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Resonant Raman scattering has been observed in (GaAs);(AlAs); superlattices (one layer of
GaAs alternating with one layer of AlAs) for the excitations in the region of the optical phonons
of AlAs and GaAs with use of laser photon energies around 1.9 and 2.1 eV. With the help of
linear muffin-tin-orbital (LMTO) band-structure calculations these resonances are attributed to
transitions from the GaAs-like top of the valence band to the folded X; conduction band of AlAs
and to the I') GaAs-like conduction band. The Raman spectra reveal longitudinal phonons propa-
gating perpendicular to the superlattice planes and also, around the 1.9-eV resonance, satellites of
these phonons shifted slightly to higher frequencies. These satellites are tentatively attributed to
random inversion of Al-Ga pairs, i.e., to imperfections of the superlattice.

I. INTRODUCTION

The electronic structure of GaAs-AlAs-based superlat-
tices has received considerable attention.'~® In order to
avoid the complications involved in the electronic struc-
ture of the alloys, most calculations consider superlat-
tices composed of n layers of pure AlAs alternating with
m layers of GaAs [denoted (GaAs),, (AlAs),]. We dis-
cuss here the prototype of those superlattices, namely
that form =n =1 (1X1).

For superlattices with large values of m and n
[m,n>4 (Ref. 1)] the electronic structure near the
GaAs-like band edges can be simplified with the concept
of confinement. The electrons are confined to the GaAs
slabs and can be treated as two dimensional. The calcu-
lation of the two-dimensional electron bands can be easi-
ly performed once the band offset at the interface is
known. One has, in this case, a system of multiple quan-
tum wells. For m,n <4, the interaction between the
electrons in the quantum wells is considerable and the
two-dimensional character is lost. The calculations must
then be performed by treating the crystal as a whole,
with a large primitive cell consisting of the
(GaAs),, (AlAs), building block. Two types of such cal-
culations have been performed. In Refs. 1, 4, and 6 the
calculations were based on the empirical pseudopoten-
tials of the constituent atoms which, unfortunately, are
only reliably known for wave vectors | G| > (27/ay)V'3
(ag=Ilattice constant of GaAs).* The pseudopotentials
for smaller values of | G| can be obtained by extrapola-
tion, so as to yield the correct band offset for m,n > 4.
The accuracy of such procedure is difficult to evaluate.
The calculations of Ref. 2 were based on empirical tight
binding parameters. Other calculations are ab initio,
based on a self-consistent potential in which, however,
exchange and correlation are treated in the local-density
approximation (LDA).>7 This approximation is known
to lead to errors in the gaps for interband excitations.’
Several ad hoc methods are used to correct such errors,
at least partially, by adjusting some parameters like a in
the so-called X, method,® or introducing a ‘‘scissors
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operator.”'°

In this paper we have tried to overcome this “gap
problem” which arises in LDA calculations of
(GaAs) (AlAs), superlattices by adding external poten-
tials which are sharply peaked at the centers of the
spheres used in the LMTO calculations of Ref. 5. The
strengths of these potentials were determined so as to
correct the “gap problem” in the bulk constituents.!!
Although the accuracy of the procedure is also difficult
to ascertain from the fact that it works on GaAs and
AlAs, it is easy to conjecture that it should also work for
(GaAs) (AlAs);. An analysis of the angular momentum
composition of the calculated eigenfunctions enables us
to determine the symmetries of the states around the gap
at the T" point of the folded Brillouin zone (‘“‘minizone”).
The results can be used to assign two gaps observed in
resonant Raman experiments.

The resonant Raman experiments have been per-
formed for the GaAs-like and the AlAs-like optical pho-
nons of (GaAs),(AlAs);. It is known that those phonons
remain strongly confined to the GaAs and the AlAs lay-
ers, respectively, [at least for n >2 (Refs. 12-15)] and
thus should correspond roughly in frequency to bulk
phonons at the X point for the (GaAs);(AlAs), superlat-
tice. Besides these confined or nearly confined modes,
nonconfined or “interface modes” have been recently ob-
served in superlattices with n,m >7.'!" These are
modes which propagate parallel to the interface. They
are forbidden for backward scattering and thus can be
observed only very close to resonance when the k con-
servation is lifted by impurities or surface roughness.
Another possible mechanism for their observation is for-
ward scattering by the beam reflected at the
superlattice-substrate interface. These modes should ap-
pear between the TO and LO frequencies of the bulk
materials.

Here we have looked for such modes in small period
superlattices (m <3) and found no evidence of them at
room temperature. We have observed, however, for
m =1,2 satellites of the main LO phonon when the fre-
quency of the exciting laser lies near 1.9 eV. These sa-
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tellites appear at frequencies higher than the main LO
modes. They are tentatively attributed to inverted Al-
Ga pairs near the layer interfaces.

II. EXPERIMENT

The Raman measurements were performed with a
SPEX Triplemate spectrometer using a multichannel
detection system base on an ITT Mepsicron photodetec-
tor. The resolution of the system was 4 cm™! at 2 eV.
Discrete laser lines of Art- and Kr™*-ion lasers were
used and also, for detailed measurement of resonance
profiles, a Coherent Radiation cw dye laser operated
with the dyes Rhodamine-6G (2.1-eV region) and DCM
[(1.9-eV region)]."® At low temperatures the Raman
spectra were swamped by strong luminescence. Hence,
we performed all our measurements at room tempera-
ture.

The (GaAs),(AlAs); superlattices were grown on a
(001)GaAs substrate by MBE in the manner described in
Ref. 19. They were part of a series of ultrathin-layer
(GaAs),, (AlAs),, superlattices with 1<m <10, which
were grown by molecular-beam epitaxy (MBE) and care-
fully characterized by x-ray diffraction and low-
temperature photoluminescence (PL) measurements (see
the Appendix).?® The growth rates of GaAs and AlAs
monolayers were accurately controlled by the period of
the intensity oscillations of the specularly reflected beam
in the reflection high-energy electron diffraction
(RHEED) pattern. The formation of high-quality lay-
ered crystals is confirmed by the appearance of distinct
satellite peaks around the (002) and (004) reflections of
the x-ray diffraction pattern. The PL spectra of the
ultrathin-layer (GaAs),,(AlAs),, superlattices are in
marked contrast to those obtained from the ternary
Al sGag sAs alloy grown in a different run under the
same growth conditions. While the ternary alloy shows
three PL lines, the no-phonon line, and two phonon side-
bands of approximately the same intensity, the superlat-
tices exhibit one strong PL line which shifts strongly in
energy as a function of superlattice period. The lumines-
cence of the (GaAs),(AlAs); monolayer superlattice has a
maximum at 1.93 eV, which is about 140 meV lower in
energy than the no-phonon line of the ternary alloy of
the same composition. This result for the monolayer su-
perlattice is in good agreement with band-structure cal-
culations."?

III. RESULTS

The Raman spectra measured with three different
Ar*- and Kr™*-ion laser lines (w;=1.916, 2.182, and
2.409 eV) are displayed in Fig. 1. As shown in Fig. 2 the
spectrum for w; =1.916 eV corresponds to the top of a
resonance peak, while that for 2.182 eV is slightly above
resonance. The spectrum taken with w; =2.409 eV is
nonresonant. The 1.916 eV data of Fig. 1 display two
distinct peaks in the LO (GaAs) region and a peak with
a shoulder in the LO (AlAs) region. These doublets are
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FIG. 1. Raman spectra of (AlAs),(GaAs), in the region of
LO GaAs-like and AlAs-like vibrations obtained with three
different laser frequencies at room temperature. The solid line
represents incident and scattered polarizations parallel to the
same crystal axis, the dashed line represents polarization paral-
lel to two different crystal axes.

similar to those reported in Ref. 17 for m =n =2 and
larger period superlattices.

At the other two excitation frequencies only the lower
of the two pairs of structures is seen clearly [at ~273
cm™~! for LO (GaAs), ~386 cm ™! for (AlAs)]. The peak
observed at 292 cm™! for w; =2.409 eV corresponds to
the LO phonon of the GaAs substrate. For the resonant
spectra, the depolarized component is weaker than the
polarized one. The opposite is true for the nonresonant
spectra. The resonance at 2.15 eV appears to be
stronger than that at 1.93 eV. The former was observed
at the same position even in poorer quality samples (as
characterized by x rays) while the latter depended rather
critically on sample quality.
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FIG. 2. Resonances of the maxima of the structure shown
in Fig. 2. Two resonance energies are seen for the LO GaAs-
like and AlAs-like peaks and also for the LO; mode of GaAs.
The latter exhibits stronger resonance at ~1.9 than at ~2.5
eV.
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IV. THEORY AND DISCUSSION

A. Electronic states

The band structure of (GaAs);(AlAs), was calculated
self-consistently using the Dirac relativistic formulation
of the linear mulfin-tin-orbital (LMTO) method. We
show in Fig. 3 the bands along the symmetry lines I'-R
and I'-M of the tetragonal Brillouin zone which corre-
spond to the I'-L and I'-X (parallel to the layer plane)
of the fcc lattice (see Fig. 4). The I'-R directions of the
“minizone” correspond, if the two metal atoms are the
same, to the '-L and I'-X directions of zinc blende
(the latter perpendicular to the plane of the layers). The
calculation proceeded along the lines of Ref. 5 except
that the &-function-like external potentials were added at
the center of the atomic spheres, including the empty
spheres. These potentials have the form'!

Yo —(r/ry)?
—e o,
r

Vir)=V, (1)
We list in Table I the values of the parameters V, and r
which gave good fits to the I (direct), L, and X (indirect)
gaps of GaAs and AlAs. We were able to keep the same
parameters for As and the empty spheres surrounded by
As in both materials.

We list in Table II the energies of the three top
valence bands and those of the six lowest conduction
bands at I" for (GaAs),(AlAs), as obtained by the LMTO
method after adding the potentials of Eq. (1). We have
also listed the energies of the corresponding states for
zinc-blende-type GaAs and AlAs calculated with the ad-
ditional potentials of Table I. The correspondence is
easily derived by looking at the angular momentum
composition around the three atoms and the correspond-
ing empty spheres (Table III). The valence bands are
composed mainly of As 4p functions (60%), the highest
being of pure I's orbital symmetry (x,y), which is the
(%,i%) band in angular momentum notation. The
second and third highest valence bands are mixed I's
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FIG. 3. Band structure of (AlAs);(GaAs), calculated with
the LMTO method with correction for the “gap problem” as
indicated in the text.
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FIG. 4. Brillouin zone of the fcc lattice and, inscribed in the
fcc lattice as thick lines, Brillouin zone (BZ) of the tetragonal
lattice of (AlAs);(GaAs);. The symmetry point notation of the
tetragonal BZ is given in brackets, that of the fcc BZ without
brackets.

and T'3(z), i.e., they correspond to the (3,%=4) and

(4,£1) angular momentum states. (Note that our I'; is
labeled ' in Refs. 4 and 6. We prefer here the label I';
so as to agree with the conventional X3 notation for the
X point of zinc blende.) The two upper valence bands
are nearly degenerate (splitting 20 meV), the third is
split from those by 330 meV, nearly the same spin-orbit
splitting as for GaAs and AlAs.

The 20 meV “crystal-field” splitting of the top valence
bands may be changed by a slight mismatch in the lat-
tice constant of GaAs (5.653 A) and AlAs (5.660 A)*!
(the calculations were performed for the same lattice
constant of 5.653 ;\, i.e., that of bulk GaAs). The effect
of this mismatch strain has not been calculated in detail.
It is, however, easy to estimate it. If we assume that the
GaAs layers are not strained because of the influence of
the GaAs substrate we obtain as correction the I's-I's 5
splitting:

2C,
Cn

A(FS-FS’:;):S 1+ b Py (2)

where b is the shear deformation potential of the I'y
band of AlAs, C;; the elastic stiffness constants, and &
the lattice constant mismatch Aaq/a, of AlAs with
respect to GaAs (8 <0). Equation (2) includes the fact
that both AlAs and GaAs contribute nearly equally to
the valence bands, i.e., the splitting that would obtain in
bulk AlAs has been divided by two. Replacing into Eq.
(2) the known values of b (—1.9 eV for GaAs, we take
the same for AlAs) and (2C,, /C,;)=0.9 for GaAs, 0.85

TABLE 1. Parameters of the potential of Eq. (1) used in the
present work to correct for LDA errors in the gaps. ¥V is in
hartrees (27.2 eV) and r in bohrs.

Empty spheres

As Ga Al As;, As, Ga Al
Vo 190 280 340 6 5 5
ro 0.015 0.015 0.015 0.55 0.55 0.55
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TABLE II. Energies of the three top valence bands and the six lowest conduction bands of (GaAs);(AlAs);, GaAs, and AlAs ob-
tained with the LMTO method with correction of LDF errors effected by potentials of the type of Eq. (1) with the parameters given
in Table I. The irreducible representation of the D,, structure is given followed by the corresponding zinc blende representations.
The energies are referred to the natural ASA scale in which the Coulomb potential of the atomic spheres is zero at infinity.

rl; ri rl, ri rs ri ri xj r$ Xt rs r{ i, ri rs re rl, ri
(GaAs) (AlAs), —1.51 —1.19 —1.17 0.75 0.78 1.57 2.81 2.93 2.94
GaAs —1.44 —1.09 —1.09 1.14 0.82 0.31 2.57 2.78 2.78
AlAs —2.08 —1.76 —1.76 0.99 0.20 1.15 2.61 2.64 2.64
for AlAs (Ref. 21) we find A(T's—TI's ;)= +4 meV, i.e, different symmetries, a small perturbation may reverse
the splitting would increase only slightly. If the memory their order. Thus we cannot rely on our calculations to
of the substrate lattice constant a is lost, due to the for- establish this order. The resonance data of Fig. 2, how-
mation of dislocations (i.e., in our case, the presence of ever, support the calculated ordering although the mea-
vacancies), the strain effects on AlAs (8 <0) would can- sured I';-I'; splitting (218 meV, see below) would be
cel those on GaAs (6 >0). larger than the calculated one. We find this difference

Before applying the potentials of Eq. (1) and Table I between theory and experiment acceptable in view of the
the lowest conduction band state of the superlattice was vagaries of our correction to the LDA.
the counterpart of the lowest conduction band state of The optical matrix elements for the valence to I';
GaAs. The application of the adjusting potentials lifts transition should be much smaller than those for transi-
this ' state more than the I'} state which becomes the tions to the lowest I'; states. This is a carryover of the
lowest. The energy difference between these states, how- I's— X ; forbidden transition of zinc blende. In fact, in
ever, is rather small (30 meV) and, since I'; and I'; have the (GaAs) (AlAs), structure the I'; transitions should

TABLE III. Angular momentum decomposition (in %) of the wave functions around the As, Ga
and Al spheres, and also the empty spheres inside of As and Al-Ga tetrahedra, as obtained with the
LMTO method. The energy of the state with respect to the top of the valence band is given in eV un-
der its irreducible representation. The atomic and empty sphere coordinates are (in units of ay/2)
As(1,0,27172), (0,1,3%x2717?), Ga(0,0,0, Al(1,1,2!73), As,(0,0,2'7%) Asy(1,1,0), Ga-Al(1,03x271/2),

0,1,27172),
Empty spheres
State and
energy Component As Ga Al As, As, Ga-Al
i, s 0 0 0 0 0 0.2
—0.34 P 68.9 6.7 4.5 0.1 0.3 24
d 1.2 3.8 6.0 2.9 24 0.3
i, s 0 0 0 0 0 0.5
—0.02 P 67.3 7.4 43 0.1 0.3 2.5
d 1.4 3.7 6.5 3.1 2.3 0.4
| ] s 0 0 0 0 0 0
0 P 68.2 6.4 5.2 0.2 0.1 2.6
d 4.0 4.2 5.9 2.7 2.7 0.4
I} s 7.1 0 0 0 0 41.1
+1.92 P 1.4 8.1 12.6 4.0 2.5 0
d 10.6 5.0 3.5 1.8 3.3 0
¢ s 25.9 33.2 3.2 8.0 3.0 8.5
+1.95 P 6.7 0 0 0 0 0.5
d 45 1.1 2.1 0.1 0.3 2.6
r$ s 13.4 0 30 6.0 14.0 6.9
+2.74 )4 7.0 0 0 0 0 0.4
d 9.9 2.1 4.0 0.4 0.7 53
i, s 0 0 0 0 0 0
+3.98 P 4.3 25.6 24.9 6.5 6.1 4.8
d 15.8 0.6 0.8 1.0 0.8 8.8
| ] s 0 0 0 0 0 0
+4.10 4 4.6 25.2 24.2 6.5 6.3 49
d 15.9 0.6 0.9 0.9 0.9 8.9
ri, s 0 0 0 0 0 0
+4.11 ? 4.6 24.7 24.8 6.8 6.1 4.9
d 15.9 0.6 0.9 1.0 0.9 8.9
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become allowed mainly because of the difference in Al p
and Ga p compositions of the I'; state (Table III). The
corresponding matrix element can be estimated to be, us-
ing the data of Table III

(% | py | T5) ~ 10~ {VER(VIZ6—VED)]Q
—0.060 , 3

where Q is the I's (valence)— I's (conduction) matrix ele-
ment of zinc blende [Q =0.5 a.u. (Ref. 22)]. For the
I's— T, transitions we estimate in a similar manner:

(X% |pe | T)=10"2[V68(V33.2+V12.7)]P
=0.62P , @)

where P=~0.6 a.u. Thus we see that the matrix element
of Eq. (4) is one order of magnitude larger than that of
Eq. (3), and the oscillator strength for transitions to I';
should be 2 orders of magnitude smaller than that for
transitions to I';. The larger effective mass of the I';
minimum, however, should enhance the strength of the
weak I'; transitions which will, nevertheless, remain
weaker than those to I'). Thus we assign to the former
the weak-resonance peak of Fig. 2 (1.93 eV) and to the
latter the stronger one (2.15 eV). The reversal of the
I';-X; order of GaAs in (GaAs),,(AlAs),, for m =1 can
be understood as related to the large increase in the I';
minimum with decreasing m (quantum well effect) while
this effect is absent for the X; minima because of the ab-
sence of a barrier. Hence a crossing must occur (see
Ref. 1) approximately for m =2 or 3. One may argue,
however, that the I'; minima under consideration con-
tain, according to Table II, a mixture of Al and Ga p
functions with predominance of the former for which
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there may be an energy barrier. Nevertheless, the
masses at X3 are so large that confinement effects on the
energy should be negligible. Other available calculations
also reproduce the I';-T"; ordering found here.!~*

Some effort should be made to detect transitions to the
third lowest I'; conduction state, mainly Al 3s-like,
which should yield a transition matrix element of the or-
der of that of transitions to the lower I';. The transi-
tions should occur around 2.7 eV (Table III).

We have not been able to resolve the transitions from
the two top valence bands (I']; and I'%) and thus to
determine their ordering, although we believe that the
theoretical results should be reliable (note that I' ; 3 and
I'§ correspond to (3,£1) and (3,£3), respectively, in
angular momentum notation). The reason for our failure
is that we are only observing transitions polarized in the
plane of the layers. In this case the (3,1 3) states should
give the larger contribution.”? Observation of emission
(luminescence or light scattering) along the plane of the
layers, as done in Ref. 23 for larger values of m, should
help resolve the splitting and establish the ordering of
the I's-I's 3 states (especially if these measurements are
performed at low temperatures).

We note that the resonances of Fig. 2 peak at slightly
lower energies for the GaAs phonons (1.922, 2.142) than
for those in AlAs (1.940, 2.156). The difference, 16+2
meV, is rather close to the difference between the pho-
non frequencies of GaAs and AlAs (14 meV according
to Table 1V). This suggests that the resonances occur
when the photon energy of the scattered photon equals
that of the gaps (outgoing resonance). This phenomenon
is typical of defect-induced resonance in the scattering
by LO phonons.23’24 If this situation applies, one would
have to subtract the phonon energy from the energies of

TABLE 1IV. Compilation of wave numbers (cm~') of Raman structures observed at 300 K for
(AlAs),, (GaAs), with m =n =1,2,3. The symbol | represents incident and scattered polarizations
parallel to the same crystal axis while | represents polarizations parallel to two different crystal axes.

The LO phonons of the bulk materials were found to be at 291.5 (GaAs) and 402 (AlAs) cm~!. The
LO; modes are assigned in the text to Ga-Al pairs.
Superlattice fiw;, (eV) LO,| LO,L LO,,| LO,,L
GaAs region m=n=1 1.916 275.3 275.8 284.5 287.5
2.182 271.5 271.5
2.409 273.5 273.1
m=n=2 1.916 277.3 278.1 285.3 287.5
2.182 275.0 278.5
2.409 276.0 278.7
m=n=3 1.916 283.1 283.1
2.182 283.1
2.409 284.0 284.2
AlAs region m=n=1 1.916 385.8 390.5 390.5
2.182 384.6 384.6
2.409 387.4 387.4
m=n=2 1.916 384.4
2.182 384.7
2.409 387.5
m=n=3 1.916 397
2.182 382.3 381.6 394
2.409 394
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the resonant peaks to obtain the corresponding gaps.
This would lead to 1.890 and 2.108 eV for I's ;—TI'; and
I's ;—TI; gaps, respectively (compare with the calculated
1.92 and 1.95 eV given in Table III).

B. Phonons

We have shown in Fig. 1 that in the nonresonant situ-
ation (2.41 eV) the configuration with crossed polariza-
tions L[z (x,y)Z in standard notation] gives the dominant
spectra. This is expected from the I'; (B, in molecular
notation) symmetry of the corresponding LO phonons.
The || configuration [z(x,x)Z] should only couple in the
dipole approximation to phonons of I'y and I', symme-
try!2 which do not exist in this region for the m =n =1
superlattices. I'; phonons have been seen to resonate
rather strongly in the || configuration in superlattices
with m =n =7 for which the electron states are com-
pletely localized in the GaAs layers.'>!® For smaller
values of m and n, for which band formation along the z
direction takes place, the standard forbidden intraband
Frohlich mechanism can make the I'; vibrations allowed
near the resonance in || configuration.?> This is seen in
Fig. 1: both AlAs- and GaAs-like phonons not only ap-
pear in || configuration under resonant excitation but
they become dominant. Most conspicuous is the appear-
ance of a second structure above the main I'; phonon
but below that of the bulk compound (~286 cm™!,
390.5 cm™!). This structure cannot be assigned to any
phonon propagating along z. We have thus considered
assignment to phonons propagating perpendicular to z.
Such phonons can be treated as vibrations of an average
material, with an average dielectric constant €=J(€g,as
+€a1as) and are often referred to as “interface
modes.”'>1317 Setting this dielectric constant equal to
zero one obtains longitudinal modes propagating perpen-
dicular to z. Such modes have been observed!>!” for
m,n >4 where they fall between the first confined LO
and TO modes. For smaller period superlattices the
electrostatic treatment should break down and one can
conjecture that the “interface modes” fall above the first
LO mode since the interface modes are related to the
LO-TO modes of the bulk material at kK =0 while the al-
lowed LO mode is basically an edge-of-the-zone mode.
However, recent lattice dynamical calculations based on
the shell model?® have shown this not to be the case for
m =n =1-5. We note that the high-frequency satellite
is also observed for m =n =2 (see Ref. 27) but not for
m =n =3 (Table IV). We are thus led to an interpreta-
tion of the satellites in terms of imperfections of the su-
perlattices, which, anyway would also be required to
couple to the “interface modes” in backscattering.

Probably the most likely type of defect is a reversal of
a second neighbor Ga-As pair. This would produce, for
the m =n =1 superlattice, Ga-As-Ga and Al-As-Al
units which would be expected to yield local vibrational
modes at frequencies closer to those of the bulk (thus
higher than the LO’s of the perfect superlattices). For
m =n >1 the reversal would be most likely to occur
about the As interfaces. For m =n >3 the number of
reversed pairs should be smaller than in the m =n =1,2
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cases. This may explain the lack of satellites in these
cases. Until further work is performed this conjecture
must be taken as tentative.

It is interesting to note that both GaAs- and AlAs-like
modes resonate with nearly the same strength at both
resonances. This may appear somewhat strange when
one considers that the I's;—I'; gap (~2.15 eV) is
GaAs-like. For a larger period superlattice under these
conditions only the GaAs phonon modes would resonate
at a GaAs-like gap. However, in the case of the I';
mode of an m =n =1 superlattice all As atoms move
with nearly the same amplitude for both AlAs- and
GaAs-like modes. Hence both types of modes should
“modulate” both GaAs- and AlAs-like gaps and thus
resonate at them.

The wave numbers of all peaks observed in Fig. 1 are
listed in Table IV, together with the results of similar
measurements for superlattices with m =n=2 and
m =n =3. We note that there are small changes in the
wave number of a given structure when observed with
different laser lines. No systematic study of such varia-
tion has been performed.

V. CONCLUSIONS

In a (GaAs);(AlAs), superlattice we have observed res-
onances of the Raman scattering by GaAs- and AlAs-
like LO phonons. The resonance maxima are identified
to be “outgoing resonances.” On the basis of LMTO
band structure calculations the corresponding resonant
gaps at 1.890 and 2.108 eV, at room temperature, are as-
signed to transitions from the top valence band to the I';
and I'; conduction bands, respectively. At the I'; reso-
nance, additional peaks appear which can be tentatively
assigned to reversed Ga-Al second-neighbor pairs.
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APPENDIX

In this appendix we present some results to illustrate
the quality of our ultrathin-layer (GaAs),, (AlAs),, super-
lattices used here. The crystal quality and the superlat-
tice period were determined from x-ray rocking curves
using a high-resolution double-crystal x-ray diffrac-
tometer?” and also a counter diffractometer for a rapid
scan over a wide range of diffraction angles. The
diffraction patterns were recorded in the vicinity of the
(002) and the (004) reflection using Cu K a radiation. In
Fig. 5 we show the measured x-ray diffraction curves for
the m =1, 2, and 3 superlattices. In this figure the (002)
peak at 0=15.8° as well as the (004) peak at 6=33.0°
originate from both the epitaxial layer and the substrate.
The weak (=*1) satellite reflections on the higher and
lower angle side of these two Bragg reflections clearly in-
dicate the existence of periodic structures. The period D
of the (AlAs), (GaAs),, superlattices can be determined
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FIG. 5. X-ray diffraction curves of (GaAs),,(AlAs),, super-

lattices with m =1, 2, and 3 obtained in the vicinity of the

(002) and (004) Bragg reflections using Cu K a radiation.
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from the angular distance between the zeroth-order (002)
or (004) peak and the respective () satellite peaks using
the equation

_ A

o 2 [ Sine(t”— Sineo |

D (A1)

where A is the x-ray wavelength and 6.4, and 6, are the
diffraction angles of the first-order satellite and of the
zeroth-order reflection, respectively. Precise measure-
ments of the angular separation Af,; between the sub-
strate diffraction peak and the zeroth-order diffraction
peak of the superlattice by means of the double-crystal
x-ray diffractometer yield the average value of the lattice
constant and the average value of the Al composition x
of the epitaxial layer, i.e., of the (GaAs),, (AlAs),, super-
lattice by applying Vegard’s rule similar to the case of
the ternary Al ,Ga,_,As alloy.”’ While for the m =3
and m =2 superlattices distinct (*) satellite peaks are
located at the expected angular position, we observe a
splitting of the satellite peaks for the m =1 superlattice.
Two peaks appear around the ideal (001) position at
60=7.827° (20=15.654°) as well as around the ideal (003)
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TABLE V. Variation of photoluminescence peak energy as
a function of period length observed in ultrathin-layer
(AlAs),,(GaAs),, superlattices kept at 2 K. For comparison,
also the energy of the bound-exciton luminescence detected in
the ternary Al,Ga,_, As alloy is included.

Superlattice Average Al Luminescence
configuration composition x peak energy (eV)
(AlAs)(GaAs), 0.51 1.931
(AlAs),(GaAs), 0.51 1.968
(AlAs);(GaAs); 0.49 2.033
(AlAs)4(GaAs), 0.49 1.964
Al,Ga,_,As alloy 0.52 2.077

position at 6=24.11° (260=48.22°). This splitting im-
plies a slight deviation of the superlattice period D from
the ideal (twice the lattice constant a). From a careful
evaluation of the RHEED intensity oscillation patterns
we assume that the period length of the (AlAs),(GaAs),
superlattice might be larger by about 5 to 8 % as com-
pared to the ideal value of 5.659 A. In this case each of
the two satellite peaks located closer to the (002) and to
the (004) reflection belongs to the respective zeroth-order
peaks.

The low-temperature photoluminescence spectra ob-
tained from the four prototype ultrathin-layer
(GaAs),, (AlAs),, superlattices with m=1, 2, 3, and 4
are dominated by a strong luminescence line which shifts
in energy as a function of period length, i.e., of m. In
Table V we have summarized the luminescence peak en-
ergies of the four superlattices. For comparison we have
also included the peak energy of the bound exciton
(“no-phonon”) line from the ternary Al,Ga,_,As alloy.
Although all five sample configurations were prepared
under similar MBE growth conditions and have nearly
the same average composition of Aly ;Gag sAs, distinct
differences exist in the peak position and in the line
shape of the observed luminescence. The important re-
sult is that except for the ternary alloy the m =3 super-
lattice exhibits the highest luminescence peak energy of
all (GaAs),, (AlAs),, superlattices. In particular the
luminescence of the monolayer superlattice is shifted by
146 meV to lower energy as compared to the ternary
A10.52G30.48AS alloy.20

*On leave from Tohoku University, Sendai, Miyagi 980, Japan.
Permanent address: Central Research Laboratories, Mitsu-
bishi Electric Corporation, Tsukaguchi-honmachi,
Amagasaki, Hyogo 665, Japan
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