Physical Properties of
Amorphous Materials

Edited by
David Adler

Massachusetts Institute of Technology
Cambridge, Massachusetts

Brian B. Schwartz

Institute for Amorphous Studies

Bloomfield Hills, Michigan

and Brooklyn College of the City University of New York
Brooklyn, New York

and

Martin C. Steele

Institute for Amorphous Studies
Bloomfield Hills, Michigan

Plenum Press * New York and London



CONTENTS

INtrOAUCELION i ittt eeneeeeeenssccanssossssssssassass
D. Adler

PART ONE: GENERAL PROPERTIES

Chemistry and Physics of Covalent
Amorphous Semiconductors
D. Adler

I. INtrodUCtion . v eeeeeeeeecooeceoeasoeceaes .

II. Solid State Theory
A. General Approach ......ciieeeeeenns
B. Structure .......citt ittt teccncn
C. Adiabatic Approximation and
Vibrational Structure ...........
D. Electronic Structure .......ceceeees

III. Crystalline Solids
A. Conventional Viewpoint ............
B. Alternative Viewpoint ........c.c0..

IV. Effects of Disorder .....ceceeeeveccnacs
V. Experimental Tests of the CFO Model
VI. Defects in Amorphous S0lids .......c.c...

VII. Amorphous Silicon Alloys

Defects ..iiiiiieeeeteeencecnnocans
Ground-State Electronic Structure .
Transport Properties .....ceeeceeeee
. Nonequilibrium Transport ..........
Metastable Effects ... nenen
. Effects of Fluorine ......ceeeeeee.

HEHUOQW

vii

19
22

25
33
40

45
56
65
69
71
73



viii

VIITI.

IX.

Fundamentals
S.R. Ovsh

I.
II.
IIT.
Iv.
V.
VI.
VII.

VIII.
IX.

The Constrai
D. Weaire

I.
II.
ITI.
Iv.

Amorphous Chalcogenide Alloys
A. Defects ..... ceesseconans

CONTENTS

e e e 0 00 000

B. Ground-State Electronic Structure..

C. Transport Properties ....
D. Nonequilibrium Transport
E. Switching ....cceeeeccens
F. Metastable Effects ......

Conclusions ..eeeeeiesnsesnnas
Acknowledgements ..... cecenane .
References .....ceveeennccones
of Amorphous Materials

insky

Indroduction ...eieeeceeceanss
Chemical Considerations ..... .
Thermodynamic Considerations .

Chemistry as a Design Tool ...

Mechanical Properties ...... .
Phonons ...ceeeeccessccss cevos
Materials Synthesis for Device

Applications.......ee.. e
Chemical Modification ....cc..
Conclusion .ceeeeeeeeess cecesee
Acknowledgments ...... ceseceas
References ..... cesesecccccses

PART TWO: STRUCTURE

nt of Discord

e e o 0 000000

Introduction .....eeee.. e eean
A New Way of Looking ...ceees.
Order and Disorder in Two Dimensions ...
Soap Cells .eveeeenens casesens
Acknowledgements ....e.eeceecee .

RefErencCesS ceeeeececososcssosnse

77
82
85
87
93
94

95
96
96

105
109
112
116
120
121

122
135
142
145
146



CONTENTS ix

Structural Studies of Amorphous Materials
A. Bienenstock

I. Introduction
A. Decription of Crystalline Systems.. 171
B. Description of Amorphous Systems ... 172

II. Radial Distribution Functions
A. Amorphous Silicon and Germanium ... 173
B. Amorphous Compounds with

Tetrahedral Coordination ...... .. 175

C. Elemental Amorphous Semiconductors. 176

D. Simple Metallic GlasSSe€S .ecevecesss 177

ITI. Polyatomic SyStemsS ...eceeeeceeeecoceasnns 178

IV. Synchrotron Radiation .....eeeeeeececens 186
A. Extended X-ray Absorption

Fine Structure ......eeceeeeeeaes 190

B. Anomalous X-ray Scattering ........ 194

C. Differential Anomalous Scattering.. 196

V. Future Synchrotron Radiation Research
on the Structure of Amorphous

MaterialsS .ceeeeeeeeececncaccacnnse 198
Acknowledgements ......... ceceereenene 199
References ...ceeeee.e. ceeseecene ceeee.. 199

EXAFS of Disordered Systems
E.A. Stern

I. Introduction ......... et et seneceneans . 201
II. EXAFS i eseceeecesecessoscosnscscsososssosns . 203

III. EXAFS Versus Diffuse Scattering for
Disordered SysStemMS..eeeeeeeeeeess 209
IV. Application of EXAFS to Amorphous Ge ... 212
V. Summary and COncluSionsS ...eeeecsceceoss 218
REfereNCEeS tiiiiereeiescosessconssceanaonns 219

Mossbauer Spectroscopy -- A Rewarding Probe of
Morphological Structure of Semiconducting
Glasses
P. Boolchand

I. Introduction ....ceecoeee cecececncans ceess 221
II. Mossbauer SPECLIrOSCODY «eveerensccoasans 224

A. Probe of Ge Sites in Network Glasses.. 227
B. Probe of Chalcogen Sites in
Network GlasSsSes ...eeeeeecoecncese 232



x CONTENTS

III. Experimental Results on GeSej
Glass and DiscusSSion ......ceoce..
A. Ge Chemical Order ...eecececeecesces
B. Se Chemical Order ...eceeeecscecoccses

IV. Structure of GeSej; Glass .......cccvunnn.

A, Diffraction Experiment .....e.ceee..

. Vibrational SpectrOSCOPY eeeeeeeees

. MOssbauer SpectroOSCOPYe.eeeeeeeesss
. Correlation of Raman and

MOssbauer RESULES..eeeeeceeccenns

oQw

V. Concluding REMArKS seeeevssecccscccansnes
AcknowledgementsS ..eeeecessocacscascssns

REfEIENCES veeeesoesessssecscsocscsaenses

Dislocation Mediated Pseudo-Melting at
Silicon-Metal Interfaces
B.K. Chakraverty

I. IntrodUCtiONn c..ceeeeecessccesoncccccnsns

II. Mechanism of Surface Shear-Mode
Softening
A. Electronic Mechanism .....cecececens
1. Modification of o .eeeeeccecaces
2. Modification O0f B ceeeecccceccesese
B. Elastic MechaniSm .cececeeececcoccocsces

Acknowledgements ...eececeeecccccccccccces

REfEreNncCeS teeeeeseesccoscsosscosoasocnsas

PART THREE: PHONONS

Vibrational Properties of Amorphous Solids
G. Lucovsky

I. IntroducCtioOn ...eceecececcocascasssccscs

II. Network Glasses: Oxides and
Chalcogenides .....cceeeerreecnes
A. Oxide Glasses I: V-GE02 .ieveevacns
B. Oxide Glasses II: V-AS503 eeeeeeens

C. Chalcogenide Glasses I:
v=As2S3 and v-GeSe) cieeencecanns
D, SUNMMAYY <2 essosessssssesssssssssscess

ITI. Alloy Atoms in a-Si Hosts ......ccecenee
A. General Considerations of
Alloy Atom BondinNg eeeeececcecssocecs

B. Theory of Vibrational Modes of
Alloy AtOMS ceeescsocoscscccssssse

253
255
256
257

266
267
269
270

274
274

277

278

278
287

292
297

297

297
302



CONTENTS

C.

Specific Alloy SysStemsS ..eeeceeesss

IV, SUMMAYY cceecescoscssesnosscssscsossscasncass

Acknowledgements ...eeecececescccccscccsas

References eceeeeeeeeeses ceescsasseccseane

PART FOUR: ELECTRONIC STRUCTURE

Density of States in Noncrystalline Solids

H. Fritzsche

I. Introduction c.eeeeecscececencccssnconcsces

IT1. Chemical Approach ..... ctessacecscssssen

IIT. ExperimentsS ..eeeeee-ees ceceseansessesas
A. Optical AbSOrptiOn ececeescscessscess

B.

C.

Determination of Tail States
DENsSities c.eececceccceccsccccans

1. Nonlinear Light Dependence

of Photoconductivity ...cc...
2. Time-of-Flight Experiment ......
3. Discussion of Tail States

DensitiesS ceeeecencsscocnccns
Determination of Gap State Density.
1. Field EffecCct ceeecessccnccncccss
2. Capacitance Method ..ceeeecsecns
3. Deep Level Transient

SPEectrOSCOPY cveescsccscccascse

IV. Concluding REMAYKS veeeeeceecesasasennss

Acknowledgements ..eecececceccccaccs ceeoe

References c.ceeeecescecsccscsscsscscncsnscs

Problems Relating to the Electronic Structure of
Amorphous Semiconductors

M.H. Cohen

I. Introduction ...ceeeeccsccccscscsscccancsas

II. Exponential Band TailS ...ecceeececcccas
IITI. The Lloyd Model ....iceeccoccceccccsccncs

IV. Shallow Impurity LevelsS ..ceeecesccceces

V. Deep LeVELS tteeeceescsccscsccsscscccsocsnss

VI. EXCLtONS ceeecevcecsacsssscssasscnsosssnsass

VII. Electronic TranSpPoOrt ceceececessscscscccces

VIII. Optical AbSOrption ...ccceecececcccccces

Xi

302
310
310
310

313
314
320
320
326

326
328

330
333
333
335
337
339
339

340

343
343
347
3438
349
349
352
357



Xii CONTENTS

AcknowledgementsS ceeceeecccccccccsascsacsos

REfErenCeS tieieeeccrscsascsnsoccccccccnsns

PART FIVE: NONEQUILIBRIUM EFFECTS

Nonequilibrium Transport Processes in Amorphous
and Other Low Conductivity Materials
H.K. Henisch

I. IntrodUCtion .eeeeececececccoccccccoanonssss

II. The Concept of Relaxation
SemiconduUCtOrS cvveeesvescscososs

III. Nonequilibrium Processes and
Transport EQUations ...eeesesecas

IV. Modes of Approach ...ceeeceeccececccscss
V. Computer SOlUtiONsS ..c.ecececccccccccnsss
VI. Systems wWith TrapsS .ecececececcesccccceasss

VII. Nonequilibrium Situations Without
Contact Effects ........ ceessaces

References ..iieieeeeessssscccescannnnsne
The Peculiar Motion of Electrons in Amorphous

Semiconductors
M.A. Kastner

I. Introduction ...ieieecseccesessccccncsens
II. Transient Photoconductivity seeeeeceoeces

III. Multiple Trapping Model of Dispersive
TranSpPort e.ececescesccscscscsacssse

References ...ceeeceecccccsscocscocssancns
Geminate Recombination and Injection Currents:

Diagnostics for Extended State Mobility
M. Silver

I. INntroducCtion .eeeeesesecccoscccccccscnscns
II. Geminate Recombination ...cececcececccsces

III. Transport Studies by Reverse Recovery
and Injection CurrentsS ...ceeeecee

ReferencesS ceeeececerocecececosccccsscnsaes

358
358

361

364

365
368
371
374

377
378

381
384

387
396

397
398

409
420



CONTENTS xiii

Light-Induced Effects in Hydrogenated Amorphous
Silicon Alloys
S. Guha

I. Introduction ...ceeeeecee cececccsssecases 423

II. Experimental Observations
A, Dark ConducCtivVitV .eeceecesesceceeces 424
B. Photoconductivity .eececeeveecceeess 424
C. Photoluminescence .....eceeeeseeeees 425
D. Direct Determination of Gap
State Distribution ..eeeeeeeceees 425

III. Origin of the Light-Induced States ..... 427
IV. Role of ImpuritiesS ..eieceesscseccsaeasss 430
V. Absence of ReCiproCity eeeeeececccceceess 432
VI. Degradation of Solar CellS .seeeeeeeeesss 434
VII. Concluding RemarksS seeeeececcesccsascasss 435
Acknowledgements ..eeeeccccccasssssscesss 436

ReferencCes ..eeeecescecececsscscsscsccncss 436

INACX v e eeeoeececeocsssssssacsssscssssccscesscssssscccses 439



