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ABSTRACT: We report a comprehensive study of the impact of the structural properties in
radial GaAs-Al,;Gay;As nanowire-quantum well heterostructures on the optical recombi-
nation dynamics and electrical transport properties, emphasizing particularly the role of the
commonly observed variations of the quantum well thickness at different facets. Typical
thickness fluctuations of the radial quantum well observed by transmission electron
microscopy lead to pronounced localization. Our optical data exhibit clear spectral shifts and
a multipeak structure of the emission for such asymmetric ring structures resulting from
spatially separated, yet interconnected quantum well systems. Charge carrier dynamics
induced by a surface acoustic wave are resolved and prove efficient carrier exchange on
native, subnanosecond time scales within the heterostructure. Experimental findings are
corroborated by theoretical modeling, which unambiguously show that electrons and holes
localize on facets where the quantum well is the thickest and that even minute deviations of
the perfect hexagonal shape strongly perturb the commonly assumed 6-fold symmetric

ground state.

KEYWORDS: nanowires, heterostructures, fluctuations, transmission electron microscopy, surface acoustic waves,

optical recombination dynamics, electrical transport

Over the past years, the paradigm of bandstructure
engineering' and the exploitation of quantum-confined
systems have been transferred from planar semiconductors
onto the one-dimensional platform of nanowires (NWs)>’
providing building blocks for future high-performance nano-
electronic and nanophotonic devices.*”" After first hallmark
experiments,” the realization of fully fledged quantum
confined heterostructures such as two-dimensional quantum
wells (QWs), one-dimensional quantum wires, and zero-
dimensional quantum dots (QDs) within the NW geometry is
continuously growing and, yet, much more demanding than in
conventional planar epitaxy. For example, radial core—
multishell heterostructures play an important role since they
allow to elegantly wrap complex QW-based and multidimen-
sional quantum heterostructures around the typical bulk-like
(3D) core of the host NW.”™'* Such advanced NW core—
multishell heterostructures have already proved to be quite
useful for high-performance nanowire lasers'>'*"> and light-
emitting diodes,* NW-based photodetectors.,16 as well as novel
transistors”'” and platforms for quantum transport inves-
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tigations.> However, structural disorder occurs quite com-
monly in QW-based heterostructures, and the role of disorder
on the electrical transport'® and optical properties'” ™" has
been studied in great detail for planar QW heterostructures in
the past.

In NWs and NW-based heterostructures, the less favorable
growth conditions on the side facets of the NW lead to
pronounced structural and compositional variations within
ternary compounds and at interfaces of heterostruc-
tures."”**™*” Radial heterostructure QWs are well-known to
exhibit pronounced thickness fluctuations,"”*® which, in the
limit of thin QWs (thickness < 4 nm), even lead to the
formation of “unintentional” QDs.”* ' Deviations in QW
thickness may also lead to variations in the threshold and
emission wavelength of QW-based NW-lasers."* Independent
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of the QW thickness, deviations from a perfect hexagonal
cross-section of the NW core directly transfer to the radial
shell.'”'>**73* n addition, facet-dependent growth aniso-
tropies lead to the emergence of nontrivial extended shapes™®
or the formation of nanoscale islands.”® Despite this evidence,
so far most theoretical descriptions have focused almost
exclusively on a symmetric hexagonal shape of the NWs. For
such a perfect geometry, the ground state exhibits also 6-fold
symmetry, and the wave function is delocalized between all
corners of the radial QW wrapped around the hexagonal
NW. 0333836738 Thyg to date only few works exist for
realistic, asymmetric QW ring structure shapes.”””*' All the
aforementioned commonly observed imperfections are ex-
pected to have major impact on the optical and electrical
properties of NW-based heterostructures.

In this Letter, we report the impact of commonly observed
thickness inhomogeneities of radial QWs in GaAs-Al,;Ga,,As
nanowire heterostructures on the optical and electronic
properties. We show that typical well width fluctuations of
the radial QW result in line broadening and a multipeak
structure of the emission of spatially separated, yet
interconnected QW systems for such tubular structures. By
employing acousto-optoelectrical spectroscopy, we directly
observe coupled emission dynamics of the carriers and
exchange of charge carriers on subnanosecond time scales
within two interconnected QW systems of the heterostructure.
Moreover, theoretical calculations show that for even minute
deviations of the perfect hexagonal shape of the NW-QW,
electrons and holes are not confined to the corners of the radial
QW but localize on the facets where the QW is the thickest. In
particular, the wave function no longer distributes over the six
corners of the hexagon but fully localizes on the thickest facet.

The studied core—multishell NWs were grown on a SiO,-
masked Si(111) substrate in a solid-source molecular beam
epitaxy (MBE) system via a two-step growth process. First, the
GaAs core was grown in a self-catalyzed (i.e., Ga-droplet
mediated) vapor—liquid—solid (VLS) growth process.””*
Subsequently, the radial shell structure was grown in a
vapor—solid growth process similar to conventional epitaxy
of GaAs/Al,Ga,_,As on (110) planar surfaces.”” The as-grown
structure consists of a GaAs core with a diameter of 60 nm,
which is surrounded by a 30 nm thick Al,Ga,_,As shell with a
nominal Al-content of 30%, followed by a 5 nm thick radial
GaAs quantum well and a 70 nm thick Al Ga,_,As layer. For
passivation, a GaAs capping layer of 5 nm has been added to
prevent the oxidation of the outer Al Ga,_,As shell. The
resulting heterostructure is shown schematically in Figure la.
Furthermore, NWs were grown under conditions yielding
predominantly a zinc blende (ZB) crystal structure with few
twin defects and a length exceeding 10 pm. Further details on
the growth of the heterostructure can be found elsewhere.””
Moreover, we employed spontaneous nucleation on the
growth substrate without any additional prepatterning. This
straightforward bottom-up approach is typically characterized
by random NW nucleation and, hence, variations in the
internanowire distance. In addition, such bottom-up synthe-
sized NWs exhibit a slight tilt from the perfect vertical
alignment.** Both effects have been found by many
groups' "**~* and occur also for the case of our NWs,
which is confirmed in the two representative scanning electron
micrographs (SEM) shown in Figure 1b,c. The combination of
these effects typically leads to the commonly observed
characteristic inhomogeneities of the axial and radial growth
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Figure 1. (a) Schematic illustration of the nanowire heterostructure
consisting of a GaAs core and an Al,;Ga, ;As shell with an embedded
S nm thick radial GaAs quantum well (QW). (b,c) SEM images of
randomly grown GaAs-Alj;Gag;As core—shell NWs. (d—f) STEM-
HAADF cross-sectional images of the three randomly selected,
representative NWs. Due to atomic number sensitive contrast of
STEM-HAADF images, the GaAs QW appears brighter than the
Aly5Gay,As shell. All three NWs show clear deviations from the
perfect hexagonal shape and pronounced variations of the QW
thickness on different facets.
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of NWs. In particular, the radial growth of certain side facets
may be partially shadowed by nearby NWs (variations in
interwire distance)*® or by the slight misorientation from exact
vertical growth,”” while other facets are exposed to
comparatively more growth species. This gives rise to distinct
growth rate anisotropies, and hence fluctuations of the layer
thicknesses on different sidewall facets, ultimately resulting in a
distortion of the perfectly symmetric hexagonal cross-section of
a NW."7! To determine the size and the microstructural
properties of the asymmetric NW heterostructures we
performed cross-sectional scanning transmission electron
microscopy in high-angle annular dark field mode (STEM-
HAADF) on three randomly selected, representative NWs,
labeled NW1, NW2, and NW3. The cross-sectional STEM
images recorded along the [111] zone axis of three NWs are
shown in Figures 1d—f and clearly show a deviation from a
perfect hexagonal shape of the core as well as pronounced
variations of the QW thicknesses on different facets. The
obtained values are summarized in Table 1. The mean QW

Table 1. Measured QW Thicknesses of the Asymmetric
Radial QW of the Three Selected Nanowires®

d (nm) o (nm) dpa—d (nm) dyin—d (nm)
NW 1 5.5 1.4 +1.6 -2.0
NW 2 5.3 0.8 +0.9 -1.0
NW 3 5.5 0.8 +0.9 —-1.3

“Mean thickness d of the radial QW is significantly larger than the
nominal value of S nm. The large standard deviation o as well as the
difference between the thickest/thinnest QW facet and the mean
thickness confirm pronounced inhomogeneities of the NWs’ cross-
section.

thickness is found to be d = 5.5 nm or 5.3 nm, i.e, slightly
larger than the nominal value of S nm. Moreover, the width of
the different facets fluctuates between 3.5 and 7.1 nm for the
NW 1. We note that for the case of all three NWs the two
thickest QWs are located next to each other, whereas the
thinnest QW is separated by at least one facet from the thickest
one. Such inhomogeneity of the QW width results in large
differences of the confinement energy, which has a significant
impact on the emission spectrum. This detailed structural
information on the obtained structures is further used to
perform calculations of the electronic properties.

In the following, we investigate the optical properties of
three different NWs from the same growth sample, named NW
4, NW S, and NW 6. Figure 2a—c shows low-temperature
microphotoluminescence (u-PL) spectral maps of the NWs
recorded along their axis at low optical pump power density of

about ~3 % The peak centered around the energy of 1.52 eV

is observed for all three NWs and is attributed to the emission
from the NW core with a predominant ZB crystal phase with
only very few individual twin defects.”” Moreover, the PL of
the GaAs-QW exhibits clear inhomogeneities for all three
NWs. NW 4 shows a single, broad emission peak of the QW
along the NW at an energy of about 1.58 eV. In strong
contrast, the QW emission of NW 5 and NW 6 features several
distinct emission bands at different energies that are spatially
offset along the NW with small spatial overlapped areas. (110)
planar surfaces are known to exhibit instabilities of the surface
morphology resulting in the formation of islands and valleys,
which reduce the optical and electrical properties.”” These well
width fluctuations around and along the NWs will lead to the
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Figure 2. (a—c) PL mappings of three representative NWs. NW 4 (a) shows one broad emission energy of the QW along the NW, whereas NW §
(b) and NW 6 (c) exhibit several different emission signals of the GaAs-QW. The regions of emission are spatially offset along the NW with a small
spatial overlap area. The yellow boxes indicate the region of excitation and detection along the NW featuring the two emission centers in the signal
for the measurements with SAW. (d) Time-integrated PL spectrum of NW S showing a double peak structure of the radial QW (attributed to the
two spatially separated but interconnected QW systems with the largest thickness) and of the core. (¢) Time evolution of PL intensity recorded for
each peak of the PL spectrum of NW 5. The solid lines are guides to the eyes, showing an anticorrelated time evolution for both QWs suggesting a

dynamic charge exchange between coupled systems.
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observed line broadening and the local emission cen-
tors, 195456

Figure 2d shows a selected spectrum of NW § at a position
along the NW indicated by a yellow box in Figure 2b. It
consists of two overlapping emission bands with energies of
approximately 1.561 eV (blue, referred as QW ;) and 1.585 eV
(orange, referred as QW;,) and the ZB core with peak
centered at approximately 1.513 eV. This double peak
structure of the QW originates from two spatially separated
but interconnected QW systems, which exhibit the maximum
thickness at their respective axial position within the radial QW
structure. This we will corroborate by acoustic-optoelectrical
spectroscopy and theoretical modeling. In order to probe the
carrier dynamics and to identify the origin of the two emission
peaks of the QW, we performed temporally resolved PL
(TRPL) of the core and the radial QW, which is plotted in
Figure 2e. The core exhibits the established clear mono-
exponential decay of an isolated system. Also, the characteristic
decay time of ~0.7 ns is well consistent with literature data for
free excitons in GaAs nanowires.””>”% In strong contrast, we
observe a clear biexponential decay for both QW emission
signals. The decay time of QW increases from ~0.4 to ~0.7
ns, whereas the decay time of QW;, decreases from ~0.6 to
~0.3 ns. This anticorrelated behavior, as clearly seen by the
crossover of the two TRPL curves in Figure 2e, can be
explained by a charge carrier transfer between two
interconnected QW systems, more precisely a transfer from
the higher energetic QW system QW;, toward the lower
energetic QWj ;.

Next, we show that the aforementioned redistribution of
carriers can be triggered and even reversed on subnanosecond
time scales by the acousto-electric effect. To this end, we
employ acousto-optoelectrical spectroscopy””®® for which
NWs were transferred from solution onto a YZ-cut LiNbO,
substrate with lithographically predefined interdigital trans-
ducer (IDTs). By applying a resonant RF signal to the IDTs, a
Rayleigh-type SAW is excited with a wavelength of about 1 =
18 pum, which corresponds to a resonance frequency of fgayw =
194 MHz and acoustic period Tgyw = S5.15 ns. For our
experiments we select NWs with their (111) growth axis being
aligned parallel to the SAW’s propagation direction as shown
schematically in Figure 3a. When propagating on a piezo-
electric substrate, the mechanical wave induces an electric field
gyrating in the sagittal plane.”* For the selected power regime,
the electric field dissociates photogenerated excitons and drives
the dynamics of such generated electrons. In this regime, holes
remain to be quasi-stationary due to their lower mobility.*~**
Further on, the SAW-driven dynamics lead to the injection and
depletion of electrons to the corresponding emission region
resulting in the formation and dissociation of excitons,
respectively. The injection (depletion) causes an increase
(decrease) of the optical signal and, correspondingly, a
reduction (increase) of the total decay rate. These SAW-
driven charge carrier dynamics can be resolved in a
characteristic time-modulated PL transient under SAW
excitation.*”*"®* In the left panels of Figure 3b,c, we show
the time-integrated (without SAW) PL emission spectra signals
of the above characterized NW 5 and NW 6. These spectra are
taken at positions of two neighboring emission regions that
spatially overlap along the NW (indicated in Figure 2b,c) and
thus show two dominant emission peaks labeled QW ,, QW5 ,
and QWy; QWs,, respectively. We recorded SAW-modulated,
time-resolved PL transients for each emission peak. The
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Figure 3. (a) Schematic of a typical SAW chip used for single NW
acousto-optoelectrical spectroscopy. It consists of an IDT generating a
SAW, which propagates toward the NW. The NW is aligned parallel
to the SAW’s propagation direction. The SAW creates a gyrating
electric field that leads to a dissociation and acceleration of electrons
and holes. (b,c) Representative time-integrated and corresponding
time-resolved PL emission spectra of NW § and NW 6 at the position
with two different emission energies (blue, orange) of the two QW
systems (indicated by yellow boxes in Figure 2b,c). The transients
exhibit an anticorrelated behavior between both QW systems
(indicated by black and red arrows). This can be attributed to a
dynamically triggered electron transfer between two interconnected
QWs due to the gyrating electric field of the SAW, which induces an
overall oscillating movement in radial direction around the hexagonal
QW and in axial direction along the NW (black arrow: electron
transfer from blue transient, i.e., QWs; or QWg,, to orange, i.e.,
QW5 , or QWy,; red arrow: electron transfer from orange transient to

blue).

observed transients are shown in the right panels of Figure
3b,c. For each NW, the two corresponding transients exhibit
clear anticorrelations, which arise from SAW-induced charge
carrier dynamics: at the times indicated by the black arrows,
one of the two transients of each NW shows a decrease of the
total decay rate of the energetically lower emission signal
(QW;,, with respect to QWj,), while simultaneously the total
decay rate of the energetically higher emission feature (QW;,
with respect to QWg,) increases. This observation points
toward a simultaneous depletion of electron population of the
energetically higher QW and an injection of these electrons
into the energetically lower QW. Moreover, the reversed
process, a transfer from energetically higher into energetically
lower QW region, is observed at the times indicated by the red
arrows. Thus, the observed anticorrelations can be attributed
to dynamically triggered electron transfer between two
interconnected QWs due to the gyrating electric field of the
SAW. Most importantly, this transfer is reversible and occurs
on subnanosecond time scales.
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Figure 4. (a) Sample models. Geometry 1 represents the symmetric deformation of the radial QW, whereas geometry 2 describes the asymmetric
case. The blue color represents the symmetric sample with d = 5.5 nm and R, = 80 nm, the red color indicates the overgrowth with respect to the
symmetric sample, while the yellow regions represent the parts of the sample that are subtracted from the symmetric hexagon due to the increase of
the thickness variation parameter x. The radial QW geometries used for simulations are listed in Table 1. (b) Ground state localization for
increasing the width of the thickest sidewall facet (ds = d + x). Increasing the thickness variation parameter x leads to the breaking of the 6-fold
corner states symmetry and to a transition from corner to side states. (c) Excitonic transition energies obtained with the electron—hole model (e—h
model) versus QW thickness variation parameter x. The blue shaded box associates the experimentally obtained emission energies of the radial QW
of the three NWs with the calculated side thicknesses, while the red shaded area shows the range of the STEM measured side widths of the thickest
side and the corresponding range of calculated energies.

Table 2. Radial QW Geometries Used for Simulations”

geometry facet 1 facet 2 facet 3 facet 4 facet S facet 6
1 d — 0.5x d—x d — 0.5x d+ 0.5x d+x d + 0.5«
2 d d— 0.5x d—x d d+x d + 0.5x

“Both geometries are based on STEM analysis. Geometry 1 represents a mirror symmetric system with two QWs of different width next two the
thickest one, whereas geometry 2 is an asymmetric case with two differently thick QWs next to the thickest one. Here, d and x are the mean value of
the side width and thickness variation parameter, respectively.

In order to gain deeper understanding of the nature of the QW thicknesses for both geometries are summarized in Table
emission from the radial QW, we study theoretically the 2. An increase of x results, on the one hand, in an increase of
exciton energy levels and localization. We use an approach the thickness of QWs on one side of the hexagon and, on the
established in previous works for polygonal quantum rings and other hand, in a reduction of the QW thickness for the other
prismatic shells’”***>*! but restrict ourselves to the cross- side of the hexagon.
sectional plane at a given point along the NW axis. In The probability distributions of electrons are shown in
particular, we calculate the single-particle states with a Figure 4b for both geometries for different thicknesses of the
discretization method based on a polar grid, which is further widest facet, i.e., for ds = d + x. The corresponding probability
adopted to the hexagonal geometries obtained from the cross- distribution of holes are qualitatively similar. As already
sectional STEM images of the NWs [cf. Figure 1 and Table 1]. predicted in previous theoretical works'”**®® for the
Next, we use these states to construct the electron—hole undeformed, i.e., symmetric, QW ring structure, the probability
Hamiltonian with the Coulomb interaction included. distribution corresponding to the ground state is equally

We start with an ideal NW geometry with a perfectly distributed between all six corners of the hexagonal cross
symmetric hexagonal cross section of the radial QW. We set section. Introducing a finite asymmetry results in a strong
the mean QW thickness (d) and the external radius (R,) impact on the probability distribution in the QW: when
equal to 5.5 and 80 nm, respectively. Next, we vary the increasing ds by only x = 0.1 nm corresponding to 0.5
thickness of the radial QW on different facets in two ways as monolayers (MLs), our calculations predict a lifting of the 6-
depicted in Figure 4a and shown in Table 2. Instead of fold symmetry. Remarkably, this minute difference in thickness
accounting for the complex combination of thickness of about one percent between facet S and its thickest
fluctuations and deformation of the perfect hexagonal shape neighboring facet creates a 2-fold symmetric corner state at
observed by STEM, we restrict ourselves to the two cases of the ends of the widest QW formed on facet S and a single
minimal deformation and a linearly graded thickness variation. corner state at the corner between facets S and 6 for
In the case of geometry 1, the thickest facet (ds) is situated geometries 1 and 2, respectively. Thus, our calculations nicely
next to two equally narrow, yet still thick facets and opposite to confirm that the formation of corner states with ideal 6-fold
the thinnest one, thus preserving a mirror symmetry. For symmetry requires near-perfect 6-fold structural symmetry.
geometry 2, the mirror symmetry is also lifted, and the thickest Even small variations lead to complete wave function
facet is only neighbored by two facets with QWs of different localization at the corners connecting the two widest QWs.
width. In addition, the thickest and thinnest facets are As x increases, the sharp localization peaks of the probability
separated by at least one facet on each side, i.e., the side distribution shift toward the center of the thickest side. This
thickness changes monotonically around the circumference as results in the delocalization of the excitons from the corners
observed by STEM. To quantify these deviations, we introduce toward the center of the widest QW. For x = 1 nm
a thickness variation parameter x defined as x = d,,, — d. The (corresponding to a relative thickness fluctuation of approx-
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imately S MLs), the exciton probability distribution is localized
in the QW side facet. Thus, for the NWs studied here, x
ranging from 0.9 nm up to 1.6 nm compared to the mean value
of d = 5.5 nm for a perfect hexagon, excitons do not distribute
over all six corners but can be readily considered to be fully
localized on the widest facet of the radial QW. Our STEM
analysis shows that in realistic systems more pronounced
deviations of the perfect hexagonal symmetry, e.g., deformation
of the perfect hexagonal shape, occur. These are expected to
enhance localization of the excitons on the widest facets. In
this sense, the two geometries chosen can be considered as
representative examples. Furthermore, we calculated the
exciton energy as a function of x for both geometries. The
results are plotted in Figure 4c. As expected, the ground state
exciton energies exhibit a clear red shift with increasing x, as
for regular, planar QW structures.”® Moreover, the nearly
perfect overlap of the energies obtained for the two geometries
(Figure 4c) confirms that the ground state energy does not
depend on the shape of the cross section, i.e., if the widest side
is sufficiently thicker than the second widest side, then the
ground state excitonic energy is defined solely by the width of
the thickest side. We compare the results of these calculations
to our experimental data. The blue shaded area in Figure 4c
indicates the energy region of the QW emissions of the NW 4,
S, and 6 and the corresponding increase of QW thickness
compared to the symmetric case. From this comparison, we
may conclude that the thickness deviations of both QW
segments are approximately 1.4 and 3.8 nm, respectively.
These values exceed those obtained from STEM analysis
ranging from 0.9 to 1.6 nm. For comparison, the red colored
area in Figure 4c indicates the exciton energy levels expected
from the QW thicknesses obtained from our STEM analysis.
Considering the approximations applied in the model, in
particular the infinite energy barriers, the overestimation of the
exciton ground state with respect to the well thickness is
expected. Therefore, the results of our calculations can be
considered in good agreement with our experimental findings.

In conclusion, the results presented here have multiple
important implications for the realization of functional core—
shell NW heterostructures with embedded quantum nano-
structures. We investigated the structural, optical, and
electronic properties of a hexagonal QW system embedded
in commonly grown GaAs/Al;;Ga,,As core/shell NW
heterostructure. Our results show that a small distortion of
the perfect hexagonal shape of the radial QW leads to a
significant change of the optical and electronic characteristics.
Moreover, small variations of the QW thickness on the sidewall
facets strongly affect the localization of the charge carrier
distribution. In particular, the 6-fold corner states-like
symmetry of a perfect hexagonal shape is rapidly lifted and a
localization fully at the side facets takes place, which in turn
results in a change of the optical and electrical properties.
These moderate deviations from the ideal symmetric hexagonal
geometry result in clear spectral shifts and multipeak structure
of the PL spectrum of the radial QW. Furthermore, the well
width fluctuations lead to formation of spatially separated but
interconnected QW systems. Our acousto-optoelectric experi-
ments also directly prove mutual coupling and reversible
carrier exchange between the two neighboring QW systems on
subnanosecond time scales.

Thus, the perfection down to the monolayer accuracy
required to create the often predicted highly symmetric
quantum states defines one great challenge for future
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experiments. Alternative routes may be derived from tailoring
composition-driven faceting”® with elegant growth modulation
techniques developed for vicinal wafer-scale substrates, for
instance, the serpentine superlattice,””*® and pave the way
toward one-dimensional quantum confined systems on the
one-dimensional NW geometry.
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