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Semiconductor quantum-wire structures directly grown on high-index surfaces
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The direct synthesis of GaAs quantum-wire structures on (311) 4 oriented substrates by molecular-
beam epitaxy has been achieved due to the in situ formation of an array of nanometer-scale macrosteps
or facets with a periodicity determined by energy rather than growth-related parameters. These kinds of
macrosteps are formed by breaking up a flat surface with high surface energy into facets corresponding
to planes with lower surface energy. Reflection high-energy electron diffraction (RHEED) directly re-
veals the formation of such macrosteps on the GaAs (311) 4 surface comprised of two sets of {331}
facets oriented along the [233] direction. The lateral periodicity of 32 A is determined from the splitting
of the zeroth-order streak observed along [233] into sharp satellites and the height of the steps of 10.2 A
from the splitting along its length. The RHEED intensity dynamics during growth of GaAs/AlAs mul-
tilayer structures show a pronounced oscillation at the onset of GaAs and AlAs growth, respectively,
due to a phase change of the surface corrugation during the deposition of the first monolayers. The com-
plete structure then contains alternating thicker and thinner channels of GaAs and AlAs forming the
quantum wires oriented along [233], which is confirmed by high-resolution transmission-electron mi-
croscopy. The GaAs quantum-wire structures grown on (311) substrates exhibit a pronounced anisotro-«
py of the electronic properties. Photoluminescence and photoluminescence-excitation (PLE) measure-
ments reveal distinct energy shifts of the excitonic resonances and a strong polarization anisotropy in
agreement with theory. Confinement energies up to 90 meV are determined from the appearance of
phonon-related lines in the PLE spectra. A strong anisotropy in conductivity is observed in
modulation-doped heterostructures. The integrated luminescence intensity of the GaAs quantum-wire
structures does not degrade up to temperatures as high as 400 K. This result is important for applica-
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tions in light-emitting devices.

I. INTRODUCTION

There is currently a strong interest in the investigation
of nanometer-scale semiconductor structures having
quantum confinement in two®? or three® dimensions be-
cause of their intriguing physical properties.** The most
important prerequisite for experimental investigations as
well as for applications in devices® is the precise fabrica-
tion of nanostructured semiconductors. A widely used
method is the patterning of quasi-two-dimensional (2D)
heterostructures with nanoscale lithographic techniques.®
However, the minimum lateral dimensions achieved in
such structures are much larger than the vertical dimen-
sions, hence leading to relatively small separations of the
subband energies. These small subband spacings are
often masked by the level broadening due to fluctuations
of the wire width and defects introduced during the pat-
terning process. To reduce especially the defect density,
several methods for direct fabrication of quantum-wire
structures based on epitaxial growth have been exploited,
including growth of tilted superlattices on vicinal sub-
strates,”!° growth of grid inserted heterostructures,!' and
strain-induced confinement.!>!* In these structures, la-
teral dimensions comparable to the vertical ones can be
achieved. They allow in principle for large subband sepa-
rations, which are required for optical and electrical de-
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vice applications.!! The most established method is the

growth of tilted superlattices by the deposition of frac-
tional monolayers of alternating composition on stepped
surfaces created by a small misorientation from singular
surfaces. However, its successful application has so far
been very limited due to poor control of local misorienta-
tion, kink formation, and stability of the growth rate.>!°
The produced wires therefore suffer from nonuniformity
in shape, dimension, and direction, and up to now no
clear manifestation of one-dimensional (1D) confinement
effects has been observed.

In this paper we report on a method for the direct syn-
thesis of GaAs quantum-wire structures by molecular-
beam epitaxy (MBE). We have developed this method to
overcome the present difficulties associated with the
direct fabrication.”!%!* The basic concept is the in situ
formation of an array of macrosteps or facets with a
periodicity defined by energy rather than growth-related
parameters.!> We show that for conditions typical for
the MBE growth process of (Al,Ga)As, i.e., substrate
temperature and arsenic pressure, these kinds of macro-
steps can be realized on high-index GaAs planes having a
high surface energy. A stable configuration is achieved
by breaking up the flat surface into facets corresponding
to surface planes with lower surface energy. In this way,
a continuous formation of well-arranged macrosteps of
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the desired distance and height is obtained in a reprodu-
cible manner. The analysis of reflection high-energy elec-
tron diffraction (RHEED) patterns directly shows the ex-
istence of such macrosteps on the (311) 4 GaAs surface
formed by two sets of {331} facets oriented along the
[233] direction. The RHEED intensity dynamics during
growth of GaAs/AlAs multilayer structures reveal a
phase change of the surface corrugation during the depo-
sition of the first monolayers. As additionally confirmed
by high-resolution transmission-electron microscopy
(HREM), the complete structure then contains alternat-
ing thicker and thinner channels of GaAs and AlAs
oriented along [233] forming the quantum-well-wire su-
perlattice (QWW SL).

The GaAs quantum-wire structures grown on (311)
substrates show a pronounced redshift and strong polar-
ization anisotropy of the excitonic transitions in undoped
QWW SL’s and strong anisotropy of the conductivity in
modulation-doped heterostructures. Connected with ad-
ditional lateral confinement is the appearance of intense
phonon related lines in the photoluminescence (PL) and
photoluminescence excitation (PLE) spectra and the
enhancement of the exciton continuum energies. From
the peak energies of the phonon lines in the PLE spectra,
the 1D confinement energy is estimated to reach a value
as high as 90 meV for a 43-A GaAs QWW SL. The final
striking result is the extremely high integrated lumines-
cence intensity of the new QWW SL, which does not de-
grade with temperature up to 400 K. This finding is im-
portant for applications in light-emitting devices.

This paper is organized as follows. The sample
preparation and the experimental setup used for our in-
vestigations are described in Sec. II. In Sec. III, the
RHEED studies are discussed. Section IV is devoted to
the x-ray experiments. In Sec. V we discuss the electron-
ic properties of undoped and modulation-doped GaAs
QWW SL’s. Finally, in Sec. VI we summarize our re-
sults.

II. SAMPLE PREPARATION
AND EXPERIMENTAL SETUP

The samples were grown in a RIBER 2300 MBE
growth chamber at 600°C simultaneously on (100) and
(311) GaAs substrates, soldered side by side on a
molybdenum block. The first series of samples comprised
GaAs/AlAs multilayer structures with a total thickness
of 0.8 um and GaAs and AlAs layer thicknesses ranging
from 43 to 66 A in different samples. The second series
comprised Si-modulation-doped GaAs/AlAs double
heterojunctions with a GaAs layer thickness ranging
from 35 to 80 A in different samples. The growth rate
was 1 um/h for GaAs, and 0.5 um/h for AlAs, and the
As,/Ga flux ratio was 5. The growth on (311) GaAs was
monitored by RHEED using a 30-kV beam from a
RIBER CER-1050 electron gun at 1° glancing angle in-
cidence. The measurement system consisted of a video
camera, a video recorder, and an image-processing Sys-
tem (VG AUTOLEED).

The structural parameters of the samples were deter-
mined with a computer-controlled high-resolution
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double-crystal x-ray diffractometer in Bragg geometry. A
rotating-anode 12-kW generator with a copper target
(Acukae1=0.1540562 nm) was employed as an x-ray
source, and an asymmetrically cut (100) Ge crystal served
as monochromator and collimator. The HREM lattice
images were taken with a JEOL 4000 FX TEM operating
at 400 kV. The PL and PLE measurements were per-
formed with the samples mounted in an optical He-flow
cryostat at excitation intensities ranging from 10° to 50
W cm ™2, sample temperatures ranging from 6.5 to 400 K,
and different polarizations of the incident light. For
luminescence, the red (647.6 nm) and blue (476.2 nm)
lines of a Kr' laser, and for the PLE measurements, the
light from a broadband 600-W halogen lamp dispersed by
a 0.5-m double-grating monochromator were used as ex-
citation sources. The luminescence was analyzed by a 1-
m single-grating monochromator and detected by a
cooled GaAs photomultiplier operating in the photon-
counting mode. The conductivity parallel and perpendic-
ular to the surface corrugation was measured at a current
of 100 nA and sample temperatures ranging from 4.2 to
300 K. The samples were mesa etched in a geometry of
two connected perpendicular hall bars (see inset in Fig.
11), which were carefully aligned parallel and perpendic-
ular to the wires. !

III. RHEED STUDIES

After the oxide removal from the GaAs substrate sur-
face at 580°C in the MBE growth chamber, the RHEED
patterns recorded along the [011] direction [Fig. 1(a)]
and along the [233] direction [Fig. 1(b)] directly reveal
the breaking up of the flat (311) surface into a well-

(b)

FIG. 1. Reflection high-energy electron-diffraction patterns
of the (311) A GaAs surface recorded (a) along the [011] az-
imuth and (b) along the [233] azimuth.
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ordered array of upward and downward steps'’ oriented
along the [233] direction, as illustrated in Fig. 2(a). With
the electron beam along the [011] direction, the
diffraction pattern [Fig. 1(a)] shows a pronounced streak-
ing, indicating a high density of steps oriented along the
perpendicular [233] direction. Observmg the [233] az-
imuth parallel to the steps, as shown in Fig. 1(b), the
streaks are found to be split into sharp satellites or un-
split, depending on the scattering vector k|, i.e., the posi-
tion along the length of the streaks. Furthermore, the in-
tensity maximum of the satellites corresponds to an in-
tensity minimum of the main streak for constant k;
values and vice versa. The RHEED pattern recorded in
this direction images the reciprocal lattice of the stepped
surface,'” shown in Fig. 2(b). As a consequence, the step
height and the periodicity can be determined directly
from the separation of the satellites and the splitting
along the main streak, respectively. The corresponding
intensity profiles measured as a function of k|, i.e., across
the streaks for different k, values, and as a function of k
as indicated in Fig. 2(b), are presented in Figs. 3(a)-3(c).
The scale is taken from the separation of the zero- and
first-order diffraction streaks of the (100) GaAs sample in
the [011] azimuth. The separation of the satellites in Fig.
3(b) gives the lateral periodicity of 32 A (A=8a,,) for
the stepped surface. In this profile, the intensity of the
main streak is canceled compared to the intensity of the
profile shown in Fig. 3(a) taken at a k, value, where the
satellite intensity has a minimum. This intensity distribu-
tion evidences the high degree of ordering and the pres-
ence of an almost-perfect two-level system.!” From the
splitting of the profile measured along the main streak
[Fig. 3(c)], the step height is deduced to be 10.2 A.

The experimental parameters agree perfectly with our
description of the surface [see Fig. 2(a)] to be composed
of (311) terraces of 4 A width (Ala;)p) and the two sets
of (331) and (313) facets corresponding to upward and
downward steps of 10.2 A height (A6d5;;). In agreement
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FIG. 2. (a) Schematic of the stepped (311) 4 GaAs surface.
(b) Reciprocal lattice of the stepped surface.
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FIG. 3. Reflection high-energy electron-diffraction intensity

profiles measured as a function of the scattering vectors k; and
k), respectively, as indicated by arrows in Fig. 2(b).

with surface-energy considerdtions, the nominal (311)
surface breaks up into {331} facets having roughly half
the surface energy.!® The crystallographic model of the
stepped surface, including the surface atoms with one or
more dangling bonds, is shown in Fig. 4. It clarifies the
energetic benefit for the breaking up of the (311) surface
in the described manner. It can be seen that the {331}
facets are composed of stripes of alternating (110) and
(111) surface configurations corresponding to low-index
planes with low surface energy.!” In addition, the
specified periodicity and step height leads to a nearly per-
fect stoichiometry of the stepped surface with an

[As]/[Ga] ratio of 13/12.

o1l
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@® Ga
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unit meshes:
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FIG. 4. Crystallographic model of the stepped (311) 4 GaAs
surface including the Ga and As surface atoms with one or
more dangling bonds.
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The RHEED intensity dynamics inspected along the
[233] azimuth during the growth of the GaAs/AlAs mul-
tilayer structures (Fig. 5) show pronounced oscillations at
the onset of GaAs and AlAs growth. As calculated from
the respective growth rates, the oscillation corresponds to
the deposition of three (311) monolayers, i.e., lattice
planes. During the deposition of the next three mono-
layers, the intensity approaches the value corresponding
to the RHEED pattern of the stable stepped surface dur-
ing growth. The whole sequence corresponds to the
deposition of six (311) monolayers, i.e., 10.2 A, as shown
in the inset of Fig. 5 for different growth rates of GaAs
and AlAs, and is the consequence of a phase change of
the surface corrugation during the heterogeneous deposi-
tion of GaAs on AlAs, or vice versa. The phase change,
including “quasifilling” of the corrugation during the first
three-monolayer deposition and “rearrangement” of the
stepped surface during the second three-monolayer depo-
sition, is illustrated by the schematical drawing of the re-
sulting structure in Fig. 5. After the phase change is
completed, the growth continues layer by layer with con-
servation of the surface corrugation, as indicated by the
stable RHEED intensity of the stepped surface during
growth and by the transition of the RHEED intensity
from the nongrowing GaAs (AlAs) surface to the grow-
ing GaAs (AlAs) surface within the deposition of one
monolayer without any additional structure (shown in the
upper curve in Fig. 5 for the growth of GaAs on GaAs).

We assume that the phase change is induced by strain,
which plays an important role here and makes the hetero-
geneous growth on the facets energetically less favorable.
Hence, the heterogeneous growth starts on the low-level
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FIG. 5. Reflection high-energy electron-diffraction dynamics
measured along the [233] azimuth during the growth of
GaAs/AlAs multilayer structures on (311) oriented substrates.
The upper curve shows the RHEED intensity during the deposi-
tion of GaAs on GaAs. In this inset the deposited layer thick-
ness is shown for different growth rates during the growth of
GaAs on AlAs and vice versa until stable growth conditions are
reached. The schematical drawing images the GaAs/AlAs mul-
tilayer structure resulting from the phase change of the surface
corrugation during the heterogeneous deposition of the first
monolayers of GaAs and AlAs and vice versa.
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terrace. However, due to the minimization of the surface
energy during the phase change, the atoms will form is-
landlike channels upon the low-level terrace, having the
shape of the corrugated surface, so that the phase change
is locally completed. The growth of these islands then
causes the observed change in the RHEED intensity,
whereby the shape of the RHEED pattern remains un-
changed. In this sense, the observed RHEED oscillation
has an origin similar to the RHEED oscillations for
growth on (100) substrates, which are due to the exten-
sion of islands having the height of one monolayer in this
case.?’ Consequently, the complete structure consists of
well-ordered alternating thicker and thinner regions of
GaAs and AlAs oriented along the [233] direction, and
this unique arrangement indeed forms an as-grown QWW
SL’s.

This existence of QWW SL’s is additionally confirmed
by HREM shown in Figs. 6(a) and 6(b) for a sample with
average GaAs and AlAs layer thicknesses of 15 A. The
lighter regions are due to AlAs. The cross section is
aligned along the [233] direction and the projected sam-
ple thickness is about 200 A. The structure is not expect-
ed to be imaged with sharp boundaries due to the pres-
ence of microroughness of the GaAs/AlAs interface,
which extends typically over 1-2 lattice planes, and due
to an unintentional 1° slight misorientation of the (311)
substrates in a direction 28° off the O[OIT] azimuth. How-
ever, the average periodicity of 32 A of the quantum-wire

—

10.2A

FIG. 6. High-resolution transmission-electron microscopy of
a cross section oriented along [233]. (a) and (b) show the exper-
imental images, while in (c) and (d) the contrast is enhanced.

(d)

(b)
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array is clearly seen in the experimental image in Fig. 6(a)
and in Fig. 6(c) with the contrast enhanced. With higher
magnification, the shape of the quantum wire is shown in
Figs. 6(b) and 6(d), where the height of the surface corru-
gation of 10.2 A and the phase changes of alternating
GaAs/AlAs interfaces are obvious.

IV. X-RAY-DIFFRACTION STUDIES

The x-ray-diffraction curves shown in Fig. 7 are
recorded in the vicinity of the (311) and (004) reflections
of the (311) and (100) oriented GaAs/AlAs multilayer
structures, respectively. The structural perfection is
comparable for both samples, as can be seen from the
width and intensity of the diffraction peaks.?! The aver-
age Al concentration x is determined from the angular
spacing between the substrate peak and the epitaxial lay-
er peak (zeroth-order peak) by applying Vegard’s rule
with x =AO/AO,,,, where AB,,,, is the angular spac-
ing for the GaAs/AlAs system. The value of AG,,, is
independently determined for the [311] and [100] growth
directions from 3000-A-thick AlAs epilayers grown on
(311) and (100) GaAs substrates as reference to be 1.25
and 1.81 mrad, respectively. Finally, the angular dis-
tance between the zeroth-order peak and the_ satellite
peaks yields for the samples presented here 56 A for the
GaAs layer thickness of the (100) sample and also 56 A
for the average GaAs layer thickness of the (311) sample.
In the same manner, the AlAs layer thicknesses are found
to be 50 A for both orientations.
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FIG. 7. Double-crystal x-ray-diffraction patterns in the vicin-
ity of the symmetrical reflections of (a) (100) and (b) (311) orient-
ed GaAs/AlAs multilayer structures.

V. ELECTRONIC PROPERTIES

A. Optical properties

The GaAs QWW SL’s directly grown on the (311) sub-
strate show a clear ?olarization anisotropy of the exciton-
ic resonances.? In the present structure, where
strong coupling between the quantum wires has to be as-
sumed, this optical anisotropy, originating from lateral
confinement due to the strong periodic lateral potential?®
that is introduced by the presence of alternating thicker
and thinner GaAs and AlAs regions, is reduced relative
to the isolated wire case.? The PL, PLE, and the photo-
luminescence suppression (PLS) spectra of the GaAs
buffer layer luminescence are shown in Figs. 8(a)-8(c) for
a 66-A GaAs QWW SL. The narrow linewidth of 5 meV
of the PL line shown in Fig. 8(a) reflects the high
structural perfection of the QWW SL. The PLE spectra
shown in Fig. 8(b) clearly evidence the lateral
confinement. With the light polarized parallel to the
wires, the heavy-hole resonance is more pronounced com-
pared to the case with the light polarized perpendicular
to the wires, where the light-hole resonance is more in-
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FIG. 8. (a) Photoluminescence (PL), (b) photoluminescence
excitation (PLE), and (c) photoluminescence suppression (PLS)
spectra of the GaAs quantum-well-wire (QWW) superlattice
with a GaAs layer thickness of 66 A and an AlAs layer thick-
ness of 60 A. The sample temperature is 6.5 K. The excitation
intensity is 107® Wem™2 for (b) and (c) and 50 W cm ™2 for (a)
with the wavelength of 647.6 nm. P corresponds to light polar-
ized perpendicular to the wire axis, and S to light polarized
parallel to the wire axis. The additional lines in (b) are detected
on the high-energy side of the PL line and correspond to LO
and TA phonon related lines.
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tense. The optical anisotropy is further demonstrated in
the PLS spectra shown in Fig. 8(c). By detecting the
luminescence of the GaAs buffer layer, this method mea-
sures directly the absorption of the QWW SL, and hence
the intrinsic polarization anisotropy of the excitonic tran-
sition of the present structure can be determined accu-
rately. The observed optical anisotropy is of the order of
15% for the heavy-hole exciton resonance and 30% for
the light-hole exciton resonance. This magnitude of the
optical anisotropy is quite realistic for the present struc-
ture, where the finite barrier heights, significant coupling
between the quantum wires, and their sophisticated shape
have to be considered.”® In addition, the corresponding
polarization anisotropy exists in the room-temperature
luminescence of the QWW SL, where the free-
electron—heavy-hole and electron-light-hole transitions
are observed. It should be noted here that for the (100)
SL reference sample grown side by side, and also for the
luminescence of the GaAs buffer layer of the QWW SL,
no polarization dependence is observed.

To complete the picture the in-plane luminescence
from the cleavage planes is investigated for the reference
SL and the QWW SL. As expected, the in-plane lumines-
cence of the SL is polarized perpendicular to the z
(growth) direction,?®2” whereas the in-plane luminescence
of the QWW SL shows a pronounced component that is
polarized parallel to the z direction. This component of
the luminescence is even more pronounced for the case of
the quantum wires aligned perpendicular to the cleavage
plane, as compared to the case where the alignment is
parallel to this plane. This behavior again demonstrates
the influence of the additional lateral confinement on the
optical anisotropy and shows that efficient quantization is
also relevant for a direction perpendicular to the z direc-
tion.

If the detection wavelength is set to the high-energy
side of the luminescence line, sharp lines in the low-
excitation intensity (107 Wcm™2) PLE spectra of the
QWW SL are resolved [Fig. 8(b)]. The peak energies are
separated by 36 and 12 meV, and hence the lines corre-
spond to LO and TA phonon related lines. The PLE
spectra of the reference SL show only one very weak LO
phonon line. The appearance of these strong phonon re-
lated lines in the QWW SL is thus connected with the ad-
ditional lateral confinement. It is unlikely that their ori-
gin is due to Raman scattering rather than to hot exci-
tons, since the lines do not maintain circular and linear
polarization, and they broaden up to 10 meV if the detec-
tion wavelength is set to lower energies. On the other
hand, a distinction between resonant Raman-scattering
and hot-exciton luminescence is meaningless when their
respective relevant time scales, i.e., the exciton dephasing
time and the exciton lifetime, are similar.?®2°

We ascribe the lines as being due to indirect creation
and relaxation of strongly laterally localized hot excitons
created in the 1D continuum. In general, the occurrence
of phonon related lines is indicative for excitons in ma-
terials with strong exciton-phonon coupling, increased
exciton binding energies, or efficient exciton localiza-
tion.’® Recently, the enhancement of phonon replica of
localized exciton emission was reported for direct-band-
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gap quantum wells in high magnetic fields and attributed
to the magnetic-field-induced lateral localization of exci-
tons.’! In our GaAs QWW SL, both the additional la-
teral exciton confinement and the resulting increase of
the quasi-1D continuum energies for heavy holes and
light holes are responsible for this behavior. The 1D con-
tinuum energies for heavy holes and light holes are es-
timated from additional features in the PLE spectra of a
56-A QWW SL observed 19 and 26 meV above the
heavy-hole and light-hole excitonic resonances, respec-
tively. For the (100) reference sample, the respective 2D
continuum energies are observed 8 and 10 meV above the
heavy-hole and light-hole exciton resonances, in agree-
ment with excnomc binding energies in quantum wells.3?
For the 66-A GaAs QWW SL shown in Fig. 8, the 1D
continuum energy for the light hole corresponds to the
additional feature observed in PLE above the light-hole
exciton transition.

The additional confinement in the QWW SL leads to
an increased probability for the excitons created in the
1D continuum to relax and recombine as a whole,** and
hence increased interaction of phonons with the excitons
is observed. For excitation energies in the 2D continu-
um, which correspond to transition energies in the
thinner GaAs regions, however, strong damping of the
phonon lines is expected. It is important to note that this
energy threshold provides an estimate of the 1D
confinement energy. We have observed the described be-
havior for different QWW SL samples with GaAs layer
thicknesses of 66, 56, and 43 A. In the case of the 66-A
QWW SL shown in Fig. 8(b), damping exists already for
the second LO phonon line. However, for the 56- and
43-A GaAs QWW SL’s, the phonon lines are observed
with equal intensities up to the 2LO+TA phonon line,
whereas the following phonon lines are strongly damped.
The appearance of undamped phonon lines up to higher
energies for decreasing GaAs layer thickness reflects the
corresponding increase of the 1D confinement energy.
The striking result is that the 1D exciton confinement en-
ergy (Eg. —EqwwsL), estimated from this behavior,
reaches values up to 90 meV for the 43- A GaAs QWW
SL. The increased interaction with phonons can be ob-
served also on the low-energy side of the luminescence
spectra of the QWW SL’s at low temperatures, where in
contrast to the reference SL, the LO phonon replica are
found to be strongly enhanced.

Although of the same average layer thicknesses, the
luminescence line of the QWW SL is shifted to lower en-
ergies compared to the (100) reference sample grown side
by side. This redshift is due to the fact that the lumines-
cence of the QWW SL originates from transitions in the
thicker GaAs quantum-wire regions. The redshift in-
creases from 3-5 meV for the 66- A sample to 24 meV for
the 43-A GaAs sample, as is shown in Figs. 9(a)-9(d) for
the corresponding PL spectra at 300 K. This variation
reflects the increased influence of the interface corruga-
tion for decreased GaAs layer thickness.

The QWW SL’s in general exhibit an extremely high
integrated luminescence intensity that is comparable to
the (100) reference sample at 6.5 K. Even at moderate
excitation densities of the order of 10 W cm ™2, unit quan-
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FIG. 9. Room-temperature luminescence of (a) a 66- A GaAs
quantum-well-wire suPerlattlcc (QWW), (b) a 66-A GaAs super-
lattice (SL), (c) a 43-A GaAs QWW SL, and (d) a 43- A GaAs
SL. The excitation wavelength is 647.6 nm.

tum efficiency is achieved. At room temperature, howev-
er, the integrated luminescence intensity of the 66- A
GaAs QWW SL is comparable to that of the reference SL
sample [see Figs. 9(a) and 9(b)], whereby for the 43-A
GaAs QWW SL the integrated luminescence intensity is
more than one order of magnitude higher than that of the
reference SL sample [see Figs. 9(c) and 9(d)], and does not
degrade up to 400 K. This behavior again arises from the
additional lateral confinement of the present structure.
The nonradiative interface recombination is in this case
strongly suppressed due to the reduced spreading of the
carriers, which is now freely possible only in the direction
parallel to the wires. To achieve the desired localization
of the carriers at room temperature, however, the average
GaAs layer thickness has to be thinner than 66 A, which
is in agreement with the estimate of the 1D confinement
energy given before. This finding is important for the
design of light-emitting devices of high efficiency at room
temperature.

As a final point regarding the optical properties, we
briefly outline some interesting phenomena concerning
short-period (SP) QWW SL’s. The SP QWW and the
reference SP SL’s become indirect for GaAs and AlAs
layer thicknesses below 35 A. The PL spectra shown in
Figs. 10(a) and 10(b) reveal a strong zero phonon line and
weak phonon sidebands and are typical for the
conduction-band minimum to be at the X, point in the
AlAs layers.>* ™3¢ Although the SP QWW SL’s are of
high structural perfection, the PLE spectra [Fig. 10(a)]
reveal a smooth onset and a pronounced overlap with the
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FIG. 10. Photoluminescence PL and PL excitation (PLE)
spectra of (a) a 24-A GaAs, 22-A AlAs short-period quantum-
well-wire superlattlce (SP QWW SL), (b) a 24- A GaAs, 22-A
AlAs SPSL, (c) a 14- A GaAs, 13-A AlAs SP QWW SL, and (d)
a 14-A GaAs, 13- A AlAs SP SL. The excitation wavelength for
the PL spectra is 600 nm.

PL line. This behavior shows a strong mixing between
the I" and the X, minima, which is assumed to be due to
the interface corrugation. In contrast, the PLE spectra
of the SP SL [Fig. 10(b)] show a sharp onset well separat-
ed from the PL line. The strong I' —X, mixing, even for
type-II SP QWW SL’s with high-energy separation be-
tween the I' and X minima, results in an integrated
luminescence intensity that does not degrade significantly
up to room temperature. This finding offers the possibili-
ty of fabricating optical devices that work with high
efficiency at energies even above the limit for direct-gap
GaAs/Al,Ga,_,As SL’s.

For SP QWW SL’s with layer thicknesses below 20 A,
the phonon sidebands in the PL spectra are drastically in-
creased with respect to the zero phonon line compared to
the reference SP SL [see Figs. 10(c) and 10(d)]. Mixing is
absent in this case. With a temperature rise, the whole
PL spectrum of the reference SP SL drops very rapidly in
intensity, which is typical for X type-II SP SL’s, whereas
for the SP QWW SL, only the zero phonon line drops
rapidly, and the spectrum is dominated by the phonon
sidebands up to high temperatures. A similar behavior
was recently reported for ultra SP SL’s, where also the L
minimum in the GaAs layers is determined to be the
lowest one in the conduction band.’

B. Electrical measurements

Additional confirmation of the 1D character of the
present QWW SL structure is obtained from the anisotro-
py of the conductivity of Si- (p-type®) modulation-doped
GaAs quantum wires. The samples are mesa etched in an
L-shaped geometry shown in the inset of Fig. 11. The
four terminal conductivities perpendicular and parallel to
the quantum wires are measured at a current of 7 =100
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FIG. 11. Anisotropy of the conductivity of p-type

modulation-doped quantum wires with average GaAs layer
thicknesses of ( 4) 80 A, (B) 50 A, and (C) 35 A measured at a
current of I/ =100 nA. The geometry of the mesa etched struc-
tures and the schematic of the energy band structure are shown
in the inset.

nA. The ratio of the conductivities perpendicular and
parallel to the quantum wires as a function of the sample
temperature is shown in Fig. 11. The curves correspond
to different samples with average GaAs layer thicknesses
of 80, 50, and 35 A. The average density of holes per unit
area deduced from Hall measurements amounts to
2% 10" cm ™2 for the investigated samples. For the 80-A
GaAs quantum wire we observe almost no anisotropic be-
havior. However, the anisotropy of the conductivity is
increased from 1.6 for the 50-A GaAs quantum wire to
4.6 for the 35-A GaAs quantum wire at low temperature,
whereby the observed onset of the anisotropy moves to
higher temperatures. Since for the present carrier con-
centrations the wave vector of the lateral potential modu-
lation 7/32 A exceeds the Fermi wave vector by one or-
der of magnitude, the dispersion relation of the holes is
not expected to be altered drastically as in the case of pla-
nar superlattices.>>* Additionally, for the 50- and 35- A
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GaAs samples, the Fermi energy is below the 1D
confinement energy for holes estimated from the optical
investigations. Therefore, we assume that the anisotropy
of the conductivity in the present structures originates
mainly from the lateral confinement of the holes, which is
expected to be significant in the quantum wires.?> From
the observed onset of the anisotropy as a function of the
temperature, the 1D confinement energies for the holes
can be estimated very roughly to be 8 meV for the 35- A
GaAs quantum wire and 3 meV for the 50- A GaAs quan-
tum wire. These values are quite close to the values es-
timated for the 1D confinement energies for the holes
from our optical investigations. In this sense, the electri-
cal measurements complete the picture that has been de-
rived from the optical investigations.

VI. CONCLUSION

In summary, we have developed a method for the
direct synthesis of semiconductor quantum-wire struc-
tures on high-index substrates. Due to its high surface
energy, the (311) surface breaks up into regular facets
having nanometer scale dimensions, which is directly
monitored by RHEED. In addition, RHEED dynamics
evidences a unique growth mechanism on the stepped
surface. Thicker and thinner regions of GaAs and AlAs
are built up regularly, thus forming the QWW SL. The
1D character of the QWW SL is reflected in a polariza-
tion anisotropy of the excitonic transitions and in a
strong anisotropy of the conductivity in modulation-
doped quantum wires. Confinement energies up to 90
meV are estimated from the appearance of LO and TA
phonon lines in the PLE spectra. A pronounced I'-X
mixing is observed for type-II SP QWW SL’s. The ex-
tremely high integrated luminescence intensity of the
QWW SL does not degrade up to 400 K, which shows
high structural perfection and makes the new QWW SL
important for applications in quantum-wire lasers.
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(b)

FIG. 1. Reflection high-energy electron-diffraction patterns
of the (311) 4 GaAs surface recorded (a) along the [011] az-
imuth and (b) along the [233] azimuth.



(b) m (d)

FIG. 6. High-resolution transmission-electron microscopy of
a cross section oriented along [233]. (a) and (b) show the exper-
imental images, while in (c) and (d) the contrast is enhanced.



