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The optical anisotropy in the layer plane of (100) InAs/A1Sb superlattices was investigated by
ellipsometry and by reflection difFerence spectroscopy. The superlattices are anisotropic in the (100)
plane with the dielectric function along the [011) and [011] axes differing by as much as 5% in
the energy range from 2 to 4 eV. The anisotropy in superlattices with either only AlAs or only
InSb interface bonds is attributed to a reduction of the D2& symmetry of a perfect structure due to
differences between the interfaces where InAs is grown on AlSb and those where AlSb is deposited
on InAs. DifFerent mechanisms for the interface-related anisotropy are discussed.

I. INTRODUCTION

Superlattices of III-V zinc-blende semiconductors
grown along the [100] direction, such as GaAs/AlAs
structures, are normally optically uniaxial with the op-
tical axis along the growth direction. The optical prop-
erties of these structures should, therefore, be isotropic
in the layer plane. Recently, however, there has been
increasing evidence for anisotropic efFects in the in-layer
excitonic properties of these structures. 4 The observed
anisotropy, which must arise &om a reduction of the D2p
point-group symmetry of ideal structures, has been at-
tributed to differences between the top and bottom in-
terfaces of each layer. ' These differences are probably
related to the growth process, which may yield different
material intermixing, step density and orientation, and
local stress for the two kinds of interfaces.

In this paper we investigate optical anisotropy in (100)
InAs/AlSb superlattices. These structures combine the
large electron mobility of InAs with a large electron con-
finement energy (above 1 eV) in the InAs wells and
have, therefore, potential applications in high-speed elec-
tronic devices. Since both the anions and the cations
are changed at the interfaces, these superlattices can
be grown with interfaces containing ideally either only
InSb, only AlAs bonds, or any combination of alternat-
ing InSb and AlAs bonds. 5 As will be discussed in detail
below, the point-group symmetry of the superlattices de-

pends on the interface type, making them ideal for the
investigation of interface effects on the in-plane optical
anisotropy. Superlattices with alternating InSb and AlAs
bonds exhibit C2 point-group symmetry: these struc-
tures are anisotropic in the layer plane with optical axes
in the [Oll] and [011] directions. Structures with a sin-
gle type of interface bond (i.e., either only InSb or only
AIAs bonds), on the other hand, possess D2g point-group
symmetry and should ideally be optically isotropic in the
plane of the superlattice layers. Deviation &om ideality
gives rise to an anisotropy in the optical properties, so

that the degree of anisotropy is a measure of interface
quality.

The optical anisotropy in the superlattices was inves-

tigated by spectroscopic ellipsometry and by reBection
difFerence spectroscopy (RDS) for photon energies be-
tween 1.5 and 5.5 eV. RDS is particularly sensitive to
small (i.e. , in the ( 0.1% range) difFerences in the op-
tical properties and has been successfully used in the
last years to probe surface-induced optical anisotropies
in semiconductors. We observed optical anisotropy not
only in structures with alternating AlAs and InSb inter-
face bonds, but also in those with nominally only InSb or
only A1As interfaces. The reBectance anisotropy in the
latter case is attributed to a reduction of the ideal D2~
symmetry due to differences between the interfaces where
InAs is grown on A1Sb and those where AlSb is deposited
on InAs. Differences between the top and the bottom
interfaces of the InAs layers in InAs/AlSb superlattices
with A1As interface bonds have been previously detected
in transport measurements. The present study indicates
that interface asymmetry is a more fundamental property
of the superlattices and is also present in structures with
nominally only InSb interface bonds. Different mecha-
nisms for the anisotropy are discussed and compared to
the experimental data.

II. EXPERIMENT

The InAs/AlSb superlattices used in this study were
grown on an AlSb buffer layer deposited on the (100) face
of semi-insulating GaAs substrates by molecular beam
epitaxy. The samples were terminated with an InAs cap-
ping layer to prevent oxidation of the AlSb 6lms. Fur-
ther details of the deposition process can be found in
Ref. 5 and a structural characterization of the superlat;-
tices is presented in Refs. 6—8 and 15. Results will be
presented for samples with six bilayers (one bilayer= a/2,
where a is the lattice constant) of InAs and six bilayers
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of AlSb per superlattice period. All samples were grown
under similar conditions except for the interfacial com-
position. We also investigated a second set of samples
with a larger period (nine bilayers of InAs and A1Sb per
period). No qualitative differences were found between
the optical properties of the two sets.

As mentioned above, the structures can thus be grown
with interfaces containing either only AlAs interface
bonds (A1As type), only InSb interface bonds (InSb
type), or both kinds of bonds simultaneously. The atomic
structure for superlattices with different kinds of inter-
faces, projected on the (011) plane is illustrated in Fig.
1. The covalent bonds between a cation and an overlay-
ing anion, represented by the tilted lines connecting the
atoms, are either in the [111]or in the [111]direction.
The bonds between an anion and an overlaying cation,
on the other hand, are in the [111]and [111]directions
(horizontal lines). The interface bonds are represented by
double lines in Fig. 1. For superlattices with A1As-like
(InSb-like) interfaces the InAs layers are terminated with
As (In) atoms and the A1Sb layers with Al (Sb) atoms.
Control of interface composition is achieved by exposing
each interface to an As (Sb in the case of InSb interfaces)
prior to the deposition of the successive layer. s Note that
each superlattice period contains six planes of In and six
planes of Al atoms. However, depending on the nature of
the interface, the number of planes of column VI elements
(Sb of As) can be 5, 6, or 7.

It is easy to see from Fig. 1 that the superlattices
with a single type of interface bond (i.e., AlAs-like of
InSb-like interfaces) have mirror reHection planes with
normals along the [011] and [011] directions. They also
have a fourfold improper rotation axis (S4) around the
[100] direction (point group D2~). Their optical axis is
along the growth direction and the dielectric function is
isotropic for polarizations in the layer plane. Structures
with alternating InSb- and A1As-like interfaces belong
to point group C2„(no S4 axis) and have three dielectric
axes: one along the growth direction ([100]direction) and

the other two along [011] and [011]. These superlattices
are, therefore, birefxingent in the layer plane.

We have investigated the linear optical response
of InAs/A1Sb superlattices using ellipsometry and re-
Bectance difFerence spectroscopy. The ellipsometry mea-
surements were performed with plane of incidence both
parallel and perpendicular to the [011] direction. The
ellipsometric angles were converted into the pseudodi-
electric function using a two-phase model composed of a
sharp interface between the sample and air. RDS mea-
sures the relative difference " „~ = 2(r —rb)/(r + rb)
between the complex reffection coefficient r along two
perpendicular directions a and b along the sample sur-
face. The real and imaginary parts of the RDS signal (=

"s) are related, respectively, to the relative difference
in the reffection coefficient, R (i.e.,

" „"s =
2 & ~)

and to the difference in the phase change upon reBec-
tion 6 for incident polarizations along the a and the b
directions. In the RDS measurements linearly polar-
ized light along the a+ b direction was impinged on the
sample surface at quasinormal incidence (incidence an-
gle ( 10' ) and the polarization of the reffected light
was analyzed using an acousto-optical modulator. De-
tails of the experimental RDS setup are described in Refs.
10 and ll. As a difFerential technique, RDS can detect
small anisotropies in the complex reffection coefBcient
since the isotropic contribution is eliminated. All exper-
iments were performed in air and at room temperature.

III. RESULTS

Figure 2 shows raw RDS spectra of InAs/A1Sb super-
lattices with A1As interface bonds. The samples con-
sist of 136 double layers of InAs and A1Sb, each six bi-
layers thick. The thin lines were obtained for incident
light polarized in the [011] direction and correspond to
the real and imaginary parts of ""'"„'"".The spec-
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FIG. 1. Atomic con6guration projected in the plane per-

pendicular to the [011] direction for InAs/AlSb superlattice
with (a) AIAs-like, (b) InSb-like, and (c) both AIAs-like and
InSb-like interfaces. The interface bonds are represented by
the double bonds and the interface position is indicated by
the vertical solid lines.

FIG. 2. Relative difFerence in the complex reflectivity (RDS
signal = " „~) between the a = [010] and b = [001)
directions (thin lines) and between the a = [011] and
b = [011] directions (thick lines) for InAs/AlSb superlattices
with AlAs-like interface bonds.
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FIG. 3. Real part of RDS signal (
"

~
'

) for
InAs/AISb superlattices with difFerent bottom and top in-
terfaces for the InAs layers. In the notation A/B, A and B
correspond to the bond type present in the bottom and top
interfaces of the InAs layers, respectively. The spectra are
shifted vertically for clarity and the horizontal lines indicate
the reference (zero) position in each case.

tra show weak features, which are probably due to small
sample misalignment and to the finite angle of incidence
of the incoming light. The background linear increase in

Im "'" ""'" with energy is an artifact of the measur-

ing technique associated with the optical activity of the
optical components. The optical response is, therefore,
essentially identical in the [011] and in the [Oll] direc-
tions, a fact which singles out these directions as the
dielectric axes.

The second set of data in Fig. 2 (thick lines) were
obtained after rotating the sample by 45' around the
growth axis so as to put the incident polarization in the
[001] direction. The RDS signal in this case is propor-
tional to the difference in reflectivity for incident fields in
the [011] and [011] directions. Contrary to the expecta-
tion for samples with a single kind of interface bond, the
RDS signal shows differences of the order of 2% between
the reQectivity in those two directions.

The structures in the RDS spectra depend on the
kind of interface bonds present in the sample. Fig-
ure 3 displays the real part of the RDS signal for sam-
ples with difFerent kinds of interfaces between an A1Sb
layer and an overlaying InAs layer (hereafter denoted as
the bottom interfaces of the InAs wells) and between
an InAs layer and an overlaying A1Sb film (top inter-
faces). In order to correct for the optical activity and
for small misalignments of the optical components the
data presented in Fig. 3 correspond to the difference

"""' between the RDS data obtained
with incident fields in the [001] and the [011] directions.
All samples in Fig. 3 have six bilayer-thick InAs and
AlSb layers.

Figures 3(a) and 3(d) are for samples with only InSb
and only AlAs interfaces, respectively. In the first case
the RDS spectrum [Fig. 3(a)] is dominated by a mini-

mum jn Re "„' ' ' at 2.8 eV. For samples with AlAs
interface bonds, the minimum is shifted to 3.3 eV [Fig.

3(d)]. Figures 3(b) and 3(c) are for superlattices con-
taining both types of interface bonds. These structures
are thinner than those in Figs. 3(a) and 3(d) and par-
tially transparent below 2 eV. The oscillations in this
energy range result from Fabry-Perot interference in the
total thickness of the superlattice film. It is interest-
ing to note that although these structures are inherently
anisotropic, the magnitude of the anisotropy is compa-
rable to that found in superlattices with a single type
of interface bonds [note, however, that Fig. 3(c) exhibits
the largest anisotropy of the four samples under consider-
ation]. In addition, the spectral shape changes when the
bond types of the bottom and top interfaces of the InAs
layers are interchanged [Figs. 3(b) and 3(c)], indicating
that the interface properties depend on the deposition
order of the superlattice layers.

The changes in the RDS spectra with interface bond-
ing type indicate that the optical anisotropy must be re-
lated to the interface composition. RDS data can be
used to determine the difference in the dielectric constant
&e = &[oii] —e[oii] between the [011]and [011]directions.
For that purpose, the superlattices were treated as a uni-
axial medium with an optical axis in the [011]direction.
For small anisotropies between two perpendicular direc-
tions a and b, the complex reBectivity and the dielectric
constants are related by

Ae e~ —eb (e 1) T~ —rb
T

where e = (..+.b)/2.
The anisotropy in the dielectric constant e[pyy]

—
6[pyf]

obtained &om Eq. 1 is shown by the thick lines in Figs.
4(a) and 4(b) for superlattices with AlAs-like and InSb-
like interfaces, respectively. The dielectric constant ~[]yp]

necessary for the calculation was determined by spectro-
scopic ellipsometry.

The real and imaginary parts of c[pyy] and &[pyf] dif-
fer by approximately 0.6 to 0.8 units between 2.5 and 3
eV, as compared to the absolute values of approximately
15 for the real and imaginary parts in the same energy
range. Most of the structures in e[p~z]

—
a[pe~] for the

sample with AlAs interface bonds correspond closely to
those observed in the dielectric constant of bulk InAs and
bulk AlSb. The position of these critical points for bulk
InAs (A1Sb) is indicated by the solid (dot-dashed) ver-

tical lines in Fig. 4. The onset of the anisotropy in
the imaginary part of 6[pyyj

—E'[p~y] at 2.4 eV coincides

with the critical point Ei(InAs). The main feature in
I m(E[ oi] is[ oi])iin Fig. 4a is located at 3.2 eV, close to
(Ei + b, i)(A1Sb). The shoulder at 2.95 eV in the same
spectrum is only 0.1 eV above Ei(A1Sb). Finally, the
features in Im(c[oii] —e[oii]) between 4 and 5 eV lay near
the critical points E2 of InAs and AlSb.

In the superlat tice with InSb interface bonds
[Fig. 4(b)] the energies of the main features in

Im(c[pii] e[pii]) correspond to Ei(InAs) (shoulder at
2.5 eV) and (Ei + Ai) (InAs) (or possibly also Ei (A1Sb))
at 2.8 eV. The main difference to the previous case is that
the contribution &om critical paints of the AlSb layers
[especially (Ei + Ai)(A1Sb), which is the dominant fea-
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FIG. 4. Imaginary part of the difference between the di-
electric function in the [011] and in the [Gll] directions,
b, e = e~oii~ —e~oiq, for InAs/AISb superlattices with (a)
AIAs-like and (b) InSb-like interfaces. The circles indicate
the disorder contribution to the anisotropy estimated from
the bond polarizability model (see text for details). The ver-
tical solid and dot-dashed lines indicate the energy position
of the critical points for bulk InAs and h.lSb, respectively.

ture in Fig. 4(a)], has a different sign &om that &om the
InAs layers. These difFerences will be discussed in the
following sections.

IV. DISCUSSION

The anisotropy observed in superlattices with either
only A1As or only InSb interface bonds arises fI.om a
breakdown of the selection rule for the optical transitions
expected for the D2g point group of these superlattices.
Optical anisotropies have been previously observed both
in bulk III-V materials and superlattices. In the case
of bulk semiconductors, i i the anisotropy has been at-
tributed to the loss of perfect periodicity induced by the
presence of the surface. The amplitude of the anisotropy
in the refiection coefficient (i.e., ""& ""')depends on
the crystal surface and, above the fundamental gap, is
smaller ( 0.5% for the (100) GaAs surface. is i7 These
anisotropies are significantly smaller than the 1.5% to
2% anisotropies observed in Fig. 2. For (100) surfaces the
main contribution to the anisotropy has been identified

as a surface many-body effect arising &om the reduced
local field effects for the atoms near the surface due to
the termination of the bulk lattice. i ' r is The difficulty
in applying this mechanism to the InAs/A1Sb superlat-
tices resides in the fact that the main contribution to
the anisotropy in bulk samples arises from the first two
to four atomic planes near the surface. The RDS spectra
should, therefore, be dominated by the contribution fI om
the InAs layer and show only weak structures fiom AlSb,
in contradiction with the results of Fig. 4. This mecha-
nism cannot, therefore, account for the main features in
the RDS spectra of the superlattice, at least for energies
below 4 eV. It can, however, be important for higher
energies where light absorption takes place mainly in the
top InAs layer.

In-plane anisotropies have also been observed in the
excitonic spectra of GaAs/A1As superlattices, i' where
it has been attributed to difFerences between the top and
lower interfaces of a single layer. The interface asymme-
try may arise &om differences in composition, roughness
axnplitude and orientation, 9' and localized strains for
the two interfaces. The dependence of the RDS spec-
tra of InAs/A1Sb superlattices on interface composition
strongly suggests that a similar mechanism may account
for the optical anisotropy, i.e., the interfaces where InAs
is deposited on A1Sb (the bottom interface of the InAs
wells) must be different &om those where AlSb is grown
on InAs (top interface of the InAs wells). The existence of
an interface asymmetry was inferred 6.om the transport
properties of AlSb/InAs/A1Sb quantuxn wells with differ-
ent types of interface bonds by Tuttle and co-workers.
These authors verified that the presence of AlAs bonds
in the bottom interfaces of the InAs wells considerably
degrades the electronic mobility in the wells whereas the
degradation is less extensive or even absent when these
bonds are only at the top interface. The asyxnmetry xnay
arise, for instance, from difFerences in the composition of
the interfacial bilayer (A1As and InSb, for superlattices
with A1As and InSb interface bonds, respectively) in the
two interfaces due to intermixing of cations or anions.
Note that a symmetric broadening of the composition
profile at the interfaces as a consequence, for instance,
of material interdiKusion does not change the symmetry
properties of the superlattice and cannot, therefore, ac-
count for the anisotropy in the layer plane. In fact, we are
going to see that a disorder-induced anisotropy is mainly
deterxnined by the interface composition and is not sen-
sitive to the amount of interdi8'usion into the adjoining
layer.

In the following, we discuss difFerent mechanisms for
the interface-induced anisotropy in the InAs/A1Sb super-
lattices. Most of the discussion will be restricted to su-
perlattices with a single type of interface bonds. First, we
estimate the anisotropy in periodic structures with dif-
ferent kinds of interfaces using microscopic tight-binding
calculations of the optical properties of the superlattices.
The xnain anisotropy mechanism in this case is the reduc-
tion in the symmetry of the superlattice layers induced by
asymmetric interfaces. The second mechanism describes
the efFects of interface disorder on the optical properties
in the f'ramework of the bond polarizability model. The
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bonds are assumed to have different polarizabilities for
polarizations along and perpendicular to the bond direc-
tion and the anisotropy arises from difFerences in densi-
ties and type of bonds contributing to polarization along
the [011] and [011] directions. Since the anisotropy in
this case is a sum of incoherent individual contributions,
this mechanism is applicable if long-range correlations
are destroyed by chemical disorder in the superlattice lay-
ers. As we shall see, the contribution to the anisotropy
comes from bonds near the interfaces and is, therefore,
very sensitive to the interface composition and degree of
disorder. The disorder mechanism predicts contributions
of the same sign for the InAs and for the A1Sb critical
points, and describes relatively well the anisotropy in su-
perlattices with A1As interface bonds.

The third mechanism describes the effects of inter-
face roughness on the anisotropy. %e will assume that
the roughness arises &om variations of the layer thick-
ness along the sample surface. In order to yield an
anisotropic contribution, the thickness variations must
have a preferential orientation along the sample surface.
This mechanism seems to yield the main contribution for
the anisotropy in superlattices with InSb interface layers.

A. Microscopic calculations

.3

E, (AISb)~,
E, ~(lnAs) ~t (d) Expt

1 unit

Energy

FIG. 5. Imaginary part of be = ~[oar] —~(oui] calculated
from an empirical tight-binding band structure calculation
for IuAs/IuSb superlattice. The bottom interface of the InAs
layers is composed of InSb bond and the top interface consists
of (a) AlAs bonds, (b) InSb bonds with 30% of the Sb atoms
replaced by As, and (c) InSb bonds with 30%%uo of the In atoms
replaced by Al. Curve (d) reproduces the anisotropy mea-
sured in superlattices containing nominally only InSb inter-
face bonds. The vertical dot-dashed lines indicate the location
of the critical points E; "(InAs) and Ez '(InAs) obtained
from tight-binding calculations of the dielectric function of
the corresponding bulk materials.

In order to determine the efFects of the interface on the
optical properties, we performed microscopic calculations
of the superlattice dielectric constant using the empiri-
cal tight-binding method. The calculations used a basis
consisting of 5 8p 8* orbitals and did not include spin-
orbit coupling. The matrix elements for the tight-binding
Hamiltonian of InAs and A1Sb were extracted from Ref.
18. The valence band offset between InAs and AlSb was
added to the intra-atomic matrix elements for the Hamil-
tonian of the AlSb layers in order to yield a valence band
offset of 0.2 eV (top of valence band higher in AISb). z2

The Hamiltonian matrix elements of the AlAs (InSb) in-

terfacial layer was determined as follows: the intraorbital
elements of the Al (Sb) and As (In) atoms were taken to
be the same as for the corresponding atoms in the AlSb
and in the InAs layers, respectively. The matrix elements
between Al (In) and As (Sb) orbitals, on the other hand,
were assumed to be equal to those in bulk AIAs (InSb).

The imaginary part of the dielectric function was cal-
culated by integrating the matrix elements for optical
transitions between the valence and conduction bands
over the superlattice Brillouin zone using the tetrahe-
dron method. The optical transition elements were
obtained directly from the tight-binding Hamiltonian us-
ing the procedure described in Refs. 24 and 25.

The tight-binding results for the optical anisotropy are
summarized in Figs. 5(a)—5(c). Figure 5(a) displays the
calculated difference in the imaginary part of e along the
[011]and [011]directions for a superlattice with InSb and
AlAs interface bonds in the bottom and top interfaces of
the InAs layers, respectively. In agreement with the ex-
perimental results, the anisotropy spectra are dominated
by the structures near the E1 critical points of the two
materials. It is interesting to note that the E1 contri-

butions are of opposite signs for the InAs and for the
AlSb layers. This behavior can be easily understood by
assuming that the asymmetric interfaces introduce po-
tential gradients along the [100] direction of magnitudes
(t ~"+'(z) and P+~ss(z) and of opposite orientations in the
InAs and in the AlSb layers, respectively. If (t(') is small,
an expansion of the dielectric constant yields

('} (') (') (') ( ) (') (')+ '* s~s + "ai~s ~( (2)

For the D2~ point group the first and third terms at the
right-hand side of Eq. (2) yield isotropic contributions
to the dielectric function. Only e;~g with i g j P k is
nonzero in the second term, so that the anisotropy is
given by

InAs ~InAs 26AlSb ~AlSb
[011] E[011j E&z& ~ 6&zz

If the e„exhibit similar resonant behavior as the di-
electric function the anisotropy spectra should contain
contributions of opposite signs &om the critical points of
the InAs and of the AlSb layers, in agreement with the
tight-binding and experimental results for samples with
InSb interface bonds.

The efFects of chemical mixing at the interfaces on the
optical properties of the layers can also be estimated by
the microscopic tight-binding calculations. Figure 5(b)
displays the anisotropy in a superlattice with InSb in-
terface bonds where 30%%uo of the Sb atoms at the bot-
tom interfaces of the InAs layers were exchanged by As.
In agreement with the expected symmetry, calculations
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yield no anisotropy in structures with only InSb inter-
face bonds. The spectrum was calculated by using for
the tight-binding parameters of the mixed interface a
weighed average between those of InSb and of A1As. Re-
sults for an interface where 30% of the In atoms have
been substituted for Al is shown in Fig. 5(c). In both
cases, the line shape is similar and the amplitude of the
anisotropy is approximately 1/3 of that calculated for an
ideal structure with alternating InSb and A1As interfaces
[Fig. 5(a)].

Figure 5(d) reproduces for comparison
Im(e[o11] —e[s11]) measured in superlattices with nomi-
nally only InSb interfaces. The magnitude of the mea-
sured anisotropy [Fig. 5(d)], of approximately 1 unit in
the dielectric function, is comparable to that obtained
from the calculations [Figs. 5(a)—5(c)]. The calculated
spectra, however, do not reproduce all the features ob-
served experimentally. The contribution around 3 eV of
the critical point Eq of the A1Sb layers is overestimated in
the calculations. The differences between the measured
and calculated spectra are worse in the case of superlat-
tices with A1As interface. These differences arise in part
due to the approximations used in the calculation (e.g.,
neglect of spin effects). In addition, interface mixing is
only partially taken into account, since the superlattices
with mixed interface bonds in the calculations are still
periodic structures with full translational symmetry.

larizability becomes f = —f . The total polariz-[111] [111]

ability in a given direction can then be obtained as a sum
of the contributions of individual bonds.

The e8ects of the interfaces on the anisotropy can be
readily calculated using the bond polarizability model
described above. Structures with AlAs interface bonds
will be considered Grst. If the bottom interface of the
InAs layers is formed by AIAs bonds [see Fig. 1(a)], the
exchange of an As atom by a Sb atom leads to the dis-
appearance of two AlAs and two InAs bonds, and to the
creation of two AlSb and two InSb bonds. The exchange
introduces an anisotropy in the polarizability given

~[oar[ n[oxK[ 2 (fInsb + fA1As) (fInAs + fAlsb)

where, for each bond type, f = f —. Note that
the exchange of an atom As by Sb within a InAs layer
(i.e., away from interfacial bilayer) does not introduce
anisotropy since two InSb bonds are simultaneously in-
troduced in the [011] and in the [011] planes. The
anisotropy, therefore, arises primarily from the differ-
ences in the interfacial composition and is less sensitive
to material intermixing within the layers.

Since the dielectric function difference is proportional
to the polarizability difference, the arguments of the pre-
vious paragraph can be extended to show that if fractions
p and p (p, and p, ) of the interface As (Al) atoms are
substituted by Sb (In) at bottom and top interfaces of the
InAs layers, respectively, the anisotropy in the dielectric
function is given by

B. Disorder effects [(fInSb InSb + fA1As AlAs)

[xaam] [xzz]

f[111] [Qll] [011] 2(o.i —n[[)
2AJ + Aii

(4)

In this expression, the superscripts specify the bond di-
rection and

20.'i + &~i
CI =

3 (5)

is the polarizability averaged over all Geld directions. For
a bond oriented in the [ill] the relative difference in po-

In order to quantify the effects of disorder on interface
asymmetry we will assume that for energies around the
E1 gap the optical properties are basically determined
by the local composition. This assumption is partially
justified by the fact that the energy location of the main
features in the superlattice spectra (see, for instance, Fig.
3) are close to those in the corresponding bulk materials.
In this approximation the dielectric constant of the su-
perlattice can be calculated in the framework of the bond
polarizability model as the sum of contributions &om sin-
gle bonds. For each bond we associate energy-dependent
polarizabilities o.

~~

and n~ for electric fields parallel and
perpendicular to the bond, respectively. For a bond ori-
ented in the [111]direction (see Fig. 1) the difference in

polarizability ca[011] and a 0 1 for fields in the [011] and

in the [011] directions, respectively, is then given by the
expression

(fInAs InAs + fAlSb A1Sb)] (6)

where p = (pl —@II) + (pl —@II) is a parameter that
quantifies the disorder and N is the number of bilayers
in the superlattice period. A similar expression, but with
opposite sign, applies to superlattices in InSb interface
bonds.

Equation (6) shows that the anisotropy depends on the
diHerence in the compositional disorder of the two inter-
faces. The maximum anisotropy occurs when one inter-
face is perfect and all cations (or anions) in the other are
interchanged. This situation is equivalent to that encoun-
tered in a periodic superlattice with alternating AIAs-like
and InSb-like interfaces. A maximum in the anisotropy
also occurs if both cations and anions are exchanged with
50% probability, so as to generate an interfacial layer
with average composition Alo 5Ino 5Sbo 5Aso 5. Note, in
addition, that &om the sign of p which represents best
the experimental data it is possible to determine which
is the more disordered interface.

The imaginary part of the dielectric constant obtained
Rom Eq. (6) is displayed by the circles in Figs. 4(a) and
4(b) for structures with AIAs and InSb interface bonds,
respectively. Two assumptions were made in the calcu-
lation. First, we assumed that f = 1 for all materials.
This assumption is probably valid near the Eq gap of
the bulk materials, where the dielectric function is dom-
inated by the contribution of the bands at the A lines
((111) directions) and one expects a~ )) o.[[. Second,
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the bond polarizabilities were assumed to be the same as
in the corresponding bulk materials. This assumption is
certainly not strictly valid close to the interfaces where
the environment of the bonds differs appreciably from
the bulk case. Note that in this approximation Eq. (4)
predicts similar anisotropies for samples with AlAs and
with InSb interface bonds.

The disorder parameter p does not affect the energy
dependence of the anisotropy and was adjusted to give
the best possible agreement with the experimental data.
The circles in Figs. 4(a) and 4(b) were calculated using

p = 0.4 and p = —0.4, respectively. For superlattices
with AIAs interface bonds Eq. (4) reproduces surpris-
ingly well the measured anisotropy, especially if we take
into account the simplicity of the model used. The sign of
p indicates that the bottom interfaces of the InAs layers
are considerably more disordered than the top interfaces,
with approximately 40% of the interface atoms being ex-
changed. This result is in agreement with the previously
reported lower quality of the bottom AlAs-like interface
of AlSb/InSb/AISb quantum wells.

The large degree of interface disorder in superlattices
with A1As interface bonds is in agreement with previ-
ous x-ray, transport, and Raman investigations on similar
structures. "' It was found that in contrast to struc-
tures with InSb interfacial bonds, superlattices with AlAs
interface bonds exhibit larger lattice relaxation and a
considerable amount of As in the AlSb layers. In fact,
the As concentration determined from the Raman shift
of the AlSb phonons corresponds to the presence of a two-
rnonolayer thick AlSbo 5Aso 5 interface alloy, ' in quanti-
tative agreement with the degree of disorder determined
from the RDS measurements. Note, however, that if the
anisotropy is produced by As contamination of the AlSb
layer, the data presented here indicate that this contam-
ination takes place when the AlSb layers are exposed to
the interfacial As flux.

Equation (4) predicts the same spectral dependence
of the anisotropy for superlattices with A1As and InSb
interface bonds and does not reproduce the structures
between 3 and 4 eV in superlattices with InSb interface
bonds [see Fig. 4(b)]. We conclude, therefore, that disor-
der effects are not the dominant ones in these structures.

The bond polarizability model provides an intuitive
way of understanding the dependence of the anisotropy
in the superlattices where the bottom interfaces of the
InAs layers are formed by AIAs bonds [Figs. 2(c) and

2(d)]. If interfaces with AIAs bonds are more disordered
than those with InSb bonds, the difference in degree of
disorder and, therefore, the anisotropy should increase
when the top interfaces of the InAs layers are changed
from AlAs to InSb, in agreement with the results in Figs.
2(c) and 2(d).

Finally, since each interface in an InAs/AISb superlat-
tice has individually a C2„symmetry, one may expect
a contribution to the anisotropy arising from the strong
absorption of the incoming light. We estimated the ab-
sorption contribution using the bond polarizability model
and assuming that the contribution of each bond to the
dielectric function is proportional to the light intensity
at the bond location. The absorption coeKcient of the

superlattice was estimated from the measured values of
the bulk layer materials. We found the absorption con-
tribution to be a factor of at least 5 smaller than the
measured anisotropy.

C. Interface roughness

In this section we estimate the contribution to opti-
cal anisotropy &om interface roughness caused by lateral
variations in layer thickness. As mentioned before, the
layer thickness variations must be oriented along one of
the main optical axes of the superlattices ([011]or [011])
in order to yield an anisotropic contribution to the op-
tical properties. If the length scale of the roughness is
small compared to the light wavelength used in the RDS
experiments, the anisotropy can be estimated using an
effective medium approximation for the optical proper-
ties. We shall assume that the roughness is oriented in
the a direction (either [011] or [011]) along the surface
(i.e., the layer thickness is constant perpendicular to the
a direction) and has an average amplitude 8. The di-
electric constant for the electric 6eld perpendicular and
parallel to the a direction can then be obtained by aver-
aging the contributions e' and I/e', respectively, of the
different layers,

g (&InAs &Alsb)2
a b

d 6IDAs + 6AlSb (7)

where d is the superlattice period, b is the surface direc-
tion perpendicular to a, and e' is the dielectric constant
of the ith layer (assumed to be equal to the bulk value).

The circles in Fig. 6 show the anisotropy calculated
from Eq. (7) for h/d = 0.1 and a along [Oll], to-
gether with the anisotropy spectrum for a superlattice
with InSb interface bonds. In these superlattices, the
optical anisotropy in the energy range &om 1.5 to 3 eV

InAs/AISb SL 6/6 ml
InSb interface

p 5 InAs

\

0

E,

-p 5

AISb E, '
~ (E, +&, )

1 2 3 4 5 6

Energy (eV)

FIG. 6. Imaginary part of the difference Ae = &[pzzj
—

&[pI.Ij
in the dielectric constant in the [011] and in the [011] direc-

tions for InAs/AISb superlattices with InSb interface bonds
(thick line). The circles display the anisotropy expected from

an oriented interface roughness equal to 10% of the super-
lattice period (see text for details). The vertical solid and
dot-dashed lines show the energy position of the critical points
for bulk InAs and AlSb, respectively.
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is well reproduced by the interface roughness model if one
assumes a thickness fiuctuation of approximately one bi-
layer. This good agreement indicates that the roughness
mechanism is probably the dominant one in superlattices
with InSb interface bonds. A similar roughness ampli-
tude was obtained &om the dependence of the electron
mobility on the InAs layer thickness in superlattices with
InSb interface bonds, further supporting the interface
roughness anisotropy mechanism.

The roughness model fails to reproduce the features
observed for larger photon energies, especially those near
the E2 gaps. This is probably due to the fact that the
light penetration depth is comparable to the superlat-
tice layer thickness, so that the simple model developed
here is no longer valid. Finally, since the spectral depen-
dence of the roughness-induced anisotropy is in a first
approximation independent of the interface type, a simi-
lar spectral form is expected for superlattices with A1As
interfaces. We conclude, therefore, that the roughness
mechanism plays a secondary role in these superlattices
since a different line shape is observed [see Fig. 4(a)].

V. CONCLUSIONS

We have investigated the optical anisotropy of
InAs/A1Sb superlattices with different types of interface
bonds. Superlattices with a single type of interface bond
(InSb or A1As) are expected to be optically isotropic in
the plane of the layers. Contrary to this expectation, the
refiection coefficient differs by 2% for incident light po-
larizations in the [011] and in the [011] directions. The

anisotropy changes with interface composition, indicat-
ing that it is interface related. Different mechanisms for
the anisotropy were investigated. In superlattices with
AlAs interface bonds the anisotropy originates in the dis-
ordered material near the interfaces. It arises &om diKer-
ences in the degree of chemical disorder between the in-
terfaces where InAs is grown on A1Sb and the ones where
A1Sb is grown on InAs. Chemical disorder leads to the
creation of InSb bonds in the case where nominally only
A1As bonds should be present. The InSb bond density
was found to be approximately 30%—40% larger at the
bottom than at the top interfaces of the InAs layers.

The origin of the anisotropy in superlattices with nom-
inally only InSb interfaces is less clear. Although the
anisotropy still should be related to the composition of
the interface, the disorder mechanism mentioned above
seems to play a secondary role in these structures. Two
possible anisotropy mechanisms are (i) the presence of
oriented interfacial roughness and (ii) the existence of
potential fields across the layers induced by differences
in between the bottom and top interfaces of each layer.
Although a clear distinction between the two mechanisms
is difficult since they yield contributions to the anisotropy
of similar spectral shape, the better agreement with the
experimental results suggests that the roughness mecha-
nism is the dominant one.
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