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Abstract

®

CrossMark

We report on the fabrication of a novel design of GaAs/(In,Ga)As/GaAs radial nanowire
heterostructures on a Si 111 substrate, where, for the first time, the growth of inhomogeneous
shells on a lattice mismatched core results in straight nanowires instead of bent. Nanowire
bending caused by axial tensile strain induced by the (In,Ga)As shell on the GaAs core is
reversed by axial compressive strain caused by the GaAs outer shell on the (In,Ga)As shell.
Progressive nanowire bending and reverse bending in addition to the axial strain evolution
during the two processes are accessed by in situ by x-ray diffraction. The diameter of the core,
thicknesses of the shells, as well as the indium concentration and distribution within the (In,Ga)
As quantum well are revealed by 2D energy dispersive x-ray spectroscopy using a transmission
electron microscope. Shell(s) growth on one side of the core without substrate rotation results in
planar-like radial heterostructures in the form of free standing straight nanowires.

Keywords: in situ x-ray diffraction, bending and reverse bending, radial nanowire
heterostructures, energy dispersive x-ray spectroscopy, molecular beam epitaxy

Introduction

The monolithic growth of GaAs nanowires on the mature Si
platform presents new potentials for a wide range of future
applications in nanotechnology [1-4] due to its high carrier
mobility, and direct band gap which is suitable for single-

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL

junction solar cells. The large lattice mismatch (~4.1%) and
difference in their thermal expansion coefficients (~60%)
complicates planar GaAs growth on Si substrates [5, 6].
However, GaAs nanowires can be grown on Si substrates
without the formation of extended defects [7], where the
misfit strain relaxes either elastically to the surface or plasti-
cally via the formation of misfit dislocations which is con-
fined to the reduced interface area [8]. Furthermore, their
unique geometry enables the fabrication of core/shell het-
erostructures of highly lattice-mismatched materials well
beyond the limits for coherent growth in equivalent thin-film

© 2024 The Author(s). Published by IOP Publishing Ltd
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heterostructures [9, 10]. The lattice mismatch between the
core and shell can be accommodated via elastic deformation
of both, depending on the relative thicknesses and chemical
compositions [11].

To date, III-V LEDs on Si have been demonstrated using
several heterostructure nanowire systems [12—14]. Visible
blue light emission is achieved by GaN-based nanowires
whereas near-infrared (IR) range emission is provided by
GaAs-based nanowires with longest emission wavelength of
about 830nm. However, LEDs operating at the tele-
communication wavelengths 1.3 and 1.5 pum for optical fiber
technology require the employment of narrow band gap III-V
semiconductors as the active medium. A reasonable choice is
(In,Ga)As as its band gap could span from the near-IR to the
mid-IR range depending on its indium content. On the one
hand, the impact of the (In,Ga)As quantum well thickness on
the optical properties of GaAs/(In,Ga)As/GaAs core/shell
nanowires grown epitaxially on Si have been explored in [15].
By contacting an ensemble of free-standing nanowires, the
authors achieved room-temperature emission at 985 nm
showing great potential for near-IR light emission on the Si
platform. On the other hand, axial strain in GaAs/(In,Ga)As
core/shell nanowires has been investigated for different
indium concentrations [16]. Above a critical indium content,
an anomalous strain relaxation process has been revealed
where the (In,Ga)As shell grows simultaneously as a coherent
shell and as plastically relaxed mounds. Strain induced by the
(In,Ga)As shell onto the GaAs core can be utilized to control
and optimize the optical properties of the nanowire. For
instance, in a more recent study, it was shown that the
bandgap of GaAs nanowires grown epitaxially on Si sub-
strates can be reduced by up to 40% when overgrown with
lattice-mismatched (In,Ga)As or (In,Al)As shells [17].

Apart from the constant biaxial strain discussed in the
above-mentioned studies of GaAs/(In,Ga)As-based core/
shell nanowires, the realization of spatially varying strain
fields offered by nanowire bending opens up new possibilities
to control the motion of charge carriers [18, 19], and fur-
thermore to form nanowire networks and interconnects [20].
Asymmetric (In,Ga)As shell growth on a lattice-mismatched
GaAs core results in asymmetric strain across the nanowire
heterostructure, which is sufficient to bend vertical nanowires
[21-23]. Photoluminescence spectroscopy performed on bent
GaAs/(In,Ga)As core/shell nanowires revealed that varying
strain fields induce charge carrier drift toward the tensile-
strained part of the nanowires, and that the polarization
response of absorbed and emitted light is controlled by the
bending direction.

In this work, we cover both scenarios mentioned above;
(1) nanowire bending resulting in a spatially varying strain
field, and (2) reverse bending up until the nanowires are
straight again, which is yet to be reported for the same
nanowire system. As a result, we present a novel design of
GaAs/(In,Ga)As/GaAs radial heterostructures that are ana-
logous to planar layers but grown in the form of free standing
nanowires. First, uncapped straight and strain free GaAs
nanowires are grown perpendicular to the surface of the Si
111 substrate. Second, (In,Ga)As shell growth is carried out

without substrate rotation, which results in nanowire bending
along a well-defined direction for a Si substrate covered with
native oxide [22]. Finally, the GaAs outer shell is deposited
on top of the (In,Ga)As shell, resulting in reverse nanowire
bending, up until the nanowires are fully straight. Bending
and reverse bending are a result of axial strain induced by the
deposited shell on the preceding layer, which will be
explained in more details later. In turn, axial strain can be
controlled by either the core to shell(s) volume ratio, or
indium content of the quantum well. However, for this part-
icular study, we keep the (In,Ga)As alloy composition con-
stant, and inspect bending, reverse bending and axial strain
during the growth process of both shells.

Owing to its spatial atomic resolution, a transmission
electron microscope (TEM) stands out as the principle device
in monitoring layer-by-layer growth of single crystalline
nanowires [24, 25]. However, despite the paramount impor-
tance of such experiments in understanding growth dynamics,
investigating nanowire bending in situ by TEM is extremely
challenging, and the reasons are manifold, including (1)
restricted sampling area and thickness, making it complicated
to measure more than one nanowire from the same sample
during the bending process, (2) the unpredictability of the
nanowire bending direction, (3) controlled shell growth on
only one side of the core in TEM is yet to be established, and
(4) nanowires grown on substrates covered with native oxide
possess slightly different structural properties i.e. core dia-
meter, nanowire length, and shell composition and thickness,
which leads to slightly different bending comparing indivi-
dual nanowires. Therefore, in this case, statistical data based
on ensemble measurement is more meaningful than single
ones. However, complementary TEM performed after nano-
wire bending or straightening can still provide very valuable
information i.e. shell composition and thickness.

Alternatively, In situ diffraction using high brilliance
monochromatic x-rays at synchrotron radiation facilities
serves as an ideal technique to investigate strain and the
bending evolution [22, 23] of nanowires due to its high
sensitivity to atomic displacement in the angstrom range
[16, 26], and changes in the lattice orientation that are not
even visible by a scanning electron microscope [27]. More-
over, XRD provides information about bending in 3D real
space, and can be performed on nanowire ensembles for
meaningful statistical study since nanowires grown on a
common substrate exhibit slightly different structural prop-
erties due to different local growth conditions such as com-
petition for growth species by neighboring nanowires [28]. In
this work, we visualize progressive bending and reverse
bending, and calculate the variation in the axial strain based
on the 111 Bragg reflection which is recorded during the
MBE growth of the (In,Ga)As quantum well and GaAs outer
shell.

Sample preparation and growth

The Si substrate went through regular solvent cleaning steps
consisting of two rounds of subsequent dipping into acetone,
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isopropanol and ultra-pure water baths in an ultrasonic clea-
ner before being loaded into our portable MBE (pMBE)
chamber designed for in situ diffraction experiments on III-V
nanowires [29]. The substrates were then degassed in a load-
lock at 300 °C for 30 min to dissolve the solvent residuals and
water.

The growth of the nanowires was conducted in a three-
step process following [30]. First, the substrate was annealed
in the MBE reactor at a temperature of approximately 730 °C
for 30 min. In the second step, 16 monolayers (ML) of Ga
(given as an equivalent of planar GaAs(001) growth here and
in the following) are deposited to form liquid droplets on the
native oxide of the Si(111) surface at substrate temperature,
Toun = 570 °C in order to etch nanosized holes into the SiO,
layer. These droplets are then desorbed from the surface by
annealing the substrate surface again at 730 °C. In the third
step, an equivalent of 8 ML of Ga is deposited at 610 °C to
form droplets in the pre-etched holes. After droplet formation,
the nanowires are grown in VLS mode by simultaneous
supply of Ga and As for 30 min with equivalent rates of
0.08 MLs ' and 0.24 MLs™', respectively. The nominal
nanowire length is around 0.8—1 um for the in sifu investi-
gated sample, and around 1.8-2 ym for the ex situ grown
samples.

Afterwards, the substrate is cooled down to approxi-
mately 400 °C and the (In,Ga)As shell was deposited for
10 min, and then 5 min (total growth time = 15 min) at only
one side of the GaAs nanowires without substrate rotation.
The equivalent fluxes were 0.05 MLs ' for Ga, 0.004
MLs ™! for In and 0.28 ML s~ for As, i.e. an In/Ga ratio of
about 8%. The sample was then rotated by 120° in order to
deposit the outer GaAs shell on top of the (In,Ga)As shell.
After rotation, the GaAs outer shell was deposited in six steps
of 10 min and one with 20 min (total growth time = 80 min)
using the same Ga and As fluxes as for the (In,Ga)As shell.
The objective behind intermittent shell growth is to record the
nanowire Bragg reflection after each deposition step enabling
the inspection of nanowire bending and subsequent straigh-
tening as a function of growth time.

GaAs nanowires usually adapt the ZB crystal structure
with the presence of short WZ segments at the nanowire
bottom due to the small size of the droplet at the beginning of
the growth, and at the nanowire top section due to As con-
sumption which precedes radial shell growth [27, 31]. How-
ever, the WZ Bragg reflection is not visible in later XRD
reciprocal space maps, and therefore the nanowire crystal
structure is considered to be pure ZB. The (In,Ga)As and
GaAs shells adapt the crystal structure of the core.

Experimental details

In order to inspect the axial strain evolution in sifu, i.e. during
nanowire bending and reverse bending, diffraction has to be
conducted inside the growth chamber. To accomplish this,
first, our pMBE chamber was transported to the in sifu and
Nano x-ray diffraction beamline P23 at PETRA III one week
prior to the XRD experiment. During this week we setup the

system and perform functionality tests i.e. calibration of the
growth rate and optimization of nanowire growth, which is
crucial for the success of the XRD experiment. Second, in
order to initiate the diffraction measurements, we ensemble
the pMBE, which is equipped with couple of beryllium
windows through which x-rays can enter and exit, on the
heavy load diffractometer available at the beamline. The x-ray
beam was focused to a size of 2 ym (v) x 5 um (h) at photon
energy of 15keV by means of hexapod-mounted compound-
refractive lens focusing setup. To investigate the axial strain
evolution during nanowire bending, we recorded the 3D
distribution of the scattered x-ray intensity in the vicinities of
the symmetric Si and GaAs 111 Bragg reflections using a 2D
LAMBDA pixel detector (512 pixels (v) x 1536 pixels (h))
with a time resolution up to 2kHz. At 15keV, the Bragg
condition with the GaAs 111 lattice planes is fulfilled at
incident and exit angles of 7.27° and 14.54°, and with Si 111
at 7.57° and 15.14°. At sample-to-detector distance of about 1
meter and pixel size of 55 pim, the LAMBDA detector covers
an angular range of 1.6° vertically, which is larger than the
difference in the scattering angles of both reflections. There-
fore, to record 3D intensity maps of both reflections, one
needs to perform incident angle scans around the Bragg
angles of GaAs and Si 111 at a fixed detector angle. The 3D
intensity distribution can then be plotted as a function of the
horizontal and vertical angular ranges covered by the detector,
and the incident angle. The angular coordinate system is then
translated to reciprocal space vectors Q,, O, and Q. following
[32], to create the so-called 3D reciprocal space map (RSM).
Q. is defined along the nanowire growth axis (figure 1) and is
sensitive to changes in the axial lattice spacing, whereas Q,
and Q, are defined perpendicular to Q. and are sensitive to
changes in the lattice orientation i.e. tilting or bending.
Finally, Qg defines the bending direction of the nanowires in
reciprocal space.

SEM results

The most commonly used technique to visualize nanowire
bending in real space is scanning electron microscopy (SEM).
However, SEM requires removing the sample from the MBE
chamber, which makes it impossible to monitor progressive
nanowire bending and reverse bending in situ during shell(s)
growth. Nonetheless, the nanowire growth procedure used for
the in situ experiment, can be replicated ex sifu on different Si
111 wafers using identical growth conditions. Figure 1 shows
top view SEM micrographs of GaAs/(In,Ga)As/GaAs core/
shell nanowires grown on different Si 111 substrates with
10 min (a), 20 min (b), 30 min (c), 40 min (d), 50 min (e), and
60 min (f) of GaAs shell growth time. Figures 1(g), (h) are top
and 30° tilt view SEM images taken from the in situ measured
sample (80 min GaAs shell growth). The nanowire tip and
bottom are imaged using different contrasts, as indicated in
figure 1(a). Looking at the nanowires from top (figures 1(a)—
(g2)), the tip and bottom would overlap if the nanowires are
straight and perpendicular to the substrate surface (see
figure 1(g)), whereas they would be distinguishable if the
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Figure 1. Animations of bent and straight nanowires in tilt and top views are shown in panels (a) and (k), respectively. (b) 30° tilt view SEM
image of GaAs/15 min (In,Ga)As/ 10 min GaAs nanowires taken perpendicular to the bending direction. (c)—(j) Top view SEM micrographs
of GaAs/(In,Ga)As/GaAs nanowires with 10, 20, 30, 40, 50, 60 and 80 min of GaAs outer shell growth time. (j) 30° tilt view SEM

micrograph of nanowires with 80 min GaAs outer shell growth time. The scale bar in (c) scales to 200 nm, and applies to panels (¢)—(j). The

scale bars in (b) and (j) scale to 500 nm and 100 nm respectively.

nanowire is bent (see figure 1(a)). It is evident that as the
growth time of the GaAs outer shell increases, the nanowire
tip and the bottom come closer, meaning that nanowire
bending is being reversed. As demonstrated in figures 1(g),
(h), after 80 min of GaAs shell growth, the nanowires are
completely straight and perpendicular to the substrate surface.

XRD results

When the nanowires are perfectly parallel to the substrate
normal, the x-rays diffracted from the 111 lattice planes will
coincide at Q, = O, = 0 in reciprocal space. Therefore, tilting
of the whole nanowire is resembled by a shift of the total
Bragg reflection along the (Q,,0,) plane i.e. the larger the
tilting is in real space the larger the shift is from Q, = Q, =0
in reciprocal space. On the other hand, nanowire bending, and
thereby continuous tilting of the lattice planes, is featured by
elongation of the Bragg reflection along the Debye—Scherrer
ring due to the continuous angular change of the lattice
planes. This is accompanied by peak broadening along the
strain sensitive direction, Q., due to a gradient in the lattice
spacing across the nanowire diameter. For sake of simplicity
and clarity, only 2D RSMs extracted along the bending
direction, Qg, and projections along the (Q,, 0,) plane will be
presented in the following. Additionally, the Si substrate
being unstrained, its Bragg reflection is utilized as reference
to calculate the absolute axial strain in the nanowire. How-
ever, the Si peak provides no other significance, and therefore
will be omitted from the 2D RSMs, where only the nanowire
Bragg peak will be presented.

To envision nanowire tilting and bending away from the
substrate normal in real space, we project the 3D intensity
distribution of the 111 Bragg reflection along the (O, O,)
plane in reciprocal space after growth of the GaAs core and
every shell deposition step. The RSMs are stacked on top of

each other in figure 2 in order to directly visualize the
nanowire bending evolution comparing consecutive growth
steps. The yellow circle located at O, = Q, = 0 denotes the
position of the Si crystal truncation rod (CTR) which repre-
sents our reference to calculate any change in the orientation
of the nanowire 111 lattice planes. The Bragg reflection of the
GaAs cores (figure 2(a)) being slightly shifted from the Si
CTR but symmetric in shape translates to the nanowires being
slightly tilted with respect to the substrate normal but straight.
Extracting Qg and Q, from the center of the Bragg reflection,
the mean initial tilt of the measured nanowire ensemble is
calculated to be 0.03° using tan~' (IQg/Q,!), demonstrating
the high sensitivity of XRD in detecting changes in the
nanowire orientation. After 10 and 15 min of (In,Ga)As shell
growth onto one side of the GaAs cores, the signal elongates
along Qg (figures 2(b), (c), which can be explained by con-
tinuous tilting of the 111 lattice planes (in other words,
nanowire bending) along a defined direction. In a recent
study, it was shown that at this substrate temperature, the (In,
Ga)As shell grows at the side facets facing the As flux [22].
Therefore, to ensure the deposition of the GaAs outer shell
onto the (In,Ga)As shell, the sample was rotated by 120°
which is the angular separation between the Ga and As
effusion cells inside the pMBE With increasing the thickness
of the outer GaAs shell (figures 2(d)—(j)), the nanowire Bragg
reflection gradually retracts towards the Si CTR, which
implies that the nanowires are straightening, and accordingly
the nanowire 111 lattice planes are aligning back parallel to
the substrate surface. However, comparing the first
(figure 2(a)) and last (figure 2(j)) RSMs, it is evident that the
diffraction signal does not shift back to its exact original
position prior to (In,Ga)As shell growth. This suggests that
the nanowire bending caused by (In,Ga)As shell growth was
preceded by slight tilting which could not be recovered.

To monitor the axial strain evolution during nanowire
bending and reverse bending, we extract 2D cuts from the 3D
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Figure 2. Intensity distribution of the 3D 111 Bragg reflection
projected into the (Qy, O,) plane in reciprocal space. The bending
direction in reciprocal space, QOg, is indicated by a red arrow in
subplot (c). The RSMs are recorded for bare GaAs cores (a), then
after 10 min (b) and 15 min (c) of (In,Ga)As shell growth time,
followed by 10 min (d), 20 min (e), 30 min (f), 40 min (g), 50 min
(h), 60 min (i), and 80 min (j) of GaAs outer shell growth time. For
better traceability, the shell growth time and material are listed at the
top left corner of each RSM. The frame of each RSM is colored in
accordance to its corresponding atomic animation in figure 3(c).

Bragg reflection along the bending plane, (QOg, Q.), in reci-
procal space after core growth and every shell deposition step.
Analogous to figure 2, the 2D maps are stacked on top of each
other in figure 3(a), where the respective growth material and
time are listed at the top left corner of each map. The ani-
mations displayed in figure 3(b) correspond to the nanowire
cross-section expected after each growth step in figure 3(a).
To explain the induction of nanowire bending and reverse
bending during different stages of (In,Ga)As and GaAs shell
growth, the variation in the 111 lattice spacing of both
materials is portrayed in the atomic animation of figure 3(c)
i.e. GaAs atoms are colored in blue whereas the (In,Ga)As
lattice is colored in red. Each atomic animation in figure 3(c)
and its corresponding RSM(s) in figure 3(a) are framed using
the same color, i.e. blue for the unstrained bare GaAs core,
red for the bent nanowires after (In,Ga)As shell growth, and
green for the nanowires after the growth of the GaAs outer
shell. The 111 Bragg reflection measured after the growth of
the GaAs cores is depicted at the top of figure 3(a). The signal
being symmetrically centered at the Si CTR suggests that the

nanowires are perfectly parallel to the substrate normal. After
10 and 15 min of (In,Ga)As shell growth on one side of the
GaAs nanowire cores, the diffracted signal changes. On the
one hand, the signal elongates in Qg along the Debye-
Scherrer ring, indicating nanowire bending due to strain
induced by the shell onto one side of the core. On the other
hand, the Bragg reflection shifts towards lower Q. values.
This indicates that the axial expansion of the GaAs core and
the compression of the (In,Ga)As shell results in a shared
lattice spacing that is larger than that of unstrained GaAs
(Q, = 1925 A_l). Longer (In,Ga)As growth time translates
to a larger (In,Ga)As/GaAs volume ratio. This induces a
larger axial tensile strain on the GaAs core, and strain
relaxation of the (In,Ga)As shell resulting in a larger shift of
the signal towards lower Q,. The tensile and compressive
strains of the core and shell at the hetero-interface are faced
by opposite strains at their surfaces, which leads to nanowire
bending and an axial strain gradient across the nanowire
diameter. After rotating the substrate by 120° around its
normal, the GaAs outer shell was grown on top of the (In,Ga)
As shell in six steps of 10 min and a final step of 20 min,
which translates to a total growth time of 80 min. It is evident
from the first to the last growth step that the signal (1) retracts
along the Debye—Scherrer ring towards the Si CTR implying
that the nanowires are straightening, and (2) shifts towards
higher Q, values as the deposition time increases, denoting a
decrease in the shared axial lattice spacing. This indicates a
larger compressive strain on the (In,Ga)As shell at the hetero-
interfaces, faced by strain relaxation of the GaAs core and
outer shell. As displayed in the atomic animation framed in
green, the GaAs outer shell exerts compressive strain on the
(In,Ga)As lattice at the interface faced by expansion at the
surface of the GaAs core, resulting in reverse nanowire
bending. Progressive GaAs shell growth leads to larger
reverse bending until the nanowire is fully straightened, as
illustrated by the atomic animation framed in magenta color.

To quantify the mean axial strain in the measured
nanowire ensemble as a function of shell growth time (see
figure 3(d)), we first extract line profiles perpendicular to the
center of the Bragg reflection in Qg, which corresponds to the
nanowire midsection in real space. Second, the line profiles
are fitted by Gaussian functions, and the peak position of the
strained lattice, Q. 5 is plugged into

€z = (Qz,f - Qz,i)/Qz,ia

where Q,; is the position of unstrained GaAs along the
scattering direction in reciprocal space, and ¢,, denotes axial
strain. In addition, the axial strain gradient calculated from the
FWHM of the Bragg peak in Q, is displayed in figure 3(d) in
the form of olive color shade. The bare GaAs cores (prior to
shell growth) are considered unstrained (¢,, = 0, green data
point), and the corresponding FWHM of the peak is con-
sidered as a reference for zero strain gradient. As expected,
during (In,Ga)As shell growth (see red colored data points)
the core undergoes tensile strain, reaching a value of 0.08%
after 15 min of growth. As illustrated by the blue colored data
points, during growth of the GaAs outer shell, the mean axial
strain and its gradient decrease exponentially. After 70 min of
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Figure 3. (a) 2D RSMs extracted along the nanowire bending direction, Qg, in reciprocal space. The shell growth time and material are listed
at the top left corner of each RSM. The shift of the peak center in O is indicated by a red arrow. (b) The core/shell nanowire cross-sections
expected after each growth stage in (a). (c) Atomic animations to demonstrate the variation in the axial lattice spacing of the core and shells
prior to (1) and during the deposition of the (In,Ga)As (2) and GaAs shells (3)—(4). The transparent atoms correspond to the lattices from the
previous step, and the arrow direction indicates if the strain is tensile or compressive. (d) Axial strain as a function of shell growth time. The
green data point corresponds to zero strain for bare GaAs nanowires, whereas the blue and red data points represent values of axial strain

during (In,Ga)As and GaAs shell growth respectively.

GaAs shell growth (total growth time = 85min in
figure 4(c)), the nanowire fully recovers its axial lattice
parameter pre-shell deposition (zero strain, similar to the
green data point) with no strain gradient. The fact that there is
zero strain but the Bragg peak does not fully recover its
(Ox» Q) position pre-shell deposition (see figure 2) confirms
that the nanowires are fully straightened, meaning that the

111 lattice planes are parallel to each other, but still slightly
tilted with respect to the substrate normal. This strengthens
our assumption that the nanowires have tilted slightly before
bending which is possible to occur at the beginning of (In,Ga)
As shell growth. The axial strain evolution follows an expo-
nential function where the shared axial lattice parameter of the
core and shell is expected to match that of unstrained GaAs
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Figure 4. (a) HAADF micrograph of the nanowire cross-section surrounded by Pt protective layer. EDX 2D maps of the nanowire elemental
composition colored in red for Ga (b), blue for As (c), and green for In + orange for O (d). The EDX maps of Ga, In and As are superimposed
in (e) i.e. GaAs and (In,Ga)As are represented in pink and light green respectively. The diameter of the GaAs core, and thicknesses of the (In,
Ga)As quantum well and the GaAs outer shell are displayed in (f). (g) and (h) show line profiles LP1 and LP2 extracted from the EDX map in
(e), and are indicated by transparent yellow box and black arrow, respectively.

for large GaAs/(In,Ga)As volume ratio, and not to compress
more during further GaAs shell deposition.

FEM results

For a better understanding of nanowire bending and reverse
bending at different stages of shell(s) growth, we employed and
solved the analytical model presented in [21] using the finite
element method (FEM). The analytical model provides the
axial strain distribution within the nanowire as a function of the
stressor shell(s) growth time. First, a hexagonal nanowire cross-
section, a core diameter estimated from TEM to be 37 nm
(see later), and an (In,Ga)As shell with 8% nominal indium
composition approximated from growth and EDX were imple-
mented into the model as input. Second, to initiate the FEM
simulations, the growth rates of the (In,Ga)As and GaAs shells
are approximated from the final thicknesses estimated by TEM
(see later) and growth times. The shells were then varied in
thicknesses until the experimental axial strain values in
figure 3(d) were matched. It is important to mention that our
simplified FEM model disregards all-around shell growth, and
instead considers an asymmetric (In,Ga)As shell grown on only
one side of the GaAs core. The (In,Ga)As shell is then overlaid
by an asymmetric GaAs outer shell.

Conventional fixed-free boundary conditions from the
Euler—Bernoulli beam theory are applied at the opposite side-
walls of the core and shells. Since geometrical nonlinearities
are not considered, the generalized Hooke’s law can be used
to express the relation between stress and strain in a con-
tinuous elastic material as [33, 34]

0 = Cjju € or gj = Sjju ok

where Cjj; and S, are defined as the tensors of stiffness and
compliance of fourth rank, respectively. Conversely, o;;  and
€ are second rank stress and strain tensors, respectively.

For the FEM simulation, we assume that the core and the
shells are pure zinc blende cubic crystals, and in a conventional
coordinate system for crystal plane (100) the stiffness coeffi-
cient matrix reduces to a matrix with only three independent
elastic constants.

(G G, G
G, G G
Gy, Gy Gy
Crmiy = Cyy

Cu

Cus |

where the elastic constants for GaAs are (; = 124.2 GPa,
Ci» = 51.4 GPa, and Cyy = 63.4 Gpa [35]. The elastic constants
for the (In,Ga)As shell were obtained by linear interpolation
between InAs and GaAs. For 8% In content, the elasticity
constants for the (In,Ga)As shell are estimated to be
G = 116.15GPa, G, = 52.76 GPa, and Cyy = 57.99 GPa.

The nanowires grow in the [111] direction, and therefore
their respective stiffness matrices need to be rotated to align
the nanowire’s z-axis along the [111] crystallographic direc-
tion. More information about such matrix transformations has
been extensively reported and can be found else-
where [33, 36].

Given the magnitude of the misfit strain between GaAs
and (In,Ga)As within our system is small (nominal indium
concentration of about 8%), the two-dimensional FEM
simulations are carried out based on the linear elasticity the-
ory, and therefore the inclusion of geometrical nonlinearities
is not included. Conventional fixed-free boundary conditions
from Euler—Bernoulli beam theory are applied at the opposite
side-walls of the core and shells. The estimated lattice mis-
match between the core and the asymmetric shells from the
analytical model are simulated as initial strain input in the
FEM model to extract axial strain at the nanowire midsection
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during bending and reverse bending as function stressor
shell(s) deposition time. As a result, figure 3(d) shows an
excellent agreement between the experimental data and the
average strain simulated by FEM.

TEM/EDXS results

To inspect precisely the nanowire morphology and the ele-
mental distribution of In, Ga, and As, we need to look at the
nanowire basal plane which exposes the core/shell/shell
heterostructure. To achieve this, an individual 2 ym long
nanowire from the in sifu measured sample was milled down
to around 70 nm by means of a Ga focused ion beam i.e. the
incident beam was perpendicular to the nanowire growth axis.
Prior to milling, the nanowire was covered by a protective Pt
layer. A TEM bright field micrograph of the resulting nano-
wire cross-section is displayed in figure 4(a). Since this
method is sensitive to the atomic mass of the species, with In
(Z = 49) having a higher atomic number than Ga (Z = 31),
the (In,Ga)As quantum well should appear in darker contrast
compared to GaAs. Its morphology, however, is not fully
resolved due to its low In content. Qualitative energy dis-
persive x-ray spectroscopy (EDXS) 2D maps of the Ga, As
and In (superimposed with O) distributions are displayed in
figures 4(b)—(d) with an acquisition time of 4814 sec per map.
Comparing the As and Ga distributions in figures 4(b) and (c)
respectively, an additional Ga layer of lower contrast com-
pared to the central nanowire region is found at the nanowire
surface. The similar presence of O at the nanowire surface
(see figure 4(d)) suggests the formation of a Ga,O; shell
during milling. The gallium oxide shell thickness is equiva-
lent to that of O, which measures to 4nm. Finally, to
demonstrate the core/shell/shell nanowire configuration, Ga,
In and As are overlapped in figure 4(e). Indeed, the GaAs
outer shell, on the one hand, grows only at the (In,Ga)As
sidewalls facing the Ga flux inside the MBE. On the other
hand, due to its larger diffusion length compared to Ga, In
defuses slightly around the GaAs core. For quantitative
EDXS analysis of the In concentration and thickness of the
(In,Ga)As shell we extract line profiles (LP1 and LP2) across
the shell as indicated by a transparent orange rectangle for
LP1 in figure 4(e). Line profile LP2 is extracted in a similar
fashion to LP1 along the direction defined by a black arrow.
The resulting line profiles LP1 and LP2 are shown in
figures 4(g) and (h), respectively. The Ga and In percentages
in the quantum well are 47% and 3% along LP1, and 46% and
4% along LP2. This means that the In concentration in the
shell is around 6%—-8% if As is scaled to 100%. This is in
good agreement with the In concentration estimated from the
growth parameters. The diameter and thicknesses of the core
and shells are shown in figure 4(f). The GaAs core diameter is
37 nm, (In,Ga)As shell thickness is 9 nm, and the thickness of
the GaAs outer shell measures to 39 nm. This implies that
equal strain is exerted on the (In,Ga)As shell from the two
opposite sides, which strongly supports our XRD results that
revealed complete nanowire straightening.

It is worth it to mention that the presence of misfit dis-
locations and defects has been reported by TEM for highly
bent radial nanowire heterostructures with high lattice mis-
match between the core and the shell(s) [37]. However,
considering the unique elastic properties of nanowires, their
ability to sustain strain more efficiently compared to planar
systems, and that the nominal In concentration in the QW is
only 8% (core—shell mismatch of around 0.57%), the for-
mation of misfit dislocations during nanowire bending and
straightening is not expected, and therefore similar TEM
investigation as in [37] was not required.

Furthermore, considering the complexity of precisely
implementing the thickness and compositional inhomogene-
ities of the nanowire shell(s) displayed in figure 4(e) into the
FEM model, shell growth on only one side of the core was
considered. However, it must be addressed that if the thick-
ness of the GaAs outer shell at the adjacent side facets of LP1
and LP2 is not identical, shear strain increase or torsion can
take place. Moreover, (In,Ga)As shell growth at the side
facets opposite to LP1 and LP2 can decreases the total axial
strain. However, the (In,Ga)As shell at the opposite side
facets to LP1 and LP2 is only 1.5-3nm in thickness, and
around 2% in composition which would result in negligible
opposing strain. Furthermore, torsion can be neglected as the
thickness difference of the GaAs outer shell at the adjacent
side facets to LP1 and LP2 is very small.

GaAs/(In,Ga)As/GaAs radial nanowire heterostructures
provide a promising path to produce light emitting diodes,
solar cells, and transistors. However, surface states can reduce
conductivity and optical emission due to Fermi level pinning
and depletion of charge carriers, thus rendering them unusable
for device structures. Therefore, surface passivation is crucial
in order to enhance and explore the optical emission of these
nanowire heterostructures. The most widely used GaAs
nanowire surface passivation methods utilize closely lattice
matched shells of a different material i.e. AlGaAs [38, 39],
Alln [40] or InGaP [41], or lattice mismatched ultrathin GaP
and InP capping layers [42]. Passivation, for example, with a
thick (Al,Ga)As shell is typically employed to suppress the
surface recombination of photoexcited electrons and holes in
order to enhance the photoluminescence intensity [43]. The
(AL,Ga)As shell would then be capped with a thin GaAs shell
to avoid oxidation of Al. Moreover, higher In concentration in
the (In,Ga)As quantum well would facilitate distinguishing
the quantum well emission from that of GaAs.

Surface passivation by one of the above-listed materials is
out of scope for this work since growth in our pMBE chamber is
limited to Ga, In and As only. Furthermore, the indium con-
centration, and thus core—shell lattice mismatch, was intention-
ally chosen low in order to insure a low retrievable bending,
since the reported nanowire bending-straightening experiment
was the first of its kind. However, structural parameters i.e.
nanowire length, shell-to-core volume ratio, and material com-
position can impact the nanowire bending and straightening
processes. The longer the nanowire is, the thicker the shell is,
and/or the higher the indium concentration is, the more the
nanowire bends. To find out the critical nanowire length, shell
thickness, and indium concentration at which nanowire
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straightening is no longer possible, dedicated in situ experiments
would have to be conducted, which is also not in the scope of
the present work. Moreover, the advantages provided by straight
core—shell nanowires with inhomogeneous shell compared to
straight core—shell nanowires with all-around homogeneous shell
is still unclear, due to missing optical or electrical characteriza-
tion of both nanowire systems. Nevertheless, our study lays out
the growth scheme of this rather new nanowire system which
can be replicated, modified, investigated, and further improved.
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