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Direct and indirect transition in (GaAs)„/(A1As)„superlattices with n = 1 —15
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Photoreflectance and photoluminescence measurements are carried out in (GaAs)„/(AlAs)„su-
perlattices with n ranged from 1 to 15 at room temperature. Analysis of photoreflectance spectra
gives several critical-point energies with a high accuracy which coincide with the photolumines-
cence peak energies in superlattices with n 10. In superlattices with n (10 the lowest transition
energy determined from photoreflectance analysis is found to be larger than the lowest peak energy
of photoluminescence, whereas the higher-energy peak of photoluminescence agrees well with the
transition energy obtained from the photoreflectance analysis. The present results strongly suggest
an existence of crossover of direct and indirect transition in the superlattices around n =10.
Energy-band structures and momentum-matrix elements are calculated by tight-binding method
based on sp's* with including the second-nearest-neighbor interactions, which show a crossover of
direct and indirect transition around n =8. The lowest peak energies of photoluminescence data
agree with the lowest calculated indirect band gaps in superlattices with n & 10 and with the lowest
direct band gaps for n ~ 10. The lowest transition energies determined from the photoreflectance
analysis exhibit a feature similar to the layer-number dependence of the calculated direct band gaps
in the whole range of n, but a disagreement in the energy values between the two exists in the range
of n from 5 to 10. A disagreement between the present and previous data for n =5 is explained in

terms of layer-number fluctuation, which is supported by the energy-band calculation of a long-
period superlat tice such as (GaAs) „/(AlAs) „/(GaAs) „+l/(A1As) „.

I. INTRODUCTION

Electronic properties of heterostructures have received
great interest because of their potential application to
high-speed electron devices. Electrical and optical prop-
erties of two-dimensional electron gas confined in a quan-
tum well region have been studied in detail and well ex-
plained by taking into account the singularity of the den-
sity of states.

Short-period superlattices (SL's) consisting of thin al-
ternative layers have been investigated mainly in view of
optical properties. However, fundamental questions
remain unanswered regarding the fundamental absorp-
tion edge, direct, indirect, or pseudodirect transition. It
is well known that the lowest conduction band of A1As
lies near the X point in the Brillouin zone, resulting in the
indirect band gap, whereas the lowest conduction band of
GaAs is located at the I point, resulting in the direct
band gap. The Brillouin zone of the short-period SL's is
folded in the direction of k vector perpendicular to the
layer and thus it is expected that the lowest conduction
band of (GaAs), /(A1As), SL becomes indirect or pseudo-
direct with the lowest state having predominantly the
character of the folded X-point state.

Another concept of the band structure of
(GaAs)„/(A1As)„SL's is the type-II band alignment due
to the band crossing of the lowest I conduction band in
GaAs and the lowest X conduction band in AlAs. Photo-
luminescence (PL) measurements are interpreted in terms

of the type-II band alignment. ' However, it should be
noted that such a concept disregards the zone-folding
effect and thus assumes electron-hole recombination
across the A1As barrier layers. Very recently Kato
et al. reported measurements of photoluminescence and
absorption in the (GaAs)„/(A1As)„SL's at 14 K and
found that the photoluminescence peak lies well below
the fundamental absorption edge in the SL's with n (13,
suggesting the SL's are indirect band-gap materials.

From a theoretical point of view, the question of the
electronic structure of (GaAs)„/(A1As)„SL's has been in-

vestigated by a variety of methods from the simplest
Kronig-Penney calculation, through envelope-function-
type calculations' to the sophisticated microscopic
methods based on tight-binding, " ' empirical and self-

pseudopotential, and 1peal-density,
or augmented-spherical-wave calculations. These re-
sults are contradictory and the crossover of the direct or
indirect band gap depends on the model. For example,
Nakayama and Kamimura, using a self-consistent pseu-
dopotential method, predicted t'hat only the
(GaAs), /(A1As), SL has its lowest conduction-band state
at the R point in the SL Brillouin zone, while the lowest
conduction-band state of the (GaAs)„/(AlAs)„SL's with
n =2, 3, and 4 is predominantly I -like in character, re-
sulting in a direct energy gap. In contrast, Andreoni and
Car, using a non-self-consistent, supercell, empirical
pseudopotential method, have shown that the band gaps
of the n =1, 2, 3, and 4 SL's are pseudodirect with the
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lowest state having predominantly the character of the
folded X-point state. Yamaguchi, ' using the tight-
binding method, has shown that the conduction-band
state of n =1, 2, 3, 4, and 5 is indirect with the lowest
state at the X point, while the conduction-band state of
n =7-20 is direct. We have shown that a combination of
photoreflectance (PR) and PL measurements gives good
information about the direct-indirect crossover in the
(GaAs)~/(AIAs}5 SL's with m ranging from 3 to 11,
where the crossover occurs at around m =7 in the
(GaAs) /(A1As)5 SL's. In addition we found from the
energy-band calculations based on the tight-binding
method that the lowest-energy gap at the I point is opti-
cally forbidden or pseudodirect for m & 5, reflecting the
zone-folding effect. These investigations have been car-
ried out in the SL's with fixed A1As layer number
[(GaAs} /(AIAs)5].

In this paper we will report photoreflectance and pho-
toluminescence measurements in the (GaAs)„/(A1As)„
SL's which are grown very carefully in the range
n =1-15. We found that the crossover of the direct and
indirect transitions occurs at about n =10. We compare
the experimental results with the energy-band calcula-
tions based on the tight-binding method, where we find a
reasonable agreement with each other, supporting an ex-
istence of the crossover of the direct and indirect band
gap. In the present work we observed the transition ener-
gies, determined from the analysis of photoreflectance
data for the (GaAs)5/(A1As), SL, differ from those report-
ed previously. We discuss the difference in this paper. In
Sec. II we describe experimental procedures and results.
We also present analysis of photoreflectance data and
compare with photoluminescence data in Sec. II. In Sec.
III we present theoretical calculations of energy-band
structure using the tight-binding method, where we will
discuss direct allowed and forbidden transitions, and then
compare the results with the experimental data. Discus-
sion of the present results is given in Sec. IV. As stated
above we found a difference between the present and pre-
vious experimental data, which will be discussed in terms
of long-period superlattices. The speculation about the
long-period superlattices arises from the difficulty in
keeping exact periodicity during the growth. We found
that this idea explains the difference observed in our ex-
periments. Finally we summarize the present results.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The set of 15 samples used in the present work were
epitaxially grown at 570'C on (100) semi-insulating GaAs
substrates by molecular-beam epitaxy (MBE). The values
of n were 1-15 and the multiple layers were 200 periods.
The layer thicknesses of GaAs and A1As were accurately
controlled by monitoring the period of the intensity oscil-
lation of a specularly reflected beam in a reflection high-
energy electron difFraction (RHEED) pattern. The
thickness of the individual atomic layers of the SL's has
been confirmed by x-ray diffraction measurements as re-
ported previously. The experimental arrangement used
in the present work is reported elsewhere and shown
schematically in Fig. 1, which is similar to those used by
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FIG. 1. Schematic diagram of the PR setup. The laser beam
is chopped at a frequency of 210 Hz. The signal is detected by a
photomultiplier tube and processed by a lock-in ampli6er and a
personal computer.

Glembocki et al. ' and Shay. Their function consists
of four elements; modulation, optics, detection, and data
storage. The modulation is accomplished by mechanical-
ly chopping a laser of photon energy greater than the
band gap of the sample. The reflectance measurement is
performed with a probe beam of white light dispersed by
a monochromator. The light beam reflected from the
sample surface is passed through a filter which blocks the
laser light and is detected by a photomultiplier tube
(PMT). The signals from the PMT are amplified by a
lock-in amplifier tuned to the modulation frequency of
the chopper. An electric servo mechanism on the high-
voltage power supply of the PMT (divided power supply}
is used to maintain a constant dc voltage across the load
resistance of the PMT, allowing us to obtain the ratio
b,R/R directly. The digitized data are recorded by a
personal computer. Data analysis was carried out by a
Hewlett-Packard computer (HP9000 model 550}. In our
system, we used a 500-W Xe arc lamp for a light source
of the probe light and a 50-cm single monochromator of
JASCO CT-50S with a 1200-lines/mm grating blazed at
750 nm. The intensity of the Ar-ion laser, at 488.0 or
476.5 nm, for modulation chopped at 210 Hz was re-
duced to about 0.2 mW by using neutral density filters.
For PL measurements, the samples were excited with
about 1 W of the 488.0-nm line of the Ar-ion laser and
luminescence spectra were analyzed with an 80-cm-
focal-length double monochromator (SPEX Industries,
Inc. model 1401}.

Since the experimental data of PR are anlayzed by the
third-derivative formula derived by Aspnes and Rowe
we discuss the formulation here. The theoretical expres-
sion for the modulated reflectance in the presence of the
electric field perturbation involves both the real and
imaginary parts of the complex dielectric function e. For
normal incidence, the change in the reflectance, hR, has
the form
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b R /R =a heI +P A@2,

where Ae= he&+i Aez is the perturbation-induced change
in e', and a and P are the Seraphin coefficients which are a
function of e, and e2. A detailed discussion on calculat-

ing he and its e6'ects on the line shape are given by
Aspnes. The modulated reflectance spectrum in the re-

gion of weak electric field is well expressed by the follow-

ing line-shape formula derived by Aspnes:

bR/R =+Re[CJexp(iBJ )(E Ez/—+i I J ) '], (2)
J

where p is the number of critical points, E the photon en-

ergy, C, 0-, F. , and I are the amplitude, phase, energy

gap, and broadening parameter, respectively, of the jth
critical point. The value of m is a parameter which de-

pends on the critical-point type, m =3.5, 3.0, and 2.5 for
the one-, two-, and three-dimensional critical points, re-
spectively. The energy gap and the broadening parame-
ters are determined by fitting the line shape of Eq. (2) to
the experimental data. The best-fit procedure was per-
formed by using the method proposed by Rosenbrock.
For the best fit, we have to determine the dimensionality
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FIG. 2. Room-temperature PR (open circles) and PL (dot-dashed curve) experimental spectra for (a) (GaAs)~2/(AlAs)&2 (b)

(GaAs)&0/(A1As)IO, (c) (GaAs)8/(AlAs), , (d) (GaAs), /(A1As)&, and (e) (GaAs)&/(A1As), SL samples. The solid curve is determined by
fitting the line shape of Eq. (2) to the PR experimental spectrum. Representative values of PR data are picked up and plotted in or-
der to avoid a complexity. The vertical arrow indicates the lowest interband transition energy obtained by the fitting procedure.
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of the critical points. It may be expected that the critical
points of the SL's with thick barriers (large value of n)
are two dimensional due to localization of the wave func-
tions in the well regions (GaAs regions), while those with
thin barriers (small value of n) are three-dimensional be-
cause of the extended nature of the wave functions. We
carried out the best-fit analysis by using m =2.5 (three
dimensional) and 3 (two dimensional), and found that the
obtained critical-point energies are almost the same. In
the present work, therefore, the experimental data of PR
are analyzed by using Eq. (2) with m =2.5 (three-
dimensional critical point). A theoretical analysis of PR
line shape has been reported by Glembocki and Shana-
brook. Their results indicate that PR signals of quan-
tum well structures where electrons and holes are
confined in the well region are to be analyzed by the
first-derivative formula. In the samples used in the
present work, however, electrons and holes are extended
in the superlattice and thus we have a three-dimensional-
like situation, similar to the bands of a bulk material.
This is correct when the applied electric field is low. At
high electric fields, the localization of electron and hole
wave functions and the formation of stark ladders
occur. This kind of localization appears in superlat-
tices with a specific well and barrier widths. In the
present experiments we carried out PR measurements at
different excitation intensities and no change in the criti-
cal points was observed, which indicates that such a lo-
calization effect is not present in the present experiments.

Figure 2(a) shows room-temperature PR (open circles)
and PL (dot-dashed curve) experimental spectra together
with the best-fit PR spectra (solid curve) by using Eq. (2)
for the (GaAs), i/(AIAs), z SL, where the vertical arrow
indicates the lowest interband transition energy obtained
by the fitting procedure. We find in Fig. 2(a) that the
lowest transition energy of PR, 1.704 eV, is in good
agreement with the peak position of the PL. Although
the PR spectra show complicated structures arising from
combination of two diff'erent critical points (or more than
two in other SL's), the best-fit curve agrees well with the
experimental curve. It is very important to point out in
Fig. 2(a) that the PR spectrum shows a sharp structure at
room temperature where the PL spectrum is very broad.
Similar results are obtained for the (GaAs)„/(A1As)„with
n =10—15. For the sake of later discussion we present
the results for n =10, 8, 5, and 3 in Figs. 2(b), 2(c), 2(d),
and 2(e), respectively, where the open circles are the ex-
perimental PR data, the solid curve is best fit to the ex-
perimental PR data (the vertical arrow is the lowest tran-
sition energy), and the dot-dashed curve is the PL data.

It is clearly seen in Figs. 2(a) (n =12) and 2(b) (n =10)
that the lowest critical-point energies obtained from the
PR are very close to the photon energies corresponding
to the PL peaks. Therefore we can conclude that the
SL's with n ) 10 have direct energy gaps. On the other
hand, optical properties of the SL's with n &10 exhibit
quite different features compared to those for n ) 10. We
find in Fig. 2(c) for the n = g SL that the lowest transition
energy, 1.881 eV, obtained by the best-fit procedure of
the PR spectrum (indicated by the vertical arrow) is
higher than the PL peak energy, 1.85 eV. Similar results
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o PR (RT)
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FIG. 3. Transition energies of the (GaAs)„/(A1As)„SL's,
where the solid, dashed, and dot-dashed curves represent the
lowest direct (allowed), the lowest direct (forbidden), and the
lowest indirect transition energies, respectively, and the open
and solid circles are the energies determined from the PR and
the PL measurements, respectively.

are obtained for the SL's with n =5 and 3, which are
shown in Figs. 2(d) and 2(e), respectively. It is very im-
portant to point out in Figs. 2(d) (n =5) and 2(e) (n =3)
that the lowest direct transition energy determined from
the PR analysis is located higher than the low-energy
threshold of PL, where the PL exhibits a weak shoulder
at about 1.91 eV and a peak at about 2.01 eV for n =5
and a shoulder at about 1.98 eV and a peak at about 2.08
eV for n =3. It is very interesting to point out that the
high-energy peak of the PL coincides with the lowest
direct transition energy determined from the PR analysis,
indicating that the PL peak arises from the direct recom-
bination. We found that the PL intensity of the SL's with
n & 10 is very weak compared with those of the SL's with
n ) 10. These results strongly suggest that the
(GaAs)„/(A1As)„SL's with n (10 are indirect and that
the crossover of the direct and indirect transition occurs
around n =10.

The lowest transition energy determined from the PR
spectra is plotted in Fig. 3 as a function of the number of
layers n by the open circle, together with PL peak energy
(solid circle), where we find that the lowest PR transition
energies and PL peak energies decrease monotonically
with increasing the number of layers n, and the lowest PL
peak energies are 1ower than the PR transition energies
for n & 10. The higher PL peak energies observed in the
SL's with n & 10 agree well with the PR transition ener-
gies. The solid, dot-dashed, and dotted curves are the en-
ergies of the direct allowed, direct forbidden, and indirect
transitions, calculated from the tight-binding method
which will be discussed in the next section in detail.
These experimental and calculated values are also tabu-
lated in Table I, where the value in the parentheses is the
lowest direct forbidden transition energy calculated from
the tight-binding method. We find in Fig. 3 that a
reasonable agreement exists in the feature of direct and
indirect crossover between the experimental and calculat-
ed results.
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TABLE I. Transition energies obtained from the PR and PL measurements at room temperature, to-
gether with the direct allowed transition energies calculated by the tight-binding method. The energies
in parentheses are the forbidden transitions.

E.
PR (eV) PL (eV)

E,
Tight-binding (eV)

E,

1

2
3
4
5

7

8

10
12
13
14
15

2.120
2.097
2.099
2.067
2.015
1.918
1.881
1.766
1.704
1.675
1.652
1.647

2.035
1.929
1.898
1.788
1.732

1.981

1.910
1.812
1.783
1.762
1.700
1.680
1.647

2.082

2.023
1.912
1.857

(2.061)
(2.060)
(2.037)
(1.963)
1.927
1.815
1.773
1.712
1.671
1.654
1.641
1.629

(2.156)
(2.084)
2.069
2.022

(1.932)
(1.856)
(1.832)
(1.789)
(1.712)
(1.763)
(1.756)
(1.749)

2.168
2.151
(2.078)
(2.082)
(2.000)
(1.903)
(1.859)
(1.795)
(1.835)
(1.821)
(1.804)
(1.796)

We have to note here that the present experimental
data for the SL (GaAs)~/(A1As)5 diff'er from those report-
ed in our previous paper. The lowest transition energies
obtained from the analysis of PR spectra and PL peak en-

ergy in (GaAs) /(AlAs)5 with m =5 are 1.947 and 1.905
eV, respectively. On the other hand, the present results
show that the lowest transition energies of PR spectra
and PL peak energy are 2.02 and 1.91 eV, respectively.
The difference may be explained in terms that a mono-
layer fluctuation of GaAs results in a considerable
difference in the energy gaps, which will be shown later
by the tight-binding calculation of the energy-band struc-
tures. The samples used in our previous work were
grown at Fujitsu Laboratories by MBE, and the layer
numbers of GaAs and A1As are controlled by keeping the
growth rate and time constant. Therefore the fluctuation
of the layer number is inevitable. The samples used in
the present work were grown by monitoring the RHEED
pattern oscillation and the layer numbers are checked by
using x-ray diffraction method, which revealed that the
samples have high quality of periodicity.

III. ENERGY-BAND CALCULATIONS
OF SUPERLATTICES

structure in bulk III-V semiconductors by using the pseu-
dopotential method, but in this paper we will not dis-
cuss the temperature dependence because of the complex-
ity of the effect. In the following we summarize the
method of the tight-binding theory and analysis of the
mornenturn-matrix elements for the optical transitions.

The present calculations of the SL energy bands are
carried out by the method used by Yamaguchi, ' where
the sp s' tight-binding method proposed by Vogl et al.
has been extended to the case of the SL's including the
second-nearest-neighbor interactions in addition to the
nearest-neighbor interactions. The diagonal matrix ele-
rnents and the values of the nearest and second-nearest
interactions used in the present calculations are those of
Yamaguchi. ' Another parameter we have to determine
is the energy-band discontinuity. The valence-band
discontinuity is estimated to be 0.54 eV from a compar-
ison of the transition energies between the experimental
(PR and PL) data and theoretical (tight-binding method)
calculations.

In this paper, we will present energy-band calculations
of the (GaAs)„/(AIAs)„SL's with n =1—15 and discuss
the optical transitions in detail. For this purpose, we de-
scribe the momentum-matrix elements between the

In our previous paper we reported that the experi-
mental data of the photoluminescence and photo-
reflectance are well explained by the energy-band struc-
ture calculated by the tight-binding method. In addition
we have shown that the lowest direct band gap of the
(GaAs) /(A1As)~ SL's with m (5 is a forbidden gap due
to the zone-folding effect. The experimental results ex-
hibit good agreement with the calculations. However,
such a good agreement seems to be accidental, because
the periodicity of the atomic layers is not so strict and
fluctuation of the periodicity results in a change in the
energy gaps. Another important thing is that such
energy-band calculations are carried out at 0 K without
taking into account the temperature dependence. We
discussed the temperature dependence of the energy-band

ks

FIG. 4. The Brillouin zone of the superlattice folded along
the z direction.
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valence and conduction bands at the I point. %'e define
the momentum-matrix elements by

W. = y &n, b~C,„,P„C,„jn,b&,
b, n, n'

where
~
n, b ) ( jn, b ) ) is the atomic function with atomic

index b and atomic orbitals n (n') (=s, p„, p», p„and
s ' ), Cb„and C„„are the coefficients for the functions

~
n, b ) and

~
n ', b ), respectively, and P„ is the x com-

ponent of the momentum operator, where we assumed
that the incident light is polarized parallel to the layers
because the light is incident along the growth direction.
We use a zinc-blende-structure tight-binding Hamiltoni-
an' ' ' for the basis of quasiatomic functions localized
in the unit cell at R, , ~n, b, R, ). The Bloch-type tight-
binding states are

~n, b, k) = g [exp[i(k R;+k Vb)]) ~ln, b, R; ), (4)
1

&N

[K E(—k, k)]~k, k, ) =0, (5)

or, in this basis

g [(n, b, k~K~m, b', k) E(k,—A, ) 5„5bb ]
m, b'

X (m, b', k~k, A, ) =0 . (6)

The solutions are

where quantum numbers n run over the s, p, p, p„and
s' (that is, excited s) orbitals. The N wave vectors k lie
in the first Brillouin zone. The site index b is either a (for
anion) or c (for cation). The anion positions are R; and
the cation positions are R, +Vb with Vb=5, b(aL/
4)(l, l, l) and with aL being the lattice constant. The
quasiatomic functions are Lowdin orbitals, which are
symmetrically orthogonalized atomic orbitals. The
Schrodinger equation for the Bloch function

~
k, A, ) is

(GaAs), /(AIAs),
6

dEV = 0.5& (eV) (GaAs) /(AIAs)5 dEv = 0.54 (eY)

0
b

0
-2

2

0
b5

-2

z r

(GaAs) /(AIAs) ~ dEv = 0.54 (eV) (GaAs), /(AlAs), dEv = 0.54 (eV)

zr

- (c)

-3
R X Mk

FIG. 5. Energy-band structures of {GaAs)„/(AlAs)„SL's calculated by the tight-binding method. {a) (GaAs)&/(A1As) &, where the
top valence band is at the I point and the lowest conduction band is at the R point in the Brillouin zone; (b) (GaAs)3/(A1As)3, where
the top valence band is at the I point and the lowest conduction band is at the M point in the Brillouin zone; (c) (GaAs)8/(A1As)8,
where the top valence band is at the I point and the lowest conduction band is at the I point in the Brillouin zone; and (d)
(GaAs), a/(A1As), a, where the top valence band is the 1 point and the lowest conduction band is at the I' point in the Brillouin zone.
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~k, A, ) =g ~n, b, k)(n, b, k~k, A, ),
n, b

(7)

where the band index A, has 10 (n + n ) values for the SL's
(GaAs)„/(A1As)„. Diagonalization of the Hamiltonian in

this
~
n, b, k ) basis gives eigenvalues (energy bands) and

eigenvectors (wave functions). Calculation of the
momentum-matrix elements defined by Eq. (3) is straight-
forward. It is evident from the symmetry consideration
of the SL's that the momentum-matrix elements I, and
M are identical, and therefore we calculated M only.

IU. DISCUSSION

The first Brillouin zone and the notation of the zone
edges are illustrated in Fig. 4, where the Brillouin zone of
a SL is folded in the z direction and the Z point is given
by 2m/aL(0, 0, 1/(rn +n)) for (GaAs) /(A1As)„with aL
the lattice constant. The energy-band structures of the
(GaAs)„/(A1As)„SL's for n =1, 3, g, and 10 are shown in

Figs. 5(a), 5(b), 5(c), and 5(d), respectively. The energy-
band structures are calculated assuming that the
valence-band discontinuity is 0.54 eV as reported in the
previous paper. The lowest conduction band appears at
the R point (n =1), and M point (n =2, 3, 4, 5, 6, and 7)
resulting in indirect band gap, and at the I point for
n & 7, giving rise to direct band gap.

In order to clarify the allowed and forbidden transi-
tions we carried out calculations of momentum-matrix
elements and the results, squared momentum-matrix ele-
ment versus layer number n, are shown in Fig. 6, where
the notation v, -c, stands for the optical transition be-
tween the top valence band and lowest jth conduction
band (cj ) at the I point. Since we do not know the rela-
tive strength of the momentum-matrix element between
different atoms, we assumed that the contribution from
different atoms is the same. This may be understood
from the following fact, In III-V compound semiconduc-
tors such as GaAs, AlAs, and GaP, the momentum-
matrix elements between valence band and conduction

~ 2.5
(GaAs, AIAs) (GaAs, AIAs) (n, n) direct (ollowed)

~ (n, n)(n+1, n) allowed

0 (n, n)(n-1, n) allowed

—(n, n) indirect

band (P =(I z~P„~I zs) ) are almost independent of the
materials, and therefore matrix elements such as
(s,Ga~P„~p„,Ga), (s,As~P„~p„,As), and so on are almost
constant. Then we calculated the momentum-matrix ele-
ments and obtained the summation of the squared
momentum-matrix elements which is normalized by the
values for bulk GaAs. These normalized values are plot-
ted in Fig. 6. We find in Fig. 6 that the transition be-
tween the top valence band and the lowest conduction
band is forbidden for the (GaAs)„/(A1As)„SL's with
n =1 and 3, and very weak for n =2 and 4. On the other
hand, the optical transition between the top valence band
and the second lowest conduction band is allowed for
these SL's (n =1—4). The lowest allowed and forbidden
direct band-gap energies are plotted by the solid curve
and dot-dashed curve, respectively, in Fig. 3, along with
the lowest indirect band-gap energies by the dotted curve.
As stated in the preceding section the overall features of
the layer-number dependence and the crossover of the
direct and indirect band gaps are in a reasonable agree-
ment with the present observation, although the calculat-
ed energy gaps lie a little bit lower than the experimental-
ly determined gaps in the region of n =5—10. Noting the
fact that the energy gaps depend on temperature and on
the valence-band discontinuity, the agreement is rather
excellent. We find in Fig. 3 that the tight-binding calcu-
lations give the crossover of the direct and indirect tran-
sition at around n =8. The calculated lowest gaps exhib-
it a good agreement with the PL peak energies. These re-
sults strongly suggest that the (GaAs)„/(A1As)„SL's ex-
hibit crossover of the direct and indirect transition in the
region of n about 10.

Now, we discuss the difFerence between the present
work and the previous work in the (GaAs)~/(A1As)~ SL.

M Q. a
,' G aAs) „/(A I As) „

cl

0.6

0.4

1-2

Number of monolayers n

10

0.2

v o-o
0 2 4 6 8 10

Number of monolayers n

FIG. 6. Squared momentum-matrix elements of the
(GaAs)„/(AlAs)„SL's are plotted as a function of GaAs mono-
layers n, where the notation 1-n (n =1, 2, and 3) stands for the
values between the top valence bands and the nth conduction
band, respectively.

FIG. 7. Transition energies of long-period SL's are shown as
a function of atomic layer number n, along with transition ener-
gies for normal SL's (n, n) ~ Notations (n, n) and (n, n)(n +1, n)
stand for SL*s (GaAs) „/(AlAs) „and (GaAs) „/(AlAs) „/
(GaAs) „+I/(AlAs) „, respectively. Solid and dot-dashed curves
are the energy gaps of the lowest direct allowed transition and
the lowest indirect transition for SL's (n, n), respectively. Solid
and open circles are the lowest allowed transition energy for
( n, n )( n + 1, n ) and ( n, n )( n —1, n ), respectively. Crosses and
squares represent the lowest indirect gap for (n, n)(n + 1, n) and
(n, n)(n —1, n), respectively.
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The difference in the transition energy determined from
the PR and the PL peak energy in the SL is about 60
meV, which is beyond the range of experimental errors.
One of the most probable origins of the difference may be
due to the fluctuation of the layer number during the pro-
cess of SL growth. A change of the layer number results
in a change in the energy gaps which is evident from the
layer-number dependence of the gaps shown in Fig. 3.
In order to discuss this effect we will try to calcu-
late energy-band structure of a long-period superlattice
such as (GaAs)„/(AlAs)„/(GaAs)„+, /(A1As)„, . In this
paper we define such a long-period superlat tice as
(n, n)(n +1, n) SL. We carried out energy-band calcula-
tions of (n, n)(n+I, n), (n, n)(n —1, n), (n, n)(n, n+I),
and (n, n)(n, n —1) SL's. The matrix elements of the
tight-binding Hamiltonian for the (n, n)(n +1, n) SL are
easily obtained by extending Eq. (4) from
(GaAs) „/(A1As)„basis into (GaAs) „/(A1As) „/
(GaAs) „+&/(AIAs) „basis.

The calculated results for these long-period SL's are
shown by solid and open circles for the lowest direct
band gaps of (n, n)(n +1, n) and (n, n)(n —1, n), respec-
tively, and by crosses and open squares for the lowest in-
direct band gaps, respectively, in Fig. 7, where the lowest
allowed and indirect band gaps of the (GaAs)„/(A1As)„
SL's [(n, n) SL] are plotted by the solid and dot-dashed
curve, respectively, for comparison.

It is very interesting to point out that the lowest direct
band gap depends on the layer number of GaAs. This
may be understood by taking into account the fact that
the lowest conduction band reflects the character of
GaAs. It is evident from the results shown in Fig. 7 that
a monolayer fluctuation of GaAs results in about a
50-80-meV shift in the energy gaps. The shift is compa-
rable with the difference in the energy gaps of the
(GaAs)5/(AlAs), SL between the present and the previous
work. Although the samples used in the present work
were grown by monitoring the RHEED oscillations, the
monitored area is limited and fluctuation of the layer
periods in the plane is inevitable. The fluctuation of the
superlattices in the plane was not investigated systemati-
cally. However, some experimental results indicate the
existence of such a fluctuation. For example, the
broadening parameters were found to be almost indepen-
dent of temperature, which may be interpreted in terms
that the broadening is dominated by such a fluctuation,
in the plane. This also results in the difference in the
transition energies between different samples with the
same period.

The present work is summarized as follows. We car-
ried out photoreflectance and photoluminescence mea-
surements in the (GaAs)„/(A1As)„superlattices at room
temperature and found that photolurninescence peak en-

ergy (lowest band) is lower than transition energy deter-
mined from photoreflectance analysis for the SL's with
n (10, whereas these energies coincide with each other
for the SL's with n ~ 10. These results indicate that the
SL's have indirect band gap for n & 10 and direct band

gap for n ~ 10 at room temperature. Energy-band calcu-
lations based on the tight-binding method have been per-
formed in the SL's of (GaAs)„/(A1As)„. Using the eigen-
functions obtained from the tight-binding calculations,
we estimated the momentum-matrix elements to clarify
the selection rule of the optical transitions near the fun-
damental absorption edge. The matrix elements between
the top valence bands and the lowest three conduction
bands reveal that the lowest transition for the SL with
n =5 is forbidden, resulting from the band folding effect.
When we take into account the selection rule, it is found
that the transition energy determined from the
photoreflectance measurements shows a good agreement
with the calculated transition energy except SL's with n

from 5 to 10. The present calculations show that the SL's
of (GaAs)„/(A1As)„exhibit a crossover of the direct and
indirect transitions around n =8, as reported by Yamagu-
chi. ' We found a difference in the transition energy be-
tween the present and previous work for the case of
(GaAs), /(AIAs)~. The difference is explained in terms of
the fluctuation of the atomic layer number n. This specu-
lation is supported by theoretical calculation of the
energy-band structure by taking into account the fluctua-
tion, where we carried out energy-band calculations of a
long-period superlattice such as (GaAs)„/(A1As)„/
(GaAs)„+,/(A1As)„. We found from these calculations
that the energy bands are predominantly determined by
the layer number (n +1)of GaAs.

Finally we would like to point out that the PR spectra
exhibit a very weak structure around the indirect gap as
seen in Fig. 2(d) [at about 1.91 eV in the (GaAs)~/(AIAs)~
SL]. The structure appears reproducibly and exceeds the
range of error in our experiment. As seen in Fig. 3, the
corresponding energy is very close to the forbidden gap
and thus one of the most probable possibilities for the ori-
gin of the structure may be due to the forbidden transi-
tion. We are now carrying out these experiments at low
temperatures, placing main interest in the temperature
dependence of the transition energies. The results will be
published in the future.
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