Electronic Processes on
Semiconductor Surfaces
during Chemisorption

T. Wolkenstein

Translated from Russian by
E. M. Yankovskii

Translation edited in part by
Roy Morrison

CONSULTANTS BUREAU ¢ NEW YORK AND LONDON



CONTENTS

CHAPTER 1. ELECTRONS AND HOLES
INASEMICONDUCTOR 5. iisimii ivsiie S el wniamms steme s

1.1. Order and Disorderin Crystals ............................
LETY: Typesof DefeCts v wvinens coswi srvaasg svms e savesis i
1.1.2. Propertiesof Defects .......... ...,

1.2. Electrical Conduction of Nonmetallic Crystals ...............
1.2.1. Factors Influencing Conduction ........................
1.2.2. Types of Electrical Conduction . ........... ... ...

1.3. The Mechanism of n- and p-type Conduction ................
1.3.1. Free Electrons, Holes, and Excitons ina Lattice . ...........
1.3.2. Energy Levels of ElectronsandHoles ...................

1.4. The Energy Spectrum of an Electron in an Infinite Crystal

Lattice ... ...
1.4.1. StatementoftheProblem ...............cc i,
1.4.2. Eigenfunctions and Eigenvalues ........................
1.4.3. A Three-Dimensional Lattice ..........................
1.4.4. The Energy SpectrumofaHole ........................

1.5. The Energy Spectrum of an Electron in a Finite Crystal

Ealtice: o vnan s sviemn sbmiveis S ofeiess S inses Sansy
1.5.1. StatementoftheProblem ............... .. ... ... .....
1.5.2. Eigenfunctions and Eigenvalues ..............oooviiiut.
1.5.3. Tamm and Shockley Surface Levels ................ ... ..

1.6. Statistics of Electrons and Holes in Semiconductors . ..........
1.6.1. The Fermi-Dirac Distribution Function ..................
1.6:2. #-and ptype Semiconductons . x wus samvewvs wamrwe e s o

ix

NolR B e e



1.6.3. Statisticsof Local States ........... ... ... iiiiitn.
1.6.4. The Position of the Fermi Level .......................
1.7. Limits of the Band Theory of Semiconductors ..............
1.7.1. Characteristic Features of the Band Theory ..............
1.7:2.. “The Validity of the: Band Thedry v v swwpigs dwmvsn
1.73. TheValenceBand ...........ccoiiiniiininnnnnann

CHAPTER 2. THE VARIOUS TYPES OF ADSORPTION .......

2.1. The Main Laws of Adsorption . ...........................
2.1.1. The Main Prerequisites for Langmuir’s Theory ...........
2.1.2. The Kinetics of Adsorption .. ...........c.ivuiiiinnn...
2.1.3. Adsorption Equilibrium .. ......... ... .0 i

2.2, Physical and Chemical Adsorption ........................

2.2.1. The Difference between Physical and Chemical

AQSOIDHON - vv v svvivin evmrs swaevis saes sveanias e

2.2.2. Calculating the Adsorption Minimum . ..................
2.2.3. Activated AdSOIption .. .......vvrirvin i
2.2.4. The Nature of the Activation Barrier .. ..................
2.3. “Strong” and “Weak’ Bonds in Chemisorption .............

23.1. “Weak” and “Strong” Donor and “Strong” Acceptor Forms

OF BRSSO o.coommmoenns s nissy SemmENy s §
2.3.2. The Various Forms of Chemisorption on Ionic Crystals . . . ..
233 EXEMPIES wuns viws o sians soeve a aiees Sieve s Deen 5

2.4. Radical and Valence-Saturated Forms

OECheMISOEPHION. o s smvinmss s omsmm Suams S x
24.1. Free Valences of a Sutface ¢ .vuvwie vvnvn snwe srvn vum sas
2.4.2. The Reactivity of Chemisorbed Particles ................

2.4.3. Examples of Radical and Valence-Saturated Forms

OF ChERMSOIPEGI o s s snlamssmmmn wamro

2.4.4. The Dissociation of Moleaulcs in Adsorption and the

Recombination of Chemisorbed Atoms .................

2.5. The One-Electron Bond in Chemisorption..................
2.5.1. Statementof the Problem .. ... cvvin svvnmn viman saua s
2.5.2. Eigenfunctionsand Eigenvalues .......................
2.5.3. The Polarization of a Chemisorbed Atom ................
2.6. The Two-Electron Bond in Chemisorption .................
2.6.1. StatementoftheProblem .............. ... ... ... ...
2.6.2. Eigenfunctions and Eigenvalues .......................
2.6.3. Free Lattice Electrons as Adsorption Centers . ............
2.6.4. Allowing for “Weak” Bonding ........................
2.7. Quantum-Mechanical Calculations in Adsorption Theory . ...
2.7.1. The Cluster ApproXimation . ............ceeveeueuennn

Contents

27
28
30
30
32
33

35

o
35
36
38
40

40
42
43
45
48

48
49
51

54
54
55

56

60
63
63
66
69
71
71
74
77
78
79
79



Contents xi

2.7.2. “Covalent” Clusters for Oxide Lattices . .................. 80
2.7.3. “Ionic” Clusters for Oxide Lattices ..........coovuueenn.. 81

CHAPTER 3. ELECTRON TRANSITIONS

INCHEMISORPTION . ... ... i 83
3.1. Transitions between Various Forms of Chemisorption ........ 83
3.1.1. Transitions between Energy Levels . ..................... 83
3.1.2. Transitions between Adsorption Curves .................. 85
3.1.3. Equilibrium of Various Forms of Chemisorption ........... 87
3.1.4. The Notion of Electron Transitions
in Chemisorption Theories ................... ... .. ... 90
3.2. Adsorption Equilibrium .......... ... .. ..o i 92
3.2.1. Adsorptivity of a SUrface < vo suves vpvavve s swesows avs 92
3.2.2. Surface Charging in Adsorption ............ ... .. .. 94
3.3. The Kinetics of Adsorption ................ ... ... ... ...... 97
3.3.1. StatementoftheProblem ............. ... .. .. . ... 97
3.3.2. Adsorption at a Constant Surface Potential:
The General Case . . .. vvutietne it 101
3.3.3. Adsorption at a Constant Surface Potential:
Particular Cases v vonse svaiiass suiis eramang svaioes va 104
3.3.4. Adsorption with a Varying Surface Potential .............. 107
3.4. The Kineticsof Desorption . .. ... ... ... ... ... ... ... ...... 111
3.4.1. Desorption with Electronic Equilibrium .................. 111
3.4.2. Violation of Electronic Equilibrium in Desorption .......... 114
3.4.3. Incomplete Desorption ..........cviiiiiiiiiiiiia.. 117
3.5. The Role of the Fermi Level in Chemisorption ............... 119
3.5.1. The Fermi Level as Regulator of the Chemisorptive
Propertiesof aSurface . .......cciiiviiiiiniiinnen e 119
3.5.2. The Origin of non-Langmuiran Relations ................. 121
3.5.3. The Approximations of the “Boundary Layer Theory” ....... 123

CHAPTER 4. THE INTERACTION OF THE SURFACE
WITH THE BULK IN A SEMICONDUCTOR ................... 125

4.1. The Connection between Surface and Bulk Properties
ofa Semiconductor ....... ...t 125
4.1.1. The Connection between the Position of the Fermi
Levels at the Surface and in the Bulk
of aSemiconductor . ........ ...t 125
4.1.2. TheSurface Potential . .. .......... ..o iiiiriiininnn. 127



xii

4.1.3. The Dependence of the Surface Potential

on Varous Factors v u vy aarns senis viusas saaus SReesss

4.2. Effects due to the Charging of the Surface . ................
4.2.1. Effect of Adsorption on Work Function ................
4.2.2, Surface Conduction .« ;wa su snwsmen sawws oxwemes wemie

4.2.3. Effect of External Field and Adsorption

on Conduction .. ......vitiiiii i e

4.3. The “Quasiisolated” Surface ............................
4.3.1. The Notion of a “Quasiisolated” Surface ...............
4.3.2. Some Properties of “Quasiisolated” Surfaces ............

4.3.3. The Continuous and Quasicontinuous Spectra

OF SUBTECCSIIES wovsvico smmmimus vimncns wmiemms s don e as

4.4. Adsorptive Properties of a Charged Semiconductor . .........
4.4.1. The Adsorptivity of a Charged Semiconductor . ..........
4.42. The Electroadsorptive Effect . ..............cooiien ..
4.4.3. Adsorption of Ions on a Semiconductor ................

4.5. The Influence of the Surface on the Impurity Distribution

inside a Semiconductor . ......... ..ottt
4.5.1. StatementoftheProblem ........... .. i,

4.5.2. TImpurity Distribution in the Surface Layer

of SemiCONAUCIOTS 4 s v v ve vvwii s o v e o sasls b s i s

4.5.3. Effect of Impurity on the Adsorptivity

O SeMICONAUCIONS i wwass s e et cwmmsms s

4.5.4. TIrreversible Adsorption ........ ... ... ... ...
4.6. The Adsorptivity of Semiconductor Films on Metals ........
4.6.1. The Variation of the Potential inthe Film ...............

4.6.2. The Adsorptivity of the Film for a Positively Charged

SUHACE v i sinvmn s s Guans oows Siss i svan v aws

4.6.3. The Adsorptivity of the Film for a Negatively Charged

SUTTRCE - svsmimimn s Rt ST SRS S I

4.7. Growth of a Semiconductor Filmona Metal . ..............
4.7.1. Statement of the Problem .. ..: iioiisiais s iivne vn s
472. TheElectricFieldinthe Film .......... ... .covuoo...
4.7.3. The Logarithmic Law of Film Growth .................
4.7.4. The Parabolic and Linear Laws of Film Growth . .........

4.7.5. Succession of Laws of Film Growth with Temperature

and Pressure Variation .. ...t ininnninneeeeeennnann

CHAPTER 5. THE CATALYTIC EFFECT

OF ASEMICONDUUTOR i ciaie57 s o smnins sissaas sl sl

5% THEBRBIOE crvnmnn s sores o Smess e s smms Sywys s
5.1.1. Semiconductors as Catalysts of Chemical Reactions ......

Contents

132
135
135
138

142
145
145
149

151
152
152
154
157

159
159

161

165
168
173
173

177

180
183
183
185
188
190

195

199

199
199



Contents

5.1.2. The Activity and Selectivity of a Catalyst . ...........
5.1.3. The ActivationEnergy ... ........ .. i,
5.1.4. The Electronic Theory of Catalysis .................
5.2. The Role of the Fermi Level in Catalysis ...............
5.2.1. Radical Mechanisms of Heterogeneous Reactions . . ...
5.2.2. Acceptor and Donor Reactions ....................
5.3. Electronic Mechanisms of Catalytic Reactions . .........
53.1. Oxidation of HYdFOZen: .. cowwiws wwmin vvassms oxaos
5.3.2. Decompositionof Alcohol . .......................
5.3.3. Okxidation of Carbon Monoxide . ...................

5.3.4. Hydrogen—Deuterium Exchange ........................

5.4. The Relationship between the Catalytic Activity

of a Semiconductor and Its Electronic Properties .............

5.4.1. The Origin of the Relationship between Catalytic

Activity, Work Function, and Electrical Conductivity .......
54.2. Experimental Results . .oucvnviviiiiis soninad vamwn an o

5.4.3. Variations in Electrical Conductivity and Work

Function in the Course of aReaction ....................

5.4.4. Correlation between Catalytic Activity and the Forbidden
Gap Width in the Energy Spectrum

of a SemicondUCIOr i v 5950 deviie va sv e s s aeah e

5.5. The Effect of Various Factors on Catalytic Activity ...........
5.5.1. The Effect of an External ElectricField ..................
5.5.2. Catalytic Properties of a Semiconductor Film on a Metal . . . ..
5.5.3. The Mechanism of the Action of an Impurity ..............

5.5.4. The Experimental Data on the Effect of Impurities . ...
5.5.5. The Compensation Effect ........................

CHAPTER 6. PROCESSES ON A REAL SURFACE ........

6.1. Deviations from Langmuir’s Theory on a Real Surface . . .
6.1.1. The Concept of an Inhomogeneous Surface ..........
6.1.2. The Concept of Interaction ............cooviunien.n.

6.2. The Adsorption-Heat Distribution Function ............
6.2.1. Inhomogeneity due to Irregularities in the

Impurity Distribution . . ....... .. ... ..o L.
6.2.2. The Relation between the Impurity Concentration

Gradient and the Adsorption-Heat Distribution Function
6.2.3. Examples of Inhomogeneous Surfaces ..............

6.3. The Role of Surface Structural Defects in Adsorption . ...
6.3.1. Adsorption on a Structural Defect ..................

6.3.2. Adsorption on Defects of Thermal Origin.................

xiii

200
202
204
206
206
211
213
213
216
221
225

230

230
233

238

240
242
242
243
246
250
255

261

261
261
264
266

266

269
271
274
274
278



xiv

6.3.3. Adsorption on the Surface of a Disordered

BEMIcONTHCION wuwwvuus suEs SayaEs vREES TOsEs Ten

6.4. Adsorption on Dispersed Semiconductors ..................
6.4.1. Adsorptive Properties of a Dispersed Semiconductor . ......
6.4.2. The Compensation Effect on Dispersed Semiconductors . . ..
6.5. Controlling the Stoichiometry of Crystals ..................
6.5.1. Theoretical Aspectsof the Problem .....................
6152, ExperitietitaAl RESIIE co s vommmn cmasvamn smmsnsss s s

CHAPTER 7. THE EFFECT OF ILLUMINATION
ON THE ADSORPTIVE AND CATALYTIC PROPERTIES

OF ASEMICONDUCTOR .« oo canmn smmomsn s somemess sonmasn

7.1. The Photoadsorption Effect ..............................
7.1.1. Positive and Negative Photoadsorption Effects . ...........
7.1.2. The Photoadsorption Effect on Ideal and Real Surfaces . . ...
7.1.3. Review of Basic Experimental Data ....................

7.2. The Photoadsorption Effect at an Ideal Surface .............

7.2.1. The Effect of Illumination on the Amount of Various

Forms of Chemisorption ...............ciuiuinana.n.

7.2.2. Allowing for the Annihilation of Excitons

at Chemisorbed Particles . ........ ...

7.2.3. The Mechanism of the Influence of Illumination

on the Adsorptivity of aSurface ......................
7.2.4. The Magnitude of the Photoadsorption Effect ...........

7.3. The Sign and Absolute Value of the Photoadsorption Effect

At an TAeal SUrTACE. ..ox v swmemen vnsme s s s
T3l Statemefit SEthEProBletl uwwsvvapens swpsse s v s
7.3.2. Solution for a Simplified Potential Function . ............

7.3.3. The Case of the Excitonic Mechanism of Light

ADSOTPHON 1w cavams smienesm s s s w0

7.3.4. A Graphic Representation of the Results ...............
7.3.5. The Case of High Excitation ...............coviun....
7.4. Adsorption Centers in Photoadsorption . ..................
7.4.1. The Nature of Adsorption Centers. ...............oov...
7.4.2. The Concentration of Adsorption Centers ...............

7.4.3. Variation of Adsorption Center Concentration

ubider THUMINAGHON « wo wen conivw e smmien dem s as e s

7.5. The Photoadsorption Effect at a Real Surface ..............
7.5.1. Adsorption after llumination .........................
7.5.2. The Sign and Magnitude of the Photoadsorption Effect . . ...
7.5.3. “Direct” Photodesorption .............ociuiiiannaannn
7.54. "The Aftereffect = vvus o ovas ok i smas Jiee &) pen

Contents

281
283
283
286
289
289
291

295

295
295
296
298
300

300

303

304
307

308
308
311

314
316
318
322
322
323

327
330
330
334
337
338



Contents XV

7.6. Comparison of the Theory of the Photoadsorption Effect

with the Experimental Data .. ............................. 341
7.6.1. Influence of Illumination on the Adsorptivity
OEASUTEAEE 10 evusewn sovmumminise Somie SoR@ERIGS GFswees SN 341
7.6.2. “Memory” Effects in Photoadsorption ................... 343
7.6.3. Some Theoretical Predictions .....................oou.. 347
7.7. The Photocatalytic Effect ................................. 349
7.7.1. The Mechanism of the Photocatalytic Effect .............. 349
7.7.2. Hydrogen—Deuterium Exchange ........................ 352
7.7.3. Oxidation of Carbon Monoxide: The Experimental
Data and the Reaction Mechanism ...................... 355
7.7.4. Oxidation of CO: Comparison of Theoretical
Results with Experimental Data . ....................... 359
7.7.5. Synthesis of Hydrogen Peroxide: The Experimental
Data and the Reaction Mechanism ...................... 361
7.7.6. Synthesis of Hydrogen Peroxide: Comparison
of Theoretical Results with Experimental Data . ............ 365
CHAPTER 8. ADSORPTION AND LUMINESCENCE ........... 367
8.1. Basic Facts on Luminescence of Crystals .................... 367
8.1.1. The Various Types of Luminescence .................... 367
8:1.2. Luminescence Centers .« s v i v v snadaisn siaai 368
8.1.3. Trapsand QuenchingCenters .........covvviievniininn. 371
8.2. The Effect of Adsorption on Luminescence .................. 373
8.2.1. The Various Mechanisms of Influence of Adsorption
oft PHotolomineseente ... con vs sosuans voisves semsbas ai 373
8.2.2. Recombination Luminescence: Statement
OF theIPIODIEH e snvussrme wwon asvmsimios asswiane s s 374
8.2.3. Recombination Luminescence: Limiting Cases ............ 375
8.2.4. Recombination Luminescence: Experimental Data ......... 377
8.2.5. Excitonic Luminescence: Statement of the Problem ......... 379
8.2.6. Excitonic Luminescence: A Discussion .................. 381
8.3. The Basic Laws of Radical-Recombination Luminescence . . . . .. 382
8.3.1. The Spectral Composition of Radical-Recombination
Lianingscence, EMISSION: i wswmimsmemvion samimsmes ssemmes e 382
8.3.2. The Effect of Temperature on Intensity of RRL Spectra .. ... 386
8.3.3. The Effect of Electric Field on Intensity of RRL Spectra . . . .. 390
8.3.4. The Effect of Illumination on RRL Intensity .............. 392
8.4. The Mechanism of Radical-Recombination Luminescence .. ... 395
8.4.1. The Excitation Mechanism .. o vvieawivs vvvvvis e v as va 395

8.4.2. The Mechanism of Luminescence ..........couvuuennnn. 398



xvi Contents

8.4.3. The Dependence of RRL Intensity on the Position

of the Berailewel o cqcuws sumpums prn sopasar; sossn oo 400
8.4.4. The Dependence of RRL Intensity on an External
ElectricField . ... ... i 403
8.4.5. The Temperature Dependence of RRL Intensity ............ 406
8.4.6. Radical Photoluminescence . ..............ooinininann.. 408
8.5. Adsorption Luminescence ................. ... .. 0o, 409
8.5.1. The Fundamentals of Adsorption Luminescence ........... 409
8.5.2. The Mechanism and Kinetics of Adsorption
LUmineseente s cwwsans poves ooeaims Sue i e i 412
8.5.3. Adsorption Luminescence at Adsorption Equilibrium ....... 414
8.5.4. Adsorption Luminescence and the Adsorption Emission
OEBIBCITONG ¢ vosnnn mmmsrias. svisiin sumvvoms WReh SIERamE i 415
8.5.5. Luminescence Emission Accompanying Catalytic
Reactionsat Surfaces . ....... ... ... 417
CHAPTER 9 CONCLUSION o0 cvvieondvass vavie i s ovn suaesin 421
9.1. The “Local” and “Collective” Effects in Chemisorption
AN CALAIVEIE covvnpn aimi svvie sy TnRs EETE RS ST e 421
9.2. The Basic Concepts of the Electronic Theory
of Chemisorption . .......... ...ttt iiinnnnnnnn. 423
9.3. The Electronic Theory of Chemisorption
and’ Experiment < . v v v Ve sRmeieE seeih saeas 425

REFERENCES v v summe wwooinss svesi ssseioi @i s auin 427



