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Theory of carriers bound to In isoelectronic d-doping layers in GaAs
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We present a model for ultrathin InAs impurity interlayers embedded in bulk GaAs. It is based on an
empirical tight-binding Green’s function scheme with basis functions that are Bloch-like in the in-plane
direction and Wannier-like perpendicular to it. Spin-orbit interaction and strain are consistently included. Our
results are in good agreement with recent experimental data as far as the heavy-hole2electron transition is
concerned. Conversely, our calculations indicate that one layer of InAs in bulk GaAs induces a light-hole state
degenerate with the continuum 3 meV below the GaAs valence-band edge. This is in contrast with effective-
mass calculations that predict a type-I light-hole configuration in this system. The importance of strain in
leading to this energy-level configuration is stressed. We suggest that absorption or temperature-dependent
luminescence experiments could distinguish between a bound or an unbound light-hole state.
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I. INTRODUCTION

Experimental investigation of the optical properties
very thin ~less than 30 Å! layers of impurity atoms embed
ded in bulk host materials has considerably increased in
cent years due to significant progress in grow
technology.1–8 The controlled growth of such interlayers h
allowed us to observe pronounced radiative recombina
processes without phonon participation even in indirect-
materials.7 The reason for this lies in the recombination e
ficiency of gap states confined to the impurity layer, whi
are bound by the short-range potential describing the im
rity substitution~‘‘ d layer,’’ or ‘‘quantum well’’!.

From a theoretical point of view, less effort has been
voted to the study of such structures on amicroscopiclevel.
Size and computing time limitations force state-of-the-
self-consistent calculations to use rather small superc
with periodic boundary conditions. For example, in a rec
simulation of isolated InAs monolayers in GaAs, an eig
monolayer periodic supercell was employed.9 Much larger
supercells, with virtually quenched finite-size effects, can
employed in non-self-consistent, empirical pseudopoten
calculations, as it has been demonstrated for AlAs/Ga
quantum structures.10,11Macroscopicmodels, which average
the electron potential over one or several crystal unit ce
such as the envelope-function approximation~EFA!, are, in
principle, inadequate to describe the electronic propertie
atomic-scale, thind layers.

An atomic-scale study of such systems is thus in ord
which takes into account all band-structure features of
host and perturbing materials. Some models in this direc
have employed an empirical tight-binding~ETB!
scheme.12–14Recently, an ETB model has been applied s
cessfully by the present authors to explain some experim
550163-1829/97/55~19!/13148~7!/$10.00
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tal results on very thin InAs layers in bulk InP.15

The ETB model is suitable for this kind of problems fo
two main reasons.~i! the only input parameters are som
band-structure values of the host and substitutionbulkmate-
rials which can be inferred from experiment or from empi
cal andab initio model calculations and are sufficient
reproduce the band dispersions throughout the Brillo
zone.~ii ! The ETB is an atomistic model and makes no a
sumption on the wave-functions shape and on their interf
matching conditions.

The object of this paper is to study in detail the electro
properties of one monolayer~ML ! of InAs in bulk ~001!
GaAs following the ETB model proposed in Ref. 14. Simp
considerations on the competing values of the misfit dislo
tion energy and the elastic misfit strain energy show tha
ML represents the growth limit for pseudomorphic InAs o
GaAs substrate16 even if very recent measurements by P
tanèet al. show the absence of a critical thickness for t
self-aggregation of quantum dots in these systems.17

A single, isoelectronic InGa impurity in GaAs does not
induce any level in the gap of the latter. Conversely, it h
been demonstrated1–7 that one nominal sheet of In atoms
GaAs shows luminescence peaks at energies correspon
to levels in the GaAs gap. The interpretation of such pea
especially those corresponding presumably to the light-h
~LH! state, is not yet fully settled down. Thus, a comple
three-dimensional theory of the electronic structure has to
established that describes at a high level of accuracy
conduction-band~CB! as well as the valence-band states a
goes beyond the EFA picture of parabolic band dispersi
and one-dimensional Kronig-Penney potentials.

The paper is organized as follows. In Sec. II we descr
the present ETB model. In Sec. III we discuss the resu
The Appendix contains some details about the inclusion
spin-orbit interaction and strain in our ETB model.
13 148 © 1997 The American Physical Society
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II. THEORY

Our approach is based on a Koster-Slater model for sh
range impurity potentials in an infinite host lattice.18 In con-
trast to other more recent applications of the Koster- Sla
model to isovalent impurity layers in semiconductors,12,13 ~i!
we consider valence and conduction bands simultaneou
~ii ! we do not constrain the impurity potential to one giv
symmetry ~e.g., s like! or to be on-site only, and~iii ! we
include both spin-orbit and strain contributions to the el
tron Hamiltonian. In our model, the symmetry and range
the impurity-layer potential are consistent with the atom
geometry of the interlayer and the atomiclike basis set
range of interactions retained in the empirical tight-bindi
Hamiltonian of thehost material. We describe the host crys
tal by an ETB HamiltonianH0 in a basis ofsp3s* atomic
like orthogonal orbitals centered on each atomic site.19 We
retained only nearest-neighbor interactions that are suffic
to reproduce the valence-band and the lower conduct
band dispersions even of indirect-gap materials.20 In-plane
atomic positions have been fixed to the zinc-blende Ga
lattice, which corresponds to pseudomorphic growth con
tions. The interplane distances between the In and As at
have been chosen to be equal to those predicted by the
roscopic theory of elasticity for a lattice mismatch betwe
InAs and GaAs of 7.2%. This ansatz is supported by rec
ab initio calculations9 and experimental x-ray
measurements21 on this system which show no breakdown
the continuum elasticity theory in predicting the interpla
distortion even in the ML limit.

The perturbation matrixU5H2H0, to be added toH0 in
order to construct the total HamiltonianH describing the
impurity system, is calculated by taking the difference b
tween the ETB parameters of the completely substituted
tem, i.e.,strainedbulk InAs, and those of the host, i.e., bu
GaAs. This procedure is obviously ‘‘exact’’ for infinite
d-layer thickness, where interface effects are unimport
For finite layer thickness, however, and in particular for ve
thin interlayers, interface effects are important and can
simply be parametrized in terms of bulk properties alone.
adopt the following heuristic model: Instead of abrup
‘‘switching’’ from host to impurity parameters at somearbi-
trary interface boundary of zero width, we scale the on-site
impurity matrix elements by a factor 1/2 at thecommon-ion
(As) boundary layer. A similar idea has proven to be ver
reliable for a variety of AlAs/GaAs structures in the conte
of empirical ~screened! atomic pseudopotentials.10 More-
over, in order to account for the strain effects on the el
tronic states in the present lattice-mismatched case, the
ETB parameters have been carefully fitted to reproduce
relevant deformation potentials~see the Appendix!. In Table
I we report the parameters used in this calculation for
GaAs and for the InAspseudomorphically strainedon GaAs.
The notation is the same as in Ref. 19. Further details
technicalities of the present ETB approach are summar
in the Appendix.

Since the model is not self-consistent we rigidly shift t
on-site matrix elements ofU by an amountDEv50.04 eV,
which is the average band offset between the strain and s
orbit split valence-band maxima of the two materials.
value has been taken from Ref. 22. The zero of energ
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positioned at the valence-band maximum of GaAs.
All relevant quantities such as the density of states~DOS!,

bound-state and resonant-state energies, and wave func
are calculated in the Green’s-function formalism. In order
exploit the short-range nature of the isoelectronic impur
layer perpendicular to the layer plane, we represent
Green’s-function matrix of the host materialG0 in a basis
that is Bloch-like in the plane parallel to the impurity lay
and Wannier-like perpendicular to it.12 It is related to the
ETB atomiclike basis by a unitary transformation and can
written as

u lK j &5
1

AN'

(
k'

e2 ik'–Rj u l ,K1k'&, ~1!

wherel5s,px ,py ,pz ,s* ; K is a two-dimensional wave vec
tor lying in the ~001! plane; j indexes the layers;Rj is any
lattice vector of layerj ; k' is a wave vector along@001#; and
N' is the number of impurity planes considered. Finally, t
Green’s function of the perturbed systemG can be derived
from G0 andU following standard scattering theory.23 The
states in the GaAs gap induced by the InAs layer pertur
tion can be found searching the roots of the secu
equation23

D~E![det@12G0~E!U]50. ~2!

Due to the basis choice@Eq. ~1!#, the rank of the secula
equation is given by thenumber of impurity layerstimes the
dimension of the ETB orbital basis. Thus, for 1 ML, solvin

TABLE I. Parameters for GaAs and InAs strained on GaAs us
in the ETB calculation. The notation is the same as in Ref. 19.
energies are in eV.la andlc are the spin-orbit parameters intro
duced by Chadi~Ref. 31!.

Parameters GaAs InAs

E(s,a) -8.3580 -9.5381
E(p,a)x,y 0.9285 0.6757
E(p,a)z 0.9285 0.9685
E(s* ,a) 7.4283 7.2724
E(s,c) -2.6718 -2.7223
E(p,c)x,y 3.5558 3.4858
E(p,c)z 3.5558 3.7786
E(s* ,c) 6.6268 6.6090
Vss -6.4349 -5.9828
Vxx,yy 1.9548 1.4677
Vzz 1.9548 2.7912
Vxy 5.0234 4.1215
Vxz,yz 5.0234 4.7372
V(sa,pc)x,y 4.4390 2.9784
V(sa,pc)z 4.4390 3.4234
V(sc,pa)x,y 5.7320 5.3143
V(sc,pa)z 5.7320 6.1083
V(s* a,pc)x,y 4.2981 3.1742
V(s* a,pc)z 4.2981 3.6485
V(s* c,pa)x,y 4.6327 3.6715
V(s* c,pa)z 4.6327 4.2200
la 0.1300 0.0242
lc 0.0540 0.1428
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13 150 55M. Di VENTRA AND K. A. MÄ DER
Eq. ~2! consitutes a very modest numerical task. We ha
used direct matrix inversion to computeG0. For E in the
energy gap ofH0, G0 is well defined, whereas in the con
tinuum of H0 a small imaginary parte has been added t
E and convergence of the results fore→0 has been checked
A numerical precision of 1 meV has been attained. A re
nance in the continuum is located at the energy for wh
Re@D(E1 i e)# is zero and Im@D(E1 i e)# has a finite value
or, equivalently, where the phase shift is an odd multiple
p/2. As Eq.~2! depends parametrically on the in-plane wa
vectorK , the two-dimensionaldispersion relationE(K ) of
the bound states is obtained by mapping out the roots
D(E) in K space. The orbital character of bound and re
nant states can be directly obtained from the diagonal
ments ofG.20

III. RESULTS

We have calculated with the above procedure the ene
levels and resonances induced by 1 ML of InAs in GaA
The results for the transition energies from the heavy-h
~HH! to the first electronic state~CB1! are reported in Table
II together with some experimental, EFA, and on
dimensional tight-binding results. To our knowledge, a co
plete theory of excitons for very thin layers has not yet be
established. However, since the free-exciton binding ene
of the bulk InAs can be estimated to be about 1 meV~Ref.
24! and it has been shown for the GaAs/AlxGa12xAs
system25 that the exciton binding energy for thin layers c
be higher than the two-dimensional limit, we expect that
exciton binding energy in this system be about 5 meV. E
citonic effects have been thus neglected as far as the
CB1 transition was concerned. We will briefly discuss in t
following the excitonic effects for the LH-CB1 transition
Good overall agreement is found for the HH-CB1 transiti
compared to the available experimental data. The scatte
of the latter can be ascribed to different thicknesses of
nominal 1-ML-InAs sheets. Also, due to the high lattice m
match between InAs and GaAs, a certain amount of interf
roughness and/or alloy formation is likely to be present
this system. These effects change the effective scattering
tential induced by the InAs impurity layers, thus affectin
the carrier binding energies.

TABLE II. Transition energies in eV between the HH and t
CB1 state induced by 1 ML of InAs in GaAs calculated by the ET
model described in the text and compared with EFA results, a o
dimensional tight-binding model~1DTB!, and experimental data.

ETB 1DTB EFA Experiments

1.455 1.470,d 1.445,e 1.488f

1.467a 1.473a

1.434b 1.430b

1.468c 1.468c

aReference 1.
bReference 2.
cReference 3.
dReference 4.
eReference 5.
fReference 6.
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The EFA results cited in Table II are also in striking
good agreement with the respective experimen
measurements;2,3 note, however, that the EFA model has a
justable parameters~e.g., quantum-well width!, which are
usually used to fit to experiment. At the same time, the E
data are spread considerably due to the sensitivity of
approach to those adjustable parameters. Conversely,
ETB uses parameters fitted to well-knownbulk values. The
only ‘‘free’’ parameter areDEv, which can be fixed by in-
dependent experimental orab initio results.

It is interesting to note that the HH and the CB1 are
calized on the InAs layer with nearly the same weight. F
ure 1 shows the probability per fcc monolayer as a funct
of z at Ḡ for the HH ~solid line! and the CB1~dashed line!.
The wave functions have been calculated by solving
usual Lippman-Schwinger equation.23 The same degree o
localization of the HH and CB1 is due partly to the differe
level deepness in the GaAs gap and partly to the differ
effective-mass ratio between the HH and the CB1 electron
~strained! InAs and GaAs at the interface. A similar resu
has been found by Liet al.26 with a tight-binding model
describing 1 ML of InAs embedded into 28 layers of GaA
Even if the bulk effective masses are well reproduced by
model in comparison to the EFA ones~e.g., the HH mass of
InAs strained on GaAs is 0.043m0 in the ETB model and
0.05m0 in the EFA,27 wherem0 is the free-electron mass!,
the ETB model predicts a decay lengthl of 14 Å, obtained
from fitting an exponential decay law exp@2x/l# to the
curves in Fig. 1. In the EFA,l51/Am*E in a.u., withm*
being thebulk GaAs effective massandE the binding energy.
We find the HH state 16 meV from the GaAs valence-ba
edge, whereas the CB1 electron state is located at 49 m
from the GaAs conduction-band edge~the one-dimensiona
tight-binding model of Ref. 1 predicts a binding energy of
meV and 30 meV for the HH and electron, respectively
CB1 binding energy of 85 meV can be inferred from Re
13!. In the EFA we thus obtainl5 21 Å for the HH and 32
Å for the electron. The strong localization of the HH and t

e-

FIG. 1. Carrier probability per fcc monolayer in GaAs with
ML of InAs as a function ofz ~in units of the impurity layer width
a'/2) at Ḡ. a' is the interplanar spacing of strained InAs forz50
and the interplane GaAs lattice constant forz.0, respectively. The
solid line represents the HH bound state, the dashed line the
electron state, and the dotted line the LH resonance.
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55 13 151THEORY OF CARRIERS BOUND TO In . . .
electron explains the high recombination efficiency usua
observed in this system.7

A resonance is found in the conduction band at 1.60
By calculating the DOS projected on the InAs layer and
solving it into its atomic-orbital components it becomes cle
that, due to itss character, it is aG6-derived state~see Fig.
2!. This resonance corresponds to the first resonant state
one-dimensional EFA model. It is not evident at presen
this state can contribute to the absorption. The second r
nance at 2.03 eV has dominantpz ands* character and an
‘‘antiresonance’’ s one and is the GaAs projecte
X6-derived state. We stress that this resonancecannot be
reproduced atḠ by the EFA since it is the result of th
mixing of all states along the@001# direction of the GaAs
three-dimensional BZ.

In the EFA the LH state is evidently bound since a on
dimensional attractive potential always binds a state in a o
band model irrespective of the strength of the potential. C
versely, our model predicts no LH state in the GaAs gap
the present approach, for eachK the system is mapped int
an effective one-dimensional chain problem.13 However, its
multiband character is retained and different on
dimensional bands interact. Thus, in this model, an attrac
potential always binds one state~corresponding to the HH
state!, butnot necessarily a second one~i.e., the LH!. Thus a
nearly unbound state atḠ in a one-band EFA theory~the
EFA predicts a LH binding energy of11 meV! can be com-
pletely unbound in the ETB model if all states in the BZ a
correctly included in the diagonalization ofH. In fact, we
found that the LH is degenerate with the continuum at ab
3 meV below the GaAs valence-band edge. Its probab
per fcc monolayer as a function ofz at Ḡ is shown in Fig. 1
~dotted line!. Since the state belongs to the continuum
arbitrary normalization factor has been used to put it o
common scale with the CB1 and HH bound states. It is e
dent that a hole in this state is delocalized into the Ga
barriers, but has a certain probability to be found on the In
layer. Thepz component of the layer-projected DOS near t

FIG. 2. Conduction-band DOS projected on the InAs layer a
resolved intos ~solid line!, pz ~dashed line!, ands* ~dotted line!
atomiclike character. The resonance at 1.60 eV has dominas
character and is thus aG6-derived state. The second resonance
2.03 eV haspz ands* character and is the GaAs projectedX6 state.
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zero of energy~thes ands* components being negligible! is
plotted in Fig. 3. The DOS presents a peak at27 meV. It is
shifted with respect to the location of the resonance due
the strong energy dependence~like 1/AE for E→0) of the
unperturbed GaAs DOS.23 The peak at about20.34 eV is
the GaAs split-off band projected DOS. The role of strain
determining the resonance character of the LH is easily s
The uniaxial strain in InAs splits the degenerate valen
band manifold and pushes the HH state~with symmetry
px ,py) upward in energy relative the average energy of
manifold. Conversely, the strain pushes the LH state~with
symmetrypz) downward, thus adding arepulsivecomponent
to the impurity potential. This statement is illustrated in F
4, where the@10# in-plane dispersions of the HH and LH o
InAs and GaAs are plotted on a common energy scale~i.e.,

d

t

FIG. 3. Valence-band DOS projected on the InAs layer a
resolved intopz atomiclike character~the s and s* components
being negligible!. The peak at27 meV corresponds to a resonan
located at23 meV ~see the text!. The second peak at abou
20.34 meV is the split-off GaAs projected state.

FIG. 4. HH ~solid line! and LH ~dashed line! dispersions in the
@10# in-plane direction for InAs and GaAs. The shaded region r
resents the continuum of the~001! layer-projected GaAs bulk
bands. A crossover from the bound to the resonant state in the
dispersion is evident atK x'0.06(2p/a) (a is the in-plane GaAs
lattice constant!. The inset shows theḠ HH and LH offset profiles
in the z direction ~not in scale!. The zero of energy is the GaA
valence-band edge.
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13 152 55M. Di VENTRA AND K. A. MÄ DER
the HH and LH offsets have been added to the InAs ener
at Ḡ; see the inset!. The continuum generated by the~001!
layer-projected GaAs bulk bands is shaded. A crosso
from ‘‘type-I’’ to ‘‘type-II’’ band alignment of the InAs LH
dispersion appears atK x'0.06(2p/a) (a is the in-plane
GaAs lattice constant!. The type-I alignment is restored a
K x'0.7(2p/a). This means that the LH is pushed into th
continuum by strain throughout the majority of the tw
dimensional BZ and the effective LH offset of 57 meV b
tween GaAs and InAs is not sufficient to bind a state atḠ.
These results would thus suggest a type-II LH exci
formed by the electron bound by the InAs layer and the h
in the GaAs barriers. Conversely, the EFA would predic
type-I configuration since the LH offset corresponds to
attractive one-dimensional potential.

Due to the very low degeneracy of the LH state with t
continuum ~3 meV! we suggest that absorption o
temperature-dependent luminescence28 experiments can dis
tinguish between a bound or an unbound LH state. In fac
the LH state is unbound, as it is predicted by our model
very low temperatures only the HH-CB1 transition should
detected~in an ideal defect-free sample!. Increasing the tem-
perature, the type-II transition between the GaAs hole s
and the CB1 should become visible. Increasing further
temperature of 3 meV should reveal a luminescence p
coming from the LH resonance and the CB1 transition.
these considerations are valid if one assumes the same
time for the above recombination processes and low cha
transfer from the LH resonance and the valence-band to
the GaAs barriers~due to nonradiative acoustic-phonon sc
tering!.

Finally, we stress that our model completely neglects
electron-hole Coulomb interaction. It is not clear at pres
which is the role of the latter on the LH resonance excit
The luminescence results of Refs. 1,2 and 5 seem to indi
that a very shallowexciton state is bound in this system
According to our picture, this means that the electron-h
final-state interaction should provide at least a binding e
ergy of 3 meV. A complete theory of the LH-derived excito
for very thin layers should clarify this point. Some work
this direction is thus in order.

IV. CONCLUSION

We have studied in detail the electronic properties o
ML of InAs in GaAs with an ETB model. Our main result
can be summarized as follows.~i! The predicted HH-CB1
transition is in good agreement with the EFA and experim
tal data. ~ii ! We predict aG6-derived and anX6-derived
conduction-band resonance, respectively. The first one i
EFA-like state. The second one is the GaAs-projectedX6
state and is due to the mixing of all states along the@001#
direction of the GaAs three-dimensional BZ.~iii ! As far as
the valence-band is concerned, we find a HH state boun
16 meV above and a LH state degenerate with the continu
3 meV below the GaAs valence-band edge. The latter find
is in disagreementwith an EFA picture and suggests
type-II LH-CB1 exciton in this system. The strain plays
important role in determining this energy-level order since
pushes the LH into the continuum even if the LH offs
between~strained! InAs and GaAs atḠ corresponds to an
es
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attractive potential for the LH. We suggest that, due to
low LH state degeneracy with the continuum, absorption
temperature-dependent luminescence measurements
distinguish between a bound or an unbound LH state. Fur
investigation of this point is thus necessary. In particular
complete exciton theory for very thin layers is needed t
goes beyond both the EFA and the single-particle picture
the present ETB model.
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APPENDIX: EMPIRICAL TIGHT-BINDING MODEL

1. Spin-orbit interaction

We start from the empirical tight-binding Hamiltonian o
Vogl et al.,19 which is written in the block form

H05S haa hac

hca hcc
D , hca5hac

† . ~A1!

In the sp3s* basis the individual blocks have dimensio
535 and the subscriptsa andc denote the anion and cation
respectively.

The spin-orbit interaction is incorporated in the ET
Hamiltonian following the prescription of Chadi31 for tight-
binding Hamiltonians. Starting from the free-atom spin-or
splitting, Chadi uses renormalized values in the solid, wh
are chosen such as to reproduce the observed splitting
G. In the zinc-blende lattice two distinct spin-orbit param
eters are needed and only on-site matrix elements of the s
orbit interactionHso are nonzero. In thesp3s* model only
thep orbitals contribute and we use the following definitio
of the parameters:

^xb↑uHsouzb↓&5lb ,

^yb↑uHsouzb↓&5 ilb , ~A2!

^xb↑uHsouyb↑&5 ilb ,

whereb5a,c denotes the ion type,la5
1
3Da , lc5

1
3Dc , and

Db are the ‘‘renormalized’’ atomic spin-orbit splittings.31

The remaining matrix elements are either zero or related
the ones given above by noting that the↓↓ submatrix is the
complex conjugateof the↑↑ submatrix and the↓↑ submatrix
theHermitian conjugateof the↑↓ one.la andlc are given
in Table I.

2. The perturbation matrix U

The perturbationU is assumed to affect the on-site an
nearest-neighbor matrix elements at the substitutional s
To find the representation ofU in the layer-orbital basis
uK l j & we exploit our knowledge of the matrix elements
k space and do a one-dimensional Fourier transform
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^K l j uUuK l 8 j 8&5
1

N'
(
k'

e2 ik'~Rj 82Rj !

3^K1k' ,lbuUuK1k' ,l 8b8&,

2n< j , j 8<n,u j2 j 8u<1 . ~A3!

b,b8 denote the ion types of layersj , j 8, respectively.
U(k)5HI(k)2H0(k), whereHI is the Hamiltonian of the
~strained! interlayerbulk materialwith eigenvalues shifted
by the valence band offsetDEv.

The submatricesUj j 8 have a structure similar to that o
the blockshbb8 in H0 in Eq. ~A1!. The blocks j5 j 8 are
diagonal with matrix elementsDE„l ,b( j )… and those in the
off diagonals u j2 j 8u51 represent either anion-cation o
cation-anion interactions. UsingUj , j615Uj61,j

† and the re-
currence propertyUj12,j 8125Uj j 8, the perturbation matrix
is easily built for arbitrary interlayer thickness. As an e
ample, we give the block form of a single-monolayer imp
rity, i.e.,

U5S Ũ2121 U210 0

U021 U00 U01

0 U10 Ũ11
D . ~A4!

The common-ion submatrices at the interlayer bound
Ũ11 and Ũ2121 are scaled by a factor 1/2, as explained
La

nd

lc

nd

-
m
t-

c-
.
N

-

y

Sec. II. The extension to the spin-orbit-dependent cas
straightforward by virtue of Eq.~A2!, whereby the dimen-
sions of theUj j 8 submatrices are doubled.

3. Inclusion of strain

In order to reproduce the effects of strain on the InAs b
bands we proceeded in the following way. We scaled
Koster-Slater two-center integrals with the usual power law29

va5va
0 S dd0D

2na

, ~A5!

wherea denotes the type of two-center integral18 andd0 and
d are the equilibrium and distorted bond lengths, resp
tively. We found the deformation potentiala526.2 eV @to
be compared to the experimental valuea526 eV ~Ref. 24!#
with nss53.54 and the otherna52. The deformation poten
tial b has been fitted considering the changes of the crys
field interactions due to the uniaxial stress. The energy
rametersE(p,b) have been changed according to the law30

E~p,b!x,y 5 E~p,b!1bp~exx2ezz!,

E~p,b!z 5 E~p,b!22bp~exx2ezz!, ~A6!

whereexx andezz are the in-plane and interplane strain com
ponents, respectively, andbp is a constant to be fitted in
order to reproduce the deformation potantialb. We found
b521.8 eV @the experimental value isb521.8 eV ~Ref.
24!#, with bp50.7.
.
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