wave mechanics
applied to
semiconductor
heterostructures

GERALD BASTARD

les éditions
dR..

Avenue du Hoggar,
Zone Industrielle de Courtabceuf,
B.P. 112,
91944 Les Ulis Cedex, France



Contents

PREFACE ... ... ittt i it

CHAPTER 1 : IDEALIZED QUANTUM WELLS AND SUPER-
LATTICES. A SUMMARY ........................

L. Single quantium wWells o cvovnm: sosnsmsmamyes wesseataiidin i
TE: ‘DIeASIES OF SIALOS s onpmyrn i SUEas sy i aimers S Samn S S S
III. Tunnel coupling between wells: the symmeltric double square
WETL o sy S S Va2

IV SUDCPIGIIICES . i vmn osasiv SREiG SEEEEEGETZIVss oIy v vai i
IV.1. Superlattice dispersion relations ..............cooiiiiunn..
IV.2. Symmetry properties of the eigenfunctions .................
IV.3. Superlattice density of states .. ............ccoiiiiiiian..

APPENDIX A : Symmetric double square well. Time-dependent aspect .

APPENDIX B : Dispersion relations of superlattices with arbitrary
DOLETLGl PGS v worviamnsini oo $rosss-me e ss SoLem T BT

CHAPTER II : BAND STRUCTURE OF BULK III-V COMPOUNDS

L. (CFUSTAIING. PROPEFITES i vuanvmwnni i e v i, srarieis e i e
I, EIectronic Droperiies iy v arsis v @ s e 4l e did aadn s o
II1. Electronic dispersion relations in the vicinity of the zone centre : k.p

analysis and Kane moOdel ; i:vvvvassion ol Siisi e s e alsn sl o
II1.1. k.p analysis and effective masses ..............ccooueueon..
I11.2. Effective mass tensor. Electronsand holes .................
I11.3. Beyond the quadratic dispersion relations : the Kane model ..

a) Dispersions relations of the Kane model ................

b) Band edge effective masses ...............ooiiuiiinnn..

¢) Band non parabolicity .............ccciiiiiiiiiia.,

d) Inclusion of higher bands ............................

e) Accuracy of the Kanemodel ..........................

IV. Conclusions ... ..........uemne ettt e

APPENDIX A : Inclusion of remote bands effects ..................

APPENDIX B : Motion of Kane electrons in slowly varying perturbing
RIS, o virivmivvarm om0t o5 o AR 0 B 80 1 S

page

page

111

14
18
18
23

27

28

31
32

35
36
38
41
41
45

47
49

50

54



VI

Wave mechanics applied to semiconductor heterostructures

CHAPTER III : ENVELOPE FUNCTION DESCRIPTION OF HETE-

ROSTRUCTURE ELECTRONIC STATES .........

Lo Introduction ............ ..o iiiiii e
II. The envelope function model . ..............c.cccciiiiinenennn.

I1.1.
IL.2.
I1.3.

I1.4.

11:5;

I1.6.

I1.7.
I1.8.

Preliminaries .................. e
The envelope function framework ..............oooiiinnnn
The Ben Daniel-Duke model .......covviviinnrivunsnsnvans
I1.3.1. The Ben Daniel-Duke quantum wells (mymg > 0) ...
I1.3.2. Interface states of Ben Daniel-Duke quantum wells

(mAmB < 0;"1 = 0) ............................
Quantum wells and superlattices with hosts which display
Kaneclike Dands. o s sire i s siios sconisisie sl wis amiss
Simplified calculations of superlattices and quantum wells
States oy =il in e e e R e
Miscelleanous limiting cases .............cc.oiiiiinninaan..
I1.6.1. Evanescent propagation in one kind of layer. Quantum

Well-DOTHISERIES s mrimimes v assey aivs v fas
I1.6.2. Tight-binding expansion of the superlattice states .. ...
I1.6.3. Propagating states in both kinds of layers ...........
11.6.4. Heavy hole superlattice states ...................u..
Specific. examiples .. iuuvvie v Sviniie s GEe s e aeihia
Labelling and counting superlattice states ..................

111. In-plane dispersions in semiconductor heterostructures ............

APPENDIX A : Boundary conditions and stationary states . .........

APPENDIX B : Coupling between light and heavy particle states due

to inversion asymmetry splitting in bulk materials.
Oualifiitive aspects wuc.s swwsamasms anvmmsameamav o

CHAPTER 1V : COULOMBIC BOUND STATES AND INTERFACE

DEFECTS IN HETEROSTRUCTURES ............

Coulombic bound states

L Al B QARIIECIS s i T o it A s o e e e oL
IclosBulle hydtogenie IOPUITHCY «vvirvenssmiasiamms samsss smama
Jo2 TMpaiities 2. RESrOSITUICIUTes . ooy cvmidimain simsresiiass
Approximate solutions of the hydrogenic impurity problem . ... ...

1.

II.1.
IE:2.

I1.3.
11.4.
IL.5.

Formulation of theproblem ............. ...,
Results for the ground impurity state attached to the ground
SUBBATIEL svmimsmmmns, s sm e o SRR SR
Excited subbands. Cofitinuun ... vvis covae s vassas e s
Excited impurity levels attached to the ground subband ......
Acceptor levels in a quantum well . .....cooooiiiiiiiiina

page

page

63

63

73
74

79

83

88
89

89

91
92
93
100
101

112

113

119

119
119
120
121
121

123
125
127
128



Contents

IIL. EXCITONS . . oottt e e e et ettt e ettt e e ens
II1.1. Excitons in idealized bulk materials .......................
II1.2. Excitons in idealized quantum well structures ..............
IT1.3. Excitons in actual quantum well structures ................

Interface defects

L. G PRHE THTBIGOPR v cmmsvmicmes s s o A wve. s s ORI 0 0408
.. Quiantum well interface defects ....co.vvvvvi v svvwvnevavvis v
1. Superlattice defect SIBIES ... vivvvviivaiis vt amie e oo

APPENDIX : Energy levels in a quantum well with narrow graded
INIErfaCES .. ... e

CHAPTER V : ENERGY LEVELS IN MODULATION-DOPED
HETEROSTRUCTURES ..........................

1. The modulation doping of heterojunctions. Qualitative aspects . . ..
I.1. The unperturbed heterojunction (flat band case) .............

1.2. Single heterojunction containing diluted Coulombic impurities .

1.3 Actiial REterOstiuChTES . ueve wimios breie o st o s s s e s s

1. Self consistent calculations of energy levels and charge transfer in
STHETe ROLCEOTHRTEIONS . i iosvarsvarvais somesitor s wowss s v e 65 ¥ o 78061 s R
I1.1. Energy level calCulations: . . v cswewin oo dvainaivsiisbess auve s
I1.2. Charge transfer in single heterojunctions ...................

1I1. Energy levels in modulation-doped quantum wells . ...............

APPENDIX A : The algebra of the modified Fang Howard wave-
JURCHION ... ... e
APPENDIX B : Heterojunction energy levels : qualitative aspects . . . ..

CHAPTER VI : ELECTRICAL CONDUCTIVITY OF QUASI BI-
DIMENSIONAL ELECTRON GASES ..............

1. Static conductivity of a quasi bi-dimensional electron gas . ........
I.1. Electrical conductivity in the electric quantum limit ..........
[.2. Intersubband scattering ..................coiiiininiinn.n.
I.3. Screening in a quasi bi-dimensional electron gas. Application

to Coulombic impurities ..............oiiiieiiiiinenn...
I.4. Discussion of the dielectric function ........................

I1. Evaluation of some scattering mechanisms ................c.c.....
I1.1. Mobility limited by Coulombic scattering ..................
I1.2. AlIOY SCAtIETiME ..o vvit ittt e e e e e eieen e
.3 Titerface: Toiighness, SCatenng. .« wewwrmsmm s smsmaasmve

TUE WEFHCAT TFORSIIONL s i simoto e i S aT i s o e
LV RESGHENRE SURHRIING vovcomrammimimmimms s comsammvg i @siamsm e

APPENDIX : Dimensional dependence of the screening effects ... ....

page

page

VII

128
130
132
139

142
143
149

151

155

155
156
157
160

161
165
172
180

186
188

193

194
199
200

204
207
212
212
219
223
225
228

233



VIII Wave mechanics applied to semiconductor heterostructures

CHAPTER VII : OPTICAL PROPERTIES OF QUASI BI-DIMEN-
SIONAL. SYSTEMS .......cc0coemmesnseemsssneis s

1. Absorption (one-electron approximation) .......................
1. Intraband tTAnSIHONS . amin v wamsms s e e sw ey o
12, TterbandTansIionS . vivwv et v sivem s st &4 s weii s

1.2:1.; Polarization selection rulés . .. ..c.vvinvnn vownvainin o
[.2.2. Selection rules on the envelope function quantum num-
Bers: evaludtion of < filfy > < cccnavvns cosn s as
1.2.3. Order of magnitude of the absorption coefficient. Com-
parison between type I and type II systems ............
1.2.4. Interband optical transitions in superlattices ...........

II. Absorption : a simplified description of excitonic effects ..........

II.1. Absorption in the absence of Coulombic interactions. Equi-
valence with the one-electron model .......................

11.2. Absorption in the presence of electron-electron interactions . . .

II1. Photoluminescence of quasi bi-dimensional systems ..............
111, Introductionas, SEees g bl o LIl A0 i o s
I11.2. Quantum well luminescence (steady state) .................
III.2.1. Band to band emission ...............ccovunennnn

I11.2.2. Excitonic recombination .........................

111.2.3. Extrinsic photoluminescence .....................

CHAPTER VIII : EFFECT OF STATIC EXTERNAL ELECTRIC
AND MAGNETIC FIELDS ON THE ENERGY
LEVELS OF QUASI BI-DIMENSIONAL ELEC-
TRON GASES: cuv v onb s Bess s svis s

1: The Stark effects :uuicsuss soicusgnss i Soie i Wi 95
I.1. Transverse Stark effect in a quantum well (F/x) .............
I.2. Longitudinal Stark effect in a quantum well (F/z) ...........

II. Landau quantization of a quasi bi-dimensional electron gas . ......
IT.1: Energy Ievels i savmiinma s rs sita s vans vos e
I1.2. Magnetic field dependent density of states ..................
I1.3. Magnetoconductivity of a quasi bi-dimensional electron gas .

I1.3.1. Macroscopic derivation ..............ccovueuuennn..
11.3.2. Microscopic discussion ............vveuiieieanennn..
IL.4. Cycloron TESOMANER. . ... ivoimaiemimin s st s 2o s g s v 280

APPENDIX A : Motion of three-dimensional electrons in crossed elec-
tricand magnetic JI1eldS . ... v v viveniavis s ons

AT The Drade 100 . . vuin omosimissams e i bama v w s e ¢
AIl. Quantum motion of bulk electrons in a magnetic field .......

APPENDIX B : Microscopic evaluation of the magnetoconductivity
FETISOTT ovvuiinnn boaaiarsst oo, 910 e RE0IR QIS0 408 R ) B4

page 237

page

237
243
246
247

247

251
255
258

260
262
272
272
281
282
289
295

303

303
304
308
317
317
325
329
329
332
339

345
346
348

351



