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Piezospectroscopic studies of type-I and type-II GaAs-AlAs superlattices have been made for
stress lying along the plane or along the growth axis. Ground and excited states have been studied
by means of reflectivity for type-I superlattices. In type-II superlattices the X symmetry of the con-
duction subband has been observed. A reversal of the ordering of the X,- and X, ,-type conduction
subband has been found to appear when the thickness of the AlAs slab is changed. This was inter-
preted as a contribution of the internal strain experienced by the AlAs slabs lattice matched to the
GaAs substrate. Stress-induced switching of ordering between X, and X, , conduction states was
observed in the case of stress perpendicular to the growth axis of the superlattice. We deduce the
tetragonal shear deformation potential of AlAs conduction band: E,=5.11+0.7 eV.

I. INTRODUCTION

Uniaxial stress:has been extensively used for investigat-
ing the intimate symmetry of the band structure of most
semiconductors. In addition to this, it can also give valu-
able information concerning impurities through piezo-
spectroscopic studies of bound excitons. Its field of appli-
cation has been recently extended, with success, to het-
erostructure physics, as a perturbation complementary to
high hydrostatic pressure."’? These two types of pertur-
bation can be tuned, nearly at the will of the experimen-
talist; this is fruitful for studying the electronic properties
of heterostructures grown from lattice-mismatched bulk
compounds. Moreover, the orientation of the applied
stress can be chosen parallel or perpendicular to the
growth axis. Then, depending on the relative orientation
of the heterostructure potential and the strain Hamiltoni-
an, peculiar couplings can be predicted theoretically be-
tween the electronic subbands, and selective dependences
with the stress have been calculated for the optical transi-
tions.> %

Experimental investigations have been made for
GaAs-Ga,;_, Al ,As quantum wells>® and a reasonable
agreement between theory and experiments has been ob-
tained.>>%?® The case of GaAs-AlAs short-period super-
lattices (SPSL’s) has not, to the best of our knowledge,
been the subject of detailed study, when uniaxial stress is
used as a mechanical perturbation.® !° Due to the relative
ordering of the I'g and X¢ extrema of GaAs and AlAs
conduction bands, together with the value of the I'j
valence-band offset, both type-1 and type-II SPSL’s can
be grown as a function of X, the thickness of the AlAs
slab measured in units of the SPSL’s period P.!! The
critical value X, for the type-I-type-II transition has
been proposed as a function of P, using a set of proper
band parameters characteristic of the two binary com-
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pounds.!!? In the case of type-II SPSL’s, the barrier
material is AlAs for the hole and GaAs for the electron.
At the type-I-type-II transition, the lowest conduction
band changes its character from I'" to X and the SPSL be-
comes “indirect” or “pseudodirect”.!'7!1® Some typical
properties have been reported in the recent literature;
they concern the influence of an electric field applied
along the SPSL axis. Danan et al. reported the appear-
ance of a new luminescence line simultaneously with the
disappearance of the indirect luminescence band.!' In
their sample, this new luminescence band was strongly
coupled to the electric field; the standard indirect band
was not. On the other hand, Meynadier et al. 20 studied
the electric-field-induced coupling between X and I' con-
duction bands. Their indirect transition was coupled to
the electric field. The question of the identification of the
symmetry of the lowest conduction band, as a function of
the type-II SPSL parameters, is then opened. It is far
from being recognized from the theoretical side since the
predictions of numerical calculations are a sensitive func-
tion of the method used to calculate the superlattice band
structure.!! ~'® Experimental investigations are desirable
to clarify this point. In this paper, we present the experi-
mental contribution of uniaxial stress to this problem.
We first examine type-I superlattices under [110] and
[001] stress in order to show the influence of the stress
orientation on the superlattice band structure and, more
precisely, on valence-band states; selective dependences
of the valence subbands are observed for ground and ex-
cited states, respectively, of light- and heavy-hole sub-
bands. Moreover, given a subband, its slope is found to
depend on the orientation of the stress.

Next we focus our attention on the case of type-II su-
perlattices (SL’s). The luminescence lines exhibit stress
behaviors which differ when the stress is applied in the
[110] or [001] direction. We first determine that the
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ground state has the X symmetry. Second, we identify
the symmetry of the lowest conduction state, which has
been found to be of X, or X, , symmetry, depending on
the parameters of the superlattice. This has been inter-
preted, taking into account the ~14-meV splitting be-
tween X, and X, , conduction minima in AlAs slabs
strained by lattice matching to the GaAs substrate. The
nonlinearity of the stress dependence of some electronic
states suggests an identification of the transition lines in
terms of recombination of localized excitons. The X-
related shear deformation potential E, is estimated at
5.1+0.7 eV for the AlAs conduction band.

II. EXPERIMENTAL SETUP

The luminescence pumped by the 514.5-nm line of an
ionized-argon laser was detected behind a Jobin Yvon
1.5-m—focal-length spectrometer, using a GaAs:Ce-
cooled photomultiplier and a lock-in amplifier. The two
types of pressure cells used along this work are presented
in Fig. 1. For the in-plane stress, the sample (of typical
dimensions 8X1.3X0.3 mm?®) was wedged between two
iron plugs. In the case of stress parallel to the growth
axis, we have modified our usual cell: the sample was
wedged between the iron plug and a thick sapphire win-
dow. Both incident and emitted photons needed to be
reflected by a 45° mirror that was attached at the bottom
of the stress system; the typical size of the sample was
1X1X0.3 mm®. In both cases, we measured the force
transmitted to a quartz device, using an appropriate
charge amplifier. Another type of cell has been specially
designed for in-axis applied-stress experiments.?! Six
samples were examined in that work: three type-I super-
lattices and three type-II superlattices; their characteris-
tics are summarized in Table I.
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(a)

FIG. 1. Schematic view of the modifications (b), performed
on a common uniaxial-stress cell (a), in order to allow on-axis
uniaxial-stress experiments on thin-layer samples. In both
cases, the stress is transmitted to the upper iron plug from the
top to the bottom of the cryostat by a rod, and it is measured us-
ing a quartz device.

TABLE 1. Relevant characteristics of the samples. X is the
thickness of the AlAs layer relative to the period of the super-
lattice P.

Sample Period P

no. (nm) X
1 19.7 0.12
2 10.2 0.54
3 10.2 0.12
4 4.34 0.6
5 9.5 0.65
6 1 0.6

III. TYPE-I SUPERLATTICES

We present in this section the experimental results ob-
tained at liquid-helium temperature on type-I GaAs-
AlAs superlattices, grown along the [001] direction,
which we will hereafter call the z axis. We report the ob-
served behavior of such structures under [110]-oriented
uniaxial stress and, for the first time, under [001]-oriented
uniaxial stress. Our experimental findings are analyzed
through a simple, parameter-free model.

A. Experimental data

Figure 2 displays the changes in the reflectance spec-
trum of a large-period sample (P=19.7 nm and X¥=0.12)
under several magnitudes of the applied [110] uniaxial
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FIG. 2. Reflectivity spectrum of sample 1 under four
different - magnitudes of the applied [110] stress. The
identification of the different structures is addressed in the text.
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stress, in the energy range of interband transitions, which
are labeled b—f. Notice the presence of many transi-
tions, corresponding to excited electronic states of the
SPSL. This is a great advantage of reflectance measure-
ments, which allow a simple, direct observation of several
excited intrinsic transitions in quantum wells and super-
lattices. As the stress is applied, the rather constant
width of the reflectance structures testifies to the homo-
geneity of the strain over the sample. Also notice that we
can observe the stress-induced splitting of the upper
valence bands of the GaAs buffer layer. Thus, we can es-
timate the stress within an uncertainty lesser than 80
bars, by comparing the measured shifts and splitting of
the |2,£3) and |3,%1) states of bulk GaAs to the re-
sults of Chandrasekhar et al.?? The observed SPSL tran-
sitions were identified using a zero-stress calculation of
the electronic subbands in the superlattice within the
framework of the envelope-function approach of Bas-
tard.?> We took the various parameters gathered in
Table II and assumed a value of the effective Rydberg
equal to that of bulk GaAs (4 meV). This allows us to
identify without ambiguity the b, ¢, d, and e structures of
Fig. 2 as the e(1)-HH(1), e(1)-LH(1), e(1)-HH(3), and
e(1)-LH(2) transitions, respectively. Note the weakness of
the e transition which confirms our calculation, the e(1)-
LH(2) transition being forbidden because of parity cri-
teria. Also notice that the e(1)-HH(2) is almost unobserv-
able because of its weakness and position [near the e(1)-
LH(1)]. On the contrary, the e(1)-HH(3) structure is ex-
pected to be enhanced by the strong joint density of states
of the superlattice (near the I' point of the Brillouin
zone), between the first conduction subband and the third
heavy-hole one. This is due to the strong so-called

GaAs-AlAs
P=19.7 nm
[~ X=0.12
T=2K

e(1)-LH(1)

1550

1540 e(1)-HH(2)

1530 e(1)-HH(1)

ENERGY ( meV )

e-]3/2,23/2>

e-13/2,t1/2> -

1520

P. LEFEBVRE, B. GIL, H. MATHIEU, AND R. PLANEL

40
TABLE II. Physical constants used in this work.
GaAs AlAs

71 6.85 3.45
Y2 2.1 0.68
mX 0.067 0.15
mfom] 1.3 1.1
Mioor] 0.23 0.19
E; (meV) 1519 3130
OE (I'3-T'¢)
——— (meV/kbar) 10.7 9.9

ap
JE(I'3-T°¢)
————— (meV/kbar) —1.3 —1.8

o
OE(I'3-T'¢)
————— (meV/kbar) 5.5 5.5

op
Sy (107° bars™!) 1.16 1.20
S, (107° bars™!) —0.37 —0.39
Sas (107 bars™) 1.67 1.7
a (A) 5.6533 5.6611
b (eV) —1.76 —1.76
d (eV) —4.55 —4.55
E, (eV) 6.5+1 5.0+0.5
E; (eV) 14.5+1.5

valence-band mixing in the (k,,k,) plane which causes
the HH(3) subband dispersion to be parallel to the one of
the e(1) subband, near k=0. Mass mismatch effects be-
tween electron and hole probably contribute t0o.2* The
identification of the structure labeled f on our spectra is
more difficult, but its strength, width, and stress-induced
shift permit us to attribute it to the e(2)-HH(2) transition.
The chart of the transition energies versus [110] stress is

e(2)-HH(2) f
1600 =
GaAs-AlAs
P=19.7 nm
1590 5.4 12 n
T=2K
e
e(1)-HH(4)
1580 -1
1570 i~ -

e(1)-HH(3) d
1560"”"1‘" -
L 1 A

0 i 2 3 4

( 110 ) STRESS ( kbar )
FIG. 3. Plot of the measured transition energies vs the [110] stress, in the case of sample 1. The lines through the experimental
points are the result of our theoretical calculation. The identification proposed on the left part of the figure are only reliable stricto
sensu at o =0 since the valence-band states can be mixed by the [110] stress.
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represented in Fig. 3. The lines through the data are the
result of our calculation detailed below (Sec. III B). As
already observed,!? and theoretically explained,”**3 in
the case of GaAs-Ga,_,Al,As quantum wells, the
e (i)HH(j) transitions shift toward higher energies in a
linear or slightly sublinear way, with slopes of the order
of the e-|2,£1) one in bulk GaAs (~1 meV/kbar). On
the other hand, the e (i)-LH(j) energy shifts appear closer
to the one of bulk-GaAs e-|3,%+3) transition. This
“slope reversal” between the bulk-GaAs case and the su-
perlattice one can be explained in terms of inter-valence-
subband mixings produced by the crossed configuration
of the strain field (along [110]) and the size-quantization
axis (along [001]). We have performed the same experi-
ment on sample 2, with thinner GaAs slabs. Only the
e(1)-HH(1) and e(1)-LH(1) transitions could clearly be ob-
served. The results are presented in Fig. 4. Higher
stresses could be reached in this case before the sample
breaks. The e(1)-HH(1) transitions presents a larger slope
than in the previous case, while the opposite occurs for
the e(1)-LH(1) transition. This is consistent with previous
results on GaAs-Ga, _, Al, As quantum wells.!*?
Applying the uniaxial stress along the growth axis z is
a key point for our study of type-II SPSL. To test the
quality of our setup, we did preliminary experiments on
type-I direct structures. Since the optical access was
rather inconvenient for reflectance experiments, we could
only perform luminescence and thus measure the stress-
induced energy shift of the e(1)-HH(1) fundamental
recombination. Figure 5 shows the result obtained for
such a test sample with P=10.2 nm and X=0.12 (sample
3). We have experimentally verified the behavior expect-
ed from (Refs. 3 and 4): as the size quantization and
strain fields now have the same direction, the stress-
induced energy shift of the e(1)-HH(1) transition is close
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to the one of the bulk-GaAs e-|3,+3) transition. More-
over, this is a proof of the quality of our setup, the stress
being properly applied and measured, which is the main

difficulty in this type of investigation.

B. Data analysis

Our theoretical analysis has been performed as follows:
we first make an envelope-function description?® of the
quantized levels in the superlattice at zero stress. Thus,
we can make a first identification of the structures ob-
served at zero stress. Then, the behavior of the spectra
under uniaxial stress allows us to check or improve this
identification because of the different pressure coefficients
of light- and heavy-hole-related transitions.

We first consider the simpler case of applied stress o
along the [001] direction, where the symmetry of the
problem is not broken. We have calculated the new SL
band structure for each stress value, from the host-
material shifted energies, and assuming a constant band-
offset ratio; such an approximation has already proven to
be valid in the 0—5-kbar range.>> We have also neglected
any influence of stress on the excitonic Rydberg energy.
Following the notations of Pikus and Bir,? the conduc-
tion and valence energies in GaAs and AlAs shift by

AEC:aiC(S11+2S12)0' N
AE|3/2,i3/2):aiv(sll"l'zslz)a—bi(sll—Slz)a ’
AEB/Lil/Z):aiv(Sl]+2S12)0+bi(S11_S12)0 ’

where the elastic constants S;; and deformation potentials
a; and b; used can be obtained from Table II [the depen-
dence of the band gap under hydrostatic pressure,
0/9p(E,—E,), is 3(a‘—a’)(S;,+2S,)], and o
represents the magnitude of the stress. Actually, our
model thus predicts quasilinear shifts for all transitions of
interest, neglecting the coupling with spin-orbit split-off
states, which would only affect the light-hole-related
transitions. As shown above, the result of this type of
calculation is in very good agreement with our experi-
mental data (see Fig. 5).

(110) STRESS ( kbar)
FIG. 4. The same as Fig. 2, in the case of sample 2, for the
e(1)-LH(1) transition (open squares) and e(1)-HH(1) one (solid
squares). ‘
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FIG. 5. Energy shift of the e(1)-HH(1) luminescence line vs

the applied [001] stress, for sample 3.
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In the case of an in-plane uniaxial stress, the situation
is more complicated.>*~%%2! For a [110]-oriented stress,
in the form of the Pikus-Bir Hamiltonian, extra diagonal
terms proportional to the trigonal shear deformation po-
tential d; appear and lead to a nonlinear dependence of
the valence-band splitting of both AlAs and GaAs. In
the superlattice, due to the stress-induced mixing of
|2,43) and |3,+1) Bloch states of the binary com-
pounds, couplings between valence subbands of so-called
light- and heavy-hole type are provoked. The new eigen-
states of the strained SPSL are then calculated as com-
binations of unstrained light- and heavy-hole states. The
comparison between our calculation and experiment is
shown in Figs. 3 and 4. Here, again, the agreement is
very good; even though it is not as accurate as the one
obtained in the case of single quantum wells, then using a
variational calculation®’ it allows us to give a precise
identification of the transitions. Moreover, we justify us-
ing our simple theory, which we shall do in the next sec-
tion, when we subtract the valence-band-related shift
from our data in order to highlight the shifts of the X-like
conduction states.

IV. TYPE-II SUPERLATTICES

In this section, we report low-temperature photo-
luminescence experiments under both parallel and
crossed configurations, performed on type-II SPSL’s.
They allowed us to investigate the symmetry properties
of the X-like conduction states involved in the observed
recombination lines. Three type-II SPSL’s were studied;
we worked in samples with constant relative thickness of
AlAs X ~0.6 and varied the SPSL’s period from 9.5 nm
down to 1 nm in order to highlight typical behaviors un-
der stress. As we shall see, the ordering of the X,- and
X, ,-related subbands cannot be explained without taking
into account the lattice matching of AlAs to GaAs,
which produces important splittings on the conduction
minima of X type, in the AlAs slabs.

A. Sample 4

Typical luminescence patterns collected for a type-II
SL with a period of 4.34 nm with X=0.6 and in the case
of [110] stress have been gathered in Fig. 6. The lumines-
cence peaks are not symmetric with respect to their maxi-
ma; they exhibit a luminescence tail on their low-energy
side. Carefully examining the shape of this transition, we
could not notice any change in the line shape under stress
or in the luminescence intensity, but did notice an energy
shift of the peak extremum. The constant half-width of
~8 meV testifies to a stress inhomogeneity of ~ 120
bars. In Fig. 7 the shift of the luminescence energy as a
function of the stress (open circles) has been plotted.
From its nonlinear dependence, two asymptotic trends
can be observed: the luminescence energy tends to in-
crease for a range of stress smaller than 500 bars, then it
shifts toward low energy and a linear slope is obtained in
the high-stress range. Such a behavior is completely
different from the behavior previously reported for type-I
heterostructures, in general,l’2 and, in particular, for
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FIG. 6. Luminescence spectrum of sample 4 for three
different values of the [110] stress. The energy shift of this
recombination clearly shows that it does not involve I'-like con-
duction states. This result is consistent with previous investiga-
tions on this sample (Ref. 11), where this peak was identified as
the so-called “pseudodirect” transition between the first quan-
tized subband originating from the X, extrema of AlAs and
GaAs and the first quantized subband of heavy holes.

GaAs-AlAs SL’s studied in Sec. III, where the transition
energy always increases with the stress due to the large
widening of the I'§-I'g direct band gap of the bulk host
materials under the hydrostatic part of the strain field.

Such findings should be confirmed by experimental in-
vestigations when the stress is applied in another direc-
tion. This has been done. Figure 8 is the analog of Fig.
6, but now the experimental features have been collected
for a [001] orientation of the external stress. The peak in-
tensity has not been found to vary with the stress. The
half-width of the transition was constant for all stresses,
and once more the homogeneity of the applied strain field
is very good, even at high stress. An increase of the
stress leads to a decrease in the transition energy. The
shift of the transition energy under stress is plotted in
Fig. 9 (open circles). We first observe a small sensitivity
to the applied stress up to 1.2 kbar, then it rapidly de-
creases and a linear slope is obtained as soon as the stress
exceeds 2 kbar.

The effect of the stress on the valence-band states has
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been calculated using the set of characteristic parameters
gathered in Table II. The accuracy of this calculation is
very good as we detailed in the first part of this work
when type-I superlattices were studied. Note, however,
that the hydrostatic contribution is changed between
type-I and type-II situations. Subtracting the contribu-
tion of the heavy-hole subband and the hydrostatic effect
(decreasing of the transition energy at rate —O0.6
meV/kbar) we obtain, when assuming no change in the
effective Rydberg, the influence of the shear component
of the strain field on the conduction level, for each situa-
tion experimentally encountered.

We now discuss the possible origin of conduction levels
from the point of view of the stress experiments. The
[001]-stress dependence cannot be explained with transi-
tion between I' valence-band states and conduction states
built from L§ extrema of the bulk band structure of
GaAs and AlAs since the transition energy should also
increase (note, however, that the increase of the I'g-L g in-
direct band gaps under the hydrostatic part of the strain
is commonly accepted to be about half of the increase of
[Y-I'¢ for the bulks?® 2% and that the shear part of the
[001] stress will not lift the fourfold degeneracy of the L§
extrema). On another hand, the experimental behavior is
consistent with a conduction state built from X§ extrema
of the bulk conduction states. The stress also splits the
different critical points of X, symmetry (except if it is
[111] oriented) and the analysis of data is quite delicate.
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o L) ' T I Al
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FIG. 7. The open circles, (a), represent the [110] stress-
induced energy shift of the luminescence maximum of sample 4.
Subtracting the hydrostatic contribution and [dashed-dotted
line (b)] valence-band effect, one obtains the contribution of the
only conduction band, (c), represented by solid circles. The
asymptotic behaviors at low and high stress (solid lines) suggest
an X,-like character of the conduction subband near =0 and
an X, ,-like one for o > 1 kbar.
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To describe the electronic structure of sample 4 we used
the envelope-function approximation?® around the X ex-
tremum as previously applied with success by Danan
et al.!! in their earlier work on these samples. The con-
stants relative to X extrema are also gathered in Table II.
At this stage, the splitting of AlAs X states is not taken
into account. To account for the influence of the stress
on the valence-band states, we adopt the procedure used
for the type-I situation. We first neglect any influence of
the uniaxial stress on the valence-band offset and only
treat the influence of the shear part of the strain field on
the splitting of the valence subbands.

Concerning the hydrostatic shift for I';-X¢ indirect
transitions, it is now well established from both the exper-
imental®® ™32 and theoretical sides®*3* that the corre-
sponding hydrostatic deformation potential (E;) is 1 or-
der of magnitude smaller than that of I'§-I'g, with oppo-
site sign. Although this quantity is now quite well known
for GaAs,?* 732 AlAs has not been the subject of so many
studies. Hydrostatic-pressure measurements suggest
dE, /dP~—1.8 meV/kbar.® Here for uniaxial stress

dE, /do is 3 times smaller. Let us now consider the X§¢

conduction states under the shear part of the uniaxial
stress: to express the influence of the stress on electron
states, one has to recall earlier works devoted to many-
valley semiconductors. Under uniaxial [001] and [110]
compressions, the degeneracy of the three equivalent X§

GaAs-AlAs
STRESS (001)
P=4.34nm
X=0.6
T=2K
=
= \
s )
g \
<
~|
wi
(8]
4
w
(8]
(7]
w l0=3190bar
Z
2 NE
-
6=2570bar \
0=2080bar
o=0
{ 1 1 3 1 I} 1
1840 1850 1860 1870

ENERGY (meV)

FIG. 8. The analog of Fig. 6, in the case of a [001] stress.
Such a behavior confirms that the luminescence process does
not involve I'-like conduction states.
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minima is lifted. In the notation of Brooks,® the inter-
band splitting is given by

S =E,n[€— (e, +e, +te, T,

where n is a unit vector in the direction of the band extre-
ma in k space, 1 is the unit dyadic, and E, the corre-
sponding shear deformation potential.

Table III summarizes the values of the conduction-
band shifts produced at zone boundaries, for the bulk, in
the cases of [111]-, [110]-, and [001]-oriented stress. The
valley splitting is E,(S; —S,)o for [001] stress and half
of this quantity for [110] stress, and with opposite sign.
Moreover, under [001] stress, the X, valley is pushed to-
ward low energy, in contrast to [110] stress, for which it
is the case of X, and X, valleys.

On the other hand, taking into account the anisotropy
of the X¢ valleys for the two binary compounds GaAs
and AlAs, a splitting of SL energy levels associated with
X minima occurs in zero stress due to mass anisotropy:'!
the lowest-energy subbands are derived from X, (the
quantization mass (the [001] mass) is the longitudinal
mass my, heavier than the transverse mass m,, which is
relevant for the quantization of X,- and X -related SL
states).

Taking into account the zero-stress ordering of levels

/
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./
./
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® ° (@) (o) o
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o caj

SHIFTS (meV)
&
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GaAs-~AlAs
J—_ P= 4.34 nm
=10 X=0.6
T=2K <c)

-29%

STRESS (001) 3
-15
0 ! | | 1 ! |
1 2 3
STRESS ( kbar)

FIG. 9. The same as Fig. 7 for an applied [001] uniaxial
stress. Here, the energy shift of conduction states is merely neg-
ative. A slight nonlinearity suggests a recombination process
involving localized potentials. The valence-band and hydrostat-
ic contributions are represented by the dashed-dotted line, (b).
The solid line represents the shift of X, conduction state.
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TABLE III. Stress-induced splittings of conduction states
5= —E (8, —8Sp)o, 0=—E3(S4 /9o, E=E{[(S,, +25,)0/
3], and A=E¥[(S,,+2S,,)0/3]. o is negative for a compres-
sive stress.

Stress
Valley [001] [110] [111]
X, £—28/3 E+8/3 £
X, £E+8/3 £—58/6 £
X, E+8/3 £—58/6 £
L(]ll) A A—3w/2 A—3w
L(lll) A A+3w/2 Atw
L(lll) A At+3w/2 Ato
L(]ll) A A—3/ 20 At o

predicted by this approach, the influence of stress is
sketched in Fig. 10. Note that these schemes would look
very different if X, ,-like states lay under X, -like states.
Let us first consider the [110] experiment: the
valence-band contribution has been represented in Fig. 7
(dashed-dotted line), including the influence of the hydro-
static component of the strain field. The conduction con-
tribution to the shift, deduced from each experiment has
been represented with solid circles. The conduction level
is measured to shift toward high energy with a slope of
~2.7 meV/kbar, then the slope reduces, and, at high
stress, a linear regime with a slope of —1.3 meV/kbar is
reached. We first note the asymptotic tendency to match
with the scheme of Fig. 10. This proves the X,-like state
to be the ground state. In addition, the nonlinear behav-
ior of the electronic states results from a mixing between
X, and X, , and cannot be explained in terms of intrinsic
luminescence for which linear slopes are expected. To go
further we next consider the [001] experiment. The elec-
tronic contribution has been obtained in a manner similar
to the case of [110] stress, mutatis mutandis. Once more,
a weak nonlinear dependence is first obtained; then, at
high stress, a constant shear slope of about —5.6

i P2
|
INE: i
i 3 |
i !
i !
i !
. L
[001] [110]

UNIAXIAL STRESS
FIG. 10. Schematic behavior of the three zone-edge-related
conduction subbands under both directions of the stress. The
zero-stress ordering of the conduction-band minima is con-
sistent with an “effective-mass” approach of the problem.



40 PIEZOSPECTROSCOPY OF GaAs-AlAs SUPERLATTICES

meV/kbar is measured. A linear dependence should be
expected in the case of intrinsic luminescence. From the
asymptotic cases of small and high stress, we can roughly
estimate the stress splitting of X states; we obtain 4
meV/kbar for [110] stress and 8.4 for [001] stress (the
theory predicts a ratio of 0.5 for these two quantities).
Therefore, here we can propose an average value for E,:
5.5+0.3 eV, a value to be compared with the one previ-
ously reported for bulk GaAs (6.5 eV).>’ We also extract
from the asymptotic behaviors an estimation of the E,-
E, , zero-stress splitting: 6.5 meV.

The nonlinear behaviors suggest an interpretation in
terms of mixing between X, and X, , conduction states;
then the luminescence corresponds to recombination of
‘ J

- 1.8-50 K on a dozen samples, Scalbert et a
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localized excitons. From extensive work on photo-
luminescence time-decay measurements in the range
1.38 also intro-
duced such a notion of mixing between X, and X, , states
induced by a localized potential to explain their data.
Without making any assumption concerning the nature
of the potential U responsible for the localization of the
electron-hole pair, we can qualitatively try to explain the
experimental facts, using a modified version of the
effective-mass theory for many-valley semiconductors.®
In the asymptotic case of a rather localized potential,
when neglecting the contribution from bulk Lg states, the
electronic contribution can be obtained, in a perturbation
approach, after solving the following 3 X 3 matrix:

(X,|¢* E,+f,(X) (Bly)(x,1UIX,) (lp)(x,lUIX,)
(X ly* | WX XUk, B, +£(D) (x.|luix,) |
(x,ly* | ($l6){(X,|VIX,) (x,lUulx,) E,,+fy(X)

where ¢ and ¢ are the electronic envelope functions for
the X, and X, , well states, respectively, and f; the stress
shift of the confined level labeled by the Bloch wave | X, i ).
In the case of a spherical potential, A= (X;|U|X;) is the
so-called valley-orbit interaction parameter. E;
represents the energy for the electron confined in an X;
conduction level, from which we subtract the effective
binding energy. Due to the anisotropy of the effective
mass of electrons, the binding energy is believed to de-
pend on the X; critical point from which the electron
state presently considered is dangling.

We could fit the experiment with the following param-
eters: E,=5.5¢V and an E,-E, , splitting 6.5 meV from
asymptotic behaviors, {$|1¥) =0.94 from calculation, and
A from nonlinearities. We found A=1.5 meV for [110]
stress and A=3 meV for [001] stress. This enables us to
propose a mean value A=2+1 meV. The crudeness of
this model cannot be ignored; The values of A may be
compared with valley-orbit parameters obtained for
bound excitons in bulk semiconductors, A=4 meV for a
hydrogenic donor (S) in GaP (Ref. 40) and A=8 meV for
nitrogen in GaP (here the impurity potential is strongly
localized in the central cell),*! or with the value of the I'-
X mixing potential (I meV) found by Meynadier et al.?°
after performing Stark-effect investigations. The magni-
tude of A compared with E,-E, , reveals the strong mix-
ing of X, and X, , produced by the localized potential.

The lattice mismatch between AlAs and GaAs
(0.12%), which has not yet been taken into account,
should now be considered. Assuming that the GaAs
buffer imposes its lattice parameter, one can calculate the
magnitude of the biaxial compressive stress experienced
by the AlAs slabs:** we find ~—1.7 kbar. This stress
splits the valence-band and X conduction states in AlAs.
Then, we have to consider two potential wells for X elec-
trons. Elementary calculation of the X conduction split-

r
ting shows that a biaxial compressive [001]-oriented
stress is equivalent to a compressive [110]-oriented uniax-
ial stress, with a magnitude 2 times larger.. The bottom of
X, (X, ,) potential wells is pushed toward high (low) en-
ergy and its depth is reduced (enhanced). Using the ex-
perimental value of conduction splittings previously ob-
tained through the asymptotic trends under [001] and
[110] stress ( ~ 8 meV/kbar), we can recalculate the depth
of X, and X, , potential wells and obtain a novel descrip-
tion of conduction states. Such a biaxial stress leads to a
splitting of ~14 meV which is in close agreement with
the canditate value (19 meV) proposed in Ref. 38. The
envelope-function—approximation (EFA) splitting is re-
duced from 48 to 34 meV. Although the calculation has
been improved, we are still far from the experimental
value. Nevertheless, note that the X masses near the X
point of AlAs and GaAs are very poorly known quanti-
ties and that no calculation of the Rydberg or binding en-
ergy has been attempted in this work, due to the difficulty
of treating such a problem when both electron and hole
effective masses are anisotropic.

B. Sample 5§

A second superlattice with period 9.5 nm and Xx=0.65
has also been selected for being investigated under [001]
and [110] stress. We first discuss the data obtained in the
case of stress lying along the [001] direction. In that
case, stresses up to 1 kbar could be applied. A logarith-
mic plot of the luminescence patterns has been given on
Fig. 11. Two different trends can be observed: First, the
highest-energy transition (labeled e), easily observable in
reflectivity,* shifts toward high energy; its slope and en-
ergy position enable one to identify it as hot luminescence
corresponding to recombination of direct ep(1)-HH(1)
type-I excitons. Second, lower in energy, one easily
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a GaAs AlAs
Fi: 9.5nm
Xx=0.65
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FIG. 11. Evolution of the luminescence spectrum of sample 5
under [001] stress. We chose to plot the logarithm of the

luminescence intensity vs the stress. Notice that it was difficult
to follow the b and c lines under stress.

resolves four transitions with negative slopes which
reflect the X nature of the conduction states involved.
Early on, Danan** suggested an identification of b,c,d
lines in terms of phonon-assisted recombinations with
three different phonon energies.

The direct luminescence shifts with a slope of ~5.7
meV/kbar, while the a luminescence exhibits a negative
linear slope of ~ —3 meV/kbar. A line-shape deconvolu-
tion was made to estimate the influence of the stress on
the energy splitting between a and b,c,d lines. Due to the
important strength of a line, always ~ 10 times more in-
tense than b,c,d, and the overlap between its low-energy
wing and b,c,d lines, we could not determine with pre-
cision the position of b and c, but the a-d splitting was al-
ways found to reduce when increasing the stress. Second,
we analyzed the [110] experiment for which some typical
luminescence spectra are displayed in Fig. 12, on a linear
scale of intensities. We could obtain nicer data. At zero
stress, we rediscover the luminescence spectrum dominat-
ed by the a line. The important point to outline now is
the strong decrease of the intensity of the a transition
when the [110] stress increases while the remaining three
(b, ¢, and d) keep roughly the same intensity and relative
magnitude with respect to the direct luminescence.
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FIG. 12. Photoluminescence spectra of sample 5 under [110]
unaxial stress. The peak labeled a was previously (Ref. 44)
identified as a no-phonon luminescence arising from the X,-like
“pseudodirect” recombination. Peaks b, ¢, and d were inter-
preted as phononic replicas of the a line. The fast decrease of
the intensity of the a line, while the b, ¢, and d peaks are rough-
ly constant, suggests that the latter ones do not have the same
physical origin as the former.

Then, we could accurately measure the energy position of
b,c,d lines under stress since the intensity of the a line
quickly collapses and since the a-b,c,d splitting now in-
creases with the [110] stress. The experiment is illustrat-
ed in the full diagram of energy shift given in Fig. 13.
Different slopes are reported for the indirect transitions:
a small negative slope for a (~—0.4 meV/kbar) and a
strong negative slope for b, ¢, and d (~ —4.7 meV/kbar).
These [110]-stress data reveal that, although the four lines
all originate from a conduction state X, they do not obey
the same symmetry rules. The stress-induced splitting be-
tween all luminescence lines, together with differences be-
tween excitonic lifetimes, should dominate the magnitude
of the relative intensities inside the luminescence band.
Therefore, we associate the lowest-energy lines (b,c,d)
with phonon-assisted recombination of the (I",-X, ,) for-
bidden exciton with long lifetime, while the a line (a
zero-phonon line) should correspond to recombination of
excitons with shorter lifetimes and with the electron wave
function pinned to X,. This confirms the observations re-
ported in (Ref. 38). We suggest that the ordering of the
conduction states is switched under stress from X,-X, ,
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FIG. 13. Energy shifts of the five luminescence peaks of sam-
ple 5, vs the magnitude of the [110] uniaxial stress. Clearly, the
shift of the e peak confirms our previous interpretation. Note
that the b and ¢ peaks shift parallelly to one another and that
their slope is quite stronger than the one of the a peak. The in-
termediate behavior of the low-energy structure d is more
difficult to address.

to X, ,-X,. Now, coming back to the [001] stress where
the changes in energy ordering differ from the case of
[110] stress, no drastic alteration of the shape of the
luminescence spectrum is expected if the shortest recom-
bination process corresponds to the lowest conduction
state X, as is actually observed here.

To extract the influence of the shear part of the stress
on the conduction states, we used the procedure de-
scribed above, using the distribution of valence subbands
corresponding to the case of this superlattice. The
identification of all transitions in the indirect lumines-
cence band can be made as follows: the a luminescence
line is found to follow the X, conduction subband which
is then calculated to shift with a shear slope of +2.4
meV/kbar toward high energy under [110] stress and
with a shear slope of —4.7 meV/kbar toward low energy
for [001] stress. Then electron states pinned to either X
or X, conduction states should shift toward low energy
with a shear slope of —1.2 meV/kbar for [110] stress.
This is actually deduced from the experiment for b and ¢
transitions. Next, considering [001] stress, the X - or
X, -related transitions are expected to shift toward high
energy with a shear slope half that of the X, one and with
opposite sign: this explains that the » and c lines are
masked under [001] stress due to their small magnitude
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compared with the a line. We experimentally estimate a
shear stress splitting of 3.6 meV/kbar for [110] stress and
of 7 meV/kbar for [001] stress, to which corresponds
E,=4.5£0.5 eV. A reversal of ordering between X, and
Xy is produced for stress smaller than 200 bars, in the
case of [100] stress. At zero stress, the lowest conduction
level is found to be X, and the X,-X, , splitting is es-
timated at at ~1.5 meV. This value is in the trend pre-
dicted by the EFA: taking into account the lattice
mismatch, we calculate an E, ,-E, ~9 meV.

C. Sample 6

We now study an ultrathin short-period superlattice of
period ~1 nm with an aluminum concentration of 0.6.
The luminescence is much weaker than for samples 4 and
5, and the experimental patterns consist of four main
transitions which have been earlier identified as phonon
replicas of the higher-energy transition (at 2096 meV at
zero stress).** Under [110] stress, all these lines shift
linearly and rapidly toward low energy with a slope of
~ —4.4 meV/kbar. This is not the situation we observed
for samples 4 and 5. Some typical luminescence spectra
obtained in the range 0-5.3 kbar are displayed in Fig. 14.

GaAs AlAs
P=1nm
X=0.8

STREss (110)

T=2K

6= 5.3kba

=2.9kbar

LUMINESCENCE (arb. units)

=0

2050

ENERGY (mev)

FIG. 14. Luminescence spectrum of sample 6 under [110]
uniaxial stress. Here the intensities do not depend on the mag-
nitude of the stress, and all the peaks shift toward low energy
with the same important slope. This behavior should be ex-
plained by a series of phonon-assisted X, ,-related recombina-
tions.

T
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FIG. 15. The same as Fig. 14 but for [001] stress. All peaks
shift toward high energy at a rate which testifies to the X, , na-
ture of the lowest conduction band for this sample.
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The whole intensity of the luminescence patterns has not
been found to vary in a significant way with the magni-
tude of the stress. The relative intensity of each lumines-
cence line in the series of peaks was always constant. All
these data are consistent with an X, , ground state at
zero stress. The [001]-stress patterns represented in Fig.
15 confirm this interpretation: the four lines shift toward
high energy with the same slope of ~4.5 meV/kbar. Per-
forming the same treatment as in the previous section, we
obtain §=10.2 meV/kbar form the [110]-stress experi-
ments, while the [001]-stress one provides 6=7.2
meV/kbar. Accounting for the elastic constant of AlAs,
we thus obtain an average value of E,=5.71+0.9 eV.
Now, coming back to the nature of the fundamental con-
duction state, our calculations in the EFA give an E, ,-
E, splitting of ~10 meV if the lattice-mismatch effects
are ignored. If they are not, we obtain an E,-E, , split-
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ting of ~5 meV, which qualitatively agrees with the ex-
periment. Therefore, in this last case, the conduction
ground state is of X, , symmetry, which can be accounted
for within the EFA when considering the built in strain
effects.

V. CONCLUSION

Uniaxial-stress measurements have been made for a
series of GaAs-AlAs superlattices for which both period
and relative thickness of the slabs have been varied. A
great variety of results was obtained. For type-I superlat-
tices, one could clearly identify ground and excited states
of light- and heavy-hole excitons. We could also demon-
strate the mixing of their wave functions when an exter-
nal strain field is applied. Concerning type-II superlat-
tices, the selective dependence of all luminescence lines
with the orientation of the stress enabled us to associate
some transitions with X, conduction states and others
with X, , conduction states. The nature of the lowest
luminescence level can be X, or X, , depending on the su-
perlattice parameters. Our findings closely agree with
two other recent investigations by Scalbert et al.3® (pho-
toluminescence time-decay measurements) and van
Kesteren et al.'® (optically detected magnetic resonance).
Comparison of the results obtained through these three
works is strongly consistent with the notion of R, and
R, , regions introduced in Fig. 1 of Ref. 38, where the
boundaries between type-I, type-II R,, and type-II R, ,
regions have been plotted as a function of the relevant
SPSL parameters (GaAs and AlAs layer thicknesses).
Moreover, a reversal of ordering of X conducting states
could be produced under stress. The nonlinear depen-
dence of the transition lines observed in one sample has
been attributed to a mixing of electron wave functions
pinned to X, and X, , minima of the conduction band
produced by a localized potential. As a possible origin of
such a mixing potential, one can propose interfacial states
or impurities (their density may depend on growth condi-
tions). An average value E,=5.1%0.7 eV is retained for
the shear deformation potential of X states in AlAs. The
data have been found to be roughly consistent with EFA
calculations, under the condition that the biaxial
compression of AlAs slabs due to the lattice mismatch
between AlAs and GaAs was not ignored.
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