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Theory of electronic and optical properties of bulk AISb and InAs and INAFAISb superlattices
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An empirical tight-binding model with an orthogorsp® set of orbitals, interactions up to second neighbor,

and spin-orbit coupling is used to describe the electronic and optical properties of bulk InAs and AlSb as well
as InAs/AlISh superlattices. The tight-binding parameters required for the model are obtained by fitting existing
band structures for bulk materials. It is found that with the evaluated tight-binding parameters the model
describes very accurately the band structure and the optical properties of the bulk materials. Then the model is
used in order to investigate the electronic and optical properties of INAs/AISb superlattices. It is shown that
interface states located in the InSb-like interface quantum wells produce a narrow upper valence band. The
effective masses and the variation of the energy gap with interface structure and lattice periodicity are also
examined. Additionally the optical functions for the superlattice are calculated, and from the second derivative
of ¢, the critical points are obtained. Finally the optical anisotropy in the superlattice plane is investigated.

I. INTRODUCTION The existence of localized interface states in InAs/AISb

SL'’s, connected to InSb-like interface quantum wells, was
In recent years heterostructure systems based on anfrst proposed by Kroemeet al.’®in response to a series of

monide compounds and alloys have emerged as some of tgperimental studiégelated to the observation of a signifi-
most promising compounds for optical device applicationscant excess of electron concentration. Subsequent studies
A particular system that has been the subject of considerabkuggested that even though such states may indeed exist, it is
attention is that of InAs/AISb superlatticgSL) structures not certain that are in fact the source of the carrférd®
because of their interesting physical properties as well aélso, ab initio pseudopotential calculations demonstrated the
their technological importande* The very large existence of such interface-induced localized states in a num-
; ber of InAs/AISb SL's!%?° We investigate for the presence
conduction-band offséof 1.35 eV between InAs and AlISb, T veslig preser
and the high electron mobility (810° cn?/V's at 4.2 K in of such states, and examine their influence on electronic and

InAs, make the materials potential candidates for use in thgp'[ICaI properties of the material. L —
In this work we present a theoretical investigation of the

. . . 12-14
formation of key parts of hlgh-_speed elec_tromc devices: electronic and optical properties of ideal InAs/AISb SL's.
The change of both the anion and cation across an INASfthe caiculations are based on an empirical tight-binding
AlSh interface(IF) is a characteristic that makes the former (ETB) method, with arsp® set of orbitals in the three-center
interface different than that for GaA#d, Ga)As and representation. The ETB model was used in the past to de-
(Ga,INAs/(AlIn)As. As a result, in the InNAs/AISb hetero- scribe the 11I-V compounds with either ap®s* set of or-
structure, it is possible to obtain two different types of bitals and nearest-neighbor interactiéhg?® or with ansp®
interfaces’ An InSb-like interface, where the InAs layer ter- set of orbitals and interactions up to the second-nearest
minates on an In monolayer and the adjoining AISb layemeighbor:* The emphasis in those calculations was on de-
starts with an Sb monolayer; and an AlAs-like interface,Scribing well the valence bands and energy gaps. This, how-
where the InAs layer terminates on an As monolayer and aRVe' IS not sufflc[ent for a des_cnpuon of the optical proper-
Al monolayer immediately after that. In practice, InAs/AlSh ies of the materials. To achieve this we must be able to

SL’s can be constructed consisting either of only one of theléScribe accurately the conduction bands as well. In the
previously mentioned interface types, or with alternatingpresem work particular effort has been devoted to desgnblng
INSb/AIAs interfaces. Ideal SL's. with :sharp interfaces andboth the valence and conduction bands well. To establish the

accuracy of the method, and to obtain the necessary tight-

only one type of interface possess tetragonal symmetryb. . . i .
; , . . : inding parameters, the electronic and optical properties of
while SL’s with alternating InSb/AlAs interfaces possess blﬂkpmaterials InAs and AISb were Ztudielcaj fi?st. The

orthorhombic symmetryIn the former case, SL's should be qpained resuls compare very well with experiment. Then
isotropic in the layer plane, while in the latter case they will e 5| "properties were investigated. In particular, the band
exhibit an optical anisotropy in the superlattice plane. Ex-gircture was obtained, and its dependence on the interface
periments performed on InAs/AISb SL’s, with the use oOf sirycture was examined. A narrow valence band was re-
spectroscopic ellipsometry and by reflection differenceyealed, produced by the localized states at the InSb-like in-
spectroscopy,have revealed the existence of an optical an+erface quantum wells. Also, the effective masses for the
isotropy not only in structures with alternating AlAs/InSb upper valence and lower conduction bands were calculated,
interfaces but also in those with only InSb or AlAs inter- and a variation produced by the various interfaces was
faces. It has been propos@that an intermixing of the atoms found. Additionally the optical functions were calculated for
across the interface is responsible for the observed anisotarious SL's, and their critical points were uncovered and
ropy changes. However, the picture is not clear as yet, espeompared with the experimental results. Finally we have in-
cially for the case of SL’s with only InSb interfaces; further vestigated the optical anisotropy in the layer plane for ideal
investigations, both theoretical and experimental, are needegL’s.
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TABLE I. Values for the tight-binding model interaction paramet@nseV) of InAs and AlSb, including
the spin-orbit coupling constants,,. The notation of Slater and Koster is used.

InAs AISb InAs AISb

Egs —0.4031 —0.2255 E<(0.5,0.5,0.0) —0.011029 0.156385
Egp 29174 2.2617 Ec(0.0,0.5,0.5) —0.062396 —0.159544
ES, —8.9133 —7.8290 EZ,(0.5,0.5,0.0) 0.043573 —0.027257
Egp 0.5597 1.0440 E;,(0.5,0.5,0.0) 0.313299 0.196373

E;(0.0,0.5,0.5) —0.183525 —0.194711
Es0.25,0.25,0.25) —0.822428 —0.717704 Eiy(O.S,O.S,0.0) 0.248578 0.191088
E.,(0.25,0.25,0.25) 1.182663 1.028487 Ef(y(0.0,0.S,O.S) —0.114664 —0.030883
E,4(0.25,0.25,0.25) —1.077662 —1.057460 E2(0.5,0.5,0.0) —0.225538 —0.207004
E,«(0.25,0.25,0.25) 0.168504 0.135002 EZ,(0.0,0.5,0.5) —0.454499 —0.482288
E,y(0.25,0.25,0.25) 1.399101 1.311837 E2(0.5,0.5,0.0) —0.290068 —0.309544

E%,(0.5,0.5,0.0) 0.201376 0.114560
NS 0.1290 0.0080 EZ(0.0,05,0.5) —0.553861 —0.546311
NS, 0.1390 0.3200 Eiy(0.5,0.5,0.0) 0.032127 —0.021574

Eiy(0.0,0.5,0.5) —0.432608 —0.313940

Il. METHOD tances between the atoms and, depending on the type of
eformation, a modification of the bond angles. The determi-
ation of the new atomic positions of the strained material is
a difficult problem. We will approach this problem by using
Ghe theory of elasticity. For a calculation of the electronic

el T S I leracton s ncluded 1 ptal properies o h S materal  modication
: P § the Hamiltonian matrix elements is needed in order to

determined by fitting existing band-structure results with our : L L

ETB model. For that purpose the band-structure results o cr(l)'rporé’;lte.ﬂt]hteh changef tlr? the l'atorfmcnﬁ(;ll%tances. This i

Huang and Ching} for AlSb and that of Chelikowsky and chieved wi € use ot the scaling for

Cohert’ for InAs, are used. The obtained values for the ETB H o 5(d) = Hy 5(do) (do /d) e, )

interaction parameters are listed in Table I. From Table | we

see that the maximum absolute value for the nearest- [

neighbor interactions is about 1.5 eV for both materials, 4\&\/ (910&

while that for the second-neighbor interactions about 0.5 eV, I (11.12) | r—]

giving a ratio of about 3. The corresponding ratio for the /\/
|E2<X)

As stated in Sec. |, the calculations are based on an ET%
model Hamiltonian, with an orthogonalp® set of orbitals,
interactions up to second-neighbor, and a three-cent

tight-binding parameters of Ref. 24 is about 5.
For the calculation of the imaginary pasb(w) of the

E,(X)+4,

Energy (eV)

dielectric function, the formuf&

Am’e? 2 )

g;(w) 22 Czl‘j f(zw)3|<k,C|Pa|k,v>| \

X O Eg,(K) —he]dk (1) L T X UK T
is used, whergk,c) and|k,v) stand for the wave functions [ ~ ~—
of the conduction and valence bands, respectively, and T InAs —\Q ©.10) ]
E., (k) is the energy difference between theconduction [ E, : ]
band and the valence bandP is the momentum operator, I =7 ]
and a the polarization unit vector. In our ETB scheme the s | E.X) ,
momentum matrix elements are expressed in terms of the % :

Hamiltonian matrix elements, and distances between local- 2 \

ized orbitals?® 3 The integration in the Brillouin zon€&3Z) g -

has been performed within a linear analytic tetrahedron [

method®?33 and for the bulk materials a uniform mesh of 4r o)

40X 40X 40 k points has been used. The real part of the [

dielectric function is obtained by use of the Kramers-Kronig -6 L T X UK T
relations. ’

The model described above is also used for an investiga- FIG. 1. Calculated band structure for bul) AlSb and (b)
tion of the electronic and optical properties of strained madinAs. The numbering of the bands, as indicated in the figure, is
terials. A lattice deformation results in a change in the disfrom the lowest valence band upwards.



10784 G. THEODOROU AND G. TSEGAS PRB 61

TABLE I1l. Calculated and experimental values for the direct sor T T T
and indirect gapsin eV) of AlISb and InAs. L e e E,(2)
40 |- 000 ! " /Total AlSb
Theory Experiment el .S
, sl ’ * {7,8)>(9,10)
AISb Eg”(l“lsv—l"lc) 2.30 2.38(25 K), 2.30(R.T) e

Eg'(Tis,—Ar) 157 16927 K), 1.62(R.T)
InAs  EJ"(I'j5,—Ty) 037  0.42(4.2K), 0.35(R.T)

*Reference 36. or

where a and 3 represent atomic orbitals ard} andd un- oLt . = T

strained and strained interatomic distances respectively. In Energy (eV)

addition, uniaxial strain along thg001] direction lifts the

degeneracy betweqm,, p,, andp, orbitals. This modifica- FIG. 2. Calculated imaginary part of the dielectric functien,
tion is taken into account by the linear formula for bulk AISb. In the figures we also include the experimental data

of Ref. 39 fore, (+). In addition, the partial decomposition e}
Eg'yz Ep_bp(E”_ €), E§= Ept+ 2bp(5H— €), 3 into contributions from transitions between different valence and
conduction bands is also shown. The numbering of the bands is as
whereEg” andEj are the on-sitgp-orbital integrals, and;  shown in Fig. 1. Finally, the second derivativesof, d%s,/dE, is
and e, the strain components parallel and perpendicular tGhown in the inset, with the critical points indicated.
the strain axis. The values of the scaling indiegs; and the
orbital spitting parametey,, are determined in such a way as experimental results, are listed in Table Ill. Our ETB model
to obtain the best values for tH&point deformation poten- predicts a large anisotropy between f001] and[111] di-
tials. The optimal set for the scaling parameters, consisterfections for the heavy-hole effective masses for both materi-
with previous results for I11-V compoundéwas found to be  als. For the case of AISh, the calculated electron effective
vss=4, vsp=2, andv,,= 2, for both materials, with the in- masses at the bottom of the conduction band show a large
ternal strain paramet({ir’rg taken equal to 1 and the orbital variation between the longitudinal and transverse directions,
splitting parameteb, equal to 0, 2, 0.5, and 0.5 eV for As, with the experimental value approximately equal to the mean
In, Sb, and Al ions, respectively. value of the theoretical ones.

Il BULK MATERIALS B. Optical properties

A. Electronic properties AISb: Figure 2 shows the calculated imaginary parts of

The calculated band structure for AlISb and InAs, usingthe dielectric functiong,, for AISb as a function of energy,
our ETB model, is shown in Fig. 1. The spin-orbit coupling together with the experimental data of Zollneral® It is
was taken into account in the calculations. InAs is a directapparent that our ETB model describes the experimental re-
gap material, while AlISb an indirect one, with the minimum sults well; the main difference is in the strength Bf(X)
of the conduction band along tle direction, at the point of peak, with the theoretical results showing a stronger peak. In
k=0.73(2m/a). The calculated band gaps, together withthe same figure we also show the partial decompositiar, of
their experimental values, are shown in Table Il. The calcuinto contributions from different interband transitions, while
lated values come closer to the room-temperature resul@s an inset we show the second derivatives gif the num-
than to the low temperature experimental results. bering of the bands starts from the lowest valence band up-
The hole and electron effective masses are also calculategard, as shown in Fig. 1. The interband transitions from
for both materials and the resulting values, together withbands(7,8) to (9,10 are responsible for the critical points

TABLE lll. Calculated electron and hole effective masses in units of the free-electron mgsalong
with experimental data.

mp[100] mi[111] mig[100] mii[111]  mg, mg(I) mi(A) mr(A)

InAs  Expt. 0.4% 0.02¢ 0.024
Theory 0.38 0.43
Present work  0.426 1.034 0.030 0.029 0.110 0.025

AlSb  Expt. 0.94 0.14 0.39*P
Theory 0.338 0.872 0.12%  0.097P

Present work 0.304 0.859 0.161 0.120 0.317 0.198 0.560 0.158

8Reference 37.
bReference 36.
‘Reference 38.
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TABLE IV. Critical-point energiedin eV) for InAs, AISb, and the SL (InAg)/(AlSb)g—c grown in a
pseudomorphic way on @01)-AISb substrate.

Es E, E;+A;  ExX) ExX)+4, Ex(2) Eo E>
InAs
2.40 2.66 4.14 4.47 4.76 5.19 Present work
2.49 2.77 45 (E)  4T[ExX)] Expt. (Ref. 10
AlSb
2.68 3.15 3.37 3.64 4.18 Present work
2.81 3.21 3.7 (Ep) 4.3 Expt.(Ref. 10
(InAs)g/(AISb)g—C
2.3 2.65 3.0 3.6 4.25 Present work
2.45 2.64 2.88 4.15 ExptRef. 10

Ei1, Ex(X), andE,(X), resulting from transitions along the calculatedE,(2) critical point, and the experimental point
A direction (close to theL point), the A direction(close to  mentioned a&, coincides with the calculatell). With this
the X point), and theZ, direction (close to theK point),  reinterpretation of the experimental data, there is a very good
respectively, while transitions from ban@s6) to (9,10 are  agreement between theory and experiment. The calculated
responsible for the critical pointg;+A; andE,(X)+A,.  value for the low-frequency dielectric constant is 12.7, and is
The calculated critical-point energies are given in Table 1V,in good agreement with the experiment re¥tfir «.., equal
together with the experimental results. The calculated criticafo 12.25. Finally Fig. 8) gives the result of our calculations
pointsE;+ A, andE,(X) are close in energy, and probably for the reflectivity for InAs, together with the experimental
will appear as one point in the experiment. The critical pointdata of Morrisorf! Philipp and Ehrenreicf? and Aspnes
mentioned in Ref. 10 a&} coincides in energy with the and Studnd® The agreement between theory and experiment
calculatedE,(X) + A, point. In addition, the partial decom- for energies smaller thal, is excellent. The main discrep-
position of £, does not show a sharp structure for thg  ancy at higher energies is with the experimental data of As-
transitions. Therefore, thg critical point of Ref. 10 should Pnes and Studr& that show a considerably larger width of
be reinterpreted as thE,(X)+ A, point. With this reinter-  the E, peak, and which mlght be the result of the presence of
pretation taken into account, there is an excellent agreemeff! oxide overlayer on their sample.
between theory and experiment. The calculated value for the
low-frequency dielectric constant is equal to 11.1. For ionic
materials, like AlSb, the above calculated quantity corre-
sponds te.., and is in good agreement with the experimen-  Bulk InAs and AlSb compounds crystallize in the zinc-
tal resulf® equal to 10.24. Finally Fig.(8) gives the calcu-  blende structure with nearly matched lattice constanith a
lated reflectivity for AISb, together with the experimental difference of about 1.25%that makes the pseudomorphic
data of Zollneret al** The agreement between theory andgrowth of InAs/AISb SL's easy. For pseudomorphic growth,
experiment is excellent. the lattice constant in the growth plane is determined by the
InAs: Figure 4 shows the calculated imaginary parts ofsubstrate, while along the growth axis the lattice constant is
the dielectric function for InAs, as a function of energy, to- given to a good accuracy by the elasticity theory. For growth
gether with the experimental data of Aspnes and Stdtlita.  along the[001] direction, the strain in each layer of the con-
is apparent from the figure that our ETB model describes the
experimental results very well. In the same figure we also . . . r
show the partial decomposition ef into contributions from
different interband transitions, while as an inset we show the
second derivative ofe,. The interband transitions from
bands(7,8) to (9,10 are responsible for critical point§;
andE,(2), resulting from transitions along th& direction
(close to theL point) and theX direction (close to theK
point) respectively. Transitions from bands,6) to (9,10
along theA direction (close to thelL point) are responsible
for the critical pointE;+ A 4. Transitions from both7,8) to
(9,10 bands and5,6) to (9,10 bands along thé direction

IV. SUPERLATTICES

Reflectance

(close to theX point) are responsible for the critical point 0 2 4 2 4 6
E,(X). Finally, transitions from7,8) to (11,12 bands near Energy (eV)
theT" point are responsible for the critical poirs andE; . FIG. 3. () Calculated reflectivity for bulk AlSh. The experi-

The calculated ener.gies for the _critical points are given i_rynenta| data of Ref. 39m) are also includedb) Calculated reflec-
Table IV, together with the experimental values. The experitivity for bulk InAs. The experimental data of Refs. 41@Y, 42
mental point mentioned &8 coincides in energy with the (dotted ling, and 40 @) are also shown.
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sor 500 defdE® (V) Ez(z) ]
° InAs

20 [ .1500 b
82 Total
wl @8 =019
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Energy (eV) <4
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FIG. 4. Calculated imaginary part of the dielectric functien, w
for bulk InAs. In the figure are also included the experimental data
of Ref. 40 @). In addition, the partial decomposition e}, into
contributions from transitions between different valence and con-
duction bands is also shown. The numbering of the bands is as
shown in Fig. 1. Finally, the second derivativesof, d%s, /d?E, is
shown in the inset, with the critical points indicated.
stituent materiallnAs or AISb), parallel and perpendicular
to the growth plane, will then be given by > ; . g
A T X M rz
oa
q'ﬁ;” -1 (4) FIG. 5. Calculated band structure f@ (InAs)sIn/Sb(AISb)-
! a, (b) As(InAs)s/(AlISb)gAl-b, and(c) (InAs)g/(AlSb)g—c SL’s,
and along symmetry lines of the BZ. The inset(in) shows the BZ for
a tetragonal structure, and that (c) the BZ for an orthorhombic
i 2v; structure.
EL—_l_viE”, (5)

tance. Likewise, the second-neighbor As-Sb interactions
respectively, witha; anda; the lattice constants for the un- Were approximated by taking the average value between the
distorted bulk material and the substrate, respectivelypand S€cond-neighbor As-As and second-neighbor Sb-Sb interac-
the Poisson ratio. Strain modifies the bonds in the constituerf{ons. scaled at the appropriate distance. In addition, a
materials. In addition, the In-Sb and Al-As bonds at the in-conduction-band offset between InAs and AISb efjual

terfaces were also distorted, and their bond length and bongt>> €V IS taken into account, producing a valence-band off-

- s ; set equal to 0.15 eV and a staggered band alignment of bulk
angles were obtained from elasticity theory applied to thematerials, and implying that in InAs/AISb SL’s the bottom of

corresponding materials. InAs/AISb SL's can be constructe(‘!he conduction band is an InAs-like band and the to

) ; ) X ) - p of the
either V\{'th only InSb IF's, deno,ted as .tyaneSL Sy V‘."th only  valence an AlSb-like band. The band structures for tgpe-
AlAs IF's, denoted as typb-SL's; or with alternating InSb, b, and < SL's, namely, (INAs)in/Sb(AlSb)—a

and AlAs IF’s, denoted as type-SL's. SL’s with an even As(InAs)s/(AISb)sAl—b, and (InAs)/(AlSb)g—c, calcu-

number of atomic monolayers in the unit cell for each CON-|ated with the present ETB model, are shown in Fig. 5. The
stituent material are of type, e.g. (InAs)/(AlSb)g—c, and 0o SL's, grown in a pseudor,norphic way on an AISb

possess orthorhombic symmetriCy, point-group symme- ¢ pcirate are direct-gap materials, having gaps equal to 0.76,
try), while SL's with an odd number of atomic monolayers 4 g5 and 0.80 eV respectively. SL's with orthorhombic sym-

for both materials are either of typa or b, eg., metry exhibit an anisotropy between theX andT'Y direc-
(InAS)sIn/Sb(AISb)—a or As(InAs);/(AlSb)eAl-b, and tions, evident in the band structure of the (INAK)AISb)g—

possess tetragonal symmeti 4 point-group symmety ¢ SL. In addition, the highest valence band in 1h¥ direc-

tion for typea SL’s and in eithed’X or I'Y directions for
A. Electronic properties type< SL’s, is a narrow one. To investigate the nature of the
Lattice distortion in the constituent materials in a SL re-narrow band, the probability amplitudes on the different at-
sults in a modification of the ETB parameters, that is takerPms for the wave function of the previously mentioned nar-
into account as described in Sec. Il. Interaction parameter®w valence band for the (InAgln/Sb(AlSby—a SL were
for In-Sb and Al-As bonds at the interface were obtainedca|CU|ated with wave-vector values as indicated in Flg 6. It
from the interaction parameters for materials InSbh and AlAsis apparent that these states are localized at InSb-like inter-
respectively, by appropriate scaling. The values for the tightfaces. In the primitive cell, there exist two InSb-like interface
binding parameters for these materials are given in the Apguantum wells for typex SL's, one for typee SL’s, and
pendix. The second-neighbor In-Al interactions appearing afone for typeb SL'’s. For typea SL’s, states belonging to
some interfaces were approximated by taking the averagde narrow valence band and having wave vectors along the
value between the Second-neighbor In-In and seconc{.ll()] direction are localized in one of these InSb-like quan-
neighbor Al-Al interactions, scaled at the appropriate distum wells, while states witk along the[110] direction are



PRB 61 THEORY OF ELECTRONIC AND OPTICAL PROPERTIE. . . 10 787

0.2

(InAs),In/Sb(AISb),-a

k=[0.3,-0.3,0] ‘ 0.0

-0.2

0.2

k=[0.3,0.3,0]

0.0

-----Al AlAAAAA AA—d
g g g L & 4

InAs AlSb

Energy (eV)

) Il

atomic sites in the unit cell for the upper valence state for the

(InAs)s In/Sb(AISb)x—a SL, with thek values as indicated in the 0.2
figure. Circles denote InAs and triangles AlSb sites, with solid sym-

bols denoting cations and hollow anions.

(c)
_ (b)
FIG. 6. Probability amplitudein arbitrary unit3 on different PP e,

0.0
localized in the other, as can be seen from Fig. 6. On the i (a)

basis of a simple model, this can be understood as follows: 02

In-Sb interface atoms form chains that are directed either 0.1[1,1,0] T 0.1[1,1,0]

along[110] or [TlO] directions, depending on the position of )
FIG. 7. Band structure, close to thepoint, for the upper va-

the interface. For type-SL’s, all In-Sb chains are directed lence bands for(a) (InAs)sIn/Sb(AISbx—a, (b) As(INAS)s/
along one of the above directions, while for typeSL's they  (aISb),Al-b, and(c) (InAs)g/(AlSb)s—c SL'’s.

are directed along both. In the latter case, all chains belong-

ing to equivalent interfaces are directed along the same di- i , . )
rection, but chains belonging to neighboring, nonequivalentdPout 0.4n,. Finally for typea SL's the effective mass is
interfaces are directed perpendicular to each other. Hoppingostly determined by the dispersion of the wide band, and is
matrix elements between neighboring In-Sb chains, in thelose to 0.18,.

same interface, are weak, because they are mediated throughAccording to the first-principles calculations of Dandrea
bonds to the InAs and AISb layers, while between neighborand Duke® the energy gap for short-period InAs/AISb SL'’s
ing atoms along the chain the hopping matrix elements argepends on the interfacial structure, and can be varied by

strong. As a result, the band produced by the In-Sb interfacgeyeral hundred meV by varying the interface structure. In-

chains will be a narrow one in the direction perpendicular to - :
the chain axis, and a wide one along it. In particular, chainsdeed’ an energy difference in the band gaps of about 0.15 eV

_ — T _ was experimentally observEtfor SL’s with the same num-
directed along thg 110] direction will produce a narmow e of atomic layers in the unit cell but with different inter-
bind along thg110] direction, and a wide one along the ;5. structures, e.g. tygeand b SL's, with typeb SL's
[110] direction, and vice versa. To verify this behavior, the having larger gaps than the corresponding ones for type
band structure close to tHépoint is calculated for the upper -a SL'’s. In order to investigate that effect, the band gaps of
valence bands, and the results are shown in Fig. 7. The lagknAs), In/Sb(AISb);_,—a, As(InAs),/(AlSb),;_,Al-b,
of inversion symmetry produces the small spin splittingand (InAs),/(AISb);,_,—c SL’s, grown in a pseudomorphic
shown in the figure. The As(InAg)(AISb)sAl—b SL does  way on an AISb substrate, were calculated as a function of
not possess a narrow valence band; the (IgAS)ISb)s—C  the numbem of InAs monolayers in the unit cell, equal to
SL has a narrow valence band along [ié0] direction and  2n+1 for typea and b SL’s and a for type< SL’s. The
a wide one along thg110] direction; and finally the results are shown in Fig. 8. Our calculations show that in-
(InAs)sIn/Sb(AISb)—a SL, with In-Sb chains in both direc- deed the energy gap for tygeSL'’s is larger than that for the
tions, tends to produce narrow and wide bands in both direccorresponding type- SL's by about 0.2 eV, while type-
tions with the net result shown in Fig. 7. States in the wideSL’s have a variation in the middle. This is also in agreement
band will strongly mix with regular valence states and losewith the theoretical predictions of Dandrea and Diiker a
their localized character, while in the narrow band the state®.24-eV difference between tyfgeand -a SL’s. In Fig. 8 we
will remain more or less localized at the interface. also show the experimental restiftfor the energy gaps for

To further investigate the properties of the upper valenc€InAs)sIn/Sb(AISbx—a, As(InAs)s/(AlSb)sAl-b, and
bands, their effective masses were calculated and the valuémAs)q/(AlSb)s—c SL’s. There is a good agreement be-
given in Table V. These values were obtained by averagingween theory and experiment for first two SL's, while the
the corresponding values for the spin-split bands. For type- experimental value for the third one almost lies on a curve
SL’s, with no narrow upper valence band present, the effeceorresponding to type-SL’s. This discrepancy might indi-
tive mass for the upper valence band is about @dR8-or  cate a bad quality of the particular sample.
typec SL’s the effective mass in the direction of the large Finally the band gaps for (InAg)(AISb),, SL’s, grown
dispersion(chain axi$ is about 0.1, and that in the nar- in a pseudomorphic way on a AISb substrate, were calcu-
row band dispersior(perpendicular to the chain axiss lated as a function of the number of InAs monolayers in the
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TABLE V. Electron and hole effective masses for several types of INAs/AISb SL’s in units of the
free-electron massy, calculated along thg110] and[110] directions.

Atomic layers

IF's m} [110] m:l[lTO]

m;[110]  mf[110] M [110] m}[110]

6/18 (type c)
7117 (type a)
7/17 (type b)
8/16 (type c)
9/15 (type a)
9/15 (type b)
10/14 (typec)
11/13(type a)
11/13(type b)
12/12(typec)
13/11(typea)
13/11(typeb)
14/10(typec)
15/9 (type a)
15/9 (type b)
16/8 (typec)
17/7 (type a)
17/7 (type b)
18/6 (typec)

InSb/AlAs 0.432

InSb 0.150
AlAs 0.268
InSb/AlAs 0.424
InSb 0.140
AlAs 0.268
INSb/AlAs 0.417
InSb 0.131
AlAs 0.266
INSb/AlAs 0.412
InSh 0.121
AlAs 0.262
InSb/AlAs 0.415
InSb 0.111
AlAs 0.253
INSb/AlAs 0.435
InSb 0.098
AlAs 0.242

InSb/AIAs 0.501

0.122
0.150
0.268
0.116
0.140
0.268
0.110
0.131
0.266
0.103
0.121
0.262
0.094
0.111
0.253
0.084
0.098
0.242
0.074

0.133 0.766 0.171 0.189
0.291 0.291 0.160 0.160
0.159 0.159 0.168 0.168
0.128 0.825 0.145 0.162
0.293 0.293 0.128 0.128
0.150 0.150 0.147 0.147
0.122 0.879 0.121 0.132
0.286 0.286 0.105 0.105
0.140 0.140 0.124 0.124
0.115 0.924 0.101 0.109
0.267 0.267 0.086 0.086
0.129 0.129 0.105 0.105
0.106 0.950 0.085 0.090
0.238 0.238 0.071 0.071
0.117 0.117 0.088 0.088
0.095 0.924 0.071 0.074
0.205 0.205 0.057 0.057
0.103 0.103 0.074 0.074
0.081 0.763 0.059 0.060

unit cell, equal tom=2n, and the results are given as an well with a barrier height of 1.35 eV. In this model, tunnel-
inset in Fig. 8. The calculated energy gap decreasesmjith ing is not taken into account; therefore, the calculated gap
indicating carrier confinement into a quantum well. In thewill be larger than that for the corresponding superlattice,
limit m=c the quantum wells would possess an infiniteand will approach the latter fom—cc. This is indeed the
width, and the gap would be equal to the energy differencease, as shown in the inset of Fig. 8. Besides electron con-
between the bottom of the conduction band for InAs and thdinement in the conduction-band quantum well, there is also
top of the valence band for AlSb, equal to 0.22 eV. In thehole confinement in the valence-band quantum well. Since
same figure are also included the results obtained by addingje valence-band quantum well is quite shallow, 0.15 eV,
to the minimum gap of 0.22 eV, the increase in energy proand the hole effective mass considerably larger than that for
duced by quantum confinement of the electrons, with an efelectrons, the influence of the valence quantum-well confine-
fective mass of 0.028,, into a conduction-band quantum ment on the band gap will not be significant.

0.4

--&-- type-a
—E—type-b
-®-- type-c
[ X As(InAs)/(AISb)Al-b (Exp.}
< (InAs)(AISb),-¢ (Exp.)

=+ I(InAs)BIIn/Sb(AI;Sb)S-a(Fxp.) .

12 (InAs) JAISD),-¢

6 8 10

12 14 16 18 20

m

FIG. 8. Band gap for SL's (InAg)n/Sb(AISb), ,—a,
As(InAs),/(AISb),;_,Al-b, and (InAs),/(AlSb);,_,—Cc as a
function of the InAs monolayersn, in the primitive cell. In the
figure are also shown the experimental resiRef. 10 for the
energy gaps of (InAg)n/Sb(AISb)—a, As(InAs)s/(AlSb)sAl-b,
Finally, the band gap for
(InAs), /(AISb),—c SL’s, as a function of the InAs monolayers in (InAs)sIn/Sb(AISb)—a, As(InAs)s/(AISb)gAl-b, and (InAs)/
the primitive cell,m=2n, are shown in the insésolid line). In the
inset are also included the results obtained by quantum confinemedtelectric function,d?s,/dE?, for the same SL’s are shown in the
of electrons in independent welldotted ling.

and (InAs)/(AlSb)g—c SL'’s.

B. Optical properties

Using the present ETB model, the dielectric function for
INAs/AISb SL’s has been calculated. The results for the di-
electric function, averaged over the three principal axes, are

a0 [ e (InAs),In/Sb(AISb),-2
As(INAS) /(AISD),Al-b
————— (InAs) /(AISb),-c

20

Energy (eV)

FIG. 9. Real and imaginary parts of the dielectric function for
(AISb)g—c SL’s. The second derivative of the imaginary part of the

inset, with the critical points indicated.
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FIG. 11. Anisotropy ine, and reflectivity between directions

FIG. 10. Reflectivity and absorption coefficient for polarization [110] and[TlO] for the (InAs),/(AISb)e—c SL.

along three principal axe$110], [110] and [001], for the
(InAs)g/(AISb)g—c SL. The inset shows the absorption coefficient
near the gap. eV. As can be seen from Fig. 9, tBg critical point is absent

in typeb SL's and has its largest strength in typeSL'’s.
shown in Fig. 9 for (INAS)In/Sb(AlSb)-a, This is bescause in typb—SL.’s there is.no Iocallized. band, in'
As(INAs)s /(AISb)Al—b, and (InAs)/(AlSb)s—c SL's. type< SL’s there is a localized band in one d[ecnon, and in
The critical points have been obtained from the second delypea SL's there are bands in bofi10] and[110] direc-
rivative of the imaginary part of the dielectric function, tions. The calculated strength for tii structure is small,
shown in the inset of Fig. 9, and their energies for thewhile the experimental resulfsfor the (InAs)/(AISb)g—c
(InAs)g/(AISb)g—c SL are given in Table IV. In the same SL do not show such a structure. The absence ofEgn
table we also include the critical-point energies for the constructure in the experimental data is probably caused by the
stituent bulk materials, as well as the corresponding averagatermixing of atoms at the interfaces that destroys the InSh
energy for each critical point. The positions of the SL critical interface quantum wells and the interface states produced by
pointsEq, E;+A4, Ex(X), andE,(X) are near the corre- them to a significant extent, or to relaxation effects not in-
sponding average energies for the InAs and AISb criticacluded in the present calculations. The calculated zero-
points. The experimental energies fBy and E;+A; are frequency dielectric constant, corresponding 4@, in-
equal td° 2.65 and 3.0 eV, respectively, in very good agree-creases, as expected, with decreasing values of the energy
ment to our calculated values of 2.64 and 2.88 eV. Addi-gap, taking values of 11.8, 11.95 and 12.1 for
tional critical pointsEg and E§, appear in the SL’s, con- As(InAs)s/(AlSb)sAl-b, (InAs)g/(AISb)g—c, and
nected to transitions from the valence to conduction bandélnAs)sIn/Sb(AISbx—a SL's, respectively.

along thel’X and/orT"Y lines, as shown in Fig. 5. The cal- Type< SL’s possess orthorhombic symmetryith an
culated energy foEg for (InAs)g/(AISh)s—c SL is 2.3 eV,  optical anisotropy in the layer plane. For an investigation of
with the experimental value equal*a2.45 eV. Transitions that effect, the reflectivity and absorption coefficients for an
responsible for th&§ critical point are those from the local- (InAs)s/(AlSb)s—c SL were calculated for polarizations
ized valence band to the lowest conduction band. The calcwalong the three principal ax¢410], [110], and[001]. The
lated energy foiEg for the (InAs)/(AlSb)g—c SL is 1.65  results are presented in Fig. 10, showing that the material is

TABLE VI. Values for the tight-binding model interaction parameténseV) of AlAs and InSb, includ-
ing the spin-orbit coupling constanks,. The notation of Slater and Koster is used.

AlAs InSb AlAs InSb

ESs 0.0028 —0.1624 E<(0.5,0.5,0.0) 0.160425 —0.070466
Egp 2.8563 2.0573 E<(0.0,0.5,0.5) —0.200144 0.000358
EZ, —8.6787 —8.0613 E{(0.5,0.5,0.0) —0.047737 0.084076
Egp 1.7005 —0.2951 E;,(0.5,0.5,0.0) 0.220273 0.236072

E;(0.0,0.5,0.5) —0.119751 —0.125811
E;{0.25,0.25,0.25) —0.971254 —-0.877773 Ef(y(O.S,O.S,0.0) 0.176178 0.279387
E.,(0.25,0.25,0.25) 1.029127 1.005549 Eiy(0.0,0.5,0.5) —0.044713 0.233243
E,<(0.25,0.25,0.25) —1.230399 —0.804585 E2(0.5,0.5,0.0) —0.180554 —0.183796
E,«(0.25,0.25,0.25) 0.232352 0.032558 EZ(0.0,0.5,0.5) —0.422628 —0.373243
E,y(0.25,0.25,0.25) 1.465618 1.162185 EZ,(0.5,0.5,0.0) —0.392094 —0.389780

E$,(0.5,0.5,0.0) 0.065390 0.289469
A 0.0080 0.1290 EZ(0.0,0.5,0.5) —0.538831 —0.580562
NS, 0.1390 0.3200 Eiy(O.S,O.S,0.0) —0.033664 0.084029

Eiy(0.0,0.5,0.5) —0.346760 —0.227121
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anisotropic. In addition, the anisotropy between the principathe upper valence band is a narrow one, connected to the
axes[110] and[110] is shown in Fig. 11. It has a similar localized interface states located in the InSb interface quan-
structure in bothe, and the reflectivity, with its strongest tum wells, while for typeb SL's no such band exists. Then

values mainly located in the energy region between criticathe values of the effective masses were calculated, _and it was
points E, and E,. Experiments performed on InAs/AlSb found that the presence of a narrow valence band influences
SL’s with the use of spectroscopic ellipsometry and withthe hole effective masses. It also has been found that the

reflection difference spectroscopy have revealed the exidhterface structure influences the energy gap. In addition the
tence of an optical anisotropy in the layer plane not only indap varies with periodicity, and its values have been calcu-
type structures but also in type-and b SL’s. The exis- lated.

attributed to deviations from the ideal superlattice structurdNAS/AISb SL’'s were calculated. In particular the real and
produced by interface intermixing of the atoms. However,jmaginary parts of the dielectric function were calculated,
the picture is not clear as yet, and further investigations, botl"i_‘”d the critical points were obtained from the second deriva-

theoretical and experimental, are needed. tive of e,. Finally, for an investigation of the anisotropy of
the material, the reflectivity and the absorption coefficient
V. CONCLUSIONS were calculated for polarization along the principal axes of

_ the material{110], [TlO], and[001]. In particular, the an-
We have presented an ETB model that describes the elegsotropy in the superlattice plane was investigated, and its

tronic and optical properties of InAs and AlISb. The tight- ygyes fore, and the reflectivity are given in Fig. 11.
binding parameters required were obtained by fitting existing

band structure results with the ETB modske Table V).
We found that the present model accurately describes not
only the band structure of bulk materials but also their opti- The ETB interaction parameters for AlAs and InSb were
cal properties. In particular, the dielectric functions as wellobtained by fitting the band-structure results of Huang and
as the reflectivity of bulk InAs and AlSb were calculated, Ching’® for AlAs, and those of Chelikowsky and Cotféror
and found to be in very good agreement with existing experiinSh. The obtained values for the ETB interaction param-
mental data. eters are listed in Table VI. The variation of the ETB param-
The present ETB model was then used in order to inveseters with strain is described by scaling form(2s with the
tigate the electronic and optical properties for InAs/AlSboptimal values of the exponents found equabtg=4, v,
SL’s. Their band structure was calculated and the band gaps 2, andv,,=2 for both materials, and the internal strain
were obtained. It has been found that for typand b SL's ~ parameter taken equal to 1.
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