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We study the structural, optical, and transport properties of sidewall quantum wires (QWRs) on
GaAs(001) substrates. QWRs are grown by MBE on GaAs(001) substrates prepatterned with shallow
ridges. They form as a consequence of material accumulation on the sidewalls of the ridges during the
overgrowth of a quantum well (QW) on the patterned surface. The QWRs are approximately 200 nm wide
and have emission energies red shifted by 27 meV with respect to the surrounding QW. Spatially resolved
spectroscopic PL studies indicate that the QW thickness reduces around the QWRs, thus creating a 4-meV
energy barrier for the transfer of carriers from the QW to the QWR. We show that the QWRs act as efficient
channels for the transport of optically excited electrons and holes over tens of um by a high-frequency
surface acoustic wave (SAW). These results demonstrate the feasibility of efficient ambipolar transport in
QWRs with submicrometer dimensions, photolithographically defined on GaAs substrates.
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I. INTRODUCTION

Planar quantum wires (QWRs) are important compo-
nents for the realization of interconnects for integrated
optical-electronic circuits. In its simplest form, the guiding
action by the lateral confinement of carriers enables infor-
mation exchange between two remote locations via a well-
defined channel. The mesoscopic confinement induced
by small lateral dimensions can be explored for addi-
tional functionalities. Here, interesting examples are the
formation of one-dimensional quantum channels for elec-
tronic transport with reduced scattering [1], as well as the
enhanced spin lifetimes due to mesoscopic spin confine-
ment [2,3].

Different approaches have been reported for the fabrica-
tion of semiconductor QWRs with nanometer dimensions.
Electrostatically defined QWRs can be created via the
deposition of gates on a semiconductor nanostructure. The
application of a voltage to the gate creates channels near
the surface for one type of carrier (i.e., electrons or holes).
Ambipolar transport channels for the guidance of both
electrons and holes by moving acoustic fields can be cre-
ated by combining electrostatic gates with piezoelectricity
[4]. More interesting for electro-optical applications are
planar QWRs defined by a lateral structural modulation
since these have optical resonance energies distinct from
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the ones of the surrounding matrix. In its simplest form,
the structural modulation can be introduced by etching a
QW sample to define the QWR. Alternatively, a QWR
can be formed by the epitaxial growth of a QW struc-
ture on a surface with a predefined structural modulation.
Here, one example is given by QWRs produced by the
epitaxial growth on the cleaved edge of a nanostructure
containing a QW [5]. A second example is provided by
the epitaxial growth on a surface exposing different crys-
tallographic orientations: here, one takes advantage of the
dependence of the growth kinetics on the orientation of the
surface in order to create the lateral structural modulation.
Surface structuring in this case is usually achieved by pre-
etching the substrate surface to expose different crystallo-
graphic facets. Well-known examples are QWRs grown by
metal-organic epitaxy on V-shaped grooves defined on a
GaAs(001) surface [6-8], as well as quantum wires and
dots fabricated by MBE on (111) [9], (001) [10], and (113)
GaAs surfaces [11-13].

An advantage of the growth-defined QWRs over those
defined by etching resides on the fact that they do not con-
tain free surfaces, which may be deleterious for electronic
excitations. In addition, and in contrast to their electrostatic
counterparts, these QWRs are fully surrounded by epitax-
ial materials and can therefore be easily embedded in more
complex epitaxial structures such as optical microcavities.
The formation of QWRs via MBE growth has so far only
been demonstrated for few crystallographic orientations of
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the growth surface. The formation of sidewall QWRs via
MBE overgrowth on patterned GaAs(001) substrates was
reported by Lee et al. [10]. Studies of these sidewall QWRs
have, however, only addressed structural properties. The
objective of this paper is to extend the structural analysis
with respect to Ref. [10], as well as to provide a system-
atic investigation of the optical and transport properties of
these QWRs, which have, to our knowledge, so far not
been addressed. From the point of view of applications,
the GaAs(001) surface is the most technologically relevant
orientation for MBE growth. MBE growth on this sur-
face is better understood and controlled than on high-index
surfaces such as GaAs(113)A.

One important application of planar QWRs is as guides
and interconnects for photoexcited electron-hole pairs
between opto-electronic structures on a surface. In this
paper, we investigate the transport properties of the QWRs
by using SAWs to move optically excited carriers along
the QWR axis. The moving piezoelectric field of a SAW
creates a periodic type-II modulation of the material’s
band edges, which stores electrons and holes in spatially
separated locations and transports them along the sam-
ple surface [14,15]. After transport, the carriers can be
forced to recombine and emit photons, thus providing a
photonic interface to the electronic system. The ambipo-
lar acoustic transport by SAWs thus provides a convenient
approach for probing the transport properties in nanos-
tructures without the need of doping or electrical con-
tacts. Similar ambipolar acoustic transport studies were
carried out in pum-sized electrostatically defined wires
[16] as well as sub-um sidewall QWRs fabricated by
epitaxially overgrowing shallow ridges on GaAs(113)A
substrates [17,18]. Long acoustically driven transport dis-
tances for charge carriers have been achieved in overgrown
QWRs (up to 50 wm) [19]. Their optical and trans-
port properties were found, however, to be very sensitive
to potential fluctuations along the transport path. These
fluctuations create trapping centers, which can capture
charge carriers during the acoustically driven ambipo-
lar transport and induce their recombination, thus result-
ing in a reduction of the acoustic transport efficiency
[20].

The one-directional motion of carriers in QWRs also
provides a pathway to reduce spin dephasing due to
the Dyakonov-Perel mechanism [2,3]. Alsina et al. [19]
investigated spin transport in sidewall QWRs grown on
GaAs(113)A substrates with a width of 50 nm. Whereas
the narrow width should lead to a long spin-relaxation
time and, correspondingly, long spin-transport lengths,
the observed acoustic spin-transport length is limited to
distances of only approximately 2 wum. These transport
distances are much shorter than the ones reported for
acoustic transport in electrostatic wires [21]. It was argued
that the acoustic spin-transport length is limited by Elliot-
Yafet (EY) scattering due to the large density of scattering

centers along the QWR axis [19]. These findings call for
fabrication processes yielding narrow QWRs with small
potential fluctuations.

In this contribution, we provide a systematic investi-
gation of the structural, optical, and acoustic transport
properties of sidewall QWRs fabricated on GaAs(001)
substrates. The QWR fabrication process used in the
present studies, which includes substrate patterning and
MBE growth, is based on the previous work in Ref. [10]
and is summarized in Sec. Il A. Sections II B and II C then
describe the procedures for the fabrication of interdigi-
tal transducers for SAW generation and the spectroscopic
techniques employed in the studies. The experimental
results are presented in Sec. III. Here, we start by study-
ing the structural properties of the QWRs by combining
atomic force microscopy (AFM), SEM, and STEM (Sec.
IIT A). We then carry out spectroscopic investigations of
the QWR optical properties using spatially resolved PL
(Secs. III B-IID). Finally, Sec. III E provides evidence
for the acoustic charge transport in the QWRs over dis-
tances approaching 100 um. Section IV summarizes the
main conclusions drawn in this work.

II. EXPERIMENTAL DETAILS

A. Sample fabrication

The fabrication of the sidewall QWRs on GaAs(001)
substrates followed a procedure similar to the ones
reported in Refs. [11] [GaAs(113)A] and [10] [GaAs(001)].
In the first step, shallow ridges are patterned on a
GaAs(001) substrate by photolithography and wet chem-
ical etching using a solution of H,SO4:H,0,:H,0 with
a volume ratio of (8:1:100). We fabricate 10-pum-wide
ridges with a height of 45 nm and a length of several
tens of um oriented along the y||[110] and x||[110] main
axes of the GaAs(001) surface. The patterned substrate
is subsequently cleaned using a H;SO4:H,0 (96:4) solu-
tion and introduced in a UHV chamber connected to the
MBE growth apparatus for surface cleaning by exposure
to atomic hydrogen. In this procedure, the substrate is
exposed to partially cracked hydrogen from a hot filament
source at a background pressure of 5 x 10~> mbar for 30
min at a temperature of 450 °C. The sample is then trans-
ferred in vacuum to the MBE growth chamber. Figure 1(a)
schematically shows the formation of QWRs (red areas)
after the overgrowth of a layer structure, consisting of a
10-nm QW (blue) sandwiched between a lower and upper
Alg.15Gag gsAs barrier with thicknesses of, respectively,
130 and 200 nm. The Aly;5GaggsAs barriers have been
omitted for clarity. For comparison, a sample containing
QWRs on a GaAs(113)A substrate has been fabricated fol-
lowing a similar procedure, using an H,SO4:H,0,:H,0
etching solution with a volume ratio of (1:8:100). For both
types of samples, all layers are grown while the substrate
is kept at a temperature of 600°C. The growth rate of
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MBE of sidewall QWRs on GaAs(001). (a) Shallow ridges (height of approximately 45 nm) are patterned on a GaAs(001)

substrate and subsequently overgrown with a QW (blue areas). Arrows show the preferential diffusion of Ga adatoms towards the
ridge sidewall, which results in the formation of a QWR (red regions). For clarity, the Aly15Gag.gsAs QW barriers have been omitted.
(b),(c) AFM cross-sectional profiles of overgrown ridges oriented along the (b) x||[110] and (c) y||[110] directions of the GaAs(001)
surface. The blue dashed lines indicate the contour of prepatterned ridges defined by optical lithography. The pronounced lateral growth
results in QWR formation only along the y-oriented sidewalls. (d) Cross-sectional STEM image of an overgrown ridge showing the
QW (GaAs, dark layer) sandwiched between two Aly 15GaggsAs barriers (bright layers). The brown circle highlights the region of

increased QW thickness defining the sidewall QWR.

the Aly15GaggsAs and GaAs layers is, respectively, 0.16
and 0.14 nms~'. Finally, the samples are capped with a
2-nm layer of GaAs in order to protect the sample against
oxidation.

The formation of QWRs on the ridge sidewalls relies on
the combination of two factors [10,22—24]: (i) the higher
adatom diffusion rate along the x||[110] surface direction
of the (2 x 4) reconstructed GaAs(001) surface as com-
pared to the y||[[110] direction and (ii) the higher adatom
incorporation rate at step edges oriented along y as com-
pared to the plane (001) surface. The latter results in an
enhanced MBE growth rate on the exposed sidewalls of
the ridges as compared to the growth rate on the (001)
surface. When a QW is deposited on the patterned sur-
face, the anisotropic growth rate induces a local increase
in the QW thickness on the sidewalls of ridges aligned
along the y direction [10], as indicated by the red regions
in Fig. 1(a). The structural properties of the overgrown
ridges are investigated by combining AFM, SEM, and
STEM.

B. Excitation of SAWs

Figure 2(a) displays the layout of the delay line used
for the excitation of Rayleigh SAWs [25] along the QWR
axis. The delay line is fabricated by optical lithography
on the surface of the overgrown sample: it consists of
two split-finger interdigital transducers (IDTs) designed
for an acoustic wavelength Asaw = 5.6 um with aperture
and length of 120 um and 350 x Asaw, respectively. Fig-
ures 2(b) and 2(c) show the frequency dependence of the
radio-frequency (rf) reflection (s1;) and transmission (s7)
parameters at room temperature, respectively. The reso-
nance at 513 MHz corresponds to the excitation of the
Rayleigh mode for the structure. The amplitude of the
s11 dip indicates that the IDTs convert 20% of the input
rf power into two SAW modes propagating in opposite
directions. The ripr = 10% transduction per SAW beam is
compatible with the maximum power transmission ampli-
tude of the sy, spectrum of —20 dB. Experiments are also
carried out using IDTs for an acoustic wavelength Agaw =
4 pm, resulting in a SAW frequency of fsaw = 726 MHz.
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FIG. 2. (a) Schematic diagram of the SAW delay line embed-

ding sidewall QWRs aligned along the y||[110] direction of the
GaAs(001) substrate. The delay line consists of two IDTs with
an aperture of 120 um and acoustic wavelength Agaw = 5.6 um.
(b) rf reflection (s11) and (c) rf transmission (s;;) parameters for
the delay line measured at room temperature. The resonance at
513 MHz is associated with the excitation of the Rayleigh SAW
mode of the sample structure.

C. Optical spectroscopy techniques

The spectroscopic PL studies are carried out using an
optical microscope coupled to a cryostat (temperature of
approximately 10 K) with optical access and rf wiring
for the excitation of SAWs. The PL is excited by either
a cw or pulsed tunable Ti:sapphire laser, or by a pulsed
diode laser (Agiode = 635 nm). The PL around the excita-
tion spot is spectrally analyzed and detected with a spatial
resolution of 0.5 um per pixel by a cooled CCD camera.
Time-resolved measurements are performed using either a
streak camera or an avalanche Si photodiode as a detector.

The acoustic transport studies are carried out by exciting
one of the IDTs of the delay line. The electron-hole pairs
are excited by a focused laser spot on one position of the
sample [cf. Fig. 2(a)] and their spatial distribution along
the SAW propagation direction detected by recording spa-
tially resolved PL profiles. The amplitude of the SAW is
stated in terms of the nominal rf power applied to the rf
input of the cryostat. Note that the electroacoustic conver-
sion efficiency in the cryostat will be lower than the one
determined in Fig. 2, which does not take into account the
effects of the cryostat rf connections.

II1. RESULTS AND DISCUSSION

A. Structural properties

Since MBE is a nonconformal growth technique, the
shape of the ridges can be recovered by probing the sam-
ple surface after overgrowth using AFM. The solid lines
in Figs. 1(b) and 1(c) compare cross-sectional AFM pro-
files of overgrown ridges oriented along the x and y
directions, respectively. The blue dashed lines indicate the

nominal profiles of the ridge etched on the surface prior to
the MBE overgrowth. The cross-sectional profile of over-
grown ridges oriented along the x direction closely follows
the one prepatterned on the surface, thus indicating a con-
formal coverage during the MBE overgrowth. Ridges ori-
ented along y exhibit, in contrast, broadened sidewalls with
a convex shape. This behavior is attributed to the higher
growth rates at the edge of these ridges, which results in
material accumulation along their sidewalls. This material
accummulation locally increases the thickness of a QW
overgrown on the ridge edges, thus forming the region with
lower quantum-confinement energy, corresponding to the
QWR [cf. Fig. 1(a)].

The material transfer leading to QWR formation also
reduces the thickness of the QW regions adjacent to the
sidewalls. As discussed in detail in Sec. III B, this local
thickness decrease creates a “barrier QW with higher car-
rier confinement energies than in the QW on both sides of
the QWR. These “barrier QWs” act as potential barriers for
the transfer of carriers from the QW to the QWR.

The sidewall QWRs only form on overgrown ridges
oriented along y. These can be directly imaged in
cross-sectional STEM images, as illustrated in Fig. 1(d).
Here, the dark and bright areas correspond to GaAs
and Alg 15Gag gsAs regions, respectively. From the micro-
graphs, we estimate the thickness and width of the sidewall
QWR to be 25£5 and 200 5 nm, respectively. The
QWR is thus approximately 2.5 times thicker than the
deposited 10-nm QW. Interestingly, the QWR does not
form directly on the location of the ridge sidewall on the
substrate, but is shifted by approximately 600 nm. From
the ratio between the 600-nm lateral shift and the 130 nm
thickness of the lower Al 15Gag g5 As barrier, we estimate
that for this particular geometry the lateral growth rate of
the Aly 15GaggsAs layer is approximately five times larger
than the vertical one.

The electro-optical properties and, in particular, the car-
rier transport properties of the sidewall QWRs also depend
on the uniformity of the QWR dimensions along both the
growth direction and the QWR axis direction. The latter
can be quantified by evaluating the lateral roughness of the
ridge edges (line-edge-roughness, LER) from AFM micro-
graphs. For that purpose, we record AFM profiles across
patterned ridges aligned along y (typically one profile per
nanometer). An AFM micrograph of a ridge sidewall wet-
chemically etched on the GaAs(001) substrate (i.e., prior
to MBE overgrowth) is shown in Fig. 3(a). Here, the
dark area corresponds to the ridge bottom (etched) and
the bright area to the ridge top (nonetched). The right
panel displays a typical profile, extracted along the vertical
dashed green line in the AFM image. Each of these profiles
is fitted with an error function to evaluate the average posi-
tion of the ridge edge. LER is defined as the standard devi-
ation of the edge position. Figure 3(b) shows the same scan
as Fig. 3(a), now enlarged into an area of 1 um x 80 nm.
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LER of ridges fabricated on GaAs substrates. (a) AFM scan of a 1 x 1 um?-sized area around a ridge sidewall after etching

and before MBE overgrowth. The right panel shows a profile extracted along the green dashed vertical line. (b) Postprocessed image
of the same scan, enlarged into a 1 um x 80 nm-sized area. The ridge bottom is dark gray and its top is bright gray. The red dashed line
depicts the average position of the step edge, yielding a LER of 9 nm. (c) SEM of the photoresist defining the ridges after resist exposure
to UV light of 250 nm (but before etching). The upper part of the image corresponds to a GaAs(113)A substrate and the lower part of
the image corresponds to the photoresist. The rms LER value of 10 nm is comparable to the deviations observed in the ridge shown
in (d). (d) Postprocessed image of an AFM scan of a 1 um x 80 nm-sized area around a ridge sidewall on a GaAs(113)A substrate
after etching and before MBE overgrowth. The LER of ridges on GaAs(113)A (approximately 7 nm for the shown measurement) has

a similar amplitude as on GaAs(001).

The image is postprocessed to show only the heights of the
ridge top and bottom. The edge position, which is depicted
by the red dashed line dividing the top and bottom areas,
fluctuates with peak amplitudes of as much as 20 nm and
shows a LER value of 9 nm. Furthermore, we observe that
the sidewall of the ridge is inclined by an angle of roughly
10° with respect to the surface plane.

Interestingly, the LER of ridges on GaAs(001) sub-
strates is found to be approximately the same as in control
samples deposited on GaAs(113)A substrates [cf. Fig.
3(d)]: in both cases, we measure LER in the range from
4 to 9 nm.

The LER could not be reduced by changing the compo-
sition of the etching solution (i.e., the type of acid agent
as well as the degree of dilution of the etching solvent).
We find, in contrast, that the LER can be traced back to
the photolithography process used to define the ridges. In
fact, SEM images of the photoresist edges at GaAs(113)A
[cf. Fig. 3(c)] display LER values very similar to the ones
measured after overgrowth [cf. Fig. 3(d)]. Several factors
leading to the LER of photoresist patterns are discussed in
detail in Ref. [26].

Attempts are also carried out to improve the LER of
the sidewalls using patterns defined by e-beam lithogra-
phy. Ridges defined on a GaAs(113)A substrate by e-beam
lithography using a step size of 20 nm and an Allresist AR-
P 6200 resist have LERs similar to the ones obtained by
optical lithography. By reducing the stepsize of the e-beam
lithography to 2 nm and using a PMMA resist (950 K A4
1:1 Anisole), the LER could be reduced to approximately
3 nm, thus indicating a way to improve the ridge quality.

Note that since the LER is only a few percent of the
width of the sidewall QWR determined by STEM [see
Fig. 1(d)], we expect that it will only play a minor role
in the optical, electrical, and transport properties of the
sidewall QWRs. Unless otherwise specified, the results
presented here are obtained on QWRs fabricated on pho-
tolithographically defined ridges.

B. Optical properties of the QWRs

The formation of QWRs at the ridge sidewall is verified
by spatially resolved PL spectroscopy. Figure 4(a) displays
a PL map recorded at 10 K while scanning a laser spot
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(a) PL map recorded while scanning the excitation laser spot in the direction perpendicular to two 10-um-wide ridges with

sidewall QWRs (cf. left panel). The map shows the color-coded PL intensity (in a logarithmic scale) as a function of position (vertical
axis) and emission energy (horizontal axis). Emission is observed from two distinct resonances. The low energy corresponds to the
QWR emission and the high energy corresponds to the QW. The upper panel shows spectra along the cross sections of the PL. map
indicated by the horizontal lines, where the QW spectrum depicts the spectrum extracted along the dashed blue line. Figures (b) and
(c) show PL excitation (PLE) spectra detected at the electron-heavy-hole resonance for the (b) QW (QWyyy) and (c) QWR (QWRyy).

In both cases, the excitation spot is placed on a sidewall QWR.

across ridges with sidewall QWRs (cf. left panel). We use
for excitation a pulsed diode laser emitting at a wavelength
of 635 nm. The latter lies above the fundamental optical
transitions of the QW and, thus, optically excites carriers
both in the QW and the QWR. The scan length covers
two 10-um-wide overgrown ridges separated from each
other by 10 um. The map is generated by spectrally ana-
lyzing, for each spot position, the PL emitted within a 1.5
x 2 pm? area around it. The procedure yields the PL map
with the color-coded intensity in a logarithmic scale as a
function of position (vertical axis) and energy (horizontal
axis). The upper panel displays spectral cross sections of
the map recorded along the blue dashed (QW at ridge top)
and green solid (sidewall QWR) horizontal lines indicated
in the map.

The PL map of Fig. 4(a) shows two main resonances.
Spectra recorded on the top and bottom of the ridges are
essentially equal and characterized by a single PL line
centered at 1.547 eV with a linewidth (defined as the
FWHM) of 7 meV. This line is attributed to the electron-
heavy hole (QWyy) resonance of the 10 nm QW. Spectra
recorded on the sidewall display, in addition, a second
resonance at 1.520 eV with a linewidth of 10.5 meV,
which is assigned to the electron-heavy-hole transition
of the QWR (QWRyy). As discussed in Sec. Il A, the
width of the QWR is much larger (approximately 200 nm)
than its thickness (approximately 25 nm). The red shift
of the QWR emission with respect to the QW is, there-
fore, mainly caused by its larger thickness with respect to
the QW. Furthermore, due to its increased thickness, one
expects a decrease of the QWR linewidth with respect to
the QW. The opposite trend observed in the experiments

implies that potential fluctuations within the QWR have a
significant impact, possibly related to the aforementioned
LER. The fact that the QWRyy; resonance is only seen
at the sidewall positions (see left panel) also confirms the
structural findings of Sec. III A that the QWRs only form
at the sidewalls.

A closer analysis of the PL spectra recorded at the side-
walls reveals that the QW line reduces in intensity and
slightly blue shifts (by approximately 3 meV) with respect
to spectra taken at a position away from the ridges (not
shown here). The blue-shifted region is attributed to the
“parrier QWs” with reduced thickness formed on both
sides of the sidewall QWR. Electron-hole pairs photoex-
cited within the barrier QW can diffuse to and recombine in
the neighboring regions of lower energy. The blue-shifted
PL emission at the ridge sidewall in Fig. 4(a) is sym-
metric with respect to the axis of the QWR, thus proving
that the barrier QW forms an energy barrier for the trans-
fer of carriers from the QW to the QWR on both sides
of the QWR. Considering that the dimension of the side-
walls is much smaller than the optical resolution, the PL
line in Fig. 4(a) includes contributions from both the bar-
rier QW and the QW. The latter may be responsible for
the increased linewidth of the QW PL to 11 meV on the
sidewall as compared to 7 meV measured away from the
sidewall.

C. Comparison with other sidewall QWRs

Table 1 compares the optical properties of sidewall
QWRs grown on GaAs(001) substrates with QWRs grown
on GaAs(113)A substrates. The table is constructed using
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TABLE I. Comparison of the optical properties of side-
wall QWRs on (001) and (113) GaAs substrates. The last
column lists the corresponding properties for V-groove
QWRs on (111) (from Ref. [8]). AEqwr denotes the red
shift of the QWR PL line with respect to the QW line.

(001) (113)A (113)A (111)
ebeam V groove
QW width (nm) 10 10 8 7
Eqwr (eV) 1.520 1.526 1.546 1.575
AEqwr (meV) 27 15 13 45
linewidth® (meV) 10 11 9 11
2Defined as the FWHM.

average values of the emission energies and linewidths
of QWRs from multiple samples simultaneously grown
on the same 2-inch wafer, per substrate type. The fourth
column displays the emission energies and linewidths of
QWRs fabricated on e-beam lithographic defined ridges on
a GaAs(113)A substrate overgrown with a slightly thinner
QW (8 nm instead of 10 nm). Interestingly, all sidewall
QWRs have similar spectral linewidths of 10 &1 meV.
The energetic separation AEqwr between the QW and the
QWR emission energies, in contrast, is significantly larger
for QWRs on GaAs(001) than on GaAs(113)A and leads
to a larger carrier confinement for GaAs(001). This larger
red shift, which is probably related to the different sidewall
facets exposed by the etching process, is advantageous for
carrier transport since it reduces the carrier-escape proba-
bility to the surrounding QW. Finally, the last column of
the table lists the corresponding properties for V-groove
QWRs deposited by Koshiba et al. on GaAs(111) sub-
strates (from Ref. [8]). These QWRs have a linewidth com-
parable to the ones for the sidewall QWRs but substantially
larger energetic separations AEqQwr.

D. Carrier dynamics in GaAs(001) QWRs

In order to investigate carrier transfer between the QW
and the QWR, we measure PLE from the sidewalls using
a tunable cw Ti:sapphire laser impinging on the sidewall
region at an angle of incidence of 45°. The laser spot size
of approximately 7 um in diameter is much larger than
the sidewall and can, thus, generate carriers both in the
QWR and in the QWs around it. Figures 4(b) and 4(c)
compare PLE spectra by detecting the emission of the
QWyp (detection energy 1.546 eV) and of the QWRyy
(1.521 eV) resonances, respectively. In the former case,
the two peaks in the emission intensity are attributed to
the electron-heavy-hole (QWyy) and electron-light-hole
(QWy ) transitions of the QW at 1.548 and 1.558 eV,
respectively. This assignment is consistent with calcula-
tions of the energy levels for a 10-nm-thick QW with
Al 15Gag g5 As barriers.

The QWRyy PLE spectrum in Fig. 4(c) also shows an
onset at the QWRyy; transition as well as two excitation
maxima blue shifted by 4 and 5 meV with respect to the
QWyy and QW transitions, respectively. These blue-
shifted lines are assigned to the electron-heavy-hole and
electron-light-hole transitions in the barrier QW. Carriers
excited in the barrier QW can then diffuse to the QWR
and recombine in the QWR. The absence of a peak in
the PLE spectrum of Fig. 4(c) corresponding to the QW
transition as observed in Fig. 4(b) implies that for excita-
tion energies above approximately 1.542 eV, the detected
QWR PL arises from the recombination of electron-hole
pairs photoexcited in the barrier-QW region, which diffuse
into the QWR. Carriers generated in the QW, in contrast,
cannot reach the QWR due to the energy barrier imposed
by the barrier QW. For excitation energies below 1.542
eV we expect that the QWR PL results from a combina-
tion of direct excitation of QWR states as well as of the
low-energy flank of the barrier QW.

We analyze the carrier dynamics by performing time-
resolved PL measurements using a streak camera while
exciting the sample using 1.5-ps pulses from a Ti:sapphire
laser emitting at a wavelength of 790 nm. Figure 5 shows
the PL intensity as a function of energy (horizontal axis)
and time (vertical axis) recorded by focusing a 3-uW laser
beam onto a 7-um-wide laser spot on a sidewall under an
angle of 45°. We observe emission from the sidewall QWR
(1.520 eV), QW (1.546 eV), as well as from the GaAs sub-
strate (1.514 eV). The right panel shows temporal traces
extracted from the image for the QW resonance (blue, thin
line) and QWR (red, thick line) by spectral integration of
the PL over the linewidth of the corresponding resonances.

Substrate
QWR

PL intensity

60

2| 1 ]
w —
5 £
:E ol ,
b E
N L
=) ' 1
o
-

1 ™ 1,510 1.520 1.530 1.540

Energy (eV)
FIG.5. Time-resolved PL traces recorded on a ridge sidewall as

a function of emission energy (horizontal axis) and time (vertical
axis). The three observed resonances are (from the low energy
to the high energies) the electron-heavy-hole transitions in the
GaAs substrate (1.514 eV, dashed black line), sidewall QWR
(1.520 eV, solid red line), and QW (1.546 eV, dashed blue line).
The right panel shows the temporal trace of the QW (blue, thin)
and QWR (red, thick). Both traces represent spectral integrations
over the linewidth of the respective emission lines.
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In contrast to the substrate signal, which exponentially
decays with a time constant of only 70 ps, the PL from
the QW and QWR persists for times exceeding 1 ns. In
both cases, the formation of large-k;; excitons from excited
electron-hole pairs leads to the initial fast rise of the PL
intensity and blue shift of the emission line. These exci-
tons then relax into a state with & = 0 and subsequently
recombine with the emission of a photon [27]. From a
single-exponential fit we extract a QW carrier lifetime of
approximately 500 ps.

The temporal emission trace of the QWR shows an ini-
tial fast increase followed by a plateau (or even a small
increase) in the emission up to approximately 400 ps. The
signal then decreases exponentially with a time-decay con-
stant of approximately 870 ps. The larger recombination
lifetime of the QWR states with respect to the QW is
attributed to the larger thickness of the QWR [28]. We
attribute the plateau to the transfer of carriers from the sur-
rounding barrier QW into the QWR. The initial rise time
can be explained by the fast carrier transfer from the bar-
rier QW as well as by direct excitation of carriers in the
QWR, while the plateau can be explained by the diffu-
sion and relaxation of barrier-QW carriers into the QWR
states. A similar process is reported for carrier transfer
in the nanosecond timescale between QWs and sidewall
QWRs on GaAs(113)A substrates [29]. Note that although
the bulk emission is spectrally closely located to the QWR,
its fast decay implies only a minor contribution to the PL
signal.

E. Acoustic transport

We provide in this section experimental evidence for
acoustic charge transport along the sidewall QWRs,
obtained by spatially resolved PL spectroscopy. The exper-
iments are carried out using the configuration sketched in
the right panels of Fig. 6. The carriers are photoexcited by
a pulsed diode laser (635 nm, power 2 £ W) focused onto a
spot with a diameter of 6 wm at the reference position y =
0 wm. A metal stripe is deposited at the end of the QWR (at
y = 90 um) to block the acoustic transport. Since the depth
of the QWR (below a 200-nm Al 5GaggsAs barrier) is
much smaller than the SAW wavelength (Asaw = 5.6 um),
the metal efficiently screens the SAW piezoelectric poten-
tial at the depth of the QWR and induces the recombination
of the carriers transported by the SAW field [20]. In the
ideal case, one thus expects to observe PL at two posi-
tions along the SAW path: (i) at the excitation location,
where nontransported carriers recombine and (ii) at the
metal-stripe position due to recombination of transported
carriers. Furthermore, in the present case, the metal stripe
consists of a stack of 10-nm titanium, 30-nm aluminium,
and 10-nm titanium layers. Using the optical transmission
data taken from Ref. [30], we calculate an optical transmit-
tance of only 0.8% at the QWR emission (A = 815.8 nm).

We expect, therefore, to collect only the PL emitted by
carriers recombining along the transport path and at the
edges of the metal stripe. The small optical transmittance
of the metal stripe should suppress PL from directly below
the metal stripe. Despite that, we show that we can still
detect PL at the borders of the opaque metal stripes. In
future investigations, semitransparent stripes will be used
to increase the PL collection efficiency.

In the absence of SAW excitation, PL is only observed
around the excitation spot [Fig. 6(a)]. The application
of a weak SAW (—7 dBm) induces electron-hole trans-
port along both the QW and the QWR, as illustrated in
Fig. 6(b). This image shows that the PL intensity at the
excitation location reduces under a SAW. This is attributed
to the storage of the carriers by the moving SAW piezo-
electric potential, which transports them away from the
excitation location. Additionally, the image shows a strong
remote PL emission at approximately 30 um before the
metal stripe, which we attribute to carrier trapping and
recombination by a trapping center within the transport
channel. The trap captures carriers of one polarity, which
then recombine upon the arrival of carriers of opposite
polarity in the subsequent SAW half cycle.

Interestingly, remote PL is observed at the same y coor-
dinate for both the QWR and the QW resonances. We
remind ourselves that carrier transfer between the QW and
the QWR is hindered by the barrier QW inbetween them.
In addition, we show in Sec. III B that only carriers gen-
erated in the barrier QW can diffuse to the QWR, and that
this process takes place within a nanosecond. Considering
the acoustic transport velocity of 2.9 umns™!, this trans-
fer between the barrier QW and the QWR can only take
place during the first couple of micrometers of the trans-
port path. The simultaneous remote emission from the QW
and QWR could be due to an extended defect blocking
carrier transport along both the QW and QWR. Alterna-
tively, if the acoustic transport in the QWR is blocked by
a defect center, carriers can accumulate close to the defect
and eventually leak to the QW.

The transport becomes more efficient at larger acous-
tic intensities, as shown by Figs. 6(b)—6(d). Here, a further
increase of the acoustic intensity reduces the PL at the exci-
tation location, because the increased SAW potential stores
and transports electrons and holes more efficiently. A fur-
ther interesting aspect is that remote trapping and recom-
bination along the transport channel can be controlled by
the acoustic intensity. The images in Figs. 6(b) and 6(c)
show that an increase of the acoustic power to —2 dBm
leads initially to an enhancement of the trap emission.
After a certain power level, however, the emission from
the trap becomes completely suppressed [Fig. 6(d)]. The
SAW piezoelectric field becomes, in this case, sufficiently
strong to overcome the trapping potential and transport the
carriers all the way to the edge of the metal stripe 90-um
away from the excitation spot. Note that the SAW power
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FIG. 6. Acoustic transport of photoexcited charge carriers in sidewall QWRs and surrounding QW. The figures show PL maps
recorded using the configuration in the right panels without SAW (a) and with SAWs with nominal powers of (b) —7, (¢) —2, and
(d) 23 dBm. The carriers are excited with a 635-nm laser focused to a spot of approximately 6 um diameter on a ridge sidewall.
The carriers are transported by the SAW field to a trapping center or, for high acoustic powers, up to a metal stripe, which induces

recombination by quenching the SAW piezoelectric field.

threshold for overcoming the trap potential is different for
transport along the QWR and QW. At the metal-stripe
position, the piezoelectric field is screened, leading to the
recombination of transported carriers. However, as men-
tioned before, due to the small optical transmission of 0.8%
of the metal stripe, we expect to only observe a small
fraction of the PL at this position. Additionally, for very
high SAW powers the piezoelectric field is only partially
screened and therefore the carriers are potentially trans-
ported further along the SAW path (out of the measurement
area).

Figure 7 displays PL maps recorded by selectively excit-
ing carriers in the QWR using an excitation energy (1.537
eV) below the QW resonance. In this case, the acoustic
transport takes place only along the QWR. In the absence

of a SAW [Fig. 7(a)] PL from the QWR is only observed
at the excitation spot near a weak emission line from the
GaAs substrate. When a SAW is applied [Asaw = 4 um,
fsaw = 726 MHz, cf. Fig. 7(b)], one detects PL at two
trapping sites on the QWR, thus evidencing acoustic trans-
port. The upper panel displays PL spectra of the two
trapping sites. The spectrum from trap A (red) resembles
the QWR emission at the excitation spot (1.521 eV). A
similar spectral behavior is found for most of the trap-
ping centers — a model of this type of trap centers is
presented below. In contrast, the trapping center at site
B shows a narrower emission line (linewidth of 2 meV
in comparison with 7 meV for trap A), which is blue
shifted by 4 meV with respect to the PL at the excitation
location.
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FIG. 7. Spatially resolved PL maps recorded (a) in the absence
of a SAW and (b) under a SAW with a frequency of 726 MHz
and nominal rf excitation power of 10 dBm. The carriers are
selectively excited in the QWR at y = 0 (cf. right panel) using
a laser beam tuned to an energy (Ejser = 1.537 €V) below the
band gap of the surrounding QW. Under acoustic excitation, the
carriers are transported along the wire and recombine in two trap-
ping centers (A and B) with spectral emissions displayed in the
upper panel.

As mentioned in Sec. III B, a 31-meV potential barrier
protects the QWR carriers from escaping into the surround-
ing QW. In the following, we show that the SAW piezo-
electric field can extract carriers from the QWR into the
surrounding QW. This behavior is observed close to trap-
ping centers, as illustrated in Figs. 8(a)-8(f). Figure 8(a)
shows for reference the PL spectrum extracted from Fig.
6(a), which is obtained by exciting the ridge sidewall at
an energy above the QW resonance. Figures (b) and (c)
display PL maps of three QWRs recorded by selectively
exciting the center QWR. The excitation energy is red
shifted with respect to the QW resonance and the PL, spec-
trally integrated over the QWR resonance, is collected in
the absence and presence of a SAW, respectively. The exci-
tation energy as well as the collected PL energy range
are indicated in Fig. 8(a). In the absence of a SAW [cf.
Fig. 8(b)], QWR PL is only observed close to the exci-
tation location y = 0 um with a diffusion tail along the
QWR. Under a SAW [Fig. 8(c)], one observes remote PL
in the excited QWR at recombination centers at y = 10
and y = 28 um, which are labeled as trap 1 and trap 2
in the schematic diagram in Fig. 8(d). In addition, remote
PL is also observed in a neighboring QWR at y = 19 um
(trap 3), thus indicating that carriers excited in a QWR can
be extracted to the QW and diffuse towards a neighboring
QWR.

Further evidence for the extraction process is provided
by PL maps recorded by collecting the QW emission, as
displayed in Figs. 8(e) and 8(f). The weak PL observed
close to the excitation spot in the absence of a SAW [Fig.

8(e)] is possibly related to an anti-Stokes PL excitation
process [31]. The QW emission increases significantly
under a SAW, as is shown in Fig. 8(f): this emission
concentrates around the trapping centers with enhanced
remote QWR PL, thereby confirming the SAW-induced
extraction of carriers from the QWR to the QW. Although
further studies will be needed to elucidate the extraction
process, we note that the energy to overcome the potential
barrier between the QWR and the QW can be provided by
the SAW piezoelectric potential, which can reach hundreds
of mV.

F. Time-resolved acoustic transport

The dynamics of the acoustic transport is studied by
time-resolved PL. The carriers are optically excited using
a small spot (diameter of approximately 3 um) and a cw
Ti:sapphire laser (wavelength of 780 nm and power of
200 wW). The remote PL induced by the acoustic trans-
port of carriers to a trap within the QWR is collected and
detected using a Si avalanche detector (temporal resolu-
tion of 340 ps) synchronized with the SAW phase. Figure 9
shows the PL time dependence recorded on a trap located
approximately 30 um away from the excitation spot. The
cw PL spectrum of the trap (inset) reveals that it is similar
to trap A in Fig. 7(b) emitting at the same energy as the
QWR. The PL intensity oscillates at the SAW frequency
of 726 MHz. For comparison, the blue curve displays the
vanishing PL intensity collected in the absence of SAW,
which proves that the trap is only populated by acoustically
transported carriers.

The strong oscillations in the time-resolved trace of
Fig. 9 proves that the carriers remain confined within the
SAW potential during acoustic transport (note that the
amplitude of the oscillations in Fig. 9 is only marginally
affected by the time resolution of the avalanche detec-
tor, since the QWR carrier lifetime is approximately three
times larger than the time resolution). In addition, the fre-
quency of the oscillations yields information about the
carrier trapping and recombination process. In fact, one
expects PL oscillations at the SAW frequency only if the
trapping center captures catriers of only one polarity dur-
ing one half of the SAW cycle, followed by recombination
upon arrival of carriers with the opposite polarity in the
subsequent half of the SAW cycle. The capture (and subse-
quent recombination) of carriers of both polarities results,
in contrast, in PL oscillations at twice the SAW frequency.
In the present experiments, we cannot discriminate which
carriers (electrons or holes) are preferentially trapped.

Our experimental data supports the model for car-
rier trapping and recombination during ambipolar trans-
port proposed in Ref. [32]. In this model, carriers of
one polarity are trapped due to injection into states at
the GaAs/Alj 15Gag gsAs interface by the vertical compo-
nent £, of the SAW piezoelectric field. The field-induced
injection probability is high since, for a Rayleigh SAW,
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E. is in phase with the piezoelectric potential and, there-
fore, with the maximum in the carrier density. £, reverses
its sign half a SAW cycle later, thus releasing the trapped
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FIG. 9. Time-resolved remote PL measured on a trap with the
spectral emission displayed in the inset. The trap is populated by
carriers transported by a SAW with a wavelength of 4 um, fre-
quency 726 MHz, and nominal rf excitation power of 6 dBm. The
blue curve shows, for comparison, the PL trace in the absence of
a SAW.

carriers into a pool of carriers of the opposite polarity,
where it has a high recombination probability. This mech-
anism thus leads to efficient recombination during acoustic
transport with emission energy equal to the QWR. This
model can account for the emission behavior of most of
the trapping sites detected along the acoustic transport
path (i.e., of type A, cf. Fig. 7). In previous acoustic
transport studies in sidewall QWRs on GaAs(113)A, the
experimental conditions (in particular, the acoustic power)
could be adjusted to control carrier trapping and induce the
appearance of narrow spectral lines along the QWR axis
[19,32,33]. A similar experimental situation could not be
reproduced in the GaAs(001) QWRs studied here, where
the observed recombination centers are separated by sev-
eral um. While further studies are required to elucidate the
different behaviors, we speculate that they may arise from
the different QWR dimensions and nature of the interfaces
for the two crystallographic directions.

IV. CONCLUSIONS

We study structural, optical, and transport properties
of sidewall QWRs fabricated on patterned GaAs(001)
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substrates. QWRs formed by overgrowth of a 10-nm-wide
QW on prepatterned ridges have thickness and width of
approximately 25 and 200 nm. The sidewall QWRs form
on both sides of the ridges aligned along the [110] crystal
direction and exhibit similar emission properties at both
sides of the ridges. Their emission is spectrally red shifted
by 27 meV with respect to the fundamental transition of
the QW. The linewidth of the QWR emission lines of 10.5
meV is slightly increased with respect to the QW. One
source of potential fluctuations contributing to the QWR
linewidth are fluctuations in the lateral dimensions of the
QWRs, as is implied by the increased linewidth of the
QWR with respect to the QW. By combining S(T)EM and
AFM measurements, we estimate that the amplitude of
line-edge-roughness is small as compared to the QWR lat-
eral width. LER is therefore expected to play only a minor
role in the acoustic transport of carriers. Furthermore, LER
is mainly caused by the photolithography process.

We further demonstrate that photoexcited electrons and
holes can be acoustically transported along the QWR over
distances of at least 90 um. By selectively exciting carriers
using a laser energy below the band gap of the surround-
ing QW, we prove that the majority of the QWR carriers
is transported along the QWR and not via the surrounding
QW. The transport distances are in many cases limited by
the presence of trapping centers along the transport chan-
nel, which block the transport and induce recombination
of the carriers. These traps have been observed both in
the QW and the sidewall QWR. The majority of the traps
in the QWR exhibits emission energies and linewidths
comparable to the ones expected for the QWR. Some of
the traps can, however, exhibit much narrower linewidth
(down to approximately 2 meV) and a slightly different
emission energy. The submicrometer widths, the efficient
lateral confinement and acoustic transport properties of
the sidewall QWRs on GaAs(001) substrates make them
a promising candidate for interconnections of charge and
spin carriers in semiconductor structures.
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