
Synthesis and structural investigations of infrared
transmitting materials in rare earth chalcogenide systems.

Item Type text; Dissertation-Reproduction (electronic)

Authors Kumta, Prashant Nagesh.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:06:03

Link to Item http://hdl.handle.net/10150/185089

http://hdl.handle.net/10150/185089


INFORMATION TO USERS 

The most advanced technology has been used to photograph and 
reproduce this manuscript from the microfilm master. UMI films the 
text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are. in typewriter face, while others may be from any 

type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illu~trations ~d photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 
manuscript and .there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available far any photographs or illustrations 
appearing in this copy for an additional charge. Con~act UMI directly 
to order. 

D·M·I 
UniverSity Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 9028162 

Synthesis and structural investigations of infrared transmitting 
materials in rare earth chalcogenide systems 

Kumta, Prashant Nagesh, Ph.D. 

The University of Arizona, 1990 

V-M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 





SYNTHESIS AND STRUCTURAL INVESTIGATIONS OF INFRARED 

TRANSMITTING MATERIALS IN RARE EARTH CHALCOGENIDE 

SYSTEMS 

by 

Prashant Nagesh Kumta 

. A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1990 

-----------_. __ ._--- -- - -.. 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

2 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Prashant Nagesh Kumta 

entitled Synthesis and Structural Investigations of Infrared 
---------------------

Transmitting Materials in Rare Earth Chalcogenide Systems 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 
-----------------------------------------------------------

Date 

Date 1 

'3 13 () I~j C) 
Date 

S. Raghavan 

Ah</~~ 
Date 

/"'S. H. Risbud Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 

2~-~'4 
Dissertation Director 

'3.0 - 90 
Date 

.-.-.---.. - ... --.-. -. ---.... --.. - .• 



3 

STATEMENT BY THE AUTHOR 

This dissertation h&s been submitted in partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this dissertation are allowable without special 
permission, provided that accurate acknowledgement of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the Head of the 
major department or the Dean of the Graduate College when in his or her 
judgement the proposed use of the materials is in the 'interests of 
scholarship. In all other instances, however, permission must be obtained 
from the author. 

SIGNED 



4 

Acknowledgements 

1 wish to thank Professor Subhash H. Risbud, my dissertation advisor 
for his constant support, advice and help through out this work. I express 
my profound gratitude and am very grateful to him. He has been a great 
advisor and also a good friend, always very supportive particularly during 
the times of extreme emotional stress and duress that I suffered towards 
the latter portion of this work. 

I would also like to thank Professor Pierre A. Deymier fo~ his support 
and encouragement for the molecular dynamics calculations in this work. 
He was very patient in reading my dissertation and offered valuable 
alterations for which I owe my gratitude. I am also grateful to Professor 
Srini Raghavan, for useful discussions and suggestions in my work. 

I am also thankful to Charlie Amling, Dr. Mehmood, Tom Teska, Kris 
Law, Virginia Lindley and Allison Habel for help in using the facilites 
of the chemistry glass shop, electron microprobe, SEM and TEM facilities 
at the Optical Sciences Center and for all the drafting of figures needed 
for this work. 

I also appreciate the help of Santosh Limaye, Ceramtec Inc., and the 
assistance of Vinayak Dravid of Lehigh University. The help and useful 
discussions with the members of Professor Risbud's group is also 
acknowledged. I would also express my thanks to several friends Mari 
Hogan, Pradeep Phule, Mohit Uberoi, Sreekant Nadkarni, Joseph Fletcher, 
Xinhua and Lynne Gignac for useful suggestions and experimental 
assistance. Special thanks are also extended to Shamsuzoha for his help 
in the CBED analysis. 

I also acknowledge the support of Dorothy Allen for being a good 
friend and the faculty and staff of the Materials Science and Engineering 
department. Finally, I would like to thank my parents Nagesh and Surnati 
Kumta for their inspiration, encouragement, support and guidance without 
whom I would never be here. 



5 

To my parents Nagesh and Sumati Kumta and my sister, Usha Nagarkatti and 
brother Guru Kumta 



6 

TABLE OF CONTENTS 

LIST OF ILLUSTRATIONS ........................................... 9 

LIST OF TABLES ................................................. 16 

ABSTRACT ................................................. , ..... 18 

CHAPTER 

1. INTRODUCTION ................................................ 20 

2. BACKGROUND ................................................. 23 

2.1 Fundamentals of Optical Materials ..................... 23 
2.1.1 Electromagnetic Spectrum ....................... 23 
2.1.2 Band Structure of Metals, Dielectrics, and 

Semiconductors ................................. 23 
2.1.3 Optical Properties of Materials ................ 29 
2.1.4 Loss Mechanisms in Optical Materials ........... 34 

2.l.5a Intrinsic Absorption ................... 35 
2.l.5b Intrinsic Scatter ...................... 38 
2.l.5c Extrinsic Loss ......................... 40 

2.2 Classification of optical and electronic Materials .... 42 
2.3 Currently Used Optical Window Materials ............... 45 
2.4 Rare Earth Sulfides For Window Technology ............. 49 
2.5 Crystal Structure and allotropes of Lanthanum 

Sulfide ........................................... , ... 51 
2.6 Chalcogenide Glass .................................... 57 
2.7 Rare Earth Based Sulfide Glasses ...................... 60 

3. LITERATURE REVIEW ........................................... 64 

3.1 Chemical Processing of Optical Materials .............. 64 
3.2 Sol-Gel Processing .................................... 65 

3.2.1 Gel Formation .................................. 67 
3.2.2 Sol Precipitation .............................. 71 
3.2.3 Applications ................................... 72 

3.3 Other Wet Chemical Techniques ......................... 75 
3.4 Current Processing Techniques For Sulfide 

Based Materials ....................................... 79 
3.4.1 P~ocesslng of Calcium Lanthanum Sulfide ........ 80 
3.4.2 Processing of Zinc Sulfide ..................... 86 
3.4.3 Processing of Cubic Lanthanum Sulfide .......... 92 
3.4.4 Processing of Tetragonal Lanthanum Sulfide ..... 95 



7 

TABLE OF CONTENTS (Continued) 

3.5 Processing of Chalcogenide Glasses .................... 95 
3.5.1 Germanium Sulfide Glasses ...................... 96 
3.5.2 Glass Formation in Rare Earth Based Glasses .... 99 
3.5.3 Glasses in LaZS3-GeSZ System ................... 104 

3.6 Phase separation in Sulfide Glasses ................... 104 
3.6.1 Origin of Immiscibility In Glass ............... l07 
3.6.2 Mechanics of Phase Separation in Glasses ....... 109 

3.7 Optical Properties of Sulfide Glasses ................. 114 

4. EXPERIMENTAL PROCEDURE ...................................... 118 

4.1 Outline ............................................... 118 
4.2 Synthesis of Cubic Lanthanum Sulfide Precursors ....... 118 
4.3 Synthesis of Tetragonal Lanthanum Sulfide Precursors .. 122 
4.4 Synthesis of Oxysulfide Powders ....................... 126 
4.5 Synthesis of Cubic La2S3 Powders ...................... 129 
4.6 Processing of Tetragonal La2S3 Powders ................ 130 
4.7 Glass Formation in GeSZ-La2S3 System .................. 132 
4.8 Characterization ...................................... 133 

4.8.1 Scanning Electron Microscopy and energy 
dispersive X-ray analysis ..................... 133 

4.8.2 Transmission electron microscopy .............. 134 
4.8.3 X-ray Diffraction ............................. 135 
4.8.4 Thermal Analysis .............................. 135 
4.8.5 Chemical Analysis ............................. 136 
4.8.6 Sintering, Microstructure and Optical 

Properties .................................... 138 
4.8.7 Auger Electron Spectroscopy ................... 138 
4.8.8 Convergent Beam Electron Diffraction (CBED) ... 139 

5. RESULTS AND DISCUSSION ...................................... 140 

5.1 Preparation and Stability of Cubic Lanthanum Sulfide .. 140 
5.1.1 Raw Materials ................................. 140 
5.1.2 Synthesis of Cubic La2S3 Precursor ............ 142 
5.1.3 Thermal Analysis of As Prepared Precursor ..... 144 
5.1.4 Conversion of Amorphous Precursor to 

Oxysulfide Powders ............................ 146 
5.1.5 Morphology of as prepared precursors and 

oxysu1fide powders ............................ 147 
5.1.6 Conversion of amorphous precursor to 

cubic lanthanum sulfide (La2S3) ............... 150 
5.1.7 Chemical analysis of alkoxide, oxysulfide 

powders and cubic lanthanum sulfide powders ... 152 



TABLE OF CONTENTS (Continued) 

5.2 Characterization of cubic lanthanum sulfide powders ... 158 
5.2.1 Morphology of cubic lanthanum sulfide 

Powders ....................................... 158 
5.2.2 Mechanism for evolution of cubic LaZS3 from 

amorphous precursor ........................... 162 
5.3 Preparation of tetragonal lanthanum sulfide powders ... 165 

5.3.1 Raw Materials ................................. 165 
5.3.2 Synthesis of P LaZS3 precursors ............... 166 
5.3.3 Thermal analysis of precursor ................. 167 
5.3.4 Chemical Analysis of Precursor and alkoxide ... 169 
J.3.5 Conversion of precursor to tetragonal 

lanthanwn sulfide powders ..................... 172 
5.3.6 Mechanism for the tetragonal phase formation .. 174 
5.3.7 Morphology of as prepared precursor~ .......... 179 
5.3.8 Morphology of oxysulfide and P LaZS3 powders .. 18l 
5.3.9 Chemical analysis of oxysulfide powders ....... 185 

5.4 Microstructure and optical characteristics of' 
(cubic) lanthanum sulfide ceramic ..................... 189 

5.5 Convergent beam electron diffraction .................. 195 
5.6 Structure of lanthanum sulfide powders ................ 203 
5.7 GeSZ-LaZS3 based glasses ............................... 211 

5.7.1 Glass Formation ............................... 211 
5.7.2 TE),i microstructural evaluation of glasses ..... 212 
5.7.3 Thermal Analysis .............................. 219 
5.7.4 Heat Treatment of glasses ..................... 221 

5.8 Molecular Dynamics Structural Simulation 
of IR Materials ....................................... 230 
5.8.1 Current Models of ZnClz ....................... 233 
5.8.2 Model and Method .............................. 236 
5.8.3 Results of the MD simulation .................. 240 

5.9 Glass Formation studies of ZnClz ...................... 250. 
5.9.1 Structure of slow cooled and 

rapidly quenched glasses ...................... 258 
5.9.2 Effect of cooling rate on structure of glass .. 26l 

5.10 Molecular Dynamics Simulation of 
lanthanum sulfide ..................................... 266 

5.11 Results of the simulation of cubic lanthanum sulfide .. 268 

6 CONCLUSIONS AND FUTURE WORK ................................. 271 

REFERENCES ..................................................... 276 

8 



LIST OF ILLUSTRATIONS 

Figure 

1. The electromagnetic spectrum showing the 
various classes of electromagnetic waves[l) .............. 24 

2. Schematic representation of the band gaps for 
metals, semiconductors and insulators[l) ................. 27 

3. Variation of the index of absorption with 
frequency [1) ............................................. 32 

4. The variation of the absorption coeffiecient with 
wavelength showing the effective window pass[l) .......... 33 

5. Various impurity combinations of oxygen and hydrogen 
responsible for extrinsic scattering[2j .................. 41 

6. The infrared spectrum for the atmospheric constituents 
over a 6000 ft. sea level path[2j ........................ 44 

7. The spectral emittance curves for black body 
radiation[ 2) ............................................. 46 
I 

8. The schematic diagram showing the orthorhombic 
cell structure for a LazS3[11j ............................ 53 

9. The schematic representation of the tetragonal cell 
of fJ - LaZS3[20) .......................................... 54 

10. The cell structure of ~-LazS3[11] ......................... 56 

11. Schematic representation of gelation in acid and 
base catalyzed silica gels [49) .... ' ....................... 69 

12. Comparison of the processing of melt derived 
and gel derived glasses[60) .............................. 74 

13. Schematic diagram of the EDS furnace[74] ................. 78 

14. Variation of the transmission with increasing 
LaZS3 amounts, A = 45 mol% CaS, 55 mol% LaZS3 
B = 10 mol% CaS, 90 mol% LaZS3' C = CaLaZS4 [89j ........... 82 

-------------------._---_. __ ... _-

9 



15. The IR transmittances of CaLa2S4 (CLS) and 
ZnS (7.8 mm thick) ....................................... 83 

16. Electron micrograph of ZnS particles synthesized 
from (C2Hs)2Zn in to1uene[96] ......................... '" .88 

17. Schematic representation of an Industrial Scale 
CVD plant for the growth of ZnS. H is the heater and 
Zn metal is the hatched area. [1] ......................... 91 

18. Transmission Spectrum of single crystal La2S3 platelet 
315 I-'m thick. [10] ........... , ............................ 94 

19. Schematic diagram of the rocking furnace used for 
the synthesis of chalcogenide glasses.[lll] .............. 97 

20. Glass Forming regions in Ge-S system indicated by heavy 
bars. [112] ............................................... 98 

21. Glass formation domains relative to the phase diagram in 
Ga2S3-La2S3 system. [30] ....... " ......................... 100 

22. Glass domains at 1200 °c of Ga2S3 with other rare earth 
elements [28] ............................................ 101 

23. Glass formation relative to the phase diagram 
in the La202S - Ga2S3' [30] ............................... 102 

24. Influence of quenching temperature on the glass 
forming regions in Ga2S3-La2S3, Ga2S3-La202S and 
Ga2S3-La203 systems. [30] ................................. 103 

25. Extent of glass formation in GeS2-La2S3-Ga2S3 
system. [123] ... ' ......................................... 105 

26. Schematic phase diagram of GeS2-La2S3[124] ............... 106 

27. The Energy relations with composition in systems 
with (A) negative and (B) positive entha1pies 
of mixing[127] .............. , ...... , ............. , ...... 108 

28. Photomicrograph of melt X in system B203-PbO quenched to 
room temperature showing the immiscibility and the 
spinodal regions [127] ................................... 110 

29. Binary phase diagram showing the miscibility 
gap[127] ................................................ 111 

10 



30. Free energy variation with composition at temperature 
Tl for an immiscible solution containing 
A and B [127] .......................................... 112 

31. Schematic of the experimental set up used for 
the synthesis of the precursors ........................ 121 

32. Flow sheet for synthesis of ~ La2S3 .................... 123 

33. Schematic of the experimental set up used for 
refluxing and precipitation ............................ 125 

34. Flow sheet for the synthesis of fi - La2S3 
(method 1) ............................................. 127 

35. Flow sheet for the synthesis of fi - La2S3 
(method 2) ............................................. 128 

36. Schematic of the heat treatment set up ................. 131 

37. XRD pattern of amorphous precursor and 
the evolution of oxysulfide powders .................... 143 

38. DSC trace for cubic lanthanum sulfide 
precursor heated at 10°C/min .......................... 145 

39. SEM micrograph of as prepared precursor showing 
flocculated dense clusters of particles .............. 148 

40. TEM micrograph of as prepared precursor showing 
20 nm size cluster of particles .................... '" .149 

41. SEM micrograph showing the agglomerated spherical 
particles of oxysulfide powders ...................... : .151 

42. XRD patterns showing the evolution of the ~-La2S3 
phase from the precursor ............................... 153 

43. SEM micrograph showing partially sintered 1-3 ~m 
cubic lanthanum sulfide particles ...................... 159 

44. TEM micrograph of a cubic sulfide particle showing 
no presence of secondary phases ........................ 160 

--------------_._- _._--

11 



45. SEM micrograph showing the necked region of two cubic 
sulfide particles ...................................... 161 

46. SEM micrograph of the cubic sulfide particles 
showing the effect of amorphous to crystalline 
transition ............................................. 161 

47. Figure showing the summary of LaZS3 phase 
transformation ......................................... 164 

48. DSC trace of the tetragonal sulfide 
precursor heated at 10DC/min ........................... 168 

49. Infrared Spectra of lanthanum isopropoxide 
synthesized by Mazdiyasni (top) and commercially 
obtained from Alfa Chemicals (bottom) [148] ............ 173 

50. XRD patterns showing the evolution of oxysulfide 
from tetragonal sulfide precursor ...................... 175 

51. XRD patterns showing the conversion of the tetragonal 
precursor to tetragonal lanthanum sulfide .............. 176 

52. TEM micrograph showing 20-25 nm size clusters of 
the tetragonal sulfide precursor ................... " .. 180 

53. SEM micrograph showing the spherical mor~ho1ogy 
of oxysu1fide powders derived from the tetragonal 
sulfide precursor ...................................... 182 

54. SEM micrograph showing the vermicular particles 
of tetragonal lanthanum sulfide ........................ 183 

55. TEM micrograph of the transformed tetragonal 
sulfide powders showing partially sintered 
0.5-1.0 ~m size particles .............................. 184 

56. TEM micrograph of the ~-LaZS3 powder showing 
the grain boundary of the partially sintered 
particles .............................................. 186 

57. EDS analysis showing presence of La and S 
in tetragonal ~ La2S3 particles ........................ 187 

58. Figure showing the sulfide and oxysulfides derived 
from tetragonal and cubic sulfide precursors ........... 190 

==~-------- -----~-- -_._-_. __ . _._ ... 

12 



59. REM micrograph of the fracture surface of hot 
pressed ceramic ........................................ 191 

60. EDS spectrum and semiquantitative analysis of hot 
pressed ceramic ........................................ 192 

61. Infrared Spectrum of hot pressed cubic La2S3 ceramic 
(9mm thick) ............................................ 194 

62(a). Auger spectrum of unsputtered hot pressed ~ LaZS3 
ceramic ............................................... 196 

62(b). Auger spectrum of sputtered hot pressed ~ LaZS3 
ceramic ............................................... 197 

63. Auger spectra showing the C and 0 depth profiles 
obtained on the cubic sulfide hot pressed ceramic ..... 198 

64. A schematic diagram showing the formation of 
convergent beam electron diffraction 
pattern[151] .......................................... 200 

65. Diagram of the Ewald sphere construction for a zone 
axis orientation to show the separation of the 
reflections into Laue zones.[151] ...................... 201 

66(a). Selected area diffraction pattern of cubic 
LaZS3 particle .......................................... 204 

66(b). CBED pattern. for the cubic sulfide particle 
about the [111) zone showing the 3 fold symmetry ....... 205 

66(c). CBED pattern for the ~ La2S3 particle showing 
the 2 fold symmetry about [110] zone ............... : ... 206 

66(d). CBED pattern for the ~ La2S3 particle about [100] 
zone indicating pre~~nce of glide/screw axis ........... 207 

66(e). CBED pattern for the ~ LaZS3 particle about [100] 
zone showing missing reflections on tilting ............ 209 

67. TEM bright field image of composition C2 glass 
showing no secondary phases ........................... 213 

13 



68. TEM bright field image of composition C3 glass 
showing 60-800 A primary phase separated droplets ...... 214 

69. TEM bright field image showing phase separated 
droplets in C3 glass ................................... 215 

70. TEM bright field image of C3 glass showing a 
magnified view of the phase separated droplets ......... 216 

71. TEM bright field image of 200 nm primary droplet 
with secondary phase separated droplets in 
C3 glass .............................................. 217 

72. DTA trace for C2 glass heated at 10DC/min .............. 220 

73. DTA trace for C3 glass heated at 20DC/min .............. 222 

74. XRD trace showing the crystallization of 
~ La2S3 phase from C2 glass ............................ 223 

75. XRD trace showing the evolution of La4Ge3S12 phase 
from C3 glass .......................................... 225 

76. SEM micrographs showing the amorphous and crystalline 
regions in heat treated C2 glass ....................... 226 

77. EDS spectrum showing the presence of La and S 
in the bulk of the heat treated C2 glass ............... 227 

78. EDS spectrum showing the presence of La, Sand 
Ge on the amorphous region of the heat treated 
C2 glass ............................................... 228 

79. Partial radial distribution functions of molten ZnC12 
generated with the WAC [166] and KDR inter ionic 
potential compared with the experimental functions ..... 232 

80. Schematic flow sheet of the Molecular Dynamics 
Simulation ............................................. 241 

81. Variation of cell volume per molecule as a function 
of temperature ......................................... 256 

==~--------... ---.. -.-- .. --_._- .... 

14 



82. Partial radial distribution functions for liquid 
and glassy ZnC12 at (a) 700 and (b) 300 K, 
respectively, along path 1 with W - 50 ................ 257 

83. Cumulative radial distribution function for 
ZnC12 glass at 200 K with W = 50 ...................... 259 

15 



16 

LIST OF TABLES 

Table 

I. Various bands in the electromagnetic spectrum .............. 26 

II. Energy gap values for some elements ........................ 30 

III. Selected electronic and optical materials systems .......... 43 

IV. Potential Sulfides for Window technology ................... 48 

V. Current and Future IR and Window Materials ................. 50 

VI. Bonding in Cha1cogenide glasses ............................ 59 

VII. Mass and field strengths of glass forming ions ............. 61 

VIII. Properties of some cha1cogenide glasses .................... 62 

IX. Some physical properties of CaLazS4 and ZnS ................ 85 

X. Infrared transmitting halide, sulfide and oxic(.e 
glasses .................................................... 116 

XI. Chemical analysis of cubic sulfide precursor 
and transformed lanthanum sulfide and oxysulfide 

powders .................................................... 155 

XII. Chemical analysis and comparison of cubic and 
tetragona1precursors ...................................... 170 

XIII. Chemical analysis and comparison of oxysulfides 
derived from cubic and tetragonal precursors ............... 188 

XIV. The parameters of the rigid ion potentials 
used in modelling molten ZnClz , WAC, GH, 
HS, KDR refer to Woodcock et al.[165] 
Gardner et al.[166], Hirao et al. [168] 
and the present work, repective1y .......................... 237 



XV. Comparison of structural parameters, 
values of energy and volume at T-1200K 
of the WAC[165], GH[l66], HS[l68], 
Ballone et al.[l69] and KDR[present work] 
models ................................................ 244 



18 

ABSTRACT 

~ La2S3 (lanthanum sulfide) shows potential as a candidate window material 

for far IR transmission in the 8-14 J'm spectral region. Novel low 

temperature routes using metalorganic solutions have been developed for 

the synthesis of ~ and ~ La2S3. Two different amorphous precursors(20 nm 

size and SSA of 74 m2/gm) were synthesized at room temperature which 

undergo transformation in a sulfur atmosphere to generate sulfide 

particles (1-3 J'm size) . A sulfur content of B.50 wt% in the precursor 

is critical for the transformation to the cubic (~) form of La2S3. The 

transformation controlled by the extent of hydrolysis of the alkoxide as 

determined by thermal stability and chemical analysis of the precursor. 

Detailed microstructural characterization of the precursors and phase 

evolution mechanisms were studied. Hot pressed disks (9rnrn thick) of the 

cubic sulfide ceramic show a far IR cut-off at 13 ~m. Structural analysis 

by convergent beam electron diffraction (eBED) confirmed the Bee cell 

structure and the space group of 143d for the powders and ceramic. 

Amorphous IR materials in the La2S3-GeS2 system were also studied with an 

emphasis on bulk glass formation and structural charateristics. Glasses 

containing 92.5 mol% GeS 2 show eviC:ence of primary (60-BOO A) and secondary 

(30-130 A) phase separation at the molecular level. The effect of 

composition on the microstructure and thermal stability of these glasses 

were also investigated. The Molecular Dynamics simulation technique was 

applied to study the structure of IR transmitting materials in liquid and 

----------------_._---_._- ... 
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glassy forms. An empirical model was developed which successfully 

describes the liquid and glass structures of a representative IR material 

(ZnC1z) and studies were performed to assess the effect of the mass of the 

borders(W) of the simulation cellon the glass transition temperature. An 

extension of the model to simulate crystalline LaZS3 was also attempted. 



CHAPTER ONE 

INTRODUCTION 

20 

Sulfide compounds belong to a family of chalcogenide materials which 

are well known for their optical and electronic properties. Chalcogenide 

compounds containing sulfur, selenium or tellerium are characterized by 

long wavelength transmission into the infrared (IR) region. Most 

chalcogenides form glasses very easily and these IR transmitting glasses 

also exhibit semiconducting behavior which make them useful in switching 

circuits in the electronic industry. The detection of infrared radiation 

for sensing low temperature objects is an important basis for the need for 

optical windows which can transmit very far into the IR region 

(upto 14 I-Lm). 

Zinc sulfide (ZnS) and calcium lanthanum sulfide (CaLa2S4 ) are currently 

used as window materials for application in surveillance equipments 

because of their long wavelength transmission. Their use in missile homing 

seekers require the windows to be robust and possess good thermo

mechanical properties in addition to good transmission. Lanthanum sulfide 

(LaZS3) has the potential to be an IR material in the 8 - 14 I-Lm range if 

the cubic (~) form can b~ synthesized and densified to a strong ceramic. 

This phase has been found to show potential even in thermoelectric 

applications. The stretching frequency of the La-S bond in LaZS3 results 

in characteristic a.bsorption at long wavelengths and being refractory, it 

shows potential for being a good far infrared material. Previous attempts 
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to synthesize La2S3 include reaction of the elements (La and S) in a fused 

silica tube and gas solid reaction in a sulfur atmosphere. These processes 

are difficult because of the high temperatures involved for achieving the 

transformation. With the advent of sol-gel and other novel low temperature 

techniques for the synthesis of optical and electroceramic powders there 

is at present worldwide research interest in the preparation of 

homogeneous fine oxide and non-oxide powders by a variety of chemical 

methods. 

In this work novel low temperature routes have been developed for the 

synthesis of sulfide ceramic powders with particular emphasis on lanthanum 

sulfide (La2S3)' Judicious use of metallorganics precursors and variation 

in synthesis routes have been shown to yield the cubic (')') or the 

tetragonal (f3) form of La2S3 at relatively low temperatures. The precursors 

and powders were analyzed using a variety of microanalytical techniques 

to develop a scientific basis for the chemical and structural changes 

during the phase evolution sequence. Heat treatment of the powders, 

microstructural characterization and optical properties of the densified 

La2S3 ceramic were also studied and correlated with the processing 

conditions. The structure of ')' and f3 lanthanum were also investigated by 

microdiffraction techniques (eBED). Amorphous phase formation was 

demonstrated in the La2S3-GeS2 binary system. Two bulk glass forming 

compositions were anlayzed for glass-in-glass phase separation and 

transformation by microscopic and thermal techniques. Structural 

----------- --------- ----- - - ----



22 

simulations using molecular dynamics (MD) was performed on amorphous ZnClz 

as a representative IR transmitting material. A new model to simulate the 

structure of ZnClz glasses and liquids was developed from the MD computer 

simulations. Attempts were also made to extend this technique for studying 

the structure of crystalline cubic LaZS3' 

~~~--------------.---- ------



CHAPTER TWO 

BACKGROUND 

2.1 Fundamentals of Optical Materials. 

2.1.1 Electromagnetic Spectrum. 

23 

All optical phenomena can be explained on the basis of Maxwell's theory 

and the quantum theory. Maxwell assumed that light is merely one form of 

electromagnetic energy that has a waveform. These electromagnetic waves 

travel at a fixed velocity in a given medium and have a range of 

frequencies, or wavelengths. In vacuum, electromagnetic waves propagate 

at a velocity, c = 3x1010cm/s. The wavelength A , is given by 

A = v/I/ 

Where A is in em, 1/ the frequency (Hz), and v the velocity (cm/s). 

The e1ectomagnetic spectrum is arbitrarily partitioned into various 

classes of electromagnetic waves, based on ranges of wavelength. The 

visible range extends from 400 to 750 nm. The electromagnetic waves with 

wavelengths down to 10nm are called ultraviolet light. The infrared band 

extends from 750 to 106 nm (103~m). The electromagnetic bpectrum is shown 

in Fig. l. 

2.1.2 Band Structure of Metals, Dielectrics, and Semiconductors[l] 

Maxwell's theory treats light as a wave which gives insight into the 

propagation of light, whereas Einstein's theory treats light as made up 

====------ ~~--~-~ -~--~- .---. -_.- ~ 



, 
Gam",,: 

Ra11 : 

UV 

.-,.,. 

1----0pllcal---...j 

Viaiblt , 
IUtraviol., ! : 
: II 

: Utero.av. 
Inl'Glld 

l'fHF SHF UHF 

Radoo 
VHF - HF !IF LF 

........ 

VLF' 

WAVfLE";TH 

FREQUENCY, Hz 

: Villbl. 
tV.'YOR 

Nla, Inl,.nd jUdd. Inl,a,edi fa, Inlr.red l,E,'""" kI'ra 
, I 

04 0.5 0." U 2 
2',000 10,000 ~ 

4 
2'00 

10 
1000 " 10 '00 

lO WAVaENGTH, I'm 
WAVE1UIB£R. ern-' 

Figure 1. The electromagnetic spectrum showing the 
various classes of electromagnetic waves[l] 

-------------------'-'--'-

24 



25 

of quanta of energy particles called photons. Based on this dual theory 

for light the photon energy can be described in terms of wavelength A, 

wave number N, Energy E expressed in joules (J), and electron volts (eV) , 

or frequency, n in Hz. These are related through the following equations: 

v lI).cm/s 

E hll J or E 0.6242 X 1019 hll eV 

N l/A cm-1 

where v is the velocity in the medium (cm/s), and h = 6.62517 X 10-34 J/s 

(Planck's constant), and 1 eV = 1.602 x 10-19J. Frequency, wavelength, and 

quantum energy in various regions of the electromagnetic spectrum are 

shown in Table I. 

A crystal is made up of a collection of atoms in a regular array, known 

as the lattice. Each atom has one or more electrons in its outer electron 

shell. The electrons surrounding the nucleus occupy a set of discrete 

energy levels as required by the quantum theory. Each level can hold up 

to a maximum of two electrons. In the ground level, the lower levels of 

energy are occupied and the higher levels become occupied as the electrons 

are excited. In a crystal, the single discrete levels of the individual 

atoms broaden into a band of closely spaced discrete energy levels, the 

lower most energy level being called the valence band and the upper most 

energy level being called the conduction band. The distinction being 

brought about by the fermi level. The fermi level representing the 

probable energy level occupied by an electron. Figure 2 shows the band 

--------------------_ .. ----_ .. - ... 
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Table I. Various bands in the electromagnetic spectrum 

Type of radiation 

{radio waves 10
9 Hz and less 300 mm and longer 0.000004 eV and less 

Wave region 
microwaves 10

9 to 10
12 Hz 300 to 0.3 mm 0.000004 to 0.004 eV 

f Infrared 10
12 to 4.3 • 1014 Hz 300 to 0.7 urn 0.004 to 1.7 eV 

Optical re gion visible 4.3 x 1014 to 0.7 to 0.4 urn 1.7 to 2.3 eV 
5.7 • 1014 Hz 

l ultraviolet 5.7 x 10
14 to 10

16 Hz 0.4 to 0.03 urn 2.3 to 40 eV 

{X rays 1016 to 10
19 Hz 300 to 0.3 A 40 to 40,000 eV 

Ray region 
gamma rays 1019 Hz end above O. 3 A and .shorter 40,000 eV and above 

-----------, .. _--_ ... -. ,,--_._, 
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Figure 2. Schematic representation of the band gaps for 
metals, semiconductors and insulators[l] 
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configurations for a metal, dielectric and semiconductor. The ordinate 

represents energy level. The abscissa can be thought of as the distance 

from the surface of the crystal. The dark regions represent bands that are 

filled with electrons. The lighter regions represent unoccupied allowable 
, 

(quantum) levels. The white regions regions represent forbidden energy 

values wherein, according to the quantum theory, no electrons can occupy 

any energy level. 

Electrical conduction can take place if the electrons can be excited 

into an unfilled quantum level. In the case of the metal, the fermi level 

is embedded within an enargy band and in effect no distinction can be made 

between the valence and the conduction band. Thus, in the Figure 2a, a 

very small amount of energy can transfer an electron from a lower energy 

level into the empty energy bands. This therefore represents the 

configuration for a metal. The negligible band gap for the metal results 

in photons of either energy UV to IR causing excitation of the metal 

electron structure inducing reemission of energy. In the visible region 

this reemitted energy is observed by the eye to be metallic lustre. 

Dielectrics possess a large band gap and hence a large amount of energy 

needs to be imparted to the electrons in the valence band to promote 

excitation into the conduction band. This difference in energy Eg between 

the top of the valence band and the bottom of the conduction band is 

designated as the band gap. On the other hand semiconductors are 

characterized by a small band gap as indicated in Figure 2c. In this case, 

=="---------_ .. _ .. _ ... _-_. 
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the band gap is small and small excitations promote the electrons into the 

conduction band leaving unfilled positions in the valence band which then 

become conductive by movement of the "holes" left behind. The 

semiconductor is, therefore, characterized by :an intermediate level of Eg 

and hence will tend to be excited by photons of intermediate energy 

content and be transparent to photons of lower energy. Thus, the 

semiconductor exhibits lustre in the visible and is transparent in the 

infrared. Analogous to the light energy the concept of transmission can 

also be viewed as if there were no interaction between the photons of a 

particular energy level and the electronic structure of the material; that 

is the material is transparent to the photon. Eg values of some optical 

materials are shown in Table II. 

2.1.3 Optical Properties Of Materials 

The optical properties of materials are characterized by refractive 

index, absorption coefficient, band gap, intrinsic and extrinsic 

scattering of the material. The intensity I of an electomagnetic wave is 

the amount of energy per unit time transmitted through a unit area which 

is transverse to the propagation direction. The material interacts with 

the incoming radiation (photons). The atoms and associated electronic 

structure which are excited by the photons reemit photons. The propagation 

pattern which results is observed in terms of transmission character. The 

optical properties of the material are therefore functions of the 

wavelength of the incoming light, temperature, and applied pressure on the 



Table II. Energy gap values for some elements 

Crystal Eg (eV) 

Diamond 
Si 
GaAs 
SiC 
A120

3 
Ge 

-------------------------_._- ---

5.33 
1.14 
1.4 
3 
8+ 

0.75 

Crystal Eg (eV) 

ZnS 3.6 
ZnSe 2.60 
AsCI 3.2 
AsI 2.8 
Ti02 3 
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material, as well as the environment in which the material functions. 

The index of refraction n of a material is given by 

n = clv 

where c is the velocity of light in a vacuum and v is the velocity of 

light in the medium. The complex refractive index n* includes a parameter 

~, called absorption index, which is related to the energy absorbed by the 

medium from the light beam as it propagates through the medium. The 

complex refractive index is given by 

n* = n(l-i~) and ~ = aA/4~n 

where a is the absorption coefficient. 

Figure 3 characterizes metals, semiconductors, and dielectrics in 

terms of the index of absorption as a function of wavelength. The optical 

region of Figure 3 is shown in an expanded form for a typical dielectric 

in Figure 4. The data is shown plotted as the absorption coefficient 

versus wavelength. The band structure of the material brings about the 

absorption edge on the short wavelength side and is a consequence of the 

electronic transition caused by the incident beam. On the other hand, on 

the long wavelength side the cut off occurs because of the photon-phonon 

interaction. In the effective band pass region there exis'ts extrinsic 

absorptions due to imperfections which may be impurity atoms, 

unintentional second phases, voids, non homogeneous composition, and, in 

multiphase polycrystalline materials, boundary effects. 
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The index of refraction is inversely related to the band gap Eg • Wemple 

and Didomenico[2] have shown that for oxides the relation approximates to 

where Eg is expressed in electron volts. Other classes of materials may 

have somewhat different constants. Therefore, one can see that 

semiconductors and sulfides have a low band gap and hence have large 

indices of refraction. 

Refractive index also determines the intensity of reflected light from a 

surface. [2] The luster of a solid refers to its appearance in reflected 

light. For normal incidence on a smooth surface: the ratio of reflected 

intensity to incident intensity is 

R = (n_l)2 + n2K2 
(n+l)2 + n2K2 

where n is the refractive index and ~ is the absorption index. Only about 

2% light is reflected for low index solids, giving them a glassy 

appearance. The high reflectivity of diamond (n = 2.41, R = 17%) imparts 

a high luster to the stone. Most ionic solids have low refractive indices 

and vitreous luster whereas extended covalent bonding leads to larger 

refractive indices and adamantine luster. In metals the large absorption 

coefficients results in very high reflectivities. 

2.1.4 Loss Mechanisms in Optical Materials 

When electromagnetic radiation passes through an insulator or 

semiconductor, various loss mechanisms operate. Some of the radiation is 

reflected at the interfaces between the solid and its environment. The 

~~------------.---- .. ----.- .---.-. 
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amount reflected is determined by the refractive index of the solid and 

that of the medium in which it is immersed. This reflection loss is a 

basic property of the material but may be partially overcome by means of 

antireflection coatings applied to the surfaces of the solid. However, 

bulk absorption losses can be categorized as being extrinsic and 

intrinsic. Intrinsic absorption mechanisms are those resulting in 

electronic and vibrational lattice absorptions in a crystalline or 

amorphous material. Extrinsic mechanisms are those associated with 

impurity atoms or molecules and deviations from stoichiometry. 

2.1. Sa. Intrinsic Absorption 

Intrinsic absorption mechanisms in semiconductors and insulators define 

their region of transparency to infrared radiation. In order to transmit 

radiation in the infrared, materials must possess a band gap, Eg , larger 

than the wavelengths of interest since it is the band gap that sets the 

transmittance limit at short wavelengths. The short wavelength cut off, 

Ac ' is defined by the relationship 

Ac = hC/Eg 

where h is the Planck's constant and c is the velocity of light. The low 

frequency tail of this short wavelength cut off extends slightly into the 

transparent region of the material and is known as the Urbach tail. The 

absorption coefficient ~ is of the form 

~ ex e cw/ kT 

==~-------- ----_._----
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where w is the frequency, k is the Boltzmann's constant, and T is the 

absolute temperature and p. This exponential tail would be important for 

infrared transmittance in the wavelength of interest. 

The long wavelength cut off in semiconducto·rs and insulators is set by 

lattice absorptions. These lattice absorptions result from vibrational 

modes of the atoms in these materials. In ionic crystals vibrations of 

large amplitude will occur when incident radiation is of the same 

frequency as the resonant frequency of the atomic units and tiiis resonant 

process is termed the restrahl frequency. These atomic units must possess 

a permanent dipole moment which can be activated by the oscillating 

electric field of the incident radiation. Non -polar solids would be 

expected to be infrared inactive but usually exhibit induced dipole 

effects. For example, a non-ionic solid can have an effective charge and 

thus a dipole moment if the atoms are not identical. Induced dipole 

moments are also possible in elemental materials such as diamond and 

silicon. These homopolar materials do not possess a permanent dipole 

moment but an infrared inactive vibrational mode may induce charges on the 

atoms and a second mode may simultaneously cause a vibration of these 

charged atoms. These second order effects are likely to be of low 

magnitude but nevertheless are likely to absorb infrared radiation in 

solids of useful thickness and hence limit the IR transmittance. The 

fundamental absorption frequency can be calculated for a linear polar 

diatomic molecule consisting of two point masses m1 and m2 . The frequency 

----------_ .... _ .. _ .. _--- _ ... _- -- .. 
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of vibration, v, of the simple harmonic motion of the two masses along a 

line joining them is given by [3], 

v - 1/211' (KIM) 1/2 

where K is the force constant and M is the reduced mass: 

M = (1/m1+ 11m2). 

In the case of the anharmonic oscillator which is the case for real 

materials the long wavelength cut-off of a material is usually set by the 

first overtone of the fundamental lattice absorption, since in a real 

material a series of overtones are possible. 

From the above equation, it can be seen that reduced values for the 

force constant and larger values for the atomic masses of the solid, 

resul t in lowering the fundamental frequency. The reduced frequency 

extends the long wavelength transmittance further into the infrared. 

However, this leads to the problem in that materials exhibiting far 

infrared and very far infrared transmission are physically weak because 

of lower force constant. These infrared transmitting materials are soft 

and possess poor thermal and mechanical properties. 

The elemental semiconductors such as germanium and silicon prove to be 

an exception. They possess a diamond cubic structure and the' strong bonds 

and light atoms in this structure give very good transmittance. This is 

caused by lack of permanent dipole moments and largely inactive first 

order vibrational modes. 

----------- --_._------------- -- -------
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As mentioned earlier intrinsic absorption mechanisms are those 

resulting in electronic and vibrational lattice absorptions. The 

fundamental absorption process which limit the transparency range of 

insulators and semiconductors are due to electr.onic transitions across the 

band gap at short wavelengths or lattice vibrations at longer wavelengths. 

In addition in the case of semiconductors free electron absorption is 

important in the region of transparency. This effect becomes important at 

wavelengths larger than the intrinsic electron absorption edge. The 

absorption coefficient, ~c dependent on free carriers can be calculated 

using 

~c= N>.2e 3/J.Lll'nm*2c 3 

where N is the concentration of free carriers, >. is the wavelength, e is 

the electron charge,J.L is the mobility, n is the refractive index, m* is the 

effective mass of the carrier and c is the light velocity. At elevated 

temperatures there is an increased number of free carriers which reduces 

the transmission. Therefore, the temperature cut-off for the use of 

semiconductors as optical materials is in general below 300°C. 

2.1.4b. Intrinsic Scatter 

All homogeneous materials suffer from some degree of intrinsic scatter 

due to natural perturbations in their refractive indices. Scattering 

theory is complex but three cases can be identified, depending on the 

wavelength. 
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If the scattering centers are very much smaller than ~ then Rayleigh 

scattering theory is applied wherein the scatter is proportional to ~-4; 

if the scattering centers are approximately equal to ~ then Mie forward 

scattering theory can be used, which is a complex function of wavelength, 

and if the scattering centers are greater than A then the scattering is 

independent of the wavelength. Most optical materials suffer from 

radiation scattering losses due to intrinsic refractive index 

inhomogeneities or due to the presence of strain fields, minute quantities 

of particulate matter or crystallographic defects. 

As discussed above changes in refractive index and its dispersion also 

affect the optical properties. The index of refraction and its dispersion 

are described by the phase velocity of the incident radiation in the 

optical material. The refractive index of a substance is defined as the 

ratio of the velocity of light in that substance at aspecific temperature 

and pressure relative to the velocity of light in vacuum. The dispersion 

at any wavelength is defined by 

(dispersion)x = (dn/d~)x 

Most IR materials are dense and have large indices of refraction 

consistent with their low band gaps. The dispersion arises 'from induced 

dipoles in the materials which results from a combination of electronic 

and lattice contributions. [4] Many IR materials show low dispersion 

because of the low population of the polarizable species in the 

transparent region between the band edge and the lattice edge 

===~-----,--,-,--,-- " 



40 

(see Figure 4). Thus, in principle the loss mechanisms are primarily due 

to intrinsic scatter and phonon absorption. However, the small particle 

Rayleigh scattering mechanism which predominates in the short wavelength 

region is likely to be less· important for long wavelength applications 

where other mechanisms such as fluctuations in the refractive index come 

into play. Moreover, in the far infrared, the operational wavelengths are 

nearer to the long wavelength cut-off in these materials and hence the 

main intrinsic absorption mechanism arises from lattice absorption. 

2.1.4b Extrinsic Loss 

These losses are strongly dependent on the processing conditions for 

the material. Most infrared materials are bulk glasses, fibers, single 

crystals or polycrystalline solids. They can be prepared from the melt, 

by vapor deposition, by distillation processes, by solid state reaction 

or by wet chemical processes followed by sintering in air, vacuum, inert 

gas or reactive gas atmospheres. Containment crucibles such as pyrolytic 

graphite, alumina, silica glass or noble metals are used in processing 

these materials and impurities are introduced in the sample which result 

in scattering losses. The scattering losses and absorption losses that 

arise because of these impurities can extend over several microns in 

wavelength. Some of the typical impurities in infrared materials are 

oxygen and hydrogen in their many combinations such as water, sulfate, 

sulfide, carbonate, hydride, nitrate and hydrocarbon which result in the 

absorptions at characteristic wavelengths shown in Figure 5. 

===~-------.- ... -. _._--
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An essential part of optical materials processing is to prevent any 

impurities and resulting scattering losses, by careful control of 

processing conditions. 

2.2 Classification of optical and electronic materials 

Modern technology and progress in materials development has resulted 

in the generation and identification of several novel materials that have 

potential application in electronics and optics. In the electronics world, 

the use of elemental and compound semiconductors for the fabrication of 

devices is very well known. At the same time, ceramic science efforts to 

synthesize advanced materials with new and modified processing 

technologies has yielded a whole gamut of materials tailored for potential 

future application in electronics and optics. Table III lists some of the 

materials along with their uses. The chalcogenides and the rare earth 

chalcogenides occupy a special position. Their inherent processing 

difficulties necessitate severe restrictions and precautions, 

nevertheless, their versatile electronic and optical applications make 

them a subject of intense research. There is still a lot of potential in 

this class of materials and a lot of paucity of information. 

The manufacture of laser systems such as CO2 laser [3] and thermal 

systems, for example, thermal imagers has created the need for bulk 3-5 

~m and 8-l2~m infrared optical materials and coatings. In the region of 

the infrared spectrum from 0.75 to 14 I-'m as shown in Figure 6, the 

characteristic absorptions of the minor atmospheric constituents, water 

---------------------_.-. ----- ._--



Table III. Selected electronic and optical materials systems 

SELECTED ELECTRONIC AND OPTICAL MATERIALS SYSTEMS 

ELEMENTAL SEMICONDUCTORS 

si, Ge 

III-V COMPOUND SEMICONDUCTORS 

GaP, GaAs, InSb, GaSb, 

IDxGal_xSb , GaAS1_xPx 

Gal_xAlxAs 

CHALCOPYRITE SEMICONDUCTORS 

CdGeAs2' ZnGeP2 

CHALCOGENIDES 

OXIDES 

Si02, CaAl20 4, HgAl 20 4 

FLUORIDES 

CaF2, srF2' BaF2 

RARE EARTH SULFIDES 

La2s3' caLa2s 4 
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vapor and carbon dioxide, result in three main 'windows' in the 

atmosphere; one from O.75-2.5~m (near infrared), another from 3.0-5.0 ~m 

(middle infrared) and a third from 7.5-l4~m (far infrared). From the black 

body spectral emittance curves shown in Figure 7, it is clear that to 

detect objects at room temperature (human body) the 7.5-14~m (8-l2~m) 

window is most suitable. It is likely, therefore, that these materials 

will play a major role in future target acquisition and weapon aiming 

devices, surveillance equipment, alerting devices and missile homing 

seekers [5]. The windows of equipment deployed on aircraft and guided 

weapons will be subjected to harsh environmental conditions in particular 

aerodynamic heating, thermal shock and rain erosion. Thus the thermal and 

mechanical properties of the window material must be near optimum if the 

windows are to survive these environmental conditions. Far infrared 

windows should meet the following requirements: 

1. High melting point. 

2. Low coefficient of thermal expansion 

3. Large band gap. 

4. Good transmission into the far infrared (8-14 ~m). 

5. High hardness. 

6. Good strength. 

2.3 Currently Used Optical Window Materials 

The requirements for optical window materials makes the choice of 

materials available very limited. Semiconductors (Si and Ge) exhibit good 
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transmission in the far infrared and are also adequately strong, however 

free electron absorption at 100°C make these materials opaque and hence 

limit their use. From transmission, thermal and mechanical considerations, 

ZnS is the most suitable window material in use in the particular 

wavelength of interest for airborne window application. On the other hand 

its low hardness and poor resistance to severe rain erosion conditions 

does not make it the most suitable material. Table IV lists some of these 

infrared transmitting materials[4). 

In general, materials with strong chemical bonds exhibit good thermo

mechanical properties but poor infrared transmission, and materials that 

transmit very well possess weaker chemical bonds and poor thermal and 

mechanical properties. Hence a compromise is inevitable [1,6). With all 

these factors in mind, the cubic crystalline structure generally exhibit 

useful infrared transmission. In addition, the optically isotropic nature 

of the cubic structure allows window parts to be made from po1ycrystalline 

material without much loss due to scatter. The Th3P4 type cubic and spinel 

type cubic crystalline rare earth ternary sulfide compounds exhibit 

better thermal and mechanical properties than ZnS[7,8). They also have 

high melting points. Their crystal chemistry, energy gaps are known but 

bulk single crystals and po1ycrysta1line samples have not yet been 

processed and their physical properties still remain to be assessed. Only 

one compound in this class of cubic crystals has been studied extensively 

namely, CaLa2S4' 

-------------------._- ----_ .. _---



Table IV. 
r 

Potential Sulfides for Window technology 

MATERIAL 

ZnS 

CaLa2 S4 

CaNd2 S4 

As2 S3 

GeS 

La2 S3-
Ga

2
S
3 

Ls
2

02 S-
Ga

2
Sa 

Ls2 Sa 

GeS2 

+ Glaaa 

POTENTIAL SULFIDES FOR WINDOW 
TECHNOL.OGY 

TRANSMISSION THERMAL EXPANSION 
RANGE ( I'm) ppm ,0 C) 

0.5 - 12 7.5 

0.5 - 14 15.0 

0.5 - 14 13.0 

0.6 - 10 20.0 

1 10 20.0 

0.5 - 10 

0.5 - 10 10.0 

1 - 10 20 

Transition Tg 

--------- . . ---_ .. 

MEL TING POINT 
°c 

1700 

1800 

1830 

200+ 

250+ 

620+ 

600+ 

2100 

250+ 

48 

HARDNESS 
Kg/mm2 

250 

600 

650 

120 

130 

870 

130 
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CaLaZS4 belongs to the alkaline earth-rare earth sulfide family having 

the formula A(Re)ZS4 where A = Ca. Sr or Ba and Re = La. Pr •.... Sm). The 

optical band gaps are 2.5 - 2.9 eV. [9]. It has a cut-off in the IR at 

14~m, and its hardness is 600 kg/mm2. Clearly. it exhibits better physical 

properties than ZnS, but is plagued by a thermal expansion coefficient 

being two times larger than that of ZnS. Table V lists some optical 

materials under development for windows and domes along with the means of 

preparation, transmission range and level of usefulness [4]. The Table 

shows LaZS3 to have a potential IR cut-off at 10 ~m. It has a high melting 

point of 2100° C and its coefficient of thermal expansion is intermediate 

between ZnS and CaLaZS4 • The cut-off of 10~m is characteristic only of the 

tetragonal phase of LaZS3. The cubic high temperature phase of LaZS3 is 

believed to transmit upto and beyond 14pm.[10] 

2.4 Rare earth sulfides for window technology 

It was shown above that the rare earth sulfides particularly LaZS3 shows 

potential for being used as a window material. Lanthanum sulfide exists 

in several allotropic forms. The low temperature phase of Q LaZS3 exists 

in the orthorhombic form which transforms to the intermediate tetragonal 

. f3 LaZS3' this undergoes further transformation to cubic 'Y LaZS3 at high 

temperatures of 15000C and above. Experimental difficulties in maintaining 

a closed system at such high operating temperatures pose problems in 

preparing this high temperature phase. The structure of cubic LaZS3 is 

Th3P4 defect BCC structure with metal vacancies. [11,12,13]. The probability 

==~-~------- .. ---- .. -.. -~- ---_. -_ .. 
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Table V. Current and Future IR and Window Materials 

Material Transmission Preparation level of 
Range (tlm) Technique Usefulness 

Th02-Zr02 0.5-5 Hot-pressed Future 

Zr02-Y203 0.5-5 Single crystal Near-futurl' 
wi precipita tes 

MgF2 0.3-5 Hot-pressed Current 

MgA120. 0.3-5 Hot-pressed Near-futur!' 
(spinel) 

AI203 0.3-5 Flame fusion Curr('nt 
(sapphire) 

SiC 0.3-b CVD Future 

A120 3-Si02 or Ce02 0.3-5 Hot-prt'sst'd Futufe 
(mull.te) 

" 

AIN 0.3-5 Hot-prt's,ed Future 

Si3N. 0.b-5 CVD ~tlll r-f u t II rc-

ZnSiZnSe 1-12 CVD Curfent 
(,.lndwich) 

C.,LJ 2S. 
B •• LJ2S, 
C.,l\:d2S. 0.5-14 Hut-pressed FuturC' 
SrSm2S •. etc HIP 

(tern.lrv sulfidt's) 
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for the Th3P4 structure to exist for any phase would be ideal if the cation 

to anion ratio approached 3:4. It was found by researchers [13] that small 

amounts of large divalent cations stabilize the Th3P4 structure under 

conditions which would otherwise give the a structure. Hence, CaLa2S4 was 

thought of to be a solution to circumvent the preparation difficulties in 

obtaining the cubic phase. As shown in section 2.3, La2S3 with the cubic 

Th3P4 structure seems to be desirable which shows potential to have better 

optimal properties in comparison to ZnS. Preparation difficulties have 

therefore limited studies on this high temperature phase. Apart from 

studies related to its structure, very little has been reported as far as 

its optical properties[14-19]. 

2.5 Crystal Structure and allotropes of Lanthanum Sulfide 

Lanthanum Sulfide belongs to the rare earth sulfide group. The rare 

earths form a large number of binary sulfides, selenides and tellurides 

which belong to various crystal types which are related to the important 

evolution of the environments of the R elements from La to Lu. The 

generally low symmetry of these environments involves complicated 

structures and frequent polymorphism. Greek lc~ters were assigned by 

Flahaut et al.[ll] to each of the polymorphs in which they occur. For 

example 

for La2S3 a ------ f3 ------ 1'; 

for Gd2S3 a ------ 5 ------ 1'; 

for Yb2S3 0- ------ f 

--------------------- -----
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The Q form of La2S3 exists in the orthorhombic form. The orthorhombic 

Pnma cell is elongated and flat as shown in Figure 8. The rare earth atom 

sites are of two kinds, 8-prismatic 2nd 7-octahedra1.[11]. It is exactly 

stoichiometric and stable at low temperatures. At higher temperatures 

above 900oe, the Q form transforms to the f3 form. The f3 form was known 

to be originally existing only to the R2S3 sulfides of the light 

lanthanides. Besancon et a1. [20,21] showed that the f3 form containing Pr 

has the composition Pr10S140. It exhibits a tetragonal structure I41/acd, 

the oxygen atom has a special position at the center of a regular 

tetrahedron of Pr atoms. Thus the f3 form of the rare earth sulfides is 

essentially an oxysu1fide which exists from La to Sm. Figure 9 shows the 

structure of f3 La2S3, the oxygen atoms being at the center of a tetrahedron 

of rare earth atoms. The rare earth atoms have two kinds of environments 

namely, a coordination of 7 and 8. The 8 fold coordination is similar to 

that seen in the cubic structure with the arrangement of two sulfur 

tetrahedra. The unit cell consists of two atoms of La and three of S in 

general position with the La in coordination of 7 and one of La and one 

of S in a special position with the La in a coordination of 8. The oxygen 

is in the center of a symmetric tetrahedron formed of La4 • One particular 

feature of this structure is an empty cavity between two oxygens which is 

large enough to receive a sulfur atom. 

The oxygen atom can be substituted by S atom, to form a solid solution 

R10S1401-xSx, or the sulfur comes into the free cavity while a new lacuna is 

-------------------- ---- --



Figure 8. The schematic diagram showing the orthorhombic 
cell structure for a La2S3[11]. 
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Figure 9. 
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created in place of oxygen. In this latter case, the lanthanum atoms of 

the tetrahedron around the oxygen may slightly migrate to make a new 

tetrahedron around the cavity which would receive the sulfur atom. The 

extent of this homogeneity range however, decreases from La to Sm. All 

the homogeneity ranges are characterized by a continuous variation of 

parameters. Their extension decreases from La to Sm. A higher percentage 

of oxygen in these compounds would increase their decomposition 

temperatures. In the case of La, x can vary from a to 1. Thus only in the 

case of La is complete substitution of 0 by S possible resulting in the 

P form of La2S3 • Although complete substitution of 0 by S is possible, one 

can never eliminate the oxygen that can enter the compound during 

processing and handling which stabilizes the p structure at low 

temperatures[22]. 

1 form of lanthanum sulfide exists in the body centered cubic form and 

has the defect Thorium phosphide structure with metal vacancies. 

Zacharias en studied the structure of Ce2S3 which is isostructural with 

La2S3 and identified the space group for this phase to be I43d the unit 

cell containing 16 S atoms and 10 2/3 La atoms, the metal vacancies being 

randomly arranged such that every ninth position is vacant[23]. The La 

atoms are octocoordinated with an unusual environment as shown in Figure 

10. It is a triangular dodecahedron, which can be regarded as formed by 

the superposition of two tetrahedra, a flat one and an elongated one. By 

filling up the vacanies a complete solid solution is obtained from R2X3 to 

--------------------- --.--- --_. ------ ---
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Figure 10. 
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the R3X4 composition. In the case of the'R2X3 composition the ionic charges 

are equilibrated and the compounds have a very high resistivity. In the 

case of La3S4 non-equilibrium of the ionic charges results in metallic 

behavior. From the above it can be seen, that La3S4 and La2S3 are 

isostructural. They have very similar lattice parameters differing by 

0.06% only. The use of X-ray diffraction as a measure for phase purity 

could lead to erroneous results[24]. Cubic 1 La2S3 is a broad based band 

semiconductor with an optical band gap of about 2 eV. The La3S4 form of 

material has metallic conductivity with one conduction electron per 

formula unit. Therefore, very small deviations in the stoichiometry of 

La2S3 towards the sulfur deficient La3S4 produce "dirty" semiconductor type 

behavior. 

2.6 Chalcogenide Glasses 

Chalcogenides are compounds whose anions are from group VI of the 

periodic table, i.e., oxygen, sulfur, selenium, tellurium and polonium. 

In vitreous systems, the term chalcogenide is commonly used incorrectly 

to distinguish sulfide, selenide and telluride glasses from oxide glasses. 

The nonoxide chalcogenide glasses transmit to longer wavelengths than 

oxide glasses[25]. They are very good glass formers and the glass forming 

tendency in these glasses varies in general as S > Se > Te, As > P > Sb, 

Si > Ge > Sn, mainly because of the large size of the anions. They are 

covalently bonded materials and form glasses with long chain networks. The 

non-oxide chalcogenides are typically weak solids with low hardness and 
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low softening points when compared with normal oxide glasses [26] resulting 

from the small difference in the electronegativities of the metal

chalcogen bond. 

Electronegativity difference itself can betaken as a rough measure of 

the bond energy between two atoms. The larger the difference, the more 

likely a ionic bond will form; the smaller the difference the more 

covalent will be the nature of the bond. A pure covalent bond will 

therefore have an electronegativity of zero. Table VI lists the 

differences in the electronegativity and the electronegativities of some 

of the chalcogens. as seen from the Table, oxide glasses are always 

characterized by metal-oxygen -metal bonds while the chalcogenide glasses 

are typically characterized by covalent metal-metal bonds (referring to 

the group IVA and VA elements as metals). Because of oxygen's high 

electronegativity, the metal-oxygen bond is more stable thermodynamically 

than the metal-metal covalent bond. However, covalent bonding in itself 

does not produce weak solids. In order to form a strong glass, the 

amorphous chains and rings must be broken down and a strong three 

dimensional network structure formed. This process will occur only when 

the bond ener3Y between other elements combined with sulfur, selenium or 

tellurium is much greater than those of the elemental covalently bonded 

solid. 

The chalcogenide glasses exhibit 

infrared. In the earlier discussion 

very good transmission in the 

on the fundamentals of optical 



Table VI_ Bonding in Chalcogenide glasses 

Pauling electronegativities: 

Si )-8 
Ge ),8 

Sn JoB 

P 
As 
Sb 

2,) 

2'0 
),9 

ElectronegatiVity differellces: 
.d .d 
Si-O \·7 P-O )'4 
Si-S 0·7 P-S 0·4 
Si-Se 0'6 P-Se 0'3 
Si-Te 0'3 P-Te 0'0 

Ge-O ),7 
Ge-S 0·7 
Ge-Se 0'6 
Ge-Te 0'3 

As-O )·S 
As-S O'S 
As-SeO'4 
As-TeO') 

Oxide glasus characterised by: 
-O-MI-O-M::-O 

o 
S 
Se 
Te 

.d 

3'5 
2'5 
2-4 
2') 

Si-P 0'3 
Si-As 0·2 

Ge-P 0'3 
Ge-As 0·2 

Non-oxide c:halcogenide glasses may be characterised by: 
-X-MI-X-M::-X 
or 
-X-MI-M::-X 
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materials it was pointed out that apart from the band gap the extent of 

transmission is governed by the frequency of vibration of cation-anion 

bonds resulting into the infrared absorption cut-off. Because of the 

disordered structure of the glass, this frequency cannot be calculated 

with any accuracy. However, am estimate can be made from the relationship 

for two bodies of given masses m1 and mz vibrating with an elastic 

restoring force of given force constant k. When this diatomic molecule is 

placed in a glass structure, the influence of all other constituents in 

the structure perturb the calculated frequency. 

Bond strength and bond lengths tend to vary depending on the particular 

glass composition. A rough estimate of the influence of netwok forming 

constituents on the IR absorption edge can be made from the field 

strengths, Z/r2 , where Z is the ionic charge and r is the crystal ionic 

radius. Table VII lists these values for ions that can participate in a 

glassy netwok. In forming glasses that transmit well into the infrared, 

the general rule is that larger anions and cations with lower field 

strengths will move transmittance to longer wavelengths. A detailed 

discussion on these conclusions can be found in reference 25. 

Unfortunately lower field strengths and weaker chemical bonding help 

transmission into the long wavelength regime but at the cost of poor 

physical and chemical properties. Table VIII lists the properties of some 

typical chalcogenide glasses. 

2.7 Rare Earth based Sulfide Glasses 
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Table VII. Mass and field strength~ of glass forming ions 

Charge (z) Mass(m) Radius (r) Field strength (z/rl) 

B +3 11 0.23 57 
P +5 31 0.35 41 
Si +4 28 0.42 23 
Be +2 9 0.35 16 
Ge +4 73 0.53 14 
AI +3 27 0.51 12 
As +3 75 0.58 8.9 
Ga +3 70 0.62 7.8 
Hf +4 179 0.78 6.6 
Zr +4 91 0.79 6.4 
Sb +3 122 0.76 5.2 
Te +4 128 1.02 3.8 
Th +4 232 1.02 3.8 
Bi +3 209 0.96 3.3 
Pb +2 207 1.20 1.3 
'j -3 : -. 

t. ~ 
0 -2 16 1.32 1.15 
S -2 32 1.84 0.59 
F -1 19 1.33 0.57 
Se -2 79 1.91 0.55 
Te -2 12B 2.11 0.45 
CI -1 35 1.81 0.30 
Br -1 80 1.96 0.26 
I 1 127 2.20 0.21 

==~-------- -----_.-._-_.- -.. --.. -.... 
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Table VIII. Properties of some chalcogenide glasses 

Softenong 
Composition Refractive index DenSIty Exp.nslon coefficient- temperntureP Knoop Y~~~Sk;~~' ;On rattos 50,8 .. m g/cm3 >tl0'/'C 'c hardness 

2As3S 2.41(5) 3.15 250 210 109 1.6 
2As3Se 2.7818) 4.62 210 200 -114 1.9 
2Ge3S 2.30(5) 140 420 179 
2Ge8Se 2.4118) 4.37 248 
IOG~20As70Se 2.6218) 4.51 190 
IOGe20As70Te 3.5515) 180 178 111 
28Ge12Sb6OSe 2.62/5) 4.67 150 326 150 2.2 

"'empeullure ,.nliJt not specdled 
bremperatul.at which gl ... , IOhen, under 111 own wetght (. rough meuur. of aofIenu-.g pcMnt. which" mot. Pl'ec, .. /Y defined) 
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The rare earth sulfides alone are not glass formers. They are very 

refractory in nature. However in combination with other glass forming 

chalcogenides such as gallium sulfide, germanium and arsenic sulfide, they 

form glasses relatively easily. Flahaut etal. [27,28] studied glass 

formation of several rare earths with gallium sulfide, aluminum sulfide. 

Chalcogenide glasses doped with rare earths were also studied by 

Reisfield[29]. Most of these glasses with the exception of aluminum 

sulfide based glasses are stable with high glass transition ( Tg of 450 -

600°C) and crystallization temperatures. Glasses based on aluminum 

sulfide are slowly destroyed by atmospheric moisture [30]. The gallium 

sulfide based glasses transmit very well into the infrared with a 

transmission range upto 10 ~ms. These glasses doped with neodymium also 

show good fluorescent properties. The oxides and oxysulfides of 

lanthanides (La-Nd) also exhibit good glass forming tendencies with 

gallium sulfide[31,34]. Several other additions to the gallium sulfide 

based rare earth glasses such as MnS, Ag2S have also been studied and the 

influence of these additions on the electrical and optical properties has 

been assessed as well [32,33]. 

--------------,----- _.,._ .. ,-,,-' 
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This section will address the critical processing issues of infrared 

transmitting materials. As has already been discussed most of the infrared 

materials are soft, have high coefficient of thermal expansion and are not 

refractory in nature. Their specific applications for surveillance 

equipment and missile homing seekers, demands that in addition to to very 

good transmission characteristics, the materials be very robust and have 

very strong resistance to atmospheric wear and corrosion, in addition to 

very good transmission characteristics. The currently used window 

materials (e.g. ZnS, CaLa2S4 ) are very refractory. 

Processing these materials from the melt is certainly not impossible 

but poses a severe challenge to the materials scientist in terms of 

combatting the high vapor pressures and the high melting points of 

individual elements, specially sulfur[35-37]. Chemical processing of these 

high temperature materials offer several advantages that could be 

harnessed and made use of in optical applications. Several wet chemical 

techniques are reported in the literature such as precipitation, 

microemu1sion, colloidal processing and sol-gel synthesis along with 

hydrothermal processing. All these novel techniques result in ultrafine 

powders which are generally amorphous in the as-prepared state. The 

------------ ---------- ---- -----
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ultrafine size (in the nanometer range) of these powders make them very 

reactive in subsequent processing reactions such as ammonialysis and 

sulfidization, and their amorphous character often results in the 

formation of phases that are otherwise difficult to obtain by conventional 

equilibrium synthesis techniques. The inherent problems of contamination 

which come into play from the raw materials in these chemical techniques, 

typically the hydroxides, can be overcome by the use of metalorganics 

which result in powders with very high purity, chemical homogeneity and 

a very fine particle size. 

3.2 Sol-Gel Processing 

This technique has become extremely popular since the pioneering work 

by Geffcken[38], Roy[39] and Dislich[40] two decades ago. Since that time 

over the years the fields of investigation have widened dramatically and 

the technique researched in enormous detail. Basically the sol-gel process 

means the synthesis of an inorganic network by a chemical reaction in 

solution at low temperatures generally resulting in amorphous materials. 

The technique is very flexible in directly obtaining both bulk glasses and 

ultrafine powders[4l]. However, the technique has been explored in great 

detail only for the synthesis of oxides. Researchers have obtained some 

non-oxide ceramic powders by post synthesis treatments in reactive 

atmospheres[42,43]. For example, Brinker[42] has shown that oxynitride 

glasses can be made by ammonolysis of alkaliborosilicate gels. The high 

surface area of the gels and the porosity of the bulk gel makes it 

----------------- ------
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permeable to ammonia and subsequent reaction. Pantano [43] also studied 

nitrided thin films of silica made by sol-gel processing. 

The process of sol-gel comprises of hydrolysis of the metalorganic by 

the addition of water. The hydrolysis reaction can be catalyzed by acid 

or a base, depending on which the morphology of the gel and its 

characteristics change. The principal reactions may be schematically 

represented as follows: 

M - OR + H20 ~ M - OH + ROH -------- (hydrolysis) 

Once the hydroxides are formed condensation reactions can occur leading 

to the formation of hydroxides or hydrated oxides 

M - OR + HO - M ---- M - 0 - M + ROH, ----------- (1) 

M-OH + HO-M M-O-M + H20 ------------------- (2) 

Reactions (1) and (2) are condensation reactions. Although the above three 

reactions are listed separately, they may occur simulataneously so that 

it is impossible to describe the process by separate and independent 

hydrolysis and condensation reactions[44]. If sufficient water is allowed 

to react with alkoxides, the degree of hydrolysis and polycondensation and 

relevant final products can often be predicted on the basis of inorganic 

chemistry concepts. 

There are two important sol-gel processes namely, the alkoxide and the 

colloidal method[45-47]. Both methods result in the formation of oxides. 

The alkoxide method, is essentially a polymeric network formation because 
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of the hydrolysis and polycondensation reaction occuring simultaneously. 

The hydrolysis and condensation reactions being catalyzed either by an 

acid or a base. In the colloidal route very small colloidal particles are 

first formed in solution, usually by the hydrolysis of organic compounds 

of metals or by purely inorganic reactions to the anyhydrous oxides in a 

manner similar to the hydrolysis reaction above. In sufficent 

concentration these very small particles link together in chains and then 

3-D networks form that fill the liquid phase to form a gel[48J. 

3.2.1 Gel Formation 

Gelation involves the growth and linkage together of polymeric units 

to form a continuous network that extends through a liquid. In systems 

involving alkoxides, polymer growth involves polymerization of hydrolyzed 

metal alkoxides in alcoholic solutions by the reactions described above. 

In the case of hydrolysis of tetraethylorthosilicate depending on the pH 

and water content, the hydrolysis can result in the formation of polymeric 

species ranging from chains of polysiloxane to colloidal particles of 

essentially pure SiOz. Hydrolysis carried out at low to intermediate pH (1-

9) with a small to large excess of water (amount greater than half the 

stoichiometric amount needed for hydrolysis) results in the formation of 

monolithic glasses. At low pH « 2.5 ) hydrolysis occurs by a mechanism 

involving electrophilic attack on an alkoxide oxygen resulting in 

primarily linear or randomly branched polymers. At intermediate to high 

pH (> 2.5) for the same amount of water, the hydrolysis and polymerization 
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occur by a mechanism involving nucleophilic attack on the metal ion. These 

effects are shown in Figure 11. 

Polymer growth however, does not result in formation of colloidal 

particles. Colloidal formation is expected, for hydrolysis carried out in 

large excess of water and at high pH. Under these conditions, hydrolysis 

and polymerization are extensive and the siloxane network is quite soluble 

so that depolymerization is also likely to occur. Since smaller polymers 

are more soluble than larger ones, the polymers grow in average size and 

then diminish in number as the smaller ones dissolve and the oxide is 

deposited monomer by monomer on the larger ones by a process similar to 

Ostwald ripening[49,50]. This depolymerization and deposition with time 

results in the formation of a gel. The growing polymers entangle and 

cross-link to form extensive three dimensional networks as seen in Figure 

11. 

Gels produced by either routes, polymeric hydrolysis or by the 

colloidal route are dried. The drying process is very critical as the gels 

are subject to shrinkage and cracking. The removal of the solvent by 

evaporation results in surface tension forces which in effect, exert an 

external positive pressure on the gel structure. The acid catalyzed gels 

are more weakly linked and they exhibit greater shrinkage and dry to a 

relatively dense structure exhibitting extremely fine continuous porosity. 

The base catalyzed gels are highly cross-linked and the density is less, 

while the skeletal structure is more highly polymerized[49]. The gel to 
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glass conversion is brought about by heating the gels to eliminate the 

organics and the water which is trapped in the gel due to the 

polymerization reactions. James[5l] has studied the gel to glass 

transition and has reported the temperature ranges over which these 

organics and water molecules are lost along with the chemical and 

microstructural evolution. The most serious problem in monoliths is the 

cracking of the gel to powders during the drying stage. 

Several studies have been performed recently to control the drying rate 

and also the stability of the prepared sol. [52,53]. Use of organic 

solvents such as glycol, organic acids and acetylacetonate (acac) tend to 

stabilize the sol and essentially control the hydrolysis rate of the 

alkoxide. These stabilizing agents react with the alkoxide at a molecular 

level giving rise to new precursors which are now termed as molecularly 

modified alkoxide precursors (MMAP). The effectiveness of these precursors 

in obtaining better sols and therefore final dense bodies of better 

homogenei ty and structure have been shown in a number of cases. For 

example, Sanchez et al.[52] have shown by x-ray absorption experiments in 

the case of Titanium isopropoxide (Ti(Opi)4 to be a four coordinated 

monomer which reacts with the acac ligands and forms a complex with a 

coordination number of 5. This mechanism has also been verified wi th 

proton NMR [54]. Use of drying control chemical additives (DCCA) has been 

shown by Hench [53] to playa very crucial role in controlling the rate 

of drying and hence the resulting shrinkage. As a result a wide range of 
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sizes and shapes of optically transparent dried gel monoliths could be 

prepared with a 100% reliability. These drying additives include 

formamide, glycerol and several organic acids such as oxalic acid. The 

DCCA reduces gelation, aging and drying times, the drying stress and 

increases the size of the obtainable monolith. 

3.2.2 Sol Precipitation 

Sol-gel technology as discussed above involves the formation of a 

clear solution of either a metalorganic or an inorganic compound which is 

then hydrolyzed under appropriate conditions. Many a times under very 

drastic conditions of excess water and high pH ( >13 ) rapid hydrolysis 

can occur with depolymerization resulting in ultrafine precipitates. This 

technique then is analagous to precipitation and hence the name sol

precipitation. Osaki[55] synthesized a whole range of oxides using the 

sol-precipitation technique. Flaschen reported similarly synthesis of 

BaTi03 using this technique which was modified by Phule [56,57] to 

synthesize very fine cubic crystalline BaTi03 powders. Although, a lot of 

research has been performed on oxides, similar techn~ques have very rarely 

been applied to the preparation of non-oxides such as sulfides. 

Melling [58] reported preparation of amorphous germanium sulfide by 

application of the sol-precipitation technique to a sol of germanium 

alkoxide. The sol was reacted with hydrogen sulfide to obtain germanium 

sulfide powders. By controlling the solvent to reactant ratio and the 

temperature, a wide range of amorphous, crystalline and partially 
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crystalline powders could be obtained. Matijevic et al.[59] also reported 

preparation of monodispersed spherical colloidal particles of cadmium 

sulfide. These particles were synthesized by first preparing cadmium 

sulfide "seeds" which were precipitated by aging a solution consisting of 

cadmium nitrate, nitric acid and thioacetamide. By adding varying amounts 

of thioacetamide to this solution, the "seed" crystals were allowed to 

grow to give uniform monodispersed spherical particles of smooth surface 

with an average size of 0.7 #m. 

3.2.3 Applications 

The Sol-Gel technique has become very popular and a powerful method 

for synthesis of bulk glasses as well as polycrystalline ceramics of very 

high purity and homogeneity in comparison with the conventional techniques 

of melting and quenching for which the purity and homogeneity is always 

a question. Long processing times and high temperatures are needed to 

ensure complete reaction and good homogeneity. The Sol-Gel technique 

involves liquids with low viscosity which provides good mixing at a 

molecular level. Homogenization can therefore be achieved in much shorter 

times. The use of synthetic chemicals rather than minerals ensures good 

purity. The gels that are formed are ultrafine and hence upon heating the 

chemical reactions are faster and occur at much lower temperatures. Lower 

reaction temperatures lower vaporization losses and hence minimize 

reactions with the container. Furthermore, lower reaction temperatures 

also suppress phase transformations at higher temperatures and thus permit 
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glass formation and formation of ceramics that are otherwise not easily 

formed. The amorphous nature of the gels along with the fine particle 

sizes favor the formation of high temperature phases at lower 

temperatures. The flexibility of this method'can be seen from the fact 

that controlling the gelling conditions enables one to have a good control 

and predictability of the viscosity so that fibers and thin films can be 

easily made. Controlled heating of the porous gel can give porous ceramics 

and porous non-crystalline solids with ultrafine pores which can be 

impregnated with either organic and inorganic materials to form high 

temperature composites useful for many applications [60]. 

Figure 12 shows a comparison of the processing of melt derived glasses 

as against the sol-gel derived glasses. The figure clearly shows the low 

processing temperatures offered by the latter technique. Although, this 

method has several advantages and shows remarkable flexibility, it does 

suffer from some disadvantages, the most important ones being, large 

shrinkage associated with the gellation process, the presence of large 

concentration of pores and the removal of undesired residuals such as 

hydroxyls and organics. The raw materials used are very expensive and long 

processing times are needed to prepare crack free materials. However, the 

flexibility offered by this process makes it a technique worth 

researching into. The silica system is by far the most widely studied. 

Simple as the technique may seem, however, a lot more information is still 

needed in this area because of the complexity of each system and also the 
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intricacies and complexities of the process itself. The solution to these 

problems are very interdisciplinary and hence require expertise in more 

than one area. Further very little is known about the application of 

metalorganics for the synthesis of non-oxides·such as sulfides, nitrides 

and phosphides. Several extensive review articles can be cited for 

reference to work related to these techniques [61-70]. 

3.3 Other Wet Chemical Techniques 

So far our discussions have been focussed on Sol-Gel technology which 

is by far the most flexible and powerful of the wet chemical techniques 

for the preparation of ceramics and glasses. However several other 

variation exist using wet chemical techniques. The most common of them all 

is precipitation and co-precipitation. This is among the oldest and the 

most common techniques for the non-conventional preparation of ceramic 

powders. It can be done with standard laboratory equipment on a small 

scale and also be easily modified for large scale manufacture. The concept 

involves preparation of a homogeneous solution of the desired constituents 

and mixing the solution with the precipitating agent, which is usually 

also in solution form. When the solubility product is exceeded, for the 

desired compound, precipitation results. 

The concept is simple, however, to obtain powders of high quality a 

number of parameters such as pH, mixing rates, stirring rates, refluxing 

conditions, and temperature have to be carefully controlled. Early in 

1974, Mitchell et al.[7l] prepared complex crystalline chalcogenides in 

-------------------------- - --- -----



76 

Cu-Cr-Se system by direct precipitation. Initially, they prepared them by 

bubbling a stream of H2Se into a dry solution containing Cu and Cr 

stearates in xylene which resulted in the precipitation of amorphous 

CuCr2Se4 powders. They also successfully prepared the same compound by 

using Se chips instead of the unpleasant and dangerous H2Se gas. They also 

extended this procedure for the preparation of tellerium based compounds. 

Oxides for ferroelectric applications have been routinely prepared by 

the precipitation route even before the sol-gel technique. Recently 

combination of the alkoxide and precipitation routes have been used for 

the preparation of lead scandium niobate ceramics. Niobium pentoxide 

powders were prepared by controlled hydrolysis of niobium alkoxide and 

then precipiation of carbonates of scandium and lead which formed a 

coating on the niobium oxide particles[72]. 

Johnson [73] reviewed several non-conventional powder preparation 

techniques such as solution techniques, vapor phase, and salt 

decomposition. Among the solution techniques, in addition to precipitation 

and sol-gel, spray pyrolysis, evaporative decomposition of solutions, and 

spray drying constitute emergent chemical methods for obtaining fine oxide 

powders with high surface area. White et al.[74] applied this technique 

of evaporative decomposition of solutions (EDS) method for the preparation 

of oxides of rare earth and alkaline earth metals for the synthesis of 

calcium lanthanum sulfide. Various forms of spray drying techniques have 

also been used for the generation of small droplets, drying them rapidly, 

------------------------ --------
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and preserving spherical shape for good powder handling properties[7S]. 

Spray drying is a liquid-solids separation process whereby evaporation 

occurs almost instantaneously and dry spherical particles are generated. 

It is accomplished by atomizing a pumpab1e liquid/solids formu1ation(i.e. 

emulsions, slurries/slips, solutions or suspensions) into fairly uniform 

droplets in a chamber carrying a heated dry gas. The heated gas is the 

source for evaporation of the solvents. The dried solids remain suspended 

in the gas stream until they settle out at the bottom or are conveyed 

to or collected in a separate collection chamber such as a cyclone or a 

bag house. Spray drying can result in microstructures superior to those 

prepared conventionally especially in the case of ferrites and PLZT [76]. 

Spray pyrolysis and flash evaporation are both very similar and consist 

of preparation of a solution of a single or mu1ticomponent system and then 

spraying the solution with the help of a nozzle onto a heated substrate 

resulting in the formation of thin films. The process can be modified to 

also produce powders[77]. 

Evaporative decomposition of solutions (EDS) consists of atomizing the 

solutions of desired components into a hot furnace. The atomization 

results in drying and decomposition of the solutions thereby, producing 

fine particles with high reactivity. This technique was devised by Roy et 

al. [78]. Figure 13 shows the schematic EDS furnace. Among the other 

emergent techniques, hydrothermal and emulsion synthesis methods have also 

been used extensively for u1trafine ceramic powders. In the case of spray 

---------------_._-------
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Figure 13. Schematic diagram of the EDS furnace [74] 

-~------------------ - -------
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drying or the solvent evaporation techniques, during evaporation there is 

a tendency of demixing of the cations. Demixing can be prevented by 

freezing the solvent rapidly. In another approach, the liquid has to be 

dispersed in fine droplets and large temperature gradients applied to 

prevent demixing. Emulsification of the salt solutions before drying 

seemed to overcome this problem[79]. Emulsions are of two types namely, 

oil- in-water and water- in-oil. Reynen et al. demonstrated the use of 

water-in-oil emulsion technique for the preparation of ceramic powders. 

Hydrothermal synthesis has been studied to be a potentially superior 

method for making advanced ceramic powders at low-cost. It is an aqueous 

chemical process for preparation of crystalline, anhydrous ceramic powders 

and incorporates use of high temperature. The limit of this technique is 

set by the critical temperature of the solvent medium and pressures 

ranging up to 15 MPa. It offers certain advantages in comparison to the 

sol-gel process, namely it overcomes the necessity of calcination steps. 

Certain researchers claim better morphological control in comparison to 

sol-gel, however, this technology is still at a demonstration stage and 

more work needs to be done[80]. 

3.4 Current Processing Techniques for sulfide based window materials 

So far various wet chemical techniques were reviewed for the synthesis 

of ceramics of very high quality for electronic and optical applications. 

State of the art optical materials have been prepared using the sol-gel 
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and other techniques that have been described. above. In the far infra-red 

regime as discussed earlier in the background, the materials currently of 

greatest interest are ZnS and CaLa2S4. La2S3 also shows potential for use 

in this IR region. The synthesis techniques for each of these materials 

will be reviewed in the following sections. 

3.4.1 Processing of Calcium Lanthanum Sulfide 

This material possesses the defect cubic Th3P4 structure and shows a 

potential IR cut-off at l4pm (band gap = 2.7 eV) as shown in Table IV. 

CaLa2S4 forms a light-yellow powder and two processing methods have been 

followed by researchers for the synthesis of this material. The cubic ~ 

phase of the CaLa2S4 composition is the one that is desired for 

transmission and the introduction of the bigger divalent alkaline earth 

cation tends to stabilize this cubic structure. Raytheon [81] developed 

a process for fabrication of this material which comprised of three steps. 

A solution containing the corresponding nitrates was converted to the 

corresponding carbonates by reacting with ammonium carbonate. The powder 

is then dried at 400e for 48 hours after which it is heated at 10000e for 

20 hours under 1 atm. of flowing H2S to give the light yellow powder of 

eaLa2S4' This powder is mixed with several binders, spray dried and 

isostatically compressed to give a green pellet. The green compact is then 

hot isostatically pressed under Ar gas after being pre-sintered in flowing 

H2 S for 10 h at 10SOoC to llSOoe. The final HIP treatment resulted in 

ceramics with essentially theoretical density[8l-84]. The other process 

==~~------- ._-_._-
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was developed by White et al. [74) which consisted of obtaining oxide 

powders of calcium and lanthanum at 1000° e using the EDS method by 

decomposition of a solution of nitrates of calcium and lanthanum. The 

resulting oxide powders were then converted to the sulfides by reacting 

with hydrogen sulfide at 1000-13500e for full conversion to the sulfide. 

The sulfide powders were then hot pressed [74,85,86). Savage et al. 

incorporated the EDS method with various other methods to first obtain 

the oxide powder followed by subsequent su1fidization. Mixed nitrate 

solutions were evaporated to a syrup in platinum and then fired to an 

oxide cake at 9000e in air for 24 hrs. The resulting powder was then 

crushed and refired at 900°C in air to a white powder and then subsequently 

converted to a sulfide by firing in HzS/Nz for 24 hrs. at l150-l350oC. In 

another method they followed a rapid decomposition of solutions of mixed 

nitrates in air at 10000e with subsequent su1fidization[87 ,88) . They also 

tried various compositions in the eaLaZS4 -LaZS3 phase diagrams in an 

attempt to optimize the material chemistry to obtain useful physical and 

optical properties. 

Genti1man et a1. [92) also studied these compositions and their 

mechanical and optical properties. They prepared powders using the EDS 

method and then densification following the sinter/HIP technique as 

outlined by Raytheon. The transmission of these compositions in comparison 

to ZnS is shown in Figure 14 and 15 . From the figure it can be seen that 

increasing the LaZS3 fraction does not affect the transmission suggesting 
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that the cubic phase of LazS3 would be a potential far IR material. However 

the EDS precursor for lanthanum sulfide did not result in the cubic phase. 

Some physical properties of CaLazS4 are compared to ZnS in Table IX [89]. 

A comprehensive report on the fabrication of :this material can be found 

in a publication released by the Naval Weapons Center [93]. Covino et 

al. [24], White et al.[90,94]] and Chess et al.[91] also studied synthesis 

of calcium lanthanum sulfide by reacting carbonates of the alkaline earth 

elements with either oxides or hydroxides of the lanthanide elements at 

11000C in an atmosphere of flowing HzS, typical reaction times being ~ 3-

7 days. However the ceramic obtained by this method was optically inferior 

in comparison to the two methods described above. An attempt to grow 

crystals of ternary sulfides MRZS4 (M = Ca, Cd; R = La, Sm, Er) was 

published by Walker et al. [22]. They prepared crystals of CaLaZS4 using the 

Stober technique. The technique employs directional solidification of the 

mel t at temperatures greater than 2200oC. The whole mol ten mass is 

contained in a tungsten crucible which is sealed by arc welding. The melts 

were cooled at a rate of 10oC/hr to 1500, and then at 50oC/hr to room 

temperature. The raw materials consisted of starting binary sulfides. 

However, there were several problems due to volatilization losses of the 

sulfur, and reaction of the melt wtth the crucible resulted in some 

tungsten precipitates. The powder synthesis methods overcome the problems 

associated with high temperature processing 

----------------- ---



Table IX. Some physical properties of CaLa2S4 and ZnS 

flexural Strength MPa 
Young's Modulus GPa 
Poisson's Ratio 
Knoop Hardness GPa 6 
Thermal Expansion x 10- IDC 
Thermal Conductivity 25 DC 
(Cal/cm sec DC) 

----------------------- -- ---------

106 
96 

0.26 
5.59 

14.7 
0.006 

103 
75 

0.27 
2.45 
7.4 
0.041 
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3.4.2 Processing of Zinc Sulfide 

Zinc Sulfide is currently the most desired material for window 

applications with good strength and transmission characteristics. Zinc 

sulfide is very difficult to synthesize from the elements because of the 

high vapor pressures of both zinc and sulfur and sublimation of zinc 

sulfide itself. As a result inert conditions and a closed system is needed 

in order to melt zinc sulfide. Addamiano et al. [35] determined the melting 

point of zinc sulfide by enclosing the material in a steel bomb and found 

the melting point to be l8300C at argon pressures of 150 psi (~ 106Pa). 

They found it very difficult to melt it at pressure lower than 50 psi (~ 

3 .4xl05Pa) . Using the steel bomb experimental set up they obtained 

hexagonal zinc sulfide crystals from the melt in argon atmospheres of 

106Pa. Phase transformation studies showed that the transition temperatures 

from the wurtzite to the cubic phase occurs at temperatures greater than 

l1500C [36]; the cubic phase is the desired phase for IR transmission 

characteristics. Thus, other difficulties encountered in the melt growth 

of these crystals include in addition to high melting temperatures, and 

high vapor pressures of the elements and the transformed compound; are 

reaction of the elements and the product with the walls of the container, 

and segregation of impurities. Many of these problems are eliminated to 

a large extent with the powder processing route. 

Precipitation routes were studied for the synthesis of zinc sulfide as 

early as 1950 by Laverenz[95]. The sulfides were obtained by precipitation 
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in acidic and basic conditions. In the alkali process the salts of zinc 

were dissolved in an ammoniacal solution and after a series of 

purification steps the sulfide was precipitated using hydrogen sulfide. 

The reaction being as follows: 

Zn(NH3)4C12 + H2S + 2H20 -------> ZnS(ppt) + 2NH4Cl + 2NH40H 

In the acid process, metallic zinc was dissolved in sulfuric acid and 

after purification, the sulfide was precipitated from the acidic solution 

using hydrogen sulfide, the reaction again can be written accordingly: 

ZnS04 + H2S -------> ZnS(ppt) + H2S04 

The average particle sizes in these processes was approximately 0.1 ~m._ 

However, the sulfide obtained by the above two processes are not very pure 

and contamination can never be ruled out, particularly with oxides in the 

form of S04-- and S03-_' These impurities remain entrapped in the powders 

and result in extrinsic scattering thereby hindering the transmission of 

the hot pressed ceramic. Attention was therefore focussed on the 

meta1lorganic route in view of the advantages of the sol-gel process. 

Johnson et a1.[96] studied the precipitation of zinc sulfide powder from 

organometa1lics. They synthesized very fine zinc sulfide « 0.1 ~m) 

particles as shown in Figure 16. They obtained zinc sulfide powders by 

reacting a solution of diethy1 zinc «C2Hs)2Zn) with hydrogen sulfide in 

an heptane solution. The hydrogen sulfide was introduced into the medium 

by dissolving the gas in toluene. The reaction can be represented as 

follows: 

-----------_._------- ----



Figure 16. 
Electron micrograph of ZnS particles synthesized 
from (C2Hs)2Zn in toluene[96] 
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(C2HS)2Zn + H2S ------------> ZnS + 2C2H6 

The major impurity in powders derived by this process is residual 

hydrocarbon. Elemental analysis conducted by these authors showed a 

minimum of 2% carbon in the powder. The stability of the starting alkyl 

group when bonded to the metal seemed to control the reactivity of the 

metal. They found that using tert-dibutylzinc reduced the hydrocarbon 

content to a large extent. 

Guiton et al. [97] studied a variety of chemical reactions using a 

modified precursor of diethyl zinc. They reacted diethyl zinc with 

butanethiol to obtain a pentameric zinc precursor [C2HSZn( C4HsS) ] S which was 

then dissolved in methylene dichloride. This solution was then reacted 

with H2S, the morphology 6f the resultant zinc sulfide particles depended 

strongly on the addion rates of hydrogen sulfide. Depending on the flow 

rates of the sulfide, on subsequent heat treatment of the precipitate to 

temperatures of 500°C yielded a mixture of sub-micron particles and single 

crystals of zinc sulfide whiskers. They predict the reaction of hydrogen 

sulfide with the pentarneric precursor to follow a route of thiolysis and 

condensation reactions similar to the sol-gel process, namely: 

M(SR)n + xHSH --------> M(SH)x(SR)n-x + xRSH -------- Thiolysis 

M(SH)x(SR)n-x --------> MS2n-3x + (4x-2n)H2S + (n-x)RSH -------- Condenstion 

They did not however perform any hot pressing of these powders to study 

the sintering behavior. 

"".--=-=-"" ... -'-'--'---____ ~-- --.--~ n. ___ ••• _"._ •• o_.,u 
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State of the art zinc sulfide ceramics are made by chemical vapor 

deposition. A schematic of the industrial CVD plant is shown in Figure 

17. Chemical vapor deposition helps in producing plates with large 

overall area and high imaging quality. Further, the vapor transport 

reactions are preferably carried out at pressures less than atmospheric 

pressure, resulting in the increased diffusivity of the gaseous specie. 

Under these conditions surface reaction becomes the rate determining step 

in the synthesis[l). The process consists of the reactants H2S gas and Zn 

vapor, transported from a large liquid Zn reservoir by an inert gas into 

a vertical rectangular growth chamber whose walls act as the substrate for 

large area polycrystalline deposition. The use of walls as the substrate 

helps to prevent any unwanted wall deposits that could be entrapped in the 

growth when the substrate was separately mounted. On cooling the flat 

plate wall deposits are removed from the substrates for grinding and 

polishing. In this fashion ZnS disks as large as 430x600mm2 in area and 

thicknesses of 13 mm. have been made. Savage et al. [98,99,100) have 

reported the fabrication of this material using CVD on a laboratory scale. 

The basic chemical reactions for the process are as follows: 

Zn(v) + H2S(g) ------> ZnS(s) + H2 (g). 

Detailed description of the reaction chamber and its operation can be 

obtained from reference 1 and reference 101. 

----------_ .... _- ... _---
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3.4.3 Processing Of Cubic Lanthanum Sulfide 

Lanthanum sulfide as discussed earlier exists in several allotropic 

forms namely, Q, f3 and 'Y respectively. The cubic form of 'Y lanthanum 

sulfide being isostructura1 with CaLazS4 shows potential for use as an 

optical window in the 8-141'm range. Cubic 1anthantl!:i sulfide was 

synthesized by Gschneidner et a1.[102-107]in a number of ways. One of the 

easiest methods used was to react the oxide of lanthanum in flowing HzS at 

temperatures of 13S0oC to form the cubic phase of lanthanum sulfide. This 

method was also reported by Henderson et a1. [110]. There was always 

problem of incomplete reaction. In the other most commonly used method 

elemental lanthanum and sulfur are reacted in a quartz ampoule to form the 

Q form of LazS3. Typical times for this reaction were 24 hours at 6000e and 

three days at 9S0oe. After completion of the reaction, the quartz ampoules 

were opened in a helium filled glove box and the reaction products (LaS 

and La2S3) were ground and placed in tungsten crucibles. 

The crucible and the contents were heated under vacuum to lSOOoe then 

to 21S0oC under an argon atmosphere to melt and homogenize. The high 

temperature heat treatments resulted in the formation of the cubic 

lanthanum sulfide powders. The powders obtained were then sintered by a 

technique known as the Pressure Assisted Reaction Sintering (PARS). This 

technique consists of mixing the La2S3 powders with the hydride LaH3 in the 

desired composition and then reaction was carried out by heating the 

sample in a die with the application of pressure, the chamber being 

-------------------------- - ... 
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initially maintained at a vacuum of IO-3Torr. At a temperature of 800°C, 

the hydride decomposes resulting in the formation of highly reactive 

lanthanum metal. The hydrogen gas is then pumped off from the system. The 

lanthanum metal then forms a liquid phase and helps densify the powders 

along with subsequent reaction to form the cubic phase at 1450oC. Samples 

were sintered to 97% theoretical densities using this technique[107]. 

Wood et al. [108], and Whi ttenberger et al. [l09] also prepared this 

phase by a similar process. They obtained the a form in a manner similar 

to the method used by Gschneidner and then hot pressed the lanthanum 

sulfide powders at l8000K in vacuum. Whittenberger et al.[109] reported 

presence of mixed phases of P and ~ form of lanthanum sulfides in their 

hot pressed samples. All the above methods of synthesis .were employed to 

prepare the cubic phase to investigate thermoelectric properties of 

lanthanum sulfide. Its optical properties were only investigated by 

Volynets et al.[16). The authors synthesized the ~ phase by sulfidizing 

the oxide at high temperature using carbon disulfide as the sulfidizing 

agent and then densifying the powders by hot pressing at temperatures of 

1000-1300oC. They observed 65% transmission in the range of l4~m. Single 

crystals of cubic lanthanum sulfide were prepared by Kamarzin et al.[lO] 

from melts by maintaining a continuous dynamic atmosphere of sulfur. They 

devised a special reaction vessel for carrying out this reaction. 

Transmission data obtained on single crystals is shown in Figure 18. Thes 

single crystals transmit upto 20 pm. 

-----------------._-_. --.'." 
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3.4.4 Processing of tetragonal Lanthanum Sulfide 

The tetragonal form of lanthanum sulfide is the intermediate phase in 

this system and is essentially an oxysulfide as discussed earlier. 

Besancon[20] first studied its structure using X-ray diffraction and 

determined that it is an oxysulfide with the formula La10S140. He 

synthesized this phase by reacting lanthanum oxide with the ~ or Q form 

of LaZS3 in stoichiometric proportions at about 1000oC. Lewis et al.[87] 

and Savage et al. [89] synthesized this material by preparing the oxide 

using the EDS method and after drying, sulfidizing the oxide in H2S/N2 

atmosphere for 15 hours at 1000oC. The powders obtained were then sintered 

to near theoretical density by hot-pressing in argon atmosphere using a 

titanium-zirconium-molybdenum alloy die and high density graphite punches. 

Pressures up to 10 psi were used with pressure being applied for 20 

minutes. The transmission spectrum obtained showed a broad absorption at 

9.1 ~m due to the presence of molecular S04-Z complex. 

3.5 Processing of Chalcogenide Glasses 

Chalcogenide glasses as discussed earlier are glasses containing 

sulfur, selenium and tellurium. The large anion sizes from group VI of the 

.periodic table helps in promoting glass formation in these compounds. Even 

though these compounds form glasses very easily, the processing of these 

glasses require sealed strong walled containment to withold the high vapor 

pressures of the elements. Typical processing of these glasses comprises 

of using a fused silica tube evacuated to a pressure of 10-5 torr which is 

----------- -----------_. _ .... -. __ .. 
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then sealed. The sealed tubes are placed in a rocking furnace as shown in 

Figure 19 to ensure good homogenization, and then quenched either rapidly 

in water or in air to form glasses[lll). This is the typical processing 

technique routinely followed for preparation of sulfide or other 

chalcogenide glasses. 

3.5.1 Germanium Sulfide Glasses 

Germanium sulfide is known to be a good chalcogenide glass former and 

has been studied for its application in the mid infrared region. Glass 

formation in this system was first studied by Kawamoto et al.[112]. They 

prepared these glasses from elemental germanium (9-nine purity) and 

elemental sulfur and melting the stoichiometric amounts in evacuated fused 

silica tubes at temperatures of BOO-lOOODe, after holding the tubes for 5 

to 10 hours in a rocking furnace. The tubes were then either cooled in air 

or quenched in water. The extent of glass forming region is shown in 

Figure 20. Their results on the glass formation indicated two glass 

forming regions in Ge-S system. In the first region (GeSz to GeSg ) the 

structure of the glasses is believed to be based on a three dimensional 

inorganic polymer with chains of S cross-linked with germanium and in the 

second region (GeS 1 .31 to GeS1.5), the structure of the glass' is analogous 

to the silicate system. Since their study, several researchers have 

investigated these glasses in detail[113-l22]. 
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Schematic diagram of the rocking furnace used for 
the synthesis of chalcogenide glasses. [111] 
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3.5.2 Glass Formation in Rare Earth Based Glasses 

The rare earth sulfides (La - Er) form reasonably good and stable 

glasses when mixed with other chalcogenide glass forming sulfides. The 

whole series of lanthanides form good glasses with· gallium sulfide. 

Flahaut et al.[30] studied the glass formation in this system of rare 

earths with gallium sulfide. Figures 21 and 22 show the extent of glassy 

domains relative to the phase diagram [28]. They formed the glasses by 

quenching a molten mixture containing the appropriate compositions at 

1200oC. The temperature of l2000C was the maximum quenching temperature, 

the lower limit being set by the liquidus curve. They also formed glasses 

with lanthanum oxide (La203) and the oxysulfide (La20ZS). The extent of 

glass domains in these two systems are shown in Figures 23 and 24. Flahaut 

et al. made extensive studies of the properties of these glasses. The 

glass transition temperature (Tg) is about 620°C for the LaZS3-Ga2S3 

glasses. They found the glass transition temperature to decrease with 

increasing gallium sulfide content since gallium sulfide is the primary 

glass former in this system. The glasses are transparent and are slightly 

yellow in color. 

Flahaut et al. also studied the extent of glass formation of these rare 

earth sulfides, typically lanthanum sulfide with other dopants such as 

manganese sulfide[32] and silver sulfide[33]. Glasses containing silver 

sulfide showed the electrical conductivity to depend strongly on the 

silver content. Glass formation in the La2S3-A12S3 system was studied by 
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Guittard et a1.[27,30]. The glasses were obtained by fast quenching of 

the melts at 1100oC. These glasses are however, not chemically durable and 

are slowly attacked by atmospheric moisture. 

3.5.3 Glasses In LaZS3-GeSz System 

As discussed above, the rare earth sulfides form glasses when mixed 

with other cha1cogenides such as Ga2S3. Similar glass forming regions were 

probed by Lozac'h et al. [123] in the LaZS3-GeS2-Ga2S3 system. The glass 

forming domain is shown with respect to the ternary system in Figure 25. 

As seen in the diagram glass formation can be seen from 60 to 100 mole% 

of GeS2' However very little is known about the properties and 

microstructure of these glasses. The phase diagram of the quasi-binary 

system La2S3-GeS2 was studied by Sarkisov et a1.[124]. They studied the 

interaction between La2S3 and GeS2 using differential thermal analysis 

(DTA) and identified two congruently melting compounds La2Ge2S7 and La2GeS 5 

in this system and three eutectics at 7.5, 40 and 57 mo1e% La2S3' The 

schematic phase diagram is shown in Figure 26. 

3.6 Phase Separation In Sulfide Glasses 

The concept of phase separation or liquid-liquid immiscibli ty in 

glasses was more of a curiosity three decades ago, since a striking 

illustration by Turner and Winks[125]. They had shown phase separation in 

sodium borosilicate glass, which matured by further research into what is 

known today by the trade name of Vycor[126]. This section will describe 

~~~-------- ... -.-.... - ....... _-. 
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some of the thermodynamic principles involved in phase separation. 

3.6.1 Origin Of Immiscibility In G1ass[126-129] 
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Simple solution thermodynamics entails that the configurational entropy 

contribution makes the free energy of mixing of two components generally 

negative, and is given by 

t" SM = -Nk(XA1nXA + XB1nXB), 0 < XA < 1, and 0 < XB < 1, thus 1nXA ::5 0 and 

1nXB ::5 0 and hence, t"SM > 0 

where t"SM is the entropy of mixing for two components A and B, N is the 

total number of atoms in the solution and Xi is the mole fractions of each 

of the components. The more initimate is the mixing, the more negative is 

the free energy. If the heat of mixing is also negative, then the overall 

free energy is further lowered resulting in a stable single solution 

behavior at all temperatures. 

The free energy change associated with the formation of a homogeneous 

solution of A and B atoms is given by 

t"GM = ~HM - Tt"SM 

where ~GM is the free energy of mixing and t"HM is the heat of mixing. The 

relations between the three terms with composition are shown in Figures 

and [127,128]. When t"HM is negative, dissimilar atoms attract more 

strongly than similar atoms and lowers the free energy and induces the 

formation of a single solution behavior for an intermediate compound. 

However, when,~HM is positive there exists a temperature at which the free 

energy becomes zero. At this temperature, the enthalpy of mixing 

------------------- -----
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contribution balances the entropy contribution. On further lowering of the 

temperature, then the free energy can no longer be reduced further and the 

repulsion between unlike atoms results in clustering of like atoms or a 

situation of unmixing of the solution to form two phases. Therefore, the 

structural and bonding characteristics of the system leads to 

immiscibility as can be seen from the regular solution model in which the 

enthalpy of mixing is given by 

6HM = zNXAXB[HAll - (HAA + HBB)/2] 

If the attraction of A atoms for A atoms is more than that for B atom, 

then the heat of mixing will be endothermic, favoring phase separation. 

3.6.2 Mechanics Of Phase Separation In Glasses 

When liquid-liquid phase separation occurs, the microstructure of the 

melt undergoes certain radical changes. The second liquid phase separates 

out as discrete droplets dispersed in a matrix of a second phase ( see 

Figure 28). In some cases, such as spinodal decomposition discussed 

below, the phase separation may be spontaneous and the microstrucure may 

be interconnected with no definite boundaries between the two phases and 

hence the phases may appear continuous[127]. The mechanism can be 

illustrated by figure 29 showing the free energy of a solution of A and 

B as a function of composition which can be related to the phase diagram 

as shown for a particular temperature T1 . The tangent line ad in figure 

30 indicates that all compositions between a and d which are melted and 

cooled to temperature Tl will separate out into two liquids. The inflection 
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points band c represent the boundaries of the spinodal decomposition. In 

this spinodal region, between band c, the melts are unstable at 

temperature Tl and from the free energy-composition curve it can be seen 

that an infinitesimal fluctuation in composition is accompanied by a 

decrease in free energy of the system. Hence, a minute fluctuation in 

composition will result in the melt separating into two liquid phases 

whose composition will change continuously with time to that given by 

points a and d. Melts in the composition between a and b and between c and 

d are metastable and will tend to remain as a single liquid when cooled 

to Tl unless the second phase is nucleated by some discontinuity or 

impurity such as container walls, or a bubble. 

Phase separation in sulfide glasses has been observed in several 

systems. The germanium-sulfur system itself shows liquid-liquid 

immiscibility reported by Jay et al. [130]. They noticed a pronounced 

separation of S rich phases which appears when the S content is 

sufficiently high and they suspect the immiscibility to occur because of 

the existence of two different types of structural groups in the glass 

structure. Grothaus et a1. [131] also observed phase separation in the GeS z 

SnSz system. They found that GeS z glass network depo1ymerises 

progressively with increasing SnSz contents and a reversal occurs at an 

intermediate composition whereby the GeSz re-po1ymerizes. Xi1ai et a1. 

[132] also observed phase separation to be occuring in S rich compositions 

for the Ge-Ga-S glass, the sulfur existing as rings. Fuxi Gan et al.[133] 
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studied the phase separation in Ge-Ga-S sytems and also studied the role 

of additives in the crystallization of these glasses. Addition of 

additives such as ZrS2 to glasses in the Ge-Ga-S system was found to 

promote crystallization, where as addition of PbSe resulted in severe 

phase separation in Ge2oAs2oSso glasses. Plumat et al.[134] studied glass 

formation of GeS2 with several other chalcogenides such as Li2S, Na2S, K2S, 

PbS, CdS, ZnS, FeS, As2S3 , GeSe2, Na2Se and CdSe. Phase separation was 

observed by them again in GeS2 glasses made with Na2S and Li2S additions. 

3.7 Optical Properties Of Sulfide Glasses 

Most commercial optical glasses produced for use in the UV and visible 

region of the spectrum show good transmission only in the 0.75 - 2. 5j.Lm 

wavelength region. But these optical materials are not effectively 

transparent beyond 2.5 j.Lm. due to the M-O bond absorptions, where M is the 

metal. The need for materials in the longer wavelengths has stimulated 

research on specialized materials such as sulfide glasses. The optical 

properties of sulfide glasses depend largely on the composition. 

Several chalcogenide glasses such as Ge-As-S and GeS2 exhibit excellent 

transmission characteristics in the mid infrared region i.e. 1-11 

j.Lm.[135]. Transmission measurements on GeS2 glasses were made by Wolf et 

al.[119] and they reported these glasses to have a cut-off at 11 j.Lm. Use 

of these glasses for making infrared fibers was studied by Shibata et 

a1.[11S,117,120]] along with additions of phosphorus. In the case of the 

Ge-S fibers, fibers made with pure starting materials subjected to certain 
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specific distillation and purification steps for reducing the SH and H20 

contamination by treatment wi th S2C12 showed improved low loss transmission 

in the wavelength region of 2-6.5 ~m for infrared transmitting 

waveguides [120] . 

Arsenic trisu1fide is the most widely known and used sulfide glass 

specially in the range of 3-5 ~m optical systems along with GeS2' Both 

these glasses show good potential for making IR fibers. The lanthanum 

sulfide-gallium sulfide glasses are optically dense and have high 

refractive indices of 2.5 at wavelengths of 500 nm. and the values varied 

depending on the cooling rate. Transmission measurements indicated these 

glasses to have a large area of transparency between 1000 and 

20,000 cm-1 . Glasses doped with Nd3+ show large laser cross sections and 

smaller radiative lifetimes making them good candidate laser 

materia1s[30j. Glasses in the La2S3-A12S3 system are not chemically 

durable, although they form good glasses and exhibit transparency in the 

range of 0 - 6.6~m. 

The central theme of the above discussions has been focussed on 

chalcogenide glasses for infrared applications. While in principle any 

material could be formed into a glass by sufficiently rapid quenching, in 

practice very few can be synthesized into stable bulk glasses. The main 

categories of known IR glasses are shown in Table X.[136j. Halide glasses 

are mostly mu1ticomponent glasses. ZnC12 and BeF2 are well known single 

component glasses. BeF2 and mUlticomponent glasses based on this system 

-----------._---_. __ ._ ..•... __ . 
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Table X. Infrared transmitting halide, sulfide and oxide 
glasses 

===~~--------.---.---

Halide glasses 

Single·component glasses 
Multicomponent fluoride glasses 

Heavy·metal fluoride glasses 
Multlcomponent chloride and bromide glasses 
Mixed halide glasses 

Chalcogenide glasses 

Single·component glasses 
Multlcomponent sulfide, salenlde, and telluride glasses 
Mixed chalcogenide glasses 

Heavy·metal oxide glasses 

Mixed halide, chalcogenide and/or oxide glasses 
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however do not show much promise since the transmission is similar to 

silicate glasses. ZnC12 extends this range much further, but is extremely 

hygroscopic and susceptible to crystallization. The heavy metal oxide 

glasses exhibit extended IR transmission, but are hard to stabilize. They 

possess high refractive indices and poor mechanical properties. The 

chalcogenides are however better and most of their intrinsic properties 

are compatible with requirements for long length fibers, the impurities 

being the only problem. 

---------------------- ---- -
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Chapter FOUR 

EXPERIMENTAL PROCEDURE 

4.1 Outline 

The experimental procedure described in this section consisted of 

developing new synthesis routes for the preparation of cubic and 

tetragonal lanthanum sulfide powders. Two different precursors were 

prepared for each of these phases and various experimental routes to 

achieve the synthesis were investigated. Glass formation in the GeSz-LazS3 

system was also investigated. In the following sections the details of the 

experimental procedure that were developed and used for the synthesis and 

characterization of the powders and glasses are described 

4.2 Synthesis of Cubic Lanthanum Sulfide Precursors 

Cubic lanthanum sulfide precursors were prepared using lanthanum 

isopropoxide1 chemicals obtained from a commercial source. The alkoxide was 

dissolved in reagent grade benzenez to obtain a clear sol. Misra et 

al.[137] have synthesized the isopropoxide of lanthanum and their finding 

indicate that the alkoxide exists as monomers in benzene. The alkoxide was 

1 Johnson Matthey, Alfa Products, P.O. Box 8247, Ward Hill, 
MA 01835-0747. 

Z EM Industries, Inc., Associate of E. Merck, 111 Woodcrest Road, 
Cherry Hill, N. J. 08034 

------------------------_ .. _--
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allowed to dissolve in benzene with continuous stirring in an atmosphere 

controlled glove box3 for 24 hours. The resultant clear sol was then 

sulfidized in technical grade H2 S4 for 2.5 - 5.5 hours depending on the 

starting alkoxide concentration. 

The alkoxide is extremely sensitive to moisture and is susceptible to 

prehydrolysis and hence extreme care was taken in storing and handling 

this compound. Any noticeable prehydrolysis results in the polymerization 

of the alkoxide which prevents it from going into solution. Experiments 

were conducted using several concentrations of solutions varying from 

0.023 - 0.07 M. Sulfidization was carried out in a three neck flask with 

leak tight fittings for the gas inlet and outlet. Ammonium hydroxide was 

used as the scrubber for the excess hydrogen sulfide so that the gas is 

neutralized and no toxic vapors escape. Precipitation began within ten 

minutes and the solution becomes pale yellow. However, prolonged 

sulfidization was carried out to ensure complete reaction and to 

incorporate the maximum amount of sulfur in the product. The powders were 

then dried using inert gas of nitrogen or argon, and washed with benzene 

and carbon disulfide. 

The experimental set up for the room temperature sulfidization is shown 

3Vacuum Atmospheres, 4652 W. Rosecrans Ave., Hawthorne, California 90250. 

4 A1fagaz, Specialty gas division, Liquid air Corporation, 
One Embarcadero Center, San Francisco, CA 94111. 

~~~---------------------- ------ -----
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in figure 31. The experiments were carried out in a three necked 500 mI. 

volume flask. The two necks of the flask were connected with inlet and 

outlet tubes for the HzS gas. Drierite was used as the drying agent to dry 

the HzS gas before bubbling it through the alkoxide solution as shown in 

the figure. The inlets and outlets on the two necks were provided with 

stopcock arrangements to control the flow of the gas. Two empty conical 

flasks were connected, one between the drierite container and the three 

necked flask and the other at the outlet end of the three necked flask to 

collect any of the back filling reactant liquid or the scrubbing agents 

that were used for the HzS gas. The back filling can occur because of a 

negative pressure that may develop either at the inlet end or at the 

outlet end of the three necked flask. Thick walled latex tubing (3/8 in. 

inner diameter and 3/32 in. wall thickness) was used to carry out the 

reaction as other types of tubing were suceptible to chemical degradation 

in the presence of HzS. 

The precipitates as mentioned above were washed with carbon disulfide 

and benzene. Extreme care was taken in handling both these reagents 

because of their toxic and inflammable nature. Benzene is carcinogenic and 

hence it is important to use gloves and advisable to wear proper 

respiratory masks while handling this reagent. It is mandatory to work in 

a hood and prevent any contact of the liquid with the skin or inhale any 

of the vapors. The vapors are known to cause lung cancer, while contact 

with the skin results in absorption into the blood stream causing blood 

==~------------------- --------
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cancer. Carbon disulfide is extremely inflammable and hence while heating 

the flask to vaporize this solvent, extreme care should be taken to make 

sure that the reaction vessel is cool. This is because of the extremely 

inflammable nature of this liquid due to the low flash point of only 46°c. 

Therefore, any inadvertance on the part of the experimenter could result 

in hazardous flames and possible explosion. The powders were dried by 

using the inlet and outlet ends for passing inert argon gas and vaporizing 

the cleaning solvents. This was done by immersing the three necked flask 

arrangement in an oil bath that was heated. The heat would vaporize the 

solvent which would flow out because of the argon serving as a carrier 

gas. 

The dried powders were then collected and prepared for subsequent 

treatment. The flow sheet for the synthesis of these precursors is shown 

in Figure 32. 

4.3 Synthesis Of Tetragonal Lanthanum Sulfide Precursors. 

Tetragonal lanthanum sulfide precursors were prepared following two 

processing routes, one using lanthanum isopropoxide obtained from Strem 

Chemicals5 and the other using lanthanum nitrate obtained from Alfa 

Chemicals6. In the case of lanthanum isopropoxide, a similar processing 

5 Strem Chemicals, Inc., 7 Mulliken Way, Dexter Industrial Park, 
P.O. Box 108, Newburyport, MA 01950, U. S. A. 

6Johnson Matthey, Alfa Products, P.O. Box 8247, Ward Hill, 
MA 01835. 
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Figure 32. Flow sheet for synthesis of ~ La2S3 • 
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route that was used for the cubic sulfide precursors was followed. The 

isopropoxide was dissolved in benzene or toluene and then su1fidized using 

hydrogen sulfide gas or tert-buty1 sulfide. In the case of hydrogen 

sulfide as a su1fidizing agent, the reaction was carried out at room 

temperature for 1.5 hours. The experimental set up for this reaction was 

analogous to the one used for the synthesis of cubic lanthanum sulfide. 

The reaction using tert-buty1 sulfide was carried out at 130°C under reflux 

conditions. 

The experimental set up used was identical to the one used for the 

synthesis of the cubic precursor with the addition of the reflux 

condenser. Experiments in reflux condition were performed by us ing a 

standard Graham condenser which was inserted into the three necked flask. 

The condenser has an inlet and outlet for water cooling to condense the 

vapors that enter the condensing column. A proper length of the condenser 

column is essential depending on the volume of the reacting solution. This 

set up is shown in figure 33. 

For an alkoxide concentration of 0.023M, about 150 mI. of tert-butyl 

sulfide was necessary for the su1fidization. The tert-butyl sulfide was 

added to the alkoxide 'solution using a syringe and a septum arrangement 

to prevent odor and minimize any contact with water. The reaction was 

carried out for 24 hrs. The resultant precipitate (pale yellow in color) 

was again washed in benzene or toluene depending on the reagent used and 

carbon disulfide. Typically O.023-0.034M solution of the isopropoxide in 

----------_ ... _ .. _ .... _ .... 
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benzene was used for precipitation experiments using hydrogen sulfide. The 

powders were then dried using Ar/N2 carrier gas. The flow sheet showing 

the above synthesis procedure is given in figure 34. 

In the case of lanthanum nitrate, the nitrate was dissolved in 

propylene carbonate at 130°C, and sulfidization was also carried out at 

130°C using tert-butyl sulfide7 as the sulfidizing agent. Typical 

experiments were conducted using 0.06M solution of lanthanum nitrate in 

propylene carbonate. Propylene carbonate was obtained from Aldrich 

Chemicals8 . Tert-butyl sulfide was slowly added to this clear solution 

using a syringe and septum arrangement. The solution was heated to a 

temperature ~ 130°C. The reaction was carried out also in a three necked 

flask under reflux conditions. Precipitation began after about 15 minutes, 

and the reaction time was 2.5 hrs. The precipitate was again pale yellow 

in color. The flow sheet for this route is shown in figure 35. 

4.4 Synthesis of Oxysu1fide Powders 

Lanthanum isopropoxide or lanthanum nitrate· hexahydrate salts were 

dissolved in benzene or propylene carbonate as described in the procedures 

above. The two kinds of precursors, namely the cubic and tetragonal 

precursors were then heat treated in nitrogen atmosphere in an 

7Aldrich Chemicals 

8Aldrich Chemicals, 940 West Saint Paul Avenue, Milwaukee, 
Wisconsin 53233, U. S. A. 

==~~------- _._-._._._-_ .. --.-......... . 
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electrically heated furnace9to a temperature of 300°C at a heating rate of 

10oC/min. and held at that temperature for 6 minutes to eliminate the 

adsorbed hydrocarbons due to the washing and the residual hydrocarbons 

from the reagent used and also the hydrocarbon from the starting 

metalorganic. After this, the powders were then heated to 10000C at 

10oC/min. and again held for a period of 6 min. The resultant powders were 

then characterized. The heat treatment set up used is described in the 

section below. 

4.5 Synthesis of Cubic La2~3 Powders 

Cubic La2S3 powders were synthesized from the cubic lanthanum sulfide 

precursors synthesized as described in section 4.2.1. The as prepared 

precursor was heat treated in an Ar/H2S atmosphere. The high temperature 

heat treatments using hydrogen sulfide was performed following the 

procedure outlined by Oschevciw et al.[85]. The procedure consisted of 

using a horizontal tube furnace and loading the samples into pyrolytic 

graphite crucibles to prevent flaking of the crucible in the presence of 

H2S. The crucible was placed in a fused silica tube with a ball joint 

provided at the opening and at the end. An end cap made of borosilicate 

fitted the ball joint at the point of entry of the gases and an elbow was 

provided at the end which fitted into an empty filtration flask. A series 

of traps were then connected at the exit point of the silica tube to 

9Type 59544-E5-B, Lindberg, Watertown, WI 53094 

------------------ ---------------
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neutralize ,the toxic hydrogen sulfide gas. The furnace was completely 

sealed against any leaks to ensure an oxygen free atmosphere. Dry argon 

gas was purge into the quartz tube for 30 minutes prior to starting the 

heat treatment. The dry gas was continuously flushed through the system 

at the beginning and end of each run. The temperature was gradually 

increased and at 700°C the argon gas flux was disconnected and the H2S gas 

flux was turned on. After the desired reaction time of 8 h. at 1000-

10S0oC, the furnace was shut off. At 700°C again, the H2S gas flux was 

disconnected and argon gas pumped in. This procedure was necessary to 

prevent elemental sulfur from condensing on the sample and on the walls 

of the reaction tube. Adequate precaution for the disposal of H2S was taken 

as indicated above with the help of an ammonium hydroxide solution. The 

heat treatment set up that was used described above is shown in figure 36. 

The resultant powders were then characterized using several 

microanalytical techniques. 

4.6 Processing of Tetragonal La223 Powders 

The tetragonal lanthanum sulfide powders were synthesized from the 

precursors that were prepared according to the procedure outlined in 

section 4.2.2. The as prepared precursors were transformed to the 

tetragonal form following an identical procedure described in the previous 

section for the cubic powders. This heat treatment, however, does not 

require an oxygen free system as in the procedure for the cubic powders 

since the tetragonal form of lanthanum sulfide is essentially an 

-------------------.----
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oxysu1fide. Therefore, it was not necessary to purge the system with argon 

gas in the beginning before starting the heat treatment, a step that was 

followed in the synthesis of the cubic La2S3 powders. The powders were 

again obtained by heat treatment for 8 h. at a temperature of 10000C and 

characterized by several analytical techniques. 

4.7 Glass formation in GeS2-La2~3 System 

Germanium sulfide -lanthanum sulfide glasses were synthes ized us ing 

standard cha1cogenide glass forming techniques. GeS2 (99.99% purity metals 

basis) was obtained from A1fa chemica1s 10 and La2S3 (99.9% purity) was 

procured from Cerac Chemica1s 11 • The lanthanum sulfide used was the 

tetragonal form. Two compositions of glasses in this system were studied 

(60 mo1% and 92.5 mo1% GeS2)' Stoichiometric amounts of the two binary 

sulfides were weighed and batched into carbon coated fused silica tubes 

~ 17.8 cm. long and 3 mm. wall thickness 12 . The tubes were then evacuated 

to a pressure of ~ 10-5 Torr and sealed. The sealed tubes were then heated 

to a temperature of 11750C in a electrically heated box furnace 13 and the 

lOJohnson Matthey, A1fa Products, P.O. Box 8247, Ward Hill, MA 

11Cerac Chemicals, Cerac, Inc., P.O. Box 1178, Milwaukee, 
Wisconsin 53201 

12 All weighing and handling in dry box, Vacuum Atmospheres 
Company, Hawthorne, CA 

13Lindberg Type 51314, Lindberg, Watertown, WI 53094. 

----------_ ... --. -.-.. _-_.-
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melt homogenized for a period of 24 hrs. Compositions rich in GeS2 were 

first heated to lOOOoC and held for 10 hrs. after which the tube was heated 

to l17SoC. At the end of the homogenization period the tubes were cooled 

in air. Glasses obtained in the form of tiny chunks were heat treated to 

crystallize them by heating the glass samples to the desired temperatures 

in pyrolitic graphite crucibles placed in silica tubes using a horizontal 

tube furnace under inert conditions as described earlier for the heat 

treatment of the powders. The heat treatments were performed to verify the 

crystallization temperatures indicated by thermal analysis and also to 

draw insight into the crystallized phases and the morphology. 

4.8 Characterization 

The as-prepared precursors (both the cubic and the tetragonal 

precursors) the transformed cubic and tetragonal powders, the oxysulfide 

powders and the germanium-lanthanum sulfide glasses were analyzed using 

several microanalytical techniques. In this section brief descriptions 

of the various characterization techniques used for analyzing the products 

are presented. 

4.8.1 Scanning Electron Microscopy (SEM) and Energy dispersive X-ray 

analysis (EDXA) 

The as-prepared and heat treated powder particles were dispersed in a 

suitable medium such as isopropanol and sonicated14 for ~ 1-2 minutes to 

14 Sonicator, Branson Utrasonic Cleaner, Branson Cleaning 
Equipment Company, Shelton, C.T., U.S.A. 
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disperse the powder particles and deagglomerate the clumps of particles. 

A small portion of the sample was then extracted with the help of an ink 

dropper and few drops were then transferred onto a previously cleaned 

aluminum stub. The stubs were cleaned with acetone and 01 water. To 

prevent charging of the samples by the electron beam, the samples on the 

stub were then coated using evaporated carbon or sputtered with Au/Pd. The 

samples were then inspected using an ISI15 Super IlIA SEM and a JEOL16 . The 

EOX spectra were obtained on the carbon coated samples using a Tracor 

Northern (TN)17 X-ray analysis system. 

4.8.2 Transmission electron microscopy (TEM) 

Transmission electron microscopy was used to inspect the as prepared 

precursors and the transformed particles. Particular attention was given 

to the microstructure of the particles, their size and to the presence of 

any secondary phase/phases. The as prepared precursors and transformed 

powders were dispersed in isopropanol and sonicated using the procedure 

outlined above for the SEM. The samples were allowed to sonicate for a 

longer time (~ 5 minutes), after which few drops were then applied onto 

15 International Scientific Systems, Inc., 3255-6C Scott Blvd., 
Santa Clara, CA 

16 JEOL Model 

17 Model TN 5500, Tracor Northern Co, West Beltine Highway, 
Middleton, WI 53562. 

---------------------------
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carbon coated formvar copper grids. The samples were then inspected in a 

JEOL transmission electron microscope. 1s In the case of the glass samples 

of GeS2-La2S3. the glasses were crushed in a mortar and pestle and then 

dispersed in isopropanol and the transferred onto the carbon coated 

formvar copper grids. These samples were also observed in a JEOL 

transmission electron microscope. 

4.8.3 X-ray diffraction (XRD) 

The as-prepared precursors, the precursors heat treated in various 

atmospheres, and the glass compositions were all inspected using a General 

Electric X-ray diffractometer19 . The samples were mounted on clean glass 

slides using a double stick tape and placed onto the diffractometer sample 

holder. Monochromatic CuKa1 radiation was used with a Ni filter and a 

scanning rate of 20/min. was employed in all the runs. The source beam slit 

was set at 3° and the detector slit was 0.2°. To determine the exact peak 

positions, polycrystalline a-A1203 was used as an internal standard. 

4.8.4 Thermal Analysis 

As prepared precursors were subjected to thermal analysis to determine 

the crystallization characteristics of the precursors and glasses. The 

1SJEOL Model JEM-2000 FX 

19General Electric Corp., X-ray Department, Milwaukee, WI 
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analysis was performed in a Dupont 1090 Thermal analysis System2D . Some 

samples were analyzed using a DTA system21 . Both the systems are computer 

interfaced allowing fast real time acquisition at maximum sensitivity. 

The software automatically determines peak positions. The as-prepared 

precursor and crushed glass samples (typically 10-20 mg) were introduced 

in the DSC after sealing them in copper pans; a small opening was provided 

in the pans to prevent any pressure build up in case of volatile elements 

being present in the samples. The samples analyzed in the DTA were 

introduced into the heater after placing them in alumina crucibles. An 

empty pan was used in the DSC and alumina powder in the DTA as reference. 

The DSC instrument could record any thermal changes up to a temperature 

of 550DC. A heating rate of 10DC/min was used for all the powder samples, 

and a neutral atmosphere of nitrogen gas was maintained in the DSC cell. 

The DTA could record changes up to 1000oC. Heating rates of 10-20oC/min 

were employed. The cell was purged with nitrogen or helium for 30 minutes 

before starting the run to prevent any oxidation of the samples during the 

heat and cool cycle. 

4.8.5 Chemical Analysis 

2DDupont 1090 Thermal Analyzer, E.I. Dupont and deNemors Inc., 
Wilmington, Delaware. 

21Innovative Thermal System, Almond, New York 14804 

-------------_. __ ._-_. ----- --. 
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The hydrocarbon and sulfur content of the precursors play a critical 

role in the phase evolution. The amount of hydrocarbon and oxygen present 

in the starting a1koxide also play a crucial role in the su1fidization 

reaction. Elemental analysis for the metal, hydrocarbon and sulfur were 

performed on the two types of precursors by two independent commercial 

1aboratories22 . Lanthanum was analyzed by the Atomic Absorption (AA) 

method and also by the carbonate fusion method. In the carbonate fusion 

method, the sample is dissolved in Na2C03 and the mixture is fused at 

850°C. The resultant fused mixture is then dissolved in acid solution and 

then analyzed for the metallic content by inductively coupled plasm (ICP). 

The hydrocarbons and sulfur were estimated by the extended combustion 

technique. 

The sulfur is estimated by Leco Sulfur analyzer where the sulfur is 

combusted in the presence of oxygen and the resultant S02 analyzed by IR 

absorption. Similar combustion tests are performed to determine the 

hydrocarbon contents. In the case of the carbon analysis combustion was 

performed to convert the carbon to CO2 and coulometric titration 

experiments performed to estimate the amount of carbon. The hydrogen 

contents were estimated by combustion to water and converting the water 

to an equivalent amount of CO2 by conversion with the help of reaction 

22Galbraith Laboratories, 2323 Sycamore drive, Knoxville, TN 
37921 and Huffman Laboratories, 4630 Indiana, Golden, 
Colorado 80403 

----------_. ---- -_ .. _._--_.- ----- --- -- -
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with (111) carbonyl diimidazole and then estimating the amount by 

coulometric titration. The transformed powders were also analyzed for the 

amounts of lanthanum, and sulfur and hydrocarbons. 

4.8.6 Sintering. Microstructure and Optical Properties 

The heat treated transformed powders were hot pressed in an argon 

atmosphere with a ram pressure of 27 MPa at a temperature of l4500C for 15 

minutes. Graphite foils were used to cover the powders in the die cavity 

to prevent any reaction with the ram. After sintering the fracture surface 

of the hot pressed ceramic was observed under the SEM and TEM for 

microstructure and crystal structure determination. A flat plate was cut 

from the billet and samples were polished and thinned down to a thickness 

of 0.9 rnrn for Infrared transmission measurements. The infrared 

transmission spectra were collected using a Perkin Elmer23 983 

Spectrophotometer with fourier transform capabilities. The spectra was 

collected over the range of 2.5-25 ~m (1000 - 600 cm-1). 

4.8.7 Auger Electron Spectroscopy (AES) 

23Perkin Elmer Corp., Analytical Instruments, Main Ave. 
(MS-12), Norwalk, CT 06856 U.S.A. 



139 

The hot pressed ceramic was examined using Auger electron spectroscopy24 

for the analysis of surface contamination and any residual and surface 

adsorbed carbon. A small piece of the hot pressed ceramic was mounted on 

the sample holder and held in position with the help of copper clips. The 

beam voltage used for the analysis was 5 kV and the beam current was 10 

nA at a zero sample tilt. A sputtering rate of 10 A/sec was used to 

sputter the surface and the spectra collected from the surface before and 

after Ar ion sputtering was processed to obtain derivative spectra. 

4.8.8 Convergent Beam Electron Diffraction <eBED) 

Microdiffraction (CBED) was performed on the transformed cubic powders 

and the hot pressed ceramic in order to determine the structure of the 

cubic phase. The space group and point group symmetry of the crystal class 

was· determined using this technique. Samples for the analysis were 

prepared by dispersing the powder in isopropanol and floating them on 

carbon coated formvar copper grids after sonication as described in the 

TEM section. The hot pressed ceramic sample was ground and polished to a 

thickness of 100 ~m and then ion thinned and mounted on the carbon coated 

copper grids. The samples were then ready for microdiffraction examination 

which was performed by using the TEM facility at Lehigh University. 

24Model PHI 590 Scanning Auger Microprobe, Perkin Elmer 
Corporation, 1161 C. San Antonio Rd., Mountain View, 
CA 94043 



CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Preparation and Stability of Cubic Lanthanum Sulfide 

5.1.1 Raw Materials 

140 

Synthesis of lanthanum sulfide in the literature has been performed 

largely by either starting from the elements or by the solid state 

reaction of oxide with sulfur vapors. The reaction times and procedures 

were very tedious and the process not very efficient as far as the 

conversion to the respective sulfides. Although, application of the wet 

chemical route is well known for the oxides, and for some sulfides such 

as ZnS [95,96,97] and several crystalline forms in the Ti-S system[1421, 

there is no work related to the application of alkoxides to the synthesis 

of the lanthanides. The wet chemical routes as described in Ch. 4 has 

advantages which we thought could be exploited in this present research. 

In any wet chemical synthesis the starting raw materials play a very 

critical role. Typical wet chemical routes require preparation of a 

solution containing solvated ions of the reactive elements. In most cases, 

this is accomplished by use of soluble inorganic salts. The rare earth 

lanthanide metal is very reactive and has a large affinity for oxygen, 

therefore, it is very difficult to obtain any of the salts of lanthanum 

in the anydrous form. Moreover, use of the salts always leaves a question 

----------- -----------------
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as regards the purity of the final product. Any impurity in the final 

product is undesirable, as the sintering and the ultimate properties of 

the ceramic are seriously jeopardized by the presence of undesirable 

impurities, specifically presence of OW, and C1-. The metalorganic route 

makes use of the organic compounds with the metal incorporated into it 

which overcomes problems of impurities because these metalorganics are 

compounds with low boiling points and are obtained in the pure form 

following several repeated distillGtion procedures. The only only drawback 

relates to the handling of these compounds which requires very inert 

conditions. Presence of any moisture is deleterious as the metalorganic 

undergoes prehydro1ysis which affects the yield and phase formation of the 

non-oxide powders and the ultimate ceramic very adversely[138) . 

Preliminary experiments were performed using several salts of lanthanum 

such as lanthanum chloride and lanthanum nitrate. Both the salts are very 

soluble in water, but the aqueous route was not chosen as previous work 

on synthesis of sulfides via the aqueous route had indicated retention of 

substantial amounts of oxygen in the synthesized powders[139). In view of 

the deleterious impact that oxygen has on infrared materials, this route 

was therefore abandoned inspite of the high solubility of the salts. 

Preliminary experiments were therefore performed using the above salts in 

combination with several sulfidizing agents such as NaHS25 and (NH4)2S25 

25Johnson Matthey, A1fa Products, P.O. Box 8247, ward Hill, 
Massachusetts 01835. 
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using organic medium for the reaction. It is well documented in the 

literature that su1fidization of acqueous solution of salts of the 

lanthanides results in the formation of the corresponding hydroxides 

rather than the sulfide [140]. Nevertheless, use 

(NH4)2S as the su1fidizing agent did result in oxysu1fide formation. The 

process was not pursued further in the light of the advantages offered by 

the use of metal alkoxides in sol-gel processing and also the fact that 

this route was not favorable to obtain the cubic form of the sulfide as 

discussed subsequently[14l]. 

5.1.2 Synthesis of Cubic La2~3 Precursor 

The cubic lanthanum sulfide precursor was synthesized following the 

procedure outlined on page in Ch.4. After repeated washing, the powder 

was dried at ~ 75°C and then collected and stored in vials. The powders 

were subjected to X-ray diffraction analysis. The precursors were X-ray 

amorphous, the XRD trace for which is shown in Figure 37. The nature of 

the precursor is controlled by the extent of hydrolysis of the starting 

metal alkoxide which in turn controls the sulfur incorporation into the 

precursor network. The ability of the alkoxide to undergo rapid hydrolysis 

is well documented in the literature and hence initial experiments were 

performed by dissolving the alkoxide in dry benzene. In the presence of 

the solvent such as benzene, a clear solution should result, [143] however, 

depending on the nature of the prehydro1ysis some turbidity would exist 
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which was removed by filtration performed in the glove box. The clear 

solution was then sulfidized. The turbidity is caused by the hydrolysis 

reaction which prevents the alkoxide monomers to dissolve. After 

filtration, a clear solution resulted which was then subsequently 

sulfidized at room temperature followed by the high temperature 

sulfidization reaction to obtain the desired product. 

5.1.3 Thermal Analysis of As Prepared Precursor 

The X-ray amorphous cubic lanthanum sulfide precursor was heated in a 

thermal analysis system to determine phase stability. Sample sizes of ~ 

10 mg. were heated in a DSe under nitrogen atmosphere at a heating rate 

of lODe/min and a heat flow trace was obtained shown in Figure 38. There 

is a broad endotherm at z 1000 - l200e which probably corresponds to the 

loss of absorbed moisture from the atmosphere and the loss of organic 

solvent which is benzene in the present case[144]. The endotherm at 200 0e 

would probably correspond to the carbonization of the residual a1koxy 

groups. Similar observations and endotherms for the loss of absorbed 

moisture and carbonization of the alkoxy group were also reported in the 

synthesis of silica gels[51]. The precursor in the present case shows an 

endotherm at 3500e which corresponds to the glass transition for the 

precursor followed by a sharp crystallization onset at 4400e. The presence 

of only one exothermic peak suggests the evolution of a single crystalline 

phase. The Dse analysis therefore confirms the amorphous nature of the 

precursor. 
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5.1.4 Conversion of Amorphous Precursor to Oxysulfide Powders 

The DSC analysis performed on the precursors indicate that the 

precursor were amorphous with a crystallization temperature of 440°C. In 

order to investigate the crystallized phase and also the bonding nature 

of the sulfur in the precursor heat treatments were performed on the 

amorphous precursor by heating them in a pyrolytic graphite crucible with 

a heating rate of 10°C. /min upto 300°C and holding the sample for 6 min, 

followed by a further heat treatment of the powders at 10DC/min to 1000 and 

holding the sample again for 6 min. The isothermal hold for 6 min at 300°C 

was performed to eliminate as much of the residual organics as possible 

along with any moisture. The resultant powders were subjected to X-ray 

analysis which clearly identified formation of single phase lanthanum 

oxysulfide, La202S. The trace was matched to the Powder Diffraction 

File[145] corresponding to hexagonal La202S. Figure 37 shows the X-ray 

diffraction traces for the heat treatment of the amorphous precursor in 

N2 at 300°C and lOOOoC. From the X-ray analysis it can be concluded that 

the precipitation reaction res·ults in incorporating the sulfur into the 

network of the alkoxide along with the residual hydrocarbon groups. 

Heating in nitrogen results in weight·losses typically ~ 29.8% which is 

occuring because of the loss of hydroGarbons and water. The following 

reaction is proposed based on the results obtained in the present work: 

LaxOyCzHpSq ------------> x/2La202S + p/2H20 + zC02 

where q = x/2, and y = x + p/2 +2z. 

----------_ .. - .. _ .... _- -.-- --
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However, more research would need to be done on the s truc ture of the 

precursor to obtain its molecular formula and the exact linkages of the 

various hydrocarbon chains and the sulfur in order to correctly predict 

the reaction nature and mechanism. At present there is insufficient data 

in the literature about the exact nature of the reaction and the reaction 

products. 

5.1.5 Morpholo~y of as prepared precursors and oxysulfide powders 

The as prepared precursors were amorphous and the particle sizes, and 

morphology of the samples were observed using the SEM and TEM techniques. 

The SEM micrograph of the as prepared precursor shown in Figure 39 shows 

that the particles are highly agglomerated and represent a very fine 

flocculated dense cluster of particles. The precursor samples when seen 

under the TEM (see Figure 40) show a very interconnected morphology with 

the particles (:::: 20 nm) linked together in a chain like formation. 

Diffraction patterns taken on these samples confirm the amorphous nature 

of the precursor as also determined by X-ray diffraction. 

The fine nature of the particles, promoted single point nitrogen BET 

measurements to be made on the as prepared precursors to ascertain the 

specific surface area. The specific surface area was on the order of 74.34 

m2/gm for the precursor obtained from a 0.068M solution. On the other hand 

the precursors obtained by using the EDS method by Chess et al. [74] had 

a specific surface area of :::: 10.8-14.5 m2/gm, depending on the 

concentration of the solution. From these values it can be seen that the 



Figure 39. SEM micrograph of as prepared precursor showing 
flocculated dense clusters of particles. 
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Figure 40. TEM micrograph of as prepared precurso showing 
20 nm size cluster of particles. 
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alkoxide route produces powders with a very high surface area and hence 

one can expect the reactivity of these powders also to be very high. The 

value obtained for the surface area for these precursors are very similar 

to the values obtained for the gels in sol-gel technology. 

The morphology of the converted oxysulfide powders was also observed 

under the SEM and is shown in Figure 41. The particles are agglomerated 

and are around 0.5 - 1.0 ~m in size. Due to the heat treatment of the 

precursors, there is partial sintering of the pa~ticles that has occured 

giving an irregular morpholgy 

particles. 

to the otherwise individual spherical 

5.1.6 Conversion of amorphous precursor to cubic lanthanum sulfide (LaZ~3)~ 

The amorphous precursor was heat treated in hydrogen sulfide atmosphere 

to convert the precursor to a crystalline sulfide. Heat treatments were 

performed in a pyrolytic graphite crucible to prevent flaking of the 

crucible with argon gas being flushed into the system initially till 700oC. 

From the X-ray diffraction analysis of the precursor and the subsequent 

heat treatment in inert atmosphere, it can be concluded that the precursor 

is essentially a 'glassy' oxysulfide that crystallizes to a single phase 

of LazOzS. Sulfidization of the as-prepared precursor was initially 

performed for only 3 h at 1000oC. XRD analysis indicated the presence of 

mixed phases of 'Y-LaZS3 and the oxy-sulfide LazOzS. This is shov7n in 

Figure 42. 



Figure 41. SEM micrograph showing the agglomerated spherical 
particles of oxysu1fide powders. 
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Sulfidization was therefore continued at 10000C for an additional 4.5 

h. at the end of which XRD was again performed on the powders. The XRD 

traces shown in Figure 42 indicate the presence of single phase ~-La2S3. 

The trace was again matched to the Powder Diffraction File [146]. Since 

the additional heat treatment performed resulted in the attainment of 

single phase cubic ~-La2S3' it was decided to follow a single heat 

treatment schedule on the as-prepared precursor for 8 h using H2S. The 

results indeed indicate formation of single phase ~-La2S3 as shown in 

Figure 42. Single heat treatment was also performed on some of the powders 

at a temperature of 10500C and no additional phases were present. 

Typical weight losses in this conversion reaction were around 25.4% 

attributable to the loss of water, CO2 . The structure of La2S3 is the Th3P4 

defect structure and the XRD pattern confirms this structure for the 

transformed powders, however, La3S4 is also isostructural with 1-La2S3 the 

only difference being the complete filling up of all the vacant metal 

sites in the Th3P4 Bce defect structure[103). Chemical analysis was 

therefore performed on the precursors, oxysulfide powders and the 

transformed cubic lanthanum sulfide powders to ascertain the exact 

chemical stoichiometry of the products. 

5.1.7 Chemical Analysis of alkoxide oxysulfide powders and cubic 

lanthanum sulfide powders 

The nature of the starting materials play a very crucial role in the 

synthesis reactions, which also affect the microstructure of the ultimate 
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ceramic. Chemical analysis was performed on the lanthanum alkoxide used 

to synthesize the precursor. The hydrocarbon and lanthanum contents of the 

alkoxide were determined, while the precursors, oxysulfide and the 

transformed sulfide powders were analyzed for the hydrocarbon, metallic 

lanthanum and sulfur contents. The analyses for representative samples is 

shown in Table XI. As can be seen from the values in Table XI, the 

precursor has "" 8.50 wt% S and substantial amounts of hydrocarbon (=== 

5.96wt% C and 1.79wt% H). Oxygen analysis was not performed owing to the 

high affinity of the lanthanum metal for oxygen. The high reactivity and 

affinity for oxygen renders the values obtained using standard analytical 

techniques for oxygen determination questionable as complete oxygen 

determination is not possible and there will always be trace amounts of 

oxygen remaining in the sample. ~ irradiation and use of radioactivation 

appears to be the only way to analyse the oxygen performed by 

Besancon[20], however due to the very high cost of this technique, the 

oxygen was not analyzed. Further, determination of the oxygen content was 

not found to be absolutely essential for the present investigation. 

It should be pointed out that the amount of hydrocarbon and the sulfur 

in the precursor plays a very important role in the transformation 

reaction with hydrogen sulfide at high temperatures. A large amount of 

sulfur incorporated into the precursor, increases the probability of 

obtaining the cubic phase of lanthanum sulfide. This seems quite 

understandable from the fact that the sulfur that is incorporated into the 
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Table XI. Chemical analysis of cubic sulfide precursor and 
transformed lanthanum sulfide and oxysulfide 
powders. 

CHEMICAL ANALYSIS 

ELEMENT AS-PREPARED OXYSULFIDE -r La2S3 La2S3 
PRECURSOR (OBSERVED) (OBSERVED) (THEORETICAL) 

La 50.05 ± 2 66.06 ± 5 74.31 ± 2 74.32 

S 8.50 ± 0.5 10.62 ± 0.3 25.71 ± 0.5 25.68 

C 5.96 ± 0.01 0.32 0.05 ± 0.01 

H 1.79 ± 0.01 0.15 < 0.02 ± 0.01 

0 33.7- NAb NAb 

ESTIMATED TO BE THE BALANCE 

NOT ANALYZED 

Theoretical wt% for La 3S. are 76.5 wt% for La and 23.5 wt% for S. 
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a1koxide network at room temperature by precipitation in fact catalyzes 

and enables the sulfidization reaction forming the cubic phase at 1000oC. 

The initial incorporation of sulfur therefore also reduces the 

su1fidization time needed for the reaction. Lewis et a1.[87], start with 

the corresponding oxides and inspite of su1fidization for 15 h. fail to 

resu1 t in the formation of the cubic phase at lOOOoC. Therefore, the 

incorporation of (more than a critical amount) sulfur at room temperature 

in the precursor prior to the high temperature su1fidization reaction is 

desirable for forming the cubic ~-La2S3. The table also shows that in the 

case of the transformed lanthanum sulfide powders, the La/S ratio agrees 

very well with the theoretical weight contents for La2S3. Theoretical 

stoichiometry values for La3S4 are also shown in Table XI. From the 

chemical analysis we can therefore confirm that the transformed powders 

are indeed La2S3 and not La3S4. There is also a large reduction in the 

hydrocarbon contents of the transformed powders, whereas there is still 

some amount of hydrocarbon in the oxysulfide powders. 

Based on the above chemical analysis, we can propose an overall 

chemical reaction for the transformation of the precursor to the cubic 

sulfide. From the analysis of the precursor and the XRD analysis for the 

heat treatment of the precursors in nitrogen resulting in the formation 

of single phase crystalline oxysulfide, it can be concluded that the 

precursor is essentially a very closely interconnected network of 

hydrocarbons, metal and sulfur linked to the sulfur. A full discussion of 

--------------------------- ----
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the mechanism would require a complete detailed kinetic and spectroscopic 

analysis using Raman and NMR techniques. It is however, possible to 

speculate the reaction possibilities for the precursor. There are in 

general two possibilities as proposed by Melling et al. [58]. 

OR OR 

I I 
a) RO-M-OR + HSH ---> RO-M-SH + ROH 

In the above case, the reaction is on the metal-chalcogenide bond and the 

other possibility is 

i 
R 

I 
o o 

b) R--OMO-R + HSH > R-OMO-H + RSH 

where the attack is on the chalcogenide carbon bond. Melling proposed 

these two options for the sulfidization of germanium alkoxide using 

hydrogen sulfide for the preparation of GeS2' However, since our analysis 

of the precursor and the formation of crystalline oxysulfide indicates the 

presence of oxygen, the above mechanisms can be adopted wi th some 

modification. 

The lanthanum atom has a large affinity for oxygen. Moreover, the 

electronegativity of oxygen is more than that of sulfur, hence the alkoxy 

group OR- will be more electronegative than the mercaptan group SW. 

Complete replacement of the alkoxy group by SH- will therefore be less 

probable. In view of this the reaction could probably be written as: 
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OHS 
I 

+ 3HSH ----> La-OHS + 3C3Ha 
I 

OHS 

It may be mentioned that the above reaction is just proposed. Systematic 

structural investigation would need to be performed in order to 

specifically identify the reaction kinetics and mechanisms. 

Similarly, the high temperature sulfidization reaction could be written 

as: 

LaxOySzHpCq + HzS ---------> x/2LazS3 + (p+2)/2HzO + qCOz 

where z = 1.5x -1 and y = (p + 4q + 2)/2. 

Identification of gaseous products in the above reaction would require a 

detailed estimation of the amounts of the elements in the precursor, the 

molecular formula of the precursor and gas analysis which is not available 

a t present. However, from thermodynamics it is known that La203 on 

sulfidization results in the formation of LaZS3 with the loss of water 

according to the following reaction: 

LaZ03 + 3HzS - - - - - - - - - - - - -> LaZS3 + 3HzO, based on which the present 

proposed reaction seems quite probable. 

5.2 Characterization of Cubic Lanthanum Sulfide Powders 

5.2.1 Morphology of Cubic Lanthanum Sulfide Powders 

The morphology of the transformed cubic lanthanum sulfide powders was 

observed using SEM and TEM. Figures 43, 45 and 46 show the SEM micrographs 

of the heat treated transformed 1-LazS3 powders. The powders appear to be 



Figure 43. SEM micrograph showing partially sintered 1-3 ~m 
cubic lanthanum sulfide particles. 
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Figure 44. TEM micrograph of a cubic sulfide particle showing 
no presence of secondary phase. 
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Figure 45. SEM micrograph showing the necked region of two cubic 
sulfide particles. 

Figure 46. SEM micrograph of the cubic sulfide particles showing 
the effect of amorphous to crystalline transition. 
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clusters of particles with size ranging from l-3~m. It is interesting to 

note that some of the particles exhibit rounded edges and, a magnified 

view of two particles, seen in Figure 45 shows a distinct visible 

roundedness at the neck of the two particles. This roundedness at the 

intersection suggests that during heat treatment there is an amorphous to 

crystalline transition, leading to the occurence of viscous flow of the 

amorphous precursor particles resulting in rounded edges at the 

intersection of two particles. Partial sintering of these powders also 

seems to have occured during the heat treatments as suggested by 

micrographs 43, 45, and 46. The transmission electron micrograph (see 

Figure 44) shows a bright field image of an irregularly shaped heat 

treated particle [~ 800 x 400 nm]. The bright field image taken on crushed 

powder samples dispersed in isopropanol shows very homogeneous regions 

with no presence of any second phases, thus confirming the X-ray 

diffraction results for the transformed powders. 

5.2.2 Mechanism for evolution of cubic La2~3 from amorphous precursor 

Cubic lanthanum sulfide powders were obtained by heat treatment of the 

as prepared precursors in H2S for 8 h. Initial treatments for 3 h showed 

presence of mixed phases of La202S and ~ -La2S3, which on continued heating 

for 4.5 h resulted in the formation of single phase cubic lanthanum 

sulfide powders. Some samples heat treatments at lOSOoC for 8h also showed 

formation of single phase ~-La2S3 powders. Based on the above observations, 

it is possible to speculate on the phase evolution of the cubic phase. A 
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schematic summary of the phase transformation is shown in Figure 47. The 

transformation diagram shown is for the reaction in the presence of 

reactive atmosphere of HzS. A schematic summary of the phase transformation 

observed in conventional processing is also shown. 

From the figure a time-temperature band can be identified where 

different phases are stable. In the temperature range of lOOOoe and lOSOoe, 

the precursor remains without undergoing any transformation till a period 

of 3h when the initial sulfidization reaction takes place resulting in the 

formation of a mixed phase of LazOzS and 1-LazS3' The mixed phases remain 

stable till a period of 8h when the tranformation to the single phase of 

cubic LaZS3 occurs. Based on the above observation and analysis it is 

possible to speculate on the reaction mechanisms that could be occurring 

in the system. Three possible reaction mechanisms can be outlined as 

follows: 

(1) formation of a mixture of oxysulfide and 1-LazS3; 

(2) conversion of the oxysulfide to -y-LaZS3 in the presence of HzS 

catalyzed by the amorphous precursor; and 

(3) reaction of the oxysulfide and 1-LazS3 with unreacted precursor to 

cubic lanthanum sulfide. 

For each of the mechanisms outlined above, the amounts of crystalline 

and amorphous phases were not determined, hence it would be difficult to 

predict the exact mechanism for the reaction. This would entail a detailed 

thermodynamic study of the reaction, for which at present, there is 

----------- ------------
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insufficient data in the literature. Nevertheless, the present process 

offers several advantages in comparison with the existing (EDS) process 

discussed in the Chapter 3 [89,74]. The amorphous state and the fine 

particle size of the precursor (20 nm) increases the reactivity of the 

powders, thereby leading to reduction in the sulfidization times (8h) as 

against ls-20h needed for the sulfidization of the oxides. The short times 

for the reaction will also reduce the subsequent grain growth in 

sintering, an issue which will be discussed at a later point in this 

chapter. 

5.3 Preparation of tetragonal lanthanum sulfide powders. 

5.3.1 Raw Materials 

The synthesis of ~ phase of lanthanum sulfide using the EDS method has 

been reported in the literature[87]. The procedure consisted of three 

steps namely, synthesis of the corresponding oxides using a salt of 

lanthanum such as lanthanum nitrate and then decomposing the solutions in 

a furnace. The resultant oxides were then dried for 48h and then 

sulfidized using HzS at lOOOoC for lS-20h. 

In the present process wet chemical routes were used for the synthesis 

of this phase. Similar processing routes were used, namely, precursors 

were synthesized which were then heat treated to transform to the 

tetragonal sulfide powders. Two different starting materials were used for 

the synthesis of the f3 type precursors, one using lanthanum alkoxide 

obtained from strem chemicals and the other route used lanthanum nitrate 

----------_ ... _---_. __ .- ... 
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hexahydrate obtained from alfa chemicals. The sulfidizing agent used were 

H2S and tert-butyl sulfide for the preparation of precursors while H2S was 

used as the sulfidizing agent for the high temperature heat treatments. 

The starting raw materials playa very important role as in all processing 

techniques as far as the purity of the desired phase and the impurities 

acting as nucleating sites for the evolution of undesired phases in the 

reaction process. The synthesis of the ~ phase highlights the importance 

of the nature of the alkoxide which affects the incorporation of sulfur 

into the final product that is obtained. 

5.3.2 Synthesis of B La2~3 precursors 

The tetragonal phase precursors were synthesized using analogous 

chemical techniques that was used for the preparation of the cubic phase. 

Two different precursors were synthesized which resulted in the 

transformation to the ~ phase upon heat treatment. In the case of the 

alkoxide route, the alkoxide was dissolved in benzene and sulfidization 

carried out at room temperture using hydrogen sulfide. Precipitation was 

allowed to proceed for 1.5 h. The precursor powder was again washed in CS 2 

and benzene and dried in air for 24 hours. The as prepared precursor was 

X-ray amorphous. In the other route lanthanum nitrate was used which was 

dissolved in propylene carbonate, the sulfidization agent used was tert

butyl sulfide. After the reaction, the precipitate was filtered and then 

collected. The precursors was again subjected to X-ray analysis. The XRD 

analysis indicated the precursor to be amorphous. Therefore, similar to 
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the alkoxide process used for the cubic sulfide, this process also 

resulted in the formation of amorphous precursors. Tert-butyl sulfide was 

used as the sulfidizing agent in view of its higher reactivity which was 

reported by Bensalem et a1. [142] in the preparation of TiSz . The two 

protons in HzS are ~eplaced by the more reactive tert-butyl groups and 

hence it could be a stronger agent for incorporating sulfur. 

5.3.3 Thermal Analysis of Precursor 

The amorphous nature of the tetragonal precursors were again analyzed 

using DSe. However, thermal analysis was performed on only the precursor 

that was derived using the lanthanum alkoxide in order to investigate any 

distinct difference in the precursor in comparison to the cubic lanthanum 

sulfide precursor. Dse analysis was performed on z 9 mg of sample that was 

heated at a rate of 10°C/min. The representative Dse trace is shown in 

Figure 48. 

From the figure it can be seen that there are two very broad endotherms 

at z lOO-120oe and another at z 220°C. These two peaks occur in the same 

temperature ranges as was seen for the cubic lanthanum sulfide precursor 

described in section 5.1. As mentioned earlier the endotherm at 100°C would 

probably correspond to the vaporization of physically absorbed moisture 

and also the organic solvent that was used for the reaction. The other 

endotherm at 200°C again probably corresponds to the carbonization of 

residual alkoxy groups. Although these endotherms occur at around the same 

temperatures, as for the cubic precursor, there is a remarkable difference 
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Figure 48. DSC trace of the tetragonal sulfide 
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in the peak heights, indicating that the tetragonal precursor has larger 

amounts of absorbed moisture and probably unreacted a1koxy groups in 

comparison to the cubic lanthanum sulfide precursor. Evidence of glass 

transition and crystallization onset are obtained at ~ 360°C and ~ 420°C 

respectively, similar to the cubic lanthanum sulfide precursor. 

The broad crystallization exotherm suggests that the precursor could 

probably contain some impurities and hence the crystallization is not very 

sharp or the amount of phase crystallizing may be too small. On the whole, 

the trace exhibits a trend similar to that shown by the 7 La2S3 precursor. 

Chemical analysis was therefore performed on the precursor to identify any 

further difference. 

5.3.4 Chemical analysis of Precursor and alkoxide 

As discussed earlier the starting raw materials and their purity play 

a major role in the synthesis and processing of ceramic materials. Thermal 

characteristics of the precursor was found to be similar to the cubic 

sulfide precursor, but the peak intensities were not found to be sharp and 

hence chemical analysis was performed in order to find out the chemical 

contents of the precursor. Table XII shows the chemical analysis of two 

representative samples on which the analysis was obtained. For comparison 

the values obtained from the analysis of the cubic phase is also included. 

From the Table it can be noted that the tetragonal precursor is definitely 

deficient in sulfur ( ~ 5.2 wt%). It has ~ 69% less sulfur in comparison 

to the cubic sulfide precursor. Moreover, the hydrocarbon content of the 



Table XII. Chemical analysis and comparison of cubic and 
tetragonal precursors 

ELEMENT ALKOXIDE(A)b ALKOXIDE(B)C PRECURSOR(A)b PRECURSOR(B)C 

La 42.17 ± 4 41.45 ± 4 50.77± 2 50.05±2 

S 5.36 ± f!..:..2. 8.50 ± f!..:..2. 

C 24.65 ± 0.5 23.82 ± 0.5 6.54 ± 0.01 5.96 ± 0.01 

H 5.005 ± 0.3 4.7 ± 0.3 2.56 ± 0.01 1. 79 ± 0.01 

0 28.175- 30.03 D 35.97" 33.7-

ESTIMATED BY DIFFERENCE 

b PRECURSOR USING STREM CHEMICALS 

PRECURSOR USING ALFA CHEMICALS 

-----------_. --_ .. --_ .. _- -_ .... 
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precursor is also largely in excess when compared to the cubic sulfide 

precursor. The oxygen content of the samples was obtained by difference. 

In comparison therefore, the tetragonal sulfide precursor is much 

richer in oxygen, hydrocarbons and deficient in sulfur. Analysis of the 

alkoxide was performed and both alkoxides used for the cubic and 

tetragonal respectively were analyzed but no significant difference could 

be seen in the analysis. The hydrocarbon and metal contents seem to be 

similar. 

Chemical analysis of the alkoxide therefore does not show seemingly any 

difference in the two alkoxides and hence more sophisticated techniques 

of analysis would need to be applied on the alkoxides to determine 

compositional and structural difference in the two alkoxides. The 

inability of chemical analysis to show any definite conclusions is, as 

discussed earlier the alkoxide groups are extremely moisture sensitive and 

susceptible to prehydrolysis [138,147]. The extent of prehydrolysis cannot 

be estimated by chemical analysis of the metal and hydrocarbon. Extensive 

spectroscopic analysis such as infrared spectroscopy and quantitative 

Raman spectroscopy would need to be performed to bring out the the 

difference in the M---OR and the M---O linkages. 

The instability of the lanthanum alkoxide in solution is attributed to 

its hygroscopicity. This hygroscopicity makes the commercial lanthanum 

isopropoxide insoluble due to a small degree of hydrolysis and 

polycondensation. In fact Mackenzie et al.[138] characterized the 

-------------_._---_._. 
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isopropoxides synthesized by them and some of the commercially available 

isopropoxide from Alfa chemicals. They used infrared spectroscopy to 

characterize the isopropoxides and compared the traces to the data 

published by Mazdiyasni [148] which is the only published infrared 

spectroscopy data on monomeric lanthanum isopropoxide. They found that the 

infrared absorption bands for the commercial alkoxides did not correspond 

to those observed for the scan reported by Mazdiyasni et al. and they 

attributed it to the polymerized nature of the alkoxide. 

Figure 49 shows the IR data of Mackenzie et al. for commercial 

lanthanum alkoxide and the one reported by Mazdiyasni. Based on these data 

it may be concluded that the reason for the incorporation of less sulfur 

into the tetragonal precursor is probably due to the polymerized nature 

of the alkoxides. The two alkoxides used in this work were obtained from 

Alfa and Strem, and according to the report of Mackenzie et al.[138], it 

may be possible that both the alkoxides were polymerized, however, the 

extent of polymerization in the alkoxide obtained from Strem may be more 

than for the one obtained from Alfa which could be the reason for the 

smaller amount of sulfur detected in the Strem alkoxide derived precursor. 

5.3.5 Conversion of precursor to tetragonal lanthanum sulfide powders 

The precursors prepared by the two routes using the alkoxide and the 

lanthanum nitrate were heat treated in nitrogen and in HzS as was the case 

for the cubic sulfide precursor. Nitrogen heat treatment was performed 

only on the alkoxide precursors. The two heat treatments will be discussed 
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separately. The nitrogen heat treatments were performed to verify the 

crystallization exotherm seen in the DSC and also to study the nature of 

the bonded sulfur. Similar to the cubic sulfide precursor, heat treatment 

in nitrogen resulted in the formation of La202S indicating that the sulfur 

is bonded in the system and not existing as free sulfur. The formation 

of the oxysu1fide is shown in Figure 50. In some of the samples however, 

XRD analysis showed presence of some La203, in addition to the oxysu1fide 

which is the major phase occurring possibly due to some unreacted a1koxide 

or because of the larger degree of polymerization leading to 

prehydro1ysis. 

Typical weight losses accompanying these reactions were "" 32-33% in 

the case of the precursor showing presence of oxide and "" 30% in the 

others. Heat treatment of these precursors in the presence of H2S at 10000C 

for 8h resulted in the formation of the tetragonal phase of lanthanum 

sulfide. The phase evolution for the ~ phase is shown in Figure 51. The 

figure shows that the initial precursor is amorphous and on heat treatment 

in H2S, single phase ~ La2S3 is formed at 1000oC. This behavior was seen 

for both the precursors namely, the a1koxide derived precursor and the 

nitrate derived precursor[150j. The trace was matched to the Powder 

Diffraction Fi1e[149]. 

5.3.6 Mechanism for the tetragonal phase formation 

Based on these observations once again it is possible to speculate on 

the reaction mechanisms. The chemical analysis revealed that the 
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tetragonal sulfide precursor derived from the alkoxide is also an 

oxysulfide like the cubic precursor, with a lower percentage of sulfur and 

a larger hydrocarbon and oxygen contents. On heat treatment in nitrogen, 

there is loss of water and CO2, The water and CO2 both being by-products 

resulting from insitu-combustion reaction between the hydrocarbons and the 

oxygen contained in the precursor which was also seen in the cubic sulfide 

precursor. In the case of the sample where the starting alkoxide had not 

reacted completely possibly because of a larger degree of polymerization, 

crystallization of La203 would occur because of the non-bonding of the 

sulfur to La and 0. The reaction can be written as: 

LaXOyHzSwCv + La(OC3H7 ) 3- ->x/2La202S + 1/2La203 + (v+9)C02 + (z+2l )H20 

where w = x/2 and y = (2x + 4v + 2z + 75)/2. 

The second reactant in the above reaction is the polymerized or unreacted 

alkoxide. 

In the case of samples where extensive hydrolysis had not occured, the 

oxide formation was not seen. The explanation for the p phase formation 

on heat treatment in H2S can be given on the basis of the observation 

reported by Besancon[20). In ~is study related to the determination of the 

structure of the tetragonal lanthanum sulfide he had concluded that the 

tetragonal phase is indeed an oxysulfide with a formula of La10S140. The 

oxygen, in fact tends to stabilize the phase at room temperature. This 

argument can be extended to support our observation. The large oxygen 

percentages that is contained in the precursor tends to stabilize the fi 
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phase and hence the heat treatments at 10000C result in the formation of 

the tetragonal phase. 

A reaction for this transformation analogous to the cubic case can be 

written: 

LaXCyHzOwSp + H2S - - - - - -> x/2La2S3(,B) + (z+2)/2H20 + yC02 

where p = 1.5x-1, and w = z/2 + 2y 

The precursor formation would follow a similar mechanism as described 

for the cubic sulfide case except for the fact that the polymerization 

that has occured that would leave less solubilized a1koxy groups to be 

attacked. A reaction could therefore also be written for the room 

temperature su1fidization as follows: 

fC3H7 

La-OC3H7 + H2S + (La-a1k) 

I 

OHS 

I ----> La-OHS + La203 + C3Ha 

I 
OC3H7 OHS 

In the case of the reaction route using tert-buty1 sulfide and 1anthnum 

nitrate, a similar reaction could be written where the (N03)3 groups are 

replaced by the S. The formation of the ,B La2S3 in this case would probably 

be resulting from the strong affinity of the lanthanum for oxygen. 

Moreover, the nitrate being a hexahydrate provides the necessary water 

molecules and the oxygen to form the oxysu1fide precursor. Information in 

the literature is again not available and detailed spectroscopic analysis 

would be needed to identify the reaction mechanism. 
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5.3.7 Morphology of as prepared precursors 

The morphology of the transformed ~ phase powders were observed under 

the TEM. The bright field image of the particles is shown in Figure 52. 

The figure shows close aggregates of particle around ~20-30 nm. in size 

that were also observed in the case of the cubic sulfide precursors. The 

particles appear to be linked together in a chain like fashion. It is 

interesting to note that at a magnification of 600K, lattice fringes seem 

to be visible in the micrograph for these particles although XRD analysis 

indicated them to be amorphous. This therefore suggests that the precursor 

is infact not completely amorphous and has regions that are partially 

crystalline, the volume fraction of which is probably much less than a 

percent and hence is not detected by X-ray analysis. However, the 

partially crystalline state of the precursor would lower its reactivity 

in comparison to the cubic sulfide precursor, thereby resulting in the 

formation of the tetragonal phase. 

Higher sulfidization temperatures would therefore be needed to obtain 

the cubic sulfide. Another possibility could be that the partially 

crystalline regions could correspond to the unreacted polymerized alkoxide 

that has hydrolyzed to form crystalline La203 , and it is well known from 

the EDS method that La203 would result on sulfidization in the formation 

of the tetragonal phase. Based on the morpholgy of these particles, it can 

also be mentioned that these particles should possess high surface area 

similar to the cubic sulfide precursor. Surface area measurements were 
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Figure 52. TEM micrograph showing 20-25 nm size clusters of the 
tetragonal sulfide precursor. 

180 



181 

also made on the p La2S3 precursor using N2 BET measurement techniques 25 . 

The value obtained for the specific surface of these precursors were ~ 

74.43 m2/gm which compares very well with the value obtained for the cubic 

lanthanum sulfide precursor. The above analysis shows that the high 

surface area is masked by the partially crystalline state of the 

precursor, thereby retarding the sulfidization kinetics. Therefore, it can 

be concluded that it is the sulfur incorporation into the gel network at 

the precursor stage that plays a crucial role in the transformation of ~ 

La2S3' the amorphous nature mainly controlling the reaction temperature and 

reaction times. 

5.3.8 Morphology of oxysulfide and B La2~3 powders 

The transformed La202S and p La2S3 powders were viewed under the SEM 

and TEM. Figure 53 shows the micrograph of the oxysulfide powders which 

shows agglomerates of partially sintered spherical particles ~ 0.5 pm in 

size. The morphology of the oxysulfide particles derived from the 

tetragonal precursor is therefore analagous to the oxysulfide from the 

cubic sulfide precursor. 

The tetragonal sulfide powders were viewed under the SEM and TEM and 

the micrographs are shown in Figures 54 and 55. The SEM micrograph reveals 

the particles to be ~ 0.5-1.0 pm. These particles are linked together in 

a chainlike fashion and exhibit a vermicular structure. From the TEM 

25 Quanta Crome Monosorb, model MS-15, Syosset, N.Y. 11791. 



Figure 53. SEM micrograph showing the spherical morphology of 
oxysulfide powders derived from the tetragonal 
sulfide precursor. 
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Figure 54. SEM micrograph showing the vermicular particles of 
tetragonal lanthanum sulfide. 
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Figure 53. TEM micrograph of the transformed tetragonal sulfide 

powders showing partially sintered 0.5-1.0 ~m size 
particles. 
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micrograph it can be again construed that the particles are partially 

sintered and do not show presence of any secondary phases. A magnified 

bright field image (see Figure 56) of the necked region of the particles 

indicates the partial sintering. Energy dispersive X-ray analysis was 

performed on the powders and is shown in Figure 57 confirming the presence 

of La and S. 

5.3.9 Chemical Analysis of Oxysulfide Powders 

In the discussion so far, the synthesis of the two different phases of 

LazS3 has been described and it was seen that the starting raw materials 

and the extent of polymerization plays an important role in the amount of 

sulfur being incorporated into the precursor. The amounts of sulfur and 

the hydrocarbon content are both very critical for the formation of the 

high temperature cubic phase. From the anlysis of the two kinds of 

precursors shown in Table XII earlier, the difference was clearly noted 

in the sulfur and hydrocarbon contents. Analysis of the oxysulfide was 

also performed in order to see if there was any significant difference. 

Table XIII shows the analysis of lanthanum, hydrocarbon, and sulfur for 

the two oxysulfide powders derived from the two different alkoxides. The 

results of the analysis follow a similar pattern. The oxysulfide derived 

from the cubic precursor is richer in sulfur by = 32% in comparison to the 

oxysulfide derived from the tetragonal sulfide precursor. The tetragonal 

sulfide derived oxysulfide is also richer in hydrocarbons, as a result 

these powders appear distinctly black in color. Inability of the 



-Figure 56. TEM micrograph of the p La2S3 powder showing the 
grain boundary of the partially sintered particles. 

- ---------- -----

186" 



187. 

L.H 

SPECTRUN OF TETRAGONRL LANTHRNUr-! 

SULFIDE 

S LA --

I 
1 LA 

~'~~,,~Ym~~;'l'n I r~f1't~f~hjTn1rn 
0.G00 

120 

Figure 57. EDS analysis showing presence of La and S in tetragonal fi 
La2S3 particles. 



Table XIII. Chemical analysis and comparison of 
oxysulfides derived from cubic and 
tetragonal precursors. 

ELEMENT OXYSULFIDE (A) b 

LA 67.51 + 6 

S 7.22 + 0.3 

C 1.45 + 0.5 

H 0.23 + 0.3 

0 23.598 

8 
ESTIMATED BY DIFFERENCE 

b OXYSULFIDE USING STREM CHEMICALS 
c OXYSULFIDE USING ALFA CHEMICALS 

OXYSULFIDE 

66.06 ±-

10.62 + 

0.32 + 

0.15 + 

22.85 8 
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hydrocarbons to undergo insitu combustion during the N2 heat treatments at 

the precursor stage results in pyrolysis of the hydrocarbons rather than 

combustion and hence entrapment of the hydrocarbon in the powders during 

transformation to the oxysulfide. Figure 58 shows the oxysulfide and the 

lanthanum sulfide powders derived from the two different alkoxides; which 

clearly brings out these differences very vividly. 

5.4 Microstructure and optical characteristics of (cubic) lanthanum 

sulfide ceramic 

The -y phase lanthanum sulfide powders obtained by heat treatment in 

H2S at lOOOoC for 8h were then hot pressed. The experimental procedure is 

described in Ch.4 . The hot pressing experiments were performed at 14500C 

for 15 min. The resultant hot pressed billet was analyzed for 

microstructure and also characterized for its transmission into the far 

infrared. Square samples "" o. Sin x O. Sin were cut and ground to a 

thickness of O. 9cm using standard optical microscopy techniques. The 

pieces were ground using 240, 320, 400 and 600 grit SiC emery papers. The 

fracture surface was examined under the SEM and is shown in Figure 59. 

The surface shows a very good sintered microstructure with an average 

grain size of "" 6.06 pm. EDS and semiquantitative analysis 'performed on 

the fracture surface (see Figure 60) indicated the required stoichiometry 

for La2S3. The original powders before sintering showed a very rounded 

surface morphology with particle sizes ranging from 1-3 pm. There is 

therefore a two fold increment in grain size occuring by sintering at 
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Figure 58. Figure showing (a),(b) p La2S3 and ~ La2S3 precursor heated 
in N2 and (c),(d) Transformed p La2S3 and ~La2S3 powders. 



Figure 59. SEM micrograph of the fracture surface of hot pressed 
ceramic. 
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l450oC. Lowering the sintering temperatures to about lOOO-1050oC which is 

the temperature for the -y phase formation in the present work would 

probably lower the grain growth considerably. Nevertheless, grain sizes 

of 6 pm ideally speaking, would not cause much scattering losses as the 

transmission wavelength of interest is much larger than 6 pm. 

Transmission measurements were made on the hot pressed samples and the 

spectrum is shown in Figure 61. The ceramic shows a cut-off at around 13 

pm. A transmission percentage of ::::: 25% is exhibitted by this material 

which is not substantial in comparison with the needs of these window 

materials, but the result is indeed promising because it indicates that 

the cubic sulfide phase of lanthanum (-y phase) is indeed a good far infra 

red transmitter. The diminished transmission percentage in the ceramic can 

be attributed to scattering centers in the ceramic which may have been 

incorporated in during the processing steps. An obvious contaminant could 

be the hydrocarbons resulting from the starting materials. Another 

possibility is the reflection losses since no antireflection caoting was 

used. However, optimization of the hot pressing and processing conditions 

would improve the transmission percentage. Nevertheless, considering the 

above research to be in the preliminary stage of development; the results 

are quite promising. 

Auger electron spectroscopy was performed on the hot pressed ceramic 

in order to study any carbon and oxygen contamination. Although, there is 

substantial reduction in the hydrocarbon content shown by the chemical 
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analysis of the transformed cubic powders, hydrocarbon incorporation from 

the starting alkoxide and the metalorganic processing route can never be 

ruled out. The derivative spectra taken on the unsputtered sample surface 

does indicate presence of carbon and oxygen. However, after argon 

sputtering for 11 min (z 6600 A) there is clearly a drastic reduction in 

the concentration profiles for these two elements as shown in the depth 

profile scans of these two elements in Figures 62 and 63. 

The profiling was obtained by argon ion beam sputtering while 

continuously monitoring the elemental Auger lines for these two elements. 

The electron beam u~ed was Skv and a sputtering rate of loAfs was used 

for the depth profiles. These figures therefore show that the carbon and 

oxygen were essentially just present only on the surface as a result of 

adsorption from the atmosphere. 

5.5 Convergent beam electron diffraction [151-1551 

The transmission electron microscope can be used for imaging and also 

obtain diffraction patterns which can be indexed to obtain the crystal 

structure. These were the typical uses of conventional transmission 

electron microscopy. In the diffraction mode one could select a suitable 

aperture and obtain desired structural information from smaller sampling 

areas upto l~m which is known as selected area diffraction pattern (SADP). 

In normal selected area diffraction pattern, the beam which is incident 

on the sample is made parallel. Then the objective lens takes all the 

electrons to the same place in the diffraction plane. Wherever there is 
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Figure 63. Auger spectra showing the C and 0 depth profiles obtained 
on the cubic sulfide hot pressed ceramic. 
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Bragg reflection, new beams are produced in specific directions, each beam 

giving rise to a spot in the diffraction pattern. 

In convergent beam diffraction the beam is focussed onto the sample so 

that the electrons strike the sample at the same time at various different 

angles. The angles in the specimen plane however, translate to positions 

in the diffraction plane. The range of angles in the cone of illumination 

corresponds to a disc in the diffraction plane and each Bragg reflection 

gives rise to an additional disc analogous to the SADP mode. A schematic 

diagram showing the formation of the GBED pattern is shown in Figure 

64. [151]. From the GBED pattern about a particular zone axis space group 

and crystal class information can be obtained. Each point in this bright 

field disc corresponds to electrons that are going through the sample at 

a particular orientation; and different points in the disc corresponding 

to different orientations of the electron beam with respect to the crystal 

structure. In connection with each point in the bright field disc an 

equivalent point exists in each other disc corresponding to the Bragg 

reflection of electrons from that particular angle. Depending on the angle 

the incident electron makes with the crystal, the Bragg reflection and 

the strength of the transmission vary affecting the intensity within the 

disc. [151]. The discs that are obtained in the GBED may be indexed exactly 

the same way as in conventional diffraction patterns, the central disc 

being formed by electrons leaving the crystal in the same direction as the 

incident electrons. The various features of GBED can be understood from 
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A schematic diagram showing the formation of 
convergent beam electron diffraction 
pattern[l5l]. 
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Figure 65. 

201. 

Diagram of the Ewald sphere construction for a zone 
axis orientation to show the separation of the 
reflections into Laue zones. [151] 
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the Ewald sphere construction shown in Figure 65. The mesh of reflections 

at the center of the pattern form the zero order Laue zone , while the 

outer ring is the first order Laue zone and in some cases several outer 

rings may be visible corresponding to the sphere cutting several planes 

of the reciprocal lattice in which case the rings will be known as higher 

order Laue zones (HOLZ). More details about this can be obtained from 

references [151-155]. 

The crystal point groups are obtained from the CBEDP by observing 

certain symmetry elements. The basic symmetry elements that can be seen 

in a CBED pattern are mirror lines (m) and rotational symmetries 

(1,2,3,4,6). A systematic study of these symmetry relations allows the 

point group to be determined. The problem of actually determining the 

point group may vary depending on the complexity of the system and 

different approaches may be taken for the determination of the point 

group. The approaches could vary from using certain known physical 

properties along with the diffraction information or the right conclusions 

can be drawn directly from the set microdiffraction patterns. 

Convergent beam diffraction methods have a number of advantages over 

the conventional techniques. The fact that the electron beam is converged 

onto the specimen can be used to obtain diffraction information from very 

small areas (~ 10 nm). The small size of the convergent beam enables 

information from the known area on the sample with confidence unlike the 

elemental analysis obtained in the SEM. The electron beam configuration 
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is similar to that required for EDX analysis and hence both techniques can 

be used together without difficulty. The patterns that are obtained are 

highly characteristic of the particular phase that is being looked at to 

an extent that a single zone axis pattern from an already characterized 

phase will provide positive identification. The patterns that are obtained 

are very sensitive to lattice parameter changes and in ideal circumstances 

it is possible to detect a lattice parameter change as small as a few 

parts in 104 which makes it advantageous to detect strain in the specimen 

or small compositional variation too small to detect by EDX. [154] 

5.6 Structure of lanthanum sulfide powders 

An attempt was made to determine the crystal symmetry, and space group 

of the cubic lanthanum sulfide powder and ceramic using convergent beam 

electron diffraction technique. The crushed powders and ion beam thinned 

ceramic samples were observed using the TEM in the microprobe mode at 120 

kV at room temperature using sample tilting procedures. Selected area 

diffraction patterns was obtained along the [100] zone axis. The indexed 

diffraction pattern is shown in Figure 66(a). 

Convergent beam diffraction patterns were then obtained along the 

[100], [Ill] and [110], the zero order Laue zones for which are shown in 

Figures 66(b), 66(c) and 66(d). The CBEDP along the [111] and [110] zone 

shows three fold axis of symmetry with 3m type symmetry and two fold axis 

of symmetry with 2mm type symmetry respectively, while the CBED pattern 

---------------- ---- ------



Figure 66(a). Selected area diffraction pattern of cubic LaZS3 
particle about [100] zone. 
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Figure 66(b). eBED pattern for the cubic sulfide particle about 
the [111] zone showing the 3 fold symmetry. 
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Figure 66(c). CBED pattern for the ~ La2S3 particle showing the 
2 fold symmetry about [110] zone. 
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Figure 66(d). CBED pattern for the ~La2S3 particle about [100] 
zone indicating presence of glide/screw axis. 
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along the [100] axis shows the four fold axis of symmetry with a 4mm type 

symmetry. Comparison of the SADP map with the CBEDP along the [100] zone 

indicates presence of certain characteristic lines on the bright field 

discs at (022), (022), (022), and (022) positions. The presence of these 

dark lines on certain discs suggest that these discs are occuring because 

of double diffraction or in other words what are forbidden reflections. 

The fact that they are forbidden can be confirmed by tilting about the 

systematic row which contains the reflection. If they are due to double 

diffraction then they will disappear such as is in the present case. 

Figure 66(d) shows the CBED along the (100) zone showing these dark lines 

on the above mentioned discs. On tilting as shown in Figure 66(e) the 

reflections disappear confirming the discs occuring due to double 

diffraction[152] . The presence of these forbidden reflections implies that 

there is a glide plane / screw axis. Based on the above information and 

from the electron and X-ray diffraction we can obtain the space group and 

lattice parameter information. 

Analysis of the selected area diffraction pattern identified the 

crystal cell type to belong to the body centered cubic (BCC) type. The 

crystal system was identified to be the cubic system again based on the 

selected area diffraction patterns and the optical isotropic nature of the 

cubic cell type[156]. Lattice parameter calculations were made using the 

selected area diffraction patterns which gave a value of 8.69 A quite in 

agreement with the value of 8.725 A reported in the li terature [146] 
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Figure 66(e). eBED pattern for the 7 La2Sa particle about [100] zone 
showing missing reflections on tilting. 

--------- .------.. - - -_. -
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considering that the lattice parameter values were obtained from the 

electron diffraction pattern by measuring the radius of the spot which are 

subject to some human errors. The convergent beam electron diffraction 

patterns along the [100], [110] and [Ill] zone axis indicate equal 

intensity of the discs corresponding to all the hkl values which indicate 

the cubic Laue group of m3m. Refering to the published Tables in the 

International Tables for crystallography, Table 10.5.l.on page 782[157] 

one can conclude that the possible point groups were 432 and 43m. The 

compound (cubic form) shows thermoelectric properties 

[103,107,105,108] and the presence of a polar axis in this system along 

the <Ill> direction confirms its non- centrosymmetric nature. The presence 

of a polar axis allows only for the point group 43m since 432 does not 

possess any polar axis. 

Therefore based on the fact that the system is a body centered cubic(I) 

with the point group symmetry of 43m eliminates all the possible space 

groups namely, (F43c, P43n, F43m, P43m) allowing for only 143m and I43d. 

The space groups in the bracket cannot be considered since they do not 

represent the BCC cell type. Referring to the allowed reflections for 

these space groups in the International table and also analyzing the zero 

order Laue zone (ZOLZ) of [100] we note the systematic absence of the 

following reflections 

hkl: h+k+l;o! 2n 

Okl: k+l r! 2n 



hOD: h;o! 4n 

hhl: 2h+l ;o! 4n 

211 

The absence of these reflections confirm the compound LaZS3 to possess 

the space group I43d, the d representing the existence of glide 

planes/screw axis which is clearly seen in the CBEDP shown in Figure 66(e) 

for the [100] zone axis. The identification of the space group of I43d is 

in agreement with the results of Zacharias en who obtained this information 

based on X-ray diffraction in 1949 [23]. CBED was also performed on the 

hot pressed samples which were ion thinned. Identical resu1 ts were 

obtained as the analysis of the powders. Bright field and dark field 

images of the sintered hot pressed ceramic do not indicate any visible 

voids or porosities or presence of any amorphous glassy regions. 

5.7 GeS2-Laz~3 based glasses 

5.7.1 Glass Formation 

Glass formation was studied in the GeSZ-La2S3 system. Two glass forming 

compositions were studied, namely one containing 60mo1% GeSz and the other 

containing 92.5 mo1% GeSz which will be referred to as Cz and C3 

respectively in all the discussions that follow. The glasses that were 

obtained were all formed by air cooling evacuated sealed quartz tubes 

which contained the glass forming compositions after homogenization at 

11750C for 24 h. The glass composition Cz was ruby red in color and 

composition C3 was brown suggesting the optically dense nature of these 

glasses. The glasses were characterized for microstructure by observing 
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them under the TEM. 

5.7.2 TEM microstructural evaluation of glasses 

The glasses were crushed and mounted on carbon coated copper grids 

which were then studied by TEM. Figure 67 shows the bright field image 

taken over a crushed sample area of composition C2 . The micrograph shows 

very clear transparent regions without any secondary precipitates at a 

magnification of 80KX. The diffraction pattern shown on the inset confirms 

the amorphous nature of the glass. Glass samples of composition C3 were 

also looked at under the TEM. Figures 68, 69, 70, and 71 show the bright 

field images taken over different areas of the sample. Evidence of phase 

separation is seen in this composition with the phase separated droplets 

being in the range of 800 A (largest droplet) to 60 A (smallest droplet) 

uniformly distributed as indicated by the micrographs. Evidence of such 

phase separation occuring at the molecular level in sulfide glasses has 

been reported in the literature particularly, in the GeS2 glasses[130-l34) 

and is not very new, however, in the Ge-La-S system this observation was 

seen for the first time. 

Glasses in the Ge-S system are prone to phase separation in the S rich 

compositions which are evident on the surface of the glasses after etching 

out the separated sulfur chains. Yi et al.[130] reported that glasses in 

the Ge-S system containing more than 90 at.% sulfur phase separate, and 

are visible as etch pits on the surface after etching out the sulfur in 

CS2. Similarly phase separation was observed by Plumat[134] in several 
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Figure 67. TEM bright field image of composition C2 glass showing no 
secondary phase (Inset shows the diffraction pattern). 



Figure 68. TEM bright field image of composition C3 glass showing 
6-88 nm size primary droplets. 
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Figure 69. TEM bright field image showing phase separated droplets 
in C3 glass. 

------_._-----_ .. _--- _.- ... 

215· 



Figure 70. TEM bright field image of C3 glass showing a magnified 
view of the phase separated droplets. 
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, 
Figure 71. TEM image of 200 nm primary droplet with secondary 

separated droplets in C3 glass (Inset shows the 
diffraction pattern of primary phase). 
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sulfide glasses containing GeS2 and Na2S and also in GeS2 containing Li2S. 

In all these cases phase separation was reported in the GeS 2 rich 

compositions such as 90GeS2 - lOLi2S and 80GeS2-20Na2S similar to the 

observation made in this dissertation. In all the above studies the sizes 

of the phase separated droplets were of the order of 0.5 - 2 ~m which is 

much larger than in the present study and hence could be observed under 

the SEM. 

Based on the above information present in the literature, it can be 

concluded that the phase separation in the case of the GeS2-La2S3 system 

is also probably occuring because of the excess GeS2. The phase separation 

size range is so small that etching experiments would not be conclusive. 

EDX analysis would provide some information on the chemical contents of 

the droplets particularly in the larger droplets, however, these were not 

performed because of the limitation of the electron microscope. An 

addtional interesting feature exhibitted by these glasses is the presence 

of secondary phase separation as can be seen from Figure 71. The figure 

shows a primary droplet ~ 200nm in size in which we can see the embedded 

secondary phase separated droplets ranging from 3nm to 13 nm in size. Some 

of the secondary phase separated droplets were crystalline with visible 

lattice fringes evident in the droplets. Secondary phase separation has 

been known to occur in oxide systems [175,176] and recently, Randall et 

al. [177] reported primary and secondary phase separation in fluoride 

system, but no such occurance has ever been reported in the case of the 
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sulfides. 

The diffraction pattern for the glass in general shows the amorphous 

nature of the primary phase separated droplets. Due to the limitation in 

the instrument capabilities and the large electron sampling depths, 

chemical analysis using the electron beam could not be performed to obtain 

information about the composition of the droplets. But based on the 

information available in the literature, it can be proposed that probably 

the primary phase separation occurs because of the unrnixing of a sulfur 

rich Ge1-xSx composition where 'x' is unknown, from the glass matrix during 

air cooling. Upon further cooling, sulfur droplets could be phase 

separating out in the primary droplet of GexS 1- x glass resulting in the 

secondary droplets. There is no exact phase diagram available about the 

miscibility gaps in this system which could be used to extract information 

about the mechanism of phase separation. At this stage therefore, only 

speculation can be made on the basis of previous theoretical and 

experimental observations. 

5.7.3 Thermal analysis 

Thermal anlaysis was conducted on crushed samples of these glasses. 

Glass composition C2 was heated in the DTA at a heating rate of 10°C/min 

after purging the system with He gas for 30 min in order to prevent any 

oxidation. The results of the DTA analysis can be seen in Figure 72 which 

shows the trace obtained for the C2 glass. The trace shows a glass 



t 
u 
:2! 
0:: 
W 
J: 

b 
£:) 

z 
W 

u 
:2! 
0:: 
W 
J: 
Io 
X 
Wo 
~ 

Figure 72. 

25 

220 

C-2 

50 75 100 125 
TIME (min) 

DTA trace for C2 glass heated at 10DC/min. 

-------- --------------- ----



221 

transition temperature == 590°C followed by a sharp crystallization at 

710°C. Heating the glass further would result in melting at 890°C. Glass 

composition C3 was also analyzed using the DTA. The glass samples were 

heated after purging with He for 30 min at aheating rate of 20°C/min. The 

DTA trace for the sample is shown in Figure 73. The figure shows a glass 

transition temperature == 420°C followed by a crystallization at == 559°C. 

The crystallized glass on further heating would then melt at == 760°C. Both 

the glasses exhibit single crystallization peaks and with increasing GeSz 

contents there is a decreases in the glass transition temperature. This 

observation is consistent with the fact that GeSz is a low melting glass 

former in this system and increasing its amount would therefore result in 

lowering the Tg[112]. Heat treatments were performed on these glasses to 

identify the phases crystallizing. 

5.7.4 Heat Treatment of glasses 

Heat treatments were performed on both the compositions of the glasses 

under identical conditions of the DTA. Composition Cz glasses were heat 

treated in He at 10oC/min to 850°C and held for 1 min similar to the 

conditions used in the DTA. XRD was then performed on the crystallized 

glasses which is shown on Figure 74. The XRD trace shows the as prepared 

glass which is amorphous and on crystallization, single phase ,8- La ZS3 

crystallizes from the glass as can be seen from the XRD trace shown. This 

shows that the GeS2 remains in the amorphous state and only lanthanum 

sulfide crystallizes out of the glass which shows good prospects for 
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making a glass ceramic from this composition. 

GeS2 glass is a good transmitting glass into the mid infrared region 

upto 10J,lm. /3-La2S3 as shown in Table IV also exhibits an IR cut-off at 

lOJ,lm. The /3 form of lanthanum sulfide exhibits good mechanical strength 

and is also more refractory and has a lower thermal expansion. Hence, in 

combination with GeS2 can be used to strengthen the GeS2 glass matrix, 

specially in the preparation of IR fibers. 

Likewise composition C3 glasses were also heat treated in He to 700°C 

and held for 6 min. The crystallized samples were again subjected to XRD 

analysis. The X-ray diffraction traces are showri in Figure 75. Unlike the 

C2 composition, the C3 composition on crystallization exhibits single phase 

of La4Ge3S12 (3GeS2' 2La2S3) which is the rhombohedral phase. Since the C2 

glass on crystallizing only showed the /3 phase of lanthanum sulfide 

crystallizing out, the crystallized glass was seen under the SEM. 

Figure 76 shows a cross section of the crystallized glass surface. 

There is a distinct amorphous layer (= 10 J,lm thick) on the periphery of 

the crystallized surface indicating the mode of crystallization was bulk. 

EDX analysis was performed by collecting spectra in the bulk and on the 

periphery of the crystallized glass sample which are shown in Figures 77, 

and 78. The EDX spectra clearly show that the bulk of the glass is the 

crystallized lanthanum sulfide with very little or no GeS2 present whereas 

on the periphery of the crystallized sample signals for Ge, La and S were 

collected which indicates that the GeS2 remains in the matrix still as a 
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Figure 76. SEM micrographs showing the amorphous and crystalline 
regions in heat treated C2 glass. 
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EDS spectrum in the bulk glass 
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glass. The signals for La, and S would indicate that either the glassy 

surface on the periphery is as a result of uncrystallized glass or due to 

the penetration of the interaction volume of the electron beam collecting 

signals from the bulk crystallized glass. This is possible since the 

amorphous layer forms a thin coating of 10 ~m. 
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5.8 MOLECULAR DYNAMICS STRUCTURAL SIMULATIONS OF IR MATERIALS[lS8,lS9) 

The discussions so far have been focussed on the synthesis and effect 

of processing on the structure and properties of infrared materials. At 

the outset we had discussed the scope and potential of various infrared 

materials namely, the sulfides, halides and oxides. The chalcogenides 

essentially are good transmitters into the far infrared region while the 

oxide and halides are typically for mid infrared region though some 

fluorides also tranmit well into the near and far infrared. 

The processing and structural characterization the structure of novel 

rare earth sulfide materials and glasses, was supplemented with molecular 

dynamics (MD) simulation studies using ZnCl2 as representative material 

followed by an extension of MD simulations for crystalline La2S3' 

ZnC12 glass is a technologically important material with respect to its 

potential use as a low loss optical transmission medium in the near 

infrared region(160). The structure of molten ZnC12 has long been 

considered by molten-salt chemists to be different from other hailde salts 

due to the very high viscosity of the m~lt, the very high tendency of 

molten ZnC12 to supercool to a glassy state, and the existence, according 

to Raman studies, of complexes of the form ZnC1 3 - or ZnC1 4
2- (161). The 

molten state, in as much as it is different from other halide salts, has 

also certain structural peculiarities described variously as a "polymeric 

network" [162]. The presence of ionic complexes such as ZnC13 - or ZnC14 - and 

species such as Zn2+, ZnCl+ in the melt make the study of the liquid state 
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quite difficult. However, the structure of molten and vitreous ZnC1z has 

been studied and neutron diffraction data are available[163,164]. Biggin 

and Enderby[163] investigated the structure of molten ZnC1z by applying the 

technique of neutron diffraction to isotropically enriched samples. They 

have extracted the three partial structure factors and pair distribution 

functions related to Zn-Zn, Cl-Cl and Zn-Cl correlations from the 

experimental data shown in Figure 79. 

These radial distribution functions show an approximate equality 

between the Zn-Zn and Cl-Cl distances indicating close similariy of the 

Zn-Cl-Zn and Cl-Zn-Cl angles in triplets of neighbouring ions. Further, 

these functions also reflect an arrangement of the Cl-1 ions which provide 

tetrahedral sites for zinc with a ratio of rCl-C1/rZn-Cl = 1. 62 ± 0.04 'Z)8/3 

for interionic distances. 

Molecular dynamics (MD) simulations represent a currently popular and 

powerful tool for deriving the macroscopic and microscopic properties of 

assemblies of classical particles using realistic interatomic potentials. 

However, to date, attempts to utilize purely ionic potentials have failed 

to predict the topology of the network in ZnClz liquids and glasses. 

MD consists of essentially solving the classical equations of motion 

of an assembly of particlesinteracting through realistic interatomic 

potentials. The solution of these equations of motion provides important 

quantitative information about the structure and thermodynamic properties. 

While experiment continues to be the major source for obtaining 
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Partial radial distribution functions of molten ZnC12 
generated with the WAC [166] and KDR interionic 
potential compared with the experimental functions. 
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information regarding the structure and properties of amorphous materials, 

recent advances in computational procedures such as MD may prove valuable 

in making a significant contribution to materials research especially in 

circumstances in which either the appropriate experiments are difficult 

to perform accuratley or the experimental results are open to ambiguous 

interpretation. Hence one can, foresee the dominant role MD can play in 

the study of amorphous ZnC12. 

5.8.1 Current Models of ZnC12 

Molecular dynamics (MD) simulations of molten ZnC12 based on rigid 

ionic models have been reported in the literature [165,166]. Woodcock et 

al.[165] have reported applications of MD calculations to the vitreous 

state for simple ionic MX2 type glasses such as ZnC12. They performed 

simulations at constant volume using a Born-Mayer Huggins type pair 

potential. Their simulations resulted in total cohesive energy values over 

17% in excess of the experimental value. They report a range of values for 

the unlike ion coordination, (n2n-Cl extending from 4-5). No description of 

short range ordering was provided in this model. 

Gardner and Heyes [166] extended the work of Woodcock et al. by 

modifying their original potential, but did not obtain a more precise 

description of the structure of molten ZnC12. Inoue et al. have moderately 

refined the potential by using new values for the zinc ionic radius and 

reported MD calculations of infrared absorption spectra of ZnC12 and ZnC12-

KBr glasses[167]. While the simulations are able to predict the Cl-Cl and 



234 

Zn-Cl component correlation functions, they fail to account for the 

relative arrangement of the cations. Moreover, the simulations give 

significantly different values for the total cohesive energy in comparison 

to the experimentally obtained values. Hirao et al.[168] have recently 

modelled ZnC12 glass using constant volume MD simulation and a modified 

version of Inoue's potential that uses a higher Zn ionic radius. Although 

their constant volume simulations predict very good Zn-Cl, Cl-CI and Zn

Zn correlations, simulations that were performed in the present work using 

Hirao et al.'s potential at contant pressure failed to give good Zn-Zn 

correlation. 

The reason for the gross disagreement in the Zn-Zn correlation in the 

original potential developed by Woodcock et al.[16S] was speculated by 

Gardner and Heyes [166] to be due to the relatively large degree of 

covalency in the system (::: S7% calculated from electronegativity of 

species Zn, Cl), which implies a sufficient degree of directional bonding 

in the system. Ballone et al. [169] have qualitatively examined the 

relationships between the interionic forces and the structure of ZnClz . In 

their study, they stress the need to incorporate angel dependent 

interatomic forces for more realistic computer modelling of molten ZnClz . 

Since computer simulation in standard ionic models was unable to 

globally describe the several distinctive features of liquid ZnC12 , Ballone 

et al. [169] qualitatively examined different models for a 2:1 ionic melt 

corresponding to the thermodynamic state of ZnClz . Models based on the 
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hypernetted chaon approximation (HNC) were solved using using charged hard 

sphere type assumptions. They pointed out that the large cation-cation 

distance (4.7A) observed by Woodcock et al. is a consequence of the strong 

Coulomb repulsion between the doubly charged cations, and the absence of 

angle dependent bonds. Ballone et al. also presented qualitative features 

of effective pair potentials consistent with the gross topology of ZnC1 2 

in liquid and vitreous states, and suggested that the angular dependence 

of the interionic forces could be, to some extent, simulated by 

incorporating a combination of distance dependent dielectric screening. 

This results in reducing the range of the Zn-Zn Coulomb repulsions except 

near the measured value of r zn-zn ' 

Further, they alo suggested use of non-additivity of ionic radii, 

which they predicted would crudley mimick the angular dependence. This 

work presents the successful attempt simulate molten ZnCl2 by development 

of an improved rigid ion model. The guidelines of Ballone et al. were 

followed to generate an effective set of pair potentials (referred to as 

KDR hereafter) which results in accurate Zn-Zn correlations. Constant 

pressure, constant temperature molecular dynamics calculations were made 

of the model at high temperature (1200 K). The partial radial distribution 

functions of the model were in good agreement with the experimental data. 

The difference between the equilibrium volume of the liquid at the studied 

temperature and experimentally determined molar volume at the same 

temperature is inferred to be due to the discrepancy in the long range 
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arrangement and coordination of the ions in the ZnC12 model. 

5.8.2 Model and method 

For computational convenienc, it is usually assumed in MD that the 

interaction between the ions in the system is central pair-wise additive. 

Born-Mayer-Huggin type potentials are typically used, 

rpij (r) = .9.i.9.je2 

r 

where r is the distance between the ions i and j and qi is the ionic charge 

(-1 for C1- and +2 for Zn2+) and Cij is a coefficient in the short range Van 

der Waals attraction. The exponentially decaying repulsive term is 

composed of O"ij; the sum of ionic radii, b ij which is a hardness 

parameter[l66], and p which is a constant. 

The parameters that were generated in this work for the short-range 

interaction, as well as parameters from other studies, are presented in 

Table XIV. (The parameters used in the present work, Woodcock et al., 

Gardner and Heyes and Hirao et al. are referred to as KDR, WAC, GH and HS, 

respectively.) In generating a satisfactory set of parameters the hardness 

parameter of Woodcock et al. was retained and also the same value of p 

used in ref. 166 except for the Zn2+ interactions ( see Table XIV ) in 

order to reduce the Coulomb repulsion between the Zn2+ cations. In view of 

the qualitative analysis by Ba110ne et al., it was reasoned that a 

modification of the Woodcock potential, with main emphasis on reduction 

----------- -------- ----- -- -



Table XIV. The parameters of the rigid ion potentials used in modelling 
molten ZnClz, WAC, GH, liS, KDR refer to Woodcock et al. [165] 
Gardner et al.[166], Hirao et al. [168] and the present work, 
respectively. 

Parameters WAC GHl GH2 GH3 HS KDR Units 

Cl+ +2 +2 +1.5 +1.25 +2 +2 e 

II- -1 -1 -0.75 -0.625 -1 -1 e 

b++ 0.190 0.285 0.190 0.190 0.19 0.19 1O-19J 

b_ 0.143 0.238 0.143 0.143 0.19 0.143 1O-19J 

b+_ 0.166 0.261 0.166 0.166 0.19 0.166 10-19J 
----------------

u++ 2.860 2.860 2.860 2.860 2.660 4.047 A 
--------

u_ 3.356 3.356 3.356 3.356 3.356 3.842 A ---------------------
u+- 3.108 3.108 3.108 3.108 3.008 2.973 A 

--------------
p 0.34 0.34 0.34 0.34 0.34 0.34* A 

-------------------
C++ 0.0 0.0 0.0 0.0 0.0 6.90 1O-16J,\6 

-----------------
NT 8000 4000 8500 

---------------
* p+- = p_ = 0.34 except P++ = 0.3 

All the values for the parameters used in the KDR and HS 
potentials were obtained by taklng z+ = 0, z_ = -1 and n_ = 8 
for simulations at constant pressure. 

NT is the total number of MD integration steps. 

I\J 
W 
..J 
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of the strong Coulomb repulsion between the Zn-Zn ions, would result in 

successfully simulating the experimental liquid structure by MD. Woodcock 

et a1. had attributed the large difference in their computed cohesive 

energy to the absence of of Van der Waals contributions. Indeed, Van der 

Waals contribution tend to be large in the presence of d IO cations. 

Therefore, contrary to using dielectric screening to decrease the ionic 

repulsion, as suggested by Ballone et al., the Coulomb repulsion between 

the Zn-Zn ions was reduced by introducing a Van der Waals attraction 

component to the short range Zn-Zn interaction. A proper combination of 

the repulsion and attraction components results in effectively bringing 

the Zn-Zn correlation distance closer to the Cl-Cl distance as observed 

experimentally. Moreover, it has to be noted that the choice of ionic 

radii used does not obey the additivity rule: 0+_ = 1/2 (0++ + 0 •• ). 

The model has been studied with an MD algorithm allowing for changes 

in shape and volume of the simulation cell under periodic boundary 

conditions[169]. The addition of these degrees of freedom is essential for 

the study of small systems in the liquid state in which volume 

fluctuations playa decisive role. 

In the constant stress MD formulations, three variable vectors, e l , e 2 , 

and e3 forming a 3 x 3 matrix H, are necessary to describe the planar 

boundaries of the simulation cell. The volume of the cell is given by 

n = el . (e2 x e 3). The positions r i in a fixed Cartesian coordinate ssytem 

may be expressed in the variable coordinate system as Si = H- I rio 
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The edges of the simulation cell are driven by the imbalance between 

an externally applied stress u and the internal stress tensor. The 

Hamiltonian governing the equations of motion of the system under stress 

u is wriiten as 

H = 1/2 ~ mi v i
2 + ~ tPij (rij) + 1/2 W Tr(HTH) + Tr{uf lOo . 

Where H stands for the time derivative of H.Hr and Tr H, are the transpose 

and trace of the matrix H, respectively. The total energy is the sum of 

the kinetic and potential energies of the set of particles, the kinetic 

energy of the borders of the simulation cell to which is artificially 

assigned a mass W, and the elastic energy, for which 0 0 is the volume of 

the reference system used to measure the small strain f. The parameter W 

has the dimension of mass and can be visualized as the mass of the 

boundaries of the simulation cell. Average quantities calculated along the 

trajectories generated with the above Hamiltonian are independent of the 

mass of the borders while dynamical properties such as viscosity are not. 

An extension of the constant stress molecular dynamics formalism of 

Parrinello and Rahman [169] was used to simulate assemblies of particles 

interacting through long-range Coulombic potentials[170]. The simulation 

of ions involves the summation of the Coulombic energy potential and 

forces between all pairs. The long range nature of these interactions 

yield very slowly converging series. An extension to triclinic cells of 

the Ewald summation method is incorporated into the MD algorithm to 

accelerate the convergence. A flow sheet of the MD simulation technique 
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to calculate the postion and trajectories of particles is shown in Figure 

80. 

All simulations in this study have been performed with the following 

set of conditions: the MD integration time step used was 0.65 x 10-14 s, 

the chosen temperature T, was 1200 K and the pressure P = 1 atm. The 

number of ions in the MD cell was 324 (216 anions and 108 cations). 

5.8.3 Results of the MD simulation 

Simulations using Woodcock et al. I s model and Hirao et al. I s model were 

performed to assess the effect of these potentials under constant pressure 

conditions. The results of these simulation; of simulations under constant 

volume conditions reported by GH and experimentally determined values for 

the interionic distances, volume and total energy are tabulated in Table 

XV. The partial radial distribution function of the WAC system obtained 

under constant pressure are similar to the constant volume simulation 

results reported by Woodcock et al. (see Figure 79(a». The results give 

a value of 4.3 for the coordination of unlike ions, with a distribution 

that is to a larger extent four-fold (75%) and five-fold (23%) with 

negligible amount of six-fold coordination. The partial radial 

distribution functions obtained using Woodcock's potential give 2.4 A, 

3.85 A and 4.7 A as the first neighbor distances for Zn-Cl, Cl-Cl and Zn

Zn, respectively. Furthermore, the ratio rCl-Cl/rZn-Cl = 1.60, and rzn-zn = 

2(rZn-Cl). The structure of the liquid simulated with the WAC potential is 

constituted predominantly of ZnCll- tetrahedra sharing vertices with a Zn-
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Cl-Zn angle of 180°. Moreover, the WAC potential yields a peak at 5.7 A for 

the g+_ partial radial distribution function, but no additional features 

are perceived in the range 4.36 A to 5.0 A. A calculation of the second 

nearest neighbor Zn-Cl distances for the linearly linked tetrahedra gives 

a value of 5.75 A as the distance of closest approach. The linear 

arrangement of the Zn-Cl-Zn triplet is the origin of the erroneous Zn-Zn 

correlation of 4.7 A seen in the WAC potential. This first Zn-Zn distance 

in the radial distribution function is in excess of more than 23% of the 

experimental value. 

The high Zn-Zn repulsion in the potential is mainly responsible for 

this large value as indicated by Ballone et al. Another consequence of the 

strong Coulomb repulsion is also reflected in the high energy values 

(-2170 KJ/mol). In addition, the 1800 bond angle for the Zn-Cl-Zn indicates 

an open liquid structure, which explains the large values of volume of the 

system. 

In the case of the modified potential reported by Hirao et al., 

However, the results of our simulation seemed to be contrary to what these 

authors have reported. The simulation at constant pressure indicates a Zn

Zn correlation distance of 4.5 A as opposed to 3.9 A as claimed by Hirao 

et al. The structure of the liquid obtained using the potential of Hirao 

et al.[168] is very similar to that of the WAC model. The values of 2.3 

A and 4.5 A for the first distance of approach for Zn-Cl and Zn-Zn suggest 

that the liquid structure is described by linearly linked tetrahedra. 
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identical to that predicted by WAC. Nevertheless, the coordination number 

of 4.1 for the unlike ions, the value of 77 cm3/mol for the volume and the 

value of -2270 KJ/mol for the energy represent an improvement over the WAC 

study. Thera was also very good agreement of the Zn-Cl and Cl-Cl first 

neighbour distance with experiment similar to the WAC potential. 

Gardner and Heyes made a detailed analysis of the effect of changes in 

the interionic potential on the structure of molten ZnC12 by varying the 

hardness paramters and the ionic charges. The three different variations 

in the potential they have studied (represented as GHl, GH2, and GH3), and 

the values of internal energy as well as the first interionic distances 

of their models are presented in Table XV. The potential GHI consisted of 

more repulsive short range terms than WAC. Consequently they obtain 

drastic increments in the position of the g++ and g+_ peaks in the radial 

distribution function. The other two potentials namely GH2 and GH3, which 

correspond to variations in the ionic charges of the species, however, are 

shallower than the WAC potential and do not contribute to any improvements 

in the structure. They report that the potentials GHl, GH2 and GH3 

generate less cohesively bound liquids resulting in larger values for the 

positions and increased spreading of the peaks. They also observed an 

increase in the internal energy of the system to an unrealistic ally large 

value of -672KJ/mol, as they varied the potential from GHI to GH2. 

Ballone et al.'s analysis suggest that in addition to screening of the 

ionic charges by a dielectric constant, within a context of effective pair 



Table XV. Comparison of structural parameters, values of energy and 
volume at T-1200K of the WAC[165], GH[166], HS[168], 
Ballone et al.[169] and KDR[present work] models. The 
experimental values for the radial distribution function 
and coordination numbers were obtained from ref. [163] while 
the values for the total energy and the molar volume were 
obtained from ref. [178] 

Potential r+_ n+_ r __ n __ r++ ~+ Total Total 
A A A Energy Volume 

KJ/mole cm3/mol 

WAC· 2.40 4.3 3.85 8.9 4.7 5.1 -2170.0 81.6 

G1U# 2.70 3.70 4.9 -1993.0 61.0 
-
GH2# 2.60 3.70 4.9 -1060.0 61.0 

GH3# 2.80 3.80 5.0 -672.0 61.0 

HS* 2.3) 4.1 3:~ 7.8 4.5 4.5 -227ClO 77.0 
--------------------

Ballone et al. 2.27 4.4 3.74 10.7 4.0 4.6 
-----

KDR* 2.30 4.6 3.60 10.5 3.8 5.7 -2442.3 85.3 
------ ------------
Exp. for 2.29 4.3 3.71 8.6 3.8 4.7 -2604.0 61.0 
liquid ±p.02 ±p.3 ±p.02 ±p.5 ±p.1 ±p.8 
ZnC12 -
* Values obtained with simulations performed at constant pressure of 1 

atm. 
# Values obtained from ref. Wherein simulations were performed at 

constant volume of 61 cm3/mole r. ' .. ,,-:; 
I\J 
,!::> 
,!::> 
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potentials, a very sharp rise of the zinc-zinc repulsion near the measured 

value of rzn-zn was also necessary to realistically model ZnC12 liquid. They 

evaluated the contraints in the screening function from refractive index 

data on ZnClz and made reasonable estimates for the screening lengths to 

yield the exact value for rzn-zn ' Ba110ne et a1.' s qualitative predictions 

of the coordination numbers and the pair radial distributive functions of 

the coordination numbers and the pair radial distributive functions are 

also tabulated in Table XV. Their predictions obtained by incorporating 

Coulomb screening of the Zn-Zn interaction are in very good agreement wi th 

the experimentally determined values. 

The combination of the attraction and the repUlsion terms in the 

potential developed in the present work is important for obtaining the 

corresct Zn-Zn distance. Moreover, introf=duction of an attractive Van der 

Waals term also results in a cation-cation coordination of 5.7, anion

anion coordination of 10.5 and anion about cation coordination of 4.6 with 

a distribution ranging from 4 to 6 for n Zn-C1 ' 4 to 14 for Ucl-Cl and 5 to 

7 for nZn-zn' These coordination numbers lie within the upper limit of the 

experimental range. However, it may be noted that the experimental partial 

radial distribution functions are obtained from the total partial 

structure factors by arbitrarily fixing one to begin with and allowing for 

variation in anyone of the partial structure factors as the other two 

are held constant [163, 164]. Hence, the extent of error can perhaps never 

be exactly predicted. 
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The distribution of coordination numbers in the liquid simulated by 

using the potential developed in this work (KDR) is 53% tetrahedral 

coordination, 31% five-fold coordination and 16% six-fold coordination. 

These percentages show that the system is predominantly tetrahedrally 

coordinated with a combination of pentahedral and octahedral "'.-coordinations. An examination of the coordination of the particles within 

the simulation cell clearly show that the different polyhedra are 

uniformly distributed through out the simulation cell. There is no 

preference for any cation to have a particular unlike ion coordination 

near the borders or in the centra; region of the simulation cell. 

Therefore, ruling out any artifact which may have arisen beacuse of the 

periodic boundary condition. Nevertheless, there is good agreement between 

the partial radial distribution function of the KDR model and the 

experimentally obtained functions (see Table XV). 

Figures 79 a-c show plots of radial distribution functions for the 

WAC, KDR potential and for the experimental functions of molten ZnC12 at 

1200 K, respectively. The experimental values for the unlike ion 

coordination and the relatively broad peak in the range 4.5 to 5.6 A(see 

Figure 79(c» for the plot of the experimental functions suggests the 

presence of some five and six fold coordination in the zinc chloride 

structure studied by Enderby et a1.[163]. Examination of the g+_ partial 

radial distribution function in Figure 79(b) shows tthe major peak, 

corresponding to the first nearest-neighbor distance at 2.3 A, which is 
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consistent with the experimental minimum distance of approach for chlorine 

ions about zinc ions. However, the unlike ion radial distribution function 

exhibits additional features beginning with a plateau at 4.4 A, followed 

by a more prominent peak at 5.6 A. 

Figure 79(b) gives values of 3.8 A and 3.6 A for the first neighbor 

distances for the like zinc and chlorine ion pairs respectively. A ratio 

of rc1-cdrzn-Cl = l. 57 ::::: J8/3 is in good agreement with the ratio of l. 62 

observed by Biggin and Enderby [163], suggesting that the KDR model 

consists primarily of Zn2+ ions occupying tetrahedral sites provided by the 

Cl- ions. Further, it can be seen that r zn-zn < 2 (rZn-Cl), which is 

characteristic of ZnC1 4 -2 tetrahedra sharing corners with Zn-C1-Zn angles 

of < 1800
• An estimated bond angle of 111.20 is in excellent agreement with 

the observation by Biggin and Enderby [163]. 

This arrangement of the Zn2+ and Cl- ions satisfactorily expalins the 

Zn-Zn first correlation distance of 3.8 A. A calculation of the second 

nearest-neighbor distances for the tetrahedrally coordinated Zn2+ ions 

gives a value of 4.3 A for the closest second nearest-neighbor distance 

and 5.55 A for the farthest second neighbor distance. Similarly 

conservative estimates for the closest and farthest second nearest 

neighbor distances for tetrahedra sharing corners with. pentahedra and 

octahedra as well as for edge sharing pentahedra and octahedra give values 

of 4.5 A and 5.69 A, respectively. It can also be conjectured that a 

slightly smaller distance of approach for the Cl-Cl ion pair (3.6 A) may 
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be responsible for the significant number of six fold coordinated cations. 

A large fraction of six fold coordination may explain the accentuated peak 

near 5.6 A. 

The advantages of the present model over the WAC and other related 

models can be seen from the exact prediction of the Zn-Zn distance of 

approach, and the Zn-Cl-Zn bond angle of 111.2°. The reduction of the 

extent of Zn-Zn repulsion has successfully brought the cations closer and 

therefore reduced the Zn-Cl-Zn bond angle. However, this modification 

creates an unreasonably large amount of five- and six fold coordination 

which is thought to be a consequence of the shorter Cl-Cl distance. The 

accomodation of the fivefold and sixfold coordination necessitates that 

the structure be "defected" resulting in an equilibrium volume larger than 

expected. The open structure generated by the present model, however, does 

not affect the total internal energy of the system to a large extent. 

Table XV shows the values for the energy. The present model results in 

good agreement with the experimental values for the energy as compared to 

the values obtained by using the WAC potential. This suggests that the 

total energy is largely controlled by the short range structure, rather 

than the global arrangement of basic polyhedra. 

The MD simulations of the liquid that was performed require long 

equilibriation times providing for 15% volume fluctuations. These 

fluctuations are howver, not accompanied by any substantial changes in the 

chlorine coordination about the zinc. This observation is beleived to be 
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as a result of an artifact of the Parrinello and Rahman technique 

particularly at high temperature where there is a generation of shearing 

stresses. These stresses are generated as a result of the algorithm 

allowing for shape changes for the simulation cell. Therefore, there are 

large fluctuations in the volume generated. The structure of the liquid 

represents a polymeric nature in which the individual motion of the ions 

is brought about by an overall change in the orientation of the network 

due to steric restriction rather than movement by ionic jumps. Evidence 

for such a network arrangement has been brought to light recently by 

Magazu et al. [171]. They have used photon correlation spectroscopy to 

analyze the relaxation processes in molten ZnC12 • They observed an 

anomalous expansion across the melting point which is characteristic of 

a viscoelastic polymeric network. 

An increase in the mass of the border of the simulation cell, W, would 

resul t in a higher viscosity of the melt and larger relaxation times. 

Further simulations using the KDR potential were performed with a larger 

w. This latter condition more closely models a small volume of liquid 

embedded in a much larger volume of more viscous liquid. It was observed 

that a ten fold increase in the mass of the borders reduces the volume 

fluctuations to 0.25% of the average volume. This behavior is believed to 

be related to the network nature of the liquid, wherein increasing W 

causes for an increase in the steric restrictions. These restrictions, in 

turn reducing the mobility of the basic polyhedra, and thus the 
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fluctuations in the volume. 

The KDR potential developed in this work gives a realistic description 

of the ZnC12 liquid state than that described by previous models. The Zn2+ 

ions are predominantly tetrahedrally coordinated along with some fivefold 

and sixfold coordination. The tetrahedra share vertices with a Zn-CI-Zn 

triplet angle of 111.2°. The first nearest neighbor distances for Zn-Cl, 

Zn-Zn and Cl-Cl pairs are 2.3, 3.8, and 3.6 A, respectively, thereby 

showing good agreement with the experimental partial radial distribution 

functions. The model also shows good agreement with the total internal 

energy. It is shown that despite the partial covalent nature of the Zn-Cl 

bond, it is possible to use purely rigid ionic models to describe the 

structure and properties of ZnC12 contrary to the opinion expressed by Desa 

et al. [164]. The successful representation of the ZnC12 liquid state 

provided impetus on the use of this model in further MD simulations of 

ZnC12 glass. Studies on the structure of the vitreous state of ZnC12 and 

effects of cooling rate on the glass transition were therefore performed 

and the following sections provide the results of these simulations. 

5.9 Glass formation studies of ZnC12 

In contrast to MX salts such as NaCl, ZnC12 can be made into a glass 

very easily using conventional glass forming techniques. Two different 

sets of pair potentials were used for this study, the first is a slightly 

modified version of the potential used by Yoodcock et al. referred to 

hereafter as "modified YAC potential". The other one is a fundamental 
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revision of the same potential namely, the KDR potential which has been 

described in great detail in the previous sections. Both potentials were 

used to simulate a system containing 324 ions (216 anions and 108 

cations). Both systems were simulated under a constant hydrostatic 

pressure of one atmosphere. The integration time step is 0.65 x 10-14 s. 

Glass formation and supercooling using both models has been studied with 

a fully equilibrated liquid as the starting phase. The effect of the mass 

of the boundaries of the simulation cellon the ability to form a glass 

has been also investigated. 

A. The modified WAC model 

All simulations using this model were performed with W = 5. The liquid 

state was obtained by heating the ZnC12 crystal to 1200 K followed by an 

equilibrium period lasting 700 integration steps. The resultant liquid is 

comprised essentially of tetrahedrally coordinated polyhedra. The 

distribution of the unlike ion coordination shows 68% fourfold 

coordination, 25% fivefold coordination with sixfold coordination 

constituting only 7%. The partial radial distribution functions give 

values of 2.2, 3.55, and 4.2 A as the first neighbor distances for Zn-Cl, 

Cl-Cl and Zn-Zn, respectively. The distance rZn_zn Z 2 (rZn-Cl) indicates a 

linear linkage of the Zn-Cl-Zn triplet. This linear arrangement is also 

confirmed by the secondary peaks at 5.3 and 7.3 A for the g+_ and g++ 

radial distribution functions. 

----------- ~~~---- .~----~~ 
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The maj or difference between the modified WAC potential and the 

original WAC potential lies in =he Zn-Zn distance of 4.2 A as opposed to 

4.7 A while the experimentally observed distance is at 3.8 A. This 

improvement resulted from the introduction of a Van der Waals attraction 

term to the catio-cation potential. The modified WAC potential yields a 

value of 60.78 cm3/mo1 for the equilibrium volume at T= 1200 K which is in 

excellent agreement with the experimental value of 61 cm3/mol. The totla 

energy, on the other hand, is still far from the experimental value (9% 

larger), nevertheless representing an improvement over the energy obtained 

with the WAC potential which was in excess of 17%. 

ZnClz "glasses" were prepared by cooling the equilibrium liquid along 

two paths. In path 1, the liquid is quenched to 900 K and held for 6000 

time steps, it is then subsequently quenched in a sequence of steps of 100 

K. At every temperature, the system is then annealed for a period of 1000 

time integration steps with time averages calculated during the last 800 

time steps. This procedure results in an integrated cooling rate of 1.9 

x 1013K/s. Path 2 consisted of essentially freezing the liquid at 200 K and 

then equilibrating the system for a period of 1000 time steps. Along path 

1 the volume and enthalpy vary linearly with temperature and no 

discontinuity in the first derivatives with respect to temperature is 

noticeable. The variation in the volume V, enthalpy H, and energy E, with 

temperature are given in the form 

V(cm3/mo1) = 5.74 x 10-3 T (K) + 54.376, 



H(kJ/mol) 

E(kJ/mol) 

0.1058T(K) - 2440.15, 

0.063T(K) - 2440.92. 
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The absence of change in expansion coefficient and heat capacity 

suggest no perceptible glass transition, in agreement with the behavior 

of tetrahedrally coordinated network glasses wherein relaxation arrests 

occur primarily by steric restrictions. The average coordination number 

for the Zn-Cl ions does not show any significant change as the liquid is 

cooled. However, the distribution of the unlike ion coordinations of the 

glass at 200 K indicates a slight increase in the pentahedral coordination 

to 28% and a corresponding decrease in the octahedral coordination to 4%. 

The glass produced during path I retains the tetrahedral network nature 

of the liquid. 

Freezing the liquid to room temperature (path 2 does not alter the 

structure of the glass in any appreciable manner. The coordination numbers 

for this glass do not indicate any significant difference with the glass 

obtained via path 1. Moreover, the equilibrium volume of this latter glass 

is, within statistical error equal to the volume of the glass obtained in 

path 1. This observation is again in agreement with the network nature of 

the system. 

B. KDR Model 

The KDR potential has been shown to give a realistic description of 

the ZnCl2 liquid state described in the presceeding sections. The liquid 

consists of tetrahedra sharing vertices with a Zn-Cl-Zn triplet angle of 

------------ -------------- ----
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111.2°. The first nearest-neighbor distances for Zn-Cl, Zn-Zn, and Cl-C1 

pairs are 2.3, 3.8, and 3.6 A, respectively. 

The liquid at 1200 K, however, comprises of not only 53% fourfold 

coordination but also of 31% fivefold and 16% sixfold coordination. 

The equilibrium liquid at 1200 K used as starting point in the cooling 

processes has been obtained with a procedure identical to the modified WAC 

potential. It was observed that a 10-fold increase in the mass of the 

borders reduces the volume fluctuations of this liquid from 15% to 0.25% 

of the average volume. Glass formation has therefore been studied with 

paticular relevance to the role played by the mass of the borders of the 

simulation cell. Two different values were used for the mass of the 

borders, in one case a value of 50 and in the other a combination of 50 

and 5 was used. The results of these simulations will be reported as two 

different cases. 

1. Effect of large mass of the borders of simulation cellon glass 

formation 

Glass formation in this case has been studied by cooling the liquid 

along two different cooling paths. Path 1 similar to the modified WAC 

liquid consists of cooling the liquid to 900 K and then to 700 K. 

Simulations at each of these temperatures were conducted for 6000 time 

steps. Subsequently, the liquid is cooled at intervals of 100 K followed 

by an annealing period lasting for 1000 steps. Time averages were 

calculated over the last 5000 steps for the long simulation and over the 
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last 800 steps for the short one. Path 2 represents an infinite cooling 

condition. The liquid state is frozen instantaneously at 200 K and 

annealed for 6000 time steps. Equilibrium properties are calculated over 

the last 4000 steps. The variation of thermodynamic properties such as 

volume and enthalpy with temperature has been studied. The temperature 

dependence of the volume is illustrated in Figure 81. Both volume and 

enthalpy exhibit a prominent break in their respective first derivatives 

at a temperature of 600 K approximatley. This discontinuity is 

characteristic of a glass transition with a ratio of 

l. 2. The arrest temperature is tentataively called 

glass transition temperature. 

Two distinct contributions to the variation in the coordination numbers 

above and below the glas transition temperature are reported. The partial 

radial distribution functions and distribution of coordination numbers at 

700 and 300 K are collected in Figure 82. The unlike and like ion 

coordinations of the liquid increases upon cooling from 1200 K to 700 K. 

A loss of 7% and 9% of fourfold and fivefold coordination, respectively, 

to the sixfold coordination occurs. The increase in the number of 

octahedra results in the appearance of new correlation distances in the 

partial radial distribution functions. The unlike ion pair distribution 

function shows two additional peaks at 4.5 and 7.9 A corresponding to 

second and third nclosest distance of approach for unlike ions in a 

configuration of tetrahedra sharing corners with octahedra. Similar 
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evolution of peaks are seen for in the partial radial distribution 

function for the like ion pair of Zn-Zn at 6.6 and 5.7 A. These peaks are 

also a consequence of an increase in the six fold coordination linkages. 

On further cooling below the glass transition temperature the fourfold 

coordination decreases by another 3.7% transforming to the sixfold state. 

There is an onset of split in the peak for the radial distribution 

function g++ at 4.2 A at 600 K. The split becomes very prominent at 300 K. 

However, there is no evidence of any split in the Cl-Cl pair radial 

distribution function suggesting that the CI-Cl bond does not undergo any 

significant changes during cooling. The split observed in the peaks for 

the radial distribution function g++ is attributed to the increase in the 

six fold coordination. In order to fit the emerging octahedra into the 

structure it is necessary to distort them. The distorted octahedra have 

an unlike ion shortest distance of approach of 2.9 A which is larger than 

the characteristic distance of 2.3 A. The linkage of distorted octahedra 

through their edges results in a Zn-Zn distance of 4.2 A . 

5.9.1 Structure of slow cooled and rapidly quenched glass: 

Cumulative radial distribution function (RDF) plots for the glass at 

200 K obtained by path 1 and the rapidly quenched glass obtained by path 

2 are superimposed in Figure 83. The structure of both glasses are very 

similar and compare very well with the experimental plot obtained by Desa 

et al. [164] for vitreous ZnClz shown in the inset. Though the RDF of the 

slow cooled and rapidly quenched glasses are very similar, there is 
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Figure 83. Cumulative radial distribution function for ZnC12 
glass at 200K with W = 50 . Solid line represents 
the distribution for rapidly quenched glass while 
the dashed line represents the distrib~tion for 
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cumulative radial distribution function obtained 
experimentally [164] and the unlike ion 
distribution of coordination numbers. CN of 4.954 
and 4.88 refer to the average coordination numbers 
for the glass obtained along paths 1 and 2, 
respectively. 
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considerable difference in the distribution of coordination numbers for 

the unlike ion pair. The distribution of coordination numbers for the 

rapidly quenched glass and the slow cooled glass is also reported in 

Figure 82. The rapidly cooled glass retains about 5.6% more fourfold 

coordination as compared to the slow cooled glass. It also retains a 

smaller percentage ( 3.7% ) of fivefold coordination. Slow cooling allows 

for more diffusion process to operate resulting into more fivefold and 

sixfold coordinations. Evidence for the arrest of diffusional relaxation 

is also found in the average values for the equilibrium volume vs 

temperature graph (see Figure 81). The volume of the rapidly cooled glass 

is higher than that of the slow cooled one. In the case of ZnCl z • the 

nonobeyance of this equation could be hypothesised to be due to a 

nonlinear relationship of volume and diffusivity as steric relaxation is 

also expected to play an importeant role in densification uupon cooling. 

In the rapid quench lasting 6000 time steps. the first 200 steps is the 

time frame during which a major portion of the diffusional and seric 

relaxation occurs. The volume drops by 8.2 % during this interval. Beyond 

the first 200 steps. we find that no further steric relaxation takes place 

resulting in a negligible volume fluctuation of only 0.3 % in the last 

4000 time steps of smiulation. Thus the resultant glass configuration 

retains a large fragment of the four fold coordination from the liquid. 

---------------------- ---- -----
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2. Effect of smaller mass of borders on glass formation 

The effect of decreasing the mass of the borders was studied by using 

a combination of two different values for the parameter W during the 

process of cooling. The liquid structure was subjected to two cooling 

paths identical to those described in case 1. Two values were used for the 

parameter W during the course of the slow cooling schedule. The mass of 

the borders was set to 50 in simulation above 700 K. All simulations at 

700 K and below were performed with W being assigned a value of 5. 

Effect of the colling rate on the thermodynamic variables, namely, 

volume and enthalpy was again studied. Effect of reduction in the values 

for W is clearly reflected in the volume-temperature plot (see Figure 81). 

The plot shows a prominent discontinuity at 500 K which is 1000 below the 

arrest temperature obtained in case 1 and approximatelylOO° above the 

experimentally observed glass transition. The ratio of heat capacity for 

the liquid and glass, Cp (liq)/Cp (glass) is 1.2 as in case 1. We conclude 

that the parameter W affects the mobility of the ions and hence the 

fluidity of the melt resulting in lower glass transition temperature, the 

ration of heat capacities across Tg remaining constant. 

5.9.2 Effect of cooling rate on structure of the glass: 

The structure of the slow cooled glass exhibits identical features 

similar to those of the glass discussed in case 1. Increases in the 

sixfold corrdination is again abserved. This increase is, however, much 

more prominent than it was in the earlier case. At 700 K, the distribution 

----------_ ... __ .. _- .... - .-. -_.- .•. 
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of unlike ion corrdination calculations indicate 42 % fourfold, 26 % 

fivefold and 32 % sixfold coordination resulting in an average 

corrdination of 4.91. The fourfold coordination decreases by 11.1 %, the 

fivefold coordination decreases by 5.6 % with reference to the liquid. 

Thus in contrast to case 1, reduction in W causes for a larger transfer 

of fourfold coordinated Zn2+ to sixfold coordinated Zn2+. However, as the 

liquid is cooled to, and below the Tg of 500 K the fivefold coordination 

shows a larger percentage decrease in comparison to four fold 

coordination. 

This result in an overall increase of about 26% in the sixfold 

coordination as opposed to 21 % in case 1 for the glass at room 

temperature. 

The radial distribution function for the system at each of the 

temperatures shoes essentially the same features as in case 1 including 

the split in the peaks for the partial distribution fuctions g+ _ and g++ 

at 2.9 and 4.3 AO, respectively. 

Structure of slow cooled and rapidly cooled glasses: As in case 1 

calculation of the distribution of coordination numbers for unlike ions 

reveals 35.2 % fourfold coordination, 19.4% fivefold coordination, and 

45.4% sixfold coordination in case of the glass obtained by slow cooling 

at 200 K whereas, the rapidly quenched glass exhibits a distribution of 

coordination numbers of 48.15 % fourfold coordination, 18.52 % fivefold 

coordination, and 33.33 % sixfold coordination. 

----------- .. _-- .. _---



263-

An equilibrium volume for the rapidly quenched glass ( Figure 81) very 

close to that of the slow cooled glass at 200 K, reflects a more complete 

relaxation process. This is evident from the 11.1 % drop in volume seen 

during the first 200 time steps of the total 6000 in the rapid quench as 

opposed to only 8.2 % seen for the rapidly quenched glass in case 1. 

In order to study any possible crystallization the room temperature 

glass in case 2 was gradually heated up to 800 K at interval of 100 K, 

similations lasting for 1000 time steps at each of the intervals. However, 

the glass seems to shm,T no obvious signs of any crystallization. The 

volume tends to follow the same behavior observed during cooling even on 

increasing the annealing time to 2000 time steps. The heat treated glass 

at 800 K shows no change in the average coordination number for the unlike 

ions from that at 200 K. Experiments carried out by O'Bryan et al.[160) 

on ZnClz glass indicate crystallization onset at 470 K. The resistance to 

crystallization in the computer glass would therefore be due to either 

the high heating and cooling rates in comparison to the rates observed in 

laboratory experiments, requiring therefore very long holding times at 

each of the heat treatment temperatures to perceive any substantial 

crystallization or the absence of heterogeneous nucleation sites. 

B. Interatomic potential and glass formation 

In the present work, different effective interatomic potentials have 

been used. These potentials mimic the behavior of materials with different 

bonding charateristics. The WAC potentials for ZnC12 give an effective 
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representation of a materials with covalent bonds. The KDR potentials 

reproduce the behavior of a partially covalent system (57 % covalent ). 

The large ionicity in two of the modles being reflected in the repulsive 

nature of the potential. The large repulsion term in the-. potential 

enhences the hardness of the potential inducing more ionic character. This 

ionic nature allowing primarily diffusion mechanisms to operate in 

relaxation behavior of the glass and the configurational arrest 

temperature bearing a direct relation to the disappearance of diffusional 

activity. More pronounced discontinuities in heat capacity and thermal 

expansion coefficient are observed for the systems with large ionic 

nature. In the case of WAC model, the system behaves like a polymeric 

network. The softness of the potential tens to smear out the glass 

transition region. This is because the transport properties such as 

diffusion ans viscosity so relevant to glass formation are strongly 

dependent on the repulsion terms in the pair potentials [173). The 

polymeric nature of the model allows only steric relaxation and thereby 

does not alter the structure but only the orientation of the basic 

polyhedra. As a result, there is no visible glass transition per se in the 

volume temperature plots, The activation energy for steric relaxation 

being small. 

The KDR model on the other hand induces a combination of network and 

ionic behavior. Upon cooling there is an increasing trend for the system 

to accept the preferred sixfold state. However, it may by mentioned that 
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even though on cooling an large fraction of the unlike ions prefer the 

sixfold state, stoichiometry of compound limits this transformation to no 

more 50 %. This increase in the sixfold coordinated cation results in edge 

sharing octahedra. The Zn-Zn distance of 4.2 A for edge sharing octahedra 

yield a splitting in cation-cation radial distribution function for glass 

(see Figure 82). 

c. MD technique and glass formation 

The results discussed in the preceeding section show the important role 

played by the parameter W, the mass of borders, in the structureal 

relaxation and ionic mobility in the glass. A large value of this 

parameter lowers the mobility of the ions, in effect, increasing the 

viscosity and bringing about an early arrest in the structure. The glass 

transition temperature Tg scale with W. It may be noted that a very large 

value of W would make the borders totally rigid simulating conditions of 

constant volume which is not a satisfactory procedure to simulate a normal 

laboratory condition for obtaining glasses. On the other hand, lowering 

the value for the parameter W increases the diffusion rate of the ions 

which in turn allows more ions to occupy the preferred sixfold coordinated 

state. As shown in the discussion above at low tempera'tures alarge 

fraction (8.3 %) of the cations favor octahedral sites in the glass for 

the system with a not so rigid boundary wall (i.e., W = 5) in comparison 

to the glass with a more rigid boundary (W = 50). In as much as the 

coordination of the ions are affected the mass of the borders seem to 
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have a negligible effect on the radial distribution function. A close 

similarity can be drawn in the results obtained with the mass of the 

borders and the cooling rate. Lowering the mass appropriately correlates 

to a slower cooling rate and consequently a lower glass transition. One 

can therefore envisage that a further decrease in the value of W could be 

advantageous in lowering the glass transition further beyond 500 K of the 

ZnCl2 system. However, long computational tiimes needed for obtaining good 

equilibrium values and the computational costs involved would make this 

operation an uphill task. 

In conclusion it can be summarized that the technique of molecular 

dynamics within the use of proper scientific jurisdiction provides 

valuable structural and thermodynamic information. The technique is mainly 

governed by the accuracy of the interatomic potential. In all cases the 

technique provides results that are in agreement with experiment wherever 

available or with the general rules of glass formation. 

5.10 Molecular Dynamics Simulation of Lanthanum Sulfide 

The MD technique works very well for a completely ionic system because 

the particles are treated as point charges and the forces of attraction 

and repulsion are not angle dependent since there is no polarization 

effects of the charges involved. Hence, the application of this powerful 

technique for the study of covalent systems is always debatable. 

Nevertheless, the results of the present work in the case of ZnCl2 showed 

----------------- ------
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that even with a system with a rather large amount of covalency (57%), it 

was possible to simulate the exact liquid and glass structure. The success 

of the technique in the case of ZnG12 provided the encouragement to extend 

this technique for the study of cubic ~ La2S3 phase. 

The cubic form of lanthanum sulfide has the Th3P4 defect structure and 

possesses the BGG cell structure. Based on the analysis of Zachariasen 

[23] and the GBED work performed on the sample in this work, the space 

group for this cell type was identified to be 143d. The ~ phase of La2S3 

is a defect structure with metal vacancies. The unit cell consists of 

sixteen S atoms and 10 2/3 La atoms with the vacancies constituting 4/3 

of the atomic sites. The metal vacancies are randomly distributed such 

that every ninth site is vacant. If all the metal sites are occupied then 

the stoichiometric La3S4 form of the compound results which exhibits 

metallic properties and hence is not a good optical material. It was 

decided to perform simulations at room temperature to simulate the 

crystalline structure of the defect cubic phase. The simulation cell 

consisted of 300 particles (180 anions and 120 cations) with 72 vacancies 

at the metal sites randomly distributed. The cell was a rectangular cube 

with cell dimensions of 19.63 A x 19.63 A x 28.4 A. The cell'was arranged 

with alternating layers of La and S. The simulations were performed at one 

atmospheric pressure with the integration time step being 1.5 x 10-14 s. 

All simulations were performed at room temperature for an initial short 

time steps of 100. 
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5.11 Results of the simulation of cubic lanthanum sulfide 

Since there was no information available regarding the pair potentials 

for La- S interactions, it was decided to begin with the available 

potential for alkali metal sodium. The similarities in the reactivity of 

the two metals justified the use of these pair potentials. The values for 

the pair potentials were obtained from the handbook of Interatomic 

Potentials[174]. Several values for the attractive and repulsion 

coefficients were tried in an attempt to simulate the crystalline 

structure. However, no success was achieved in obtaining a good 

equilibriated structure. The reasons for this are highlighted in the 

discussion below. In the analysis above for the case of ZnClz it was shOlvn 

that in the case of systems that are covalent, the lack of angle dependent 

terms in the interatomic potentials responsible for charge polarizations 

make it extremely difficult to simulate the structures. In the case of 

ZnClz , calculation of the fractional ionic character, f, as defined by 

Pauling[166] is 

fAB = l-exp(-O.2s(XA - XB)z) 

which gives. a value of 0.43 for f. This indicates that ZnClz is only 43% 

ionic. Application of the same equation for La and S results in a value 

of f = 0.39, which means the sulfide is 61% covalent. Therefore, 

simulation of LazS3 in the cubic form without having any angle dependent 

and polarization terms is very difficult. Further, in the case of ZnClz , 

------------------------------- ----------
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it was shown that the KDR potential resulted in describing the liquid and 

glass structure in good agreement with literature. This is because the 

potential described the short range structure of the liquid and glass in 

a perfect manner. It was shown that the combination of the attraction and 

the repulsion terms in the ZnCl2 potential (in as much as it is important 

for obtaining the correct Zn-Zn correlation distance) creates an 

unreasonably large amount of five fold and six fold coordination in the 

liquid state. These five fold and six fold coordination are responsible 

for the accentuated peaks near 5.6 A and the peaks at 4.5 A and 5.69 A 

which correspond to closest and farthest second nearest neighbor distances 

for tetrahedra sharing corners with pentahedra and octahedra. Hence, the 

results prove to be in very good agreement as far as the short range order 

is concerned which is most predominant in the liquid and glass state. The 

same potential may. therefore, not give very good correlation for the 

crystalline state where long range periodicity is more important. 

The same argument can be extended for the case of the simulation of the 

sulfides. Thus, while it may be possible to simulate lanthanum sulfide 

liquids and glasses. by the MD technique as discussed earlier. the 

structure interpretation for largely covalent systems is highly prone to 

ambigui ty, specially in the absence of experimental data and accurate 

angle dependent interatomic potentials. The experimental difficulties due 

to the refractory nature, the volatile components and containment problems 

make it practically impossible to synthesize bulk glasses of La2S3 and 

-------------------- - --._.-
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study its liquid structure. Thus, the absence of any experimental evidence 

will render the results subject to question. 



6.1 Conclusions 

CHAPTER SIX 

CONCLUSIONS AND FUTURE WORK 

The conclusions from this work can be summarized as follows: 

271 

1. Novel synthesis routes were developed to synthesize amorphous cubic and 

tetragonal lanthanum sulfide precursors. The precursors were heat treated 

in hydrogen sulfide to obtain single phases of the cubic and tetragonal 

forms at 10000C for Bh. The precursors were ultrafine with particle sizes 

in the range of 20 nm. 

2. Heat treatment of the precursors in inert conditions at 10000C resulted 

in the formation of single phase LazOzS particles about:::: 1 J-Lm in size. The 

oxysulfide powders derived from the tetragonal precursor had more 

hydrocarbon than the oxysulfide derived form the cubic sulfide precursor. 

3. Heat treatment of the precursors in hydrogen sulfide at lOOOoC for Bh 

resulted in the formation of ~ and ~ phases of lanthanum sulfide. The 

transformed particles were around 1-3 J-Lm in size. The ~ phase particles 

had a sperical morphology with rounded edges. The tetragonal sulfide 

powders were:::: 1 J-Lm in size. Both the 'sulfide particles were partially 

sintered. 
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4. Hot pressing of the 1 phase particles resulted in dense ceramics with 

grain sizes ~ 6 ~m. Infrared transmission measurements made on 9 mm thick 

samples showed a transmission cut-off at ~ 13 pm. The samples exhibitted 

25% transmission because of probable impurities and reflection losses. 

5. The tetragonal precursor contains ~ 5.3 wt% S whereas the cubic sulfide 

precursor has 8wt% sulfur. An amount less than 8 wt% sulfur would result 

in the formation of the ~ phase of lanthanum sulfide because the oxygen 

stabilizes this structure. 

6. Glass formation was studied in the GeS2-La2S3 system. Two compositions 

were studied, 60 mol% and 92.5 mol% GeS2. Glasses were made by normal air 

cooling. The composition with 60 mol% GeS2 resulted in clear transparent 

ruby red glasses. Glasses rich in GeS2' showed phase separation. 

7. Thermal analysis indicated these glasses to have a glass transition 

temperature of 590°C and a crystallization temperature of 710°C for the 60 

mol% GeS2 glass, wheras the glass with 92.5mol% GeS2 indicated a glass 

transition temperature of 420°C and a crystallization temperature of 559°C. 

8. Glasses rich in GeS2 showed primary (60-800 A) and secondary (30-130 A) 

phase separation. The phase separated droplets were amorphous. 
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9. Molecular dynamics simulation studies were made on halide glasses of 

ZnClz. An empirical model was developed for ,the ZnClz liquid. Glasses 

structure and liquid structure was studied. The mass of the borders play 

an important role in glass formation. A rigid border of W=SO resulted in 

a glass transition of 6000K whereas a combination of W=SO and W=S resulted 

in a glass with a glass transition of SOOoK. The model is in good agreement 

with the experimental and gives a correlation of 3.8 A for the Zn-Zn 

distance. Attempts were also made to simulate crystalline LaZS3. but the 

large degree of covalency (61%) makes this a study a rather uphill task. 

Future Work 

The present work was focussed primarily on developing new and 

sophisticated processing routes for the synthesis of rare earth sulfides 

for optical applications. A systematic study to understand the reaction 

mechanism and optimization of the hot pressing conditions for sintering 

the powders would be very useful and also to study the effect of the hot 

pressing time temperature conditions on the transmission. A detailed 

understanding of the difference in the precursors using spectroscopic 

techniques to understand the structural differences in the precursors 

would be extremely useful. 

In the present work the alkoxide was used as obtained commercially. it 

would be worth while to study and use the molecularly modified alkoxides 

of lanthanum with acety1acetonate and study the su1fidization of these 

'~I) 
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modified alkoxides and see the effect on the sulfidization. This work also 

opens up other areas of research on studying the processing of other rare 

earth sulfides using the wet chemical approach. Different sulfidization 

agents could be incorporated to see the effect of them on the 

sulfidization such (C2Hs)2S, ethylene disulfide, and also use of mercaptans 

which would result in the formation of new and novel precursors that could 

optimize the sulfidization reaction times. 

Glass formation was studied using the lanthanum sulfide, other 

compositions could be studied in this system and a detailed investigation 

of the effect of composition on thermal and optical properties could be 

studied. It would also be interesting to investigate the fluorescence 

properties of these sulfide glasses by doping the glasses with Nd2S3 • Phase 

separation was seen in these glasses, a study of the effect of the phase 

separation on the optical properties should be evaluated. This research 

could be extended to investigate glass formation in other rare earth 

sulfides and study for possible phase separation and its effect on the 

microstructure. 

Molecular dynamics was used to study the structure of ZnClz glasses and 

liquids. Glass formation was studied and the effect of mass of the borders 

on the glass formation was studied. This is a very powerful technique to 

study dynamical properties of systems. The limitation of this technique 

currently is that it can be used to study ionic systems very easily. 

Future efforts could be directed to modify the technique and include angle 

----------_. __ ._-- -'-- ---
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dependent parameters to study covalent materials such as LaZS3 and study 

the structure of this sulfide and also predict its optical properties. 

--------------------_._-- --
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