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Electronic states and optical properties of GaAsÕAlAs and GaAsÕvacuum superlattices
by the linear combination of bulk bands method

S. Botti and L. C. Andreani
Istituto Nazionale per la Fisica della Materia and Dipartimento di Fisica ‘‘A. Volta,’’ Universita` di Pavia,

Via Bassi 6, I-27100 Pavia, Italy
~Received 22 November 2000; published 25 May 2001!

The linear combination of bulk bands method recently introduced by Wang, Franceschetti, and Zunger
@Phys. Rev. Lett.78, 2819 ~1997!# is applied to a calculation of energy bands and optical constants of
(GaAs)n /(AlAs) n and (GaAs)n /(vacuum)n ~001! superlattices withn ranging from 4 to 20. Empirical pseudo-
potentials are used for the calculation of the bulk energy bands. Quantum-confinement-induced shifts of critical
point energies are calculated and are found to be larger for the GaAs/vacuum system. TheE1 peak in the
absorption spectra has a blueshift and splits into two peaks for decreasing superlattice period; theE2 transition
instead is found to be split for large-period GaAs/AlAs superlattices. The band contribution to linear birefrin-
gence of GaAs/AlAs superlattices is calculated and compared with recent experimental results of Sirenkoet al.
@Phys. Rev. B60, 8253~1999!#. The frequency-dependent part reproduces the observed increase with decreas-
ing superlattice period, while the calculated zero-frequency birefringence does not account for the experimental
results and points to the importance of local-field effects.

DOI: 10.1103/PhysRevB.63.235313 PACS number~s!: 73.21.Cd, 78.66.Fd, 71.15.Dx, 78.20.Bh
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I. INTRODUCTION

Quantum confinement in semiconductor heterostructu
modifies the energy and dimensionality of electronic lev
and leads to blueshifts of the optical gaps. Most experime
investigations have focused on the energy region of the
damental gap, which is easily accessible by photolumin
cence and photoluminescence excitation spectroscopies
yields a variety of interesting physical phenomena related
bound excitonic states; relatively few studies of confinem
effects on high-energy transitions have been presented. C
cerning theory, confined electronic levels close to band ed
and the resulting optical properties can be calculated ra
simply and accurately by the envelope-function method. T
theoretical problem of determining optical spectra of se
conductor heterostructures in the whole visible region
much more complex and beyond the reach of effective-m
methods, as it requires a description of the effects of confi
ment on electronic states in the whole Brillouin zone.

Interband absorption spectra of tetrahedral semicond
tors are dominated by two prominent features, denotedE1
and E2.1,2 The E1 peak ~and its spin-orbit counterpartE1
1D1) originates from band-to-band transitions along t
G-L direction, where valence and conduction bands
nearly parallel: this results in anM1-type critical point, i.e., a
saddle point in the joint density of states, which also give
strong excitonic character to the transition. TheE2 peak,
instead, has contributions from different parts of the B
louin zone, but mainly from a region centered around

special point (34 , 1
4 , 1

4 ) ~in units of 2p/a, wherea is the lattice
constant!. TheE2 peak has essentially no excitonic charact
Blueshifts and splittings of theE1 and E2 transitions were
measured in GaAs/AlAs superlattices.3,4 More recently, a
quantum-confinement-induced shift ofE1 andE2 was mea-
sured in Ge nanoparticles embedded in a glassy matrix.5,6

A main purpose of this work is to calculate the behav
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of E1 and E2 transitions upon confinement in GaAs/AlA
superlattices and in free-standing GaAs layers, which
simulated by GaAs/vacuum superlattices. Besides the o
ous interest of the GaAs/AlAs system, the motivation f
choosing GaAs/vacuum superlattices is to study confinem
effects onE1 andE2 in a system where the electronic stat
are truly confined in the GaAs layers even at high energ
In GaAs/AlAs superlattices, on the other hand, the ba
structures of the two constituents far away from the fun
mental band edges are rather similar and strong banding
fects occur in short-period structures, i.e., the electro
states become delocalized along the superlattice. A comp
son between the two systems should therefore elucidate
respective roles of quantum confinement and superlat
band formation in determining the optical properties. Fre
standing GaAs films can be produced by chemical etchin7

GaAs/vacuum superlattices can also be a model for multi
ers formed by GaAs and a wide-gap oxide, like Al2O3 or
oxidized AlAs ~AlOx!.

The electronic structure of short-period (GaAs)n/ (AlAs) n
superlattices can be calculated from first principles
density-functional theory and norm-conservin
pseudopotentials.8 The computing time grows rapidly with
the numbern of monolayers.9 Moreover, density-functiona
calculations of the optical properties suffer from the g
problem10 and require the inclusion of quasipartic
corrections11 and excitonic effects,12 thus increasing the
computational cost. Recently a new pseudopotential
proach has been developed,13 in which the electronic state
of a heterostructure are represented as linear combination
bulk bands~LCBB!. This method can be applied to heter
structures with a large number of atoms per primitive c
with a reasonably low computational effort; it is particular
suited to studying how the optical spectra of the bulk a
modified upon confinement, since the electronic states of
bulk are the starting point of the technique. The LCB
©2001 The American Physical Society13-1
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method is adopted in this work. The results presented h
can be the starting point for tackling more complex proble
~e.g., the inclusion of local-field and excitonic effects, or t
study of confinement in large quantum dots! as well as for
comparison withab initio calculations when they becom
available.

While GaAs and AlAs are cubic materials and have
isotropic dielectric constant,~001!-grown superlattices are
intrinsically uniaxial and the componente i of the dielectric
tensor parallel to the growth direction differs from the pe
pendicular componente' . The linear birefringenceDn
5(e')1/22(e i)

1/2 has been measured in GaAs/AlA
superlattices:15,16Dn is of the order of a few percent and ha
a nontrivial dependence on the superlattice period. Biref
gence is much larger in GaAs/AlOx multilayers, where it h
been employed to achieve phase matching for seco
harmonic generation.17 A goal of the present work is to cal
culate linear birefringence18 and its dependence on energ
and superlattice period. The calculations presented here y
only the contribution to birefringence arising from quantu
confinement-induced modifications of the electronic sta
they do not account for the intrinsic dielectric anisotropy o
multilayer arising from different boundary conditions for a
electric field parallel or perpendicular to the layers.19,20 This
second contribution to birefringence is in fact equivalent
the inclusion of local-field effects in the dielectr
response21–24 and is left for future work.

The rest of this paper is organized as follows. In Sec
we briefly describe a few aspects of the adopted method
LCBB technique combined with empirica
pseudopotentials,13,14 as well as space symmetry and the
tragonal Brillouin zone of the superlattice. In Sec. III w
present the results for GaAs/AlAs and GaAs/vacuum sup
lattices. These are divided into three parts: electronic lev
~with the added complication of surface states in the Ga
vacuum system!, optical properties via the real and imag
nary parts of the dielectric function, and birefringence. S
tion IV contains a discussion of the present findings in vi
also of extensions of this work.

II. METHOD OF CALCULATION

We consider (GaAs)n /(AlAs) n and (GaAs)n /(vacuum)n
superlattices grown along a~001! crystallographic surface
and with periodd5na with n ranging form 4 to 20. The
ideal structure for a lattice-matched system with abrupt
terfaces is a simple tetragonal Bravais lattice, with a sup
cell defined by the basis vectors (1,1,0)a/2, (21,1,0)a/2,
(0,0,1)na, wherea is the bulk lattice constant. The recipro
cal lattice is also simple tetragonal, with basis vect
(1,1,0)(2p)/a, (21,1,0)(2p)/a, and (0,0,1)(2p)/(na).
The first Brillouin zone is shown in Fig. 1. Superlattice hig
symmetry points are distinguished from their bulk count
parts by putting a bar over the symbol. An additional sy
metry point L̄ is defined as follows:L̄5X̄ if n is even,L̄
5R̄ if n is odd. The most important zinc-blendek points are
folded onto superlattice points as follows:
23531
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G,H j

n
XzJ

j 52n11,n

→Ḡ,

Xy,H j

n
XzJ

j 52n11,n

→M̄ ,

L111,H j

n
XzJ

j 52n11,n

→L̄. ~1!

In the case of a common anion structure li
(GaAs)n /(AlAs) n the point group isD2d , otherwise it is
C2v : the latter is the case of (GaAs)n /(vacuum)n
superlattices.25

In order to study large-scale systems, we adopt a LC
method:13,14 superlattice electronic wave functions are e
pressed as linear combinations over band indicesnb and
wave vectorsk of full-zone Bloch eigenstates of the constit
ent bulk materials. Because of the requirement of periodic
the superlattice potential mixes only bulk states labeled bk
vectors that differ by a superlattice reciprocal lattice vec
GSL : the number of coupled states is hence always equa
2n, because exactly 2n GSL are contained in the fcc Bril-
louin zone. The maximum dimension of the basis set is th
given by 2n multiplied by the number of selected bulk ban
indices. In the case of a GaAs/vacuum superlattice we
cided to include the four valence bands and the four low
conduction bands in the basis set. In the case of a GaAs/A
superlattice the roughest selection is to take both GaAs
AlAs bulk states at each mixedk andnb , orthonormalizing
the basis set obtained at the end. But, as GaAs and A
band structures are very similar except for the lowest c
duction band~see Fig. 2 and details of calculation below!,
we have verified that it is enough to include only GaAs sta
for nb from 1 to 8 together with the fifth band of AlAs~i.e.,
the lowest conduction band!. The resulting set must be or
thonormalized. It can easily be seen that the final dimens

FIG. 1. Brillouin zone for simple tetragonal (GaAs)n /(AlAs) n

and (GaAs)n /(vacuum)n ~001! superlattices, included in bulk con
ventional cubic cell. The figure shows high-symmetry-point po
tions.
3-2
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FIG. 2. Bulk band structure of~a! GaAs and
~b! AlAs crystals along the high-symmetry direc
tions, obtained by empirical pseudopotentials
Ref. 26. The energy zero is always taken at t
valence band maximum of bulk GaAs and th
valence band offset between GaAs and AlAs
0.5 eV.
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of the basis is always small (4039 for the largest supercell!.
A convergence test is presented at the beginning of Sec

Unlike tight-binding or standard plane wave expansio
the LCBB method allows the intuitive preselection of phy
cally important states to be included in the basis set.
contrast with thek•p approach, off-G statesun,kÞ0 are di-
rectly considered, permitting a correct treatment ofG-X cou-
pling and of all confinement-induced couplings within t
Brillouin zone, without the need for a large basis ofk50
bulk states. The formalism applied here is strain-free, ass
ing that the small lattice mismatch (.0.15%) justifies a de-
scription of the geometrical structure as unrelaxed, with
lattice constant of 5.655 Å averaged over the constituent
terials. All trends in the superlattice states obtained by LC
method were shown to be reproduced,13 with a surprising
accuracy~10–20 meV! and a small computational effor
down to the monolayer superlattice and up to large perio

A local empirical pseudopotential approach is chosen
perform the band structure calculations, for both the hete
structures and the constituent compounds. Since the ado
pseudopotentials are designed for a kinetic-energy cutof
5 Ry,26 bulk eigenfunctions are expanded on a basis set m
of about 60 plane waves at eachk point. In Fig. 2 we show
the band structures of GaAs and AlAs calculated with th
pseudopotentials.

The potential term in the one-particle Hamiltonian is bu
as a superposition of screened, spherical atomic pseud
tentialsva :

H52
\2¹2

2m
1(

a
(

RPDL
va~r2R2da!Wa~R!, ~2!

whereR is a fcc direct lattice~DL! vector andda the dis-
placement of the atom of typea in the bulk primitive cell.
The weight functionWa(R) selects the atom basis that lie
on each lattice site, describing the geometrical details and
symmetry of the structure: in the vacuum layers its value
zero. The Hamiltonian matrix elements of the bulk basis
depend on the Fourier transform of the pseudopoten
va(r ); details of the LCBB method can be found in Refs.
23531
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and 14. We use the continuous-space functionsva(k) pro-
posed by Ma¨der and Zunger.26 In Ref. 26 the empirical pa-
rameters are adjusted in order to fit both the measured e
tronic properties of bulk GaAs and AlAs and some loc
density approximation~LDA ! results for superlattices. It ha
been verified that the wave functions of bulk and superlat
systems calculated with these pseudopotentials are clos
those obtained in rigorous first-principles LD
calculations.26 The As potential depends on the type of ne
est neighbors~Ga or Al!, thereby describing the local
environment dependence of the atomic potential, by con
ering the local electronic charge. These pseudopotentials
adjusted to reproduce the experimental GaAs/AlAs vale
band offset~0.50 eV!. Bulk and superlattice energy levels a
provided on the same absolute energy scale; thus superla
and bulk eigenvalues can be compared directly. The inc
sion of nonlocal terms is needed to achieve a better desc
tion of high-energy states; nevertheless, we have verified
almost only the transitions to the levels originated by the t
lowest conduction bands are responsible for the structure
the optical spectra below 6 eV and therefore nonlocal te
can be neglected for our purposes. At this stage we have
decided to neglect spin-orbit interaction, even if Ref. 26 s
gests how to include it. To preserve a correct description
interfaces in GaAs/AlAs superlattices, an As atom bound
two Al and two Ga atoms has been given a symmetriz
pseudopotential that is the average of the As pseudopote
functions in GaAs and AlAs environments. In GaAs/vacuu
superlattices, the dangling bonds at the interfaces are res
sible for the appearance of surface states, lying in the forb
den energy gap. The sizable metallic contribution to lo
energy transitions is an artifact of the calculation~in a real
system dangling bonds would be saturated by the mic
scopic nature of the interface! and must be minimized by
excluding surface states from initial and final states in opti
transitions.

Starting from the one-electron band structure, the co
plex dielectric functione(v)5e11 i e2 is evaluated in a
straightforward way by means of semiclassical theory of
terband transitions.2,27 Tetragonal Brillouin zone integration
3-3
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S. BOTTI AND L. C. ANDREANI PHYSICAL REVIEW B63 235313
are performed using Fourier quadrature with 1056 Chadi
Cohen special points in the irreducible wedge.28,29 An em-
pirical Gaussian broadening of 0.1 eV was introduced to
tain smoothed curves. Bulk spectra have been prelimina
calculated by integrating over both a fcc Brillouin zone a
the corresponding folded tetragonal Brillouin zone, verifyi
the exact equivalence of the two results.

In Fig. 3 we show the calculated real and imaginary pa
of the dielectric functions for bulk GaAs and AlAs crystal

FIG. 3. Calculated dielectric function~real and imaginary parts!
of ~a! GaAs and~b! AlAs.
23531
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Agreement with the experimental positions of the peaks1,2 is
within a few tenths of an eV: we underline that the empiric
approach is free of the band gap problem. The height of
peaks, especiallyE1, cannot be correctly estimated withou
the inclusion of the excitonic contributions and the loc
field effects.

III. RESULTS

A. Electronic levels

After calculating the single-particle eigenstates of bo
bulk systems in the whole Brillouin zone, in order to extra
the bulk state basis on which to construct the superlat
Hamiltonian, we applied the method described in Sec. II
obtain the single-particle band structures of~001!
(GaAs)n /(AlAs) n and (GaAs)n /(vacuum)n superlattices.
The periodd5na has been varied from 4a to 20a.

When a sufficiently large number of bulk states is used
a basis set for the LCBB method, the results must conve
to those obtained with a direct diagonalization of the Ham
tonian for the corresponding number of plane waves. A co
parison of LCBB results with the conventional supercell a
proach was presented in Ref. 13. Here we perform
convergence test, which consists in calculating the ene
levels with four different bulk basis sets of increasing siz
Selected results are shown in Table I for (GaAs)10/(AlAs) 10
and (GaAs)6 /(AlAs) 6 superlattices. As far as valence stat
are concerned, dependence of the energy levels on the
set is below 1023 eV; for the lowest conduction band leve
the dependence on the basis set is generally below 0.05
and falls below 1022 eV when the fifth band of AlAs is
included in the basis. The results of Table I justify the use
basis~3!, namely,nb51 to 8 for GaAs andnb55 for AlAs,
as stated in Sec. II.

In Figs. 4 and 5 we show the superlattice energy bands
n510: the electron energy levels are plotted along
highest-symmetry lines in the tetragonal Brillouin zone~see
ergy

3
9
1
4

1
5
3
3

TABLE I. Comparison of energy levels~in eV! at the symmetry points for (GaAs)n /(AlAs) n superlat-
tices with periodn56 andn510. We show highest valence levels and lowest conduction levels: the en
zero is taken at the valence band maximum. Four different choices are considered for the basis set:~1! five
GaAs bands fornb from 1 to 5, no AlAs bands;~2! eight GaAs bands fornb from 1 to 8, no AlAs bands;~3!
eight GaAs bands fornb from 1 to 8, the fifth band of AlAs;~4! eight GaAs bands fornb from 1 to 8, four
AlAs bands fornb from 5 to 8.

Basis Valence band maximum Conduction band minimum

Ḡ Z̄ R̄ M̄ X̄ Ḡ Z̄ R̄ M̄ X̄

n510
~1! 0.0000 20.0004 20.8992 22.1127 20.8992 1.8318 1.8303 2.0069 1.9048 2.006
~2! 0.0000 20.0004 20.8990 22.1129 20.8990 1.8173 1.8190 2.0057 1.9014 2.004
~3! 0.0000 20.0004 20.8990 22.1131 20.8990 1.7949 1.8008 1.9911 1.8588 1.988
~4! 0.0000 20.0003 20.8985 22.1130 20.8985 1.7884 1.7957 1.9904 1.8590 1.987

n56
~1! 0.0000 20.0118 20.8488 22.0968 20.8489 1.9766 1.9940 2.1730 1.9961 2.156
~2! 0.0000 20.0115 20.8481 22.0970 20.8482 1.9526 1.9567 2.1694 1.9940 2.153
~3! 0.0000 20.0115 20.8481 22.0973 20.8482 1.9062 1.9109 2.1451 1.9618 2.105
~4! 0.0000 20.0113 20.8468 22.0967 20.8468 1.9042 1.9098 2.1440 1.9626 2.104
3-4
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ELECTRONIC STATES AND OPTICAL PROPERTIES OF . . . PHYSICAL REVIEW B 63 235313
Fig. 1!. Since 2n k points in the fcc Brillouin zone are al
ways folded onto the samek point in the smaller tetragona
Brillouin zone, the number of occupied superlattice band
2n times the number of bulk bands for GaAs/AlAs andn
times the number of bulk bands for GaAs/vacuum super

tices. The dispersion along theḠ-M̄ direction is similar to

FIG. 4. Band structure of a (GaAs)10/(AlAs) 10 ~001! superlat-

tice along the high-symmetry directions. The length of theḠ-Z̄ line
is multiplied by ten for clarity. The energy zero is taken at the b
GaAs valence band maximum.

FIG. 5. Band structure of a (GaAs)10/(vacuum)10 ~001! super-
lattice along the high-symmetry directions. The energy zero is ta
at the bulk GaAs valence band maximum. The uppermost occu
band is number 40~dotted!.
23531
is

t-

the dispersion along theG-X direction in the bulk, while the

other two directionsḠ-R̄ andḠ-X̄ have no counterpart in the
band structures of Fig. 2. In GaAs/AlAs, the dispersion alo

the growth directionḠ-Z̄ is much smaller than in the othe
directions, as expected for superlattice minibands; in Ga

vacuum the bands alongḠ-Z̄ are flat as tunneling through th
vacuum has a negligible effect.

The main differences in the superlattice band structu
compared to the bulk can be interpreted in terms of zo
folding and quantum confinement effects; it is also intere
ing to compare the band structures of the two superlattic
Superlattice gaps are larger than bulk gaps: in particu
GaAs/vacuum gaps are larger than GaAs/AlAs ones, a
result of a stronger confinement; moreover superlattice b
gap widths increase as the superlattice period decreases
lowering in the crystal symmetry is responsible for the
moval of level degeneracies: as an example, in the Ga
AlAs D2d superlattice the threefold degenerate valence st
at G ~spin-orbit coupling is neglected! are split into a twofold
degenerate and a non-degenerate state, while in the G
vacuumC2v superlattices the degeneracy is completely
moved.

In GaAs/vacuum bands we clearly see the appearanc
states lying in the forbidden energy gaps. The lowest one
in the gap from210 to 26 eV, while two other’s lie in the
optical gap from 0 to about 2 eV. A fourth state can
recognized at25 eV around theM̄ point, while in other
regions of the Brillouin zone it resonates with the ener
bands. Indeed, four surface states or resonances are exp
from the presence of two dangling bonds at the two int
faces of each GaAs layer. We can identify the surface st
by studying the behavior of the probabilityucu2 of finding an
electron along the growth directionz, averaged over the in
planex,y coordinates. Taking as an example the conduct
miniband states atG, where the potential profile is characte
ized by 0.5 eV deep wells in GaAs layers, we observe~see
Fig. 6! that an electron in a surface state (j 539 in the ex-
emplified case! has a high probability of being localized o
the surface and a decaying probability of entering the Ga
layer; on the other hand, an electron in a bulk state (j 536 in
the figure! has an oscillating probability to be found in th
GaAs layers. Both states are obviously evanescent
vacuum. From the position of the uppermost occupied b
( j 540) it follows that GaAs/vacuum superlattices have
metallic behavior: this is an artifact of the calculations,
our aim is to simulate insulating multilayers made of Ga
and a wide-gap oxide. We get rid of the problem by exclu
ing surface states as initial or final states in interband tra
tions. This simulates the formation of interface states or
fects in a GaAs/oxide superlattice, which would saturate
dangling bonds. The surface resonance cannot be e
eliminated, but it produces small effects on the spectra, s
it lies deep in the valence band.

B. Optical spectra

The calculated imaginary part of the dielectric functio
e2(v) for both GaAs/AlAs and GaAs/vacuum systems

n
ed
3-5
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S. BOTTI AND L. C. ANDREANI PHYSICAL REVIEW B63 235313
shown in Fig. 7 for different superlattice periodsn. Here we
average over the three orthogonal polarization direction
obtain a scalar dielectric function. The electronic bands
GaAs and AlAs are similar and therefore the two optic
spectra present the same features, namely,E1 andE2 peaks
~see Fig. 3!. Superlattice spectra show these structures a
which can be compared directly to bulk spectra: in fact, ev
if in a superlattice selection rules allow more transitions a
consequence of zone folding, the tetragonal Brillouin zon
smaller and all transitions that contribute to superlatt
peaks have their equivalent counterparts in the bulk Brillo
zone. As a general remark, theE1 transition is found to blue-
shift and split into two peaks for decreasing superlattice
riod; the confinement-induced shift is larger for the GaA
vacuum system. On the other hand theE2 transition is split
for large-period GaAs/AlAs superlattices, where the el
tronic states are confined in the two bulk layers leading t
superposition of the two bulk spectra; the two peaks me
into a single one for small period. A singleE2 peak with a
small blueshift is found for GaAs/vacuum superlattices.

In Fig. 8 the peak energies are plotted as a function of
superlattice periodn. First we comment on the behavior o
E1: in zinc-blende crystals it comes from transitions alo
theL line, in a region where bulk bands are almost paral
When the system is confined in the@001# direction, it is not
intuitive to describe the consequences of folding of^111&
directions. The calculated spectra show that along the fol
L line transitions subdivide into two main groups and lead
a splitting of theE1 peak in the absorption curves. The tw
peaks have different oscillator strengths and, except for
intermediate period length, the lowest-energy one beco
much stronger and covers the other. Both peaks unde
confinement effects and are moved toward higher energie
comparison with their bulk position: confinement and t

FIG. 6. Planar averaged probability along the growth directioz
of finding an electron atG in the 36th and the 39th bands of
(GaAs)10/(vacuum)10 ~001! superlattice.
23531
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consequent shifts are stronger at smaller well widths. A sp
ting of theE1 transition with a blueshift of both peaks wa
indeed observed in GaAs/AlAs superlattices.3 In the present
calculation this is attributed to a splitting of the bulk valen
band at theL point and along theL line, as indicated by the
band energies. The results of Figs. 7 and 8 show also thaE1
peak displacements are more relevant in GaAs/vacuum
perlattices, where quantum confinement effects are stron
due to the vacuum barrier.

The behavior of theE2 peak is substantially different: its
main contribution comes from transitions in a region close

the special pointk5(2p/a)( 3
4 , 1

4 , 1
4 ).30 At this point the

alignment of both valence and conduction GaAs and Al
bands is almost flat and the electronic wave functions
completely delocalized over the whole heterostructure. T
explains why theE2 peak in GaAs/AlAs superlattices is at a
intermediate energy between bulk GaAs and AlAsE2 peak
positions and does not shift when the superlattice perion
decreases. Our calculated peak positions are in good ag
ment with experimental data;31,3,4 in particular, a splitting of
E2 is reported in Ref. 4. In GaAs/vacuum superlattices
situation changes: electrons near the special point are
fined in GaAs layers and the superlatticeE2 peak has a weak

FIG. 7. Imaginary part of the dielectric function fo
(GaAs)n /(AlAs) n and (GaAs)n /(vacuum)n superlattices, for dif-
ferent values of the periodn. Different curves are offset for clarity
E1 splitting cannnot be easily seen in the figure: the peak positi
have been determined by an enlargement of the spectral regio
interest.
3-6
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blueshift at small superlattice periodsn, going back to the
bulk GaAs E2 energy whenn grows. A single peak obvi-
ously arises in this case since there is no AlAs contributi

Finally, we present in Fig. 9 some curves for the real p
of the dielectric functione1 for GaAs/AlAs heterostructures
We observe that the average or Penn gap~defined as the
energy at whiche1 goes through zero! does not depend on
the superlattice period. This proves that the center of gra
of valence and conduction bands is preserved, as sugge
in Ref. 16: this follows from the compensating effects o
blueshift at the bottom of the band~positive curvature! and a
redshift at the top of the band~negative curvature!.

FIG. 8. E1 andE2 peak positions for GaAs/AlAs~closed sym-
bols! and GaAs/vacuum~open symbols! as a function of superlat
tice periodn. The horizontal lines represent the peak energies in
bulk.

FIG. 9. Real part of dielectric function for (GaAs)n /(AlAs) n

~001! superlattices, for different values of the superlattice periodn.
23531
.
rt

ty
ted

C. Birefringence and absorption anisotropy

In (GaAs)n /(AlAs) n ~001! superlattices theTd point
group of the zinc-blende structure is replaced by theD2d
symmetry group. Cubic crystals present isotropic opti
properties, while in a superlattice the reduction in symme
leads to optical anisotropy in the real part of the dielect
constant~birefringence! and in the imaginary part~absorp-
tion anisotropy or dichroism!. The system is uniaxial, with
the optical axis directed along the growth directionz; thus
the dielectric tensor has the form

e i j ~v!5e i i ~v!d i j , ~3!

whereexx5eyy5e' andezz5e i .32 The macroscopic dielec
tric tensor including local-field effects should be found
the procedure of inverting a matrixe(G,G8) with off-
diagonal elements depending on the reciprocal lattice vec
G.21–24In bulk semiconductors the off-diagonal terms have
small effect on optical properties; in superlattices, howev
they are expected to give a sizable contribution and to
pend on the superlattice period.33 Nevertheless, at this stag
we do not include local-field effects in our calculation: w
directly take into account only the effects of electronic co
finement and band folding on optical transitions. Comparis
with birefringence data reported in Ref. 16 should allow
to determine if one of the two contributions to anisotropy
dominant.

In Fig. 10 we present the frequency dispersion ofe i and
e' , for both real and imaginary parts: the birefringence
dispersionless up to energies close to the direct gap, whi
higher energies it presents resonant contributions. We se
expected that folding and confinement can have a gre
influence on the resonant part of the birefringence: inde
transitions from valence subbands couple differently w
xy- or z-polarized electric fields. Note that the interband a
sorption edge is higher in energy forz-polarized light: this is
in agreement with well known quantum well and superlatt
physics, in which the lowest transition is a heavy hole o
and is forbidden for light polarized alongz.34 Once again the
effect is greater when confinement is stronger~small super-
lattice period!. There is a dispersionless contribution to bir
fringence at low frequencies of the order of 1023–1022 that
cannot be distinguished in Fig. 10. As proposed in Ref.
we decouple this low-energy background birefringence,
scribing Dn(v)5(e')1/22(e i)

1/2 in terms of a fitting func-
tion

Dn~v!5Dnbg2Dngap lnF12S v

vg
D 2G , ~4!

whereDnbg is the background contribution we want to is
late, the second term refers to the resonant contribution,
vg is the gap frequency. In Ref. 16 the three parame
Dnbg , Dngap , andvg are extracted by fitting the experimen
tal data with expression~4!. We also fit our calculated
Dn(v) curves by means of expression~4!. In Fig. 11 we
display the fit parameters as a function of the well width: t
graphs can easily be compared with the analogous exp
mental curves presented in Ref. 16. The gap frequencies

e
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extract by the fit agree both with directly calculated ga
~barely visible in Fig. 7! and with the measured ones.16

Dngap shows an increase of the resonance for small perio
the theoretical curve reproduces the trend of the experime
curve, although the calculated values are smaller. The
den decrease of the measured background birefringe
Dnbg below 40 Å, on the other hand, is completely missi
in our results. Moreover, the calculated magnitude of t
term above 40 Å is remarkably underestimated. The fact s
gests that folding effects give only a minor contributio
while the behavior ofDnbg must be attributed to local-field
effects, as already suggested in Ref. 16. Similar consi
ations can be made for the GaAs/vacuum system.

The magnitude of the background birefringence related
local-field effects can easily be estimated in the case of l
wavelength of incident radiation and not too small super
tice periodsn. If boundaries are assumed abrupt and the c
stituent materials are supposed to conserve their bulk die
tric functions up to the interfaces, we can apply approxim
expressions fore' ande i in terms of bulk constituent scala
dielectric functions,e1 ande2:19

e'~v!5
1

l 11 l 2
@e1~v!l 11e2~v!l 2#, ~5!

FIG. 10. ~a! Components of the dielectric tensor~real and imagi-
nary parts! for a (GaAs)4 /(AlAs) 4 ~001! superlattice and~b! linear
birefringenceDn5(e')1/22(e i)

1/2 for (GaAs)n /(AlAs) n ~001! su-
perlattices.
23531
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e i
21~v!5

1

l 11 l 2
S l 1

e1~v!
1

l 2

e2~v! D , ~6!

where l 1 ,l 2 are the layer thicknesses of the two differe
materials. Using our calculated values of bulk static diel
tric constants in expressions~5! and ~6! we find a rough
estimateDn.0.03 for the local-field contribution to birefrin
gence. This value is much larger than the calculated value
Fig. 11, for all superlattice periodsn, and it is of the same
order of magnitude as the the experimental results at in
mediaten. Only for small periodsn, when relations~5! and
~6! do not hold, should the local-field correction becom
small. Precise calculations of the optical properties includ
local-field effects are obviously required to clarify this poin

IV. SUMMARY AND DISCUSSION

The energy bands and optical constants of~001!-oriented
(GaAs)n /(AlAs) n and (GaAs)n /(vacuum)n superlattices
with n from 4 to 20 have been calculated by the LCB
method introduced in Ref. 13. This approach, in which t
electronic states of the superlattice are expanded in the b
of bulk states calculated by empirical pseudopotentials
found to be adequate and practical for superlattices w
small to intermediate period; it is particularly useful for ca

FIG. 11. Parameters of Eq.~4! as a function of well width~half
of a superlattice period!: ~a! energy gap,~b! Dngap andDnbg . The
results can be compared with the analogous experimental grap
Ref. 16.
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culating how the optical spectra of the bulk materials
modified upon confinement.

Quantum-confinement-induced shifts of the critical po
energies are calculated for both kinds of superlattice and
found to be larger for the GaAs/vacuum system, where c
pling between different GaAs layers is due only to quantu
mechanical tunneling and has a negligible effect. For b
GaAs/AlAs and GaAs/vacuum superlattices, theE1 peak in
the absorption spectrum splits into two peaks with differ
blueshifts for decreasing superlattice period. This res
agrees with the observations of Ref. 3 on GaAs/AlAs sup
lattices, and is attributed to a symmetry splitting of the v
lence bands at theL point. The blueshifts are again larger fo
the GaAs/vacuum system. TheE2 transition instead is found
to be split for large-period GaAs/AlAs superlattices, whe
the electronic states of the bulk are confined in each la
and the absorption spectrum is the superposition of the
bulk ones; the energy of theE2 peak depends weakly on th
superlattice period. The average or Penn gap, defined a
first zero of the real part of the dielectric constant, does
depend on superlattice period, confirming the expecta
that a blueshift at the lower absorption edges is compens
by redshifts in the upper parts of the absorption spectr
The band contribution to linear birefringence of GaAs/AlA
superlattices is calculated and compared with recent exp
mental results of Ref. 16. The zero-frequency birefringe
is found to be much smaller than the experimental resu
the observed static birefringence is attributed to local-fi
rs

r,

y

R

a

.

23531
e

t
re
u-
-
h

t
lt
r-
-

er
o

the
t
n
ed
.

ri-
e
s:
d

effects as already suggested.16 The frequency-dependent pa
of the birefringence arising from band folding and quantu
confinement increases with decreasing superlattice perio
found in the experiment, although the calculated values
smaller.

The present work can be extended in several directio
Within the LCBB scheme relying on empirical pseudopote
tials, a more precise calculation of the optical properties
quires the inclusion of spin-orbit interaction and of loca
field effects: the latter are particularly important to accou
for birefringence of the superlattice. A complete descripti
of the E1 peak requires the inclusion of excitonic effect
which account for half of the oscillator strength of the tra
sition in the bulk. For superlattices with very short perio
the expansion over bulk states becomes unreliable~unless
using a very large basis! and anab initio approach is re-
quired: it would be interesting to compare the results ofab
initio and LCBB calculations for superlattices with a perio
n from 4 to 8, say, whereab initio methods are feasible an
the LCBB approach is still meaningful.
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