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The eight-band superlattice crystél p formalism is extended to include the higher-lying antibondmng
states perturbatively. The initial 314 Hamiltonian matrix is block diagonalizgdr folded down so that
corrections due to these states appear in the modifie8 Batrix. Their principal effect is to introduce a finite
heavy-hole mass. The use of the eight-band formalism for band-structure and interband optical calculations is
validated because other corrections are very small. The approximate wave functions associated with the
original 14x 14 Hamiltonian are used to calculate intersubband optical matrix elements. These include new
terms, present in crystals lacking inversion symmetry, which increase the magnitude of conduction intersubband
absorption by about three orders of magnitude for in-plane polafizBg photons, while leaving absorption
due to growth-axis polarizefM) photons relatively unaffected. The TE absorption in narrow GaA§Al
1_xAs quantum well§QW’s) is shown to be observable. However, use of tkeum rule and the cyclotron-
resonance-determined conduction-band effective-mass anisotropy indicate an upper limit of about 20% relative
to TM absorption. Comparison with the measured TM absolute absorption coefficient for a system used for
quantum-well infrared photoconductof@WIP’s) yields excellent agreement. The conductivity sum rule in-
volving these intersubband transitions is used to confirm the observed broadening associated with very small
QW width fluctuations for this system.

[. INTRODUCTION ization, appears to be unique to this work. The folding-down
procedure has been used by oth®fsr bulk semiconductors
Superlattice crystaK - p theory* =3 which is a reformula- to reduce the 1414 Hamiltonian to a perturbative 322
tion of superlattice(SL) k- p theory? has been used to ex- Hamiltonian, primarily to evaluate magnetic-field effects, es-
plain the optoelectronic properties of a variety of llI(Refs.  pecially the fine structure of cyclotron resonance.
5 and 6§ and 1I-VI (Refs. 7 and 8compounds and superlat- Our earlier calculations assumed thelk constituents of
tices with a view toward exploring the materials physics un-the SL to have band gajs, and conduction and heavy-hole
derpinning IR detectors, lasers and, more generally, the denassesn: andm,y, respectively, which are known experi-
tailed optical properties of semiconductor heterostructuresentally. The band offsets and strain effects of the resulting
including excitons:®° This theory is posited on the fact that SL were also treated semiempirically. The calculated inter-
ideal superlattices are perfectly periodic, albeit highly anisoband optical absorption including exciton effects was seen to
tropic solids so that the wave vect®r pertains to the SL be in excellent agreement with experiment with respect to
rather than the bulk constituents. The consequence théoth structure and magnitude if the line broadening is as-
Bloch’s theorem applies can therefore be used to reformulatsumed to result from at single-layer fluctuation in the
the SLk-p theory as originally proposed by Bastdid a interface® (For the 1I-VI systems it was also necessary to
simpler and more elegant form. assume a modest 2—3 % alloy composition fluctuation to ob-
This paper extends the theory from the original 8 bands tdain quantitative agreemef)tNonparabolic band effects are
a 14-band model which specifically includes the antibondingncluded since the original or folded-downx@ matrix is
conductionp (or p) states in addition to the lowest twe  fully diagonalized without further approximations. The
conduction and the six uppermgstvalence bands. The ef- folding-down procedure therefore justifies thex8 matrix
fects of thep states are principally to produce curvature inused in previous calculatior}s3°~°
the heavy-hole(HH) bands and to modify the momentum  In addition to the theoretical developments just described
matrix elements coupling the various bands. This modifica{Sec. Il and the Appendixes contain specific detaithis
tion results from the 14-component wave functions that repaper explores optical intersubband transitions from the low-
place the earlier 8-component wave functions. The effectgst conduction subban@l to higher one<Cn (n=2-5)
are substantial for conduction intersubband transitions, butSec. I\). These transitions are basic to the operation of
leave interbandvalence to conductigntransitions largely quantum-well infrared photodetecto®WIP’s) used as IR
unaffected. detectors!'2 and a proposal for a charge-activated optical
The 14x14 Hamiltonian matrix is block diagonalized modulation devic CALM) made some years agdMore-
(folded down into 8xX8 ps and 6x6 p matrices and used over, as emphasized in this group’s first papesncerning
perturbatively to show that the matrix elements coupling thehe SLf-sum rule, the existence of a stro@l— C2 tran-
ps states through the states have a small effect on the sition for the transverse magnetic modéM; light polarized
energy eigenvalues computed for th& 8 case if the input along the SL growth axjscompared to a transverse electric
parameters are determined semiempirically as in previousode (TE; light polarized in the SL plane perpendicular to
work. Folding down to an & 8, followed by exact diagonal- the growth axis which is 1¢—10° times smaller, is quanti-
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tatively responsible for the crystal SL effective-mass anisot- 2 f
ropy observed in cyclotron resonance experiméhts. H(N =5 +V(D+ 7 azloXVV(N]-p, (2.1)

This question is revisited here in connection with recent
claims™®that the TE and TM optical absorption have com-wherem is the free-electron mass,is the velocity of light,
parable magnitudes. If correct, this claim would allow p is the electron momentum, and(r) is the crystal poten-
QWIP’s to be used in the normal-incidence configurationtial. This group’s previous work calculating optical proper-
without the use of diffraction gratings, which does not appeaties of superlattice relied on a semiempirical parametrization
to be the case. Furthermore, the effective-mass anisotropieg the bulk constituents within a modified Kane or eight-
would be substantially eliminated. band model, consisting of six valen¢@®onding p states and

The TE transition is allowed foK =0 in the presence of two conduction(antibonding s states §).2 This paper will
spin-orbit interactions and is greatly enhanced when the bullgeneralize the eight-band model by considering the influence
SL constituents lack inversion symmetry. Peng and Fohstad of the most important previously neglected six antibonging
utilized this latter ingredient, which had been previously ne-states p) by folding them down into the eight-band basis set
glected, to argue that the observed large TE absorption igsing standard procedurEsThe corrections are generally
associated with a momentum matrix elemént, to be de- small, and the earlier model that has been used extensively
fined in Sec. Il, which is present in zinc blende but not inwith considerable success is therefore valid. In order to cal-
diamond structures, and leads to nonlinear optical absorptiogulate momentum matrix elements it will be necessary to
in lowest order. Peng and Fondstad’s additional claim thatinfold the approximated 8-component wave function to re-
the matrix elemen@ vanished in diamond symmetry is in- construct the approximate 14-component wave function. The
correct, as pointed out most recently in Ref. 18. Neverthestrategy is delineated in Fig. 1, and will be summarized after
less, their argument that the reduction in symmetry from diathe procedure has been described in full.
mond to zinc blende greatly enhances TE absorption can be These 14 bands are shown schematically in Fig. 2. The
tested. This reduction, and the resulting momentum matriparameters defining a bulk systerkinp perturbation theory
elementP,, which appears explicitly in the 14-band model, are also indicatedE, is the energy separation between the
indeed increases the TE absorption in GaAs- and andp statesf, is the fundamental gafpetweers andp);
In,Ga; ,As-based QW’s by 2—3 orders of magnitude. De-A andA., respectively, are the spin-orbit splitting between
spite this enhancement, the TE absorption remains 5-1fhep andp states. The energy zero is taken as the maximum
times smaller than that associated with the TM mode. Asf the highest valence bar#iH). Three momentum matrix
pointed out in Sec. IV B, however, the TE mode should beglements
experimentally observable in narrow-@0 A) GaAs quan-

tum wells (QW's). In these wells the TE absorption is about Po=—i2/3 9 p,|Z*),

20% of that due to TM. We present arguments based on

and conductivity sum rules that indicate that the 20% figure P,=—i2/39|p,|Z°), (2.2
is likely to be an upper limit for QW'’s in whiclC1 is a

localized state an€n (n=2) lie in the continuum. Q=—i2/3(X?|py|Z%) =i V2/3(X°|py| Z°)

This paper presents absorption results for the )
C1-3,Cn (2<n<5) transitions in a GaAs/AGa, ,As couple the states away from the zone center mktmzfor-
quantum well relevant to the QWIP case, and shows that th@alism. All three are real. In a solid havmg. inversion sym-
results agree quantitatively with the experiments of the LeMetry P1=0. The presence of a nonzeR) is associated
vine group!! The excited statesne2) all lie energetically ~ With the zinc-blende symmetry in the present cdse.
near or in the continuum. The momentum matrix elements 1€ folding-down procedure to be used here is valid if the

are shown to be larger than for transitions involving local-Six P States to be folded into the eigipis states do not
ized final states. This is the case for lB&—C2 transition €nergetically coincide with the latter. Although the procedure

relevant to CALM® whereC2 lies in the well. This system is exact in the present case for sufficiently snkallsecond-

is reexamined here for two GaAs QW’s having different Order expressions will be sufficient to incorporate the effect
widths to confirm that the large and extremely sharp opticaP! the p states on the eight-band basis. _ _
absorption is associated with the density of states enhance- 1h€ 14-band Hamiltonian has the following schematic

ment resulting from optimal nesting of thé1 and C2  form:
bands. Ho- Hoo-
The 14X 14 results for the three GaAs/&ba;_,As sys- ps psp
tems for light polarized in the TM mode are in better agree- (8X8) (8X6)
ment with experiment than those of thx8 results because H= Ht He |’ 2.3
of the aforementioned changes in momentum matrix ele- PSP P
ments. Furthermore, as expected, the@ TE absorption is (6x8) (6x6)

3-4 orders.smalle.r than the TM absorption because the efﬂ/herep ands,p denote bonding and antibonding states, re-
fects associated witR, are neglected. spectively. The full constituent matrices and the 14 basis
functions are given in Appendix A. As indicated in E¢&1)
and(A2), the diagonal elements &f ;5 consist of the zone-
center energies of the eigstand p states. The eight off-
The Hamiltonian appropriate for the bulk constituents ofdiagonal elements connect theandp statesH s ; consists
superlattices and quantum wells treated here is entirely ofk- p matrix elements connecting tipes states and

Il. DERIVATION OF THE EFFECTIVE
EIGHT-BAND BULK HAMILTONIAN
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FIG. 1. Schematic of the folding-down and approximation procedures for calculating eigenstates. A 14-band bulk HarHil{&tgan
(A1)] is folded down into an 8-band ﬁg [Eq. (A6)]. Eigenstatesb of H correspond to eight-component eigenst&b@% of Hﬁfgf [Egs.(2.8)
and(2.9]. Approximations are necessary to arrive at the 8-4ahd[ Eq. (2.13], with associated approximate eigenfunctidngﬁg. In order
to calculate momentum matrix elemen\Esg must be unfolded to yield’ [via Egs.(2.8) and(2.9)]. For the superlattice thE,s are the

envelope functions for the 8-band superlattice Hamiltonﬁzfg) [Eg. (3.19] which corresponds to the buld¥"P. The 14 components
of F [Egs.(3.1)—(3.13] are necessary to calculate momentum-matrix elements.

the p states, and is therefore proportionalktoln particular, I —(Hps— E)*al;,;
Hps depends orPy, which cou_ple$_ and p states as al- M= —(Hy— E)le;;;) |
lowed in crystals lacking inversion symmetry, and a3o (2.4
H; is a diagonal matrix whose elements are the zone-center ] - o
energies of the states. and its inverse yieldsH—E)MM ~~® =0, or, explicitly,
To implement the folding-down or block diagonalization Hef_ g 0
proceduré! we consider the Schdinger equation in the ps Pef—0 2.5
form (H—E)®=0. Inserting a matrix 0 H%ﬁ— E '
where
Unstrained Strained
df=M~1dp (2.6)
AE
_ \/ and
pdy) —
. eff _ _ g 14t
. @/ Hef E=H s~ E-Hps5(Hp—E) *Hls 5
7
=Hps—E+ dH 5. 2.7

The structure of Eq(2.5) implies that the 14-component

S(I3) \'% " is composed of an 8—componeililﬁfgf and a 6-component
CI)%“. Specifically,

|
|
|
[
[
1
|
|
1

““““ TR

A N{ and
®5=—(Hz—E) H -0

e 2.9
P(l—;) > 5o ps-p - ps (2.9
k Solutions of interest to E(2.5) haved)%ﬁzo.

FIG. 2. The 14 bulk bands consideredp 6tates, & states, and The detailed form oBH ;5 is given in Appendix A in Egs.
6 p states § indicates antibonding state$. Four energies define (Al)zand (AB). 6H 5 depends orH s ; and hence explicitly
the unstrained zone-center bang:, thes—p energy difference; N K° [cf. Eq. (A4)]. E, however, also depends ¢n Note
E., thes—p energy difference; and the spin-orbit splittingsand ~ that the rows and columns of the matrix appearing in Eq.
A. among thep andp states, respectively. The strained structure on(A6) are labeled sequentially by the states(conduction,
the right has altered values of these four energies, as well as twoH (light hole), HH (heavy holg, and SO(split-off band.
additional splittingsEy,, , between the heavy and lightstates, and  The folding-down procedure has been followed without ap-
a splitting not labeled between the heavy and ligtdtates. proximation to this point.

D =Dl (2.9
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We now consider expressions foH 5 in second-order TABLE |. Bulk modified Kane modek=0 states|n,0) for the
perturbation theory, which will be seen to suffice for thel's bulk band edge and the bonding and antibondingindl’s bulk
present purposes. This approximation consists of repldging band edges. The notation of Refs. 2 and 22 is used. The ordering of
by the zone-center energy of the relevant band, and is valithese states ensures that the matrices discussed in the Appendices
when thep states are energetically well separated from the2e block diagonal.

ps states. The resulting changes in the band structure are n:[n,0)
primarily proportional tok?. Additional terms are seen to
appear, coupling the heavy-hole and conduction bands and T 1:[sp)
the light-hole and split-off bands. These terms are small. The T 2:[\213Z,)— 18X, +iY )
magnitude of the heavy-hole—conduction coupling is given 3:\/Fz|xl—in)
by the (3,1) matrix element of Eq(A6), with E replaced by I, 4:13Z,) + 13X, +iY )
0 (the location of the valence-band maximum Ty 5:/S,)
B2 P10 L g 6:72/3Z )+ 16X, —iY )
- - . (210 712X, +iY )
Vam m [(EctEg—Ac)  (EctEg) r, 8:V1/32,)— V13X, —iY )
Its magnitude fok=0.1 A=, typical for electrons in a bulk Iy 9:12/3Z5) - m|xf+'Yf>
room-temperature semiconductor, or the Brillouin-zone ex- 1012 X5 —=iY5)
tent of a 30-A superlattice, is approximately 2 meV for r; 1113 ZE) +VUZXE+iY©)
GaAs. Similarly, the light-hole—split-off couplinfelement T'g 12:2/3Z5) + 16 X5 —iY¢)
(2,4) with E replaced by Dis 13:\/72|X‘;+iY‘{>
r, 14:1/3Z8) — V13X —iY$)

ﬁ2k2 QZ

\/§m m[(Ec—'—Eg)]' . .
The preceding arguments lead to the important result that

Its value fork=0.1 A~ is approximately 50 meV. These the non-folded-down (&8) matrix involving h*'P used in
couplings are quite small, particularly for the heavy-hole—previous calculations®°~° provides a quite accurate de-
conduction case. The energy shifts resulting from these couwscription of the band structure and thus justifies its semi-
plings have magnitudes of 16 and 5 meV, respectively, at empirical use. The semiempirical procedure used earlier was
k=0.1 A™1, and depend to lowest order &f. the following: the bulk systems for an eight-band model

Previous work neglected the bands except for an em- were parameterized by taking the valueskgr, A, m¢, and
pirical coupling term providing a finite effective mass to the m,, from experiment. P, is determined from the zone-
HH band, which corresponds to tl&3) element of Eq(A6) center conduction-band mass using
for E=0:

(2.11

m  P3(3E4+24A)
m Q3(3E.+3E4—A) = (2.149

—1- . 212 me  mMEy(Eg+A)
MHH M(EctEq)(EctEg~Ac) The free-electron mass term is neglected.
If the term involving the free-electron mass and coupling A similar method parametrizing the 14-band bulk system
terms(2.10 and (2.11) of h,'“;fgr are neglected, but thes,3 requires in addition the experimental valueskpf and A
matrix element giving rise to the heavy-hole mass term i€Expressions for the masses of the four typegpsfbands,

retained ht reduces to the 88 k-p Hamiltonian conduction C), heavy-hole(HH), light-hole (LH), and split
off (SO), are found by replacing in 6H 5 with the zone-
iPofik iPofik center energy of the relevant band:
E
g
m J2m m_, PS(3E4+2A)  PI(3E.—2A,) 215
: —=1+ — , .
B iPofik 0 0 0 mc ME(Eg+A)  mE(E.—A)
m
hk-P= 122 m_._ Q*(BE,+3Eg—A,) 2.16
0 (o T 0 M M(Ec+Eg)(Ec+Eg—A,)’ '
i m 2P} 2
_iPohik 0 0 _A R B Q , (2.17
\/ﬁm My mE; m(E.+Ey)
21
o o 213 m PS Q?
used in previous workH 5 is defined in terms ofi;5 by Eqg. Mg 1- M(Eg+A)  mM(Ec+EgTA)” (2.18

(A1). The first eight bulkk=0 ps basis state$n,0) are de-
fined in Table | in terms of the statd§), |X), |Y), and The masses in Eq$2.159—(2.17) could be used to find the
|Z) in the notation of Ref. 2(Note that Table | also includes three momentum matrix elements from three experimental
the p states expressed in terms of the stafs), |YC), and  effective masses. This could lead to substantial error, how-
|Z€) in the notation in Ref. 22. ever, since onlym¢ is experimentally well known, and fur-
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TABLE II. Parameters for bulk 8-band and 14-bakdp band k=0.167 A~1. We conclude that the bulk band structure

structures for GaAs. Our empirical parametéRef. 23 for 8-band  resulting from the 8-banHHXP is satisfactory for calcu-
and 14-band models, obtained as described in Sec. lll, are comating superlattice band structures.

pared with parameters from Ref. 28, is the fundamental gap,  Figure 1 summarizes the strategy adopted in this calcula-
E. is the zone-center gap betwesandp states, and andAc are  tion, The 14-band Hamiltoniahl is block diagonalizedor
the spin-orbit splitting forp andp states, respectivelynyy is in- fo|ded down into a Hamiltonian containing the 8-band ma-
units of the free-electron mass. trix Hgfgf in a procedure defined by EqR.3—(2.9), which is

8 bands 14 bands Ref. 22 exact in principle. The 14-component eigenstadesof H
correspond to 8-component eigensta@%’. The approxi-

& (V) 1519 1519 1519 mations toH " described above yield* P, and approximate
ions < descri ve i , Xi

A (eV) 0.341 0.341 0.340 _ s above y - andapp _
E. (eV) N/A 3.140 3.140 eigenstatesl’ c. The Schrdinger equation is solved at this
Ac (&V) N/A 0.171 0.171 point, yielding\lfgfgf. Since the energies given by this proce-
Ep,=2/(8 p,1Z")|%/m (eV) 24.2 25.7 26.0 dure are extremely close to those of the 14-band m (s
Ep,=2/(S| P, Z%)|%/m (eV) N/A 5.9 6.0 Fig. 3), the effects of the states on intersubband absorption,
EQ=2\(XU|py|Z°)|2/m (eV) N/A 13.5 12.0 the optical property of interest in this paper, will be domi-
Myy 0.51 N/A N/A nated by their influence on the wave fUnCtiOthgf. In order

to calculate momentum matrix elements for intersubband ab-
sorption, the 8—componer\lff;'fgf is unfolded to yield an ap-
thermore depends only weakly d# in Eq. (2.19. There-  proximate 14-component eigenstabe W is related to\lff,fgf

fore we will determineP; from a pseudopotential calculation jy the same way a® is related torbgfgf [i.e., via EGs.(2.6),

by Cardona, Christensen, and FdSolwhich yields (2.8, and (2.9]. The explicit form of the corresponding

P1=0.48P, for GaAs. The experimental values ofc and  amiltonianH will not be needed. The superlattice part of
myy (Ref. 23 will then be used to determirfe, andQ from Fig. 1 will be discussed in Sec. Ill.

Egs.(2.19 and (2.16. The parameters for GaAs obtained | 3 non-lattice-matched superlattice the bulk constituents
from the two procedures are compared in Table Il to theyre strained. Strain affects the energy gap and splits the de-

parameters used in Ref. 22. Ti@s differ by 11%. The  generacy of the light and heavy holes of a bulk material, as
present 14-band model differs from experimental values fogpqwn schematically in Fig. 2. The effect of strain is ob-

GaAs by 8% form and by 45% fomso. tained from empirical lattice constants, elastic constants, and
Figure 3 shows the band structure for GaAs calculate@eformation potentials for bulk material, as well as the in-

with the previously used 8-band semiempirical param-yjane |attice constary; of the superlatticé.Effects on the
etrization as compared to the 14-band semiempirical paran,omentum matrix elemen®,, P,, or Q are neglected in
etrization presented here. As required by the parametrizatiogq present treatment. Y

methods,mc and myy are the same for both. The percent  The hygdrostatic straie,, and biaxial straireg on a bulk

difference inm, is 5% and inmgo is 3%. The masses are mgaterial forced to conform to the in-plane lattice constant
more similar than might be expected because of counterack

ing effects of the terms in Eq$2.15—(2.18 involving P, I are

andQ. The most prominent difference in the band structures

is that the approximation causes the heavy-hole band to cross ey=2

the light-hole band in the 8-band model. This unphysical

result shown in the vertically enlarged inset occurs at largaévheree = (a —a)/a, is the in-plane strain¢,; andc,, are
the elastic constants of the bulk material, anib the lattice

C12 Ci2
1- C_) €, eg= 1+ ZC—) e, (2.19
11 11

constant.
GaAs Band Structure These strains influence the various gaps shown schemati-
3 . . i cally in Fig. 2, particularlyg, and the heavy-hole-light-hole
I C == gapEy :
2r Eqg strained™ E i —|egb|
h T . g,strained— g,unstramed’_ €yC—|€egby,
g 1 £ —— 14Bands (2.20
5 -=--- 8 Bands - pet Z(eBb)z
] =2egh— ——.
Lﬁ 0 ——eror HL B A
1 Herec andb are deformation potentials.
2 N . 2 Ill. SUPERLATTICE ELECTRONIC STRUCTURE
0.00 0.05 0.10 0.15 0.20 i ) o
k (A" Since the bulk 8-band effective Hamiltonian adequately

reproduces the 14-band electronic structure, the 8-band
FIG. 3. Comparison of the bulk 14- and 8-bakdp models ~ Hamiltonian will be used to obtain the superlatti&t) elec-
for GaAs. The inset shows a vertical blow-up of the region with thetronic energy levelgbut not the eigenstatesThe effects of
most significant differencesk-0.1 A™1). folding down the 14-band basis set, and the effects of strain,
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are included in the bulk-p formalism on which the SL i IFL(Z4)
treatment is based. 2 (n,0[p,n",0)F/(z4)— o

The superlattices considered are composed of alternating n
layers of two bulk semiconductors, designatedndB. The i dF(z-)

formalism yielding the superlattice band structure regards the = E (n,0pIn",0)F/(z-)— m ez 3.3
SL as a perfectly periodic, highly anisotropic crystaThe "
SL wave functions, characterized by wave veétaand band
indexL, obey Bloch’s theorem. Using the envelope-function
approach, th& =0 states of the superlattice are determined
as products of envelope functiokg(z) and thek=0 Bloch
functions(r|n,0) corresponding to band of the constituent
bulk semiconductors:

where (n’,0/p|n,0) is the momentum matrix element con-
necting bulk bands. The bulk momentum-matrix elements of
Ha) contain the effects of the rapidly varyidg|n,0)’s.

Once the superlattidé = 0 states have been determined, a
superlatticeK - p theory is used to determine the finite
states. A finiteK SL state|L,K) is expressed in terms of the

(r|Wg(L,K=0))=(r|L,K=0) K =0 states by
:; Fn(L,K:0;2)<r|n,0>. (31) <r|L,K>:eiK'rE CLN(K)<r|N,O>
N
Here z is the growth direction of the superlattice. The for-
malism presented applies to any number of bulk bamds :eiK-rz Fn(L,K;2){(r|n,0) (3.4
However, we note that in practice it will be restricted to the n

14 bands considered in Sec. II.
When the envelope-function expression E8,1) is sub- and the Hamiltonian is applied to this state to obtain a SL

stituted into the Hamiltonian[Eq. (2.1)], a multiband K-p equation for thec \'s as a function oK:

effective-mass Hamiltonian is obtained. The wave functions

of the bulk states(r|n,0), are nearly the same in layefs

andB due to the similarity in the pseudopotentials and mo- 2

mentum matrix elements for the two materials under N

consideratiort:®> The envelope functions are taken to be

slowly varying on the scale of the bulk unit-cell size, and can +(N’,0|H’|N,0)

therefore be cell averaged. With these assumptions, the

multiband Hamiltonian folK =0 can be expressed as

h2K?
(EN(O)+ W—EL(K)) ONNY

CLNI(K):O. (35)

The dispersion of the SL bands is governed by
[HA(B)(kX,ky,kZ—>_|(9/(?Z)_EL]F(L,K:0,Z):O (32)

The envelope functions and energies which are solutions to , / _ ﬁ_K /
Eqg. (3.2 are labeled byL. The boundary conditions for (N".0R"[N.0) m (N".0pIN.0), 36
F(L,K=0;z) are obtained by integrating E¢(B.2) across an

interface, and are consistent with continuity of the cell-where the momentum matrix elements connecting the super-
averaged currerft, lattice K =0 states are

1

(L’,0|p|L,O>=v2 Hj dr F},(L",0;2)F,(L,0;2) (n’,0|p|n,0>+[f dr F},(L",0;2)pF,(L,0;2) 5nn,] (3.7
nn’

= [ann(L,.L"){n",0p|n,0)+TT(L,L )00 ] (3.9

n,n’

|
and V is the crystal volume. The terms involving are 8

knowr? to be larger by a factor ofn/m¢ than the terms (r|\I’SL>=n§l Fef(L,K=0;2)(r|n,0)" 3.9

involving II. We now adapt the formalism for the effective
8-band model to justify the use of this model in previous
calculations of SL interband transitiohd,and to apply it to
intersubband transitions in the SL conduction bands.

The folding-down procedure for the SL's is analogous to =n21 Fn(L,K=0;2)(r|n,0).
that presented in detail for bulk bands. The approximations (3.10
involved in reducing the effective (88)H s are also the '
same. The superlattidé =0 states can either be written in
the 8-band effective basis or the full 14-band basis, The 14-component

14
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The essential elements of the procedure are shown schemati-
(3.1))  callyin Fig. 1. Equatior(3.12 leads to the familiar form for
the envelope-function equation

can be expressed for arbitrafyin terms of the 8-component

Fe analogously to Eq92.8) and (2.9):
gously to Bqs2.8) and (2.9 [HSB (K Ky Ky —10102) — ETF (L K =0:2) =0,

Fos(L,K)=FEy(L K), (3.12 (3.14

Fa(LK)=—(Hp—E) "HigsFesLK). (313 oy, explicitly,

ErG(Z) APk, 0 |ﬁ2PkZ
m
i%Pk Fe(2) Fe(2)
_ L =
rel? ° U Fu@ ]| [ Fu@ 18
0 0 Er (2)—k h? K 0 Frn(2) Fun(2) | '
et TP amy(2) Fsd2) Fso(2)
i%Pk
- 2.0 0 Er.(2)
V2m K

with k,— —i(d/dz). The z dependence of matrix elementsl-'rl'ﬁf\'(';) arises because their values differ in the different layers
A(B). Ern(Z) are the energies of the bulk=0 states. The values ah,(z) can be obtained from Eq2.16). They are

similarly layer dependent. The heavy-hole mass term originates #tép3, and is thus a result of folding down timestates.

Its form
(8H9) Hose| —— )HT )
ps/33~ 7| Mpsp| ps-p
H;—E 33
AQKk 1 1 A QKk
ok, + Ok (3.16
m |2[E—(Ec+Eg)] E—(Ec+Eg—Ao| m
is thus the same as the empirical expression of(Bd.5 used in previous work.
The boundary conditions for the light stat¢s3) are
2 (n,0pn",0Fq(z-)=2 (n0lpIn",0F(z.), (3.17)
n’ n’

where(n’,0/p,|n,0) are the momentum-matrix elements among the bulk bands given explicitly b§BZgin Appendix B.
The Il terms in the SL momentum matrix elemefiy. (3.8)] are neglected.
Due to the folding down of the@ states, the boundary conditions for the heavy-hote0 states take another form,

{1_ Q2[3EC(Z+)+3Eg(2+)—AC(Z+)] IFpn(z4)
M[Ec(z+) + Eg(z4)I[Ec(z4) +Eg(z4) —Ac(z1)]] 9z
[, Q[3E(z-)+3Eq4(z-)—Ac(z)] IFn(z-) (3.18
M[Ec(z-)+Eg(z-)J[Ec(z-) +Eg(z-)—Ac(z-)]] 9z '
This justifies the use of the boundary conditions in Ref. 2,
1 IFun(Z4) 1 dFuu(zo)
Fun(zy)=Fpn(z-) and Mer(Ze) 7z Moz 9z (3.19

The heavy-hole massyy can be determined for a bulk constituent within the 14-band model from the zone-center band gaps
andQ according to Eq(2.16. In our 14-band semiempirical parametrizati@nis chosen to reproduce the experimental value
of myy, while in the 8-band parametrization the experimental valumgf is used directly.
The matrix elements coupling heavy-hole superlattice bands &gmfiffer from those of Eq(3.6). There are three types
of terms coupling the heavy-hole bands along lhedirection. These are given by
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, h2K, . d
<N ,0|H2|N,0>—— 2iV f dr FHH(N ,O,T) Em FHH(N,O,T)
ﬁngJ dr F5,(N’,0; ! F N,O; hZKZJ drF¥,.(N',0:; ! J F N,O;
~ v r Fan(N7, -f)m HH(NLOIN) — = rEaR(N’, -f)mﬁ HH(N,O;r).
(3.20

The first term contributes only at the interfaces, wherecan be rendered block diagonal through a judicious choice of
myn(z) may be discontinuous. The second term is proporbasis states. The appropriate conduction band states, for ex-
tional to the overlap of the envelope functions. The thirdample, ard

term involves an envelope-function derivative and is similar

to all term. 11)=(|1)+[5)/2,

Having now specified the form of all the matrix elements (3.22
in the SLK - p secular equatiofEq. (3.5)], it is now possible ,
to solve this equation for arbitraty to obtain accurate non- 15)=(I1)~ |5>)/\/§-

parabolic band structures. Once the SL energig) and  The block diagonalization b, s into two (4X 4) matrices
envelope functions,§(L,K;z) have been found, thp en-  reduces the computational requirements by a factor of 8.
velope functions=5(L K ;z) are determined by3.13. Twenty SLK =0 bands(forty spin-dependent bantare

In addition to the bulk parameters described in Sec. II, thekept for the SLK - p calculation: the five closest to the fun-
empirical valence-band offset=Er (A)—Er (B) and the  gamental gap whose characters &g LH, HH, and SO.
layer thicknesses provide the remaining necessary informaFhese are not necessarily the highest 15 valence bands, but
tion to calculate the band structure of the superlattice. Tablare chosen to balance the truncated basis set to improve con-
Il shows these parameters for the semiconductor systemgergence of the& - p theory.
analyzed in this paper. The valence-band offset is affected by The above formalism is a highly optimized adaptation of

strain® and differs for the heavy and light holes: work begun in Ref. 2. The band structure and optical absorp-
tion (including excitong can be calculated for a superlattice
AHH:A+e:ébA_eEbB in 5 min of CPU time on a desktop workstation. The optical-

absorption calculations agree with experiment to within 10%
3.2y forlil-v systems? Auger lifetimes, relevant to IR detectors
and lasers, which are calculated using these band structures
2(e@bA)2 2(eEbB)2 agree with measurements within experimental eftor.

ALH:A_eSbA"_eEbB"' AA — AB

IV. INTERSUBBAND ABSORPTION FROM CRYSTAL
SUPERLATTICE K -p THEORY
The K=0 Hamiltonian can be made block diagonal as a

result of the pary symmetry ofthe 8-band model, This sym- % R A AAE SRS e R Cee vt
metry remains in the superlattice for genefal but was not b P

utilized in the formalism of Ref. 2, in which the 8-band along or pe{pendlcular to the growth axis, respectively.
: Lo . Johnsoret al.” used thef-sum rule
effective Hamiltonian only decomposed into twox4
blocks atK =0 because the matricen’,0/p,|n,0) [Eq. ,
(B3)] and (n',0[py|n,0) are not block diagonal.py s (m/my) =1+ >, e (4.2)
L/

TABLE IIl. Empirical K-p parameters requiredalong with 4 show that the 50% difference between & effective
those in Table I for the calculations of Sec. IV. Values faty at massesmél and m)((_‘,l is almost entirely associated with the

300 K are used. All values are from Ref. 23 excAptwhich comes 5 X .
from Ref. 31. The barrier composition of Ref. 11,AlGa, gAS, fact thatfc,c;> T,y for a particular GaAs/AIGa; - As

has identical parameters to AGa, ;As with the exception of a SL. Here
slightly differentE, (1.799 eV. ) _E |(L,0|pa|L',0>|2 s
GaAs Al,Ga,As  GaAs/ L't m EL(0)—EL(0) '
Al 5 Gag ;AS . .
is the oscillator strengthy=z or x andL,L" are SL subband

E4 energy gapeV) 1.420 1.786 indices, and the prime on the summation indicates that
A spin-orbit splitting(eV) 0.328 "=L is excluded. The calculated values were shown to be
mf, in (100 direction 0.48 in agreement with experimental cyclotron resonance
A valence-band offseeV) 0.138 values*® This fact leads to the conclusion, in agreement with
n, index of refraction 35 the present calculations for both 8- and 14-band models, that

the C1—C2 intersubband TM absorption determined oy
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is considerably larger than the corresponding absorption, de- 2r2e?

termined byp,, for the TE mode. ayp ()= mszVZ 2 {flEL(K)]
Recently Peng and Fonstddhave argued that the TE ab- Koo

sorption calculated in a 14-band model was dramatically — Fl ELCK) TH(L K] pya|L " K)

larger than the small TE absorption originating from the

spin-orbit interaction in an 8-band model. They also identi-

fied the source of the strong TE absorption toFyeand Q, XS EL(K)—E[(K)-fw]. 4.3

defined in Eq.(2.2), which appears in the 14-band model.

The TE absorption in the 14-band model is indeed larger b)'/A\

a factor of 100—1000, but it remains 5—-10 times smaller thal?he superlattice bands due to inclusion of fiestates are

the TM absorption and therefore relatively insignificant. small. Therefore the primary changeds anda, due to the
This section begins with a brief summary of the formal = stétes will result from changes itL,K |p |ZL’ K) and

intersubband. absorption res_ultg using the 14-band mod L.K|p,/L,'K). We now consider the e%'fectxof the conduc-

;nedmit)hneend g;;(t:g;ssezf g)?p?enrtil;(r?gx?al :ﬁts;& efoSr eéh)? abovetion p states on these superlattice matrix elements. The ma-

' trices containingn’,0/p,/n,0) and{n’,0|p,/n,0) in the 14-

band bulk basis decompose into arK8 py; ps, 8X6

Matrix Py, ps.p, and a 6<6 matrix py(z 5, [Px(z),p=0-1

The expressions for TM and TE intersubband absorption Using Eq.(3.10), the TE and TM matrix elements can be

s seen graphically in Fig. 3, the changes in the energies of

A. Formalism

in SL notation are written in the form
(L.K[pxnIL" K)=FH(LK)peyF(L" K) = Fig( LK) Py paFps LK) (4.9
+FILK)IPL ) seFa(L’ K) +FHLK) Py pspFps(L' K. (4.5

The first term(4.4) is that calculated within the 8-band K.p parameters are given in Table IIl. The first case consid-
model. The next two term@l.5) are the first-order additional ers a 80-A GaAs/160-A AJsGa,-As SL with doping

contributions of the 14-band model. n=5x 10" cm~23 in which C1 andC2 are both localized in
the well. The optical-absorption coefficienta(E) at
B. Results T=300 K for photons having TM and TE polarizations are

This section will illustrate the intersubband absorption ofShoWn in Fig. 4 for both 8- and 14-band modgfEhe optical
three GaAs/AlGa; ,As quantum-well SL systems using length for this and other absorption results in this paper in-
the present theoretical results. The first two cases deal withlUdes the entire SL periodThe large maximum absorption
C1—C2 transitions originally studied in connection with coefficient and the narrowness of the structure for the TM
CALM.1326 The third case involves th€1—3.Cn inter- mode is associated with the nesting of b& andC2 sub-

. h . . .
subband transitions involved in QWIP applicatidhsThe bands: the in-plane masses differ by less than 10%. Since the
C2 mass is larger than that &@1, the range for which
a(E) is nonvanishing lies between the diffuse subband en-

TE and TM Absorption ergy gap in the vicinity of the Fermi enerdf>“*(K¢) and
5000 8°’3G3A5"5°’.*A'°-3Ga°1“5 £0000 the sharp energy associated with the maximum value at
~ — M-8 Band 300K K=0, Eg“*(0), aninterval of only about 0.01 eVcf. Ref.
§ 400 } 77T T¥-14Band 4 40000 26, Fig. 4. The sharp feature is absent in the TE case be-
5 <=—- TE- 14 Band / cause the optical matrix elements increase with the SL mo-
£ 3000 A 4 30000 mentum, as pointed out in Ref. 27. As a result, the TE ab-
ke sorption matrix occurs at a lower energy than the sharp T™M
8 -_— peak.
% 2000 120000 The difference between the 8- and 14-band models for the
B 2000 TM case are seen to be small, about 15%, corresponding to a
g 1000 . 1 10000 momentum-matrix element difference of 7%. By contrast,
< / I the TE absorption for the former is about®1greater than
%16 * YT, 012 that for the latter. The large difference is due mainly to the
Energy (eV) incorporation ofP, andQ [Eq. (2.2)] in the 14-band model,

as first pointed out, to our knowledge, by Peng and
FIG. 4. Absorption for a CALM candidate, in the TE and TM Fonstad"’
modes, calculated with 8- and 14-band models.c20@licates that Because the result is independent of broadening, the com-
the 8-band TE curve is shown 200 times larger than reality. parison between absorption strengths is better made by using
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the conductjvity sum rufé applied to th_eT narrow _abso_rption TE and TM Absorption
band agggtlnated with tr@1—>C'2 traq5|t|on. The imaginary 40 GaAs/2004 A, Ga, As
part e; = [X(z);w] of the dielectric function associated 800 T T T 8000
with TE(x) and TM(z) photon polarizations, respectively, is ;E~ — m:?f;‘:‘:d T300K
. . —— TE-8Band
given by Eq.(20) of Ref. 2: % 600 b - 1E-8Band. 6000
2,2 E
2,C1, . _ ‘S
5'5(2: ¢ [X(2);w]= mzwz|<Cl,qpx(z)|02,0>|2pc2,c1(w), % 400 b 4000
(4.6 S —
S v Ty
wherepc,c1(w) is the joint density of states per unit energy 'g 200 | .7 / ! 4 2000
and volume involvingC1 andC2 bands, andv is confined § A
to the region Eg*“Y(Ky;=Kg)<hw<EG>“(0) having o /< .
width n/pc,c1(w); de,=0 otherwise. Since the carrier den- 0.13 0.14 0.15 0.16 0.17
sity n is confined to a narrow region aroukd=0 of theC1 Energy (eV)

band, it is sufficient to approximate the momentum-matrix
element by itsK =0 value. The conductivity sum rule then  FIG. 5. Absorption for a less-favorable CALM candidate, in the
reads TE and TM modes, calculated with the 8- and 14-band models.
20« indicates that the eight-band TE curve is shown 20 times larger
2.72e?n than reality.
fX(Z) (4 7)
m c2C11 .

f w08eS*Ux(2);w]dw=—
0

__ X 74
wheref’é(zz?Cl is given by Eq.(4.2. For the TM case, Eq. RAS_[; “enct /; Zen,c1
(4.7) takes the more familiar but approximate form

:[2 fén,Cl /2 fén,Cl

n n

and is calculated for n<5. The values are 810 * and
wherew;2:4q-rn e’/m¢, expresses the effective plasma fre- 0.13, respectively, for the 8- and 14-band models due to the
quency squared in terms of, and the in-plane effective effect of P; andQ in the latter case. Despite this enhance-
massmy,;. Equation(4.8) is applicable because the sharp ment, the TE absorption still remains at 13% of the TM
feature shown in Fig. 4 is well separated from that of highevalue.
conduction subbands. We shall denote the integral having the The final case to be considered in detail is a QWIP can-
form in Eq. (4.7 as.Z%9., to denote the transitions didate, 40-A 7GaA§/3300-A_ A 31Gao es, which isn doped
C1—Cn for the TEK) or TM(z) mode. The relative absorp- With 2.4X 10""-cm carriers.” Figure Ga) shows the TM
tion strength(RAS) of TE/TM is then given in the present absorption measured for this system, and that calculated in

, (4.10

» 1
fo wéegz’Cl(z;w)dw%Eﬂ'w;z, 4.9

case by the ratio the 8- and 14-band models. The data for the absolute absorp-
tion coefficient in Ref. 11 are for the TM mode. According to
A A =|(C1, C2.0|%|(C1, C2.0)2 Ref. 12, they are obtained using a waveguide geometry and
czcr7eaca=I{CLOP IK(CLOP ) the assumption that there is no TE contribution. The calcu-
=fEac/feaca- (4.9 lated curves have been broadened by 20 meV to account for

plausiblex1 layer uncertainties in the SL well width used

RAS is 10 * and 0.096 for the 8- and 14-band models, re-successfully in previous calculations by the present group
spectively; i.e., the TE absorption is enhanced by a factor ofe.g., Ref. 5. The quantitative agreement between the 14-
860. band calculation and experiment is seen to be satisfactory.

In a narrower well the absorption features are broaderperfect agreement could be obtained by making small
The increased confinement raises the energies afthiev-  changes in the broadening, doping, or alloy concentration.
els. Figure 5 shows the absorption for a 40-A GaAs/200-Athe 8- and 14-band absorptions differ by 17%, indicating a
Al g 5Gag 7/As SL with the same doping as in Fig. 4. The two difference in the momentum-matrix elements of 8%.
peaks correspond to th€2 and C3 subbands, which lie Figure &b) shows the calculated TE absorption and T™M
close together near the top of the barrier. The nesting beabsorption coefficients for the 14-band model to emphasize
tween theC1 and C2 subbands has largely disappearedithat the TE process is appreciable but not as large as that
hencea(E) is much smaller. The right-hand side of B4.7)  predicted by Peng’s theoryor some recent experimerits*®
must be generalized to read- szezn/m)zgfé(ﬁ?m. The  TheCn states 2n<5 summed over in Eq4.10 all lie in
dominant contributions are given bysh<5. Note that the continuum. The contribution to RAS for>5 is small.
since the carrier density is entirely associated with thel  The values of RAS for the 8- and 14-band models are 1.6
subband, the value ob’gz is unchanged for the TM mode. X102 and 0.19 respectively. Thus, as shown in Fith)6
As a result the TM total absorption strength is the same as ithe TE absorption strength is 20% of that due to TM and is
Fig. 4. The numerical calculations verify this observation.observable as suggested in Ref. 17. However, as pointed out
The 8- and 14-band TM results still differ little. The relative at the beginning of this section, the two absorption peaks
absorption strengtfRAS) is now given formally by cannot have equal values because offtsam rule(4.2) and
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FIG. 6. (8 TM absorption for a QWIP candidate studied by
Levineet al. (Ref. 1)), calculated with 8- and 14-band models, and
compared to experimentb) TE absorption compared to TM ab-
sorption for the same system in the 14-band model.

the fact that the principal axis values of the effective masse
mg¢, andmg,; must differ in the anisotropic solid represented
by the SL.

The observation that the TE/TM relative absorption can
be sufficiently large to be seen experimentally in narrow.
GaAs QW'’s having a width of about 40 A is noteworthy.
This result comes about because tbé state is confined
within the QW, and the excited ban@n (n=2) lie in the
continuum. Furthermore, there are severak{2<5) bands
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Our calculations indicate that the experiments reporting
large TE/TM absorption ratios involving 44-A
In,Ga; _,As/250-A GaAs (Ref. 15 and 18-A InGa
1-,As/50-A AlAs (Ref. 16 have RAS values of 2.5% and
0.7%, respectively. The physical effects identified as respon-
sible for the large TE/TM ratios in Ref. 15 are incorrectly
attributed to ingredients of the eight-band model. An evalu-
ation of the effectiveness of surface roughness in inducing
diffuse reflection and therefore affecting the TE/TM ratio
indicates that its influence would be negligiffeLarge
TE/TM absorption ratios have also been observed in systems
having an applied electric field along the growth directidn.
These effects on the momentum matrix elements will be ex-
amined in a future paper.

We conclude that TE absorption should be observable in
narrow GaAs QW systems. However, on the basis of the
f-sum rule resulting irC1 band mass anisotropies observed
by cyclotron resonance experiments and the conductivity
sum rule describing the well-isolated optical frequency range
in which C1— Cn transitions occur, the limiting TE absorp-
tion is estimated to be no larger than about 20% of that
associated with the TM mode. The significance of TE ab-
sorption on normal-incidence QWIP applications remains
doubtful.
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APPENDIX A: BULK EQUATIONS

S The 14 bulkk=0 basis stategr|n,0) being considered

are defined in Table I. The first eight, tipes states, are de-
f

ined in terms of the statds), |X), |Y), and|Z) using the

notation of Ref. 2. The states are defined in terms of the
stategX®), |Y®), and|Z) using the notation in Ref. 22.

It is possible to write the 88 Hs in block-diagonal

form,

that contribute in the same relatively narrow energy range
enhancing the absorptidref. Figs. 8a) and (b)]. Equation
(4.9 indicates that the smaller RAS associated with the re-
sults of Fig. 4 relative to those of Fig(lf is due to the
smaller relative value of the momentum-matrix elements
connectingC1 to another bound stat€g in Fig. 4 relative
to those involving continuum final state€2 to C5 in Fig.
6). Evidently the QW’s on QWIP’s cannot be too narrow
sinceC1 must be bound in the well to prevent conduction
along the growth direction. The barriers cannot be made too
thin for the same reason. In addition, each well should pro-
vide sufficiently large optical absorption to minimize the
number of required SL layers.

Finally we note that the large numerical estimate in Ref.
17 was based on the assumption thaty||~|¥ 4. The
inaccuracy of this estimate has been explored in Ref. 18.

(A1)

where

o

h2k?

>m . (A2)

ps—
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H,sp can be similarly decomposed:
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Finally, Hy is diagonal, and

(A5)

hysy O
ps-p
H p§5: [ 0 h.= _} ’ (A3)
ps-p Ec+Ey 0 0
where s=| 0 EctEg 0
_ 0 0  Ec+Eg—A.
Pk iP,Aik
m 2m .
. The resultant 5 is block diagonal, like Eq(A1), and
0o - Qf_ 0
2m
hps-p= (A4) hei=hps+ dhys
Qﬁk Qﬁk ps ps ps»
V2m m
here
fk w
0 QAik 0
L m
P 2 iP,Q V2
m | E—(E.+Ey) m |E—(E.+Ey)
1
+ 0 - V2 0
E—(Ec+Eg—Ao) E—(Ect+Eg—Ao)
0 Q? 0 V2Q?
712K? mE—(Ec+Eg)]  ME—(Ec+Ey)]
5hpg=2— . 2
m| iP,Q V2 Q 1
 m |E—(E.+Ey) m |E—(E.+Eg)
2
- V2 + 0
E—(Ec+Eg—Ap) E—(Ec+Eg—Ao)
0 V2Q? Q?

When the free-electron mass has been neglected, and all featusbgoéxcept the induced heavy-hole mass term are

~ ME—(Ec+Ey)]

neglected, as discussed in Sednﬁ%f reduces tch*'P, where

iPofik
9 m
iPofik
1Mo 0
m
0
iPofik
J2m

The heavy-hole mass comes from #33) element of Eq(A6), and is

ME—(Ec.+Ey)]

(A6)

(A7)
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m Q?(3E +3E4—A)

—1— . A8
Man M(Eq+ Eg) (Ec+ Eq—A,) (A8)

APPENDIX B: SUPERLATTICE EQUATIONS

The effective 8-band bulk Hamiltoniah* P [Eq. (A7)] forms the basis for the envelope-function formalism used to
obtain the SL electronic structure. The bulk constituents of the two layers of the superlattice have different zone-center bulk
band energies. Therefore the zone-center energies become position dependent in the resulting multiband effective Hamiltonian.
Because of the dependencemjf,; on bulk band energieEq. (A8)], the heavy-hole mass is also position dependent. The
offset between the two sets of band energies also must be known. ThalfBgeroequation with this Hamiltonian is

Er (2) ihPk, 0 izg@
m
i%Pk Fe(2) Fe(2)
_ Z E
ol ° D[ Fu@ ]| [ Fu .
h? Fan(@ | | Fan(@ |’
0 0 K 0
Fr D K ) Fsd2) Fso(2)
i%Pk
- 2.0 0 Er.(2)
V2m "

with k,— —i(d/9z). Quantities in the Hamiltonian which azedependent merely depend on the layer thiatin, which is why
the Hamiltonian is designateld':\'(%). Erm(Z) are the energies of the bulk=0 states. The fornk,[#%/myy(2) ]k, for the
heavy-hole mass term in the Hamiltonian is due to the folding-down procedure, wiHgte —H 5 5(Hp— E)*lH;;. Since

H,sp is proportional tok, and Hy— E) ! has position-dependent energy denominators, the correct form for the heavy-hole
term is that in Eq(B1).

The effect of strain is to change the zone-center energies of the thedtiagonal elements éf,g)), so there is no effect
on the structure of the derivation we have presented. Since strain does not affect the momentum-matrix elements of the bulk
crystals, it enters only into the determination of te=0 states. The derivation for the SL electronic structure can be
considered to include strain from the beginning.

The momentum-matrix elements among the 14 bulk bands can be broken down into8amatrix p,s, an 8<6 matrix

Ppsp. and a 6<6 matrixp, (pp=0). The boundary conditiorf€q. (3.17)] on the multiband Hamiltonian E4B1) require
knowledge of

0 iPp O ﬂ 0 O 0 O
V2

—-iPp O O O 0 0O 0 O
0 0O 0 O 0 0O O

—iﬂ 0O 0 O 0 0O 0 O
V2

Pzps™ . iPO . (B2)

0 0O 0 O 0 iPp O E
0 0O 0 0 -—-iPp O O O
0 0O 0 O 0 0O 0 O
0 0O 0 O —iP—O 0O 0 O

V2
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For the SLK - p equation[Eq. (3.5)]

0 0 0o 0 0 _iPy
2 2 &
P
0 0 0 0 ’T" 0 0 0
0 0 0 0 _“/ip" 0 0 0
P
0 0 o o0 -2% o o 0
2
p,-:
P iPy i\3P, iPg
0 ~ Lo Yo 9 0 0 0
2 T2 2
P
—12—" 0 0o 0 0 0 0 0
_ B3Py 0 0 0 0 0 0 0
2
P
Yo 0 0 0 0 0o 0 0
NG}

is also necessary. In the choice of basis sets described in Seg, Jilis block diagonalp,s 5 is required for determining the
momentum-matrix elemeni&q. (4.5 ]

iP,
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2
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2
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2
0 0 0 0 ©Q 0

and
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