
PHYSICAL REVIEW B 66, 165307 ~2002!
Comparing pseudopotential predictions for InAsÕGaSb superlattices
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For several years, we have been accurately calculating the electronic structure of superlattices using a
solution technique based on the empirical pseudopotential method. In our method for forming the superlattice
pseudopotential, the critical assumption is that the heterointerface charges are redistributed, making each
constituent layer in the superlattice as bulklike as possible. Here, we demonstrate that our technique for
forming the superlattice pseudopotential is fundamentally different from the atomistic pseudopotential ap-
proaches that use a superposition of atomic pseudopotentials to represent the superlattice. We then present
several applications of our method to InAs-GaSb type-II superlattices and, where possible, we compare our
results to those calculated with an effective mass method, as well as to atomistic pseudopotential methods. In
all of these comparisons, our method provides excellent agreement with the measured data.

DOI: 10.1103/PhysRevB.66.165307 PACS number~s!: 71.55.Eq, 73.21.2b
el
o

d.
o
ia
ec

o
on
s

e
pi
al
ed

o
fo
te
o-
lu
a
en
om
th
M

by
le

n
on
f.
a
o
u
a
e

tic

lat-

ins
est
he

ges
ter-
ulk-
rm
c-

su-
the
ri-

nt,
tial

rial
nt,
n-

rs.
he
ves

he
ti-
me
d,
ve

band
ce

ch
re-
een
re-
, we
s, in
I. INTRODUCTION

Over the last decade, lasers, detectors, and other opto
tronic devices exploiting the unique electronic properties
heterostructures and superlattices have been develope
many cases, these devices contain extremely thin layers c
posed of just a few atomic layers of semiconductor mater
The widely used theoretical method for calculating the el
tronic and optical properties of these materials is based
k•p perturbation theory and the envelope functi
approximation.1 Indeed, this ‘‘effective mass’’ approach ha
been used so extensively that it has been referred to as
standard model.2 Unfortunately, although the standard mod
has considerable intuitive appeal, the theoretical under
nings for heterostructure applications remain controversi

Pseudopotential techniques have often been suggest
more accurate alternatives to the standard model. The m
commonly employed model forms the pseudopotential
the superlattice as a superposition of atomic pseudopo
tials; we refer to this as the ‘‘atomistic’’ empirical pseudop
tential method or AEPM. In contrast, our superlattice so
tion method, as originally presented in Ref. 3, requires
EPM description of the bulk component materials, and th
using only the energy-band lineups or offsets between c
ponent materials, fuses the bulklike layer potentials into
pseudopotential for the superlattice. This superlattice EP
or SEPM offers several useful features.

~1! We form our pseudopotential for the superlattice
requiring that each layer remain as bulklike as possib
Once the compositional growth profile is specified, alo
with one offset parameter for each constituent pair, we c
struct the superlattice pseudopotential as described in Re

~2! Rather than using a superlattice Bloch function th
contains all plane waves represented by points from the
gin out to a cutoff in the reciprocal lattice space of the s
perlattice, in many applications we can achieve excellent
curacy while using a much smaller set of plane wav
represented by a cluster of superlattice reciprocal lat
0163-1829/2002/66~16!/165307~7!/$20.00 66 1653
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points centered on the bulk reciprocal lattice vectors.
~3! We can incorporate coherent strain effects in super

tice layers.
As in the standard model, the SEPM approach rema

directly traceable to bulk constituents, while using a mod
number of fit parameters for each constituent material. T
critical SEPM assumption is that the heterointerface char
redistribute, forming charge and dipole sheets near the in
face, in order that the layer pseudopotentials remain as b
like as possible. This assumption, in turn, allows us to fo
the pseudopotential for the superlattice, while only introdu
ing an offset parameter for each pair of materials in the
perlattice. Furthermore, the construction only requires
bulk pseudopotential form factors for the constituent mate
als.

The first and second features prove to be very importa
setting the SEPM apart from other atomistic pseudopoten
treatments for superlattices.2,4 Our method for forming the
superlattice pseudopotential from the component mate
pseudopotential form factors is quite simple to impleme
and, as we will further emphasize in Sec. II, it is fundame
tally different from the AEPM methods employed by othe
Furthermore, particularly for long-period superlattices, t
approximation based on the smaller number of plane wa
in the superlattice Bloch function can significantly lower t
superlattice Hamiltonian matrix dimension. In many prac
cal applications, this can lead to huge computational ti
reductions while sacrificing little, if any, accuracy. Indee
over the last few years, all applications of our method ha
been successful, accurately predicting the measured sub
energies in a wide variety of type-I and type-II superlatti
samples.3,5–7

In the following sections, we will describe our approa
for calculating the subbands of superlattices. Section II
views our current understanding of the differences betw
our SEPM method and AEPM methods. Then, Sec. III p
sents several applications and comparisons to data. First
calculate the band gap of InAs-GaSb superlattice sample
©2002 The American Physical Society07-1
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which the InAs and GaSb layer thicknesses are essent
equal. Next, we calculate band gaps and compare them
absorption data taken on several other InAs-GaSb supe
tice samples. These samples show a strong blueshift for
band gap when the thickness of the InAs layer is held fix
while the GaSb layer thickness is systematically increase5,6

For all of these applications, whenever possible, we comp
our results to those calculated with an effective mass meth
or standard model, as well as with AEPM methods. Sec
IV concludes the paper. The Appendix reviews an improv
treatment for coherently strained superlattice materials.

II. CHARGE REDISTRIBUTION AT THE SUPERLATTICE
INTERFACES

The critical step in the SEPM occurs when we form t
pseudopotential for the superlattice from the pseudopo
tials that fit the bulk constituent materials. We assume t
the heterointerface charges redistribute in order to make
pseudopotential in each material layer as bulklike as p
sible. For a two-component, lattice-matched superlattice,
leads to the SEPM approximation given as

V~r !5rectS z

wD(
g

Vg
Weig•r1F12rectS z

wD G(
g

Vg
Beig•r,

~1!

in which the sums are over bulk reciprocal lattice vectors
the well and barrier materials.3 Here, the sums represent th
pseudopotentials for the infinitely extended bulk well a
barrier materials using empirical form factors,V

g
W , V

g
B , that

reproduce the bulk band data for the well and barrier c
stituents.~Reference 16 gives an excellent review of the e
pirical pseudopotential method for fitting bulk band dat!
We then use a finite Fourier series representation of the c
positional profile functions to define the spatial variations
the well and barrier materials.3 Once this Fourier series rep
resentation of the rect function is inserted, the pseudopo
tial of the superlattice is given as an expansion in the re
rocal lattice vectors of the superlattice. Note that the SE
construction requires the same number of pseudopote
form factors used to fit the two bulk materials, as well as o
additional parameter, essentially the difference of theg50
form factors, to fix the offset between the materials; it is n
likely that a smaller parameter set is possible. Equation~1!
implies rapid variations of potential from a bulklike we
layer to a bulklike barrier layer. Embedded in this SEP
approximation is the assumption that each layer retains
low-energy bulk configuration and that Eq.~1! approximates
the self-consistent pseudopotential for the superlattice.
cause the SEPM provides good agreement with the meas
subband energies in a wide variety of type-I and type-II
perlattice samples, we feel that the assumption of cha
redistribution at the heterointerfaces is well supported. T
approximation could break down for extremely thin laye
as, for example, those composed of one or two monolay
but for the vast majority of superlattices used in practi
devices, the SEPM approximation has proven to be exc
tionally accurate.
16530
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This SEPM superlattice pseudopotential construction
quite different from those based on a superposition of ato
pseudopotentials.~See Refs. 2, 4, and 8, as well as the r
erences cited therein.! In these AEPM approaches, one a
rives at the pseudopotential for the superlattice by super
posing potentials for each ion site in the superlattice as

V̄~r !5(
b

(
n

nb~r2Rnb!, ~2!

in which nb is the atomic pseudopotential fornth type-b ion
at locationRnb . For InAs/GaSb superlattices, this constru
tion requires, at the minimum, functional pseudopotential
for ‘‘In in As,’’ ‘‘As in In,’’ ‘‘Ga in Sb,’’ and ‘‘Sb in Ga.’’
Then, to obtain an even more accurate description of
pseudopotentials near the heterointerfaces, one could
sider additional functional pseudopotential fits for ‘‘In i
Sb,’’ ‘‘Sb in In,’’ ‘‘Ga in As,’’ and ‘‘As in Ga.’’ Additionally,
most of these bond types are highly strained, so that st
parameters are needed. Obviously, these AEPM approac
for even a relatively simple two-component superlattice, c
depend on a much larger number of adjustable parame
than the SEPM. We emphasize that these AEPM meth
require accurate functional pseudopotential fits, not jus
modest number of empirically adjusted form factors as u
in SEPM. However, at first glance, the AEPM approa
would appear sound and complete, allowing for microsco
detail such as the inclusion of interfacial segregation a
intermixing.

When we compare Eq.~1! and Eq.~2! in detail, we find
that Eq.~2! generates far gentler variations in potential at t
heterointerfaces. We can illustrate these differences betw
Eqs.~1! and ~2! by considering a one-dimensional superla
tice created by the one-dimensional ionic pseudopotent
shown in Fig. 1~a! for material A and material B. In Fig
1~b!, we show several periods of the atomistic superlatt
pseudopotential for a superlattice with six A-lattice sites a
twelve B-lattice sites per period of the superlattice. In co
parison, Fig. 1~c! shows the superlattice pseudopotential
sulting from the SEPM construction. The differences near
interfaces are significant, becoming even more pronoun
with a longer range ionic potential. Ultimately, the accura
of Eq. ~1! or Eq. ~2! for constructing the pseudopotential o
the superlattice can only be determined by comparison
experiment.

III. COMPARISON OF SOLUTIONS AND DATA FOR
TYPE-II InAs ÕGaSb STRUCTURES

Some of the earliest superlattice research was base
the InAs/GaSb system.9 In this section, we will apply the
SEPM method to several InAs/GaSb samples. Whene
possible, we will make comparisons to predictions genera
by the standard model and the AEPM methods.

First, we calculate the band edge of InAs-GaSb type
superlattice samples, in which the thickness of the InAs a
GaSb layers are essentially equal. As a first step in imp
menting SEPM, we need accurate EPM fits for both Ga
and strained InAs. The pseudopotential form factors listed
7-2
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FIG. 1. Comparison of SEPM
and atomistic EPM for one-
dimensional case.~a! Ionic poten-
tials for well material~A! and bar-
rier material ~B!. ~b! Atomistic
EPM superlatice pseudopotentia
~c! SEPM superlattice pseudopo
tential.
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Table I were selected to fit the GaSb and InAs 77 K tempe
ture data given in Ref. 10. Table II illustrates the resulting
quality. The InAs is coherently strained to match the th
GaSb substrate~see the Appendix!. In all of our calculations,
once we fit the constituent materials, we make no furt
adjustments to the pseudopotential form factors for Ga
and InAs, we use the same form factors for all of the sup
lattice calculations. The EPM calculation for the InAs/Ga
superlattice requires a band offset input as well. We adjus
Vg50

InAs so that the strained InAs conduction-band edge w
150 meV below the GaSb valence-band edge; this typ
offset value, which was fixed for all the samples, provid
the best agreement with the data and is near the conse
value.8 In Ref. 3, we introduced cutoffs in the Fourier seri
representation of the rect-function and the superlattice Bl
function; these cutoffs essentially limit the range of grow
direction-momentum values coupled by the superlattice.
16530
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of the SEPM results were calculated with the cutoffM
512; when we doubled this cutoff toM524 in the 12
ML/12 ML case, the band-edge energy changed by less t
0.0007 eV. Simultaneously, for all calculations, the cutoff
the superlattice Bloch function was fixed atNF5M /2.

Figure 2 displays the calculated band-gap results for
InAs(N)/GaSb(N) samples versus layer thickness in an
strom. The experimentally determined band-gap results w
extracted from several sources, as indicated in the fig
Unfortunately, it is impossible to assign error bars to t
various data points, and, in addition, the reported values
usually photoluminescence peaks that should be at a slig
higher energy than the band edge. Along with this collage
data, we show band-edge predictions for the primary b
gap from SEPM, two atomistic EPMs, and an eight-ba
k•p theory.4,8 Both the SEPM and the standard model p
dictions are in reasonable agreement with the data. Howe
7-3
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TABLE I. Pseudopotential form factors for InAs and GaSb at
K. ~Note: InAs form factors represent InAs coherently strained
GaSb.!

InAs GaSb

V3
S 20.266 20.249

V8
S 0.018 0.050

V11
S 0.047 0.032

V3
A 0.070 0.038

V4
A 0.038 0.004

V11
A 0.010 0.035

D4
A 0.460

G 4100.0 13 800.0
m/m0 0.9 0.9
C11 8.329~6!

C12 4.526~6!

aH 25.91
b 21.80

TABLE II. SEPM band parameters for the bulk constituen
InAs and GaSb. The bulk InAs target values have been adjuste
bulk InAs coherently strained to GaSb. The lattice constant for b
the strained InAs and GaSb isa56.0659 Å.g1 , g2 , andg3 are the
Luttinger (k•p) parameters.Eg is the gap voltage,D0 is the spin-
orbit splitting, Ep is the s-p mixing parameter, andmxx are the
effective masses in the directions specified.EVBO is the valence-
band offset between the InAsVBM and the GaSbVBM . ac andav are
the hydrostatic deformation potentials of the valence band and
duction band, respectively. We use the target values of these d
mation potentials to calculate some of the strained InAs target
ues.Xlc and L lc are theX and L conduction-band valley location
with respect to the valence-band edge atG50. These values are
calculated at the edge of the Brillouin zone.

InAs ~77 K! GaSb~77 K!

SEPM fit Target value SEPM fit Target valu

g1 19.203 19.94 11.82 11.95
g2 8.665 8.5 4.31 4.10
g3 9.083 9.42 5.27 5.33
Eg ~eV! 0.368 0.371 0.8 0.8
D0 ~eV! 0.380 0.390 0.682 0.75
Ep ~eV! 19.60 19.9 22.45 22.60
DEVBO ~eV! 0.540 0.540
me 0.0221 0.0220 0.043 0.0405
mlh @001# 0.0274 0.0271 0.053 0.0496
mhh @001# 0.534 0.340 0.313 0.267
mhh @111# 0.964 0.909 0.780 0.775
mso @001# 0.0982 0.0928 0.133 0.135
ac 24.91 27.379
av 21.0 20.79
Xlc ~eV! 2.27 2.28 1.42 1.7
L lc ~eV! 1.93 1.53 1.43 1.2
16530
the SEPM results seem to be more accurate over the
range of thicknesses, since they are on the low-energy e
of the data. In comparison, the AEPM method of Ref.
appears to consistently overestimate band gaps in these I
GaSb superlattices with layer thicknesses less than 15 m
layers, while the AEPM results from Ref. 4 are only accur
over a very limited range of thicknesses.

Next, we address an interesting band-gap effect that
recently reported in Ref. 5. Two sets of InAs/GaSb type
superlattice samples, with 30 periods each, were grown
characterized. In one set of five samples, the InAs la
thickness, per period, was fixed at 6 ML~monolayers!, while
the GaSb layer thickness was nominally 6, 9, 12, 18, and
ML per period. In the second set of six samples, the In
layer thickness, per period, was 8 ML, while the GaSb la
thickness was nominally 8, 12, 16, 24, 32, and 40 ML. T
samples showed a significant spectral blueshift with incre
ing GaSb thickness.5 For example, the InAs~6 ML!/GaSb~6
ML ! superlattice sample showed a 3.8mm absorption edge
while the InAs~6 ML!/GaSb~24 ML! sample showed a 2.9
mm absorption edge, both at 80 K.

Figures 3~a! and 3~b! show our SEPM calculations for th
band-edge wavelength for both the InAs 8 and 6 ML cas
along with the Fourier transform infrared determined abs
bance edge for the samples. The absorbance data were
at 77 K and were consistent with photoluminescence da5

The observed spectral shift of the absorbance edge with
creasing GaSb thickness was significant in both samples.
SEPM method accurately predicts these observations.
comparison, again in Figs. 3~a! and 3~b!, we show a com-
plete set of band-edge predictions generated by an ei
bandk•p calculation.12 On the same two figures, we hav
also plotted the available data generated by two differ
research groups that used an AEPM approach. The ‘‘atom
tic EPM 1’’ results in Fig. 3~a! were assembled from Refs.
and 11. The four ‘‘atomistic EPM 2’’ results in Figs. 3~a! and
3~b! were extracted from Ref. 23. At this time, only th
SEPM results are in good agreement with the data taken

FIG. 2. Data on InAs(n ML)/GaSb(n ML) superlattices from
several sources.5,8,18–23Calculated results for SEPM, atomistic 1
atomistic 2, andk•p.
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COMPARING PSEUDOPOTENTIAL PREDICTIONS FOR . . . PHYSICAL REVIEW B 66, 165307 ~2002!
the InAs 8 and 6 ML sample sets.~Some recent results sug
gest that the AEPM of Ref. 8 will generate significantly d
ferent results, in better agreement with the data, when in
facial segregation and intermixing are included, albeit at
expense of essentially doubling the fit parameters to al

FIG. 3. Blueshift data from and calculated results.~a!
InAs(8 ML)/GaSb(3ML) data and calculations.~b! InAs(6 ML)/
GaSb(3ML) data and calculations.~c! InAs(10 ML)/GaSb
(3ML) data and calculations.
16530
r-
e
w

fitting the underlying binaries GaSb, InAs, GaAs, and In
and their interfaces.13 For example, one such modified ca
culation results in an;157 meV reduction in band-gap en
ergy, for the InAs~8 ML!/GaSb~8 ML! superlattice with
abrupt interfaces.!

Finally, in Fig. 3~c!, we show the SEPM predictions an
the ‘‘atomistic EPM 2’’ results from Ref. 23 for the case
which the InAs layer thickness per period was fixed at
ML and the GaSb thickness was increased. For this supe
tice, the only experimental data point is at InAs~10 ML!/
GaSb~10 ML!.14 Here, once again, the SEPM shows t
blueshift trend while agreeing with the one measured po
The AEPM results from Ref. 23 are very inaccurate at
one data point, and furthermore, show a redshift that is c
trary to the expected trend.

IV. CONCLUSIONS

We have demonstrated a direct generalization of the
pirical pseudopotential method for application to both u
strained and strained superlattices. For a two-componen
perlattice, this superlattice EPM, or SEPM, uses
superlattice pseudopotential constructed from the bulk c
stituent pseudopotentials for the well and barrier materials
given by Eq.~1!. This superlattice pseudopotential constru
tion is fundamentally different from those based on a sup
position of atomic pseudopotentials. This SEPM construct
essentially fuses the infinitely extended bulk pseudopot
tials for the components, imposing charge redistributions
large potential gradients at the interfaces between the
and barrier materials. These redistributions of heterointerf
charges may be driven by the requirement that it is energ
cally preferable for the component layers to remain as bu
like as possible. As an added practical benefit, the SE
construction involves only a modest number of empiric
pseudopotential form factors required to fit the two bulk m
terials, as well as an additional parameter to fix the off
between the materials. Certainly the most important obse
tion, far outweighing any other features or concerns, is t
this SEPM construction gives predictions that are in exc
lent agreement with a large database collected on a w
variety of type-I and type-II superlattices.

We then presented applications of the SEPM method
InAs/GaSb superlattices. First, we calculated the band e
of InAs/GaSb type-II superlattice samples in which t
thicknesses of the InAs and GaSb layers were essent
equal. Next, we showed SEPM predictions for recent d
showing a strong blueshift for the band edge of InAs-Ga
type-II superlattice samples, in which the thickness of
InAs layer was held fixed, while the GaSb layer thickne
was systematically increased. For these samples, the S
band-edge calculations appear to be quite accurate. In
trast, whenever published or reported data were available
predictions of the standard model as well as the AEPM me
ods, did not measure up to the accuracy provided by
SEPM calculations. In particular, we feel that the rece
blueshift results on the 6 ML InAs sample set and the 8 M
InAs sample set represent data for which the predictions
both the standard model and the AEPM approaches are
7-5
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G. C. DENTE AND M. L. TILTON PHYSICAL REVIEW B66, 165307 ~2002!
inaccurate.~A revised envelope function calculation incorp
rating interface terms provides much improved agreemen
the blueshift data. Reference 15 gives the details for
recent modification of the standard model.!

In summary, the SEPM method appears to provide an
cellent approximation for the pseudopotential in many pr
tical superlattices of current interest.3,5–7Admittedly, most of
these applications have involved superlattices in which
thinnest layer per period was no less than 6 ML thick. F
these cases, the assumption of heterointerface charge r
tribution with each layer maintaining bulklike properties a
pears justified by the data. Perhaps, with very short-pe
superlattices, in which layers are thinned to one or t
monolayers, it is likely that better accuracy will result fro
an atomistic approach, in which the pseudopotential of
short-period superlattice is represented as a sum over i
potentials. Ultimately, the most microscopically corre
theory for superlattices, with thick or thin layers, will prob
ably be based on an atomistic approach, as well as a f
self-consistent, many-body calculation that allows for se
consistent charge redistribution at the heterointerfaces of
superlattice. Alternatively, for the present time, the SEP
offers an easily implemented, yet highly accurate method
calculating the electronic structure of superlattices.
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APPENDIX: INCORPORATING COHERENT STRAIN

Here, we offer a modification of our original procedu
for representing the effects of coherent strain.3 Lattice-
mismatched layers can be grown if the layers are sufficie
thin. The resulting strain changes both the dimensions
the symmetry of the material, thereby perturbing the ba
diagram. In particular, the conduction-to-valence band g
as well as the degeneracy and curvatures of the light-h
and heavy-hole bands, are changed. In the original treatm
given in Ref. 3, we mimicked the symmetry-breaking fe
tures of strain by distorting the basis vector connecting
cation and anion in a unit cell. Although this approach wou
accurately split the light- and heavy-hole bands, leading
accurate results for several strained-layer superlattices
were never satisfied with the approximation. Here, we w
describe a more realistic and accurate method for accom
dating strain into the pseudopotential calculations
strained-layer superlattices.

Consider a coherently strained zinc blende layer grown
the z direction on a substrate with lattice constanta. The
strained material will have primitive direct lattice vecto
given by

d15
a

2
~0,1,11m!, d25

a

2
~1,0,11m!, d35

a

2
~1,1,0!,

~A1!
16530
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in which m522(C12/C11)« relates the lattice change in th
growth direction to the percentage of strain,«; strain is nega-
tive for compressive-strained material and positive
tensile-strained material. Also,C11 and C12 are the elastic
moduli. In addition, the strained basis separation vector c
necting the cation to the anion is given by 2v5a/4(1,1,1
1m). The first fifteen reciprocal lattice vectors for th
strained lattice are then given as

h05
2p

a
~0,0,0!, h1,...85

2p

a
@61,61,61/~11m!#,

h9,125
2p

a
@0,0,62/~11m!#,

h10,335
2p

a
~0,62,0!, h11,145

2p

a
~62,0,0!, ~A2!

so that thez component of every reciprocal lattice vector
multiplied by the same factor.

Our calculations for strained-layer superlattices are
mendously simplified if we do not break the lattice symm
try, but instead, only break the symmetry of the potentia
each lattice site. In this approximation, we break the symm
try of the empirical form factors; next, we directly apply th
lattice-matched superlattice EPM method described in
Ref. 3 to strained-layer superlattices. We accomplish this
empirically adjusting the magnitude-three~mag-3! and
mag-4 form factors in the perturbed matrix elements. In f
lowing, we useVg to label the pseudopotential form facto
for the strained material.

For the mag-3 reciprocal lattice vectors, indexed 1, 2
8, the magnitudes of the strained reciprocal lattice vectors
equal for the set and given by

~h!25~2p/a!2@21~11m!22#. ~A3!

Therefore, the form factors for mag-3 are all changed by
same amount, and the hydrostatic component of strain ca
incorporated by making slight pseudopotential form fac
adjustments inV3

S , V3
A to match the measured hydrostati

strain-induced modification of the conduction to valen
band gap. This band-gap change is often calculated as

DE5~2aH!2
C112C12

C11
«, ~A4!

in which aH is the hydrostatic deformation potential. Th
band gap increases for a compressive strain and decreas
a tensile strain.17

For the reciprocal lattice vectors 9 and 12, the magnitu
of the strained reciprocal lattice vectors is given by

~h!25~2p/a!24~11m!22→V4
A'V4

A1D4
A~h2g!,

~A5!

so that the antisymmetric pseudopotential form factor
slightly perturbed for vectors 9 and 12 by an expression
ear in the difference between the magnitudes of the stra
and unstrained reciprocal lattice vectors.@Recall that the
mag-4 symmetric form factor makes no contribution, sin
7-6
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cos(g•s)50.] 16 For the reciprocal lattice vectors 10, 11, 1
and 14, the magnitude squared of the strained reciproca
tice vectors is unchanged.

The symmetry-breaking effects of shear strain can be
resented in the slight differences given in Eq.~A5!. This
difference leads to the splitting of the light- and heavy-h
bands, as well as band curvature changes. The addition
parameter,D4

A , is essentially the derivative of the antisym
metric form factor. We empirically fit this parameter
match the observed splitting, which is approximately eq
to

DElh2DEhh52S22S2/D,

S5~2b!
C1112C12

C11
«, ~A6!

in which b is the shear deformation potential, andD is the
spin-orbit split-off energy.17

In addition, symmetry breaking also occurs in the fo
factors at mag-8, mag-11, and higher. We have empiric
determined that these higher-order symmetry breaking
fects are not needed in the empirical band fitting of
conduction- and valence-band energies and curvatures
zone center. The end result is that only seven pseudopote
form factors~the six described in Ref. 3 and the parame
D4

A), plus one spin-orbit fit parameter,G, are needed to fit the
s

16530
t-

p-

fit

l

ly
f-
e
ear
tial
r

bands of a strained zinc-blende material. The parameters
InAs under tensile strain on a GaSb substrate are show
Table I.10 The InAs was coherently strained to 0.62% tens
strain. The hydrostatic component of this strain reduced
InAs band gap by an amount 33.4 meV as given by Eq.~A4!.
The pseudopotential form factors in Table I reproduce t
slight band-gap reduction. As explained earlier, the sh
strain is included in the superlattice calculation by includi
the parameter,D4

A , in the strained InAs fit. The value give
in Table I splits the light-and heavy-hole bands by 47.8 m
again in good agreement with Eq.~A6!.

If we use this approach to represent the strained mater
provided that the strained material form factors give go
agreement with the strained material band diagram, we
calculate the properties of strained layer superlattices by
rectly applying the lattice-matched methods. For a tw
component superlattice containing coherently strained w
material in an unstrained barrier, the approximate super
tice effective potential is given as a direct superposition
component material pseudopotentials as

V~r !5rectS z

wD(
g

Vg
Weig•r1F12rectS z

wD G(
g

Vg
Beig•r.

~A7!

The remainder of the calculation proceeds as described
lattice-matched materials in Ref. 3.
rs
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