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The electronic structure of abrupt (InAg)GaSb), superlattices is calculated using a plane wave pseudo-
potential method and the more approximate eight bamdmethod. Thek- p parameters are extracted from the
pseudopotential band structures of the zinc-blende constituents neBrpghit. We find, in general, good
agreement between pseudopotential resultskapdresults, except as follow$l) The eight band - p signifi-
cantly underestimates the electron confinement energias<f@0. (2) While the pseudopotential calculation
exhibits (a) a zone center electron-heavy hole coupling manifested by band anticrossirg28t and(b) a
light hole—heavy hole coupling and anticrossing aronrdlL3, these features are absent in khe model.(3)

As k- p misses atomistic features, it does not distinguishGhgsymmetry of a superlattice with no-common-
atom such as InAs/GaSb from tils,y symmetry of a superlattice that has a common atom, e.g., InAs/GaAs.
Consequentlyk - p lacks the strong in-plane polarization anisotropy of the interband transition evident in the
pseudopotential calculation. Since the pseudopotential band gap is larger th&npthalues, and most
experimental band gaps are even smaller tharktieeband gap, we conclude that to understand the experi-
mental results one must consider physical mechanisms beyond what is includéel §eiiaterdiffusing, rough
interfaces, and internal electric fie)dsather than readjust the p parameters.S0163-18209)07531-1

[. INTRODUCTION more than 8 bulk bands &tare needed to reduce the error to
~10-20 meV. The basic reason for thi§ that just a few
(InAs),/(GaSb), forms an interesting superlattice and zinc-blende Bloch states drawn from thepoint are not
quantum-well system, because for large periodsn)—>  enough to describe the off-(i.e, k>k.) states. Thus, the
this heterojunction has aegativeband gap(the InAs con-  few bandk - p method is expected to work only for superlat-
duction band minimum is~160 meV below the GaSb va- tices with sufficiently large periodsn(m), where the band-
lence band maximum while for smaller periods, quantum edge wave functions are made primarily from low-
confinement of InAs electrons and GaSb holes leads to finittnomentum bulk Bloch states witkk<k.. However,
positive band gapEy(n,m) of up to~+400 meV. Thus, by  technologically useful IR wavelengths in (InAg)GaSb),
selecting (1,m), one can construct lasers and detectors atypically require rather small periods (m) of 4—12 ML.
technologically useful, tunable IR wavelengtifsThe design (i) In thek-p method thel’ Bloch functions of the con-
of such structures relies on the accurate modeling otituents are implicitly assumed to be equal, eug(GaAs)
Eg(n,m). This has been largely done in the past via the=u(InAs). This neglects the chemical uniqueness of the
k-p effective mass approximatich® Application of the  wave functions of the heterojunction partners. This approxi-
k-p method to superlattices involves the following approxi- mation u(AB) = up(CD) then implies that a carrier travel-
mations: ing from material AB to CD sees, in thk-p method, a
(i) In thek - p method the superlattice states are describeghotential barrier that equals the AB/CD band offset, while in
via a linear combination of just a few zone-cent&)) (ulk-  reality, if ur(AB) #ur(CD) there is an additional effective
periodic states of the underlying zinc-blende constituents. Ipotential barrier, as discussed by Burt.
the conventional eight barld p model, one uses as basis the  (jii) The k- p fails to recognize atomistic details. It thus
sixfold zinc-blendep-like valence band maximuniVBM)  treats aC,,-symmetric no-common-atom superlatfitsuch
statesl';, +I'g, and the twofold zinc-blendelike conduc-  as (InAs),/(GaShb), as if it was aD ,4-Symmetric, common-
tion band minimum(CBM) statesl'g.. It has previously atom superlattice such as (InA¢]GaAs), or
been recognizéd® that one can quantify the effect of this (InSb),/(GaSb),. In a common-atom superlattice such as
k- p basis set truncation on nanostructures by considering it§nSb), /(GaSb),, the two interfaces are symmetry equiva-

performance in describing the dispersion relation of the bulk: i e the one Wit 110] In-Sb bonds plu$110] Ga-Sb

zinc-blende constituents themselves. One fintithat while . . —
. : bonds is equivalent to the other one wfith10] In-Sb bonds
the k- p method reproduces, by construction, the correct enplus [110] Ga-Sb bonds. As a result, in this,g-symmetry

ergies at the Brillouin zone centég=0, the wave vector (eight point gr ratiohsthe two in-plane direction
distancek.— kg, outside which significant errors in the bulk €ight pont group operatio € Wo In-plane directions

dispersion relationship can be seen, is sometimes surpris}10] and[110] are equivalent, and all states are invariant
ingly small (see Ref. 6 for GaAs and AlAs, Ref. 7 for Inp under a k,y,z)—(y,—X,—2) operation. By contrast, in a
and CdSg An extreme case is the zinc-blendlg, state, N0O-common-atom superlattice such as (InAgjsaSh),,
where the eight-banki- p method overestimates its position the two interfaces have chemically distinct bonds: one has
by® 9 eV in GaSb, 5 eV in InAs and 25 eV in GaAs. Many [110] Ga-Sb and 110] In-Sb bonds, while the second inter-
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TABLE |. Band parameters extracted from the pseudopote(®Bl band structure and the target band
parameters afl=0 K we aim to fit. The bulk InAs and GaSh assume their natural lattice constants
=6.050 anda=6.082 A, respectively. The parameters, y,, andy; are the Luttingel(i.e., 6 band k-p
parametersi is the spin-orbit splittingE, is thes-p mixing parameter, anth* are the effective masses.
AEygo=Eygm(InAs)—Eygy(GaSh) is the valence band offse;, a,, anda. are the hydrostatic defor-
mation potentials for band gap, valence band, conduction band, respectivelyjsati biaxial deformation
potential of the valence band. The “target values” shown in the first eleven lines represent conventional bulk
parameters used in the literature, which we have fitted in the present PP work. The “target values” for the
quantities in the last four lines are derived from first-principles LDA calculations. They differ from values
often used in the literature given here in parentheses and are not fitted explicitly.

InAs GasSb

Current PP fit Target value Current PP fit Target value
Y1 19.90 19.67 11.99 11.80
V2 8.57 8.37 4.27 4.03
Y3 9.48 9.29 5.36 5.26
Ey(eV) 0.401 0.410 0.807 0.811
Ap(eV) 0.400 0.390 0.911 0.752
Ep(eV) 21.14 19.90 22.24 22.60
AEygo —-0.553 —0.540
my 0.022 0.024 0.042 0.041
m},(100) 0.361 0.341 0.290 0.267
mpn(111) 0.867 0.917 0.781 0.781
m}},(100) 0.027 0.028 0.049 0.050
ag -7.71 —5.66 (—6.08) —-2.59 —-8.01 (~7.64)
a, 1.43 —1.00(1.00 3.39 —-1.32(0.79
a. —6.28 —6.66 (—5.08) 0.81 —9.33 (—6.85)
b —2.57 —1.67 (—1.80) -2.15 —1.98(2.00

face has[TlO] Ga-As bonds andl110] In-As bonds. As a those of an eight-banl- p method,whose parameters are

result, the two in-plane directionfl10] and [TlO] are drawn precisely from the same pseudopotential bul_k band
inequivalent!~4and the symmetry is reduced @, (four structures In other words, we first accurately parametrize the
) A"

. : S full-zone band structures of bulk GaSb and bulk In@&s a
point group operations Similarly, thek-p does not recog- , .
nize the proper odd-even symmetry of a film made of an odéeW pressurgsvia pseudopotential¥'gas, and Vinas. Once

or even number of monolavet&or the correcC.. symme- determined, those pseudopotentials are used for calculating
YErso 2y SY the InAs/GaSh superlattices via) a direct pseudopotential

try of a self-assembled InAs/GaAs pyramidal ddThe ex-  plane-wave approach arith) an eight-bandk-p approach
istence of a lowerC,, symmetry in InAs/GaSb superlattices ith parameters drawn fromg,sp and Vi as. We deliber-

than the one D,4) assumed in standark-p method has ately neglect in the pseudopotential calculation the effect of
several consequences) The two interfaces have different jnternal electric fields, which are also lackingknp. Thus,
strain and different band offset(b) A built-in electric field  the two approaches share the same zinc-blende band struc-
is now symmetry allowed’ even though we are dealing with tyres atT’, the same deformation potentials and the same
a nonpiezoelectri¢001) oriented superlatticelc) Interband  Gasp-InAs band offsets. The differences in the ensuing elec-
coupling can be enhanced. Indeed, the lower the symmetiyonic structure obtained by tHe p vs the pseudopotential

of a structure, the more likely that its states have an equalethod stems then entirely from the fact thatp uses a
symmetry representatioiiln the extreme case of structures jimited eight band representation, while the pseudopotential
with no symmetry, all states have the saing symmetry  ses a complete basis set that resolves the atomistic details.
representation.Since states with equal symmetry represen-gych a comparison between a more complete theory with a
tations can interact, mix, and “anticross,” a lowering of the jess complete thery is useful for understanding possible fun-
structural symmetry can enhance such interband couplingiamental deficiencies in tie p theory, deficiencies that are

(d) Optical polanzatl@ anisotropy is allowed for light polar- 5inerwise obscured by readjustment of kh@ parameters to
ized along[110] and[ 110] directions. By approximating the directly fit the experimental results on the nanostructure.

actualC,, symmetry by a higherD,q symmetry, the con- Here it is important to emphasize two points.
ventionalk - p misses these effects. This effect was seen ex- (a) Previous comparisons of pseudopotential calculations
perimentally in InP/InGaAs superlattic&. with k- p for InAs/GaA3®°have not constrained the param-

In this paper, we attempt to establish both the f zinc-  eters of the two method®.g., Table ) to be equivalent, and
blende errors’(i) and the ‘k- p superlattice errors,(ii) and  so the results have not necessarily reflected only the differ-
(i), by comparing the predictions of a fully atomistic multi- ence in approximations, but could also have reflected differ-
band pseudopotential treatment of (InA&)GaSh), with  ent, uncontrolled inputs.
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(b) In our methodology thé& - p parameters are viewed as
fixed constants not as adjustable parameters. Once dets Band Alignment of Compounds Strained on GaSb (001)
mined from the bulk band structurgglrawn from well-
established experiments and state-of-theadrtinitio calcu- (:%)
lations, see belowthey have not been readjusted to fit the meV (450)
superlattice experimental data, or the superlattice pseudop (270) 378 (270)
tential calculation. Indeed, ik-p theory the input param- CBM 247 ,190_, 247
eters are fundamentally bulk quantities, not properties of thi (-160) 5(230) E 0
nanostructures themselves. (-270) =190 : 02 ' Y 5(270>
-290 i i -280
VBM (Ih) 1|(-100) e
{-500) : )
Il. METHOD OF CALCULATION - 503 : E
We first determine screened pseudopotentialgq)} as B0 ey ! 889
a function of momentumy for = Ga, In, As, Sb, using them VBM (hh) -----~ ! e
to calculate the bulk band structures of GaSb and InAs fronj i¢2 =  o0.853 0.987 1.130 1.0 0.853
which we find thek-p band parameters shown in Table I. GaAs InAs InSb GaSb GaAs
These parameters are then used in an eight-kapdnodef

to calculate the superlattice states. Separately, the pseudopo-
tentials{v,(q)} are used tdlirectly calculate the electronic

structure of the _Supgrlattice, using a plane Wave_ Basis The lateral lattice constant equals the GaSb natural lattice constant
whose cutoff is identical to that used in constructing the;—g 0g2 A. The(001) direction lattice constants for all the com-

FIG. 1. Pseudopotential band alignmefitsmeV) of the InAs/
Sb(001) superlattices coherently matched to a GaSb substrate.

pseudopotentials. R . pounds have been relaxed accordingly, resulting in the c/a ratio
The single particle pseudopotential Satirmer equation  shown in the figure. Numbers in parentheses are the LDA resullts,
for either the bulk solids or the superlattice is corrected for the LDA band gap error.
— §V2+E V,(r=Rp,) | (1) =€ ¢i(r). (1) The pseudopotential parameterg, a9, 814,824,830}
Na

of Eqg. (2) are adjusted to fit thexperimentally measured
electron and hole effective masses, band gaps and spin-orbit
splittings, and also theDA-predicteddeformation potentials
and band alignments. The target values we aim to fit are
given in Table I. A 5 Ry kinetic energy cutoff was used

. . - ; . when generating the pseudopotentials. To avoid discontinui-
the different atomic positionfRy,}. Since Eq.(1) is solved ties in the calculated band structure, a smoothing function

but once(i.e., self-con5|stency_|_s not attempted |s_|m;30r- was applied near the cutoff eneRGE,,. A few comments
tant to make the screen¢empirica) pseudopotentialfva;  are in order on the target data set that we fitted.

as accurate as possible, at the outset. Thyscontains a (1) An (InAs),/(GaSh), superlattice with integer period
local part and a nonlocal spin-orbit interaction part. Due ton contains not only In-As and Ga-Sb intralayer bonds, but
the spin-orbit coupling, the wave functigf(r) is complex also Ga-As and In-Simterfacial bonds. In the case of lattice
and has both spin up and spin down components. The spimatching to a GaSb substrate, the Ga¢{ixsSh) interfacial
orbit nonlocal potential is calculated using a small boxbonds are strongly stretchgdompressed The bottom of
implementation as described in Ref. 22. The local part of theFig. 1 shows the values of the tetragoméa ratio which

Here R,, denotes the positions of theh atom of typea,
determined from the strain minimizatioria Keating’s va-
lence force field modét The distinction between bulk zinc-
blende solids and superlattices in Ed) is entirely due to

potential has an analytical form in reciprocal space result from lattice matching to GaSb. Its departure from
) unity represents strain effects. Notice how deformed are the

V@) =[1+ 7, Tre(R )]aOa(q —ai,) @ GaAs and InSb layers. This strain introduces the need to

@ a Na azaeasaqz_ 1’ compute the band offsets for highly strained materials. Spe-

cifically, the following band offsets are needed: InAs-GaSb;
Here, the prefactor in square brackets depends on the loc&aAs-InSb; InAs-InSb; and GaAs-GaSh. We have calculated
strain Tre(R,,,) of atomR,,,. This introduces a local envi- all of these via LAPW-LDA, and then fitted their values via
ronmental dependence of the screened pseudopotential, mirodr pseudopotential. The fitted band offsets are shown in Fig.
icking the situation in self-consistent calculatiofsee Ref. 1, and are very close to the LDA calculated resfisen in
23 for more details about this local strain dependentteim  Fig. 1, in parenthesjsindeed, we find that it is necessary to
Eqg. (1), we have also scaled the kinetic energg§#41),  carefully fit all four band offsets in the pseudopotential gen-
partly to represent the effects of the ignored quasiparticleration so as to avoid artificial interfacial states in the ensu-
nonlocal self-energy terAf. In practice, the kinetic energy ing superlattices.
scaling is needed to fit both the effective masses and energy (2) The unstrained valence band offsets that were ob-
gaps. In this calculation, we have us@er 1.205. The super- tained from our first-principles calculaticfisfor GaX/InX
lattices are assumed to have a lateral lattice constant equal ¥ath X=P, As, and Sb, are 0.11, 0.06, ar).01 eV, re-
the natural GaSbh lattice constant, and the whole system ispectively. They are smaller than the values 0.36, 0.25 and
relaxed in thg001] direction using a Keating valence force 0.16 eV, respectively, obtained by Van de Walfé*smodel
field model?* The calculatedc/a ratios are shown in the solid theory.” The discrepancies between the two sets of
boxed areas in Fig. 1. results are primarly due to the fact that in the first-principles
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TABLE II. Parameters of the pseudopotential of Eg) for
InAs and GaSh. The potentials are fit to a plane-wave kinetic en- PP e (B8 kp
ergy cutoff of 5 Ry. 800 | _ —

Parameter In As Ga Sb | (2) il ”mm l

el M
Ve 0.808 0.000 —.019 0.000 400 T
Ao, 139.797 23.104 544918.497 266.483 GaSb]
ay, 1.559 3.106 1.752 2.154 0 VBM
as, 2.603 1.286 7281.008 3.003 S|
as, 0.433 0.362 0.907 0.877 w0 cBM|

n=20 JMWMMM n=28 Mﬂ“

all-electron calculation the anigncationd coupling is fully L
taken into accourf while this effect is missing in Van de  $ oo nhe oest ":As ) oo
Walle's calculation. £ :

Table | compares thie-p band parameters extracted from & 8% [
our pseudopotentials with the target parameters used in th4% - (P) 1
literature atT=0 K. We see that our band parameters per- 8 444 n=13 n=20 1
taining to the natural lattice constar(fgst eleven linekfit- @ ks
ted very well the conventional target values. However, our i
fitted deformation potentials differ quite significantly from 0
the target values derived from a recent LDA calculafion, r
especially for GaSb. But, since GaSb and InAs are nearly 4 F
lattice matched, we believe that the errors in the pseudopo:
tential deformation potentialevhich are not used in the fit-
ting procedurgwill not have a significant effect on the band -800 ¢ Gash
structures calculated for superlattices strained to the GaSl e : : : : '
substrate. What is important here is the band alignment 0 s oo 18 20 2% k4
shown in Fig. 1, which are fitted accurately. Supertatfice pariod n of (InAs),/(GaSb),

Our pseudopotential arid p calculations reported in this FIG. 3. Electron and hole energy levels vs the superlattice pe-
paper are based on an identical paramete(‘setrrent fit” riod n and the spatial dependence of pseudopotential wave func-
in Table ). The corresponding parameters of the employedions squaredinsed. The pseudopotential calculated energsid
pseudopotentidlEq. (2)] are given in Table II. lines) are compared with eight barld p energies(dashed lines

The wave functions squared are averaged over lateral directions.
The interface at the center of the box is taken to have InSb bonds,
and the interface at the edges of the box GaAs bonds, as in the
A. Bulk band structures arrangement of Fig. 1.

Ill. RESULTS

Figure 2 compares the pseudopotential and83k-p
band structures obtained for bulk GaSh and InAs using the

same zone-center parameters. We see that around’ the
point, the dispersions are the same for the pseudopotential

| bukinAs | | bukGasb |

0 ' ' , ' andk-p methods. The lowest-p conduction band is accu-
2 AN ’ rate out to 20% of thd”— X distancek,, while the heavy
-4

the hh and |h bands of InAs start to deviate at about 10% of
Ky .

&

' | hole (hh) and light hole(lh) bands of GaSb band start to
_/_\ . deviate from the pseudopotential results at about 15% pf
—— PP

-8 B. Superlattice electron and hh1 states

Band energies (eV)

Figure 3a) shows the calculated energies of the

(InAs),/(GaSh), superlattices as a function of layer thick-
i/ . , Y nessn (in ML) for the heavy-hole state hhl and electron state
0.4 02 0 0.2 0.4 el atT=0 K as obtained by the pseudopotentsdlid lines

X k (a.u) T K (a.u) X and k- p (dashed linesmethods. Asymptotically, an—«

FIG. 2. Comparison of bulk band structures obtained from thelh® Superlattice hh1 energy converges to the bulk GaSb
pseudopotential and eight bakdp theories. Thek-p results are VBM value, while the superlattice el energy converges to
calculated using the input parameters of Table I, which are exthe bulk InAs CBM value, both shown on the right hand side
tracted from the pseudopotential band structures neaFtpeint. ~ Of Fig. 3. As the periodn becomes shorter, confinement
The valence and conduction band offsetsT'aare derived from moves the electron levels up and the hole levels down. The
LDA self-consistent calculations. amount by which the superlattice electrgmole) energy lies
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TABLE Ill. Energy levels of (InAs),/(GaSb), (001 superlat- ” .

tices obtained usingg¥he pseudoéoter();fa(ﬂ and %hfak pz me?hods, . [ Transition malrix elements befween OBM and VBM
using the input parameters from Table I. Energies are in units of g 0-16L
meV, and zero is referenced to the valence band maximum of un- >~
strained GaSh. Fon=1 and 4, thee,;,, energies are out of the K= 451 @ |
range of ourk-p calculation. 5

% 0.08}
Periodn €e €nn1 €hnh2 €n Q_: CBM and VEM

PP kp PP kp PP kp PP kp }E 004} crossing point

1 382 297 —220 —257 —970 —432 —287 L 0.00 l
4 369 266 —194 —211 -804 —-294 —235 1
8 201 209 —104 —104 —372 —407 —244 —203 2o |
10 244 176 —77 —76 —286 —299 —220 —187 S o1} ®)
20 62 44 —-26 —-26 —98 —101 —132 —-123 2 1(110) - (110) 1
28 -16 -20 —-13 -14 -56 -56 —83 —82 s 02 M= 110y +1(110) 1
32 -39 —41 —-11 -—-11 -—-45 -—-44 -69 -70 ®

E 03 -

&

0.4 : : s s

above(below) the InAs CBM (GaSb VBM constitutes the 0 5 10 15 20 25 30 35
electron(hole) confinement energy. We see that the pseudo- Superlattice period n of (InAs),/ (GaSb),
potential andk-p results agree not only asymptoticallgis FIG. 4. Optical transition matrix elements and the anisotropy

guaranteed by the identical inputbut also for large periods parameten [Eq. (3)]. See the text for definition dfL10] and[110]
(n=25). At shorter periods, however, the p underesti- directions. Results are not shown for28, where the electron and
mates considerably the electron confinement energy aniple states cross each other, and the matrix elementy g in
overestimates slightly the hh1 confinement energy. Table I1Ed. (3) are very small and the anisotropy is not well defined.
gives some of the energy eigenvalues. We seekhpatun-
derestimateelectron confinement energies by 85 meN ( low n~ 15, we see that the transition in tfELQ] direction is
=1) to 18 meV q=20), while its overestimation of hh1 much stronger than that in the 1@) direction. Defining
energies ranges from 37 meW{1) to less than 1 meV _
(n=20). The larger electron confinement energy of the - [[110]-1[110]
pseudopotential calculation emerges from the fact that in this 1[110]+1[110]
calculation the Bloch functions of InAs and GaSb are al-
lowed to differ, while ink-p they are assumed to be the this “giant polarization anisotropy” is plotted in Fig(d). In
same. the conventional eight-bank-p calculation, the incorrect
The insets to Fig. @) illustrate the spatial variations of superlattice symmetry prohibits any such anisotropy so that
the wave functions squared for the electron and hole states &t=1. This polarization anisotropy has been observed experi-
n=20 andn=28 as obtained by the pseudopotential calcu-mentally in noncommon atom superlattices such as InAs/
lation. The microscopic structure, induced by the BlochAISb (Ref. 12 and InP/InGaAgRef. 13 (see also the cal-
function oscillation is apparent. While ik-p, the electron culation of Ref. 14 It would naturally diminish if the
states have pure symmetry and the hhl states have ppre interfaces are intermixed.
symmetry at the zone center, the corr€gt, symmetry of
the pseudopotential noncommon atom superlattice permits
parity mixing. While the effect is smalll fon~ 20 due to the
limited spatial overlap of the electron and hole states, at a Figure 3b) shows the calculated energies of the second
critical periodn.~28 ML the electron and hole states anti- and third (zone center superlattice hole states, which are
cross. The inset to Fig.(8 show the wave function squared both localized in the GaSb layer, as a functionmnpfas cal-
at that point demonstrating strong mixing which is absent irculated by the pseudopotentiablid lines andk- p (dashed
thek- p Ca|cu|at|on(| e., k- p g|ves Cross|ng pseudopotent|a| ||nE) methods. For |Ong penOdS the second hole state is hh2-
calculation gives ant|cr035|mg-|owever thek - p calculation  like while the third is Ih1-like. The insets to Fig(ky show
also give an anticrossing and interband mixing at finite in-the pseudopotential wave functions squaredat20. The
planek value. hh2 and Ih1 are localized on GaSh. The hh2 state has a node
Figure 4a) shows the pseudopotential interband d,po|e(m|n|mum) while the |h1l state has a single maximum at the
transition matrix element squardq(e)—|<¢i|pe| t//j>|2 be. center of the GaSb region. The pseudopotential and

tween the heavy hole state=hhl and the electron staje k-p_ re§ults are similar for long peripds. However, as.the
—e1, as a function of superlattice periadWe show sepa- period is reduced, the second and third hole states anticross

. . - and swap their wave function characters in the pseudopoten-
rately the matrix element along the in-plaae [110] polar- 5| cajculations. The inset to Fig(t3 show the wave func-
ization ande=[110] polarization(the superlattice is along tions squared for the intermediate regiom=13, where
(001 direction. Notice that the interfacial InSb and GaAs strong Ih1-hh2 mixing occurs. We see that both states have a
bond chains are both in the 1 10) direction. For periods be- local minimaat the center of the GaSb pdtnlike Ih1), but

)

C. Superlattice hh2 and Ih2 states
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TABLE IV. Experimental photoluminescence energy gigéeV) at the measurement temperatdirand
also extrapolated t& =0 for equal-thickness (InAgY(GaSh), (001) superlattices.

Periodn (L) in ML (A) Eq(T) Ey(T=0) Periodn (L) in ML (&)  E4(T) E4(T=0)

8.5 (26) 0.22-0.25 0.215-0.245 8(26)° 0.30

5.7 (17.5° 0.36 8.9(27)¢ 0.26

5.9 (18P 0.365 9.0(27.5° 0.265

6.0(18.2° 0.325 0.335 9.228)° 0.275

6.6 (20)° 0.36 9.2(29f 0.33

6.9 (21 0.32 9.8(30)¢ 0.265

6.9 (21)° 0.275 0.335 9.830)¢ 0.28

6.9 (21)° 0.245 0.3 12.137)¢° 0.2

8.4 (25.5° 0.285 16.1(49)° 0.09 0.13
16.7 (51)" 0.15
20.3(62)" 0.15

®Reference 29: al =77 K, InSb/or GaAs interface only.

bReference 30: af =10 K.

‘Reference 31: ai=84 K.

dReference 32; at=4.2 K.

*Reference 33: af =300 K, InSb/or GaAs interface only, grown at 450 °C.
fReference 34: aT=5 K.

9Reference 35: at =12 K, InSh/or GaAs interface only.

PReference 36: af=4.8 K.

that there is a finite amplitude thetenlike hh2 atn=20).  from the C,, symmetry related to the existence of two
Such zone center Ih-hh mixing and anticrossing are absent ichemically different interfaces in superlattices with no com-
the k-p calculation. It is interesting to note, however, that mon atom. This effect could be introduced into tkep
this anticrossing does exist k- p at off T’ in-plane wave formalism!®
vectors. The quantitative difference in the |h energy levels (5) The pseudopotential calculation shows anticrossing
(Table 1) between pseudopotential akdp ranges from @nd mixing at the zone center of the second and third hole
145 meV atn=1 to 9 meV atn=20. states Ih1 and hh2 which are missed by khe. .
It is not the purpose of this paper to discuss in detail the
comparison between theory and experiment, as we have fo-
IV. SUMMARY cused instead on comparing two theoretical approaches hav-
, . ) ing equivalent input but different variational treatments. We
The following points emerge from the comparison of sge however, in Fig.(8) and Table Il that the variationally
pseudopotential ankl- p results. , more complete pseudopotential calculation produces larger
(1) Thek-p underestimates the electron confinement eNy3ng gaps and smaller valence inter sub-band differences
ergy in the superlatticeFig. 3 by <85 meV even though han the eight band-p method extracted from the same
k-p produces correct conduction band energies in bulk outtQ,ngerlying bulk band structures. Experimental determina-
~20% of the distance froni' to X (Fig. 2). Given that the  ions of band gaps fan=m superlattices are summarized in
k-p and pseudopotential calculations used the same electrofype v 22-38\While there are in some cases systematic dis-
masses and band offsefBable |, thek-p underestimation 5greement between various experiments, we see that for

of electron confinement energies must originate from theyp gt periods the measured gaps are genesafigller than
treatment of the Bloch functions at the interface, as pointeghose obtained fronk - p (Table Ill). In Table Il the band

out by Burt? _ gap is given by the difference,— e, . Forn=4, 8, and 10,

(2) Thek-p overestimates the hh1<37 meV) and hh2  i{he calculated values are 0.56, 0.40, and 0.32 eV, respec-
(=145 meV binding energies in the superlattice for small tjyely, via pseudopotentials and 0.48, 0.31, and 0.25 eV, re-
period n (Fig. 3), in line with its similar overly bound hh  gpectively, viak-p. This poses something of a dilemma: If
states in the bulk band structufeig. 2). _ one seeks to reduce the superlattice band gaps obtained by

(3) The pseudopotential calculation indicates that whilegyx g k. towards their experimental values, it is necessary
the el state is-like and the hhl state ig-like, s—p parity  {o artificially increasethe electron masgeduce the electron
mixing, forbidden byk-p, is in fact allowed. The pseudopo- confinement and/or increase the GaSb/InAs valence band
tential calculation shows significant el-hhl mixing aroundyffset. These changes are not supported by the comparing
n=28[see insets to Fig.(8)] which is missing irk-p at the  gata with accurate LDA calculations of band offsets. More-
zone center. Indeek- p predicts a crossing of these levels, gyer, our variationally more accurate pseudopotential calcu-
while the pseudopotential calculation shows anticrossing. |ation indicates that such improvements upon khp meth-

(4) In line with its assumedD,q symmetry, thek-p  odology lead to even larger discrepancies with the measured
method misses the “giant” (110) vs (D) polarization an- gaps. This suggests that adjustment ofkhp parameters is
isotropy of the et-hhl transition. This anisotropy results not the correct way to resolve the discrepancies.
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This analysis suggests that new physical effects, thus fagap by about~20 meV, thus, it does not appear to be a
neglected, might need to be considered. For example, curredbminant effect that would explain the large discrepancy be-
pseudopotential an#t-p calculations assume abrupt inter- tween present calculations and experimental observations.
faces, while experimett®”3 points to inter-diffused and ~ To date, there is not enough data on intervalence energy
rough interfaces’ island formatiof®° and even compo- splittings available to allow a meaningful comparison with
sitional modulatiort® which have been shown in other short- experiment. Such experiments are called for, so that com-
period superlattice systems to lead to large band gap reduparison with the values published here can be made.
tions. Another possibility is the internal electric field allowed
py theC,, sym_me.try of the system. To estimate_the effect of ACKNOWLEDGMENTS
internal electric field on the band gap reduction we have
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