
PHYSICAL REVIEW 8 VOLUME 43, NUMBER 3 15 JANUARY 1991-II

Electronic structure of strained-layer A1As/InAs (001) superlattices
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(001) super1attices containing 15 principal layers of A1As and either one or two of InAs have been
grown by atomic-layer molecular-beam epitaxy on undoped (001) GaAs substrates. The samples,
between 0.1 and 0.3 pm thick, have been studied by photoluminescence, electroreflectance, and
piezoreflectance and monitored by phonon Raman-scattering spectroscopy and x-ray
diffractometry. An empirical tight-binding model, combined with surface Green-function match-

ing, is used to discuss the experimental data. An overall picture is obtained for the electronic struc-
ture of these superlattices with a valence-band offset close to 0.5 eV, which is consistent with the ob-
served spectra.

I. INTRODUCTION

The numerous device applications of semiconductor
superlattices have stimulated a great deal of interest in
their fundamental physical properties. Strained-layer su-
perlattices (SL's) have the additional attraction of enlarg-
ing the scope of potential applications, on account of the
profound inhuence that built-in strains have on the re-
sulting electronic structure, particularly for states near
the band gap. This determines a rich phenomenological
variety which makes strained-layer systems very useful. '
Also, short period SL's built from akin binary com-
pounds can exhibit a more regular behavior than the cor-
responding ternary alloys, due to the absence of composi-
tional fluctuations. Among the outstanding properties of
strained-layer SL s is the possibility of modeling in a cer-
tain range the structure of the valence bands, the achieve-
ment of higher carrier mobilities, and the efFectiveness of
buffering the growth.

The practical disadvantage of strained-layer systems is
that they are, in general, rather difficult to grow satisfac-
torily and relatively less is known compared with the
abundance of information available on systems made of
compounds with good lattice matching. However, re-

cent developments in conventional growth techniques,
such as atomic-layer molecular-beam epitaxy, migration-
enhanced epitaxy, and metal-organic chemical-vapor
deposition, among others, make it possible to obtain fair-
ly good specimens for thicknesses of the constituent lay-
ers below some characteristic critical values. ' The
knowledge of the electronic structure of such hetero-
structures should constitute the basis for further develop-
ments in this field.

Although there have been some reports on GaAs/InAs
and A1As/InAs SL's, these generally focus on the growth
problems and crystalline quality of the epitaxial layers, '

while their electronic structures are poorly known, espe-
cially in the case of A1As/InAs, for which no information
on the band offset appears to be available.

The purpose of this paper is to present some experi-
mental and theoretical studies of A1As/InAs (001) SL's
aimed at obtaining some information on their electronic
structure. We shall concentrate on the (15,1) and (15,2)
SL's, which are the ones experimentally accessible with
acceptable quality. The thicker layer (15 principal layers)
is always, of course, that of A1As. Due to the thinness of
the InAs layers, the use of an empirical tight-binding
(ETB) Hamiltonian, on which our calculations will rest,
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is really at its limit and no accurate quantitative reliance
can be expected. However, its simplicity allows for a
Aexible study of possible different alternatives and effects
and, combined with experimental evidence, one can nar-
row the range of options within plausible limits that do
provide reasonable information on the electronic proper-
ties of these SL's.

Section II describes the model and the technique em-
ployed in the theoretical calculations, while Secs. III and
IV present the experimental results together with the
proposed theoretical interpretation with which, within
reasonable limits, as explained, some information can be
surmised on their electronic structure.

II. THEORETICAL MODEL

We used an ETB Hamiltonian with an sp s* orbital
basis, including spin-orbit splitting. After a two-
dimensional Fourier transform in the plane of the inter-
faces this amounts to ten layer orbitals per atomic layer.
With two atomic layers per principal layer we have a to-
tal of 20 layer orbitals per principal layer —henceforth
simply denoted as layer. This is the order of the matrices
involved in the layer description of each constituent ma-
terial. Inclusion of strain is an important element in the
calculation. This modifies the interatomic distances and
bond angles. In an ETB model this results in
modifications of the angular dependence of the structure
factors' and of the nondiagonal Hamiltonian parame-
ters, which are usually evaluated by a scaling formula of
the type"

Rt3(d) =H ts(d'o)(d/do)

where a, P are atomic orbitals, do/d is the unstrained di-
vided by the strained interatomic distance, and v differs,
and may or may not depend on (aP), according to
different scaling rules. For sp s* nearest-neighbor pa-
rametrization Harrison's rule is v=2 for all matix ele-
ments. "' This often works rather well. Other ex-
ponents have been used' for strained Si/Ge SL's. A
more elaborate model has been recently proposed' for
ionic semiconductors in which v„=3.7, while Harrison's
rule is used for the rest. This appears to provide a better
fit to the band-gap variation under pressure in III-V com-
pounds. We have used both schemes ' in the present
calculations and found that the difference in energy posi-
tion of the resulting band-edge levels is of the order of the
experimental accuracy.

The calculations were performed by using the surface
Green-function matching (SGFM) method which has
been explained in detail elsewhere. ' ' In this method
one evaluates the Green function of the superlattice as a
function of energy E, two-dimensional in-plane wavevec-
tor k, one-dimensional (super) wave vector q in the
growth direction, and layer indices n, n . From this one
can obtain the energy eigenvalues E (k, q ), where j labels
the subbands of the SL, and the spectral functions of in-
terest. In particular, for each eigenstate one can calcu-
late the spatial dependence of the spectral strength or lo-
cal density of states (LDOS). In a tight-binding model
this corresponds to the discrete-valued squared amplitude
as a function of layer index n. It is furthermore possible

TABLE I. Empirical matrix elements of the sp s* Hamil-
tonian in eV, including the spin-orbit splitting.

A1As InAs

E(s,a }
E(p, a)
E(s*,a)
E(s,c)
E(p, c )

E(s* c)
V(s, s)
V(-,-)
V(-',y)
V(sa, pc )

V(sc,pa )

V(s*a,pc)
V(s *c,pa )

—7.5250
0.9400
7.4830

—1.1650
3.5400
6.7270

—6.6640
1.9320
4.2440
5.1040
5.4760
4.4920
4.9960
0.1385
0.0080

—9.5381
0.7733
7.2730

—2.7219
3.5834
6.6095

—5.6052
1.8398
4.3977
3.0205
5.3894
3.2191
3.7234
0.1385
0.1290

III. EXPERIMENTAL RESULTS

The samples, between 0.1 and 0.3 pm thick, were
grown by atomic-layer molecular-beam epitaxy on un-
doped (001) GaAs substrates. The In and Al Iluxes were
previously adjusted by means of reAection high-energy-
electron-diffraction specular beam oscillations to yield a
growth rate of one monolayer per second. More details
on the growth procedure have been reported elsewhere. '

The SL's were further characterized by x-ray diffract-
ometry. A double-crystal x-ray diffractometer was used
and the scans were recorded near (004) and (115)
reAections of the GaAs substrate in order to obtain the

to separate out the LDOS in the anion and cation layers,
and also the contributions from the different layer orbital
components having (s, p, p, p„or s*)-like characters as
will be seen later. In correspondence with the optical ex-
periments to be described in Sec. III, we have performed
all calculations for k =q =0, i.e., for the I point of the
SL.

The SGFM method can be used for any number of lay-
ers of each constituent material, even down to only one,
as has been demonstrated in the study of graphite inter-
calation compounds. ' The difhculty with the extreme
case, the (15,1) SL, is not with the technique but with the
model. One has to invoke some parameter related to the
relative level alignment, which by tradition we shall con-
tinue to refer to as the band onset, although one cannot
take this literally in this case. We shall introduce, in this
sense, the valence-band offset AE„which we shall mea-
sure from the top of the AIAs valence band (VB). In the
absence of any indication about AE, we shall take this as
an adjustable parameter. In fact one of the purposes of
the present work is to obtain a plausible estimate of hE, .
The other input parameters used in the calculations to
describe the unstrained constituent semiconductors, are
listed in Table I.
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TABLE H. In-plane (a~~ ) and average perpendicular (a&) lat-
tice constant obtained for the superlattices by x-ray
diffractometry for different sample thicknesses. Samples 1 and 2
correspond to the nominally (15,1) SL's, whereas 3 and 4 corre-
spond to the (15,2) SL's.

Sample Thickness
(pm)

0.1

0.3
0.1

0.3

aI~ (A)

5.654
5.662
5.657
5.691

a~ (A)

5.704
5.713
5.750
5.742

in-plane (a~~) and average perpendicular (a~) lattice pa-
rameters of the SL. These are given in Table II. The x-
ray results indicate that the strain is confined to the InAs
layers, which are under 7%%uo biaxial compression, while
the A1As layers remain unstrained. Then, the resulting
lattice parameters, on which the calculations rests are as
follows: the SL in-plane a~~ is equal to that of the un-
strained AlAs layers while a~ is evaluated from standard
elasticity theory in terms of the bulk rigidity moduli C, z
and C, I.

The samples were studied by low-temperature ( —10 K)
photoluminescence (PL), room-temperature piezore-
Aectance (PZR), and electroreAectance (ER) at various
temperatures. Complementary Raman-scattering (RS)
measurements were also carried out. Figure 1 shows PL

2.1 2.5

l I l

Z7 2.9
ENERGY (eV }

3.1

(a)

FIG. 2. Room-temperature PZR spectra for the SL's of Fig.
1: (a) sample 1 and (b) sample 3.
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FIG. 1. PL spectra at —10 K: (a) sample 1 and (b) sample 3.
FIG. 3. ER spectra taken at different temperatures for sam-

ple 1: (a) 290 K, (b) 220K, (c) 170, and (d) 120 K.
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spectra for the (15,1) and (15,2) SL's. In both cases a
broad peak at energies below the A1As indirect gap is ob-
served and the peak of the (15,2) SL appears at a lower
energy than that of the (15,1).

The PZR spectra are shown in Fig. 2. Three and two
peaks are observed for the (15,1) and (15,2) SL's, respec-
tively. In both spectra the peak at the highest energy
corresponds to the E, transition of the bulk GaAs sub-
strate. ER spectra were also obtained at various temper-
atures. Four of them for the (15,1) SL are shown in Fig.
3. There is a relatively broad feature in the energy range
at which the two lower PZR peaks are observed, and a
less intense structure appears at higher energy. We esti-
mate that these data correspond to the low-field regime
and on this basis we have tried to fit the experimental
spectra with the third derivative functional form' in

(a)

TABLE III. Experimental transition energies in eV, obtained
by di6'erent methods as indicated.

Sample PL (10 K)

1.98
1.87

PZR (RT)

2.6,2.75
2.5

ER (RT)

2.6,2.75,3.00

terms of four transitions: two of them corresponding to
the two transitions observed with PZR, another one at a
higher energy (3 00 . eV), and a fourth one, at 2.89 eV,
which is the E& transition of the bulk GaAs substrate.
The fit, dashed line in Fig. 3, is reasonably good. The ER
spectra obtained for the (15,2) SL were more complicated
and the identification of neat transition energies from
them is somewhat less clear. Table III summarizes the
transition energies obtained with the different techniques.
Now, the same electronic transitions can be part of pho-
non Raman-scattering events. The optical phonons of ei-
ther InAs or AIAs are confined in each one of these ma-
terials, as their dispersion curves do not overlap in fre-
quency. Therefore, Raman spectroscopy can be used to
probe the spatial confinement of the transitions described
above, by following the intensity ratio of the phonons of
both materials. The InAs to A1As ratio increases as we
approach the 2.6 and 2.75 eV transition on the (15,1) SL
and the 2.5-eV transition on the (15,2) SL, the increase
being larger for the latter. This can be clearly appreciat-
ed in Fig. 4, which shows Raman spectra for exciting
wavelengths near and away from resonance.

IV. DISCUSSION

)80
a I a I a

260 340 420
RAMAN SHIFT (cm ~)

FIG. 4. Room-temperature Raman spectra obtained near [(a)
and (b)] and outside [(c) and (d)] resonance for samples I [(a) and
(c)] and 3 [(b) and (d)].

It is very useful to have alternative experimental re-
sults for the same samples. As explained above, one
could hardly obtain an unambiguous picture for any sin-
gle technique, but the various data provide complementa-
ry information which allows one to discard options and
narrow down the range of possible conclusions.

Given the ease with which theoretical calculations can
be performed we can follow not only the spatial
confinement of the electronic states involved in the pro-
posed transitions but also, and specially, their predom-
inant orbital character. With this we can finally obtain a
plausible picture.

Tables IV and V show the most significant energy
values near the band edges of the (15,1) and (15,2) SL's,
respectively, calculated at the I point of the SL in the
manner described in Sec. II. A few specifications are in
order. (i) For each case the calculation was done by using
the two exponents (v„=2 and 3.7) corresponding to the
two scaling rules mentioned in Sec. II. This leaves the
valence band unaltered and results in very small changes
in the conduction band. (ii) The valence-band ofFset b,E,
is, as discussed above, a trial parameter which fixes the
relative level alignments. In our calculation this is done
before strain is introduced. The zero energy is at the top
of the VB of unstrained A1As. The top of the VB of un-
strained InAs is fixed at an energy AE„above the refer-
ence level. Then the effects of mismatch and stress are in-
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troduced and the resulting eigen values and discrete-
valued amplitudes for the SL states are calculated.
Without strain one would expect the upper VB states of
the SL states to be all below the top of the well material,
i.e., at energies &AE, . However, after the effects of
stress are introduced this need not be necessarily so.
Thus one can understand that for AE, =0 two levels ap-
pear with E ~0. (iii) The tables also give the dominant
orbital character and the material in which the amplitude
is mainly confined. As discussed in Sec. II, this was cal-
culated as the LDOS or local spectra strength, which cor-
responds to the squared amplitude of the state under
study. (iv) Due to folding eff'ects many more energy lev-
els usually appear in a given energy range. These have
been sorted out and only those are given which may be
relevant for the interpretation of the observed transition.

The two highest VB states, for the range of AE,
presented in the tables, are always confined to InAs, in
agreement with the results of Raman spectroscopy and
have uniform orbital character, with p„and p characters

equally dominant for both and p, character also for the
V2 state. On the contrary, these features differ for the
three lowest conduction-band (CB) states and are more
sensitive to the number n of InAs layers. The relative or-
dering of their eigenvalues depends on n and also on the
assumed value of AE„a feature which helps to bracket
this between plausible limits.

In attempting to correlate these results with the ob-
served transitions we must discuss simultaneously the in-
formation contained in Tables III—V. Let us concentrate
on the (15,1) SL, for which the experimental results are
neater due to their better crystalline quality. The lowest
observed transition, at 1.98 eV appears only in PL and
not in PZR or ER. For AE, & 0.2 eV the lowest CB state
has predominant p, character and is confined to AlAs—
Table IV and Figs. 5 and 6. Since the highest VB state is
confined to InAs and has px and p~ character —Figs. 5
and 6—for AE, greater than 0.2 eV one expects the
lowest transition to appear in PL only, and not in PZR or
ER. This does agree with experimental evidence and sug-
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FIG. 5. The spatial distribution of the spectral strength for a
(15,1) SL with EE„=0.5 eV and v„=3.7, for the states listed in
Table IV. 0, As; , Al; and 4, In layers, the vertical arrow
marks the In layer.

FIG. 6. The spatial distribution of the contribution of the
different orbitals to the spectral strength of the states of the
(15,1) SL shown in Fig. 5.
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gests 0.2 eV as a lower bound for AE, . We may associate
the observed PL peak with the transition V, —z', even if
it were associated with a defect, which is possible.

The actual estimated value for the energy of this transi-
tion decreases as the assumed value of AE, increases and
is insensitive to the scaling rule. For 0.4~ AE, ~0.8 eV
the transition energy ranges from 2.04 to 1.80 eV, in the
neighborhood of the experimental value 1.98 eV. This
suggest something like 0.8 eV as an upper bound for AE, .

Now consider the two lowest transitions, 0.15 eV
apart, seen in PZR and ER spectra. These transitions in-
volve photon absorption, and they should be from the
two highest VB levels to a CB state with s character and
confined in the InAs layer. This is the case for the s"
state, for which we note (i) that it depends rather more
strongly on b,E, and (ii) that it does depend on the ex-
ponent v„. The energy difference (0.15 eV) between these
two transitions should then be due to the energy

difterence between Vi and Vz states, the transitions being
identified as V, -s" and Vz-s". We now must account for
the energies of these two transitions and their difference
simultaneously. This leads-us as the most likely combina-
tion to the value AE, =0.5.

Figures 5 and 6 display the spatial distribution of s",
z', V„and V2 of the (15,1) SL for b,E, =0.5 eV. The to-
tal strength is given in Fig. 5, while in Fig. 6 this is
decomposed into the difFerent orbital components. Note
the strong confinement of the s", Vi, and V2 states about
the In layer, especially in the case of V, and Vz. Their
dominant orbital symmetry is that of the heavy- and
light-hole states, respectively, of bulk InAs; since the SL
is grown in the z direction, the SL unit cell remains
tetragona1 under biaxial compression of one of their con-
stituents and the symmetry of these states remains unal-
tered.

Folding effects are very important in the CB, where

TABLE IV. Calculated energy levels in eV, measured from the A1As VB edge, of the most significant
states near the band edges of the (15,1) superlattice. Top: CB with Harrison's scaling rule (all v=2).
The state labeled m, and denoted by an asterisk, has mixed orbital character (mainly, s and p, ) and has
amplitude in both materials, while z denotes predominant p, character with spatial confinement in
A1As and s" predominant s character, with spatial confinement in InAs. Middle: Same as top with a
different scaling rule, v„=3.7. Bottom: The two highest VB states, denoted VI and V2. Both have
equal spectra strength of p and p~ orbital character and spatial confinement about the InAs layer the
V& state has also p, . For discussion and interpretation see text.

CB
d-2

0.0

2.36:s"
2.28:z'

*2.19 m

0.2

2.53:s"

2.29:z'
*2.25:m

0.4

2.63:s"

2.33:m
2m 27 ez

0.5

2.67:s"

2.34:m
2.27:z'

0.6

2.72:s

2.35:m
2.28:z'

0.8

2.84:s"

2.33:m
2.28:z'

1.0

2.88:s"

2.33:m
2.28:z'

CB
d 37

2. 2.42:s"

2.27:z'

*2.19:m

2.57:s

2.29:z'
*2.25:m

2.67:s"

2.33:m
2.27:z'

2.72:s"

*2.34:m
2.27:z'

2.75:s"

*2.35:m
2.28:z'

2.87:s"

2.33:m
2.28:z'

2.90:s"

2.33:m
2.28:z'

VB

0.05:VI
0.00:V2

0.13:V,

0.03:V2

0.23:V

0.10:Vq

0.29:Vl

0.14:Vq

0.35:V

0.20:V2

0.48:V)
0.32:Vq

0.63:Vl
0.46:Vp
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FIG. 7. The spatial distribution of the spectral strength for
the AlAs barrier states of a (15,1) SL with EE, =0.5 eV and
v„=3.7. See text.

they even determ. ine the spatial character of the SL
states. The lowest one z' is confined in the AlAs layers
and has predominant p, orbital character. This may have
its origin in the lowest CB state at the X point of bulk
A1As, which after folding becomes a I point of the SL
while maintaining its orbital character. Just above this
level there are several CB energy levels all with the same
orbital character and spatial confinement, which can be
ruled out as final states for absorption transitions (PZR
and ER), until we find the s" state which we have associ-
ated with the two absorption transitions, as explained
above.

A third peak appears in ER at 3.00 eV. The interpre-
tation of this peak is more di%cult. Due to the evolution
of CB and VB energy levels there is a bunching up of pos-
sible transition energies in a narrow interval and any as-
signment is somewhat ambiguous. With due reservations
and after similar considerations of orbital character and
spatial confinement we find as the most plausible con-
clusion that this may be the transition from either of the
two VB states at —0.03 and —0.06 eV to the CB state at
3.12 eV described in Fig. 7, which corresponds to AlAs
barrier levels. Note that here the vertical arrow corre-

TABLE V. Same as Table IV but for the (15,2) superlattice.

0.0 0.2 0.4 0.5 0.6 0.8 1.0

CB
d

—2 *2.36:m 2.34:m 2.35:m 2.35:m 2.35:m *2.35:m
2.34:s"

2.46:s"
*2.36:m

2.27:z'

1.80:s"

2.27:z'

1.94:s"

2.27:z'

2.07:5"

2.27:z'

2.14:s"

2.27:z'
2.20:s"

2.27:z' 2.27:z'

CB
d 37 *2.36:m

2.27:z'

1.86:s"

*2.34:m

2.27:z'

2.01:5"

*2.35:m

2.27:z'

2.14:s"

*2.36:m

2.27:z'

2.21:s"

2.36:m

2.27:z'
2.25:s"

*2.36:m
2.35:s"
2.27:z'

2.54:s"
*2.36:m

2.27:z'

0.01:Vl
0.00:V2

0.16:V,

0.03:V2

0.23:V)

0.07:V2

0.27:Vl

0.10:V2

0.32:Vl

0.14:V2

0.42:Vl

0.23:V2

0.53:V

0.34:Vq
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sponding to the In layer is at the edge of the figure. The
CB state is mainly s like and is confined in the A1As lay-
ers. The two valence-band states have predominant p„
and p orbital character and originate from the bulk
A1As heavy- and light-hole states. The stronger
confinement of the hh-like state may be due to its heavier
effective mass. Then, for the (15,1) SL the calculations
explain altogether the experimental results, although
there is a general tendency to underestimate the transi-
tion energies.

The experimental results for the (15,2) SL are very
similar to those obtained for the (15,1) case, with a ten-
dency for all transitions to appear at slightly lower ener-
gies. Table V shows the main theoretical results for the
(15,2) SL. The general discussion, based on spatial
confinement and orbital character, is as before and need
not be repeated. On comparing with the (15,1) case the
tendency is for the transition energies to be smaller, in
qualitative agreement with experimental observation.
However, for AE„~0.6 eV, the lowest CB state with
predominant s character is confined in the InAs layers
and therefore it should be observed in all PL, PZR and
ER, against experimental evidence. Furthermore, for
hE, & 0.6 eV, when the lowest CB state is of the z' type,
the actual estimated values for the energies of the transi-
tions V&-s" and V2-s" are about 0.6 eV lower than the
experimental values. Altogether a quantitative fit is
harder to obtain in this case, which may be due to the
comparatively worse crystalline quality of the sample.

Moreover, some discrepancies between theory and ex-
periment are expected due to the use of standard bulk
elasticity which may not be fully warranted. For a try
we have calculated the energy levels of the (15,1) and
(15,2) SL's keeping ai in the InAs layers unstressed. The
transition energies associated with the experimental spec-
tra for hE, =0.5 eV and v„=3.7 are given in Table VI.
Now the general features are the same for both the (15,1)
and (15,2) SL's in agreement with experiments. On com-

TABLE VI. Theoretical transition energies for the (15,1) and
(15,2) SL's calculated with hE, =0.5 eV and Aa& (InAs) =0.0.

V, -z'
Vl-S"
Vz-s"

(15,1)

2.10
2.74
2.83

(15,2)

2.14
2.45
2.54
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paring with the values obtained from Tables IV and V
there are two significative facts. (i) All the transition en-
ergies increase drastically and (ii) for the (15,2) SL the
lowest conduction-band state becomes p, -like and A1As
confined. Then, with a~ for InAs evaluated from bulk
elasticity we underestimate the observed transition ener-
gies, while with this parameter unchanged we overesti-
mate them. It is not unlikely that the actual value of a~
(InAs) may be somewhat in between. In addition, some
In segregation in the AIAs layer ' may also account for
the experimental and theoretical differences. Calcula-
tions performed with a somewhat diffuse profile of In
concentration change the transition energies in the direc-
tion of the experimental findings.

In conclusion, although we could not at this stage
claim to precise quantitative accuracy, we do obtain a
quite plausible picture of the electronic structure of
strained AIAs/InAs superlattices, compatible with the
scaling law v„=3.7 and with AE„=0.5 eV as a suggest-
ed estimate of the band offset.
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