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Electronic surface states in semiconductor superlattices:
The case of a triple-constituent superlattice
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For the first time a calculation is made for the dispersion relations of electronic surface states of
triple-constituent semiconductor superlattices, within the framework of an analytical model of in-
teraction. An application is presented for a GaSb/AlSb/InAs polytype superlattice. We show that
a new electronic surface transition occurs which is associated with In-derived surface states.

I. INTRODUCTION

The properties of semiconductor superlattices have
been widely investigated, and studies have mainly con-
sidered dual-constituent systems.! Superlattice growth
techniques, such as molecular-beam epitaxy (MBE) or
metallo-organic chemical vapor deposition (MOCVD),
have until now concerned these systems. As a conse-
quence of the synthesis of a wide variety of man-made su-
perlattices, device physics was afforded numerous poten-
tial electronic applications. This has led to much basic
research in heterostructure systems. One straightforward
issue for such applications concerns the fabrication of
lattice-matched material systems characterized by a
band-gap and a refractive-index variable. An example of
this is the two-constituent GaAs/Al,Ga, ,As hot-
electron transistor’> (HET). Unfortunately, as the injected
hot electrons present a high scattering rate for collisions
with impurities in the heavily doped transistor base,® it
was concluded that GaAs was not the best choice for
high-performance HET.

Another heterostructure, GaSb/InAs, has been pro-
posed as an alternative.* This system belongs to the so-
called type-2 misaligned superlattice family and provides
very interesting features of the discontinuities of band-
edge energies in which the bottom of the conduction
band in InAs is located below the top of the valence band
in GaSb. The consequence of such an interpenetration
between the valence and conduction constituent bands is
the creation of a nonrectifying p-n junction from which
the superlattice is built up. This produces an electron
flow from the GaSb valence band to the InAs conduction
band and thus the creation of a dipole layer associated
with the two-dimensional induced electrons and holes.
The introduction of a potential barrier (AlISb) in such a
system may offer new possibilities for device applica-
tions.> In such systems, the band-discontinuity mecha-
nism leads to an “intrinsic” creation of free carriers (elec-
trons in InAs layers and holes in GaSb layers) and the
major disadvantage (collisions with impurities) due to ex-
trinsic doping is avoided. This feature added to those of
relative band positions (the large A1Sb/InAs conduction-
band discontinuity and large barrier height provided by
AIlSb layers) makes the GaSb/AlISb/InAs polytype super-
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lattice a very attractive one. However, one must be
aware of the difficulties encountered in growing such sys-
tems. This materials-science aspect has been discussed
recently.’ The difficulties may arise because of the lattice
mismatch between the different materials. Depending on
the experimental growth conditions, significant interfa-
cial dislocation density may be produced. Nevertheless,
technological interest in such devices stimulates basic
research to understand their solid-state features.

In a recent study, we calculated the bulk dispersion re-
lations for electrons in a polytype GaSb/AlSb/InAs su-
perlattice. This was done by applying a recently pro-
posed interface response theory®’ to study electronic
bulk excitations in N-layer discrete semiconductor super-
lattices. The different possible surfaces of such a system
may present specific features which are investigated in
this work by extending the theory to the surface case.
The dispersion relations of electronic surface states are
calculated, and their dependence on layer thickness is
then discussed. It should be pointed out that the elec-
tronic surface states in dual-constituent semiconductor
superlattices have been previously studied by using a
Green’s-function method within the framework of a sim-
ple two-band model.?

II. GENERAL FORMALISM AND MODEL

A. Model

The main features of the two-band model used in this
work should first be brought to mind. It is possible to
reasonably describe the lowest conduction band near the
Brillouin-zone center and the valence bands for homo-
geneous and heterogeneous semiconductors. This is done
by using a tight-binding Hamiltonian restricted by
nearest-neighbor interactions and represented in a
minimal basis consisting of one s- and three p-electron
states, namely sp3 orbitals localized on each lattice site.’
While the lowest conduction band is nondegenerate and
has a minimum energy at the zone center, the upper
valence band is doubly degenerate, consisting of heavy-
and light-hole branches with a degeneracy occurring at
the center of the Brillouin zone. Spin-orbit splitting
drops one of the heavy-hole bands to lower energies. If
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one is interested in electron states falling in the neighbor-
hood of the gap, it is possible to make further approxima-
tions by disregarding the s orbitals on the nonmetallic
atoms in the compound and the p orbitals on the metallic
atoms. This is true because their associated energies are
situated outside the relevant energy domain, contributing
slightly to the corresponding electron states.

The interaction parameters relevant to this model'® in-
clude (i) two orbital self-energies, E, and E,, associated,
respectively, with atoms of type 1 and 2 constituting each
material, and (ii) the hopping integrals ¥, characterizing
the nearest-neighbor interactions. The Hamiltonian H,
associated with this model has the following expression:

Ho,(lﬁ;l’ﬁ’)z(lﬁ"ﬂol|I’BI) (la)
with nonzero elements
(IB|H o;|IB)=Eg, B=1,2 (1b)

and nearest-neighbor off-diagonal elements (hopping in-
tegrals)

(I|H o [12) =7 ;=7 (1)
with
(IBII’B'>=8”'5331 s (1d)

where (If3) represents the position of the Bth-type basis
atom in the /th unit cell of the crystal; =1 or 2 for the
two types of atoms in the unit cell.

The bulk electronic states of material of type (i) are
then obtained in the form of the energy spectrum of the
bulk response function G (; given by the following rela-
tionship:

HyGo=1I, )

where [ is the unit matrix. The following dispersion rela-
tions are then obtained:
E=(E,,+E,)/2
3 172
+ |[(E\;—Ey) /21 +64y,; [T cos’(k;a,/2) ,
ji=1

(3)

where k =(k,k,,k3) is the wave vector. For our (001)-
surface problem, we can use the wave-vector representa-
tion [k (k,,k,)] parallel to the (001) plane (Fourier
transformation). The analytic expressions of the elements

of G ; referring to type-1 and -2 atoms are'®
Golkyy 14 E)=a,0" " 22— 1], (42)
[l —151+1

Goi(ky, 132,152, E)=—d;t; /=11, (4b)

151

Goilkpp 13152 E)=—x*(1,*

575 2= 1], @0
Goilkp 132315 LE)=—x(1," "

l—15+1]

+1t; V/[fi(t2—1)], (4d)
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where
a;=E—E, , (5a)
d,=E—E, , (5b)
— otk k)72 , (5¢)
fi=4vcoslk,ay/2)cos(k,ay/2) , (5d)
&—(&—DY2, §>1
t;=16+i(1—=¢EH?, —1<¢, <1, (6)
GHE-D2, g<—1
with
Sk, E)=—1+a,d;/2f} . @)

B. Interface response operator

Let us now describe the general scheme in building up
an N-layer infinite or semi-infinite superlattice, as well as
the corresponding relevant quantities required by the su-
perlattice interface response theory. This allows us to ob-
tain all information about their bulk and electronic sur-
face states. Each material [of type (i)] constituting the su-
perlattice is formed out of L equivalent “principal layers”
defined by a layer index /, with 1=/=L;. This is ob-
tained by truncating an infinite crystal on both sides to
produce a finite-size slab. This procedure, involving the
cancellation of interactions between this slab and the
remaining part of the crystal, is represented by the
“cleavage” operator ¥ ;. The next step is to couple these
different slabs together to build up the superlattice. To
achieve this coupling, we introduce interfacial interac-
tions between the different slabs forming the N-layer su-
perlattice. These interactions are represented by the in-
terface coupling operator ¥V, which binds the free-
surface slabs together. The complete interface response
operator 4’ is then defined by the following relationship:

A'=4,+V,G, (8)

where G is the bulk response function, giving all electron-
ic bulk properties of the new superlattice material. This
quantity G is indeed the reference quantity in the theory.
The final energy spectrum associated with the hetero-
structure originates from the modified spectrum of G.
The modifications arise from the creation of the superlat-
tice as a new periodicity appears (band folding) and new
interactions are introduced (interactions between separate
material bands leading to the final band structure). In
Eq. (8), 4 ; is the surface response operator of the N-
layer superlattice.’

The elements of the N-layer superlattice response func-
tion g can be calculated by using the general relationship®

(I+4')g=G . ©)

Once this response function is known, one can calcu-
late the electronic spectrum associated with the N-layer
superlattice. In particular, for a triple-constituent super-
lattice the dispersion relations of bulk electronic bands
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are given by the following expression:!

1

27](k“,E):— A1A2A3+B132B3
7 fi
+ el ija,-dek—

J
the Levi-Civita symbol is

€ijk—

1 if i,j,k is an odd permutation of i,j,k=1,2,3

N
a,=ap 2 Li ’

i=1

(11)
a, being the constituent lattice parameter, assumed equal
for all constituents. The associated superlattice subbands
enable us to localize the superlattice gaps within which
electronic surface states may exist.
The general expressions of the elements of g, as well as

the quantities appearing in Eq. (3), have been given else-

where.!! In the following, we will concentrate on the su-
perlattice surface problem. From this viewpoint, an N-

which the growth sequence ends.

layer superlattice may afford many surface configurations
depending on the material and the atomic species by

If, for example, we
consider a three-layer system, six configurations are pos-

sible for polar surfaces, with two configurations associat-
ed with each top layer. The configuration choice may de-
pend on the material with which this semi-infinite struc-
ture makes contact. We are dealing here with a problem
similar to that of single-crystal surface physics as new su-
perlattice electronic surface properties may arise. It is
obviously important to determine these properties as a
first step in the characterization of the initial state of the
semi-infinite superlattice prior to its utilization as a sub-
strate material. New questions arise concerning, for ex-

ample, the relation between the surface symmetry of the

—

E(ev

0.5

boundary material in the superlattice and what we may
expect for the separated semi-infinite material. The oc-
currence of new superlattice surface structures related, to

some extent, to the processes within the more or less
abrupt interfacial transition regions between the constitu-

ent materials may be seen as an important issue. As is
the case for single-crystal surface studies, the transfera-
bility of the bulk parameters to the superlattice surface

2

fTajd,‘Bk

where Einstein’s summation rule for tensors is used and

1 if i,j,k is an even permutation of i,j,k=1,2,3
0 in other cases .

k5 is the component of the wave vector perpendicular to

the layer plane; a, represents the width of the superlat-
tice unit cell defined by the relationship

fect
(n
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(10)
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lattice mismatch between the constituent materials inter-
facial strains may exist. Beyond a critical thickness, ex-
tended defects may appear. The emergence of these de-

fects at the superlattice surface means that small values

of |k,| represent justified good ‘“quantum numbers,”
whereas the definition of the bidimensional Brillouin zone
at large values of |k | may be more approximative. The

regions free of extended defects.

problems of interfacial strain and extended defects are
because the aim is to produce structures with interfacial

indeed relevant to superlattice technology. This is true

pressions of the physical quantities which enable us to
following section.

Bearing all these problems in mind, we will give the ex-
calculate the superlattice electronic surface states in the

C. The superlattice surface case

of canceling all

Following the general scheme outlined in Ref. 8, and
tween two adjacent materials i and i’. This has the ef-

using surface-physics terminology, we create two super-

lattice free surfaces by introducing a ‘“‘cleavage” plane be-
interactions

:O,lZN, l3=LN,ﬁ:2) and

inAs

between planes

Alsb

(n=1,i=1,1,=1,

Gasb

GaSb-AlSb-InAs

Ey

may be considered as a first approximation, although

specific alterations of these parameters may be expected.
On the other hand, by assuming a translational symmetry

in the surface plane, a Fourier analysis of the electronic

states may be carried out. The corresponding states may
be quantified by using the wave-vector representation
(k) parallel to the layer plane. As is known, due to the

!
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FIG. 1. Dispersion relations of the bulk bands of InAs, AISb,
GasSb, and of the superlattice GaSb/Al1Sb/InAs as a function of
the wave-vector component (k;) perpendicular to layer planes.

Solid lines correspond to the light-hole and electron bands,
while heavy-hole bands are shown as dashed lines.
thicknesses are equal to L, =L,=L;=12.

Layer
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B=1) in an N-layer superlattice. The first integer n
refers to the multiconstituent () unit cell from which
the superlattice is built up. The second index i refers to
the layer type. Each layer i is made of /3=1 to L,
equivalent principal layers, with atoms of type 1 or 2
for polar atomic planes. From a growth-experiment

J
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viewpoint, this corresponds to a sample for which growth
is started with type-N material and type-2 atoms, and
stopped after the growth of L, principal layers of type-1
material (with a top layer made of type-1 atoms). The
corresponding surface perturbation will result in the fol-
lowing surface-creation operator:

Vi(nil;Bin'i'l35)= “fN(5n05i1v5131.25/325n'151'15,'3185'1X+5n18i151315/318n'05i'N5,3L25ﬁ'ﬂ* ), (12)

Lo

FIG. 2. Bulk and electronic surface states of a triple-
constituent (GaSb/AlISb/InAs) superlattice with L, =L,=L,
=2. The bands are drawn as a function of parameter Q depen-
dent on the wave vector parallel to the layer plane. The dashed
areas correspond to the superlattice bulk bands (light-hole and
electron bands). Surface states, localized within the superlattice
main gap, correspond to an InAs-terminated superlattice with a
cation top plane (curve 1) or an anion top plane (curve 2). The
bulk bands which must converge towards the atomic levels 0.51
and 0.42 were erroneously represented in Ref. 11 in the neigh-
borhood of Q =1.

E (ev)
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FIG. 3. Variation of the energies of the electronic surface
states for an InAs-terminated GaSb/AlISb/InAs superlattice as
a function of the layer thickness L. Curve 1 represents the cat-
ion (In) -derived surface state. The dashed curves show the
variation of the energy of the lowest conduction subband (E)
as well as the highest valence subband of the superlattice (HH,)
as a function of L.
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where fy involves the interfacial overlap integral 7 be-
tween materials N and 1,

fn=4yycos(k,ay/2)cos(kyay/2) , (13)
k,(ky,k,) being the wave vector parallel to the interface
plane. This dependence on k| results from the periodici-
ty of the system in the directions along such a plane. The
periodicity allows a Fourier-transformation analysis of all
interaction functions resumed by the complex exponen-
tial y.

The response function g ; relevant to the surface prob-
lem must be calculated by using a relationship analogous
to Eq. (2). In this case, a surface response operator 4"
involving both the interface response operator 4’ and the

effect of ¥V ; on the reference function G(G V ;) must be
J
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used. Once the response function g ; has been calculated,
we concentrate on its denominator because it contains
the key quantity D which enables us to obtain the possi-
ble surface electronic states associated with the semi-
infinite superlattice. If we define

t=e" (14)
and!!

A;=(f;/f;)sinh[(L; —1)g;]/sinh(q; /2) , (15)

B;=(f;/f;)sinh[(L;+1)g,;]/sinh(g, /2) , (16)

C;=(1/f;)sinh(L;q;)/sinhg; , (17)

we obtain, for a three-constituent system, the following
general expressions of D:

D(E;iB;i'B')=—f,f+CiC,Ci{ E—Eg \E—Epg E—Eg;)/f

— i AyB,C;\ E—Epgu)+ J+B;B1Ci E—Eg)+ f; Ay AinCAE—Ep,) .

(18)
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FIG. 4. Variation of electronic bulk and surface states of a triple-constituent GaSb/AlSb/InAs superlattice, terminated with an In
plane (InAs surface layer) in function of k; for different layer thicknesses: L, =L,=L3;=2 to 6. The light-hole and electron bands
are shown as solid lines and the heavy-hole bands as dashed lines. The position of some electronic surface states is indicated by ar-
rows («— or —) together with the values of the corresponding decay factor ¢(E;).
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The selected surface is labeled (i8). For an N-layer su-
perlattice, 2N surface configurations are possible, depend-
ing on the material terminating the semi-infinite superlat-
tice. Each surface-material choice gives two
configurations since the top plane may be composed of
anions or cations for polar surfaces. For a given semi-
infinite superlattice, the energy E; of the surface states
resolves the following equation:

D(E;if3;i'B')=0 . (19)
As pointed out in Refs. 7 and 8, another condition is re-
quired in order to identify true surface states. Let us
define the following quantities [where 7 is given by Eq.
(10)]:

P. MASRI AND M. D. RAHMANI
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A(E;iB;i'B)=—A,4,4;—f,a,d,C,C;B;./ [,
+fiadin 4,C;Cin / f
+frapdy A;CoCpn/Frn . n

As t(E;) is the exponential decay factor associated with
these surface states, the energy E; of these states must
fulfill the following condition:

lt(E)l<1 (22)
with

tE;))=A4 \E,). (23)

r=e?, (20) The physical meaning of the condition (22) is that the

— (=112 > 1 electronic surface wave has to vanish exponentially as

i o M one moves off the surface towards the inner part of the
t=n+i(1—m»)'?, —1<y<1 superlattice.

n+(n*—1 W2 ogp<—1 We now have all the required elements to calculate the

energies of possible surface states and to characterize

and their degree of localization. In what follows, we will con-

L=2 L=3 L=4 L=5 L=6

0 mo

o 7To 7T O T

k3(L1fL20L3)a0

FIG. 5. Same as Fig. 4 for an anion (As) -terminated superlattice (InAs top layer).
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sider the case of a three-constituent superlattice, namely
the GaSb/AlISb/InAs heterostructure.

III. SURFACE ELECTRONIC STATES
OF A THREE-CONSTITUENT SYSTEM

As explained before, six different surface configurations
are possible. In order to calculate the energy of possible
true surface states, we must solve the corresponding Eq.
(19) for each configuration and check the validity of the
condition (22). The required expressions of D are then
obtained from Eq. (18) for the selected surface
configuration (iB;i'B’).

In the surface calculation, we assume the transferabili-
ty of all bulk interaction parameters to the surface layer
because information on the way the surface may modify
the bulk values is still lacking. A microscopic characteri-
zation of the structure of the surface layer will be neces-
sary to obtain this information. The bulk parameters are
those given in Ref. 11. Let us mention that the calculat-
ed surface states are indeed characteristic of the superlat-
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tice. In our model, each separate constituent does not
show surface states. We shall now discuss the results ob-
tained. First of all, it is useful to compare the bulk super-
lattice electron dispersion relations with those of each
bulk material constituting the superlattice. As we con-
centrate on possible surface states localized in the super-
lattice main gap, the comparison between the main gap
associated with each separate material and that of the su-
perlattice gives us an initial idea about the occurrence of
such states as well as their origin. We describe the elec-
tronic bulk energy bands associated with GaSb, AISb,
InAs, and GaSb/AlSb/InAs superlattice bands in Fig. 1.
These correspond to equal layer thickness L,=L,
=L;=12 and are represented as a function of the
propagation-vector component perpendicular to the in-
terface plane (k;). The selected layer thicknesses ensure
that the calculated bulk bands do indeed correspond to
those of a very thick material. This enables us to discuss
the calculated superlattice surface states in terms of the
separate constituent bands. The latter have their energy
split off because of extra interactions due to the superlat-

0 To

7T O 7TO 7T 0 T

ks(L'szfLs)ao

FIG. 6. Same as Fig. 4 for a cation (Ga) -terminated superlattice (GaSb top layer).
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tice formation. Their folding arises because of the new
periodicity of the heterostructure. One can notice the
wide AISb main gap in which InAs and GaSb gaps are
embedded. The superlattice main gap is narrower than
the constituent gaps because of the folding process. The
top of the GaSb valence band is the closest to the top of
the heavy- or light-hole superlattice bands, although situ-
ated higher in energy. The InAs and AISb bands are situ-
ated below the corresponding superlattice bands. On the
other hand, the bottom of the InAs conduction band is
the closest to the analogous superlattice band. On the
whole, this will ensure that the InAs main gap is the
closest to the superlattice gap. Consequently, we antici-
pate that the InAs-terminated superlattice is the best can-
didate in supporting electronic surface states associated

with anions or cations. In Fig. 2, we represent the calcu--

lated electron and light-hole bulk band energies and the
bandwidth for the GaSb/AlSb/InAs superlattice as a
function of

Q=1—coslk;ay,/2)cos(k,ay/2) (24)

P. MASRI AND M. D. RAHMANI 40

for layer thicknesses equal to L, =L,=L;=2. In the
same figure, we also give the dispersion relations associat-
ed with the main-gap surface states corresponding to a
semi-infinite superlattice terminated with an InAs layer
[curve 1 (2) corresponds to the cation (anion) top plane].
In order to estimate the degree of localization of these
surface states, we calculate the exponential decay factor
t(E;). Let us recall the meaning of this parameter. For
small values of ¢, E; is the energy of a true surface state,
while values of ¢ higher than 1 correspond to electron
wave functions decaying slowly into the inner region of
the superlattice. We observe quite a sensitive difference
in the variations of ¢, according to whether they corre-
spond to anion or cation states. For Q =0, the long-
wavelength limit #(E,) is equal to 0.5 for both surface
states. However, as we leave this limit, by increasing Q,
the decay factor associated with anion-derived surface
states (As) decreases more quickly than that associated
with cation surface states (In). This feature is indeed well
reproduced by the positions of the corresponding disper-
sion relations with respect to the bulk bands. While the

0 7TO

7T 0 70 ) 7T

ks(LiszoLa)ao

FIG. 7. Same as Fig. 4 for an anion (Sb) -terminated superlattice (GaSb top layer).
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latter state is very close to the subband from which it
originates, the former emerges as a level close to the mid-
dle of the superlattice main gap where ¢ reaches values as
small as 0.01.

Let us discuss the evolution of the energy of superlat-
tice surface states with respect to layer thickness. Our in-
terest in this problem is due to the possibility of discover-
ing a new superlattice surface effect. Our study of the
bulk electronic structure of the triple-constituent super-
lattice has shown that the E; and HH,; (HH denotes
heavy hole) levels are quite sensitive to the layer thick-
ness L.!' This effect is shown in Fig. 3 (dashed curves).
We find that as L increases, these two levels become
closer until an intersection occurs at a critical thickness.
This will result in a semiconductor-semimetal transition.
Because of their respective origins (cation surface states
are derived from the conduction-band and anion surface
states from valence bands), one may expect the oc-
currence of an analogous effect for these surface states.
We represent in Fig. 3 the variation of the cation-derived
surface state (curve 1) with respect to L. Our results
show that level 1 does indeed follow the variation of level
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E,. The effect is more pronounced for the cation-derived
(In) level due to a strong interaction with the HH, level.
As L increases, these two levels intersect for a thickness
lower than that which corresponds to the bulk transition.
This will result in an electron transfer to the cation-
derived surface states. In the case of bulk transition, the
level E, to which the electrons are transferred, is a con-
duction level. However, we are now dealing with an elec-
tron transfer towards a surface-localized level. Although
this level may partly acquire an electronic bulk charac-
teristic by approaching the superlattice valence band, its
surface localization may confine the transferred electrons.
This may have important consequences for superlattice
electronic surface features.

In Figs. 4-9, we show the position of some surface-
state levels (indicated by <« or —), associated with
different superlattice surface configurations and localized
in the superlattice gap. These are represented for in-
creasing layer thicknesses. The numbers beside the ar-
rows give the values of the corresponding decay factor ¢.

We next consider the GaSb-terminated superlattice.
The cation-constituted surface configuration does not

(0] TO

T O 7To 7T 0 7T

k3(L,«L2fL3)ao

FIG. 8. Same as Fig. 4 for a cation (Al) -terminated superlattice (AISb top layer).
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show surface states localized within the main gap (Fig. 6).
Anion-derived surface states exist for layer thicknesses
where L =5 (Fig. 7). In order to understand this result,
one should bear in mind that the bottom of the GaSb
bulk conduction band, from which the cation-derived
state might arise, is very well separated from the super-
lattice main gap. Conversely, the top of the bulk valence
band, from which the anion-derived surface state arises,
falls inside that gap. Let us now compare the results for
InAs (As top plane) and GaSb (Sb top plane) -terminated
superlattices. As the top of the GaSb valence band is
closer to the superlattice main gap (see Fig. 1), one may
expect that an electronic surface state is, at least, equally
probable for both configurations. However, our results
show a strong dependence on layer thickness. For thin
layers (L <5), it is indeed the InAs-terminated superlat-
tice which gives rise to anion (As) -derived surface states
whose energy is localized in the superlattice main gap.
Anion (Sb) -derived surface states appear for L =5. In
order to understand this result, one may also invoke the
presence of Sb atoms in the AISb layer below the GaSb

surface layer. For thin GaSb layers, a strong interaction
exists between Sb atoms, situated in the GaSb and AISb
layers. If we consider that the top of the AISb valence
band is situated well below that of GaSb, we must refer to
a mixed (between AISb and GaSb) valence level lower
than that of GaSb. This may explain the absence of such
Sb surface states for thin layers where the superlattice re-
gime predominates. As the thickness of the GaSb layer
increases, the intrinsic electronic features of GaSb
predominate because of the weakness of direct Sb (in
GaSb)-Sb (in AISb) interactions. The valence level, from
which the Sb-derived surface states emerge for L =5, is
now closer to the GaSb valence level. This layer-
thickness effect reflects the competition between two re-
gimes in which multiple- or single-layer features dom-
inate in obtaining superlattice surface states.

Eventually, the AlSb-terminated superlattice does not
show surface-state features in the main gap for the select-
ed layer thicknesses. This is due to the bulk band edges
which are situated very far from the superlattice main
gap (Figs. 8 and 9).

6|

o) 7T O

7T 0 7T0 T 0

FIG. 9. Same as Fig. 4 for an anion (Sb) -terminated superlattice (AlSb top layer).
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IV. CONCLUSION

In this work, we give the first calculation for surface-
electronic states associated with a triple-constituent semi-
conductor superlattice. A simple two-band model is used
to describe the bulk electron bands of each material and
of the heterostructure. Analytic expressions of the sur-
face response function of an N-layer superlattice are then
obtained. These enable us to calculate the energy of pos-
sible surface states as well as the decay factor of the cor-
responding electronic wave function.

An application is made in the case of a triple-
constituent superlattice, namely GaSb/AlSb/InAs. Six
different surface configurations are then considered. For
each of these configurations, we calculate the energy of
surface states close to the superlattice main gap and we
study their evolution in function of the layer thickness.
In the case of a superlattice terminated with an InAs lay-
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er and an In top plane, we have discovered the oc-
currence of a new electronic surface transition. This
transition takes place when the cation (In) -derived
surface-state level intersects the HH, level for a critical
thickness lower than that for the bulk transition. This
may result in new superlattice electronic surface proper-
ties. We believe that our result is not model dependent as
the same simple model has given evidence for the bulk
HH,-E, transition in the case of the GaSb/InAs superlat-
tice. We hope that this study will stimulate further inves-
tigations on surface and interface properties of this very
interesting heterostructure.
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