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We have performed high-pressure photoluminescence measurements on a type-II GaAs/AlAs
superlattice at liquid-helium temperatures. The observed indirect transitions were found to have a
pressure coefficient of —2.4+0.1 meV/kbar, significantly larger in magnitude than the coefficient
of —1.3 meV/kbar reported for the indirect gap of GaAs. This is interpreted as evidence for a
pressure dependence of the valence-band discontinuity (AEy) of approximately +1 meV/kbar.
Our result is in excellent agreement with theoretical calculations of Van de Walle and Martin.
Taken together with previously reported data, it suggests that the magnitude of dAEy/dP is a

linear function of the alloy composition of the barrier material.

We show that the fractional

conduction- and valence-band offsets of GaAs/Alo.3Gao7As are pressure dependent.

INTRODUCTION

For several years now there has been considerable in-
terest in the optical properties of type-II superlattices. !>
A type-II superlattice is one in which the lowest-lying
conduction- and valence-band minima are on opposite
sides of the semiconductor heterojunction. A type-II
configuration is produced in a Al,Ga;-,As/GaAs system
when the width and depth of the confining potential
causes the first GaAs confined electron state to lie above
the X- minima of the Al,Ga;—As barriers. For example,
a GaAs/AlAs superlattice is type II when the thickness of
the GaAs is less than 35 A and that of the AlAs is greater
than 15 A.!

A type-I Al,Ga;-,As/GaAs superlattice, one in which
the lowest-lying conduction- and valence-band minima
are both in the GaAs, may be induced to change to type II
with the application of hydrostatic pressure.> The pressure
causes a decrease in the indirect gap of the Al,Ga;—,As
of some 1.0 meV/kbar, and an increase in the confined I'-
related state in the GaAs of approximately 10 meV/kbar.
With sufficient pressure the confined state in the GaAs is
pushed above the X minima in the Al,Ga;-,As, which
now become the lowest-lying conduction-band minima in
the quantum-well system and hence produce a type-II
configuration.

An important feature of such type-II systems is that the
type-II recombination energy depends directly on the
valence-band discontinuity AEy. A schematic band dia-
gram of a GaAs/AlAs type-II superlattice is shown in Fig.
1 from which it is clear that AE} is given by

AEy=E}s —Ep.+Alun+Af —Egs, (1

where Al gy and Af%, are the hole and electron confinement
energies, respectively, Eg,"g the indirect gap of the barrier
material, Egp the exciton binding energy, and Ep; the en-
ergy of the observed type-II recombination emission. The
effective masses of the electrons' (m* =1.1mg) and
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holes* (m* =0.34m,) are relatively large and therefore
the confinement energies are relatively small, compared
with the valence-band discontinuity, and tend to be can-
celed by the small exciton term. A good estimate of AEy
(Ref. 1) may, therefore, be obtained from just the mea-
sured value of Ep. and knowledge of Eg,YB. Similarly,
measurements as a function of pressure give the pressure
coefficient dAEy/dP from dEp /dP if dE, p/dP is known.
We have performed high-pressure, low-temperature
photoluminescence (PL) measurements on a type-II
GaAs/AlAs superlattice. In the analysis of our data, and
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FIG. 1. A schematic representation of the band diagram of a
type-1I superlattice, defining the notation used in the text.
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reported data, we assume that the pressure coefficient of
the indirect gap in Al,Ga, -,As is independent of x and
equal to its value in bulk GaAs of —1.3 0.1 meV/kbar.>
This is supported by the one measurement on bulk
Aly 3Gag 7As which gave approximately — 1.0 meV/kbar.¢
Consequently, we find that the valence-band discontinuity
AEy in the GaAs/AlAs superlattice increases at approxi-
mately 1 meV/kbar. We note that our result is supported
by Van de Walle and Martin’s’ theoretical calculation of
the pressure dependence of the valence-band discontinuity
in GaAs/AlAs superlattices.

Inspection of reported high-pressure PL data for
GaAs/Al,Ga; - ,As quantum-well structures for various
values of x together with our data reported here shows
that the type-II emissions have a pressure dependence
(dEpL/dP) that is linearly dependent upon the value of x.
Therefore, the above assumption implies that the pressure
dependence of the valence-band discontinuity (dAE)/dP)
will also be linearly dependent upon alloy composition.

Until now it has generally been assumed that the frac-
tional conduction- and valence-band offsets (Qc and Qy)
remain constant with pressure.®~!° For the specific alloy
composition x =0.3 we show that this is not the case, and
in fact Q¢ and Qy decrease and increase, respectively, at a
rate of 0.0013 +0.0008 kbar '

EXPERIMENTAL

The GaAs/AlAs superlattice used in these experiments
was grown by molecular-beam epitaxy at Philips Research
Laboratories, Redhill, and consisted of 60 periods of
GaAs and AlAs. The GaAs thickness was measured by
PL and transmission electron microscopy (TEM) to be
302 A and the AlAs to be 68 +2 A.' The PL and exci-
tation spectroscopy of the sample have already been dis-
cussed in some detail elsewhere.! The 8-K PL spectrum is
shown in Fig. 2. The spectrum consists of five peaks, peak
A being a relatively weak type-I recombination emission.
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FIG. 2. The 8-K photoluminescence spectrum of the
GaAs/AlAs superlattice at atmospheric pressure.
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Peak B has been assigned as a type-II emission involving
the zero-phonon-assisted recombination of localized exci-
tons formed from electrons in the Xz minimum in the
AlAs and heavy holes in the GaAs. The remaining peaks,
C, D, and E, are X-related-phonon-assisted emissions.
The sample and a piece of bulk GaAs were mounted in a
0-8 kbar Be-Cu high-pressure cell'! equipped with optical
access. The pressure-transmitting fluid used was a 50:50
mixture of n-pentane and iso-pentane. The cell was in-
serted into a flow cryostat, but the changes in pressure
were only made at room temperature to ensure hydrostat-
ic conditions. The type-I recombination could not be ob-
served at pressure because of a poorer signal-to-noise ratio
with the pressure cell.

PL was excited by 10-100 mW of focused 514-nm ar-
gon ion laser radiation (~5%102 Wcm ~2), analyzed by
a 1m spectrometer, and detected by an ADC403 germani-
um diode detector. All the spectra were corrected for the
spectral response of the detection system. The pressure-
induced shifts in the spectra have been recorded as a func-
tion of the bulk GaAs band-edge emission (Fig. 3). This,
as Venkateswaran et al.'? pointed out, is a more accurate
method of measuring pressure-related behavior. Any
pressure coefficients may subsequently be deduced from
the (zaAs direct-gap pressure coefficient of 10.7 meV/
kbar.

RESULTS

The PL peaks B, C, D, and E shift to lower energies by
—2.4%0.1 meV/kbar with hydrostatic pressure, as shown
in Figs. 3 and 4. To within experimental error the separa-
tions of the peaks remain constant.

Since the bulk moduli of GaAs and AlAs are very simi-
lar’ we assume that the measured pressure effects are
caused only by hydrostatic pressure, and that the effect of
uniaxial stress is negligible. This assumption is further
supported by a comparison of our hydrostatic pressure

GaAs/AlAs GaAs
6kbar
2
@
s
=
o
a.
2.6kbar
PPN AP, PP EPUPET BPUE | TR BN

700 720 740 760 780 800 820 840
Wavelength (nm)
FIG. 3. Typical luminescence spectra of the GaAs/AlAs su-

perlattice, together with bulk GaAs, at elevated pressures and 8
K.
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FIG. 4. The luminescence peak positions of the superlattice
are plotted against the peak position of the bulk GaAs. The
solid lines are least squares fits to the data.

data with data from recent uniaxial stress measure-
ments'3 performed on a similar GaAs/AlAs superlattice,
which showed that the relative spacings of the peaks and
the intensity of peak B are very sensitive to the application
of uniaxial stress.

The measured pressure coefficients (dEpL/dP) of type-
II emissions from Wolford et al.® and Venkateswaran et
al.'? for various Al,Ga,-,As/GaAs superlattices with
different alloy compositions and structures, together with
our own measurement, are plotted against the aluminum
concentration, shown in Fig. 5. The dependence is linear.
The low scatter across the alloy range supports the as-
sumption that uniaxial stresses are negligible since the
data come from different samples in different experi-
ments.

DISCUSSION

While these pressure measurements confirm X-like na-
ture of the PL spectra at liquid-helium temperatures, the
pressure coefficient obtained is different from the reported
value of —1.3+0.1 meV/kbar (Ref. 5) for the indirect
gap in bulk GaAs. Since these measurements were made
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FIG. 5. (a) The pressure coefficient of type-II emissions from
various samples is plotted against the alloy composition of the
barrier. The open circles are from Ref. 3, the solid circles are
from Ref. 11, and the square is our own data. The solid line is a
least squares fit. Line (b) represents the change in the pressure
coefficient of the valence-band discontinuity as a function of the
alloy composition.

with respect to the bulk GaAs band edge, this small
difference is significant and well outside experimental er-
ror.

From Eq. (1) the pressure coefficient of the valence-
band discontinuity is approximately,

dAEy/dP =dEgs/dP —dEp /dP, )]

where dEZs/dP is independent of alloy composition and
equal to —1.3 meV/kbar. For the GaAs/AlAs superlat-
tice therefore, dAEy/dP is +1.1 =£0.2 meV/kbar. Furth-
ermore, as shown in Fig. 5, dEp;/dP is linear with alloy
composition (x) and so the constant dEgs/dP implies that
the pressure coefficient dAE/dP is also linear in x, i.e.,

dAEy/dP=1.1x (meV/kbar) . 3)

This pressure dependence of the valence-band discon-
tinuity is supported by theoretical calculations of Van de
Walle and Martin,” who have predicted a value for
dAEy/dP in a GaAs/AlAs superlattice of +0.8 meV/
kbar. Not surprisingly, the linear dependence on x may
be reproduced by the theory if the band gaps and
valence-band deformation potentials of the ternary ma-
terials are deduced by linear interpolation.

Given the pressure dependence of the valence-band
discontinuity, the conduction-band discontinuity pressure
coefficient is given by

dAEc/dP =(dEgp/dP —dEgw/dP) —dAEy/dP , (4)

where Ejp and Egy are the direct band gaps of the bar-
rier and well materials, respectively. Since dEjp(x=1)/
dP is not known, no conclusions for AE¢ can be given for
the GaAs/AlAs superlattice. However, for the alloy
Alp3Gag;As the direct-gap pressure coefficient has been
measured to be 9.9 meV/kbar.'* From this and using Eq.
(3), a superlattice with this ternary material in the bar-
riers will have a value of dAEc/dP of —1.1%+04
meV/kbar. This can be expressed as a pressure depen-
dence of the fractional valence and conduction offsets, i.e.,
0v(x=0.3) increases at 0.0013 =% 0.0008 kbar ~!, and
Oc(x =0.3) decreases at the same rate.

The change in AE, with pressure is an order of magni-
tude smaller than the change in the direct gap of either
the well or barrier material. Nonetheless, the change is
significant in analyzing the behavior of quantum wells
over the range of several tens of kbars. For example, it
has important implications in modeling the behavior of
type-I emissions in GaAs/Al,- Ga;—,As quantum wells.
Venkateswaran et al.'? first pointed out that the pressure
coefficients of the confined states in type-I GaAs/Al,-
Ga, - ,As quantum wells are dependent upon their transi-
tion energy, i.e., the greater the confinement the smaller
the pressure coefficient. Both Lefebvre, Gil, and Mathieu?®
and Gell et al.'° have modeled this trend with the assump-
tion of a pressure independent Qy, and in the case of Gell
et al. with the assumption that the pressure coefficients of
the I' and X band gaps of Al,Ga|-,As are the same as
those of GaAs. Their fits, although indicating the right
trend, are quantitatively unsatisfactory. We suggest that
the fits may be improved by including the pressure depen-
dence of Qy.
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A pressure-dependent offset ratio is not a property of
the GaAs/Al,Ga;-,As system alone. Recent high-
pressure PL measurements by Lambkin ez al.'> show that
the pressure behavior of type-I Ga,In; - ,As/InP quantum
wells can only be successfully modeled when a pressure-
dependent offset ratio is invoked. It is necessary, there-
fore, that band offset calculations are also capable of ac-
curately modeling the behavior of the quantum-well sys-
tems under hydrostatic pressure, and this may prove a
stringent test of the theory.

CONCLUSION

We have performed high-pressure, low-temperature PL
measurements on a GaAs/AlAs superlattice. The pres-
sure coefficient of the type-II emissions was measured to
be —2.4+0.1 meV/kbar. From this work and published
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data for Ga,Al,-,As quantum wells we find that the
pressure coefficient of the type-II emissions from these
wells is linearly dependent upon the alloy composition of
the barrier material. We deduce that the GaAs/AlAs
valence-band discontinuity increases at approximately 1.1
meV/kbar, in good agreement with theoretical calcula-
tions of Van de Walle and Martin.” Analysis of reported
data conclusively shows that the fractional band offset for
GaAs/Alp 3Gag 7As barriers is pressure dependent, a fact
which should be taken into consideration when interpret-
ing pressure measurements of confinement energies and
when developing theoretical models of the band offsets.
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