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Theoretical calculation of band-edge discontinuities near a strained heterojunction:
Application to (In, Ga)AslGaAs
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Energy-band lineups at [100] GaAs/(ln, Ga)As heterojunctions are calculated using a self-
consistent tight-binding treatment. We distinguish (i) the modification of bulk band structures due
to strain, and (ii) a shift of one bulk structure with respect to the other, due to charge transfer across
the interface. The main result is that, for a system strained to the GaAs lattice parameter, depend-

ing on the indium concentration, light and heavy holes can be localized either both in the same lay-
er, or in the two different layers. Comparison with different experiments provides fairly good agree-
ment.

Some strained superlattices like the In„Gai „As/
GaAs system are important heterostructures for high-
speed and optoelectronic device applications. Because of
this, and the interest in understanding the physics of
strained quantum-well structures (QWS's) and superlat-
tices, several experimental studies of this system have
been performed in the last few years. ' Recent theories
that consider charge-transfer effects at the heterojunction
interface provide reasonable agreement with experiment
for unstrained systems. These theories include the
ab initio self-consistent pseudopotential calculations by
Van de Walle and Martin, the "midgap" theories by Ter-
soff' and by Cardona and Christensen, " and also tight-
binding calculations. ' ' The agreement between the
theories and published experimental results is not as good
for systems with lattice mismatch (except for the first-
principles study on Si/Ge in Ref. 9). Until now, the only
ab initio calculation of the InAs/GaAs band offset has
been mentioned in Ref. 11 but has not been published.
The self-consistent tight-binding description of un-
strained [100] heterostructures has recently provided
theoretical values for band offsets that agree fairly well
with experimental data (0.496 eV for GaAs/A1As, 0.390
eV for CdTe/HgTe, and 0.451 eV for GaSb/A1Sb). ' The
main reason for this agreement is that realistic electronic
bulk structures and dielectric constants are used in this
calculation. In this paper we show how we can extend
this technique to strained structures.

For device application, different systems are interest-
ing: (In, Ga)As/GaAs on a GaAs substrate, that pro-
vides QWS's with a band gap smaller than GaAs (which
cannot be obtained with any GaAs lattice-matched sys-
tem): and In„Ga, „As/In Ga, As on an InP substrate

I

that provides gaps smaller than in InP lattice-matched
materials. In order to estimate band offsets in these sys-
teins, we first give the results for GaAs/InAs, under
different strains, the whole system being strained in the
direction parallel to the interface plane to (i) the GaAs
lattice parameter, (ii) the InAs lattice parameter, and (iii)
an intermediate configuration, the InP lattice parameter.
In these systems the strain is either (i) and (ii), confined to
one side of the heterojunction, or (iii), shared by both
sides. We discuss the effect of the strain and estimate
roughly the effect of indium concentration on band line-
ups. Finally, we compare our calculated results and pub-
lished experimental data, showing that all available ex-
periments can be explained satisfactorily with our single
calculation.

Despite the lattice mismatch (-7%) between GaAs
and InAs, high-quality strained single- and multiple-
quantum-well structures as well as superlattices can be
grown, provided the thickness of the strained layers is
kept small enough to avoid a misfit dislocation genera-
tion. ' ' In such layers the lattice mismatch is entirely
taken up by elastic strain. Then the effect of the strain in
the QWS's can be considered in terins of atomic rear-
rangement: the in-plane parameter is imposed by the
substrate or the buffer layer that determines the biaxial
stress in each layer. From a tight-binding point of view,
this atomic rearrangement induces a modification of off-
diagonal interactions, ' and also' a modification of
atomic-level parameters. The biaxial stress can be
decomposed as the sum of a purely hydrostatic part plus
a uniaxial part. Equations (1) give the inodifications of
the band edges in a bulk crystal under biaxial stress, re-
lated to the a and b deformation potentials, '

b.(E, —E;")=3aeh+a (e"„"+2e„'),

E,2 E;"= ,
' b,o b(—e„' c'„'—), — —
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where E„,,E,2, E,3 are the tops of the three upper valence
bands, E„'" their average value ho the spin-orbit splitting
at the top of the valence band for unstrained bulk, and
the hydrostatic eh and uniaxial e"„" and e'„' (with x the
growth axis) strain components are given by

a„ C12 aO C121+2 —2
C 1 aii C„

1 —aj /aii

I+a~/a&&+ C„/C&z

C11+C12

C

(2)

aii

ao 1+e'
L

where ao is the lattice parameter of the unstrained bulk,

aii is the imposed in-plane parameter, a~ is the deduced
interplane parameter, and C11 and C12 are the elastic
constants of the material. Equation (2) is obtained by
simple identification of macroscopic deforrnations in a
material under biaxial stress, and in a material that has
been first hydrostatically stressed and then uniaxially
stressed. The ratio a~/a~~ is obtained by writing that the
(y, z) surfaces are not stressed (o„„=0).At this point it
is important to notice that the atomic rearrangement also
induces a modification of the Madelung sums in the self-
consistent solving of Poisson's equation (see Ref. 18 for
details).

Using the self-consistent tight-binding description
given in Ref. 18 and the heterojunction treatment de-
scribed in Ref. 14, we have self-consistently calculated
the band-edge alignment in the three systems made by a
well of a few (1-8) layers of InAs between two semi-
infinite GaAs crystals, with an in-plane lattice parameter
strained to (i) the GaAs value, (ii) the InAs value, and (iii)
the InP value. First, we have checked that, for a given
strain, the width of the well has no influence on the band
offset: As soon as the well is made by two layers or more,
the obtained offset does not vary substantially. In Fig. 1

one can observe the band alignment obtained at
GaAs/InAs heterojunctions for the three considered
strain configurations. We can separate the offset of a
strained heterojunction into two components: hE,'", the
discontinuity of the average top of the valence bands re-
sulting from charge transfers at the interface (which of
course varies with the strain), and the splittings of the top
of valence band in each strained bulk material, given in
Eq. (1). An important result that can be observed in Fig.
1 is that the ratio b,E, /b, E;" strongly depends on the
strain as it varies from —'„' for (i) to —",, for (ii), with an in-

termediate value of 74 for (iii). Figure 1 also clearly
shows that the three cases considered correspond to three
different localization of holes: In (i) both light and heavy
holes are confined in InAs layers, whereas in (ii) and (iii)
heavy holes are confined in InAs layers and light holes in
GaAs layers.

To compare our theoretical result with the pioneer ex-
perirnental result of Kowalczyk et al. ' on the
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FIG. 1. Band alignment at GaAs/InAs heterojunctions
strained to (a) the GaAs parameter (5.654 A), (b) the Inp lattice
parameter (5.869 A), and (c) the InAs lattice parameter (6.058
0
A). At the top of the valence band the dotted curve corre-
sponds to E;", the dashed curve to heavy holes, the dashed-
dotted curve to light holes, and the solid curve to the third top
of valence band. GaAs is always on the left-hand side. The
values of hE, /hE„'" are indicated in each case. Energies are
given in eV. The valence-band splittings are those obtained in
the tight-binding approximation and then are different from
those obtained with experimental deformation potentials (see
the text).

InAs/GaAs(100) heterojunction, it is not possible to talk
in terms of AE„, as Ref. 1 neglects the effect of strain (in
the InAs layer) on the valence band. However, if we as-
sume that our atomic levels are rigidly bound to core lev-
els, and using experimental values of unstrained materials
(Eo', 3d E, )=18.81—+0.02 eV and (Et"„4'd E„)=17.43—
+0.02 eV, we can deduce from our calculated value of
the "unstrained hE„" 0.235 eV, a theoretical value of
aE„=1.61+0.05 eV, which agrees fairly well with the
experimental determination, i.e., 1.55+0.02 eV.

The estimated numerical accuracy of our calculated
hE„'" is about a few meV. The greatest limitation of our
calculation is bound to the fact that our tight-binding
predictions for the uniaxial deformation potentials "b"
differ somewhat (Ref. 19) from experimental values.
This point has been discussed in Ref. 18. We have nu-
merically estimated the influence of this error on hE„'"
and have found a few tenths of a meV. The error on the
splittings of the top of the valence band is much more im-
portant. A more reliable way to deduce offsets in our
strained systems would be then to use our calculated
bE„'", and to add the splittings given in (1), where the ex-
act experimental values of b are injected. This we do in
the forthcoming cases.

Most of the available experiments about the
GaAs/In„Ga1 As systems correspond to alloys with
x&1. It is possible to deduce from our results corre-
sponding to x =1 the band configuration for every x+1:
In a virtual potential approximation, AE,'" varies linearly
with indium concentration (this result seems to corre-
spond to the actual situation and has been observed in
different systems '). The splittings E„, E„'" in. —
In„Ga, „As can be calculated using (1). In this way we
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TABLE I. Band-alignment data for the Inp p5Gap 95As/GaAs
system strained to GaAs. The notation is that given in Ref. 7.

hE, /b Egq

5E,z (meV)

This
work

0.41
10

Expt.

0.40+0.04
35,41'

'Reference 7; the two values corresponding to the two samples
which are reported.

have first considered the In005Ga095As/GaAs system
strained to GaAs experimentally studied in Ref. 7. Table
I summarizes the comparison between our results and
those obtained in Ref. 7. The difference between the cal-
culated (20 meV) and experimentally deduced (36 and 41
meV) b,E„& is about 20 meV, which is greater than our
numerical accuracy for x =0.05, which would be of the
order of a few meV. However, the discrepancy is small
enough that we cannot consider that our calculation real-
ly contradicts (Ref. 7). At this point it is important to
notice that a slight shift in indium concentration, such as
7% In instead of 5%, will shift up the bE;" by 4 meV
and will also make the difference between Ezz and E„'"
greater by 6 meV, so that the theoretical hE„& for
GaQ 93InQ Q7As becomes 30 meV. We can note that both
in the experimental and theoretical cases the small
difference between b,E„h (20—40 meV), the heavy-hole
band offset, and HEI& (26 meV), the splitting between
light and heavy holes, does not allow us to derive a
definite conclusion about light-hole localization: Wheth-
er they are localized in GaAs or in Ga, Al As, the well
or barrier height is only about 10 meV.

We have also considered Ino»Gao ssAs/GaAs strained
to GaAs (Refs. 2, 5, 6, and 8) (these different works being
rather coherent). Our predictions are in excellent agree-
ment with the results of Ref. 2 since we obtain hE„& ——56
meV and EE,I ———15 meV when experiment gives + 52
and —18 meV. It is interesting to note that a superlattice
such as GaAs/In Ga& „As strained to GaAs can form a
type-I superlattice for both light and heavy holes when
x =1, and, on the contrary, form a type-II superlattice
for light holes, remaining type I for heavy holes when
x & 1 (as here when x =0.15).

We have also considered the InQ 4QGaQ 6QAs/
InQ 63GaQ 37As system strained to Inp already observed in
Ref. 22. The band configuration obtained is summarized
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FIG. 2. Band alignment at Inp4pGap6pAs/Inp. 6~Gap37As
heterojunction strained to the InP parameter. The same nota-
tions as in Fig. 1 are used. Left-hand side x =0.40, right-hand
side x =0.63.

in Fig. 2. The photoluminescence experiments performed
in Ref. 22 do not allow us to deduce the band offset pre-
cisely, but the configuration we have obtained corre-
sponds to what is assumed to interpret the observed exci-
tonic transitions.

In conclusion, here we have extended a tight-binding
calculation of band offsets to strained structures. The
strains are straightforwardly taken into account. We
have theoretically shown that the ratio hE, /b, E„'"(where
AE„'" is the average top of the valence bands) and the lo-
calization of light and heavy holes strongly depend on
strains and indium concentration. Comparison with
available experimental data is quite satisfactory.
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