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Transitions to confined states of the split-off band in GaAs-(Al, Ga) As
multiple-quantum-well heterostructures
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By studying the low-temperature photoluminescence excitation spectra from a number of
GaAs-(AI, Ga)As multiple-quantum-well heterostructures with various well widths and Al frac-
tions we provide the most conclusive evidence yet published for the observation of optical absorp-
tion from a confined hole state in the split-oA' band of GaAs to the lowest confined electron sub-
band.

The optical spectra of GaAs-(A1, 6a)As quantum wells
have been extensively studied, with the transitions ob-
served being interpreted in terms of the excitonic transi-
tions from the I 8 valence band to the conduction band. In
a recent publication ' it was suggested that a weak feature
seen in the photocurrent spectra of multiple-quantum-well
samples was associated with an allowed transition from
the lowest confined state in the I 7 spin-orbit split-oA band
of the GaAs well to the lowest electron subband ex-
tremum (denoted SOI-E 1 ). The features were observed
at 55 K in two samples with well widths of 75 and 110 A
and a barrier material with an aluminum fraction close to
0.35. Spectra showing these features are given in Fig. 1.
Strong allowed transitions appear as minima due to ab-
sorption in the quantum wells which reduces the pho-
toresponse in the GaAs layers below the quantum wells.
The features could not be explained by any combination
of the electrons and either light or heavy holes, and were
consistent with the known spin-orbit splitting of GaAs
(341 meV) (Ref. 2) and the confinement energy of the
SO1 subband as estimated from the measured eAective-
mass values.

In this paper we present further evidence for the ex-
istence of the SO1-E1 transition, deduced from the low-
temperature (about 8 K) photoluminescence excitation
(PLE) spectra from a number of GaAs-(A1, 6a)As
multiple-quantum-well (MQW) samples. In all cases a
sharp peak is seen at high energy ()1.9 eV) and the
strength of this feature and the variation of its energy as a
function of well width and aluminum fraction provide
good evidence that the peak is associated with the SO1-
E1 transition. This feature, seen in all samples, cannot be
identified with an energy consistent with any combination
of electron and either heavy- or light-hole transitions.

The samples used in this study were grown by molecu-
lar beam epitaxy. All the layers were deposited on [001]-
oriented semi-insulating GaAs substrates held at a nomi-
nal substrate temperature of 650 C. The growth se-
quence was (a) a I-pm GaAs bufI'er, (b) 0.13 pm of
(Al, Ga)As, (c) 60 periods of GaAs wells and (Al, Ga)As
barriers, and (d) 0.13 pm of (AI, Ga)As. None of the lay-
ers were intentionally doped. Well thicknesses and
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FIG. 1. Photocurrent spectra at 55 K from two GaAs-
(Al, Ga)As multiple-quantum-well samples with (a) 75-A GaAs
wells (no. 1) and (b) 110-A GaAs wells (no. 2). In both cases
the (AI,Ga)As barriers had an Al mole fraction of 0.35. The po-

sition of the SO1-E I transition is indicated on each plot. (A full

discussion of all the other spectral features is given in Ref. 1.)

AlGaAs compositions are summarized in Table I.
Low intensity PLE spectra at about 8 K were recorded

using an argon-ion pumped tunable dye laser or over an
extended range using a lamp and monochromator com-
bination. The 8-K PLE spectra of three of the samples
are shown in Figs. 2(a)-2(c).

We have calculated the expected energies of the exciton
transitions to help with the identification of peaks in the
spectra. The calculations used an implementation of

7784 Oc 1987 The American Physical Society



TRANSITIONS TO CONFINED STATES OF THE SPLIT-OFF. . . 7785

TABLE I. Sample details, observed transition energies in (i) photoconductivity and (ii) photo-
luminescence excitation measurements and calculated transition energies, including an exciton binding
energy taken to be 11 meV.

Sample no. z, (A) Al fraction
Temperature

(K)
SOI-E I (eV)

Expt. Calc.

1
1

2'
3 11

411

511

75
110
90
76
80

0.35
0.35
0.36
0.41
1.0

—55
—55

8
8
8

1.924
1.889
1.904
1.926
1.934

1.914
1.883
1.905
1.923
1.932

Bastard's envelope function model for the confined elec-
tron states and an effective-mass calculation which en-
sured that the envelope function F and the product
(I/m*)dF/dz were continuous at the quantum-well boun-
daries for the split-off states.

The effective masses for electrons in GaAs and A1As
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FIG. 2. Low-temperature photoluminescence excitation spec-
tra from multiple-quantum-well samples with (a) 90-A GaAs
wells and A1036Ga064As barriers (no. 3), (b) 76-A GaAs wells
and Ale4~Ga059As barriers (no. 4), and (c) 80-A GaAs wells
and AIAs barriers (no. 5) showing the positions of the SOIEl-
excitonic absorption. Spectra shown over the extended range
were recorded with a "lamp and monochromator" while those
up to —1.75 eV used a tunable dye laser as excitation source.
[Note: The dip in the spectrum close to 1.975 eV in (c) is due to
a top cladding region of (Al, Ga)As. ]

were taken as 0.0665mo and 0.15mo, respectively, and for
the split-off hole bands values of 0.14mo for GaAs and
0.27mo for AlAs were chosen. For intermediate alloy
compositions a linear interpolation between the two end
members was made. The values of all the hole masses in
GaAs and particularly in A1As are somewhat uncertain.
Experimental determinations of the split-oA'mass in GaAs
range from 0.133mo to 0.17mo (Ref. 3) while theoretical
and experimental values span the range 0.24m0-0. 38mp
for A1As. The values used in the calculations are those
derived by Lawaetz from a five-band k. p calculation of
the band structures of the binary compounds.

The value used for the conduction band oH'set fraction
Q, was 0.67, which was determined from the energy of
type-II emission from GaAs-A1As multiple-quantum-well
samples with unusually narrow GaAs layers. Also, this
value is within the range we determined earlier by fitting
calculations to PLE spectra of GaAs-(A1, Ga)As multi-
ple-quantum-well samples made by adjusting the values of
Q, and the GaAs well width L, . ' The potential barrier
in the split-off valence band was calculated from Q, and
the known I point gaps of GaAs and (Al, Ga)As. 'o It was
assumed that the position of the split-off band edge below
the top of the valence band was given by 0.341-0.05x eV,
where x is the Al fraction.

The n = I exciton binding energies were determined to
within about 1.5 meV from a direct measurement of the
1s-2s splitting seen in the low-temperature photolumines-
cence of all these samples. " Slightly smaller values (1-2
meV less) were used for the n ) 1 excitons in an attempt
to reflect the effect of the reduced confinement.

It is common to assume that the principal peaks in the
spectra are due to excitons belonging to interband transi-
tions, where the confinement quantum numbers n of the
electron and hole subbands are the same. Indeed, Brum
and Bastard' have calculated a very small matrix ele-
ment for the HH3-E1 transition in an envelope function
approximation. This result depends on the precise relative
values of the masses and well depths for the electron and
hole; however, if the product mVO, where Vo is the well
depth, is the same for electrons and holes the electron and
hole envelope functions for different n are mutually or-
thogonal. Altering the values of these parameters in this
calculation enhances the result considerably. ' We as-
sumed, therefore, that some of the peaks are due to An =2
excitons. The An =1 transitions are forbidden by symme-
try for zero momentum in the plane, under the assumption
that the terms in the band structure linear in k are negligi-
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ble. This is no longer the case for nonzero momentum in

the plane, ' which implies that excitons seen in absorption
must be p states or states with higher angular momentum
which have a much smaller binding energy. Because these
transitions are seen only when they are mixed with close
by, allowed transitions, however, the exciton binding ener-

gy of the forbidden transitions and the adjacent allowed
ones are expected to be quite perturbed by the interaction
that causes the mixing.

In all the samples, clear peaks in the excitation spec-
trum on the high-energy side of the heavy-hole n =1 to
electron n =1 (HH1-El) and light-hole n =1 to electron
n 1 (LH1-E I ) excitons could be seen which have been
identified as the 2s states of these n =1 excitons. ' The
observation of these peaks in the excitation spectra pro-
vides confirmation of the exciton binding energies deter-
mined from the luminescence. " In accord with the recent
observations by Miller et al. ' and by Masselink et aI. '

we see two clear peaks in the vicinity of the HH2-E2 exci-
ton. These are associated with excitonic transitions be-
tween HH2-E2 and LH1-E2, the second of these transi-
tions becoming allowed because of the extensive mixing of
the light- and heavy-hole subbands by the electron-hole
interaction. There may also be a contribution in this re-
gion from the LH3-E1 transition but the double peak
feature is also seen in samples where the n =3 light hole is
not confined. The allowed transition LH2-E2 is clearly
observed in all samples with an additional feature at about
1.784 eV in sample no. 3 being most probably some com-
bination of transitions due to the parity allowed HH1-E3
and HH4-E2 transitions. The same combination of al-
lowed transitions is probably responsible for the peak at
1.865 eV in sample no. 4 but the calculations predict that
the E3 and HH4 states are only just confined so it is not
certain that both these transitions are present in this sam-
ple. The shoulder on the high-energy side of the LH2-E2
transition in sample no. 4 is the parity forbidden HH3-E2
transition. Again it is most likely that this transition is
present due to the proximity of the LH2 and HH3
confined states with the sharing of oscillator strength be-

tween the allowed and "forbidden" transitions resulting in
the observation of the latter.

The energies of the features in the PLE and the photo-
current measurements which we associate with the SO1-
E1 excitonic transition are shown in Table I. Also includ-
ed are the theoretical values for these transitions.

The exciton binding energy for the SO1-E1 transition
was estimated to be 11 meV using the calculation of Ref.
15 and assuming that the in-plane mass of the split-oA
hole is the same as that of the split-ofI hole in bulk GaAs.
Comparison between the measured excitonic peaks for the
SO1-El transition and calculated values are shown in
Table I. This agreement (to within a few meV) is very
satisfactory in view of the uncertainties in the efrective
masses, the exciton binding energies, and the exact value
of the potential.

Consideration of the strength, width, and systematic
dependence of this new transition on well width and
aluminum fraction allows us to eliminate transitions asso-
ciated with any of the light- and heavy-hole states. The
strength of the transition demonstrates that we are seeing
an allowed hn =0 transition. The only allowed transition
in this region of the spectrum of sample no. 4 would be a
HH3-E3 transition. In sample no. 5, where the aluminum
fraction is 1.0 the HH3-E3 transition is calculated to be
shifted over 100 meV higher in energy and there is no oth-
er strong transition predicted in this region. In addition,
the observation that the SO1-E1 transition is as narrow or
narrower than the HH2-E2 and LH2-E2 transitions also
supports our assignment since allowed An =0 transitions
in quantum wells show the characteristic behavior that the
excitonic linewidth increases with subband index.

In summary, the SO1-E1 transition has been observed
in several multiple-quantum-well samples with difering
well widths and barrier compositions making our identi-
fication unambiguous. Such a transition would be expect-
ed to make a strong contribution to the interband absorp-
tion due to its allowed nature. The transition is found to
be sharp despite the fact that the confined state lies over
300 meV below the I 8 valence-band edge.
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