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Interband Transitions in Ultrathin GaAs-AlAs Superlattices
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Experimental as well as theoretical data for the optical properties of ultrathin GaAs-AlAs (001) su-
perlattices are presented and analyzed. The dielectric functions €;(w) and e:(w) are calculated by
means of the linear muffin-tin-orbital method, whereas the experimental data are obtained by means of
ellipsometry. Theory and experiments agree with respect to the structures in €; and their variation in
spectral position with superlattice period. Two structures specific to the superlattice are identified and
explained in terms of the reduced symmetry as compared to the bulk materials. Variation of the polar-
ization of the light is predicted to influence the optical properties only slightly.

PACS numbers: 73.20.Dx, 78.65.Fa

Short-period superlattices (SL’s) consisting of alter-
nating very thin (a few monolayers) layers of compound
semiconductors may be considered as new, manmade,
crystals that in general have physical properties different
from those of the constituents in their bulk form, or of
their alloys. It is of general interest to examine how the
optical properties are influenced by the presence of the
new periodicity along the SL growth direction. This has
been demonstrated, for example, in the recent measure-
ments' of the dielectric functions by means of spectro-
scopic ellipsometry. In this Letter we present results of
ab initio calculations of the dielectric functions of one of
the experimentally most widely studied systems,
(GaAs)»(AlAs), SL’s grown in the (001) direction.
Several structures are identified, and their shifts in ener-
gy with the period [specified by (m,n)] of the SL dis-
cussed. This analysis emphasizes the effects of zone-
folded bands and the quantum confinement of electronic
states. The anisotropy effect is examined by our compar-
ing €3 (w) and €)(w), for light polarized perpendicular
and parallel, respectively, to the growth direction, and by
our calculating the static dielectric constants eg- and e
The experimental work of Ref. 1 considered SL’s with
m=n, but for a detailed analysis of the dependence of
the optical properties on the composition, it is important
to include also SL’s with different GaAs and AlAs layer
thicknesses. Therefore, new measurements have been
performed for such systems, and some of the results are
presented here.

To our knowledge, no theoretical study of the dielec-
tric functions of ultrathin (GaAs),,(AlAs), SL’s with
(m,n) > (1,1), which simultaneously covers the entire
photon-energy range where all the optical structures are
present, has been published. Caruthers and Lin-Chung?
used an empirical pseudopotential method to derive band
structures and dielectric functions, € (w) and €3 (w), for
the (1,1) SL. However, the bands derived in this way
depend strongly on how the pseudopotentials are chosen,
and the calculated? €3 (w) is not consistent with ellip-
sometry measurements. Further, €5 (w) and €)(w) of

Ref. 2 differ considerably. This is particularly surprising
as the lengths and strengths of the Ga—As and Al—As
bonds are very similar, and hence only small polarization
effects are expected. Kamimura and Nakayama® used
the pseudopotential method in conjunction with the Xea
method, with @ adjusted so that the gaps of the constitu-
ents were close to the experimental values, to study
€2(@) in the vicinity of the absorption edges (hw < 2.3
eV).

Here the self-consistent scalar® relativistic linear
muffin-tin-orbital method® is used in conjunction with
the local-density approximation formalism® to obtain the
band structures of (GaAs),,(AlAs),. As usual (see, for
example, Christensen’) the application of the linear
muffin-tin-orbital method to these rather open structures
requires the introduction of “empty spheres.” Also, the
Ga-3d states are treated as fully relaxed band states.
The importance of this is discussed elsewhere.® In order
to correct for the well-known “gap problem™ that occurs
when the local-density approximation is applied to semi-
conductors, we have added external potentials that are
sharply peaked at the atomic sites, and that have
strengths chosen’ such that the band gaps in bulk GaAs
and AlAs at three symmetry points (I, X, and L) agree
with experiments at 4 K. The SL potentials are then ob-
tained by our iterating to self-consistency in the SL
geometry, including these extra potentials without fur-
ther parameter adjustment.

The dielectric functions are calculated with inclusion
of the matrix elements (nkIPjIn'lO. There are evalu-
ated® for each component, P;=(#/i)d;, of the momen-
tum operator P (j=x or y and z), with the wave func-
tion |nk) expressed in terms of the one-center expan-
sion.® The k-space integration is performed with use of
the tetrahedron method'® based on 330 k points in the ir-
reducible part of the tetragonal Brillouin zone (BZ).

The calculated e;-(w) for (m,n) =(2,1) (the spectra
for other cases will be presented in Ref. 11) is shown in
Fig. 1, where it is compared to the experimental spec-
trum obtained by ellipsometry. The measurements were
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FIG. 1. Imaginary part, €2(w), of the dielectric function of

the (GaAs),(AlAs); superlattice. The full-line curve differs
from the calculated (dotted) €3*(w) function by inclusion of a
lifetime broadening (simulated by our folding with a Lorentzi-
an of 0.10 eV FWHM). The dashed curve shows the experi-
mental results obtained with ellipsometry.

done on 0.4-um-thick samples grown on GaAs substrates
by molecular-beam epitaxy. Because of the large refrac-
tive index of the materials, the electric field in the sam-
ple is polarized mainly perpendicular to the growth
direction. The measured dielectric function therefore
corresponds to €5 (w). No experimental data exist with
which we could compare our calculations for parallel po-
larization. The spectra are therefore not included here
(they will be shown elsewhere, Ref. 11). The spectrum

shown with a full line in Fig. 1 differs from the calculat-
ed dotted curve by inclusion of a lifetime broadening,
simulated by folding with a Lorentzian of 0.10 eV
FWHM. The positions of all* the peaks in e (w) are
given in Table I, and compared to data obtained, experi-
mentally in the present work as well as those presented
elsewhere."'213-18 In the same table we also give the
peak positions of bulk GaAs and AlAs. The experimen-
tal energies were obtained from a fit of critical-point
line-shape functions to the numerical second derivative
of the spectra.

The electronic properties of GaAs and AlAs are very
similar, and therefore only small differences are expected
between bulk and SL band structures. This is demon-
strated'! by our reproducing the band structures and
dielectric functions of bulk GaAs as (GaAs), or (GaAs);
SL’s. The changes in the band structure due to the sub-
stitution of one Ga atom by Al are very small. The
direct gap at I" becomes larger, and degenerate states at
high-symmetry directions split because of the differences
in the potentials of Ga and Al. The SL spectra contain a
few extra peaks; but they still exhibit all the structure
elements characteristic for zinc-blende semiconductors.
The effects of the zone-folded bands multiply of course
the interband transitions and the number of k points
which contribute to the peaks, but a careful analysis'!
shows that the summation of all interband transitions be-
tween all folded and nonfolded bands which contribute to
the common peaks have their equivalent counterparts in
the zinc-blende BZ.%?° Further, the calculations show
that the SL spectra for the two polarizations are very
similar, except that €)(w) have somewhat higher'' peak

TABLE I. Calculated and experimental values of band gaps (Eg) at T, spectral positions (in eV) of peaks in e (w) for the
(GaAs) (AlAs), superlattices and bulk GaAs and AlAs, and interband static dielectric constant. The last line gives the average-
medium values (obtained by our averaging the inverses of € of bulk GaAs and AlAs).

(m,n) 1,1 (1,2) 2,1 2,2) (3,3) GaAs AlAs

Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor. Expt.
E, 1.93  2.05* 203 210° 1.74  1.82° 1.85 2.02° .79 - 1.51 1.43° 296 3.02¢
Eo 2.04 207° 2.20 2.37¢ 2.06 1.85¢ 2.20 2.08¢ 2.15 2.07¢ 1.51 1.43°¢ 3.04  3.02¢
E, 3.22 3.20¢ 3.50 3.37°¢ 3.26 3.08° 3.36  3.25¢ 3.33 3.25¢ 3.16 2.92¢ 3.82 3.90¢
E\;s 3.50 3.40° s 3.59¢ s 3.28¢ s 3.45¢ s 3.48¢ 3.38 3.14¢ 4.05 4.05¢
E, 4.65 4.67° 4.65 4.63° 468 4.67° 4.67 4.64° 469 4.60° 4.83 4.96°¢ 473  4.69¢
EsL 5.00 4.90¢ 480 4.86° 4.80 s 490 4.96° 4.83 4.98¢ s s I s
Ei 5.70 s 5.64 s 5.67 B 5.70 s 5.70 s 5.60 6.20f 5.51 i
€0 9.12 9.99 11.60 10.93 12.01 12.95 10.98 10.17 9.18
& 9.17 10.03 11.73 10.96 12.38 12.95 10.98 10.17 9.18
(€0) 11.39 10.95 11.83 11.39 11.39

2Ishibashi er al., Ref. 12 (4 K). For other luminescence data see Refs. 13 and 14.
PNagle et al., Ref. 15 (4 K).

“Lautenschlager e al., Ref. 16 (300 K).

dGarriga et al., Ref. 17 (300 K).

°Garriga et al., Ref. 1 and present work (300 K).

fPhilipp and Ehrenreich, Ref. 18 (300 K).

8Harrison, Ref. 19.
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intensities than e3'(w). [This applies to the SL’s with
very short periods considered in the present work. For
(m,n) larger than (6,6) considerable anisotropy is pre-
dicted near E, in agreement with Ref. 3].

We shall now discuss the SL-specific features of the
dielectric functions. Figure 1 shows the appearance of
two new peaks, labeled Es; and Eg.. The absence of
these in the bulk materials may be seen from the calcula-
tions in Ref. 9. The Es shoulder appearing below the
E | peak is attributed to transitions near the point where
the I'L direction cuts through the surface of the tetrago-
nal SL BZ. In the (1,1) SL, Eg is absent because the
high-symmetry L point of the zinc-blende BZ coincides
with the R point of the tetragonal BZ. The Eg. shoulder
is related to parallel-band transitions along the I'X direc-
tion and transitions between folded bands near 'Z. The
structure labeled E| is not present in the ellipsometry
spectrum because of the limitation in photon energy.
(With respect to the omission of the peak E i, see Ref.
4). Concerning the shift in energy with the SL period,
we consider first the cases with m=n. These show
(Table I) that the low-energy optical peaks Eo,Esp,E
and the higher-energy peak Eg§p shift to lower energies
as the period of the SL increases, is in good agreement
with the experimental observations. Next, the data for
the two cases with different m and » show that E,
lies 0.24 eV (0.30 eV, experimentally) higher in
(GaAs) (AlAs); than in (GaAs),(AlAs);. This may be
understood from the difference in the relative amounts of
AlAs and GaAs in the two cases, and the shifts reflect
that E; is higher in energy in AlAs than in GaAs. For
all five SL’s the calculated spectral position of E| is al-
most the same, 5.64-5.70 €V; i.e., neither for m=n nor
for the SL’s with different compositions does this peak
shift when the period is changed. This reflects the fact
that the initial, as well as final, states for these transi-
tions have approximately equal amplitudes in the GaAs
and AlAs regions, and since this structure is located at
nearly the same energy in the two bulk compounds, it is
not affected by the formation of the SL.

The main peak in ¢, has been labeled E, because of its
similarity with E; in the bulk semiconductors, and the
structure element at slightly higher proton energy is
called E§; because it looks like a new structure appear-
ing in the SL. In fact we associated both with E-type
transitions; their origins in k space almost coincide. ' In
the (1,1) SL it is impossible to associate states to either
the “AlAs” or the “GaAs” side. In that case the oc-
currence of two E, peaks reflects the band splittings
caused by the perturbation introduced by the difference
between the Al and Ga potentials. For (m,n) larger
than (1,1), E, remains stationary at 4.67 eV (very close
to the bulk-AlAs value), whereas E§; is stable with
respect to the period in the narrow range 4.80-4.90 eV,
i.e., near the bulk GaAs E, peak position. These obser-
vations apply to the theoretical as well as the experimen-

tal data. For (m,n) larger than (1,1) there is at least
one As layer that can be associated with the “Ga side”
and one that can be considered as belonging to the “Al
side.” It is tempting to assume that the stationarity of
the two peaks reflects the case that one is due to transi-
tions from As-p states to As-s,d states occurring on the
As atoms on the Al side, and the other is due to transi-
tions essentially taking place on the GaAs side. We have
examined the wave functions of the states responsible for
these structures for the (2,2) SL, but did not find any
evidence of confinement that could support such a hy-
pothesis.

The E, energy which gives the onset of the absorption
edges in the optical spectra does not, for all SL’s, coin-
cide with the minimum energy gap (E, in Table ) at I’
because the dipole matrix elements for the direct transi-
tion to a zone-folded state at I' are very small as com-
pared to an allowed direct transition, I'§— I'§, in the
bulk zinc-blende compounds.

The theoretical spectrum (dotted curve in Fig. 1) con-
tains weak structures that disappear as the broadening
(solid curve) is included. One example is indicated by
an arrow without a label. Corresponding structures
could not safely be identified in the experimental data.

The interband contribution to the static dielectric con-
stant €j (j =_L,ll) can be evaluated with the sum rule

eé=l+(2/n)£ww_]6{(w)dw. (1

The results?! are presented at the end of Table I, togeth-
er with the theoretical and experimental values of the
static dielectric constants'® of bulk GaAs and AlAs. The
calculated € increases with SL period, and € is slightly
greater than eg-, but their difference is very small. Since
the dielectric constants of bulk GaAs and AlAs are
different, €} of the SL’s may be expected to depend on
the relative amounts of Ga and Al as in the case of
Al,Ga, - ,As alloy, but an average-medium model can-
not explain the different values for (GaAs),, (AlAs),,
when m goes from 1 to 3. This rather shows that each
ultrathin SL behaves like a new crystal with its own
dielectric properties, different from what would be pre-
dicted by a macroscopic averaging scheme (bottom line
of Table I).

In conclusion, the calculated optical properties of
GaAs-AlAs SL’s derived from self-consistent band struc-
tures agree well with ellipsometric measurements. Two
new peaks were found in the dielectric functions of the
SL’s. One, Egy, is induced by the tetragonal symmetry
for SL’s where at least one of the constituent layers is
wider than one monolayer. Another (E§ ) is like the
main peak (E,) considered to have similar origin as E;
in the bulk zinc-blende compounds, but the occurrence of
such two peaks is specific to the SL’s. All other peaks
have their counterparts in the bulk materials. Apart
from one structure (E{), which was not included in the
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experimental spectra because of the finite photon-energy
range, a one-to-one* correspondence is established be-
tween the calculated and experimentally found prom-
inent structure elements. The anisotropy effects, as ex-
pressed in terms of the polarization dependence of the
dielectric functions, are shown to be very small in con-
trast to an earlier calculation.? It would therefore be in-
teresting experimentally to examine the polarization
dependence of the optical properties.
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