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taneously on (311)A and (100) GaAs substrates as refer-
ence is comparable as determined by high-resolution x-
ray diffraction.

In this paper we report on the strong modifications of
the excitonic properties of CSL structures directly grown
on corrugated (311)A GaAs substrates. The exciton con-
tinuurn energies determined from photoluminescence
(PL) and photoluminescence excitation (PLE) spectrosco-
py drastically exceed those in the reference (100) superlat-
tices (SL s), which is attributed to a strong localization of
the excitons in the GaAs channel regions. The appear-
ance of pronounced LO-phonon sidebands of the exciton
luminescence is related to the length scale of lateral exci-
ton localization. PLE measurements reveal a series of
LO- and TA-phonon-related lines, which are attributed
to hot-exciton relaxation. The observation of hot-exciton
luminescence up to high temperatures and excitation den-
sities manifests the high stability of the excitons. The
pronounced degree of optical anisotropy and the aniso-
tropic optical alignment of excitons is in agreement with
the lateral potential introduced by the periodically corru-
gated interfaces.

The paper is organized as follows. In Sec. II we de-
scribe the sample preparation and experimental setups.
The results of the spectroscopic measurements are dis-
cussed in Sec. III. Finally, in Sec. IV, we summarize our
results on confined excitons in corrugated GaAs superlat-
tice structures.

II. SAMPLE PREPARATION
AND EXPERIMENTAL SETUPS

For the present investigations, a series of samples has
been grown by MBE simultaneously on (100)- and (311)-
oriented GaAs substrates comprising GaAs/AlAs multi-
layer structures of 0.8 pm total thickness. The GaAs
(AlAs) layer thicknesses on (100) substrates have been ad-
justed by the growth parameters to 66 A (61 A), 56 A (50
A), and 29 A (29 A), respectively, and determined in-
dependently by double crystal x-ray diffraction. The
growth was monitored by RHEED using a 30-keV elec-
tron beam at 1' glancing angle. The growth temperature
was 600'C and the growth rate was 1 ]Mm/h for GaAs
and 0.5 pm/h for AlAs. The As4/Ga flux ratio was 5.
The low-temperature PL and PLE measurements were
performed with the samples mounted in an optical He-
Aow cryostat. Light from a broadband 600-W halogen
lamp dispersed by a 0.5-rn double-grating monochroma-
tor and the red line (1.916 eV) of a Kr+ laser served as
excitation sources. The detection system consisted of a
1-m single-grating monochromator and a cooled pho-
tornultiplier operating in the photon-counting mode.

III. RESULTS AND DISCUSSION

The PL and PLE spectra of a 66-A GaAs CSL struc-
ture and of the reference (100) SL are presented in Fig. 2.
The spectra of the CSL structure are redshifted com-
pared to those of the reference SL. The redshift of the
electron-heavy-hole (e-HH) transition increases from 4
meV for the 66-A GaAs sample to 24 meV for the 43-A
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FIG. 2. Photoluminescence (PL) and photoluminescence ex-
0

citation (PLE) spectra of 66-A GaAs superlattice (SL) and cor-
rugated superlattice (CSL) structures. The excitonic transitions
are indicated. The inset shows a scale figure of the CSL with
the estimated exciton size; for details see text.

0
GaAs/41-A A1As multilayer structure discussed in Ref.
8. This value strongly exceeds that expected from the
valence-band anisotropy assuming uncorrugated inter-
faces. The enhanced HH mass along [311],m~~(3»), ac-
counts for only a redshift of 7 meV for the 43-A
GaAs sample, obtained from a finite quantum-well model
with m z~t», ~

interpolated between m ~~t, oo~ and
mnz(», )

taken from Ref. 10 (m~~[3]]] 0.49mo for
GaAs and 0.86mo for AlAs). Hence, the observed red-
shift is attributed to the presence of the thicker GaAs
channel regions, which reduces the optical transition en-
ergies. For the 66-A GaAs sample, however, the redshift
of the e-HH transition arising from the valence-band an-
isotropy is hardly distinguishable from the observed one.
This behavior indicates the increased inAuence of the in-
terface corrugation on thinner GaAs layers where the re-
gistration of the thicker and thinner regions is well estab-
lished.

Although the structural perfection of the GaAs/A1As
interfaces is comparable for (100) and (311) multilayer
structures as derived from x-ray diffraction and Raman
measurements, " the full width at half maximum of the
PL line of the (311) sample amounts to 6 meV whereby
that of the (100) sample is only 2 meV. This behavior is
attributed to the lower quantum-mechanical connectivity
of neighboring (channel) regions in the CSL structures
compared to SL's due to inhomogeneities, which are cor-
respondingly more significant for the electronic proper-
ties of CSL structures, and the localization of free car-
riers due to disorder (monolayer fluctuations) is more
efricient. '2

The additional features observed in PLE at energies
above the HH and light-hole (LH) exciton resonances are
attributed to the corresponding HH and LH continuum
energies, marked by HH* and LH . Note that the HH
continuum energy is also resolved in the PL spectra. The
two-dimensional (2D) continuum energies for the refer-
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ence (100) SL amount to HH" = 12 me V and LH* = 13
meV, in agreement with previous investigations. ' The
CSL structure, however, exhibits exciton continuum en-
ergies of HH =28 meV and LH =29 meV, which
strongly exceed those of the reference SL. For uncorru-
gated structures almost no dependence on the orientation
is predicted for HH and only a 10% anisotropy for
LH'. ' Hence, the observed continuum energies are at-
tributed to the strong localization of the excitons in the
thicker GaAs channel regions. ' The lateral extension of
the HH exciton in the CSL structure can be estimated
from Ref. 16, where exciton binding energies in square-
shaped quantum wires are calculated. For a vertical ex-

0
tension of 66 A and 29 meV for HH* a lateral extension
of about 80 A is obtained from Fig. 1 of Ref. 16. This
evaluation does not take into account monolayer Auctua-
tions which might inhuence the exciton binding energy
due to strong localization parallel to the channels. The
lateral extension of the exciton exceeds the geometrical
width of the channel region of 32 A determined from
RHEED. Hence, in the present CSL structure where the
vertical potential is much stronger than the lateral one,
the channel regions are laterally coupled and the excitons
can be described to be formed from states of a perturbed
two-dimensional system. This is rejected in the smooth
low-energy onset of the HH and LH continuum observed
in the PLE spectra of the CSL structure which, in this
description, originates from a transition between 1D and
2D behavior: Regarding the present CSL structure as a
strongly coupled quantum-wire array, the lateral cou-
pling has the consequence that the peaked 1D density of
states becomes blurred, whereby the corresponding max-
imum of the HH and LH continuum in PLE is attributed
to the energy position of the unperturbed 1D density-of-
states peak. From the present experiments, however, we
cannot distinguish between the modification of the densi-
ty of states due to the lateral potential introduced by the
interface corrugation and that due to monolayer Auctua-
tions, which will additionally smooth the onset of the
continuum.

The intensity of LO-phonon sidebands of the exciton
luminescence in the CSL structures is drastically
enhanced compared to the reference SL. We show this
effect in the PL spectra of Fig. 3 obtained from 56-A
GaAs CSL and SL structures. The intensity ratio of the
1 LO-phonon sideband and the exciton line remains
below 10 in the reference SL, whereas for the CSL
structure it amounts to 5X10 . This intensity ratio is
related to the length scale of lateral exciton localiza-
tion, ' which is determined solely by interface Auctua-
tions in the reference SL. In the CSL structure, the
length scale of exciton localization is referred to the inter-
face corrugation with additional inhomogeneities. Based
on the results of Ref. 18, where a correlation between the
length scale of lateral exciton localization by disorder and
the relative intensity of phonon sidebands is given, we es-
timate the lateral localization length to about 50—70 A
for the CSL structure, and to exceed 100 A for the refer-
ence SL. This value is in good agreement with the lateral
extension of the exciton wave function determined from
the measured exciton continuum energies in the preced-
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FIG. 3. Photoluminescence spectra of 56-A GaAs superlat-

tice (SL) and corrugated superlattice (CSL) structures.

ing paragraph. Again, monolayer Auctuations will
inAuence the localization length, especially along the
GaAs channels. However, the strong lateral localization
of excitons in the CSL structures also explains the ob-
served high luminescence intensity up to 400 K to be
due to the free exciton motion possible only along the
channels which reduces the nonradiative interface recom-
bination.

When the detection wavelength is set on the high-
energy side of the PL line we observe pronounced oscilla-
tory structures in the PLE spectra of the CSL structure
(see Fig. 4 for the 56-A GaAs CSL structure). The lines
are separated by 36 and 11.5 meV, corresponding to the
LO- and TA(X)-phonon energies in GaAs. The lines
move in energy with the detection wavelength. Whether
these lines have to be described in the framework of hot-
exciton luminescence (HL) or resonant Raman scattering
(RRS) is a well-known controversy. '9 HL is an in-
coherent process within the exciton lifetime including the
indirect creation of excitons with large k vector and sub-
sequent relaxation through LO-phonon emission. On the
contrary, RRS is a coherent process within the exciton
dephasing time involving virtual intermediate electronic
states. A distinction between HL and RRS becomes
meaningless when the two time scales are similar. Most
accurately, the whole problem is accounted for by
polariton-mediated RRS, ' where HL and RRS are de-
scribed on the same basis. Polaritons with high energies
are photogenerated well above the fundamental band gap
and relax via LO-phonon emission down to the low-
energy part of the polariton dispersion curve. With high
probability the relaxation takes place along the exciton-
like branch. However, with a weaker probability relaxa-
tion is also allowed along the photonlike branch, giving
rise to RRS lines. A huge enhancement of RRS or HL
results when the LO-phonon cascade ends in the polari-
ton bottleneck region. The bottleneck polariton states re-
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veal the longest step in the whole process. In this region
acoustical phonon or impurity scattering becomes impor-
tant, giving rise to loss in coherence.

The following experiments (Fig. 4) show that in our
CSL structures the coherence between ingoing and outgo-
ing photons (initial and final states) is lost. We therefore
believe that the observed oscillatory structure is best de-
scribed within the HL framework. The 1LO-phonon
line which is in resonance with the LH-exciton state in

0

the 56-A GaAs CSL structure exhibits a pronounced de-
gree of negative circular polarization of P = —0.42
(P = [I++ I+ ]/—[I++ +I+ ]) [Fig. 4(a)]. The de-
gree of linear polarization is negligible. This behavior
shows the LH exciton to act as intermediate state for the
hot-exciton creation, which is followed by the incoherent
relaxation to the HH-exciton state in agreement with the
selection rules for LH- and HH-exciton transitions. '

The oscillatory structure is repeated in the PLE spectra
with a period corresponding to the LO-phonon energy,
thus revealing the indirect exciton creation via LO-
phonon emission, whereby LO and TA phonons are in-
volved in the relaxation process. The degree of circular
polarization of the 1LO-phonon line drastically drops
when the detection wavelength is shifted towards lower
energies [P = —0. 15 in Fig. 4(b)], and is accompanied by
a broadening and finally a disappearance of the oscillato-
ry structure. When the low-energy side of the PL line (lo-
calized centers) is monitored, solely HH- and LH-exciton

LO

resonances are resolved [Fig. 4(c)] and the degree of cir-
cular polarization is negligible. This behavior reflects the
intrinsic nature of the oscillatory structure in the present
structure, which is blurred due to the acoustical phonon
or impurity scattering during the exciton (bottleneck po-
lariton) migration within the localized exciton band.
These incoherent processes become more and more dom-
inant with increasing strength of localization, i.e., in-
creased exciton lifetime in the localized exciton band,
corresponding to the lower-energy parts of the PL line.

So far, HL has been observed in II-VI semiconductors
where a strong LO-phonon coupling is combined with a
high exciton binding energy. Hence, the observation of
HL in these CSL structures demonstrates the high stabili-
ty of excitons created well above the fundamental band
gap, which is attributed to the strong localization result-
ing from the interface corrugation. The energy of exciton
localization in the CSL structure is limited by the energy
corresponding to HH- and LH-exciton transitions in the
narrow GaAs regions. In these regions the photogenerat-
ed carriers relax separately as usual in. SL's without the
formation of hot excitons. Hence, the damping charac-
teristics of the oscillatory structure observed in PLE pro-
vides an estimate of the localization potential. For the
present CSL structure the well-resolved oscillatory struc-
ture up to the 2LO-phonon line yields an energy of lateral
localization of about 90 meV.

In the 29-A GaAs CSL structure where the interface
corrugation imposes the strongest lateral localization, we
observe HL on the high-energy side of the PL spectrum.
In Fig. 5 we show that pronounced HL lines are resolved
when the energy of the exciting light is separated by one
or several LO GaAs phonon energies. In experiments us-

ing the 1.916 line of a Kr+ laser as excitation source, ad-
ditional sharp LO RRS lines are resolved which are su-
perimposed on the spectra but with a negligible integral
intensity compared to the HL lines. ' The width of the
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FIG. 4. (a) —(c) Photoluminescence (PL) and photolumines-
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cence excitation (PLE) spectra of a 56-A GaAs corrugated su-
perlattice (CSL) structure. The excitonic transitions, as well as
the detection energies for PLE (vertical arrows a, b, c), and the
polarizer geometries are indicated.
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indicated.

duced by the interface corrugation and is further ob-
served in the optical anisotropy of the HH and LH exci-
ton resonances in PL and PLE (not shown here). In this
29-A GaAs CSL structure the 1LO-phonon line is in res-
onance with the HH-exciton state and exhibits a pro-
nounced degree of positive circular polarization
(P =0.60) in agreement with the selection rules. ' Due
to the fast relaxation process through the LO-phonon
emission, a high degree of optical alignment of the exci-
tons is observed in PLE for excitation with linear-
polarized light [Figs. 6(b) and 6(c)]. The intensity of the
1LO-phonon line is several times stronger when the
linear polarizer in front of the receiving monochromator
is collinear with the polarization of the exciting light than
for the crossed polarizer geometry. However, the degree
of optical alignment detected for the 1LO-phonon line
amounts to only P =0.60 when the exciting light is polar-
ized perpendicular to the channel axis [Fig. 6(b)] whereby
it amounts to P =0.84 for polarization of the exciting
light parallel to the channel axis [Fig. 6(c)]. This behav-
ior indicates stronger depolarizing mechanisms for exci-
tons aligned perpendicular to the channels. A way to un-
derstand this phenomenon is to assume the exciton to ex-
ist in an elliptic polarization state after the absorption of
linear polarized light which is oriented along the direc-
tion of polarization. This elliptic state is easily per-
turbed, i.e., rotated or deformed by the interface corruga-
tion when aligned perpendicular to the channel axis.

IV. CONCLUSION

HL lines increases with the number of emitted phonons
due to the spectral diffusion during the LO-phonon cas-
cade (Fig. 5). The width of the HL lines also increases
with increasing excitation density and temperature.
However, up to 100 W crn excitation density and tem-
peratures higher than 150 K, the HL lines are still distin-
guishable. This behavior shows the high stability of the
hot excitons with respect to screening and temperature
rise.

In the PLE spectra of the 29-A CSL structure we ob-
serve a distinct oscillatory structure [Fig. 6(a)] which re-
veals a pronounced optical anisotropy of the hot-exciton
creation in the CSL structure. When detecting with a
circular polarizer in front of the receiving monochroma-
tor, the intensity of the 1LO-phonon line is found to be
two times higher for excitation with light linear polarized
parallel to the wire axis than for the perpendicular polar-
ization. The degree of optical anisotropy amounts to
P =0.51, whereby P is defined in analogy to the degree of
circular polarization discussed above. This optical an-
isotropy is in agreement with a lateral potential intro-

In summary, we have observed strong modifications of
the excitonic properties which are attributed to a lateral
potential in corrugated GaAs/A1As superlattice struc-
tures directly grown by MBE on periodically corrugated
GaAs (311)A substrates. Enhanced exciton continuum
energies and phonon sidebands of the exciton lumines-
cence compared to reference (100) superlattices provide
an estimate of the length scale of lateral localization. The
observation of hot-exciton luminescence in PL and PLE
spectroscopy up to high excitation intensities and tern-
peratures reveals the high stability of the confined exci-
tons in these corrugated superlattice structures. The pro-
nounced degree of optical anisotropy and the anisotropic
optical alignment is in agreement with a lateral potential
introduced by the periodically corrugated interfaces.
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