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ABSTRACT: The ﬂexibility and quasi-one-dimensional nature of nanowires oﬀer wideranging possibilities for novel heterostructure design and strain engineering. In this work,
we realize arrays of extremely and controllably bent nanowires comprising latticemismatched and highly asymmetric core−shell heterostructures. Strain sharing across the
nanowire heterostructures is suﬃcient to bend vertical nanowires over backward to
contact either neighboring nanowires or the substrate itself, presenting new possibilities
for designing nanowire networks and interconnects. Photoluminescence spectroscopy on
bent-nanowire heterostructures reveals that spatially varying strain ﬁelds induce charge
carrier drift toward the tensile-strained outside of the nanowires, and that the
polarization response of absorbed and emitted light is controlled by the bending
direction. This unconventional strain ﬁeld is employed for light emission by placing an
active region of quantum dots at the outer side of a bent nanowire to exploit the carrier
drift and tensile strain. These results demonstrate how bending in nanoheterostructures
opens up new degrees of freedom for strain and device engineering.
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side of the nanowires. This approach enables vertical nanowires
to be bent over backward to contact either neighboring
nanowires or the substrate, presenting a new way to form
nanowire networks and nanowire electrical/optical interconnects. Photoluminescence (PL) spectroscopy reveals that
spatially varying strain ﬁelds in the core of bent-nanowire
heterostructures induce the drift of photoexcited charge carriers
toward the tensilely strained outer part of the nanowire.
Additionally, the bending direction determines the polarization
response of absorbed and emitted light. We exploit the strain
ﬁelds within bent nanowires to enhance the emission intensity
of quantum dots (QDs) embedded within the nanowires by
more than an order of magnitude. These ﬁndings open up a
wide range of possibilities for designing new devices based on
bent nanowires.
Nanowires have been explored as nanosubstrates in core−
shell nanowire heterostructures,18 which have been shown to
elastically accommodate higher lattice mismatches than what is
possible with conventional planar heterostructures.19−23 For
the synthesis of core−shell nanowires using directional
deposition techniques such as molecular beam epitaxy
(MBE), the substrate is typically rotated to facilitate uniform
shell growth. The result is that strain induced in the core from
lattice-mismatched shells is symmetric, and so the nanowires
remain straight. In contrast to this common approach, we

train has always been a double-edged sword for
heterostructure design, on the one hand constraining
which materials can be combined to form coherent structures
but on the other hand providing a means to modify materials
properties by strain engineering. In conventional planar
heterostructures, biaxial strain arising from lattice mismatch
between the substrate and layers has been exploited to improve
the performance of optoelectronic and electronic devices.1,2
Apart from biaxial strain, realizing more complex spatially
varying strain ﬁelds opens up new possibilities for strain
engineering and provides a means to control the motion of
charge carriers.3−7 Along these lines, strain ﬁelds in microwires
and nanowires which have been dispersed and subsequently
mechanically bent have been shown to induce charge carrier
drift toward the tensilely strained outside region of the
wire.7−10 Mechanical bending has also been used to fabricate
nanowire ﬁeld-eﬀect transistor bioprobe arrays.11 In addition to
mechanical bending, spontaneous bending has been observed
in lattice-mismatched core−shell nanowire heterostructures,
and this has been attributed to asymmetric shell growth
inducing asymmetric strain in the nanowire core.12−17
However, the opportunities for strain and nanostructure
engineering oﬀered by bent-nanowire heterostructures have
remained unexplored.
In this work, we investigate the controlled synthesis, optical
properties, and device possibilities of bent-nanowire heterostructures. GaAs-based nanowires are bent in predetermined
directions by strain sharing with asymmetric and latticemismatched Al0.5In0.5As shells, which are deposited on a single
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Figure 1. As-grown bent nanowires and nanowire chains. (a,b) Schematic representation of the nanowire structure, which consists of a 45 nm
diameter GaAs core and a 20 nm Al0.5In0.5As shell deposited on one side of the core. (c,d) SEM images of isolated bent nanowires taken at viewing
angles of (c) 20° and (d) 45° from the substrate plane. (e,f) Images of the same two connected nanowires taken at viewing angles of (e) 45° and (f)
20° from the substrate plane. (g) A chain of three nanowires (45° viewing angle). (h) A nanowire with a thinner 30 nm core, bent completely over
and contacting the substrate (20° viewing angle). In all SEM images, suppression of the parasitic growth by the nanowires is visible on the substrate
due to the shadowing of the group III ﬂuxes by the nanowire. The shadowing corresponds to the projection of the nanowire bending direction on
the substrate plane, which is approximately the [110̅ ] direction. The scale bars corresponds to 2 μm in all panels and the viewing angle is from the
[21̅ 1̅] direction.

bent away from the direction from which the group-III ﬂuxes
impinged during shell deposition (see SI for top-view images).
We note that GaAs nanowires bent in a predetermined
direction by depositing MnAs shells by MBE have been
previously reported although with a lower degree of bending.12
The bending is a result of strain sharing between the GaAs core
and the asymmetric Al0.5In0.5As shell, which has a lattice
mismatch of 3.6% from GaAs. Analytical strain calculations for
the coherently strained structure shown in Figure 1a predict a
similar bending radius of 1.3 μm (see SI), thus conﬁrming that
the actual core−shell structure is similar to the nominal one.
The larger actual bending radius could be explained by the
deviations from the nominal structure (e.g., core/shell
thicknesses or shell composition) or the presence of plastic
relaxation. For the strain calculations, the strain energy was
minimized with respect to the bending radius and average strain
state within the nanowire, considering only the strain
component parallel to the nanowire axis ε∥, which is the
relevant component for bending. In general, our calculations
show that for a nanowire with core diameter dcore, the minimum

synthesized GaAs/Al0.5In0.5As core−shell nanowires at conditions chosen to maximize the asymmetry of the latticemismatched Al0.5In0.5As shell, which has a larger bandgap than
the GaAs core.24 Namely, the Al0.5In0.5As shells were grown as a
“digital alloy” by MBE, whereby the substrate rotation and Al
and In ﬂuxes were sequenced in order to deposit both Al and In
on the same side of the nanowires (see Methods). The GaAsAl0.5In0.5As lattice mismatch is expected to be at the upper limit
of what can be accommodated coherently for these nanowire
cores.23
Figure 1 presents scanning electron microscopy (SEM)
images of GaAs/Al0.5In0.5As core−shell nanowires with
respective core diameter and shell thickness of 45 and 20
nm, selectively grown on prepatterned substrates. Schematic
representations of the nanowire structure are shown in Figure
1a,b. The bent nanowires in Figure 1c,d, which were straight
and standing vertically before Al0.5In0.5As deposition (see
Supporting Information (SI)), are bent by more than 90°
away from the substrate normal. These nanowires have a
bending radius of 1.68 ± 0.06 μm (10 wires measured) and are
2344
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Figure 2. Charge carrier drift and optical polarization response of bent nanowires. (a) Schematic cross-section of the bent GaAs/Al0.3Ga0.7As/
Al0.5In0.5As core−multishell nanowires investigated in PL experiments. The Al0.3Ga0.7As and Al0.5In0.5As shells act as surface passivation and bending
shells, respectively. (b) SEM image of bent selective area grown nanowires with the structure in (a) (viewing angle 20° from the substrate plane).
The scale bar corresponds to 1 μm. (c) Axial strain variation along the x-axis in panel (a) for the straight and bent GaAs/Al0.3Ga0.7As/Al0.5In0.5As
core−multishell nanowires (blue and red lines, respectively) for a line crossing through the center of the core. (d) Normalized PL spectra at 10 K
from a GaAs epilayer (black dashed-dotted line), an ensemble of GaAs/AlAs/GaAs nanowires (pink dashed line) and ensembles of straight and bent
GaAs/Al0.3Ga0.7As/Al0.5In0.5As nanowires (blue dotted line and red line, respectively). The excitation power was 1.4 μW. (e) Streak camera image
taken on the bent nanowires at 10 K. The evolution of the PL peak energy extracted from Gaussian ﬁts is shown as a dashed line. (f) Polar
representation of the PL intensity from bent (red) and straight (blue) GaAs/Al0.3Ga0.7As/Al0.5In0.5As core−multishell nanowires (NWs) at 10 K
(hollow symbols). The ﬁlled symbols show the dependence of the PL intensity at 10 K on the polarization of the incident laser. For the bent
nanowires, an angle of 0° corresponds to the bending direction of the nanowires.

graphic directions.25−30 Finally, Figure 1h shows a micrograph
of a nanowire from a diﬀerent sample with a thinner 30 nm
diameter core, bent completely over to contact the substrate
(bending radius about 1.1 μm). This striking eﬀect could be
exploited to fabricate electrical nanointerconnects (especially if
metals are used) or possibly optical interconnects if thicker/
longer nanowires (suitable for guiding light) are used. In the
latter case, it could be possible to subsequently thicken the
nanowires after interconnection. Additionally, the ability to
form electrical/optical connections to the distal end of a
nanowire could be exploited to contact nanowire devices (e.g.,
to form electrical contacts to nanowire light emitting diodes).
The bending of nanowires by 90° and 180° requires nanowires

bending radius rmin is achieved with a shell thickness of
0.45dcore, and rmin increases linearly with increasing dcore (rmin ≈
30dcore for the GaAs/Al0.5In0.5As structure). Figure 1e,f
illustrates a pair of connected nanowires from two viewing
angles. Additionally, the three nanowires exhibited in Figure 1g
show that multiple nanowires can also be connected in chains.
These micrographs demonstrate that bending nanowires by
more than 90° in controlled directions opens up new ways to
engineer connected nanowire networks. This approach
provides great design freedom, as the bending direction is
simply determined by the side of the nanowires that the
incident ﬂuxes impinge on (see SI). Previous demonstrations of
nanowire junctions have been based on tilted or branched
straight nanowires, which are restricted to certain crystallo2345
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with lengths of at least 2 rmin and πrmin, respectively. As rmin is
limited by the nanowire core thickness, the aspect ratio of the
core limits how much a nanowire can be bent. Speciﬁcally, a
bending angle of 90° (the minimum for contacting nanowires)
requires an aspect ratio greater than 45.
We now turn our attention to the spatially varying strain
ﬁelds in nanowires bent by lattice-mismatched-asymmetric
shells and how these ﬁelds aﬀect the transport and radiative
recombination of photogenerated carriers in the GaAs core. In
order to minimize recombination at the surface and at the
highly lattice-mismatched interface with the bending region, the
surface of 75 nm diameter GaAs cores was passivated with a
symmetric and nearly lattice-matched 10 nm thick Al0.3Ga0.7As
shell before being bent by a 40 nm thick Al0.5In0.5As layer, as
depicted schematically in Figure 2a. For this geometry, we
calculate a radius of curvature of the bent nanowires of about 3
μm, similar to the experimental value of 3.4 ± 0.1 μm (see SI
for additional images). SEM images reveal an average nanowire
thickness of 128 ± 6 nm (Figure 2b), slightly less than the
nominal 135 nm. The PL properties of these nanowires are
compared with that of a straight GaAs/Al0.3Ga0.7As/Al0.5In0.5As
core−multishell nanowire sample with symmetric Al0.5In0.5As
shells with roughly the same volume as for the bent nanowires.
Figure 2c shows the evolution of the tangential strain ε∥ across
the center of the nanowire section computed for the straight
and the bent nanowires with the nominal structure. For both
types of nanowires, the strain is shared by the core and the
shells. However, while the GaAs core of straight nanowires
exhibits a constant tensile strain parallel to the nanowire axis ε∥
= 0.012,19,22 ε∥ varies linearly across the core of the bent
nanowires from −0.011 to 0.020 between the inner and outer
sides of the GaAs core, respectively (see SI for calculation).
The continuous-wave PL spectra of straight and bent GaAs/
Al0.3Ga0.7As/Al0.5In0.5As core−multishell nanowires at 10 K are
displayed in Figure 2d. Spectra taken under the same
conditions on a GaAs epilayer and GaAs/AlAs/GaAs core−
multishell nanowires with symmetric shells are also shown. The
spectrum for the epilayer is dominated by a donor-bound
exciton transition at 1.515 eV, as expected for strain-free
GaAs.31 Although the GaAs/AlAs/GaAs core−multishell nanowires are also strain-free, the PL signal from the GaAs core is
red-shifted,with a peak energy of 1.48 eV. Such a redshift arises
from the presence of stacking defects that localize carriers along
the nanowire axis at low temperatures.32 The PL peak energies
for the straight and bent GaAs/Al0.3Ga0.7As/Al0.5In0.5As core−
multishell nanowires are 1.417 and 1.357 eV, respectively,
corresponding to a redshift compared to the GaAs/AlAs/GaAs
core−multishell sample. This is consistent with the fact that the
Al0.5In0.5As shell induces tensile strain in the GaAs core. Note
that the inhomogeneous strain across the bent GaAs cores
(Figure 2c) leads to a distribution in PL energies (see SI for
bandgap calculations). Accordingly, the PL band for the sample
with bent nanowires exhibits a full width at half-maximum
(fwhm) nearly twice that for the straight nanowire sample (59
and 31 meV, respectively, see Figure 2d).
The GaAs PL signal for the bent nanowires is clearly
redshifted compared to that of the straight GaAs/Al0.3Ga0.7As/
Al0.5In0.5As core−multishell nanowires (Figure 2d), despite
both samples containing similar amounts of Al0.5In0.5As. We
note that the average core strain is actually lower in the bent
nanowires, as can be seen in Figure 2c. One could expect to
have detected light from carriers recombining at core regions

under compression, that is, light at energies higher than those
observed for the GaAs/AlAs/GaAs nanowires. The absence of
such a signal suggests that in bent nanowires, photogenerated
charge carriers drift from compressively to tensilely strained
regions of the core. To evaluate the eﬃcacy of this drift, we
performed time-resolved photoluminescence experiments at 10
K. A streak camera image taken on the bent GaAs/Al0.3Ga0.7As/
Al0.5In0.5As core−multishell nanowires is shown in Figure 2e.
Time-resolved spectra extracted from this image are provided in
the SI, and the time evolution of the PL peak energy is shown
as the dashed line in Figure 2e. For time delays below 50 ps, the
PL spectrum exhibits a fwhm of 129 meV and covers energies
below and above those observed for the straight strain-free
GaAs/AlAs/GaAs nanowires (see Figure 2d). Carrier recombination thus occurs in both tensile- and compressively strained
regions of the GaAs core. With increasing time delay, the PL
signal redshifts and narrows, an observation consistent with the
drift of carriers toward the outer side of the nanowire.7,10 We
note that whereas the charge carrier drift is eﬃcient during the
ﬁrst 100 ps of the decay, it is much slower for longer time
delays. In particular, although we ﬁnd a PL energy redshift rate
of 160 μeV/ps in the ﬁrst 100 ps, the redshift is only 37 μeV/ps
between 400 and 800 ps time delays. Also, the PL energy 800
ps after the excitation pulse is 1.409 eV, a value that is still 52
meV larger than that measured in Figure 2d for continuous
excitation. This slow drift of carriers in bent nanowires may be
related to the slow thermalization rate reported previously for
charge carriers in GaAs and InP nanowires and is tentatively
attributed to phonon scattering eﬀects at the surface of the
nanowires.33,34 By comparison, the time evolution of the PL of
straight GaAs/(Al,Ga)As nanowires has been previously
reported.34,35 In this case, for a suﬃciently low excitation
power where band ﬁlling eﬀects do not occur, the GaAs core
PL at zero time delay is centered at about 1.52 eV and redshifts
with increasing time delay. The redshift of the core PL peak
energy is typically about 10 meV and arises from charge carrier
localization at stacking defects.32 The time-resolved PL of our
straight GaAs/AlAs/GaAs nanowires exhibits a similar behavior, redshifting by 7 meV between 0 and 800 ps delay. Timeresolved PL experiments on straight GaAs/Al0.3Ga0.7As/
Al0.5In0.5As nanowires reveal that the PL redshift between 0
and 800 ps time delay is about 18 meV, which is attributed to
carrier localization at stacking defects (see SI). The much larger
redshift of 50 meV observed in Figures 2e and S6 for the bent
nanowires is thus due to the additional drift of charge carriers
toward the region of the GaAs core under tensile strain.
The dependence of the GaAs core PL intensity at 10 K on
the polarization of the excitation laser in backscattering
geometry is shown in Figure 2f for straight and bent GaAs/
Al0.3Ga0.7As/Al0.5In0.5As core−multishell nanowires. While the
emission from straight nanowires is independent of the laser
polarization, bent nanowires show much stronger absorption
for light polarized along the bending axis than for light
polarized perpendicular to the bending axis. Nanowire
optoelectronic devices have usually consisted of nanowires
standing vertically on a substrate.36−38 Bending thus oﬀers the
possibility to convert a nanowire device with an isotropic
polarization response into a polarization sensitive photodetector. The anisotropy in light absorption exhibited by bent
nanowires is a consequence of the antenna eﬀect,39 which
results directly from the interface conditions for the electric
ﬁeld (see SI). Additionally, while the PL signal from the GaAs
core of straight nanowires at 10 K is unpolarized, that of bent
2346
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nanowires is polarized along the bending axis, making these
structures promising for polarized light emitting devices (Figure
2f). As discussed in the SI, not only the antenna eﬀect, but also
the variation in ε∥ across the GaAs core may aﬀect the PL
polarization of bent nanowires.
We have shown that in nanowires bent by asymmetric shells,
charge carriers drift toward the tensile-strained outer part of the
nanowire core, and emission from the core is redshifted. These
eﬀects, a consequence of the spatially varying strain ﬁelds in
bent nanowires, can be exploited for light emission with a novel
heterostructure which includes an active region at the outer side
of the nanowire core. Figure 3a shows a schematic of a
nanowire cross section, in which InAs quantum dots (QDs)
have been placed on the same side of the GaAs core as a 40 nm
thick Al0.5In0.5As bending layer. To promote the formation of
InAs three-dimensional (3D) islands on the GaAs{11̅0}
nanowire sidewalls, we exploited the recently reported
morphological instability induced by surfactant Bi.40,41 The
codeposition of In, Bi, and As2 results in 3D island formation
only on the facet on which the As2 ﬂux is most directly incident
(see SI). This eﬀect, which is a result of As adatom diﬀusion
being negligible compared to In diﬀusion, allows QDs to be
positioned on a single nanowire facet. While the strain state
varies from facet to facet around a bent nanowire, placing the
QDs solely on the outer (or inner) facet should not broaden
the emission band of the QD ensemble.
Figure 3b displays an SEM image of as-grown GaAs/InAs/
GaAs/Al0.3Ga0.7As/Al0.5In0.5As core−multishell nanowires with
the structure shown in Figure 3a. Because of the larger total
diameter, these nanowires exhibit a larger bending radius than
the nanowires from Figure 1 and 2 (6.5 ± 0.7 μm). The 10 K
continuous-wave PL spectra taken from this sample is displayed
in Figure 3c for an excitation power of 750 μW. For
comparison, a PL spectrum from bent nanowires with the
InAs QDs present on the compressively strained inner side of
the GaAs core is also shown. For both samples with inner and
outer QDs, the InAs deposition was carried out on straight
GaAs nanowire cores following the same procedure, and the
only diﬀerence between the samples is the location of the
Al0.5In0.5As bending layer relative to the QDs. We note that for
straight nanowires with InAs QDs synthesized using the same
Bi surfactant-induced growth approach, the dominant PL peak
was shown to originate from recombination in an InAs wetting
layer with the QD emission located 50−150 meV below the
wetting layer peak.41 Similarly, for the spectra in Figure 3c we
attribute the main PL peak for each sample to the InAs wetting
layer. We observe that the dominant peak from nanowires with
outer QDs is redshifted compared to nanowires with inner
QDs. More importantly, nanowires with outer QDs exhibit a
prominent low energy shoulder at about 80 meV below the
main peak, indicating the emission intensity in this range is
more than an order of magnitude higher than that for the
sample with inner QDs. To conﬁrm that this shoulder arises
from enhanced light emission from the InAs QDs, we
investigate the PL at lower excitation power. Figure 3d presents
PL spectra from the same samples as in Figure 3c in the energy
range of 1.19−1.37 eV and for an excitation power of 8.7 μW.
In both spectra, we observe sharp transitions, however, the
transitions are much more intense and extend to lower energies
for the sample with InAs QDs on the outer side of the GaAs
core. This increased emission is consistent with an enhanced
transfer of carriers to the QDs from the GaAs core, and the
redshift is consistent with the QDs being located in a region of

Figure 3. Bent-nanowire structures exploiting spatially varying strain
ﬁelds for light emission. (a) Schematic cross-section of a bentnanowire heterostructure incorporating InAs QDs on the tensilely
strained outer side of a GaAs nanowire core (not to scale). (b) SEM
image of as-grown nanowires with the structure as in (a). The scale bar
corresponds to 1 μm. (c) PL spectra at 10 K from the nanowires in (b)
(red line), as well as from bent nanowires with InAs QDs located on
the compressively strained inner side of the GaAs core (blue line). The
spectrum from nanowires with InAs on the outer side of the core is
redshifted and shows a pronounced low-energy shoulder, compared to
the other spectrum. The excitation power was 750 μW. (d) PL spectra
from the same nanowires as in (c) acquired with a lower excitation
power of 8.7 μW. The lower energy emission, attributed to emission
from InAs QDs, is redshifted and more intense for the sample with
outer InAs QDs. The inset displays a higher resolution spectrum from
nanowires with outer InAs QDs at 1.4 μW excitation, exhibiting
transitions with fwhm down to 260 μeV.

relative tensile strain. A high-resolution PL spectrum taken
from the sample with outer QDs is depicted in the inset,
exhibiting emission features with full width at half-maximum
(fwhm) down to 260 μeV. We attribute these narrow
2347
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inclination of the sidewall facet, which varies along the length of
the nanowire and as the nanowire bends. Consequently, the
deposited shell thickness will vary somewhat along the
nanowire. However, we point out that the stress is determined
by the bending radius, which is very homogeneous along the
nanowire.
For the samples containing InAs QDs, the InAs deposition
was carried out after core growth and droplet consumption and
at a substrate temperature of 420 °C. To promote the
formation of InAs QDs, a Bi ﬂux of 0.4 ML/s was initiated 20 s
before the InAs deposition and maintained throughout. The Bi
ﬂux acts as a surfactant40 and was previously shown to induce
the formation of InAs QDs on the {11̅0̅} sidewalls of GaAs
nanowires.41 In was deposited for 17 s without substrate
rotation at 0.1 ML/s. An As2 ﬂux of 4 ML/s was maintained
throughout the Bi and In/Bi deposition steps. The conﬁguration of the MBE sources resulted in the In and As2 ﬂuxes
being incident on opposing sides of the nanowires. Under these
conditions, we ﬁnd that InAs 3D growth occurs on the side of
the nanowires facing the As2 source (see SI). Subsequent to
InAs deposition, GaAs and Al0.3Ga0.7As shells with respective
thicknesses of 5 and 10 nm were deposited with Ga, Al, and As2
ﬂuxes corresponding to 0.23, 0.1, and 4 ML/s, respectively. The
substrate was ramped to about 455 °C during the GaAs shell
growth and rotated continuously at 0.17 Hz. Finally, the
substrate temperature was reduced to about 280 °C and
Al0.5In0.5As bending layers of about 40 nm thickness were
deposited as discussed above (282 sequences). The sample
series without InAs QDs from Figure 2 was grown following a
similar procedure, except that the Bi, InAs, and inner GaAs shell
deposition steps were omitted, and Al0.5In0.5As was deposited at
about 455 °C instead of 280 °C. For the sample with conformal
Al0.5In0.5As shells, the substrate was rotated continuously during
the deposition and Al, In, and As2 were codeposited.
Photoluminescence Spectroscopy. Continuous-wave PL
experiments were carried out at 10 K with a HeNe laser
emitting at 632.8 nm, which was focused on the surface of the
sample using a 0.25 N.A. microscope objective. The PL signal
was collected using the same objective, sent to a 70 cm focal
length spectrometer equipped with a 600 grooves per mm
grating, and detected with a charge-coupled device camera
cooled with liquid N2. The orientation of the polarization of the
excitation laser was rotated using a half-wave Fresnel rhomb
retarder. The polarization of the PL signal was analyzed using a
half-wave plate combined with a polarizer. Time-resolved PL
spectroscopy was performed with pulses from an optical
parametric oscillator pumped by a Ti:sapphire laser. The pulse
wavelength, temporal width and repetition rate were 750 nm,
150 fs and 76 MHz, respectively. The energy ﬂuence per pulse
at the surface of the sample was about 200 μJ/cm2. The PL
signal was dispersed spectrally using a 30 cm focal length
spectrometer equipped with a 300 grooves per mm grating and
temporally with a near-infrared sensitive streak camera
operating in synchroscan mode, providing a temporal
resolution of 20 ps. For time-resolved PL experiments on
bent nanowires, the laser was polarized along the bending axis,
whereas only emitted light cross-polarized to the laser was sent
to the detector. For all PL experiments, the samples were
mounted on the coldﬁnger of a continuous-ﬂow He cryostat
that can reach temperatures between 5 and 300 K.

transitions to the recombination of excitons in individual InAs
QDs, which merge to form the low energy shoulder observed at
high excitation in Figure 3c. These ﬁndings demonstrate that
even for moderate bending (see Figure 3b), the spatially
varying strain ﬁelds in bent nanowires can dramatically increase
the carrier capture of QDs placed in a region of tensile strain,
resulting in more intense and redshifted emission. This is one
example of how bent nanowires open up new possibilities for
novel heterostructures with engineered spatially varying strain
ﬁelds.
In summary, asymmetric lattice-mismatched shells can
induce high degrees of controlled bending in nanowires. This
new design freedom opens up many possibilities for
exploitation in devices, including fabricating nanowire networks
and interconnects, polarization sensitive light emitters and
detectors, as well as light-emitting devices that exploit the
spatially varying strain ﬁelds in bent nanowires. For example,
quantum dot single-photon emitters embedded in nanowires
can exploit bending to increase carrier collection by the
quantum dots and to control the polarization and energy of
emitted photons. These results highlight the vast potential for
engineering unconventional spatially varying strain ﬁelds in
ﬂexible nanoscale heterostructures.

■

METHODS
Sample Growth. Samples were grown by MBE on n-type
Si(111) wafers covered by an oxide mask 15−20 nm thick
containing lithographically deﬁned holes of about 40 nm
diameter. The holes in the mask deﬁned nanowire nucleation
sites and were arranged in a hexagonal pattern with nearest
neighbor separations ranging from 0.1 to 10 μm. The MBE was
equipped with eﬀusion cells for Ga, In, Al, and Bi and a valved
cracker for supplying As2, and the cells were inclined from the
substrate normal by 33.5°. GaAs nanowire cores of about 4−5
μm length, 75 nm diameter and composed of 6 {11̅0} sidewall
facets were established using a two-step Ga-assisted vapor−
liquid solid growth approach. The vertical yield of the GaAs
nanowire cores was 30−40%. Details about the lithography and
two-step core growth procedure can be found elsewhere.42
Following core growth, the Ga droplets atop the nanowires
were converted to GaAs by exposing the samples to an As2 ﬂux
corresponding to four monolayers/s (ML/s) on planar
GaAs(001) for 5 min. To realize the 45 nm diameter GaAs
cores (from Figure 1), the 75 nm diameter GaAs cores were
subsequently decomposed at 680 °C for 3 min (4.5 min for the
cores in Figure 1h) in the absence of any ﬂux (see SI).43
Al0.5In0.5As bending layers were deposited on the nanowires
from one side at a substrate temperature of about 280 °C (455
°C in the case of the GaAs/Al0.3Ga0.7As/Al0.5In0.5As series from
Figure 2) with Al, In, and As2 ﬂuxes corresponding to 0.1, 0.1,
and 4 ML/s on planar GaAs(001), respectively. Because of the
diﬀerent positions of the Al and In sources in the MBE
chamber, Al and In could not be deposited simultaneously on
the same side of the nanowires. To overcome this, the
Al0.5In0.5As layers were grown as a “digital alloy”, whereby the
substrate rotation angle was alternated between projecting
either a ⟨11̅0̅⟩ (nanowires in Figures 1 and 3) or a ⟨112̅⟩
(nanowires in Figure 2) substrate direction toward the In and
Al cells. The open time of each shutter was 2.5 s
(corresponding to 0.05 nm of sidewall growth), and the total
time of one sequence was 13 s. An As2 ﬂux of 4 ML/s was
incident during the entire sequence. The projection of the
group III ﬂux on the nanowire sidewall varies with the
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