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and EIn/Ga
s→b , so at very low growth temperature

(,375 °C) only anion segregation will be importan
whereas appreciable In segregation is expected at hi
temperatures (.375 °C).

Having obtained the segregation parameters for the In
GaSb system, we next model the atomistic structure of
superlattices used for optical studies.10 We consider~001!
(InAs)8 /(GaSb)16 and (InAs)8 /(GaSb)8 superlattices lattice
matched to a GaSb substrate. While we have modeled
profile along the@001# growth direction~e.g., Fig. 1! no ex-
perimental information is available on the atomistic arran
ment in the perpendicular substrate~001! plane. We thus
assume random arrangements in these planes, consisten
the planar composition profile dictated by the growth mod
To achieve this we use a surface unit cell containing
atoms in the~001! plane, which are distributed randoml
Once we determine the superlattice configuration consis
with the solution of the growth model at a given grow
temperatureTg , we permit local atomic displacements by
valence force field approach.11

Figure 2 shows the anion and cation segregation pro
obtained for a (InAs)8 /(GaSb)16 superlattice at an high
growth temperature. We see the following.

~i! Segregation leads to the penetration of Sb and
deeply into the InAs and GaSb layers, respectively. The p
etration length increases with growth temperatures. AtTg
5525 °C, Sb penetrates 5–6 ML into InAs, while In pe
etration length is much larger~because of the largerD In/Ga),
being about 11 ML.

~ii ! Sb segregation occurs primarily at the normal int
faces~InAs-on-GaSb! where in the abrupt geometry a Ga-A
bond exists, while In segregation occurs at the inverted
terface ~GaSb-on-InAs!, where in the abrupt geometry a
In-Sb bond exixts. Our profiles at low (400 °C) growth tem
peratures closely agree with the STM images of the an
sublattice of Ref. 6 where it is seen that the anion interm
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ing is much larger at the normal interfaces than at the
verted interfaces6 ~see inset in Fig. 1!.

~iii ! There is also a substantial anion intermixing at t
inverted interface and a~smaller! cation intermixing at the
normal interface. This is related to the differenceD In/Ga and
DSb/As between the barrier energies@Eq. ~1!. If D is small,
the segregation of the species with a higher energy ba
~i.e., As! becomes noticeable at highTg . We find DSb/As
570 meV, whileD In/Ga is much larger, 200 meV. This ex
plains why at highTg the anion profile at the inverted inter
face is more broadened~for As segregation! than the analo-
gous cation profile at the normal interface~no Ga
segregation!. We will see below, that segregation at thein-
verted interfaceleads to a narrowing of the InAs well.

Using the calculated segregation profiles we generate
tailed atomistic models for different growth temperature
The electronic and optical properties of such structures
then obtained using the pseudopotential method.12 The
atomic pseudopotentials are obtained fitting the obser
band gaps, effective masses, and deformation potential
the constituent bulk binaries: GaSb, InAs, InSb, and GaA13

Spin-orbit coupling is included as in Ref. 14.
Figures 3~a! and 3~b! shows the square of th

(xy-averaged! wave functions of the hh1 hole state of th
(InAs)8 /(GaSb)16 superlattice. We see that the hh1 wa
function is strongly affected by segregation: whereas in
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abrupt geometry~3a!, the hh1 amplitude on the norma
interface is much smaller than that on the inverted interfa
in the segregated geometry~3b! the amplitude of hh1 on
the inverted interface is reduced substantially and beco
similar to the amplitude on the normal interface. Segrega
affects to a lesser degree the lh1 ande1 wave functions
~not shown!. Another interesting result is related to the b
havior of the potential@Figs. 3~b! and 3~d!#: segregation af-
fects mostly the inverted interface where there is a shift
the interface itself and the InAs well becomes 1 ML na
rower.

The interband transition energies and dipole oscilla
strengths at the Brillouin-zone center have been calculate
a function of the growth temperature for th
(InAs)8 /(GaSb)16 superlattice~Fig. 4!. We see the follow-
ing.

~1! A segregation-inducedincrease~blueshift! of the in-
terband transition energies with growth temperature u
Tg5425 °C. The blueshift is due to the narrowing of th
InAs well ~for electrons! and the broadening of the GaS
well ~for holes! with In segregation. The electron state b
comes more confined with increasingTg , whereas hole
states become less confined, but their energies change
smaller rate, so interband energies increase withTg . This
result explains the surprising gap increase withTg previously
observed for similar structures.15

~2! A reduced blueshift at Tg.425 °C due to a diminish-
ing of Sb and~at a lesser rate! In segregation because of th
competing segregation of As and Ga. This leads to a sl
decrease of the interband transition energies.

~3! While the intensity of the hh1→e1 interband transi-
tion is not affected by segregation, the lh1→e1 transition
becomes more intense with segregation and correspond
the ~parity forbidden! hh2 →e1 transition becomes less in
tense@Fig. 4~b!#. This is because segregation diminishes
lh1-hh2 coupling which makes the nominally forbidden h
→e1 transition of D2d and C2v symmetries slightly
allowed.16

~4! The calculated polarization ratioPA5uP110
2P2110u/uP1101P2110u between the dipole transition ele
mentP in the two in-plane orientations@110# and @2110# is
reduced with segregation@Fig. 4~c!#. Already at Tg
5350 °C the PA is much smaller than that relative to t
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abrupt geometry. The PA decreases until aboutTg5500 °C
in correspondence with the increase of In segregation.

The technique of performing electronic structure calcu
tions on simulated atomistic models of nonideal interfaces
to X-STM profiles opens the way for establishing the lin
between morphology and optical properties of nanostr
tures.


