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The optically detected magnetic resonance of electrons and excitons in type-II GaAs/AlAs quan-
turn wells has been studied as a function of the orientation of the quantum well with respect to the
direction of the magnetic field. An analysis of the anisotropy reveals that for quantum wells with

0
A1As layers thinner than —55 A the X, conduction-band valley has the lowest energy while for
quantum wells with thicker AlAs layers the X„and X~ valleys are lowest in energy. This is a conse-
quence of the lattice-mismatch strain splitting of the A1As X conduction band which dominates the

0
confinement splitting for A1As layers thicker than -55 A.

I. INTRODUCTION

In GaAs/A1As quantum wells and superlattices both
type-I and type-II band alignment can be obtained by an
appropriate choice of the layer thicknesses. This is due
to the fractional I conduction-band offset of -0.67 and
the fact that AlAs is an indirect —band-gap and GaAs a
direct —band-gap semiconductor with the lowest conduc-
tion band at the X point and I point, respectively. When
the confinement energy for the electrons in the GaAs lay-
er exceeds the sum of the GaAs-I —to —A1As-X
conduction-band offset and the A1As-X confinement ener-
gy, a type-II alignment is obtained with the electrons
confined in the AlAs layer and the holes in the GaAs lay-
er (Fig. 1). A crossover occurs for a GaAs thickness of
-35 A. ' Knowledge of the band structure of type-II
GaAs/A1As structures that are indirect in position as
well as in momentum space is of interest because the
direct —band-gap type-I to indirect —band-gap type-II
crossover might be useful in electro-optic devices and be-
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FIG. 1. Band structure for GaAs/A1As quantum wells show-
ing the type-I and -II transitions. The subbands are indicated
by the thick lines.

cause of similarities to the GaAs, „P /GaP and
Si

&
Ge„/Si systems.

In bulk A1As the lowest X conduction band is threefold
degenerate at the band edge, corresponding to the
symmetry-equivalent (2m. /a) (1,0,0) points in the Bril-
louin zone. However, in quantum wells and superlattices
this degeneracy is lifted due to confinement and strain.
Confinement splits the X valley with momentum vector k
parallel to the growth direction (labeled X, ) apart from
the X valley with k vector in the quantum-well plane (X
and X ). In the literature, considerable controversy exists
as to whether the X, or the X and X valley are lowest in

energy. " ' The confinement energy for the electrons in
the X, valley, which have a component of momentum
along the growth direction, is determined by the longitu-
dinal effective mass while the confinement for the X and
X valleys is determined by their transverse effective mass
which is about six times smaller. We therefore anticipate
that due to confinement the X, valley would have the
lowest energy. This is in agreement with envelope-
function calculations ' and the one-band Wannier orbital
calculation of Ting and Chang. However, the tight-
binding calculations by Ihm predict that the order is re-
versed for AlAs layers thinner than -20 A. All these
calculations neglected the effect of strain on the
conduction-band structure. Because the lattice constant
of A1As is larger than that of the GaAs substrate, the
A1As layers are under biaxial compression. The lattice
mismatch strain results in a lowering of the X„and X~
vallt:ys with respect to the X, valley. ' Recently, Drum-
mond et al. ' pointed out that the confinement and strain
splittings are of comparable magnitude.

Photoluminescence (PL) and decay characteristics also
provide confIicting results. The PL lines observed by
Moore et al. ' were attributed to exciton recombination
involving X, electrons, while similar spectra of Finkman
et a/. ' '" were interpreted as due to the recombination of
excitons involving X„and/or X„electrons. The nonex-
ponential decay of the type-II luminescence as observed
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by Finkman and co-workers was used to support their
idea of X, and/or X excitons. Later, Minami et al. '

questioned their analysis and concluded that the nonex-
ponential character could be explained by the recombina-
tion of excitons involving X, electrons. Recently,
Dawson and co-workers' studied the decay rates as a
function of the A1As thickness. The variation of the de-
cay rates could be explained by a change in the mixing
between the AlAs-X, and GaAs-I electron states caused
by the discontinuity at the heterointerface. Uniaxial
stress measurements by Gil et al. ' also supported the
idea that in thin GaAs/A1As quantum wells the X, valley
has the lowest energy.

In a previous paper' we reported that the type-II
GaAs/A1As quantum wells can be studied by use of the
optically detected magnetic resonance (ODMR) tech-
nique and interpreted the various resonance lines. In this
paper we will analyze the anisotropy of the ODMR spec-
tra as a function of the orientation of the magnetic field
with respect to the quantum-well axes. It will be shown
that the ordering of the X and/or X and X, valleys can
be obtained from the anisotropy and that their respective
energies cross for an A1As layer thickness of —55 A. A
preliminary analysis of a part of the anisotropy data has
been given in Ref. 17.

II. RESULTS AND ANALYSIS

The samples used in this study were grown by
molecular-beam epitaxy (MBE). The layers were deposit-
ed on (001)-oriented GaAs substrates at a temperature of
630—650 C and consisted of 1.0 pm of GaAs buffer ma-
terial, 60—1740 periods of GaAs/AlAs, where the num-
ber depends on the thickness of the layers and finally a
capping layer of 0.1 pm of GaAs. The GaAs and A1As
thicknesses for the various samples are given in Table I.

For one series of samples investigated, the GaAs thick-
ness was fixed at nominally 25 A and the A1As thickness
varied between 17 and 200 A. For the other series, the
GaAs and A1As thicknesses were equal and varied be-
tween 3 and 6 monolayers (8 and 17 A) for the various
samples. The ODMR experiments were carried out at
9.68 GHz with the sample at a temperature of 1.6 K. For
excitation, the 514-nm line from an argon-ion laser was
used. The luminescence was detected in a direction
parallel to the magnetic field while the sample could be
rotated around an axis perpendicular to the field. The
ODMR spectra were recorded with phase-sensitive detec-
tion of the difference between the two circularly polarized
components of the luminescence using a photoelastic
modulator operating at 50 kHz.

The type-II PL features for two samples consisting of
(25 A GaAs)/(25 A A1As) and (25 A GaAs)/(76 A A1As),
respectively, are shown in Fig. 2. The PL spectra for the
samples with A1As thicknesses from 17 up to 42 A have
similar shapes, showing one intense line with two weaker
lines at lower energy. For the 8, 11, and 14 A
(GaAs) „/(A1As) „samples the PL spectra look quite
different, showing three distinct lines with comparable in-
tensity. The PL spectra of the samples with A1As
thicknesses up to 42 A are discussed in the papers by
Moore et al. ' The samples with A1As layers thicker
than 42 A generally show three intense lines and several
weaker lines. All these lines become broader and start to
overlap for the thickest A1As layer samples. To obtain
more information on the origin of the PL lines, the
ODMR spectra and their dependence on the orientation
of the quantum-well axes with respect to the magnetic
field direction have been studied. Two representative
ODMR spectra for the magnetic field parallel to the [001]
axis are shown in Fig. 3. These spectra were obtained by
monitoring all the type-II luminescence. The angular

TABLE I. Sample identifier, nominal GaAs and AlAs thickness (the number in parentheses is the
thickness as obtained from x-ray diffractio'n combined with photoluminescence excitation spectrosco-
py), g values, and lowest X valley(s). The error in the g values is +0.01.

Sample

No. 1 (G344)
No. 2 (G343)
No. 3 (G345)
No. 4 (G340)
No. 5 (G264)
No. 6 (6261)
No. 7 (G262)
No. 8 (G170)
No. 9 (G510)
No. 10 (512)

No. 11 (G515)

No. 12 (G517)

No. 13 (6519)

GaAs (A)

8

11
14
17

25(22)
25(23)
25(23)

25
25
25

25

25

AlAs (A)

8
11
14
17

17(19)
25(28)
42(41)

68
76

100

120

150

II
gxx

&g„
&g„
&g„
&g„
1.99
1.99
1.99

1.94
1.89
1.99
1.89
1.99
1.89
1.99
1.89
1.99

&g„
&g„
&g„
&g„
1.99
1.99
1.99

1.94
1.99
1.89
1.99
1.89
1.99
1.89
1.99
1.89

II
gzz

1.92
1.91
1.91
1.90
1.89
1.89
1.88
1.99
1.99
1.99
1.99
1.99
1.99
1.99
1.99
1.99
1.99

X,Xy,X,

X,
X,
X,
X,
X,
X,
X,

X,Xy
X„,Xy
X,Xy

X,&y

X„,Xy

X„,Xy
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FIG. 2. Low-temperature (1.6 K) photoluminescence spectra
of the (25 A GaAs)/(25 A A1As) and (25 A GaAs)/(76 A AlAs)
samples. l
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dependence of the resonance fields for several samples are
shown in Figs. 4(a) —4(c).

In Ref. 16 it was shown that the outer two ODMR
lines for the (25 A GaAs)/(25 A A1As) sample correspond
to electron-spin transitions in the heavy-hole exciton and
that they are split apart by the exchange interaction of
the electron and the hole. The resonance line in between
was ascribed to the unbound electrons in the A1As layer.
The exchange spitting obtained from the ODMR experi-
ments for samples with various GaAs and AlAs
thicknesses has been discussed by Rejaei Salmassi and
Bauer. ' For the samples with 25 A GaAs and AlAs lay-
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FIG. 3. ODMR spectra of the (25 A GaAs)/(25 A A1As) and
(25 A GaAs)/(76 A AlAs) samples. The spectra have been
recorded by detecting the di6'erence of the two circularly polar-
ized components o.+ and a of all the type-EE luminescence.

FEG. 4. Angular dependence of the ODMR spectra for (a)
the (25 A GaAs)/(25 A A1As), (b) the (25 A GaAs)/ (76 A
A1As), and (c}the (25 A GaAs)/(120 A A1As) sample.
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0
ers thicker than -50 A the exchange splitting is no
longer resolved. The ODMR spectra, apart from the ex-
change splitting which is not relevant for the present
analysis, can be described by the spin Hamiltonian for
electrons with spin S =—,', given by

X «( A, }: a= —,'(1, 1, 1, 1,0,0),
X„«(B,): a= —,'( l, l, —1, —1,0,0),
X,(Ai): a= —,'i 2(0,0,0,0, 1, 1) .

(4a)

(4b)

(4c)

H, =p~(g„„B„S„+gB S +g„B,S,),
where the g value is written as a tensor having only diag-
onal elements g„, gz~, and g~ with x,y, z corresponding,
respectively, to the [100],[010],and [001]crystal axes, pz
is the Bohr magneton, and 8 the magnetic field. The g
values, obtained for the various samples by fitting the ei-
genvalues of the spin Hamiltonian matrix to the angular
dependence of the resonance fields, are shown in Table I.
For the samples that show both an electron-spin reso-
nance and exchange-split exciton resonances, the g values
have been obtained from the angular dependence of the
electron-spin resonance field only. When the exchange
interaction matrix is included, however, the angular
depende'nce of the exciton resonance fields in these sam-
ples can be fitted using the same electron-spin g
values. ' ' For the samples with A1As layers thicker than
or equal to 100 A, the spectra have to be described by
two g tensors.

To relate these g values to the band structure we have
to consider the electron and exciton wave functions. For
bul'k A1As the proper X valley electron states are the even
(symmetry X,} and odd (symmetry X3) combinations of
the minima on the same axis. The origin is thereby taken
to be at an As site. The X&-X3 splitting amounts to
-0.5 eV with XI the lowest band. ' ' Due to
confinement and strain the threefold degeneracy of the
XI and X3 bands is partially lifted in quantum wells.
These splittings however, are small compared to the bulk
Xi X3 splitting. In the effective-mass approximation the
X electron and type-II exciton wave functions can be
written as a linear combination of degenerate wave func-
tions corresponding to the equivalent Xminima

4"„(r,)=g ajar;(r, ),
I

(2)

+,„(r,r& )=Q g a,-P, (p, z„zl, )g', (r )g"(r& ) . (3)

The arguments r, and rl, are the coordinates of the elec-
tron and hole and p=(x„y, ) —(xz,yh) denotes the
difFerence coordinates in the plane. g" and f; denote the
Bloch functions of the I valence-band holes and the X
conduction-band electrons, where i is taken to
correspond to the six minima located at (kx, 0,0),
( —kx, 0,0), . . . , (0,0, —kx). F, is the ground-state exci-
ton envelope function for the uncoupled valleys, j indexes
the different linear combinations, and Q is the total
volume of the system. The coefficients a~ and the degen-
eracy which remains can be ascertained from symmetry
without detailed knowledge of the nature of the perturba-
tions. For the analysis of the ODMR experiments only
the lowest energy states which are derived from the bulk
X& band have to be considered. For the D2d symmetry of
the quantum well we obtain, for these X&-derived states,

The various states are labeled according to the X minima
involved and their transformation properties are indicat-
ed in the parentheses. Anticipating the discussion of the
experimental results we also consider the electron and ex-
citon states in the lower D2 symmetry which are given by

X„(3 i ): a= —,'V'2(1, 1,0,0,0,0),
X«( 2 i ): a= —,'&2(0, 0, 1, 1,0,0),
X,(A&): a= —,'v'2(0, 0,0,0, 1, 1) .

(5a)

(5b)

(5c)

where g; is the g tensor for the ith minimum. Assuming
that the magnitude of g, and g& does not differ for the
various minima, the g tensors for the states given in Eqs.
(4) and (5) can be compared. For the D2d, X„«(A, ), and
X„«(B,) states we obtain g„„=g««=—,'(gI+g, ), g„=g„
while for the X,( A, } state we find g„„=g„«=g„g„=g,.
So both X„„and X, states show a uniaxial symmetry
along the [001] axis. The total anisotropy is given by
hg =g„—g„„=—

—,
' (gI —g, ) for the X, states and

Ag =g„—g„„=gh—g, for the X, state. For the D2-
symmetry X„,X~,X, states the Zeeman splitting shows a
uniaxial symmetry along an axis which corresponds to
the principal axis of the valley involved while the anisot-
ropy equals Ag =gr —g, for all three states.

From the symmetry axis, the number of spin reso-
nances observed, and the difference in magnitude of the
anisotropy for the X ~ and X, states, the ordering of the
X valleys in the various samples can be determined
without knowledge of the exact value of gI and g, . For
instance, when we compare the angular dependence of-
the ODMR signals of the (25 A GaAs)/(25 A A1As) with
the (25 A GaAs)/(120 A A1As} sample [Figs. 4(a) and
4(c)], it is clear that the anisotropy for the first sample
has a [001] uniaxial symmetry and can be described by
one g terisor while the anisotropy for the second sample
has to be described by two g tensors with uniaxial sym-
metry axes [100] and [010], respectively. Therefore, the
X, valley is lowest in energy in the 25-A AlAs sample and
the X and X valleys in the 120-A A1As sample. Consid-
ering Eqs. (4) and (5), the symmetry for the electron exci-
ton states in the 25-A AlAs sample can both be Dzd or
D2', however, the observation of both X and X~ states in

The g value for the electrons on a single ellipsoidal en-
ergy surface is anisotropic and differs from the free elec-
tron g value as a result of spin-orbit interaction. From
symmetry the g tensor, e.g., for the (0,0,kx) minimum,
has only the components g „=g~~=g, and g„=gr, where
the z axis is the principal axis of the ellipsoid. The g ten-
sors for the X electrons and type-II excitons are now ob-
tained by summing up the contributioris from the
different minima:

gJ =g(aJ, )2g
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0
the 120-A sample is only compatible with a D2 sym-
metry. For the (25 A GaAs)/(76 A AIAs) sample the
magnitude and the sign of the anisotropy indicate that in
this sample a D2d-symmetry —mixed X state is observed.

In Table I the g values and the results with respect to
the ordering of the valleys are given for all the samples
studied. Considering the g values, it is clear that within
the experimental accuracy the magnitude of g& and g, is
independent of the valley and thickness of the layers for
nearly all samples. Only for the thinnest quantum-well
samples is a slight increase found of g„=gI. This makes
it possible to determine the ordering of the X valleys in
all the samples. For the samples with AlAs layer
thicknesses ~42 A the X, valley has the lowest energy
while for the samples with A1As thicknesses ~ 68 A the
X„and/or X~ valleys are lowest.

IH. DISCUSSION

To determine whether this crossover of the X, and X
and/or X~ valleys is due to misfit strain, the effect of and
the strain on the X conduction band has to be con-
sidered. ' The multiple-quantum-well structures studied
have been grown on GaAs substrates. Therefore, the
GaAs layers are presumably unstrained and all the strain
is found in the AlAs layers. The in-plane strain is deter-
mined by the low-temperature lattice constants of GaAs
and A1As (Refs. 21 and 23):

+GaAs A1As —3e =e =exx yy
= —1.8 X10

&A1A

while the perpendicular expansion is given by

C1z
ei =e„=—2 eII =1.7X10

11

(7)

where the C;- are the AIAs elastic stiffness constants.
The low-temperature lattice constant of A1As is not
known and has therefore been calculated from the tem-
perature dependence of the coeScient of linear expan-
sion. The low-temperature strains given in Eqs. (7) and
(8) are about 5% larger than the ones calculated for room
temperature and about 15% larger than those obtained
from x-ray diffraction by Kamigaki et al. The change
in the volume of the unit cell results in a shift of all the X
valleys of a few meV while the "„component of the de-
formation potential gives rise to a splitting of the X
and/or X» and X, valleys by

(e —e ).Q J. II

The AlAs deformation potential is also not known; how-
ever, the deformation potentials for GaP and GaAs are
the same, ' indicating that they do not differ much for
the various III-V compound semiconductors. Using the
GaP/GaAs deformation potential:-„=6. 5 eV, we obtain
as an estimate for the valley splitting hX =23 meV.

This value should be compared with the energy
difference of the X„and/or X and X, subbands. The
subband energies have been calculated within the en-
velope function approximation. The calculations were
made using longitudinal and transverse X point masses of

1.3mo and 0. 19mo, respectively. The results are shown
in Fig. S. %'hen we compare the confinement and strain
effects the difference in the X, and X and/or X„exciton
binding and localization energies should also be taken
into account. For the X, excitons the binding energy has
recently been calculated by Rajaei Salmassi and Bauer. '

Similar calculations for the X„and/or X excitons show
that their binding energy is —1 meV larger. This number
depends slightly on the layer thicknesses and the choice
of the in-plane mass which is built up of both longitudi-
nal and transverse masses. The number given has been
calculated for a (25 A GaAs)/(50 A A1As) sample and an
average in-plane mass of 2( 1/I, + I /m& )

' =0.3m o.
The localization energy for both the X and/or X and

X, excitons is mainly determined by the hole localization
energy due to the larger slope of the confinement energy
versus well thickness for the holes compared to the elec-
trons in the samples studied. So, the X and/or X and

X, exciton localization energies are expected to be simi-
lar. The correction for the binding as well as for the lo-
calization energy is therefore small compared to the 23-
meV strain splitting and not relevant for the present
analysis. From the calculated strain splitting and sub-
band energies we expect a crossing at about 60 A, which
is in good agreement with the ODMR result.

Our experimental evidence that the X, valley has the
lowest energy in thin type-II GaAs/AlAs structures with
layers as thin as 8 A contradicts the result from the
tight-binding calculations of Ihm. It should be noted
that band mixing effects and, e.g. , the Bloch components
of the X conduction band are ignored in the envelope
function' approach. One way to overcome this problem is
to use a microscopic technique such as the tight-binding
formalism. However, a dif5culty in these tight-binding
calculations is that only nearest-neighbor parameters are

SO
O
E

4O

E 30
Q)

20

l

50 70 90

AiAs width (A)

FIG. 5. Subband energy for the X„and/or X„and the X, val-
leys as obtained from an envelope function calculation.
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included. As noted by Ting and Chang, these calcula-
tions consequently su6'er from having an infinite trans-
verse X-valley mass, giving inevitably the X and X val-
leys the lowest subband energy. This is most likely the
origin of the discrepancy between our results and the
tight-binding result.

Other microscopic methods applied to thin GaAs/
A1As structures are, e.g. , the one-band Wannier orbital
model as used by Ting and Chang and the linearized
augmented plane wave method used by %'ei and
Zunger. Although the envelope function results for the
ordering of the X„and/or X» and X, valleys agree with
the ODMR results for samples with GaAs and A1As lay-
ers as thin as 8 A, we will take a closer look at these mi-
croscopic models because they can provide more infor-
mation on, e.g. , the mixing and splitting of the various
conduction-band states.

For a (001) GaAs/A1As superlattice the bulk I, X
and X» states correspond to the superlattice I (000),
M (100), and M»(010) states while the X, state is folded
into the superlattice I state and the X and X states into
the M and M„states, respectively. The folding of, e.g. ,
the X state into the M state is due to the fact that the
X (100) point is equivalent to the (011) point in k space
because they difFer by the reciprocal lattice vector (111).
This means that both the GaAs-I and A1As-X, states as
well as the AlAs-X„and -X states can be mixed. Ac-
cording to Ting and Chang and Wei and Zunger the
magnitude of this mixing depends on the parity of the
states. For instance, the X, state can be written as an en-
velope function which is symmetric with respect to the
well center modulated by a phase factor cos(kzz) with
the origin at an As site. If the AlAs slab consists of an
odd number of monolayers the parity of the Bloch func-
tions with respect to the well center and the subband en-
velope function parity are both even, which makes mix-
ing with even the lowest I subband allowed. However,
for an even number of A1As layers the overall parity of
the X, and I states is di6'erent and mixing is not allowed.
Therefore I -X, and similarly X„-X„.mixing by the super-
lattice potential only occurs for A1As slabs with an odd
number of monolayers.

The X -X„mixing by the superlattice potential gives
rise to a splitting of the X ( A, ) and X„»(B,) states. For
these Dzd symmetry states, the magnitude of the X~ Xy
mixing cannot be obtained from the ODMR experiment
because the spectra are always described by the same g
tensor. However, from Table I it is clear that in all the
samples where the X and X valleys have the lowest en-
ergy, the relevant symmetry is not Dzd but Dz, with ex-
ception of the (25 A GaAs)/(76 A A1As) sample where
the symmetry is Dzd. This means that in all the samples
with A1As thicknesses ~100 A a perturbation exists
which splits the X and X states apart and which is
larger than the X -X mixing potential. An upper limit
for the X -X mixing potential can be obtained from the
intensity ratio of the X and X ODMR signals assuming
that the populations of these two states are in thermal
equilibrium. The largest ratio observed in the samples
with A1As layers ~ 100 A was about 0.3. Furthermore,

we noticed that the intensity ratio varies slightly when
scanning the laser beam over the sample. This variation
is compatible with a Boltzmann population distribution
and a slightly varying splitting of the X and X states
over the sample. The observation that the X and X sig-
nals have at least an intensity ratio of -0.3 thus shows
that the X -X mixing potential is smaller than -0.2
meV. It is unlikely that all the samples with A1As layer
thicknesses ~ 100 A have only A1As layers consisting of
an even number of monolayers where no mixing by the
superlattice potential occurs. Therefore the 0.2 meV is
also an upper limit for the superlattice potential mixing
in these quantum wells. For the (25 A GaAs)/(76 A
A1As) sample a Dzd symmetry is observed in the ODMR
experiments. So the mixing potential in this sample is
larger or comparable to the X -Xy splitting. Indeed, if
the X -X mixing is due to the superlattice potential, it
should increase for decreasing layer thicknesses of the
quantum well giving mixed X„„states for the thinner
type-II quantum wells. For the quantum wells with A1As
thicknesses smaller than -55 A the X, valley becomes
lowest in energy and the X„-X mixing is no longer
relevant.

For the samples where the X, state is lowest the anisot-
ropy of the ODMR signals does not provide enough in-
formation to reveal whether the symmetry is Dzd or
lower. However, recent quantum beat experiments by
van der Poel et al. and zero-Geld ODMR experiments'
showed that the axial symmetry in these quantum wells is
also lifted. The origin of the lowering of the Dzd symme-
try is not quite clear at the moment. An in-plane strain
can split the X„and X states; however, the lowering of
the symmetry can also be due to the fact that the
GaAs/A1As interface plays and important role in the mi-
croscopic structure of the type-II excitons.

We now turn to the PL spectra shown in Fig. 2. For
the samples with A1As layers thinner than -55 A the X,
state has the lowest energy. Due to the mixing of the X,
state with the I state the k conservation rule is broken.
This gives rise to an intense zero-phonon line and weaker
phonon lines at lower energy. According to the energy
spacings of 30 and 50 meV, the phonons involved are
identified as LA and LO A1As phonons. For the sam-
ples with the thicker A1As layers where the X„and/or X»
states are lowest there is no mixing with the I states, and
in principle only phonon-assisted decay is allowed. We
therefore expect several intense phonon lines in the spec-
trum. To reveal whether the three main lines in the PL
spectra have a common origin, the ODMR spectrum for
the (25 A A1As)/(76 A GaAs) has been recorded with
wavelength-selective detection. This experiment showed
that the three main lines in the spectrum give the same
ODMR spectrum and therefore have the same origin.
The other lines in the spectra were too weak for this ex-
periment to be performed. The energy spacing of these
lines with respect to the weaker higher-energy line is con-
stant for the samples with di6'erent A1As thicknesses and
amounts to 14, 32, and 50 meV. We therefore interpret
the weak highest-energy line as the zero-phonon line and
the other lines as the TA-, LA-, and LQ-phonon recom-
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bination lines of X and/or X states. This interpretation
is in accordance with a much stronger temperature
dependence in the 2—10-K range for the intensity of the
zero-phonon line with respect to the phonon lines. This
strong temperature dependence indicates a breaking of
the k selection rule by interface scattering, which be-
comes important when the excitons that are localized at
low temperature at the interface Auctuations become
mobile at higher temperatures. The small lines at lower
energy correspond to 2 —LO- and (LO+TA)-phonon
lines.

In the PL spectra of the 100 and 120 A AlAs samples
another weak line is observed at an energy, 9 and 14 meV
respectively, above the zero-phonon X and/or X~
recombination line. The energy difference of this line
with respect to the X and/or Xr line corresponds fairly
well to the value obtained for an X, line from the com-
bined effect of confinement and strain as calculated
above. The observation of this PL line thus lends extra
support to the analysis given. A detailed PL and PL exci-
tation study of the thick ALAs layer samples will be the
subject of a forthcoming publication.

structure of type-II GaAs/AlAs quantum wells. For
samples with A1As layers thinner than —55 A the
confinement effect dominates, giving the X, valley the
lowest energy, whereas for samples with AlAs layers
thicker than -55 A the strain effect dominates, giving
the X„and X valleys the lowest energy. In the samples
with AlAs layer thicknesses ~ 100 A the X„and X val-

leys are also split apart. This splitting is, however, much
smaller than the X„and/or X to X, splitting. The split-
ting of the X and X states shows that the actual symme-

try is lower than the anticipated Dzd symmetry for quan-
turn wells. The ODMR technique is a powerful tech-
nique to reveal this and to facilitate the interpretation of
the various luminescence lines in the type-II PL spectra.
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