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Photore8ectance and photoluminescence measurements are carried out in the temperature
range from 25 to 275 K to clarify the optical properties of (GaAs) /(A1As)„(n = 3—15)
short-period superlattices. Our primary interest is in the zone-folded weak transition. Weak
signals of photoreAectance associated with the critical point of the pseudodirect transition, a
weakly allowed direct transition arising from the zone-folding eR'ect, have been found below the
main signals associated with the direct allowed transitions for (GaAs)„/(AlAs)„superlattices
with n ( 12 at 200 K. Photoluminescence peaks appear at photon energies corresponding
to the critical points of this weak structure. This assignment is supported by the temperature
dependence of the photoluminescence intensity, which gives the transition probability ratio of the
allowed direct-to-pseudodirect transition of about 10 . Energy-band calculations are performed
by using the empirical Sp tight-binding method including second-nearest-neighbor interactions,
where the tight-binding parameters are determined to fit the eAective masses of the conduction
band at the X point. These calculations show the existence of a weakly allowed direct transition
below the strongly allowed direct transition edge in (GaAs)„/(AlAs) superlattices with n ( 12,
which shows a good agreement with the present experimental results. These results strongly
suggest that the observed weak structures in the photorefiectance arise from the pseudodirect
transition, indicating that the conduction band rejects the nature of the zone-folding effect
(X -like state at the I' point).

I. IN TROD U CT I ON

The development of crystal-growth techniques, such as
molecular-beam epitaxy (MBE), has made it possible to
produce superlattices (SL's) of high quality. The optical
properties of GaAs/A1As short-period SL's differ greatly
from those of the alloy Al Gai As of equivalent mean
composition, showing the importance of the superlattice
periodicity in determining the electronic properties of
these structures. Some experimental investigations have
shown whether the lowest-energy transition is direct, in-
direct, or so-called pseudodirect and how it changes as
the layer thickness is decreased. From a theoretical
point of view, the energy-band structure of the SL's
has been investigated by the tight-binding method,
the Wannier-function method, " the pseudopotential
method, and the first-principles self-consistent lo-
cal density approximation (LDA).

In SL's where the coupling through penetrable barriers
plays an important role, a miniband is formed because
of delocalization of the wave function. Electrons at the
states at the I' point of the Brillouin zone of (GaAs)„/
(A1As)„SL's tend to be confined in either GaAs (1-like
state) or AlAs (A, -like state) layers. The 1-like con-
duction state is associated with the I' conduction-baud
edge of GaAs, while the X,-like state is associated with

the X conduction-band edge of AlAs because the X con-
duction valleys of AlAs lie lower than those of GaAs due
to valence-band offset. Only the X, minima are mapped
onto the I' point of the Brillouin zone of the SL's due
to the zone-folding eff'ect, while the X» minima are at
the M point of the Brillouin zone of the SL's (X~&-like
state). Since holes at the I' maximum of the Brillouin
zone of the SL's tend to be confined in GaAs layers, the
transition associated with the I'-like conduction state has
large transition probability, while that associated with
the X,-like state has small transition probability. There-
fore, the I'-like, X &-like, and X,-like states give the di-
rect, indirect, and pseudodirect (weakly allowed direct)
transitions, respectively.

In our previous work, we reported photoreflectance
(PR) and photoluminescence (PL) measuremeilts at
room temperature in (GaAs) /(ALAs)s (m = 3—11)
(Ref. 27) and (GaAs)„/(AIAs)„(n = 1—15) SL's. 2s The
experimental results of the former SL's show that the
band crossing occurs at rn = 7, while the latter occurs
at n = 10. This conclusion was drawn from the fact
that the observed photoluminescence peaks at the lower-
energy side lie we11 below the transition energies obtained
from PR data and that the transition energy of PR re-
flects a direct band gap, whereas the lowest-energy VL
peak reffects lower-energy band gap (direct, pseudodi-
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rect, or indirect). Our theoretical calculations based on
the sp s* tight-binding method 2 support the exper-
imental observations, where the crossover of the direct
and indirect transitions occurs at m = 7 for (GaAs) /
(A1As)5 SL's and at n = 8 for (GaAs)„/(A1As)„SL's.
The tight-binding calculations by Ihm demonstrated that
if the GaAs layer thickness is less than about 30 A, the
lowest conduction state is the X»-like state resulting
in the indirect transition. The eAective-mass approx-
imation, however, indicates an existence of a crossover
of the X,-like and I'-like states. This controversy
is ascribed to the diAerence in the efI'ective masses at
the X-point valley. It is shown that the tight-binding
calculations based on the nearest-neighbor interaction
give an infinite transverse effective mass in the X val-
ley of the bulk bands. The tight-binding calculations
made by Yamaguchi and the present authors take
into account the second-nearest-neighbor interaction in
order to fit the energy at the I point of the bulk bands,
but the dispersion at the X point is similar to the re-
sults of nearest-neighbor calculations. Recently using
the second-nearest-neighbor sp tight-binding method by
Lu and Sham, this controversy has been resolved and
assignments by this tight-binding method coincide with
those of the efI'ective-mass approximation. In this tight-
binding calculation, the anisotropy of the effective masses
of A1As at the X point, (m~ —l. lmo, m, = 0.19mq) is

considered and it is demonstrated that X,-like conduc-
tion states lie below X»-like conduction states. Xia and
Chang also have investigated the band structures of
GaAs/A1As SL's using this method, and obtained results
similar to those of Lu and Sham.

In our previous paper we observed a weak structure
below the strong structure in (GaAs)5/(A1As)5 SL at
room temperature, where the transition energy of the
weak structure corresponds to the PL peak at the low-

energy side. We pointed out that this result may be
interpreted in terms of the weak structure arising from
the zone-folding eA'ect, that is, the transition between
the zone-folded X,-like conduction band and the valence-
band top at the I' point. Since this weak structure on PR
was observed only in (GaAs)5/(A1As)5 SL, we were not
able to confirm the existence of the pseudodirect transi-
tion. In our recent study, ' where we very carefully
carried out similar experiments by changing the temper-
ature and improving the sensitivity of the detection, we
observed the weak structure in (GaAs)„/(A1As)„SL's
with n less than about 12. Therefore, we concluded that,
the weak structure in PR arises from the pseudodirect
(weakly allowed direct) transition.

In this paper we will report PR and PL measurements
in the (GaAs)„/(A1As)„SL's in the temperature range
from 25 to 275 Ik, where the SL's are grown very carefully
in the range n from 3 to 15. We compare the experimen-
tal results with the energy-band calculations based on the
second-nearest-neighbor sp tight-binding method,
since this method is better than the previous calculations
based on the sp s* tight-binding method. In Sec. II we
describe experimental procedures. In Sec. III we present

results of PR measurements and compare with PL data.
We also present theoretical calculations of energy-band
structure using the second-nearest-neighbor sp3 tight-
binding method in Sec. III, where we discuss the pseu-
dodirect transition, and then compare the results with
the experimental data. Finally we summarize the present
results.

II. EXPERIMENTAL PROCEDURES

The set of (GaAs)„/(A1As)„samples used in this work
were epitaxially grown at 570'C on (100) semi-insulating
GaAs substrates by MBE. The values of atomic layer
number n were 3—15 and the multiple layers were about
200 periods. The number of GaAs and AlAs layers was
accurately controlled by counting the period of the inten-
sity oscillations of a specularly reBected beam in a reBec-
tion high-energy electron diKraction (RHEED) pattern.
The thickness of the individual atonuc layer of the SL s

has been measured using tive x-ray diA'raction method.
The experimental arrangement, of PR measurements

used in the present work is reported elsewhere,
and is basically similar to that used by Shay and Glem-
bocki et al. The modulation is accomplished by me-

chanically chopping a laser of photon energy greater than
the band gap of the sample. In the present work we used
an Ar-ion laser chopped at a frequency of 210 Hz. The in-
tensity of the Ar-ion laser, 488.0 or 476.5 nm, was about
0.2 mW.

III. RESULTS AND DISCUSSION

Figure 1 shows PR (open circles) and PL (dot-dashed
curve) experimental spectra at 200 K together with
the analytical PR spectra best fitted to the PR data
(solid curve) for (a) (GaAs)s/(A1As)s and (b) (GaAs)q2/
(A1As)qq SL's, where the vertical arrow indicates the
critical point energies obtained by the fitting procedure.
Representative values of PR data are plotted. The ex-
perimental data of PR are analyzed using the third-
derivative formula derived by Aspnes, which is given

by

AR = ) Re[C, exp(ig~)(E —Eg, + iI', ) 'j,

where p is the number of critical points, E the photon
energy, C&, 0&, E&. , and I'& are the amplitude, phase, en-

ergy gap, and broadening parameter, respectively, of t, he
jth critical point. The value of mz is a parameter which
depends on the critical point type, mz

—4 —D/2 for the
D-dimensional critical point. As the electrons and holes
are extended in the SL's, the critical points are expected
to be three dimensional and we use m&

——2.5. The values
of the parameters stated above are evaluated by fitting
the line shape of the third-derivative formula to the ex-
perimental data of PR, based on the method proposed
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ture decreases. Based on the discussion stated above,
the higher- and lower-energy peaks are assigned to the
direct and pseudodirect transitions, respectively. The in-
tensity of emission depends on the transition probability
and the number of carriers excited. In the following, we
neglect the efFect of reabsorption. With this approxima-
tion, we are able to estimate the transition probability.
Under this assumption the PL intensity is proportional
to the product of electron density at the conduction band
and the transition probability, and the ratio of PL emis-
sion between the direct and the pseudodirect band gap
is therefore written as

I(I') ~r Wr &Ex —Er)exp
~I(X) m~ W~ ( k~T (2)

where I(I'), Ep, and Wp are the PL intensity, transition
energy, and transition probability for the direct allowed
transition, and I(X),Ex, and Wx for the pseudodirect
transition, mz and m~ are the density-of-states masses in
I'-like and X,-like conduction bands, and k~ is the Boltz-
rnann constant. The factor (mp/m~) / is the ratio of
the density of states in the I'-like and X,-like conduction
bands.

Figure 3 shows the intensity ratio I(I')/I(X) as a func-
tion of inverse temperature with the least-square-fit lines
for (GaAs)„/(A1As)„SL's with n = 5, 7, 8, 10, and 12.
The energy separation Ep —E~ obtained from the slope
of the line is in reasonable agreement with the PL peak
energy separation lwithin 10% difference except for the
(GaAs)iz/(A1As) i2 SL]. From the intercept of the line the
ratio of the transition probabilities W~/Wz is estimated
to be 6.7 x 10, 1.6 x 10, 2.5 x 10, 2.7 x 10, and
8.3x 10 for n = 5, 7, 8, 10, and 12, respectively. Here,

the values of mp and rn~ are assumed to be equal to the
density-of-states mass of GaAs and A1As bulks, respec-
tively (mi- = 0.068mo and m~ = 0.34mo). The ratio of
the transition probability suggests that the transition at
the lower-energy side is much weaker (by 3 or 4 orders
of magnitude). Therefore, these results strongly suggest
that the lower-energy weak transition is ascribed to a
pseudodirect band gap at the I' point associated with
the X,-like state, resulting from the zone folding.

It is very interesting to investigate the temperature de-
pendence of the transition energies in (GaAs)„/(A1As)„
SL's. Figure 4 shows the temperature dependence of the
transition energies in (GaAs)s/(A1As)s SL, where tran-
sition energies determined from the PR and PL mea-
surements are plotted by the circles (open circles for the
strong structures and solid circles for the weak struc-
tures) and crosses, respectively. We find in Fig. 4 that
the three transition energies of the strong structures in
the PR spectra decrease monotonically with increasing
temperature and the shift is about 100 meV in the tem-
perature range from 25 to 275 K. The higher-energy peak
of the PL spectra shows a very similar temperature de-
pendence to the lowest critical point energy of the strong
PR structures. The critical point energy of the weak
structure in the PR spectra which is ascribed to the pseu-
dodirect transition exhibits a temperature dependence
similar to the higher critical point energies, while the PL
peak at the lower-energy side shows a weaker tempera-
ture dependence compared to the others (about 70 meV
shift in the same temperature range). The difference in
the transition energies between the weak structure of the
PR spectra and the lowest PL peak increases with in-
creasing temperature and becomes about 20—30 meV at
higher temperatures. The difFerence exceeds the range of
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FIG. 4. The transition energies obtained by PR a.nd PL
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energies, allowed direct) and solid (lower transition energies,
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measurements, and the crosses are PL peak energies.
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experimental error and is not clear at the present stage.
The energy shift of the transition energies determined
from the PR experiments is quite similar to that of the
fundamental energy gap of GaAs bulk. Noting that the
pseudodirect gap reflects the nature of the conduction
band at the X point of AlAs, its temperature depen-
dence is expected to be weaker compared to that of the
allowed direct band gap. In Fig. 4 we found that the
pseudodirect gap obtained from the PR experiments be-
haves quite similarly to that of the direct gap of GaAs,
although the gap determined from the PL data behaves
similarly to that of indirect band gap of AlAs. Similar
behavior is observed in other (GaAs)„/(A1As)„SL's.

In I"ig. 5 we plot the transition energy corresponding to
the main structure of the PR signals (the lowest allowed
direct transition energy) as a function of temperature for
(GaAs)„/(AlAs)„SL's with n = 3—16. All the sam-
ples exhibit a quite similar feature in their temperature
dependence. Taking into account the fact that the con-
duction band associated with this transition reflects the
nature of the conduction band of GaAs at the I' point, its
temperature dependence is expected to be similar to that
of GaAs. The temperature dependence of the transition
energies may be calculated by using the tight-binding
theory when we take into account the temperature de-
pendence of the bond lengths and bond angles. We have
not yet performed such calculations.

In Figs. 6(a), 6(b), and 6(c) we show the monolayer
number n dependence of the transition energies deter-
mined from the PR and PL measurements at 250, 150,
and 50 I&, respectively, in (GaAs)„/(A1As)„SL's with

n = 3—15, where we plotted transition energies deter-
mined from the PR (open and solid circles) and PL
(crosses). It should be mentioned that the open and solid
circles are direct (referred to as I') and pseudodirect (re-
ferred to as X, ) transition energies, respectively. The
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periods and thus the weak structure is affected by a fluc-
tuation of the superlattice periods, resulting in missing
a weak structure in some of the samples with small n.
We find in Fig. 6 that the PR transition energies and PL
peak energies decrease monotonically with increasing the
number of layers n, and the pseudodirect PR transition
and the lowest PL peak energies are lower than the di-
rect PP, transition energies for n & 14 at 50 and 150 K,
and for n & 12 at 250 E4. These results indicate an exis-
tence of a crossover of the direct-pseudodirect transitions
in the (GaAs)„/(AlAs)„SL's. The direct-pseudodirect,
crossover depends on temperature, occurring at larger n.

as the temperature is decreased. One of the most prob-
able possibilities for this temperature dependence may
be the difference in the temperature dependence of the
energy gaps of GaAs and AlAs, where the temperature
dependence of the indirect gap in AlAs is slightly smaller
than the direct gap of GaAs.

In our previous papers, we reported that the exper-
imental data of the PR and PL are well explained by
the energy-band structures calculated by the sp 8* tight-
binding method, where the direct-indirect crossover oc-
curs at m. = 7 for (GaAs) /(AIAs)q SL's. As stated in

Sec. I of this paper and our previous paper2s the weak
structure was observed only in (GaAs)q/(AIAs)s SL, and
therefore we ascribed the lower-energy peak of the PL
to the indirect transition. The calculated results were
found to be in reasonable agreement with the experi-
mental results. As discussed in Sec. I, Lu and Sham
pointed out that the conduction band at the X point
of bulk GaAs and AlAs is not well reproduced by the
tight-binding calculations reported so far, and that the
X,-like state rejects the effective masses at the X point
of AlAs. Lu and Shamso proposed a method to t, ake
into account the effective masses at the X point of AlAs
in the second-nearest-neighbor sp tight-binding theory
and showed that the lowest-energy transitions in our ex-
perimental data of (GaAs)~/(A1As)s SL's with m ( 7

arise from the pseudodirect gap. Xia and Chang also
have investigated the band structures of GaAs/AlAs SL's
using this method and obtained the same conclusion.
Considering the results we adopt the method proposed
by Lu and Sham in the present calculations and com-
pare the calculated results with the present observations.
We use the tight-binding parameters obtained by Lu and
Sham. so These parameters reproduce the band edges and

the associated effective masses for both GaAs and AlAs

bulks. The valence-band offset is chosen to be 0.55 eV.
We choose the mean values between the GaAs and AlAs
bulks values for the tight-binding parameters affected by
the interface in this calculation, since the band energies
of (GaAs)„/(A1As) SL's with n or m less than 3 are not
sensitive to these parameters. The calculated results for
the very-short-period SL's may be unreliable because of
the lack of self-consistency of the interface parameters.

In Fig. 7 we plotted the lowest direct (solid curve),
pseudodirect (dashed curve), and indirect (dot-dashed
curve) transition energies obtained by the tight-binding
calculations as a function of the monolayer number n,

(GaAs)n/(AIAs)n 200 K

CD

CD

CO
~ I~~~I

s

CC$

2.2

2.C)

1.8

where we plotted transition energies determined from the
PR (open and solid circles) and PL (crosses) at 200 K.
The indirect gap energies plotted in Fig. 7 are the transi-
tion energies between the conduction-band minima at the
M point (the X»-like states) and the valence-band top
at the I' point. The present calculations show that the
lowest-energy transition is pseudodirect below n = 12
and allowed direct above n = 12. This feature is in a
good agreement with the present observation at 200 Ik,
as shown in Fig. 7, where we find that in the range n
less than 12, the transition energies determined from the
main PR signals (open circles) agree with the allowed di-
rect transition energies (solid curve), and those from the
weak PR signals (solid circles) agree with the pseudodi-
rect transition energies (dashed curve).

We find in Fig. 7 that the X,-like state lies below
the X»-like state (the M point, dot-dashed curve) for
n & 1. This ordering of the X-like bands depends
strongly on the anisotropy of the effective masses of theI valley of AlAs bulk. Therefore, in the empirical band
calculations of the SL's the fitting of the effective masses
of bulks is important in addition to that of the band
gaps. We find in Fig. 7 that the lowest conduction bands
are X &-like for n = 1. Recently Ge et a/. investigated
the energy bands of very-short-period (GaAs)„/(A1As)„
SL's with n & 4 by PL, and showed that the lowest
conduction bands are X &-like for n & 3 and A, -like
for n = 4. The agreement is not good between their
experiments and the present calculations. This could be
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FIG. 7. Monolayer number dependence of the transi-
tion energies of the (GaAs)„/(AlAs)„SL's calculated by the
second-nearest-neighbor sp tight-binding method, where the
solid, dashed, and dot-dashed curves represent the lowest al-
lowed direct, the lowest pseudodirect, and the lowest indirect
(associated with the X „-like conduction state at M point)
transition energies, respectively. The allowed direct and pseu-
dodirect transition energies obtained from the PR measure-
ments at 200 K are also shown by open and solid circles,
respectively, and the PL peak energies at 200 E4 are shown
by crosses. Calculated results were obtained by using the
parameters reported by Lu and Sham (Ref. 30).
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due to layer thickness fluctuations of the samples or the
tight-binding parameters affected by the interface. In or-
der to resolve such a discrepancy we have to check the
effect of the layer thickness fluctuations of the samples on
the band structures. In addition we have to investigate
how to determine the tight-binding parameters affected
by the interface, because the ordering of the conduction
bands for small n is strongly dependent on the parame-
ters.

The results of the present work are summarized as
follows. We carried out PR and PE, measurements in
(GaAs)„/(A1As)„SL's with n = 3—15 at the temperature
range from 25 to 275 E4 in order to investigate the optical
properties, placing our main interest in the zone-folding
eA'ect. We observed a weak structure in PR spectra be-
low the main structure in (GaAs)„/(A1As)„SL's with n
less than about 12. The weak structure was ascribed to
the pseudodirect transition between the folded X,-like
conduction state and the valence-band top. The main
structure is interpreted in terms of the allowed direct
transition between the l'-like conduction state and the
valence-band top. The temperature dependence of the

PE, intensity ratio between the allowed direct and pseu-
dodirect transitions has revealed that the probability of
the pseudodirect transition is smaller by 3 or 4 orders of
magnitude than that of the allowed direct transition. Our
observations show that the direct-pseudodirect crossover
in (GaAs)„/(A1As)„SL's occurs for n = 14 at 50 and
150 K, and for n = 12 at 250 K, and thus the direct-
pseudodirect crossover depends on temperature. Our
observations are supported by the energy-band calcula-
tions based on the empirical sp tight-binding model in-
cluding the second-nearest-neighbor interactions, where
the direct-pseudodirect crossover is expected to occur for
n = 12 and the lowest conduction states are X~&-like for
n = 1.
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