiF and BaF2 from
Merck and Lay03 4N from Rhone Poulenc . - '

Lanthanum oxybromide is synthesized by flowing gaseous Bry 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 reéaction between LayO3 and gaseous HC at

450 °C, while solid state reaction between LayO3; 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 LaBr;. 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.

bBl‘z

Figures 1- Set-up for the bromination or the chlorination of LayO3 including source of Brp
(1a), HCI (1b) and reaction enclosure (ic)

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 Tp, 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 OT=Tg-Tx . The glass density was obtained by Archimedean
method with an uncertainty 0.02 using CCly as the immersion liquid.

RESULTS

A first set of preparations has been implemented in the NaPOj3-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 NaPO3-LaOBr is very narrow and a third component seems

necessary to ease LaOBr incorporation.
After several attempts we concentrated on the NaPO3-BaF,-LaOBr system. Barium ﬂuonde 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 % NaPQs. It may reach 15 % as in the 48NaPO3-37BaF»-

15LaOBr glass.

@ Glassceramic

NaPO; ® Ceramic NaPO 3
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Figure 2 - Glass formation range (mol%) in the Figure 3 - Glass formation range (mol%) in
the NaPO3; LaOBr LiF system NaPQOj3; BaF, LaOBr system

CHARACTERISTIC TEMPERATURES

A Set of samples was synthesized with the general composition:

(55 - x) NaPOs, (45 - x) BaF;, 2x LaOBr withx =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) NaPOs3, (45 - x) BaF,, 2x LaOBr glasses.

x| Tg(°C)| Tx(°C) | Tp(°C) | TR°C) |Tx - Tg(°C)
0 [268 [396 [411  |523 128
1 |243  [327 |33% |54 84
2 1246|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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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/3) NaPOs3 - (45- X/2) BaF5 - x LaOBr (4<x<12)

2) 49 NaPOs - 39 BaF; - x LaOBr - (6- %/2) Lag03 (0 <x < 12)

— K (55-%/2)NaPO; (45-x/2)BaF ) xLaOBr

——@— 49NaPO; 39BaF, xLaOBr + yLa ,0
—— 49NaPO3 39BaF2 xLaOBr +

3 L
— s B8 nap03 (45x/2BaF2 $LeOBr 395 4 : £ + }
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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 np increases with composition index x. The slope of the straight line is 2.6 10-3

mol-! for LaOBr and 1.3 10-3 mol-! for Br alone, i.c. 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: ‘

51 NaPOs - 41 BaF; - 8 LaOX (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

D TRANSMISSION

Figure 7 shows the infrared transmission curve of the 51 NaPOj3 - 41 BaF; - 8 LaOBr glass
between 400 and 4000 cm-!. A large absorption band centered on 2100 cm-! limits strongly
the optical transmission. It corresponds to the first overtone of the PQ4 v3 vibration mode, for

which the fundamental mode is located around 1020 cm-l. 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 NaPO; - 41 BaF; - 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 PO4, PO3F and PO,F; 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 BaF 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 *'P 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 quantitétively 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 appylications 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 3P 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 P,S, 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]. *'P 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 frpm 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 P, upon heating

above the glass transition temperature.
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THIOPHOSPHATE GLASSES AND CRYSTALS

Recently high resolution double-quantum *'P NMR specfroscopy 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 quantlim 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 PS,”, P,S,* and P,S,* can thus be identified by characteristic
excitation profiles. This aproach is applied to ionically conductive glasses
in the system Li,S-P,S;. In the case of glassy Li,P,S,, DQ-MAS reveals a
structural transformation on crystallization to Li,P,S; [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-! for a series of seven samples from
the stoichiometric system Geys(As,Ga);0S¢s, With Ga contents from O to 10 atomic percent.
The correlation functions all show three principal peaks at 2.23A,2.97A and 3.49A. 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 2.0A and a larger and broader
- shoulder at about 2.5A. 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, 2.0A, is consistent with either S»2- 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 2.5A 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 Ga;S3. More recent work [2],
however, has been drawn towards glasses containing As;S3; 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 a
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

%d‘(g)n@), W

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

10)=1°0)+2 [ ei(0)M(@)sin(re)0, ®

2
where T°(r)= 47rrg°[2 c,l?,] is the average density contribution, g° is the atomic number
!

density, and M(Q) is a modification function. The correlation function is a weighted sum of
partial correlation functions 7, (r);

T(r)= Ec,l;,b_,,t,,/ (). 3)

w

where ¢, and b, are respectively the atomic fraction and coherent scattering length for element
[, and the /,]” summations are each over the elements of the sample.

3. EXPERIMENTAL PROCEDURE

Seven samples of Geys(As,Ga)1oS¢s 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(GeS;).(As1.xGay)2S3, as shown in figure 1.

Table 1. Densities of the Ge,s(As,Ga);oS¢s neutron diffraction samples.

Ga content density atomic number density
(atomic %) (gem-3) (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 1. Compositions of the neutron Figure 2. Atomic number densities of the
diffraction samples. 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 2 maximum momentum
transfer of 40A-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(GeS»).(As,S3) sample, whilst
Figure 3b shows the lower Q region of the data for this sample together with the data for the
5(GeS»).(GayS3) sample. The diffraction patterns show small changes, mostly in the region
below about 8A'l, as gallium replaces arsenic in the glass. For instance the first sharp
diffraction peak moves to a lower position, @,, as the Ga content increases. The relatively
slight changes seen in the diffraction pattern are consistent with the expectation that both
GayS3 and As)S3 easily enter the GeS, 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 40.0A-1. Figure 4a shows the correlation functions, (),

n
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Figure 3. The distinct scattering i(Q) a) for the 0% Ga sample covering the full 0-range, and
b) for both the 0% Ga and 10% Ga samples in the region below 10A-1,
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for the 5(GeS7).(As3S3) and 5(GeS»).(GayS3) samples in the region up to 6A 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 2.0A which does not
show any definite trend with glass composition. Also a larger and broader shoulder is
observed at about 2.5A which increases in area as the Ga content of the glass increases.

5. DISCUSSION

5.1 THE PRINCIPAL PEAKS IN THE CORRELATION FUNCTIONS

The first principal peak in the correlation functions at 2.23A may be identified as being due to
X-S bonds, where X represents any cation, Ge, Ga or As. In crystalline GeS,, which has a
tetrahedral structure [7], the mean Ge-S bond length is 2.218A. In crystalline Ga,Ss, in which
Ga is tetrahedrally coordinated by-S [8], the mean Ga-S bond length is 2.255A. In crystalline
As)S3, in which As are at the vertex of an AsS3 trigonal pyramid [9], the mean As-S bond
length is 2.283A. 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 2 Qg of 40A-1 the real-space resolution has a full width at half maximum of 0.136A).

The second principal peak in the correlation functions at 2.97A 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 crystailine form of GeS, [10] the Ge-Ge distance
between edge-sharing tetrahedra is 2.919A. 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 3.49A 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 2.97A then the S-S distance for the shared
edge is 3.33A 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 resoluticn of pulsed neutron diffraction. The pre-peak at
about 2.0A 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 MoS3 we have
observed a small peak in the correlation function at 1.99A which is due to disulphide Sy2"
groups within an octahedral MoSg structural unit [11]. It may thus be suggested that the pre-
peak cobserved in the present data at about 2.0A 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 Sy- 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 2.5A 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 2.0A 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
S,2- groups.

In the chemical disorder model the 2.5A 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 2.45A [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 Ga,S3 itself has insufficient
sulphur to satisfy this coordination requirement. Hence for Ga to be tetrahedrally coordinated,
the addition of Ga;yS3 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 Ga,S3 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 As;S3 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 As,S3 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 amorphous 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 recéntly been observed in a
neutron diffraction experiment on pure AsyS3 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
Ge,s(As,Ga)1oSes glasses. The neutron correlation functions show a small pre-peak at about
2.0A and a shoulder at about 2.5A. 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
5,8- - 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.

EXPERIMENTAL
RESULTS

J M L ' 1 v 1

400 600 800 1000 l 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 As;Te;, that wide endothermic effect is observed also [51.

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
As;Tes[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 haif-
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, :

304 AC,, J/molK A MODEL .
P ; 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 Ilatter is
expressed not only in
increase of density on a
. T . . : few percents, but also in
400 600 800 T, K increase of average co-
ordination number of
atoms [7]. Told testifies
Fig. 2. Temperature dependence of excess heat capacity of Te that this effect should be
melt. Points are the experimental datum. Lines are the results ~ attributed to the phase
of fitting (equation 3). : transitions. At the same
time it cannot be
considered as ciassical 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, A~
transition (the dependence Cp (T) reminds the Greek letter A), 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

20-

10+

0
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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 inciuded in RCST
is offered using these representations [8]

4kyT2AC
__ " p

n= 0 5
: tr
Where ACp is excess heat capacity at temperature of transition, Ty and Qy - 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.

1)

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)=(1-¢)ps(T)+cpm(T), where ¢ is the degree of transformation, ps (T) and pp (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=¢/(1-c); [4]. In

that case '
dnK) _E, | )

arl R
where: Ey is the enthalpy of the SMT for Avogadro number of RCST. It can be possible to
right the following expression for AC,and p :

E (1 1
. de 9, :reXP_ R \7°T, J
p —er dT_ -E

=
1 1
RT2 1 tr (__.__]
{+exp R\T°T

2
IS(NOG)“ ‘98 63




Ap
p=p,-058p+a(T, - T)+ FRTEERL @
1+exp{—i(———”

R T,

where: py is the density of melt at Ty; o 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 C, and of o.. 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

6807 T , K well, that RCST have the

r size, which does not depend
on temperature.

660
DISCUSSIONS

The results of fitting

640- of experimental datum on

C(T) and p(T) with the use

[Ge], at.% of equations (3) and (4) are

620+ presented on Fig. 1 and 2. It

—— e can be  seen, that

0 5 10 15 20 experimental  datum  are

described by equations (3)

and (4) sufficiently. The

Fig. 3. Dependence of temperature of SMT on Ge temperature of SMT can be
content: defined as the temperature, at

+ - the datum obtained from Cp(T) dependencies; which the equilibrium constant

O - the datum obtained from p(T) dependencies. K is equal to 1 [4]. The T
obtained in such manner from

Cy(T) bas the same value as
obtained from p(T) (fig. 3). The strong changing of Ty 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=E% . For all investigated melts n is equal to 25-45 atoms. Both reasons of
4

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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COMPARISONS OF NEODYMIUM DOPED FLUOROALUMINATE AND
FLUOROZIRCONATE GLASSES FOR OPTICAL COMPONENTS

Adam B. Schrader and Alexis G. Clare
New York State College of Ceramics
2 Pine St., Alfred, NY USA

There are many different types cf fluoride glasses such as
fluorozirconates, fluoroaluminates, fluoroberyllates, and
fluoroindates. 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

7pm) 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 (Zxr¥,-BaF,-LaF;-
AlF;-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 (AlF;—BaF2~CaF2—SrF2-MgF2—YFQ
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 fluorocaluminate 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 N@** substituting for Y** or La%
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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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EXAFS studies of possible clustering of
thulium ions in alkali tellurite glasses.

D.B. Hollis, D.P. Turner, L.D. Firth
Department of Electronic Engineering and Physics
University of Paisley
Paisley PAl 2BE

F.W. Mossellmans
SRS Laboratory
Daresbury
Warrington WA4 4AD

Thulium, when doped into glasses at concentrations over 0.5 mole %, exhibits
concentration quenching of the fluorescence around 1.8 pm 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 XRO,. (1-X) TeO,, where x runs from 0 to 30 mole%, and
Ris 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 Tm,0;. 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 Tm** kot 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 jons. 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.

IS(NOG)?+98

G5




DI

INITIAL CORROSION STAGES OF HEAVY METAL FLUORIDE GLASS IN
WATER
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D-60486 Frankfurt/Main, Germany

ABSTRACT

A Z1F, - BaF, - YF; - AlF; presputtered glass was corroded in H,O 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 BaZiFs phase.
Further, a modified corrosion model for the initial stages of the glass attack is proposed,
where H,O 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. OH < 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 ZrF,, 33 BaF,, 10 YF;, 7 AlF; (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 7 x 7 mm’ 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 (Jons and
Neutrals Analyzer, INA 3, Leybold AG, Kéln, Germany), which makes possibie 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 (P1 Long Scan Profiler, TENCOR Instruments GmbH, Miinchen, 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 ZrXy, BaX,, YX; and AlX;,
respectively, where X = aF + bOH' + ¢('/,0%), with the partition factors a, b and c. In the
bulk of the glassa=1,andb=c¢ = 0. )

Hydrogen depth profiles were obtained using the **N nuclear reaction analysis (NRA), which
is based on the resonant reaction 1H(H’N,ovy)uc. 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
backscattering spectrometry (RBS) in which the strongly increased '°0 + ‘He scattering cross
section at E("He) = 3.045 MeV is utilized, compare [11,12]. H and O depth profiling was
done at the Intitut fiir Kernphysik, Universitit 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) ZrF, - (39 + 3)BaF;-(11£ 1) YF;-(5+1)
AlF; (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 BaZrFs.
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 mode! by Tregoat et al. [13] serves as a basis for the modified model
proposed in this work. These authors considered H', /H30O" 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 Ba" ions react with H,O and leave the surface as Ba(OH),. 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 BaF; - ZrF, 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 Ba®" ion bonding between the ZrFy
chains.

Step2: H,0 molecules attack the glass surface, break bridging fluorine bonds and form
Zr-O-Zr bridges. The F ions react with the H' 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- <> OH exchange still occurs, however, with less priority.

Step3: Ba®' ions are also involved in the reaction. This may occur in two ways:

e The SNMS profiles of Fig. 1 displayed an enrichment of Ba in zone B and the
tendency towards forming there a composition near BaZrFs. For that Ba®" 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.

e As described in the model by Tregoat et al. [13], the Ba®" ions may react with
H,0 and can leave then the glass surface as Ba(OH),, 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 Vi change of the overall reaction depth was
found [10], whereas at lower temperatures this change occurred proportional to #, possibly an
indication for the second mechanism.
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5. CONCLUSIONS

A ZsF, - BaF; - YF; - AlF; presputtered glass was corroded in H,O 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 BaZrFs phase. In zone A, where the
reaction between glass and water starts, a mechanism prevails with H,O as an 1n1t1at1ng
species. Details of this modlﬁed mechanism are discussed.
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ABSTRACT

The temperature-viscosity dependence of ZrF4-, InF3- and CdF,-based fluoride glasses was obtained
by two methods. The first onc is from Moynihan’s relation based on the DSC data considering the
width of glass transition region ¢.g. Tg and Tg’, the beginning and ending temperatures of glass
transition. We defined a factor G = (Tg’/Tg)(Tg’-Tg) in the relation because it does determine the
viscosity at a temperature (T-Tg’). The slope of the calculated logn-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 (logn - 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 CAFCI. 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 their
wider IR transmitting range, lower phonon energy of glass network and lower intrinsic losses.
However most of their uses based on these 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 103-106 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 logn-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~
1011, viscosity in Pa.S), Penetration (107-101!) and Parallel plate (103-1010) [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 viscosity-temperature 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 lon-T gradients
were observed for all the studied ZBLA, ZBLA, ABCMY and ZBLALIi and ZBLALiPb compositions
(for abbreviation Z=ZrF,, B=BaF,, L=LaF;, A=AlF;, C=CaF,, M=MgF, 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(53Z1F;-20BaF,~4LaF3-3AIF3-20NaF),
ZBLA[2)(57Z1F ;-36BaF,-3LaF3-4AlF3), 1ZnBS[5](34InF3-6GaF3-20ZnF,-16BaF,-20SrF,-2GdF,-
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2NaF),  BlZnYbT[2](30BaF,-30InF3-20ZnF)-10YbF3-10ThF,),  GIPCdZn[7}(22GaF;-13InF;-30
PbF,-18CdF,-13ZnF,-2GdF3-2NaF), CdFCi47[9](30CdF,-18.5CdCl,-8NaF-25NaCl-12.5BaF,-2KF-
4LiF).

The ZBLAN, GIPCdZn and IZnBS glasses were prepared by the typical NH4HF, 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"), the onset and peak
temperatures of crystallization (Tx and Tp), and +2°C for melting point (Tm) and liquidus temperature
(T).

2.2. Estimation of T-1 from DSC data

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

14.2 14.2
logn=-5+ =S ;
0.117(5 TIE)+1 0.147g T
T, G-5r)
A YR (1)

We defined a factor G = (Tg’/Tg) (Tg’-Tg) in the relation because it does determine the
gradient of logn-T curve at a temperature (T-Tg"). For high Tg glasses, fiber drawing temperature Td
can be easily obtained by:

Td=[T~Tg] jogn + T8’ ~ [ T~ Tg’] jogn + Tg+ G 1))

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 of T-n by paraliel-plate method

The cylindrical samples are slices cut from annealed glass rods and roughly polished. The
dimension of sample are typically with 6-8 mm in diameter and 3-4 mm in thickness. The parallelism
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.
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}:

' n=2r Mgh3/[3V (dh/dt) 2n h3 + V)]. 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 logn-T gradient is depended to G value, the determination of G= (Tg'/Tg) (Tg>-Tg) is
very important. Tg and Tg' could vary with the glass annealing and heating rates [12]. In normal
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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 Tg Tg' G Selected  dlogn/dT  Alogn/AT
(°C/mn) K & K G @t Tg) (logn=7-9)
ZBLAN As made 5370 5546 18.18 16 0.130 0.108
099inDSC 5372 5527 15.95
1.97inDSC 5364 5542 1839
628 mnDSC 535.0 5547 2042 :
GIPCdZn As made 521.0 5412 2098 21 0.11 0.084

099in DSC 5202 5416 2228 :
1ZBS As made 5653 5888 2478 24 0.098 0.073

0.99inDSC 565.1 587.0 2274
492inDSC  563.0 587.8 25.89
CdFCl47 As made 3994 4314 34.56 32 0.072 0.055
099in DSC  399.1 431.7 35.26
493inDSC 3987 4326 3678

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/min
for fluorcindate glasses and less than 1 °C/min for CdFCI glass respectively. In order to compare the G
determined logn-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 smailer 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 logn-T gradient in the viscosity range 10 79 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) > 1ZnBS (0.073) > CdFCl47 (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 logn-T gradient is probably related to glass’ ionic character
By comparison with silicate glasses, fluorides glasses have high ionic nature and exhibit steep logn-T
relation. Among the studied systems in this work, ZrF-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 (GaF; and InF3) based glasses have higher logn-T gradient than

the di-valence fluoride glasses (CdFCi47).

3.2. Determination of logn — 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.
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Fig. 1. Deformation curves of GIPCdZn glass Fig.2. logn-T curves of GIPCdZn glass
under load (a) 100g, (b) 50g and (¢) 10 g. 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, €.g. more near to fiber drawing range. However the lonn-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 1079 Pas 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 logn-T gradient in 107-2 Pas. Similar to the viscosity-
temperature dependence estimated in previous section, the measured data show again that logn-T
slope decreases with the ionic character decreasing from ZBLAN glass, to GIPCdZn glass and then to
CdFCi47 glass.

Table 2. Determination of viscosity characteristics by parallel-plate method.

glass Alogn/AT (logn=7-9) Alogn/AT (logn=7-9)
(by TMA-220 Seiko, Inc.) (by Viscometer Theta Industries Inc.)
ZBLAN20 0.12 (50g, 2C/min) 0.14 (200g, 2C/min)
0.093 (100g, 2C/min)
GIPCdZn 0.090 (50g, 2C/min) 0.12 (200g, 2C/min)
0.085 (50g, 1C/min)
CdFCl47 0.080 (50g, 2C/min) 0.11 (200g, 2C/min)
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The activation energies of viscous flow of GIPCdZn and CdFCI47 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 CdFCI47 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 T, 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 dra\}ving temperatures at which logn = 5 (Pa.s). They are obtained by calculating
from the relation (2) and by extra-plotting the measured viscosity curve to logn =5 (Pa.s).

Table 3. Evolution of fiber drawing possibility in fluoride glasses.
Glass To Td 5 Td peas: | To-Tdgyp To-Tdyeas.
€O CC) 0 0) CO)
ZBLAN 344 326 320 +18 +24
GIPCdZn 322 331 321 -9 +1
1ZBS 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 CdFCI 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 GIPCdZr and other Pb-containing GaF3/InF; based glasses can be

drawn into experimental fiber with a loss two orders higher than that of ZBLAN, and CdF(l fiber is
not vet up to date.

4. DISCISSION

From the current view of fluoride glass formations, the lower activation energy in
crystallization and/or 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] klJ/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 En in the basic equations often used :

Ink =1nkg - Ea/RT, (in crystallization)

logn=A+En/T, (in viscous flow),
it suggest that larger Ea value corresponding to steep Ink-T curve. Similarly the high En (or small G)
corresponds to steep logn-T gradient. The effects of Ea and En 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 En. In addition, the low Ea decreases crystallizing frequency (k) smoothly. It is clear that both
low Ea and En 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 En 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 En 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
[ZrF ] units as ZrF, content is high (>50 mole %). When glass is heated, this structure gives the
crystal phases mainly in forms of MZrF,, [15] and therefore its DSC curve is very plat till to Tx. This
character is beneficial to fiber drawing. However in CdFCI glass, the crystal phases are elemental
fluorides and chlorides and the weak chlorides crystaliize first at low temperature[16]. Its this nature
and its smooth logn-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 ZrF,-, InF3- and CdF,-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 logn-T (in 107 Pa.s)
decreases following a regularity: fluorozirconate glass (0.11) > fluoroindate glasses (0.08) > cadmium
fluorochloride glass (0.06). The same order of (logn-T) slope was observed in the measured results,
¢.g. 0.12, 0.09 and 0.08 respectively for the tetra-valence, the tri-valence and the di-valence flucride
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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PHYSICAL PROPERTIES AND RAMAN SPECTROSCOPY OF GeAs
SULPHIDE GLASSES

B.G. Aitken and C.W. Ponader
SP-FR-05, Corning Inc., Corning, NY 14831, USA
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™; those of S-deficient glasses display bands
associated with metal-metal bonds between 210-240 cm™ that become more intens
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 f-f 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 N,. The filled ampoules were
evacuated to 10 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 (T).

Density was measured in water using the Archimedes method. T, was determined by
DSC at a heating rate of 10°C/min. The viscosity in the vicinity of the softening point (Ts,
where viscosity = 107 poise) was determined by the parallel plate technique using fused
silica plates. Thermal expansion to 200°C was measured by dilatometry using Al,O; as a
reference. Refractive index was measured by the apparent depth method at 589 nm with
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Smm thick samples. Optical absorption in the visible/near IR was measured using a Cary
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 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 (np), and density (p) both decrease steadily as the Ge content of the glasses
increases, whereas the glass transiticn temperature (T,) and molar volume (Vo) show a
concomitant increase (note that V,,,, is calculated on a constant atom basis using
molecular formulae of the form Ge,As,S;.,,). In addition, the absorption edge (Ays =
wavelength where the transmission is 50% of that at 1.0 um for a 2mm thick sample) of
these glasses shifts continuously to shorter wavelength with rising Ge:As ratio.
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Fig. 1: Compositional dependence of refractive index (np), density (p )axd molar volume
(Vime) 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. GezsAs1,Ses).
Data for glasses with lower Ge:As ratios of 1:1 and 1:2 show similar trends as a function
of S content.

%xsS |mp Mis (nm) [ Tg(°C) | Ts(°C) | o p Vinol
(ppm/°C) | (gm/cc) | (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 2.8938 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 A;s 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 np. 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,

Ty and Ts. Density alsoc shows a steady increase with decreasing S content. However,

(PPMV/°C)

20

18

16

12

-10 o
% excess S

16.3

1 16.2

16.1
16 P
(gm/cc)
15.9

15.8

18.7

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.

IS(NOG)*“98

83




84

Vot Passes through a maximum in the S-deficient regime ata “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™ (cf. Fig. 3). This peak also has shoulders on the high frequency side at
approximately 367 cm™ and 430 cm™. 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™'. in S-excess glasses, the high
frequency peak at 490 cm™ increases in intensity, whereas the 210 and 240 cm™ 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™ region; in the most S-deficient glasses, the intensity of the
345 cm™ peak decreases relative to that of the 367 cm’ band. This is accompanied by
the appearance of a new peak at approximately 240 cm™, as well as by an overall
increase in intensity of the 210 and 240 cm™' 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™ band in the most S-deficient glasses. Finally, the 490 cm'™
peak observed in the spectra of stoichiometric glasses is not present in those of any S-
deficient glass.

100 200 300 400 500
Rcem-1

Supren

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

DISCUSSION

The regular increase in np and redshift of A;s with rising As content in stoichiometric
GeAsS glasses is expected in view of the higher polarizability, relative to Ge**, of As®
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 AsS;-based pyramidal network may be more efficiently packed than its GeS,-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.
8-S, Ge-Ge, As-As or As-Ge, bonds. According to the model of binary Ge-S giasses
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,
S rings. Conversely, S-deficient glasses are characterized by the formation of Ge-Ge
bonds in the form of S;Ge-GeS; 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 A;s. The latter is essentially constant
with changing S content for S-excess glasses, but shifts rapidiy 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™ is composed of overlapping bands associated with the vibration of AsS;
pyramids and GeS, tetrahedra. The shoulders at 367 and 430 cm™ may be related to
Ge-S-Ge vibrations in rings [4] or other extended structures [5]. The high frequency peak
at 490 cm™ 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™) in As;S; 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 AsS; pyramids and GeS, tetrahedra by the
formation of “wrong” bonds and this occurs even in the 2.5:1 Ge:As glass where Ge is
the predominant metai.

The Raman spectra of all S-deficient GeAsS are dominated by the appearance of bands
between 210-250 cm™ 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 As,S,.x many of the
peaks in the region below 300 cm™ have been ascribed to As-As bonds in various
configurations. For example, a peak at ~230 cm™ 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™ may be due to
As,S, molecules in the glass [8]. Lucovsky et al. [3] suggested that a broad feature at
250 cm™ in sulfur-deficient Ge,S. is associated with Ge-Ge bonds. In the glasses

~ studied here, there is no distinct 250 cm™ feature. However, the peak near 240 cm'™
shows an asymmetry towards higher frequency, which may be due to a broad feature
centered around 250 cm’™.

In the 2.5:1 Ge:As glasses at low S-deficiencies, the intensity of the 210 and 240 cm™
bands increases more rapidly than the intensity in the 220 cm™ region. However, in the
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1:2 Ge:As glasses, the intensity increases first in the 220 cm™ 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. In the 2.5:1 and 1:1
Ge:As glasses, the 220 cm’ region has greater intensity than the 240 cm”™ region,
whereas the intensity is higher in the 240 cm™ region in the 1:2 Ge:As glasses. Although
knowiedge of the relative scattering cross-sections of As-As and Ge-Ge wouid be
required to determine it absolutely, these results suggest that at high S-deficiencies a
larger fraction of the minority metailic 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 essentizlly 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™' due to the vibration of GeS, tetrahedra and AsS; 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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D4

Crystallisation in 70Ga,S;-30La,S; Glasses as a Function of

Oxide/Hydroxide Concentration.

S.P. Morgan*, L. M. Reaney, R. Buckley, D. Furniss and A. B. Seddon.

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

Sheffield, Sheffield, S1 3JD, UK.

The crystallisation of 70Ga,S;-30La,S; 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 transfbrm
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. Ga,Ss; 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 La;33GasSi4 and the new monoclinic GLS phase in a eutectic or eutectoid-like
microstructure. Whiskers of Ga;S; were found in the residual glass between crystallites.
Samples prepared from aged raw materials produced spherulites of tetragonal, melilite-
structured, Las 33GasS14 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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CRYSTALLIZATION DYNAMICS OF CHALCOGENIDE GLASS THIN
FILMS UNDER NON-EQUILIBRIUM CONDITION

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 10 °C/s can be
achieved by very short (ps) pulsed laser, which is much faster than we could get by common
methods (~ 107°C/s).["* Therefore, the phase transition of the laser treated materials is under
extra-nonequilibrium condition, and many new phenomena should be happened.

The reversibie 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 ), 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 GeSb,Te4
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. GeSb,Te,4 phase are 1.94 eV and 2.34eV respectively by DSC measurement.
Fig.1 gives the high magnification bright field TEM image and electron diffraction (ED) pattern
of laser induced crystallization bit in GeSb,Te, 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 CE§E > | InzSbTe, GeTe GeSb,Tes | SnSb,Tes | SbySe | TeGeSnAg
ZnS distorted )
Metﬁztsable type | FCC | NaCl FCC FCC ? Sclfl‘;fi’ie
phase FCC type FCC
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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. 7] 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 1.3~2.0x10'° K/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 3.4~6.8x10° m/s in the
melting process. The reflectivity drops, when resolidification occurs (d-e, Fig.2). The L-8
interface velocity is 1.4~6.8x10% 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
AggIngs sTex sSbss 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 T, and the melting
temperature Tp, , 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 Tp, and T, . 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
T¢/T are found to be favourable to acceleration of erase speed of recording films, that means
high crystallization speed, while those with large values of Ty 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 To/Tr, and large values of T, can be used to enhance
both the erase speed and stability. Table 2 lists the Ty and Ty/Ty, values of some elements.

It can be seen that doping some elements with large Ty and low Tg/Tr, 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 (AE, ) of some chalcogenide
thin films, the doping effect of Cu, Co is rather obvious.
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Table 2 T,, To/Ty, values of some elements

element Sb Ag Cu Co Pb Te Ge
T, (K) 180 250 298 445 152 285 750
To/ T 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 In588e42 In5gSGQ3Pb]9 InsgSengbl 1Cug Insgsez3Pb1 1 COg
AE, (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
chaicogenide 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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(a)

Flg 1 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.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)
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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
(o~ 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
above band gap light, which causes photodarkening[1]. 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
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 CHAL.COGENIDE GLASSES

We have demonstrated the use of Rapid thermal annealing (RTA) in obtaining high
quality films of sputtered GejpAs40Se25525
glasses. Bertolotti ef. al.[4] have demonstrated
that the electronic relaxation process has a 1-2
second time scale and thus a thermal anneal
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.

(2)

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 Ny bubbles in the film when
conventionally annealed, as shown in Fig. 1(a),
while RTA yields excellent surface smoothness

Fig. 1 SEM of films annealed at 235 C.

(Fig. 1(b). (a) Conventional oven anneal; (b) RTA
RTA yields films with excellent surface
smoothness.

Films for optical transmission

1.0 =y T T T T T
measurements were 1.7 pum 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
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55 E——T——T——T ————1——— {rom this calculation for as-deposited and
As-deposited RTA’ed films are plotted in Fig. 2(b); the
- \\—4“_,_%_: index changes by 5% over the entire
g L "1 wavelength range, 900 - 1600 nm. Since the
= RTA 235C as-deposited films are similar to the
:_-“-\-“_‘_' _- photodarkened state, we infer that
23 |, ., . . . " | photoinduced changes as high as 5% are

900

Wavelength

1700

Fig. 2 (a) Transmitted intensity vs wavelength
(b) Index calculations. 5% photoinduced index

changes possible.

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

indicate that these glasses are good candidates for 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 nm was split and recombined at the :

film surface to fabricate 1 pm 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 0.0 1.0 2.0 3.0
possible in RTA films of GejgAs40Se25925 Exposure Time (min.)

glass, the use of a phase mask and appropriate Fig. 3 Diffraction efficiency vs exposure
substrate will make possible the fabrication of (e An~102 in 1 min. exposure.

much stronger gratings.

PASSIVE WAVEGUIDES AND DEVICES

Chalcogenide glass films for channel waveguides were sputtered on films of one micron
thick SiNy pre-deposited on Si wafers. The PECVD deposited SiNy 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 (GejgAs4pSez5S2s5 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.
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Fig. 4. Mode size control with exposure. (a) Output facet images of waveguides exposed for 1,
5 and 60 min. with 300 mW/cm® 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 um to 1000 pm. The losses in the
waveguides can be calculated by measuring the ratio of the maxima and 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 SiNy cladding, thereby yielding low
loss channel waveguides.

A mask with 2 pm 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 um for a 1 min. exposure to 3 pm for a 60 min. exposure. A typical photonic
integrated circuit (PIC) would have components whose mode-sizes range from 3 um (diode

laser) to 10 pm (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 pm 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
demo