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The photoluminescence of (GaAs),,/(AlAs), short-period superlattices (SL’s) with different
period lengths ranging from m,n =6 to 17 is studied under hydrostatic pressure in the range of
0-50 kbar. The dependence of the energy separation between conduction-band I'-like and X-like
levels on the SL periodicity is obtained independent of which level is higher. The type-I-type-II
transition is observed at atmospheric pressure and at room temperature in a (GaAs),;,/(AlAs); SL.
The pressure dependence of the luminescence intensities related to the transitions from both I'-like
and X-like states to heavy-hole states is also investigated. It is found that the ratio of the two transi-
tion probabilities only slightly increases from 1.4X 10" * for (GaAs),;/(AlAs),; to 4.6 X107 for
(GaAs)¢/(AlAs)e. This result demonstrates that the mixing between I'-like and X-like states is quite

small in these superlattices.

I. INTRODUCTION

Recent advances in molecular-beam-epitaxy tech-
nology made possible the growth of short-period
(GaAs),, /(AlAs), superlattices (SL’s) with very high
quality. There have been quite a lot of theoretical' " and
experimental® ~!° studies on the interesting features of
their band-structure and optical properties.

In GaAs/AlAs SL’s the lowest energy level in the con-
stituent GaAs layers is located at the I' point in the
center of the Brillouin zone, while it is at the X point at
the edge of the Brillouin zone in the constituent AlAs
layers. Due to the existence of band offset at GaAs/AlAs
interfaces the X-valley energy in AlAs is lower than that
of the X-valley in GaAs, and both I'-like quantized states
and X-like quantized states, which are localized mainly in
the GaAs and AlAs layers, respectively, exist in
GaAs/AlAs SL’s and the system changes from a spa-
tially direct (type-I) to a spatially indirect (type-II) SL de-
pending on the SL period length. Therefore, the
(GaAs),, /(AlAs), SL’s with ultrathin layer thicknesses
[for example, (GaAs);/(AlAs);] have X-like states as
their lowest conduction-band energy level, while in the
SL’s with longer period lengths the lowest conduction-
band states are I'-like. However, there are still argu-
ments about the question when the direct-indirect transi-
tion takes place, i.e., at which period length the anticross-
ing of the X-like and I'-like states in a (GaAs),, /(AlAs),
SL occurs. Nakayama and Kamimura? made calcula-
tions using a self-consistent pseudopotential method and
suggested that the lowest conduction-band states are I'-
like for m,n >2. Gell et al.,? on the other hand, obtained
the crossover point occuring at m,n =8 through a pseu-
dopotential calculation. Finally, the empirical pseudopo-
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tential calculations made by Xia* showed that the cross-
ing of I' and X transition energies should take place when
m,n >10. There are now also several experimental stud-
ies related to the direct-indirect transition in short-period
GaAs/AlAs SL’s, which are mainly based on the com-
parison of photoluminescence (PL) and photolumines-
cence excitation (PLE) spectra of the samples. The PLE
threshold energy gives the direct absorption edge of
the SL in contrast to the intrinsic peak energy of PL,
which corresponds to the transition from the lowest
conduction-band states to heavy-hole states. However,
only when the lowest states are X-like can the energy sep-
aration between X-like and I'-like states be distinguished
by such a comparison. If the I'-like states are lowest, the
PLE threshold energy will only have a small Stokes shift
away from the main PL peak, and then it is impossible to
determine the X-I" separation. Another interesting open
question is how strong the state mixing induced by the
folding effect of the Brillouin zone in SL is. The calcula-
tion of Gell et al.? indicates that the I'-X mixing should
be quite strong and thus the transition probabilities in-
volving both X-like and I'-like states to heavy-hole states
(X-T" and I'-T" transitions) should be of the same order of
magnitude. However, Xia’s results* show that the mixing
should be weak, leading to a much smaller X-I" transition
probability than the I'-T" one.

The measurements of PL under hydrostatic pressure
can be used as a powerful method for the investigation of
semiconductor band structures and defect states. Recent-
ly, this technique has also been employed to study the
electronic properties of the SL’s and quantum wells. Ow-
ing to the pronounced differences of the pressure
coefficients related to the I', X, and L valleys of bulk
GaAs and other III-V compounds (e.g., the pressure
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coefficients of the I', X, and L valleys of GaAs are 10.7,
—1.3, and 4.5 meV/kbar, respectively), it is possible to
identify the nature of the lowest conduction-band states
by measuring the pressure coefficients of the PL peak en-
ergies in short-period SL’s.” In addition, an extrapolation
of the pressure dependence of the X-like or I'-like states
to atmospheric pressure will give the value of the energy
separation between I'-like and X-like states at atmospher-
ic pressure. The pressure dependence of the relative
PL intensity will also provide information about the
transition probabilities and of the state mixing.
Wolford et al.'' measured low-temperature PL on a
GaAs/Al,Ga,;_,As SL sample with a well thickness of
70 A under hydrostatic pressure and discussed the I'-X
crossover and state mixing. Jones ez al.!? have investigat-
ed the low-temperature PL of a (GaAs)y/(AlAs)y sample
in the range of 0—4 kbar and found that the PL peak
shifted to the low-energy side with increasing pressure at
a rate of —2 meV/kbar. From this finding they conclud-
ed that the lowest conduction-band states should be X-
like. Danan et al.” briefly reported the results of room-
temperature measurements on five GaAs/AlAs short-
period SL’s under hydrostatic pressure.

In the present work we report the results of a systemat-
ic investigation of a series of (GaAs),, /(AlAs), short-
period SL’s with (6,6)=(m,n)=<(17,17) grown by
molecular-beam epitaxy. The photoluminescence was
measured at room temperature under hydrostatic pres-
sure in the range of 0-50 kbar. At room temperature,
due to the Boltzmann distribution of electrons in the con-
duction band, it is relatively easy to observe the lumines-
cence related to both I'-like and X-like states simultane-
ously under a wide pressure range and to obtain impor-
tant information about the different luminescence lines
and their relative intensities. Therefore, the room-
temperature results are discussed here in detail. It is
found that the type-I-type-1I transition at atmospheric
pressure takes place in the (GaAs),;/(AlAs);; SL. To
our knowledge, this is the first report on the direct evi-
dence of the exact periodicity at which the direct-indirect
transition occurs in (GaAs),, /(AlAs), SL’s. From the
investigation of the pressure dependence we found that at
room temperature the ratio of the transition probabilities
from X-like and T'-like electron states to heavy-hole
states increases gradually from 1.4X10™* for
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(GaAs),;/(AlAs); to 4.6X107° for (GaAs)g/(AlAs).
This small ratio indicates that the state mixing due to the
folding effect of the Brillouin zone is not very pro-
nounced.

II. EXPERIMENT

The undoped GaAs/AlAs SL’s were grown by
molecular-beam epitaxy at substrate temperature ranging
from 530 to 550°C. A 0.5-um-thick GaAs buffer layer
was first grown on the (001)-oriented semi-insulating
GaAs substrate. On the buffer layer 100 to 200 periods of
the (GaAs),, /(AlAs), SL’s and subsequently a 20-A-
thick GaAs cap layer was grown. Details of the sample
preparation have been described elsewhere.!* The period-
icity and layer parameters of the SL’s, i.e., the monolayer
equivalent thicknesses of constituent GaAs and AlAs lay-
ers in one period, m * and n*, are measured by double-
crystal x-ray diffraction and listed in Table I. For clarity,
the SL configuration is represented by two numbers in a
bracket, (m,n ), where m and » are the layer thicknesses
expressed in numbers of monolayers of GaAs and AlAs,
respectively. The thickness of one monolayer is nearly
2.83 A. m and n are the integer numbers which are
closest to the measured thickness values.

A diamond anvil cell was used for the high-pressure
studies. PL was excited with the 5145-A line from an
Ar? laser. The excitation power density was about 10°
W/cm?. The PL measurements were performed at room
temperature. The experimental apparatus for measuring
the hydrostatic pressure-dependent PL has been de-
scribed elsewhere.!* Most of the results reported here are
derived from measurements performed at room tempera-
ture.

III. RESULTS AND DISCUSSIONS

The room-temperature PL spectra obtained from three
representative SL configurations are shown in Fig. 1.
The luminescence intensities have been normalized ac-
cording to the strongest peak. In the figure ET and EX
represent the luminescence transitions from the
conduction-band I'-like and X-like states, respectively, to
the heavy-hole states. The measurements are made at
room temperature and with relatively high excitation in-

TABLE I. Configurations of (GaAs),, /(AlAs), SL and the experimentally determined parameters of their electronic properties.
5 represents the peak energy at atmospheric pressure. a; represents the pressure coefficient (i =T, X,S). p, denotes the pressure at
which the energies ET and E* have reached the same level. (IT /I%), denotes the extrapolated intensity ratio of IT and I* at p=p,.
Pr and Py are the transition probabilities for I'-like and X-like electrons to heavy-hole states. The meaning of m* and n ™ is ex-

plained in the text.

Sample m™* nt E} a’ EY a*¥ Eg, ag EY—EY¥ po

(m,n) (monolayers) (eV) (meV/kbar) (eV) (meV/kbar) (eV) (meV/kbar) (meV) (kbar) (IT/I¥), Py/Pr
(6,6) 5.3 5.7 1.874 14.7 1.795 —1.6 1.433 10.8 79 —4.9 386 4.6X1073
(8,7) 8.2 6.6 1.765 11.1 1.748 —2.0 1.454 10.7 17 —1.3 118 1.5X1073
9,11) 9.2 11.0 1.774 10.9 1.728 —2.2 1.434 10.7 46 —3.5 261 6.8X1074
(11,11) 109 10.5 1.708 10.0 1.699 —2.0 1.442 10.9 9 —0.8 516 3.4X107*
(17,17) 16.9 17.6 1.588 10.2 1.691 —2.2 1.448 10.5 —103 8.3 2736 1.4X1074
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FIG. 1. Room-temperature PL spectra of three representa-
tive (GaAs),, /(AlAs), SL’s obtained under different hydrostatic
pressures indicated in the figure. For clarity, the baselines for
the spectra have been offset and the intensities have been nor-
malized according to the respective strongest peak.

tensity, thus both excitonic and band-to-band transitions
may have contribution to the luminescence. Eg
represents the luminescence transition coming from the
GaAs substrate. The values of the hydrostatic pressure
applied in the measurements are marked in the figure.
For the (6,6) SL two luminescence peaks are observed at
atmospheric pressure. The luminescence peak on the
high-energy side has a rapid blue shift with increasing
pressure, the pressure coefficient being nearly the same as
that of the I'-valley of bulk GaAs. On the contrary, the
luminescence peak on the lower energy side shifts only
slowly to lower energy, its pressure coefficient being simi-
lar to that of the X valley of bulk GaAs. Thus these two
peaks can be directly identified as E' and EX related
transitions without any ambiguity. The intensity of the
peak ET decreases rapidly with increasing pressure and
finally only peak E¥ is left. An additional peak labeled
Eg appears on the lower energy side, and it grows
stronger when a higher pressure is applied on the sample.
This peak is assumed to be induced by the luminescence
from the GaAs substrate based on its energy position and
pressure coefficient.

For the (11,11) and (17,17) SL’s only one peak is ob-
served at atmospheric pressure, which is attributed to the
SL peak ET in the light of their pressure coefficient.
Only after the pressure increases above a certain value
does the peak EX begin to appear on the lower energy
side. Similar to the case of the (6,6) SL, the E¢ peaks be-
come also resolvable after a certain pressure has been ap-
plied to the samples.

For the (6,6) SL the energy separation between I'-like
and X-like states is considered to be given directly by the
difference of the ET and E* peak energies, as the final
states of the luminescence transitions are the same. (Here
we neglect the difference of exciton binding energies. The
error induced by this approximation is estimated to be
smaller than 10 meV.) For the (11,11) and (17,17) SL’s
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the peak energies EX at atmospheric pressure are de-
duced by a linear extrapolation of the EX versus p curves.
Therefore, it is also possible to get the I'-X separation for
these samples at atmospheric pressure. For the three SL
configurations, i.e., (6,6), (11,11) and (17,17), it is found
that three characteristic cases exist. The I'-like states of
the (6,6) and the (17,17) SL’s are either higher or lower in
energy than the X-like states, respectively, while in the
(11,11) SL the two states just cross over. Because the
lowest X-like states and the lowest I'-like states have the
same symmetry, anticrossing may be expected. We
should keep this fact in mind whenever we talk about the
I'-X crossover. (However, according to the calculation of
Gell et al.'® the level splitting arising from the anticross-
ing is sufficiently small, in the order of 1 meV, and will be
difficult to observed in room-temperature measurements.)
To our knowledge, this is the first time that such a cross-
over point is directly determined at atmospheric pressure
and at room temperature and that it is exactly established
when the type-I-type-II transition takes place in
(GaAs),,(AlAs), SL’s. Figure 2 shows the pressure
dependence of PL peak energies at room temperature for
ET, EX and Eg. The linear relation E'=E{ +a'p is used
to fit the experimental data of the pressure dependence by
least-squares fitting. In the formula i=T,X,S. E’is the
PL peak energy at different pressures. E! represents the
peak energy at atmospheric pressure, p is the applied hy-
drostatic pressure, and a’ is the pressure coefficient. The
obtained values of EJ, of a’, and of the energy separation
E§ —E{¥ are listed in Table I. Inspection of these data in
Table I reveals that the pressure coefficients for ET and
EX are close to their counterparts of bulk GaAs (10.7 and
—1.3 meV/kbar, respectively). Since the pressure
coefficients of bulk AlAs are not available, the bulk GaAs
pressure coefficient for EX is used for comparison which
is presumably close to that of AlAs. Our result is in good
agreement with that given by Jones et al.,'? who obtained
a pressure coefficient of —2 meV /kbar for the E¥ peak at
4 K in a (9,9) SL sample. It is worthwhile to note that for
our (6,6) SL the a ' value of the ET peak is larger than for
the other samples, while the absolute value of a¥ of the
E”X peak is smaller. Considering the state mixing between
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FIG. 2. Pressure dependences of the room-temperature PL
peak  energies obtained from three representative
(GaAs),, /(AlAs), SL’s.
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I'-like and X-like states, it can be expected that due to the
incorporation of a certain part of I'-like states into the
X-like states the absolute value of a* should decrease.
However, the measured al value of the I'-like states is
even larger than the corresponding bulk value. This re-
sult is in contrast to the expectation based on the mixing
effect. We therefore have to assume that other factors be-
come important in the short-period SL’s which may
influence a' of the ET peak. A more detailed investiga-
tion of this phenomenon is needed.

The observed period-length dependence of the energy
separation between I'-like and X-like states, EJ —E{, is
depicted in Fig. 3, where the abscissa represents the
monolayer equivalent thickness of the constituent GaAs
layers m (m =n). In this figure the experimental results
reported by Moore et al.,® Jiang et al.,’ and Nagle et al.'®
are also given for comparison. The authors determined
the I'-X separation in (GaAs),, /(AlAs), SL’s at low tem-
perature mainly from the difference between the PL peak
energy and the PLE threshold energy of the same sample.
Therefore they could provide data only if E§ —E{ >0.
Their data points are, in fact, strongly scattering so that
the exact type-I-type-II transition point is difficult to
determine. The data derived from the pressure depen-
dence of the PL, on the other hand, are available for all
period lengths and they do not depend on whether E{ is
higher in energy than E{. The period length correspond-
ing to the type-I-type-II transition can then be deter-
mined more accurately. The energy separations between
I'-like and X-like states are calculated theoretically from
a Kronig-Penney model, using the boundary conditions
given by Bastard.! The calculated curve is drawn in Fig.
3 by the solid line. For short-period SL’s we should real-
ize that the energy-band calculation based on the assump-
tion of a one-dimensional square well and the effective-
mass approximation are not always justified. Neverthe-
less, inspection of Fig. 3 reveals that for m,n > 4 the cal-
culations agree well with the experimental results.”'°
The formula used for the Kronig-Penney model calcula-
tion is described elsewhere.” The room-temperature
GaAs and AlAs energy-band parameters used in the cal-
culations are listed in Table II. It is found that if we take
the band-offset parameter as AE,=0.35AE,, the type-
I-type-II transition takes place close to the configuration
(10,10) which is in good agreement with our measure-
ments.

Figure 4 shows the pressure dependence of the peak in-
tensities I” and I¥ for the E' and E¥ transitions of a
(8,7) SL. The inset in this figure depicts the pressure-
dependent relative intensity I' /I*. The pressure depen-
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FIG. 3. Dependence of the energy separation E§ —E{ on the
constituent GaAs layer thicknesses (in monolayers m) in the
(GaAs),, /(AlAs), SL’s with m =n. The solid line represents
the calculated result using the Kornig-Penney model.

dence of the peak intensities obtained from the other SL
configurations is similar. It is found that the lumines-
cence intensity of ET decreases rapidly with increasing
pressure. In analogy to the case of bulk material, we as-
sume that this decrease is induced by the change of the
relative position of I'-like states with respect to X-like
states and, hence, the transfer of electrons from I'-like
states to X-like ones. Then the intensity IT can be ex-
pressed as follows:

(@"—a¥)\p—po) ||

kT

I=I,|1+ A4 exp , (1)

where I, A are constants and a',a¥ are the pressure
coefficients of ET and EX, respectively. p, is the pressure
where ET—EX=0, determined from the intersection
point of the E' versus p and E¥ versus p curves. From
the fitting of Eq. (1) to the measured pressure dependence
we obtain e’ —a¥=13.1 meV/kbar which is in good
agreement with the value obtained from the direct mea-
surement of the pressure coefficients of ET and
EX (a¥—a*=13.2 meV/kbar). This result demonstrates
the validity of the model of electron transfer from I'-like
to X-like states due to the change in the relative position
of these two energy levels under pressure, and confirms
that the direct recombination rate can be assumed to be a
constant under different pressure.!® On the other hand,
the absolute intensity of the peak E X I%, decreases with
increasing pressure. The decrease is slow and not ex-

TABLE II. Parameters used in the Kronig-Penney model calculations.

X tX

Egr EKX m, m, me, Mpyp mp

eV) (eV) (m()) (m()) (mo) (mo) (m())
GaAs 1.42 1.90 0.0665% 1.3 0.23 0.62 0.087
AlAs 3.02 2.17 0.15 1.1 0.19 0.76 0.15

2mI=0.0665+(0.0436 X 10™%)E +(0.236 X 107 ¢)E2—(0.147X 10" °)E*.
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ponential. However, such a pressure dependence of I*
cannot be explained by the transfer of electrons, being
just opposite to what is expected from the consideration
of a carrier transfer. There are two reasons which possi-
bly cause the decrease of I with increasing pressure.
First, the direct absorption edge ET rises with increasing
pressure, making the absorption of the exciting laser light
in the SL layers smaller and thus the total luminescence
intensity from the SL weaker. This argument is support-
ed by the fact that the luminescence from the substrate
region becomes detectable and is enhanced only after the
pressure is applied. Secondly, the energy separation be-
tween I'-like and X-like levels increases with increasing
pressure, thus reducing the state mixing between them.
The diminished incorporation of the I'-valley component
into the X-like states causes a reduction of the transition
probability and the decrease of the related luminescence
intensity. Wolford et al.!! have observed an increase of
the recombination lifetime for the E¥ transition induced
by pressure in a GaAs/Alg,,Ga; ;4Al SL sample, which
has a 70-A-thick well width. The increase of recombina-
tion lifetime in turn results in a decrease of the lumines-
cence intensity under pressure.

When we compare the pressure dependences of the ra-
tio IT /IX obtained for several SL’s with different period
lengths, some additional interesting results can be de-
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FIG. 4. Pressure dependence of room-temperature PL peak
intensities IT and I* for a (8,7) SL. The inset displays the inten-
sity ratio I7 /I*.
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duced. For the purpose of comparison, we choose the
pressure point p, as the starting point of the pressure
coordinate. p, is determined from the intersection point
of the ET versus p and E¥ versus p curves. The Do values
for the different SL configurations are listed in Table I.
The dependence of IT /I* on (p —p,) for different sam-
ples is shown in Fig. 5, in which the solid lines are the
least-squares fits to the experimental data by the ex-
ponential expression

Ir

IX

IF

_ a’'(p—po)
™ kT

kT

exp (2)

0

The numbers marked in parentheses denote the period
lengths of the corresponding SL’s. Two distinct features
can be extracted from the data of Fig. 5. (1) I" /IX de-
creases with increasing (p —p,) following nearly the same
exponential law for all the SL configurations, which is
mainly due to the electron transfer between I'-like and
X-like states under pressure. However, the value of
IT/I% is also influenced by the pressure-induced I'-X
mixing, especially in the anticrossing region. In the
figure the fitted a’ is only nearly equal to the above-
mentioned value of a” —a#*. (2) There is a regular shift
between the lines, depending on the period length of the
SL. The shorter the period length is, the more the corre-
sponding line shifts to the left. The values of (IT/I%), at
which the extrapolated solid lines intercept the ordinate
axis at (p —p,)=0 are given in Table I. The extrapola-
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FIG. 5. Dependence of the room-temperature PL intensity
ratio I" /I* on the relative pressure (p —p,), where p, denotes
the pressure at which the energies ET and E* have reached the
same level.
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tion of the lines is made with an average slope common
to all samples. Such extrapolation implicates that
(IT /1%), does not represent the intensity ratio at the real
pressure-induced ET-E¥ crossing point. In fact, it is im-
possible to measure IT /1% at the crossing point directly
from the PL intensities because when ET ~ E* both tran-
sition peaks will overlap and become undistinguishable
from each other. Here we are aware that we really
confine our discussions on the state mixing away from the
anticrossing region. The ratio of transition probabilities
Py /Py is only a slowly-varying function of E'—EZX,
where P and Py are the transition probabilities from I'
and X electrons to heavy-hole states, respectively. In
such a case, we can approximately take the experimental-
ly obtained value of (I¥/1%), as a constant, which is re-
lated only to the ratio of transition probabilities Py /P
and the influence of carrier statistics on the luminescence
intensity is excluded. Assuming that the occupation
probabilities of electrons on the two levels are compara-
ble, in such a case the intensity ratio can be approximate-
ly expressed as follows:

IF

| == (3)

0

where NF,NX,mF,m’X represent the two-dimensional

densities of states of I'-like and X-like states and the
effective masses of I'- and X-valley electrons in the xy
plane, respectively. P and Py are the transition proba-
bilities for T" and X electrons to heavy-hole states. The
factor 2 is induced due to the existence of two X valleys
in the (001) direction. Taking m!=0.0665m, and
m'*=0.19m,, (Py/Pr) values for the different SL
configurations are calculated and listed in Table I. The
relative error of fitted values is about 10%. From these
data it is found that Py /P ~10"#~1073, which is in the
same order of magnitude as predicated by the calcula-
tions of Xia.* Thus our experimental results confirm the
theoretical prediction of a weak state mixing. In addi-
tion, the fact that the pressure coefficients of I"-like and
X-like states are close to the corresponding values of bulk
material gives further support to the weak mixing theory.
The data of Table I show that the value of Py /P in-
creases from 1.4X10™* [for (17,17)] to 4.6 X103 [for
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(6,6)], indicating that the state mixing is relatively more
pronounced for SL’s with shorter period lengths. The
larger mixing may also explain the relatively smaller ab-

- solute value of a* obtained for shorter period SL’s.

Meynadier et al.'® recently reported the existence of
mixing between I'" and X, which was probed by the mea-
surements of the time decay of the indirect luminescence.
The Py /Pr values derived from their experiments are
4X107° and 1X 107 for 78-A period (with T'-X spacing
200 meV) and 38-A period (with I'-X spacing 100 meV)
GaAs/AlAs SL’s, respectively. Our results are compara-
ble with theirs in consideration of the fact that the
configuration of GaAs/AlAs SL samples is not the same
in both cases.

IV. CONCLUSION

The PL measurements under hydrostatic pressure pro-
vide an effective way to investigate the band structures
and optical properties of (GaAs),, /(AlAs), short-period
SL’s. The nature of conduction-band states responsible
for the luminescence transitions can be derived from their
pressure dependence without any ambiguity. The energy
separation between I'-like and X-like states is thus deter-
mined independent of the relative position of these levels
with respect to each other. The experimental results are
in good agreement with the predictions of Kronig-Penney
model calculations. The type-I-type-II transition at at-
mospheric pressure is observed in a (GaAs);;/(AlAs),,
SL. This is the first exact determination of period length
at which the direct-indirect crossover takes place. Ac-
cording to the results on the relative PL intensity of tran-
sitions related to I'-like and X-like states it is found that
the transition probability from the conduction-band X-
like state to the heavy-hole state is 3 to 4 orders of magni-
tude smaller than its counterpart related to I'-like states.
This finding indicates that the state mixing effects is quite
weak in these superlattices.
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