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Abstract

Nanoscale wires, nanowires, have shown great promise for the next generation of ultra-
sensitive sensors. This thesis presents a path for using directional nanoepitaxy to enable
the mass-production of nanowire sensor devices. Core—shell nanowires with asymmetric
shells, created using directional nanoepitaxy, exploit lattice mismatch between the core
and asymmetric shell to generate strain gradients, resulting in nanowire bending. This
research investigates the mechanisms behind this bending process, specifically examining
the directional nanoepitaxy of GaAs—InP and GaAs—(Al,In)As core—shell nanowires by
molecular beam epitaxy. Through X-ray diffraction and electron microscopy, variations
in curvature and strain along these nanowires, linked to local differences in shell
thickness, have been observed. Modeling using linear elastic theory indicates that these

variations are due to differences in the flux contact angle along the nanowire as it bends.

Nanowire growth conditions are found to lead to variations in the shell distribution
around a nanowire's cross-section. Controlling temperature during the directional growth
of 111-V nanowires, we influence the diffusivity of group 11l adatoms, resulting in two
possible growth modes: In diffusion-limited growth and group V-controlled growth. We
employ phosphorus-controlled nanoepitaxy to grow asymmetric InP shells on GaAs
cores, examining the shell distribution and twisting of the nanowires. Transmission
electron microscopy analysis of the nanowire cross-sections reveals that the shell

distribution is relative to the phosphorus flux. Using analytical electron tomography



reconstruction techniques to determine the core-shell geometry along a nanowire, we find
that twisting occurs to minimize strains energy when the bending direction is not aligned

with the < 110 > or < 112 >crystallographic directions.

By synthesizing connected nanowire pairs and forming nanowire arches, we demonstrate
their potential for a template to fabricate sensor-based transistor devices. The research
highlights the potential of bent nanowire heterostructures for next-generation
nanotechnology applications, particularly in creating innovative device geometries for

bottom-up fabrication.
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Chapter 1

Introduction

1.1 Background and Motivation

Nanowires are tiny wire-like structures with diameters in the hundreds of nanometres to a
few nanometers and lengths normally ranging from micrometres to tens of micrometres.
Semiconductor and metal nanowires are used in various applications such as
photovoltaics,? betavoltaics,® thermoelectrics,* lasers,>® single-photon sources,’®
transistors,®° sensors,* and Josephson junctions.'? Due to their size, nanowires have
unique properties compared to bulk and thin films. Semiconductor nanowires with
diameters in the tens of nanometres can experience radial confinement—confinement in
2-dimensions. Additionally, their small size allows them to be highly strained without
plastic deformation, enabling growth on lattice-mismatched substrates without
dislocations.®**® This capability to be strained also applies to nanowire core—shell
heterostructures, 1® allowing their electronic and optical properties to be well controlled
through strain engineering as well as unique combinations of lattice mismatched

materials which would be highly defective in planar form.
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sample C

Figure 1.1. The first reported case of bending in nanowires from asymmetric shell
growth by Hilse et al.'’

Hilse et al.l” presented the first report of nanowire bending resulting from heteroepitaxial
growth of nanowire shells in 2009. The bending observed in the nanowire depicted in
Figure 1.1 occurred during the growth of a GaAs—MnAs core-shell ferromagnet-
semiconductor nanowire. This bending was a result of substrate rotation being fixed,
which led to a directional flux resulting in the growth of an asymmetric shell. Further
instances of nanowire bending were documented after: Kasanaboina et al.,'8 Keplinger et
al.,'® and Krogstrup et al.,?° but it wasn't until nearly a decade later, in Lewis et al.,? that
a directional flux was intentionally used to achieve asymmetric shell growth and
nanowire bending. Both Hilse et al.}” and Lewis et al.* employed molecular beam
epitaxy (MBE) to create an asymmetric shell, though other techniques such as metal—
organic MBE?2 and electron beam evaporation?®2*24 have also been used. These growth
methods share the characteristic that their deposition is directional or can be made

directional, resulting in uneven growth around the nanowire.
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Despite the vast potential applications and benefits of nanowires, they have not been
widely incorporated into commercial devices. A key challenge is their high defect density
because of their large surface area to volume ratio, stemming from dangling bonds (a
defect) on the surfaces of the nanowires which act as recombination sites. 2° The high
recombination in nanowires produces a high leakage current negatively effecting
electronic nanowire devices and reduces the internal quantum efficiency of optical and
optoelectronic devices.?®28 Conversely, the high surface area is highly advantageous for

sensors, enabling them to achieve ultra-sensitivity.

InP Nanowire

/

SO, M Metal electrode Au

Figure 1.2. lllustration of a nanowire sensor based on the actual device by
Janissen et al.?®

The first semiconductor nanowire biosensor ion-selective field effect transistor (FET)
device was made by Cui et al.*° in 2001 to detect streptavidin (a protein), monoclonal
antibiotin (an antibody), and Ca?* (a metabolic indicator). This device uses a silicon

nanowire as a transducer, where the binding of charged species targeted for detection to
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the nanowire alters the nanowires’ resistance. More recently, InP-based nanowires have
been used in transducers for FET-based sensors in Janissen et al.?® (illustrated in

Figure 1.2) and Bai et al.3! As well, bent, U-shaped, silicon nanowire probes have bin
fabricated with focused ion beam 322 and proposed for intracellular recording.®* These
nanowire sensors can share common characteristics, high sensitivity resulting from their
high surface area to volume ratio, real-time detection, and the ability for the transducer
(the nanowire) to be located off the substrate enhancing detection by improving mass-
transport of target species.>>° Although such sensors have proven effective, the main
hurdle for commercializing nanowire sensors is their fabrication. Presently, there isn't a
reliable high-yield method to mass-produce nanowire sensors where materials and device

configurations are optimized for sensor applications.

1.2 Overview of Thesis

This thesis presents a series of published and forthcoming journal articles that explore the
fabrication of core—asymmetric shell nanowire heterostructures with directional
nanoepitaxy (growth) and their bending behavior resulting from elastic relaxation. The
articles will illustrate my work during my graduate studies on asymmetric shell growth
and how the bending of nanowires offers a practical method for advancing future
nanowire devices. Chapters 2-5 are of included articles, and notably share some
methodological approaches, well also discussing analogous concepts and repeating cited
works in their introductions because of their focus on directional growth, bending, and

the potential applications of these phenomena in the creation of sensor devices.
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Chapter 2 presents a study of bent GaAs—(Al,In)As core—shell nanowires produced
through directional shell nanoepitaxy. X-ray diffraction along the bent nanowire from
base to tip demonstrates that bent nanowires exhibit variations in bending linked to
measured strain. My model correlates these variations with differences in shell thickness.
This chapter highlights the inherent complexity of bending nanowires via directional

nanoepitaxy, as evidenced by the non-uniform final morphology of the nanowire.

Chapter 3 delves into the complexity of directional nanowire shell deposition by
modeling the bending evolution of nanowires during directional nanoepitaxy. Various
parameters such as core diameter, lattice mismatch, incident flux angle, and shell
thickness are explored to comprehend their individual impacts on bending. Additionally,
nanowire shadowing is modeled, revealing that it facilitates the connection of nanowires
by reducing the bending required for wire-to-wire connection. This study lays the
groundwork for understanding directional nanoepitaxy in the context of fabrication

processes.

Chapter 4 focuses on the local variations found around GaAs—InP core—shell nanowire
cross-sections with asymmetric shells produced through directional nanoepitaxy. We
show that the InP shell can grow via two distinct modes: In diffusion-limited and
phosphorus-controlled. In the diffusion-limited mode, the shell distribution is related to
the indium flux on a nanowires’ side facets, whereas in the phosphorus-controlled mode,
the shell thickness on a side facet is linearly proportional to the phosphorus flux received
relative to other facets, which makes this method highly controllable. When nanowires

are shadowed in this growth mode, they exhibit uniform shell growth, indicating an

5
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isotropic scattered or re-emitted flux of phosphorus. Additionally, when a shadowed
nanowire contacts an unshadowed one—bent together—the nanowires fuse, highlighting

potential application of this method for device fabrication.

Chapter 5 examines the impact of deposition flux orientation relative to the nanowire
crystallographic orientation on the bending and shell distribution of GaAs-InP core-shell
nanowires. We show that the phosphorus beam orientation with respect to
crystallographic orientation affect nanowire shape, bending, and twisting. An electron
tomography technique is developed and used to characterize shell distribution, reducing
the number of scans and angle range needed from traditional electron tomography. The
chapter reveals a large difference in bending for different orientations and that twisting is
due to strain energy minimization during shell growth, leading to energetically favorable
shell distributions which cause bending in the <110> or <112> crystallographic
directions. Overall, the chapter shows crystallographic orientation is a critical fabrication

parameter for bent nanowire devices.

In conclusion, in chapter 6, | will discuss the overall impact of my research during my
graduate studies, its potential applications in strain engineering, and how these techniques
can be employed to create nanowire arches as templates for mass-producible sensors. I
will also outline the steps required to develop a fabrication method for these nanowire
sensor devices. Connecting and fabricating nanowire arches is feasible; however, a
device will depend on initial substrate preparation, forming electrical contacts at the base
of the nanowires or substrate, and electrically isolating the bases of connected nanowires

before a device can be fully realized.
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Chapter 2
Micro- and Nano-focused X-ray Diffraction
Analysis of Bent GaAs-AlxGax-1As Core-shell

Nanowires

2.1 Published: X-ray diffraction reveals the amount of strain
and homogeneity of extremely bent single nanowires
Declaration

X-ray diffraction reveals the amount of strain and homogeneity of extremely bent

single nanowires [ Journal of Applied Crystallography, 53(5), 1310-1320.]

Authors: Arman Davtyan, Dominik Kriegner, Véclav Holy, Ali AlHassan, Ryan B.
Lewis, Spencer McDermott, Lutz Geelhaar, Danial Bahrami, Taseer Anjum, Zhe Ren,

Carsten Richter, Dmitri Novikov, Julian Muller, Benjamin Butz and Ullrich Pietsch

Published in October 2020 in the Journal of Applied Crystallography, manuscript is

cited above and linked here, https://doi.org/10.1107/S1600576720011516.
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2.2 Introduction

Using semiconductor nanowires (NWs) one is able to design epitaxial heterostructures
composed of materials with large lattice mismatch. Heterostructures can be realized along
or perpendicular to the growth direction, forming axial or radial heterostructures,
respectively. For axial NW heterostructures, lattice mismatches of up to 7% —
unachievable in planar growth — have been realized in the InAs/InSb system.* For GaAs
NWs, good control of growth developed over recent years includes control of their
crystallographic structure® and nucleation sites by using patterned substrates.® Control of
the nucleation site is especially appealing for device applications and improves size and
structure homogeneity. It also allows the investigation of properties of the same NW by
various experimental techniques, as shown for example for GaAs-based core—multishell

NWs by AlHassan et al.’

The next generation of epitaxial NW heterostructures promises greater control of strain
engineering. This concept was demonstrated first by growing a highly mismatched shell
asymmetrically around the NW core, leading to the bending of the NW.8 In particular,
GaAs core NWs were grown by molecular beam epitaxy (MBE) onto an Si(111)
substrate and InxAl1-xAs shells were preferentially grown onto one side of the core only,
for example onto the (110) plane. This can be imagined as being similar to a bimetallic
strip, which bends because of the different thermal expansion coefficients of two adjacent
metals. In the case of NWs, in addition to different thermal properties, the lattice

mismatch between core and shell material leads to bending in a predetermined direction.
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For the particular case described above, this means the (110) plane of the GaAs core is
tensilely strained at the core/shell interface but compressively strained in the opposite

side plane with no adjacent shell.

Using NWs, sizable strains — otherwise only obtainable by a method named strain
redistribution in micro-bridges produced by complicated lithographic processing® — can
be achieved. Strain in micro-bridges, typically measured by either Raman spectroscopy*®
or scanning X-ray diffraction,! has been pursued to manipulate the electronic properties
of materials, e.g. making Ge a direct band gap material.'? Band gap engineering was also
performed in straight GaAs/In,Ga.-.,As core—shell NWs, and hydrostatic strains of up to
7% could be achieved.'® Owing to the large aspect ratio of NWs, not only the absolute
values of strain but also the strain gradient can be sizable in bent NWSs. The change of
strain across the NW diameter produces a significant impact on the electronic properties.
First, the varying strain leads to a gradient of the electronic band gap and therefore a
redistribution of charge carriers.® Furthermore, it creates an additional electric field via
the flexoelectric effect.!* The latter has not been observed for GaAs so far, but might be
accessible in NWs with sufficiently low bending radius. Moreover, under excitation of
charge carriers by a laser, this flexoelectric field becomes screened and provides a
macroscopic elastic response via the converse flexoelectric effect. It is expected that the
flexoelectric response may change the bending radius of the NW. Observation of the
predicted effect, however, requires homogeneously bent, monophase [i.e. without zinc-
blende/wurtzite (ZB/WZ) polytypism] NWs without plastic deformation. Here

the homogeneity of the bending is related to homogeneity of shell composition as well as
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core and shell thickness along the entire NW length. However, during deposition of the
shell material by MBE, the NW bending radius is continuously changing, and as a result

the projected flux on the NW sidewall varies with time and along the axis of the NW.

In this work, we report on the use of X-ray micro-diffraction to study the bending of
core—shell NWs and its homogeneity. X-ray diffraction using micro- and nano-focused
X-ray beams has already been used for more than a decade to study shape and strain of
nanowires either via phase retrieval®®>" or by analysis methods supported by finite
element modeling.!® % Bending in NWs has been studied in InAs/InAsP and GaAs/GalnP
core-shell?® 21 NWs, but with bending radii far larger than found in our work. Owing to
the significantly stronger bending as compared to previous studies, our experiment
required a modification of the diffraction setup along with a new scheme of data
presentation. Moreover, current approaches of X-ray theory are limited to bending radii
of the order of above 10 cm?> 23 and no theory exists so far that is applicable to systems
with such small bending radius. Using micro-focused X-ray beams, we study the bending
of individual NWs and develop a suitable X-ray diffraction theory based on the
kinematical approximation. The X-ray diffraction results are supported by electron
microscopy investigations which image the bending. Moreover, in the diffraction
analysis we directly assess not only the bending but also the strain imprinted in the NW

core, which determines the electronic properties of the material.

The manuscript is organized as follows: In Section 2 we give details about the sample
characteristics and experimental setup used for the X-ray diffraction measurements. In

Section 3 we present our X-ray diffraction data, which are complemented by the
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transmission electron microscope investigations described in Section 4. Section
5 describes the X-ray diffraction theory for highly bent crystals. Finally, we discuss the

results and compare the experimental data with simulations.

2.3 Experimental

The NWs studied in this work were grown by MBE onto patterned Si(111)substrates.
They consist of a GaAs core grown along the Si [111] direction, and are bent along

the (110) direction as a result of an asymmetric shell grown onto one side of the core
only. The source fluxes were incident at an angle of 33.5° from the substrate normal. We
report on two samples with bending radii, estimated from scanning and transmission
electron microscopy (SEM and TEM) investigations, of approximately 8-13 um (sample
1) and 2-3.5 pm (sample 2). Figure 2.1 shows a schematic representation of the radial
NW structure together with scanning electron microscopy images of the particular NWs
investigated by X-ray diffraction. The NWs of sample 1 have considerably larger bending
radius in comparison with NWs from sample 2, as can be seen in the SEM images in
Figure 2. 1. Sample 1 [whose growth was reported earlier by Lewis et al.®] is composed
of GaAs/InAs/GaAs/Alo.3Gao.7As/AlgsingsAs core—multishell NWs with a 75 nm GaAs
core, a 2-3 nm InAs shell including quantum dots (QDs), a 5 nm GaAs shell, a 10 nm
Alo3Gao7As shell and an outermost partially grown shell of AlosInosAs with a nominal
thickness of 40 nm. Note that the thickness of the core denotes the separation between
opposing facets, while the shell thicknesses correspond to the thickness of the shell layer

on a given facet. The complicated radial structure is beneficial for the optical properties
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of the NWs that were studied by Lewis et al.2 Owing to the small thickness of the InAs
shell and QDs, we expect that they can be neglected for the present study. Sample 2
consists of a nominally 40 nm thick AlosInosAs partial shell grown onto a GaAs core
with 7 nm diameter. Because of the different ratio of effective core versus asymmetric
shell thickness, the NWs of sample 2 are more strongly bent, i.e. have a smaller bending

radius.

(@9 Sample 1

(b)) Sample 2

Bl Al In,As Bl Al,;Ga,,As ll InAs

Figure 2.1. Schematic representation of the radial NW structure and scanning electron
microcope images of NWs studied in this work. (a) Sketch and side view SEM images
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for sample 1 with large bending radius. (b) Sketch and side view (left) and top view
(right) SEM images for sample 2 with smaller bending radius. Side view SEM images in
(a) and (b) are recorded under a tilt angle of 30° with respect to the surface normal.

The bending radius of the NWs can be extracted from SEM images by overlaying the
NW axis with ellipses and adjusting the radius to fit the observations. Because the tilt
angle with respect to the surface normal is 30°, ellipses with an aspect ratio of 2:1 have to
be used. For NW1 and NW2 of sample 1 we obtain bending radii of 10-13 um. In
contrast, NW3 and NW4 have considerably greater bending and correspondingly smaller
radii of 2.5-3.5 um. The process of overlaying ellipses on the SEM images, in particular
for the NWs of sample 2, does not allow us to obtain a perfect match for the full wire
using only one bending radius. The values determined using this method therefore
represent the average bending of the full wire. To obtain a more local bending radius
from the SEM images we determined the position of the NW's center line along the NW
and numerically calculated the local bending radius using finite difference differentiation.
Using this method we obtain radii consistent with those mentioned above for the central
parts of the NWs. However, especially for the bottom parts, the bending radii exceed the
given ranges, indicating that the bending closer to the substrate interface is significantly

lower.

While from SEM images one can determine only the bending of the NW shape, X-ray
diffraction allows one to study the effect on the atomic distances within the NW. Our
diffraction studies were performed using micro-focused X-ray beams in order to obtain

the signal of (parts of) individual NWs. In particular, NW1 and NW2 were measured with
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a coherent X-ray beam at beamline ID01 of ESRF (Grenoble, France), focused down to
an FWHM of 0.23 x 0.3 um [vertical (V) x horizontal (H)] and with a photon energy of 9
keV. NW3 and NW4 were measured at beamline P23 of PETRA |11, DESY (Hamburg,
Germany), with an X-ray beam focused down to an FWHM of 0.8 x 3 um (V x H) and
photon energy of 10 keV. As the two experimental setups are qualitatively similar, we
present the general experimental setup in Figure 2.2. A convergent X-ray beam is
positioned at various points along the NW and the corresponding diffraction data are
collected. Examples of detector images are shown in Figure 2.2a. The images typically
include broad signals originating from the NW and a sharp crystal truncation rod from the
substrate. In order to present the data of the bent NWs over the entire length, we choose a
reciprocal-space coordinate system aligned with the single-crystalline substrate.

The g space is defined such that the g, vector is along the substrate's [111] direction
(surface normal). The gx direction coincides with the X-ray beam direction at zero
goniometer angles and corresponds to the [112] direction of the substrate.

Therefore, qy is along the [110] direction of the substrate and is also roughly within the

plane in which the NWs bend.

21



Ph.D. Thesis - Spencer McDermott McMaster University - Engineering Physics

(b) ny ¢ =0°

Figure 2.2. (a) Sketch of the experimental setup. The focused X-ray beam illuminates
part of the NW and produces a diffraction signal, as illustrated by the examples of
detector images shown as insets. Typical detector images include diffraction signal of the
illuminated NW and the substrate's crystal truncation rod (CTR). (b) Diffraction
geometry with respect to the NW cross section at the sample azimuth ¢ = 0° in
comparison with a top view SEM image.

22


https://dictionary.iucr.org/Cross-section

Ph.D. Thesis - Spencer McDermott McMaster University - Engineering Physics

Our studies focus on diffraction from the GaAs {111} lattice planes, or the equivalent
{0002} WZ phase lattice planes, which for the bottom part of the NWs are parallel to the
{111} planes in the substrate. The diffraction signal therefore is located along

the g, direction with vanishing x, y components. Given the photon energies of 9 keV
(NW1 and NW2) and 10 keV (NW3 and NW4) the Bragg condition for the GaAs volume
near the substrate is therefore fulfilled at angles ai = 12.18 and 10.95°, respectively.
Using these incidence angles and corresponding detector angles, we located the bottom
parts of the NWs by scanning the sample surface through the beam at the Bragg condition

via the x, y translation stages.

The bending of the upper parts of the NWSs causes the diffraction signal of the
corresponding parts to tilt. Within our chosen reciprocal-space coordinate system, this tilt
is predominantly along the gy direction. A small gqx component exists only because of a
slight offset of the plane in which the NWs bend [see for example Figure 2.2b]. So in
order to collect diffraction signal from these bent parts, in addition to the beam location
on the sample, the goniometer angles need to be adjusted. Several possibilities exist to
adjust the goniometer angles. Given the experimental possibilities at beamlines ID0O1 and
P23 we had to choose two different strategies: At ID01 (NW1 and NW2) we used the
sample azimuth ¢ [see Figure 2.2a] and the corresponding detector rotation to follow the
diffraction signal along the NWSs. On the other hand at beamline P23 (NW3 and NW4)
we used the sample tilt , to maintain the Bragg condition for the investigated segment
without any change of the detector position. For NW3 the diffraction signal was recorded

for tilt angles from 0 up to 50° with a step size of 0.5-3°, always ensuring that some
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overlap of subsequent reciprocal-space maps (RSMs) existed. Insets in Figure 2.2a show
average detector images of rocking curve measurements for various tilt angles. Because
NW3 was grown slightly tilted with respect to the y axis in addition to y, a small
correction of the sample azimuth (¢) had to be used to align NW3 into the diffraction
condition. The SEM image in Figure 2.2b corresponds to the case of ¢ = 0°, which shows
that for different parts of the NW different ¢ angles have to be used. In both experiments
the X-ray beam illuminates the NW roughly from the direction perpendicular to the small
facets of the NWs having irregular octagonal shape resulting from the asymmetrically
grown shell [see inset in Figure 2. 2b]. While this condition is fulfilled for the full NW
using the geometry at P23, it is only true when studying the bottom parts at beamline
IDO1. Two-dimensional detectors at distances of 569 mm (4 chip MaxiPix detector) and
1020 mm (2D Lambda detector) were used at ID0O1 and P23, respectively. Three-
dimensional RSMs were recorded either by scanning the incidence angle (P23) or at fixed
incidence angle but varying the X-ray energy between 8.5 and 9.5 keV with a step size of
0.04 keV (ID01). At ID01, preliminary data processing was performed using

the XSOCS package.?

Prior to NW measurements at beamline ID01 of the ESRF, the X-ray wavefront was
characterized by means of 2D ptychography in the forward direction using a Siemens star
test sample. The X-ray wavefront was reconstructed using the PyNX software and is
presented in supplementary Figure S1. It can be seen that, besides the central main peak,
the X-ray intensity displays tails expanding in real space to around 4 pum along the

vertical directions: the main maximum in the center of the beam and four to five side
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maxima. Interaction of these maxima with the highly bent crystal structures will be

discussed later during the explanation of the RSMs presented in Figure 2.3.

2.4 Micro-focus X-ray diffraction data

In this section the recorded RSMs from NW1 and NW2 are presented and discussed; the

individual RSMs from NW3 and NW4 are presented in the supplementary material.

Figure 2.3 shows the strategy of mapping the NW's GaAs 111 Bragg reflection at
beamline IDO1 for sample 1. The NW is scanned by the X-ray beam at different positions
along the growth axis [see Figure 2.3a]. At each position a 3D RSM is recorded. In the
case of position 1, the g, slice taken from the 3D RSM at the main maximum shows
thickness fringes along the g. direction corresponding to a size of around 112—-127 nm
[see Figure 2.3p) and Figure 2.1a]. This is in good agreement with the NW dimensions
given in Section 2, from which a nominal distance between the upper and lower blue

facets [see Figure 2.1a] of ~126 nm is expected.
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l‘ L 1 _
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Figure 2.3. (a) SEM image of NW1 with the central X-ray beam position of
measurements 1, 2 and 3 marked. (b) q(x,y) plane extracted from the 3D RSM at the
GaAs 111 Bragg reflection recorded at position 1. The signal between the black lines is
shown in the line plot on the right and exhibits thickness oscillations corresponding to a
size of 120 + 8 nm. (c) 2D projections of 3D RSMs measured at the three different
positions along the growth axis of NW1. For each position the q(z,y), q(z,x) and q(x,y)
projections are shown by filled contour plots with a logarithmic intensity scale.

Examples of the projections of the 3D RSM onto the q(y), qex) and qy) planes are shown
in Figure 2.3c for the different positions along the NW. As seen at the bottom part of the
NW (position 1), the projection of the RSM onto the g, plane has a maximum

at gy = 0 A%, Here we observe an envelope function with clear maxima and minima due
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to the wavefront of the X-ray beam illuminating the NW along the vertical direction. The
interaction of the (111) planes, with varying tilt in the NW, with the coherent focused
X-ray beam leads to complex scattering and interference patterns originating from
different locations on the NW. The resulting scattering pattern in Figure 2.3c1

for gzy) and qxy) projections can be explained in the following way: (1) The main
maximum of the X-ray beam's wavefront is aligned with the bottom part of the NW,
where the 111 planes are parallel to the substrate surface. From this the peak near gy =0
y Al results. (2) Parts of the NW further away from the substrate surface are illuminated
by the side maxima (tails) of the X-ray beam, which are shown in Figure S1. Since the
segments of the wire illuminated by the tails are tilted, side fringes of the illumination
function cause minima at gy =~ —0.08 At and qy = —0.17 A as well as maxima at
around gy = —0.1 A and gy =~ —0.2 AL, These maxima originate roughly from positions
2 and 3 on the NW. This interpretation is corroborated by the patterns shown in

Figure 2.3c2 and 2.3c3, which are recorded at positions 2 and 3 and have their
corresponding main maximum near the side maxima observed in Figure 2.3c1. On the
basis of the arguments above, the reconstructed wavefront of the X-ray beam can be used
to retrieve the illumination position of the X-ray beam on the NW. For this purpose we
use the known distance between the maxima of the wavefront in real space. Considering
the experimental geometry, we recalculate this spacing as a distance along the NW
growth axis. Accordingly, two neighboring maxima in the diffraction pattern originate
from segments located around 250 nm apart from each other along the NW growth axis.

Note that the distance determined in this way is significantly less affected by time drifts
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as compared to RSMs recorded for different motor positions since both the different g-

space position and the real-space position are obtained from the same measurement.

The bending radius of the NW crystal was calculated from the distance between two NW
segments and their tilt angle, determined from the center of mass of maxima in the
envelope function. In this way we obtain a bending radius of ~8-12 um. The large spread
in values originates from the fact that the spacing of the fringes is not equal in

Figure 2.3c. Note that an anomaly near g, = —0.1 A™* consistently appears in the
particular data shown in Figure 2.3c. This is probably the result of some major defect,
which will locally also change the bending radius. While the radius determined by X-ray
diffraction determines the local bending of the crystal, where the measurement was
performed, the radius determined by SEM corresponds to an average bending radius of

the NW shape. Nevertheless, a good agreement between these two values is found.

In the gy plane shown Figure 2.3c, the diffraction signal seen around g, =~ 1.85

A~ corresponds to non-pseudomorphic defective shell material grown on the wire. This
can be concluded from the evolution of the signal for different illumination positions seen
in Figure 2.3c in the q¢y) and gex) projections. The width of the NW peak along the

radial g direction is large and lies between the known peak positions of wurtzite and zinc-
blende crystalline structures, which can be present in the NW at the same time.?® This
hinders our study of the NW in terms of crystalline phase distribution along the NW

growth axis from these data.
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Owing to the small beam size and strong bending, only part of the NW contributes in a
single measurement. An RSM for the entire NW is obtained only by combination of
several measurements like those shown in Figure 2.3. For this purpose, RSMs from many
different real-space positions as well as for different angular positions have to be
combined. In the case of NW1 and NW2, more than 36 000 individual 3D RSMs were
analyzed and combined together. Projections of the resulting RSMs for NW1 and NW2
are shown in Figure 2.4a and 2.4b. Combining data recorded at different locations washes
out the coherent diffraction patterns observed in Figure 2.3 because all the segments of
the NW fulfill the Bragg condition individually during the RSM scanning. The result is
the observation of diffraction signal distributed along a segment of a Debye ring, which
will be discussed in more detail in Section 6. An anomaly in the signal near its
termination in Figure 2.4a and 2.4b originates from diffraction of the very top part of the

NW.
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q'.u(A—l)

Figure 2.4. The projections of the combined RSMs for (a) NW1 and (b) NW2 of sample
1 and (c) NW3 of sample 2. The signal from the bent NWs spreads out along a segment
of the Debye ring. An inset in panel (¢) shows a magnification of the signal near

qy =0 A_l.

For NW3 and NW4 of sample 2, projections of individual RSM measurements are
presented in FigureS2 in the supplementary material. In contrast to the data shown in

Figure 2.3, the patterns show no diffraction speckles. This difference is likely to be
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caused by a combination of multiple effects: First, the focal spot at beamline P23 used for
these measurements was significantly larger and therefore the central maximum of the
focal spot illuminates a considerable fraction of the NW. Second, NW3 and NW4 have
much lower bending radii, which suggests that only a short segment of the NW can fulfill
the Bragg condition within one reciprocal-space map. Third, while the beam at ID01 is
highly coherent this is not the case for the beam used at P23. Forty-two RSMs of NW3
recorded for different sample tilts y were collected and combined to create the RSM
shown in Figure 2.4c. At gy = 0 A™* the Bragg peak of the GaAs 111 reflection is
relatively sharp and intense. However, its intensity decreases while its FWHM along the
radial g coordinate increases up to gy = —0.09 A%, The strong intensity near gy =0

A originates from the bottom part of the NW, which is less bent compared with parts
further up. This lower bending results in a higher material volume which simultaneously

satisfies the Bragg condition and therefore causes the strong signal.

In the range of —1.5 < gy <—0.09 A™* the intensity variations are probably the result of
slight misalignment of the beam position away from the NW. Owing to time limitations it
was not possible to collect diffraction data from the full NW. Although hardly visible in
Figure 2.4c, the signal extends beyond the measurement range. From the bending
observed in the SEM images one would expect the signal to continue along the Debye

circle until g, ~ 0 A%,

In the measurements shown in Figure 2.4, the FWHM of the Bragg peak along the
radial g coordinate is related to the different lattice plane spacings inside the GaAs NW

core, i.e. the strain variation in the NW. As we show later, it is therefore inversely
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proportional to the bending radius. The widening of the diffraction signal at
lower gy values in Figure 2.4c could be related to a variation of the local bending radius.
This will be discussed in more detail after we introduce a theoretical approach which

allows us to quantify the strain gradient/bending.

2.5 Transmission electron microscopy

In order to support the X-ray diffraction results, we performed high-resolution TEM
investigations in cross-section geometry. For this purpose, a few NWs of samples 1 and 2
were scratched carefully from the silicon substrate and were deposited onto a lacy carbon
support grid. The TEM analysis was performed by using an FEI Talos F200X operated
with an acceleration voltage of 200 kV on selected NWs lying nearly flat on the support

film, i.e. the bending plane was oriented perpendicular to the viewing direction.

Figure 2.5 shows examples of low- and high-resolution images of samples 1 and 2. In
Figure 2.5a, stitched images of two complete NWs of sample 1 are shown. The upper
NW has its bending plane parallel to the viewing direction and was therefore disregarded
in the analysis. In contrast, the lower NW is lying flat on the support grid such that a
bending radius of 8-9 pm can be measured. For the NW of sample 2 shown in

Figure 2.5b, we identify a change of the bending radius from ~3 pum on the left to ~2.3
pm on the right of the image. Note that the right-hand side corresponds to the top of the
NW. Despite the fact that the NWs have been randomly scratched from the Si substrate,
the bending radius found here agrees reasonably well with the radii that were found in the

X-ray analysis.
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Figure 2.5. Transmission electron micrographs of NWs from sample 1 (a) and sample 2
(b). From nanowires that have their bending plane parallel to the imaging plane, the
bending difference between the samples [cf. (a) and (b)] is evident. A high-resolution
image of the region marked by the red rectangle in (b) is shown in (c). By further
zooming in to the region marked by the blue rectangle, planar defects can be seen. In (c),
the yellow lines highlight a twinned region. The inset in (c) shows an electron diffraction
pattern recorded along the [110] cubic or equivalent [1120] hexagonal zone axis,
respectively.
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In addition to the bending, it is possible to identify local crystallographic and defect
structure information on the NWs. For sample 1, all inspected NWs appear very
homogeneous in the middle and bottom parts of the NW, with a very low density of
planar defects. The region close to the top, just below the crystallized droplet, shows a
sequence of fast changing ZB and WZ phase units. In contrast to this, NWs of sample 2
[Figure 2.5b and 2.5c] are highly defective in the lower half, while the upper part is
almost defect free. This highly defective region has been found in nearly all inspected
NWs but with different extent and position along the NW. The high number of defects in
the defective part becomes obvious by the streaking of diffraction spots seen in the inset
of Figure 2.5c and in Figure S3 in the supporting information. The images show that a
large number of planar defects and phase changes are present in the sample. The NW
shown in Figure 2.5b is mainly composed of the WZ phase. Other NWs of the same
sample probed by TEM also show the ZB phase with a similar volume fraction of the

defective region. About 20% of highly bent NWs did not show this defective region.

Figure S3 shows that, in agreement with the expectation from NW growth, the local
[111] or [0001] crystal direction is always aligned with the NW axis. Since the
determination of the bending radius from X-ray diffraction measurements presented
above relies on the crystal orientation, it is important to obtain an independent proof of

this aspect.
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2.6 Diffraction theory of bent NWs

In this section we simulate diffraction RSMs of a bent NW. The aim of this simulation is
to qualitatively demonstrate the influence of bending on the shape of the diffraction
maximum. In addition to the kinematical approximation we make the following

assumptions:

(1) The far-field limit applies. The validity of this assumption is proven by the calculation
of the phase factor of the Fresnel propagator Pg,.s = exp[iKr?/(2L)], where K =
2m/A is the wavevector length and L is the sample—detector distance. In our

experimental arrangement, the exponential term of this propagator is smaller than 107,

(2) The NW is ideally circularly bent and its circular axis lies in the yz plane
perpendicular to the sample surface. This assumption makes the simulation much easier:
the differences between the actual and circular NW shapes could affect the tails of the
diffraction maximum. The incident X-ray beam lies in the xz plane and we calculate the
reciprocal-space distribution of the diffracted radiation (reciprocal-space map) in

plane qyq; parallel to yz.

(3) The NW cross section is circular. Possible facets on the NW sidewalls would create

streaks, which, however, are not visible in the g,q. reciprocal plane.

(4) The elementary unit cells of the NW structure are not deformed by bending, i.e. the
structure factors of individual reflections are not affected by bending either. A

modification of the structure factor by bending leads to a change in the diffracted
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intensity; however, the shape of the diffraction maximum in reciprocal space is not

affected by this simplification.

We denote by R the bending radius and g the radius of the wire cross section. The

position vector of an elementary unit cell is

1, = [x,R- (R-y) cos(x), (R-y) sin(x)], x = z/R, (2.1)
where r = (x,y,z) = n;a; + nya, + n,a, is the position vector of the same cell in a
non-bent NW, a, , 5 are the basis vectors and n, , 5 are integers. Furthermore, we denote
by Q(r) the shape function of the non-deformed NW (unity inside the NW volume and

zero outside of it).

Under the assumption above, the wave scattered into the point g = Ky - K; of reciprocal

space is (K;  are the wavevectors of the primary and scattered beams)

B@) =AY Ky [ @B @exn(=ilg- n0)-g T} = 4) B¥,@. @2
g9 )

Here A is an uninteresting factor very slightly dependent on g, g re the vectors of the
lattice reciprocal to the non-deformed NW lattice, F; is the structure factor of
reflection g, and E;,.(z) is the amplitude of the incident wave. We assume that this
amplitude depends only on the vertical coordinate z and the cross-section profile of the

incident beam is Gaussian:

_, 32
Einc = exp G-zo) ] (2.3)

202
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The FWHM of the incoming beam along the z axis is proportional to the

parameter 6: FWHM = 206(2 log 2)%/2.

The integrals in the amplitudes ¥, (q) can be partially evaluated and we obtain

Wy (q) = me? fdzEmc(Z)B{Q (g~ a)° +g§]2} X o
e 2.4

exp{~i[(ay - ap)R - g}

where

qp = gy cos(x) - q;sin(x), B = 2/;(x)/x, (2.5)
with J1(x) the Bessel function of first order. The remaining integral over z has to be
evaluated numerically. In order to avoid numerical complications at the NW ends we
assume that the NW is much longer than the irradiated footprint determined by E;,,.(z).

Therefore the integration limits can be expanded to *oo.

For a rough estimation of the diffraction maximum position in the gyq. plane we can
approximate the integral in equation (2.2) by the stationary phase method; in this
approach we ignore the x integration and calculate the integral only in the yz plane. The

stationary points of the phase

Ap = qycos(x) - q;sin(x), B = 2/i(x)/x (2.6)

are

a,(q%- 92)"* F 9,4,
950y + q,(q? - g2)""*

s on1/2 —
- +
1(,(;) _ R (q gy) gz’ ,O_p

@7
1,2
(42~ g2)"”?
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Furthermore, we define the Hessian of the phase function ¢ (r) and calculate its

determinant in the stationary points. Both points yield the same value:

H = (g5 - q*)/R? (2.8)

The stationary phase approximation of the integral ¥, (q) is then

Y@ = ) 00 e () exp [ip(3” - 27)] x
j=12 (2.9)

2R | g?- q%| 7 ?exp[in sign(H)/4].

This formula allows us to estimate the position g,,,, Of the diffraction maximum in
the g, plane. The maximum occurs at the point at whichy3 = 0 and z{%) = z,. This

condition yields an obvious result, namely the angle between the

vectors g and g, equals y.

The maxima of the integrals ¥, (q) for different g almost do not overlap, so that we can

neglect the sum Y}, in equation (2.2), writing

E(q) = AF,Wr(q). (2.10)

Here h denotes the reciprocal-lattice vector lying closest to q.
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In Figure 2.6, 2.7 and 2.8 we present examples of the results of numerical simulations. In
Figure 2.6 and in panels (a), (c) and (e) of Figure 2.7 we consider an NW with a radius
of ¢ = 40 nm and a bending radius R = 1 um. The width parameter of the incident beam
was chosen to be ¢ = 60 nm so that the FWHM of the beam was 100 nm. Panels (b), (d)
and (f) of Figure 2.7 show the calculated maps for R =2 pum, ¢ = 60 nm and FWHM =
200 nm. In Figure 2.6, the end points of h and hy are displayed as filled and empty
circles; the diffraction maximum indeed lies at ¢ = hg. The figure demonstrates that for a
qualitative estimate of the maximum position and shape the simple stationary

phase calculation is fully sufficient. The diffraction maxima are arc shaped, elongated in
the direction perpendicular to the diffraction vector hg, and rotate by an angle y with
respect to h as a result of bending. The arc length and width are inversely proportional to
the bending radius Rg [compare the panels (a) and (b) in Figure 2.7]; the arc length is
proportional to the FWHM of the primary beam, i.e. to the length of the irradiated NW

segment [panels (a) and (f)].
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Figure 2.6. The reciprocal-space maps calculated for symmetrical diffraction

h = (111) using the exact kinematical formula (2.2) [panels (a) and (c)] and the
stationary-phase method in equation (2.7) [(b) and (d)] for various positions zo of the
primary beam (parameters of the graphs). The filled and empty circles denote the end
points of the non-rotated reciprocal-lattice vector h and the rotated vector hg,
respectively. The intensity is displayed logarithmically. Color bar ticks are labeled with
the decadic exponents of the intensity relative to the intensity maximum.
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Figure 2.7. The reciprocal-space maps calculated using equation (2.2) for

h = (111) [panels (a), (b), (d) and (f)], h = (333) (c) and h = (115) (e). In (b) the
simulation was carried out for two times larger bending radius, panel (d) shows the map
calculated for two times larger NW radius, and in (f) the map shows the data for two
times larger FWHM of the primary beam. The intensity is displayed logarithmically.
Color bar ticks are labeled with the decadic exponents of the intensity relative to the
intensity maximum.
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Figure 2.8. The (111) reciprocal-space maps calculated for small and large NW radii
and strong bending (R = 1 um) in (a) and (b), and for the same NW radii and slight
bending (R = 100 pum) in (c) and (d). The intensity is displayed logarithmically. Color bar
ticks are labeled with the decadic exponents of the intensity relative to the intensity
maximum.

Interestingly, the width of the arc is proportional to the NW radius ¢ [Figure 2.7a and

2.7d]. This counter-intuitive behavior demonstrates that the size of the diffraction

maximum is determined mainly by strain and not by the size of the irradiated NW

volume. This effect is demonstrated in Figure 2.8, where we compare reciprocal-space

maps calculated for h = (111) for two NW radii (o= 40and 80 nm) and strong

bending R = 1 um [panels (a) and (b)] and slight bending R = 100 um [panels (c) and

(d)]. While in the case of strong bending the arc width is proportional to g, in the case of
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slight bending the arc length is inversely proportional to o, and the arc width is inversely

proportional to the beam FWHM.

The arc width 60, can be used for an easy determination of the bending radius R. This is
demonstrated in Figure 2.9, where we have plotted the inverse bending radius 1/R as a
function of 8q; determined by numerical calculation of the 111 Bragg spot using
equation (2.2) (points). The dependence is almost linear; the straight lines in the figure
show the linear approximation of the 1/R versus 6, dependence. The slope of this

dependence decreases with increasing NW radius o.
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Figure 2.9. The linear dependence of the reciprocal bending radius on the width of the
111 diffraction maximum in the g, direction calculated for various NW radii (parameters
of the curves). The circles represent the data obtained by calculation using equation (2.2);
the lines are their linear fits.
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2.7 Results and discussion

Using the measured data presented above as well as the theory introduced in the previous
section, we will further process the experimental data and compare them with simulations

to assess the strain state of the nanowires.

For this purpose, we replot the experimental data from Figure 2.4 using the radial
coordinate 9 = |4/ and the tilt angle yx as coordinates in Figure 2.10. It can be seen that in
the case of NW1 and NW?2 of sample 1 with higher bending radius the signal extends up
to y = 20 and 22°, respectively. Around x = 18° for NW1 and y = 21° for NW2 a sudden
change is detected in the RSM, which we associate with the top segment of the NW. This
segment is likely to have a different chemical composition, since it might originate from
axial wire growth during the shell growth, similarly found by AlHassan et al.?” In

Figure 2.10c showing data of NW3 of sample 2 no such anomaly from the top of the wire
is observed, since the top part according to the SEM images is tilted almost 90° far
beyond the end of the measurement range. As concluded from the simulations, the
different tilt range of the signal in Figure 2.10a and 2.10b could be a result of differences
in either the bending radii or the lengths of the NWs. Since the lengths determined from
the SEM images shown in Figure 2.1a are rather similar, the likely explanation is that the
bending radii of these wires are slightly different. A close inspection of the SEM images
in agreement with the higher tilt range of NW2 seen in Figure 2.10b suggests that the top

of NW?2 is more bent as compared with NW1.
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Figure 2.10. Radial integration of the combined RSMs of (a) NW1 and (b) NW2 of
sample 1 and (c) NW3 of sample 2. Data are plotted versus the angle y which specifies
the tilt with respect to the substrate surface.

To further compare the diffraction signal of the NWs, we obtain line cuts along the radial

direction averaged over different ranges of tilt y and compare them in Figure 2.11. In
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agreement with the expectations from our model calculations, the higher bending radius
of NW1 and NW2 of sample 1 causes their signal to be considerably narrower than that
of NW3 of sample 2. Another observation is that the width of the curves gets slightly
wider when it is extracted from higher tilt values. This means that the bending radius is
not entirely homogeneous along the NW axis. Considering that the base of the NW is
fixed epitaxially to a rigid support, it makes sense that the bending at the bottom needs to
develop and can reach its highest values only a certain distance away from the wire—
substrate interface. Since the deposition geometry also gets highly complicated and
evolves during growth, one also expects an inhomogeneity in the shell thickness along
the NW growth axis. Both effects support a change of the bending for different positions

along the NW.
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Figure 2.11. Comparison of experimentally measured intensity profiles (color lines)
along the gr direction with respect to calculation based on bent circular NWs (full and
dotted black lines). Panels (a), (b) and (c) show data for NW1 and NW2 of sample 1 and
NW3 of sample 2, respectively. Various tilt integration ranges indicated in the figure
legend were used to obtain these curves from data shown in Figure 2.10.

In order to understand the contribution of the individual effects, we performed simplified
model calculations of the shell growth process as described by Lewis et al.8 Since the
deposition rate on the NW sidewall is related to the angle between the sidewall and the

incident flux, the deposition rate changes as the NW bends and also varies along the
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length of a bent NW. The predicted shell thickness and local bending radius along the
NW were calculated using an iterative approach, approximating the NW core to have a
circular cross section. In this model, the 40 nm thickness (planar deposition) was divided
into 100 deposition steps and the NW was divided into segments of 25 nm length, each
having a constant deposition rate. For each deposition step, the local deposition was
calculated (taking bending into account) and the curvature of the segment was calculated
using the analytic model of Lewis et al.8 For sample 1, since the lattice mismatch for the
5 nm GaAs and 10 nm GaAs/Alo3Gao.7As components is negligible and the InAs sub-
shell of 2 nm is very thin, we combine all these shells and assume a GaAs core of 111 nm
thickness for the simulations. The calculations predict that the shell thickness increases
significantly from 27 nm at the base to 45 nm near the top of the bent NW, and the
bending radius varies from 3080 nm at the base to 2980 nm near the top. For sample 2,
the shell thickness also varies from 27 nm at the base to 45 nm near the top, and the local
bending radius varies from 1990 nm at the base to 2080 nm near the top. We note that the
predicted radius for both samples is significantly smaller than what is observed
experimentally. This could be either due to an overestimation of the shell thickness or
because the shell growth is considered to be pseudomorphic. Plastic relaxation is,
however, present at the core—shell interface as we observed the diffraction signal of the
shell with a different lattice parameter in Figure 2.3. Nevertheless, the model confirms
that an inhomogeneous shell thickness causes a slight variation of the bending radius

leading to higher bending near the top, qualitatively in agreement with our experimental
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observations. We note that reducing the asymmetric shell thickness in the model

increases both the average bending radius and the variation in radius along the NW.

In order to assess the strain state of the NW core we look at the comparison of the
experimental data with X-ray diffraction simulations. We showed in the theory section
that the width of the diffraction signal for purely elastic bending and our experimental
parameters can be associated with the bending. For the simulation curves shown in
Figure 2.11 we used the nominal NW thickness, which was found to agree well with the
thickness fringes observed in our RSMs. Again we approximate the entire core and
symmetric shell structure of sample 1 as a GaAs core. Having fixed the NW geometry the
only relevant parameter which remains is the NW bending radius. For the simulation
curves for sample 1 [Figure 2.11a and 2.11b] we find that a radius of 11.0 + 0.5 um
explains the observed width of the diffraction curves well. The radius is in good
agreement with that determined earlier and that seen in the scanning electron microscope
images. This suggests that the deformation of the NW core is indeed fully elastic without

signs of plastic deformation inside the core.

In order to find an agreement for the peak position we had to shift the diffraction curve
by approximately 0.005 A towards smaller g values. The reason for this could be
twofold. Either a small amount of WZ phase mixed into the NW or the asymmetric
placement of the shell with larger lattice parameter can explain this. Since the partially
grown shell causes tensile strain of the NW on the side it is attached to, which has no
counterpart on the opposing side, the overall strain in the NW is more tensile. This means

that the average lattice parameter in the NW is slightly larger than that of bulk GaAs used
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in the simulation. If all the shift of the diffraction curve in Figure 2.11 corresponds to a
change of the average lattice parameter it would amount to 0.014 A. For the bimetallic
strip scenario mentioned in the Introduction this scenario is consistent with the neutral
line, i.e. the unstrained part of the core material, being located towards the far side of the
partial shell. Overall this causes the peak of the NW to move slightly towards

lower g values. Since in our simulations the neutral line is located in the center of the NW
we have to mimic this offset by shifting the diffraction curve. Because we know from
TEM investigations that some WZ phase might be present, it is likely that a combination
of the two effects (WZ inclusion and asymmetric strain) determines the resulting shift of

the diffraction peak.

For NW3 of sample 2 a bending radius of 3 um leads to rough agreement between the
calculated line profile and the experimental observations averaged over the full measured
tilt range [Figure 2.11c]. It can, however, be clearly seen that the experimental curves for
tilt ranges corresponding to segments of the NW closer to the substrate interface are
significantly narrower and therefore less bent, corresponding to a bending radius almost 1
pum larger. This suggests that the different bending radii seen in different parts of the
TEM images indeed reflect an intrinsic variation of the bending radius within the NWs.
The growth modeling, however, predicts only a much smaller variation of the bending
radius due to the inhomogeneous shell thickness. Therefore, we speculate that in this
sample not only the shell thickness but also the degree of plastic relaxation might change

along the NW, potentially leading to a stronger change of the bending.
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The bending radius determined from the peak width can also be converted to a change of
strain from the facet in contact with the partial shell to the opposite side. For purely
elastic bending this difference in strain is trivially given by 2p/R, which is ~0.9% in
NW1 and NW2 and ~2.5% in NW3. Such high uniaxial strain values can otherwise only
be produced by the method of strain redistribution in micro-bridges which are

lithographically produced out of thin films.

2.8 Conclusion

We have demonstrated measurement strategies and analysis of X-ray diffraction data for
highly bent NWs in their as-grown geometry with micro-focus X-ray diffraction. By
extending the kinematical X-ray scattering theory for circularly bent crystal structures,
we performed model calculations and reached good agreement with experimental data.
By comparing simulations with our experimental data we obtain the bending radii of
individual NWs. Our results further provide insights into the homogeneity of the bending
of the NWs along their growth axis and allow us to directly access the amount of strain in
the NW core material. We have shown that the bottom part of the NWs can have
significantly lower bending/strain. Model calculations suggest that this can be related to
an inhomogeneous shell thickness along the NW. The amount of uniaxial strain present in
the NWs is comparable to the highest strains reported in micro-brigdes but is present

directly in the as-grown state.
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Supporting Information
Supporting information is provided by Journal of Applied Crystallography free of charge

at https://doi.org/10.1107/S1600576720011516/t05214supl.pdf or provided in appendix.
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Chapter 3
Analytical Modeling of Nanowire Directional

Growth of Asymmetric Shells and Bending

3.1 Published: Bending of GaAs—InP Core-Shell Nanowires
by Asymmetric Shell Deposition: Implications for Sensors
Declaration

Bending of GaAs—InP Core-Shell Nanowires by Asymmetric Shell Deposition:

Implications for Sensors [ ACS Applied Nano Materials, 4(10), 10164-10172.]
Authors: Spencer McDermott and Ryan B. Lewis

Published in September 2021 in ACS Applied Nano Materials, manuscript is cited

above and linked here, https://pubs.acs.org/doi/10.1021/acsanm.1c01636.

3.2 Introduction

The mechanical flexibility of nanowires has recently opened up new possibilities for
unconventional strain engineering in semiconductor devices. For example, immense
strains of up to 16%—approaching the theoretical elastic limit—have been realized in
mechanically stretched Si nanowires,* and misfit strain in GaAs-based core—shell

nanowire heterostructures has enabled the bandgap of GaAs to be adjusted by up to
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40%.2 In addition to uniform strain fields, bending in nanowires presents a unique
opportunity to engineer large strain gradients and to control the nanowire geometry.
Bending has been achieved by mechanical manipulation of nanowires®® and
spontaneously in asymmetric lattice-mismatched core—shell heterostructures. Asymmetric
core—shell bent nanowires have been achieved with 111-V materials® !¢ including
nitrides,'” group 1V,*31° and semiconductor—superconductor hybrids.1%2%%! The resulting
strain gradients can induce quasielectric,*>*3 piezoelectric,>???% and

flexoelectric?2 fields, which can be employed to control the motion of charge carriers.
Strain gradients have been used to enhance the emission intensity of quantum dots (QDs)
embedded within the nanowires by more than an order of magnitude compared to straight
nanowires.'® These effects have the potential to lead to faster and more efficient
optoelectronic devices. In 2021, the photoconductive properties of In(As,Sb) core—shell

bent nanowires were reported.®

Fabrication techniques using directional deposition sources have a natural ability to
produce the asymmetric nanowire heterostructures that lead to bending. We previously
demonstrated that the directionality of molecular beam epitaxy (MBE) is well-suited for
controlled bending by asymmetric nanowire shell growth.*®> More recently, controlled
bending was also demonstrated using metal-organic molecular beam epitaxy (MOMBE)
using metal—organic 111 sources,'* as well as electron beam evaporation of transition
metals on silicon nanowires.'® Nano X-ray diffraction analysis on highly bent nanowire
heterostructures has revealed large strain and shell thickness variations along the

nanowire length.t® These results highlight the need for a more detailed investigation into
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how bending and asymmetric shell deposition proceed in this novel bottom-up bent

nanowire growth process.

Theoretical modeling has been used to elucidate bending in asymmetric lattice-
mismatched core—shell nanowires by revealing the relationship between shell thickness,
asymmetry, and composition on bending curvature.*?142°> Modeling has shown that
thermal expansion/contraction effects have a negligible effect on bending, with bending
resulting from relaxation of the lattice strain.}* Additionally, a thermodynamic model was
used to account for both surface and strain energy effects in the bending of thin
nanowires.?® While these models help to elucidate asymmetric core—shell bending, the
effects of bending on the growth process itself—essential for bent nanowire

fabrication—have not been explored.

The shadowing of deposition fluxes by neighboring nanowires has been shown to affect
nanowire core morphology?¢ 28 and asymmetric shell growth.!3%° This flux shadowing
has posed challenges for the growth of dense core—shell nanowire arrays. However, the
ability to locally influence the deposition on a nanowire by a neighboring object also

presents opportunities.

Semiconductor nanowires have been used as ultrasensitive sensors, which take advantage
of the nanostructures’ high surface-to-volume ratio.?*~3* Recently, InP-based nanowire
sensors—attractive because of their low surface recombination and resistance to
oxidation—have been fabricated, including a label-free biosensor for DNA and protein

markers®® and a NO2 gas sensor.*® These InP sensors were fabricated by first removing
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the nanowires from the growth substrate. A bottom-up method of connecting nanowires

would allow for straightforward scalable fabrication of sensor devices.

In this work, we model the synthesis of bent nanowires by asymmetric lattice-
mismatched shell deposition by a directional flux. We show how bending affects the local
deposition along the nanowire, resulting in large variations in the shell thickness, local
curvature, and strain along the nanowire, as well as the overall nanowire shape and
bending angle. The impact of core and shell dimensions and materials, as well as the
geometry of the deposition system, is shown to crucially influence the bending process.
Finally, shadowing between nanowire pairs is modeled, presenting a promising means to
further control the nanowire geometry and an easier approach for connecting nanowires
to form devices. Modeling results are compared to growth experiments of asymmetric
GaAs-InP and GaAs—(Al,In)As core—shell bent nanowires. The goal of this paper is to
demonstrate the principles of asymmetric nanowire shell growth and present

opportunities for employing bending in nanowire device fabrication.

3.3 Methods

The GaAs nanowire cores were grown by self-catalyzed vapor—liquid—solid growth by
gas source MBE on p-type Si(111) substrates. The gas sources are arsine and phosphine,
cracked for deposition of Asz and P2, respectively. After depositing 30 nm of SiO2 by
chemical vapor deposition, the substrates were patterned with 60-110 nm diameter holes
using electron beam lithography and reactive ion etching. Before loading in the molecular

beam epitaxy system, the substrates were dipped for 28 s in a dilute solution of 10%
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buffered oxide etch 10:1 to remove the native oxide from the holes. The substrates were
subsequently heated to 630 °C in the MBE, and then, gallium was predeposited on the
wafer for 250 s as depicted in Figure 3.1a. The nanowire cores were grown at a substrate
temperature of 630 °C with a V:11I flux ratio of 2:4 (Figure 3.1b). After core growth, the
substrate was cooled to 300 °C, the substrate rotation was stopped and aligned, and the
arsine source was switch to phosphine. The InP shells were grown at a V:I11 flux ratio of
10 without rotation at a 0.25 um/h planar growth rate, as illustrated in Figure 3.1c. The
fluxes were incident at an angle of 35° from the substrate normal. An illustration of the

resulting asymmetric core—shell bent nanowire can be seen in Figure 3.1d.
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Figure 3.1. Illustration of nanowire core and asymmetric shell growth. GaAs nanowire
core growth (a,b) is carried out with sample rotation, while shell growth (c,d) is not. (a)
Depiction of the Ga predeposition and Ga droplet formation in the patterned oxide holes.
(b) GaAs core growth under Ga and As> fluxes. (c) Asymmetric InP shell deposition
under In and P> fluxes. (d) Bent nanowire resulting from the growth process.

Bending in isolated nanowires and nanowire pairs was modeled using GNU Octave.
Asymmetric core—shell nanowires with circular cores were explored, and shell deposition

was assumed to be perfectly directional (i.e., surface diffusion and flux divergence were
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neglected). A schematic of a core—shell nanowire cross section is shown in Figure 3.2a.
Nanowires are divided into 25 nm-long segments along their axis. Within a given
segment, the core and shell thicknesses and segment curvature are assumed constant.
However, these properties can vary between segments and along the nanowire length.
Asymmetric shell deposition is modeled as follows: nanowire cores are initially straight
and standing vertically on the substrate. A directional shell deposition is incident at an
angle 0 with respect to the substrate normal. The deposition process is broken into
increments (each step corresponding to a planar deposited thickness of 0.05-0.43 nm),
and the local deposition on a segment varies as the cosine of the average angle between
the segment normal (perpendicular to the nanowire axis) and the incident flux. During a
deposition increment, the nanowire shape is held fixed, and the resulting step deposition
thickness along the nanowire is calculated. After each deposition step, the curvature of
each segment is calculated from linear elastic theory,'® and the segments are linked to
create the complete bent nanowire. The resulting nanowire geometry is used to carry out
the next deposition step, and this process is repeated until the shell deposition is
completed. There is no deposition on a nanowire segment if the angle between the
segment normal and the incident flux is >90°. In this case, the deposition on the nanowire
is self-shadowed by the nanowire itself. This is determined by projecting the flux from
the tip of the first nanowire (or object) to the shadowed nanowire. If the segment is below
the projected path, then it is shadowed. For both cases, we model shadowing to be fully

effective (no deposition on shadowed areas).
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Figure 3.2. (a) Schematic representation of the nanowire core—shell cross-sectional
geometry with a dashed bisection line. (b) Nanowire segment curvature as a function of
shell thickness for three GaAs—InP core—shell nanowires (lattice mismatch of 3.8%) with
core diameters of 50, 75, and 100 nm. Maximum curvature occurs for a shell thickness of
0.42x the nanowire diameter, as indicated with vertical dashed lines in (b). (c) Nanowire

curvature as a function of shell thickness for different core—shell lattice mismatches for a
50 nm diameter core.

Shells are assumed to be coherently strained and have a positive lattice mismatch from

the core. The accumulation of positive-lattice-mismatched material asymmetrically
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deposited on the nanowire results in compressive axial strain in the shell and tensile axial
strain in the core. This strain is calculated as described in the Supporting Information of

Lewis et al.=®

Assuming that the nanowire is constrained to be straight, the core and shell share a single
axial lattice constant, ainterface, given by eq 3.1. In this case, we define the resulting strain

in the core and shell with egs 3.2 and 3.3.

a _ acoreashell(acoreAshellEshell + ashellAcoreEcore) (3 1)
interface — 2 2 .
acoreAshellEshell + ashellAcoreEcore

Ainterface — QAcore
€core = (3.2)

acore

Qinterface — Ashell
Eshell = a (3.3)
shell

Analogous to a bimetallic strip, strain in an unconstrained wire can be partially relieved
by bending—resulting in a linear strain gradient along a bisecting line (eq 3.4)—such as

that shown in Figure 3.2a.

— {Ecore +Kr(x — %) x < Xinterface

_ 3.4
Esheu T K(x — xc) x =2 Xinterface (3:4)

where « is the curvature of the nanowire and X is the position along the bisecting line
from right to left in Figure 3.2a. The bending strain gradient is directly proportional to the

nanowire’s curvature. The strain from bending reduces the total strain energy in the
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nanowire compared to the straight case. The point where there is zero bending strain ( x.)
is the Young’s modulus weighted centroid. The Young’s modulus weighted centroid is
the average centroid of the core and shell weighted by their Young’s moduli and cross-
sectional area (eq 3.5)

N J—
i—1 A Eix
=SSN (3.5)
i=1 it
where Aj is the cross-sectional area of component i, Ei is the Young’s modulus, X;,is the
centroid of the component along the bisection, and N is the total number of components

of the nanowire [core plus shell(s)].

The curvature of the nanowire segment is found by minimizing the total elastic potential
with respect to the segment curvature. Points are generated along the bisection to
numerically compute the elastic potential. The trapezoidal method gives the elastic
potential over the cross section (eq 3.6).

U= f W GOE () e(x) 5% (3.6)

Xshell

where E(X) is Young’s modulus, €(X) is strain, and w(x) is the width along the
bisection. Xcore aNd Xshell are the boundary points on the bisection—the innermost surface of

the core and the outermost surface of the shell.

Figure 3.2b shows the local segment curvature as a function of shell thickness for GaAs—
InP core—shell nanowires with three different core diameters (D). The maximum
curvature occurs for a shell thickness of 0.42x the core diameter. The maximum

curvature is inversely proportional to the diameter and obeys eq 3.7.
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D1 X Kmax (D1) = Dy X Kppax (D2) (3.7)
where D; and D, represent two independent nanowire diameters with the same core—shell
material. Therefore, the product of maximum curvature and the diameter is a constant,
which depends on the materials composing the nanowire core and shell (D; X k1 qy). FOr

GaAs—InP nanowires, this constant is 0.031.

3.4 Results and Discussion

In Figure 3.2b, the curvature peak broadens with the increasing core diameter. The full
width at half maximum (FWHM) is 93 nm for the 50 nm diameter core and scales
linearly with the diameter. For a fixed core—shell thickness ratio, the curvature is
inversely proportional to the core diameter. For a nanowire with uniform curvature, the
bending angle—the angle between the substrate normal and the axis of the tip of the
nanowire—is given by the product of the nanowire length and curvature. Consequently,
the maximum achievable bending angle is determined by the nanowire core aspect ratio.
We note that for real nanowires, the relation between the core diameter and length

depends nontrivially on the growth process.

Figure 3.2c presents the local curvature as a function of shell thickness for nanowire
segments with 50 nm diameter cores and various core—shell lattice mismatches. The
curvature is directly proportional to lattice mismatch, so all curves have the same shape
and the peak curvature occurs at a shell thickness of 42% of the core diameter. We note
that these results for circular nanowires are consistent,'® where hexagonal nanowires are

considered. The core and shell Young’s moduli were taken as those of GaAs (85.5 GPa)
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and InP (61.1 GPa), respectively. There is a small effect from Young’s modulus
differences between the core and shell: increasing the shell modulus increases and

sharpens the peak curvature, and the peak occurs with a thinner shell.

It is important to note that our model ignores adatom diffusion during shell deposition,
which could act to reduce the asymmetry of the deposited shells, as atoms could migrate
around the nanowire and incorporate on surfaces on which no flux is incident. In
principle, the present model could be extended to include symmetric shell growth to
account for diffusion. In such a case, the resulting bending would be less than that for our
ideal case where diffusion is nonexistent. Diffusion along the nanowire axis is also
possible and is expected to have less of an impact on nanowire bending. We expect that
the degree to which diffusion impacts the nanowire shape will be highly dependent on the
chemical composition of the shell (e.g., In would be expected to diffuse much more than
Al) as well as growth conditions (e.g., V:IlI ratio and substrate temperature). This could
be particularly important for the growth of alloy shells, potentially resulting in
composition variations around the shell and twisting of the nanowire. The effect of
composition variation and shell asymmetry on the bending of GaP—(In,Ga)P core—shell
nanowires has previously been reported.'? The present bending model can be considered
as an upper limit on the amount of bending, which can be achieved for a given material
system and core geometry. We expect that at sufficiently low temperatures, the role of
diffusion would be minimized. In similar light, relaxation from dislocations—important
for large core—shell lattice mismatches and large nanowire diameters—would reduce

bending, and this is not accounted for in the model. We note that twisting has also been
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observed in GaAs—(Ga,In)P core—shell nanowires grown by metal-organic chemical

vapor deposition with rotation,'! and we have not observed this effect in our wires.

During shell growth, the local instantaneous shell deposition rate depends on the local
orientation of the nanowire segment relative to the incident flux. Consequently, while the
deposition rate is uniform along the length of a straight nanowire, the deposition rate will
vary along the length of a bent nanowire and evolve throughout the deposition as the
nanowire bends. Figure 3.3a illustrates a bent nanowire under an incident flux. The
effective flux on the nanowire sidewall varies along the length of the bent nanowire as a
result of the changing local angle between the nanowire surface normal and the incident
flux. Variation in total local shell thickness is indicated by shading of the nanowire,
showing the shell to be thinner at the base and tip compared to the middle, for this

geometry. The tip of this nanowire is self-shadowed.
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Figure 3.3. (a) Schematic representation of a nanowire’s bending evolution as the
nanowire progresses from being straight to optimally bent. The deposition flux is
indicated by black arrows, and the shading on the nanowires indicates the local shell
thickness relative to the core diameter. (b—€) Modeling GaAs—InP core—shell nanowires
with a 50 nm core diameter and an aspect ratio of 85 for four planar shell depositions:
5.9,11.7, 23.4, and 46.9 nm at a deposition angle of 30°. (b) Wire geometries projected
on a 2D plane. (c) Bending angle of the nanowire tips plotted as a function of planar
deposition. (d) Shell thickness along the wire length from the base to the tip. (e)
Curvature along the wires. The legend in (b) corresponds to all panels.
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The shape and bending angle of GaAs—InP nanowires with a core diameter of 50 nm and
an aspect ratio of 85 are shown in Figure 3.3b,c for different stages of shell growth
corresponding to four planar deposition thicknesses. Planar depositions of 5.9 and 11.7
nm correspond to fully under-deposited shells (local shell thickness below that
corresponding to maximum curvature along the entire nanowire length). In this case,
further shell growth will increase the curvature everywhere along the nanowire. The 23.4
nm thickness corresponds to near optimal deposition, resulting in the maximum possible
bending angle and average nanowire curvature. Finally, the 46.9 nm thickness results in
an over-deposited shell. In this case, the bending angle and average curvature along the
nanowire are lower than for the optimally bent nanowire, and further deposition will

further reduce the bending angle.

Figure 3.3d,e shows the resulting shell thickness and local curvature along the length of
the nanowires for the deposition thicknesses presented in Figure 3.3b. With increasing
shell growth, the deposition shifts from the tip of the nanowire toward the nanowire base.
The 23.4 nm planar deposition corresponds to an average shell thickness of 19.0 nm,
close to the optimal value of 22.5 nm (42% of the core dimension). However, we note
that in this case, the local thickness varies by a factor of 2 along the

nanowire. Figure 3.3e illustrates the complex dependence of the local curvature on the
distance along the nanowire and the deposition thickness. Initially, when the shell is fully
under-deposited, the local curvature follows the same trend as the local deposition
thickness, showing an initial peak at the nanowire tip, which shifts toward the base with

increasing shell growth. At optimal shell deposition, the middle of the nanowire is

73


https://pubs.acs.org/doi/10.1021/acsanm.1c01636?fig=fig5&ref=pdf#fig3
https://pubs.acs.org/doi/10.1021/acsanm.1c01636?fig=fig5&ref=pdf#fig3
https://pubs.acs.org/doi/10.1021/acsanm.1c01636?fig=fig5&ref=pdf#fig3
https://pubs.acs.org/doi/10.1021/acsanm.1c01636?fig=fig5&ref=pdf#fig3

Ph.D. Thesis - Spencer McDermott McMaster University - Engineering Physics

slightly over-deposited, while the tip and base are still under-deposited. Under these
conditions, the curvature is remarkably constant along a large portion of the nanowire (a
result of the slowly decreasing curvature with over-deposition). For the largest shell
deposition displayed, the curvature is now peaked at the base and near the tip, with the
highly over-deposited middle showing less curvature. These results illustrate the complex
evolution of the nanowire shape, shell thickness, and curvature profile along the nanowire

with deposition.

The local deposition rate follows the cosine of the angle between the flux and the
segment normal, exhibiting a maximum when the segment is perpendicular to the flux.
However, when this angle exceeds 90°, the nanowire surface is self-shadowed and local
deposition does not occur. Figure 3.3a illustrates self-shadowing at the nanowire tip.
Significant self-shadowing has also occurred for the two largest deposition thicknesses
in Figure 3.3d,e, explaining why the shell thickness at the nanowire tip remains largely

unchanged above 11.7 nm planar deposition.

The deposition angle of the incident flux (fixed by the growth system configuration) has a
significant impact on the shell deposition profile and the resulting nanowire

geometry. Figure 3.4a,b presents the nanowire side profile and the bending angle of the
nanowire tip, respectively, for shell depositions corresponding to 33.3 nm (parallel to the
incident flux direction) at varying incident flux angles on nanowire cores of 4 um length
and 50 nm diameter. Figure 3.4a reveals that the final shape is considerably affected by
the flux angle, particularly at the tip of the nanowire. At the beginning of shell

deposition—the nanowire standing vertically on the substrate—the 90° flux angle results
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in the highest shell growth rate. However, this situation changes as the nanowire bends
throughout the deposition. As shown in Figure 3.4b, the highest bending angle is
achieved for a flux angle of 30° for these conditions. Notably, the amount of deposition
affects this result—if deposition continued, then the 10° flux could create a higher
bending angle than the 30° flux as less shadowing occurs at the nanowire tip. The low
initial growth rate for the 10° flux causes less deposition overall, resulting in a lower
bending angle than for the 30° flux. Figure 3.4c reveals how the shell deposition is
distributed along the nanowire for different flux angles. For higher deposition angles, the
deposition is shifted toward the base of the nanowire, peaking at the base for 90°
deposition. Furthermore, the maximum local deposition increases with increasing
deposition angle. In contrast, the onset of self-shadowing occurs sooner for higher flux
angles, resulting in a larger shadowed region toward the tip of the nanowire, as indicated
in Figure 3.4c by the reduced shell thickness toward the nanowire tips. This shadowing
reduces the tip curvature, as seen in the curvature plot displayed in Figure 3.4d. These
results show that the geometry, bending angle, shell thickness, and curvature along the
nanowire depend nontrivially on the deposition angle, as well as the other growth
conditions. While the exact behavior depends on other deposition conditions (e.g.,
nanowire geometry and the deposition amount), in general, shell deposition shifts toward
the base of the nanowire as the flux angle increases. Depending on the other deposition
conditions, this can have different implications for the bending angle. For instance, as the
initial deposition rate (on vertical straight nanowires) increases with increasing flux

angle, higher flux angles will result in more bending for highly under-deposited
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nanowires (since the shell will be thicker) compared to smaller flux angles, in contrast to
the case shown in Figure 3.4, which considers a larger deposition amount. The large
impact of the flux angle on shell growth is in contrast to conventional planar layer

growth, where the flux angle is essentially irrelevant.
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Figure 3.4. Effect of varying the angle of the incident flux with respect to the substrate
normal for GaAs—InP wires. A deposition of 33.3 nm in the direction parallel to the
incident flux was considered for flux angles of 10, 30, 50, 70, and 90 (corresponding to
32.8,28.9, 21.4, 11.4, and 0 nm planar depositions, respectively), as indicated in the
legend in (a), which corresponds to all panels. The wires are 4 pm long with a 50 nm core
diameter. (a) Wire geometry projected on a 2D plane. (b) Tip bending angle plotted as a
function of the incident flux angle. (c) Local shell thickness along the wire length. The
decreasing thickness toward the nanowire tip with increasing deposition angle results
from self-shadowing. (d) Local curvature along the wire length.
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In addition to self-shadowing, the flux incident on a nanowire can also be shadowed by
neighboring nanowires. Figure 3.5a presents a scanning electron micrograph (SEM) of
pairs of MBE-grown asymmetric GaAs—InP core—shell nanowires bent to the point of
contact. These wires are of a similar composition to Wallentin et al.’s'! GaAs-GalnP
bent core—shell nanowires. As discussed in our previous report,'® contacting of nanowire
pairs with uniform curvature would require bending angles of >90°. Clearly, the
nanowires in Figure 3.5a are bent by much less. In this case, contacting is a result of the
different bending profiles of the two nanowires—a result of one nanowire shadowing the
flux incident on the other. We modeled pair shadowing assuming that a nanowire will
fully block the flux on a portion of a shadowed nanowire if it obstructs the path between
that portion of the nanowire and the flux. This assumes a nondivergent flux source and
that the nanowire pairs and the incident flux reside in a single plane. Deviations in the
alignment of the nanowires as well as broadening of the incident flux angle distribution in
the azimuthal direction would result in a reduction in the shadowing effect. Thus, these
results represent an upper limit on the effect of pair flux shadowing. Figure 3.5b
schematically illustrates pair shadowing, where the flux is partially obstructed from
depositing on the nanowire on the right by the nanowire on the left. Figure 3.5¢ presents
model results of three different GaAs—InP nanowire pairs with separations of 1.5-2.5 um,
deposited on until the nanowires are just touching. The cores are 4 pm long and 50 nm in
diameter, and the flux is incident at 30° from the substrate normal. The leading nanowire
contacts the shadowed nanowire when it bends a horizontal distance approximately equal

to the initial separation due to the negligible bending in the lower portion of the
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shadowed nanowire. Pair shadowing can dramatically reduce the amount of bending
required to connect nanowire pairs, especially if the nanowires are in close

proximity. Figure 3.5d,e shows the deposition and curvature along nanowire pairs. The
impact of shadowing increases when nanowires are placed closer together. Pair
shadowing initially only affects the lower portion of a shadowed nanowire; however, this
impacts the bending, which in turn impacts the deposition profile even at the unshadowed
tip portion of the nanowire. These results demonstrate how flux shadowing can be
employed to further control the shape of bent nanowires, in particular to connect
nanowires together for device fabrication. Bent nanowire devices have already been
fabricated, e.g., chemical field-effect transistors (chem-FET) by mechanical

bending.® Pair shadowing presents an easier path for using bending in achieving multiple
electrical/optical connections to nanowire-based devices, such as sensors. Such contacts
can be made in situ to as-grown nanowires. We propose that by predefining electrically
isolated contact regions on the substrate, FET-based nanowire sensors can be fabricated
without manipulation of the nanowire post growth. This simple device structure can be
the basis for scalable nanowire sensor fabrication. We note that the crystal quality at the
tip of nanowires is usually poor, and the material quality at the point where pairs connect
is currently unknown. Consequently, one could expect the connection between nanowire
pairs to contain crystallographic defects. For bent nanowire chemical field effect
transistors, we suggest that the impact of these defects could be mitigated by high doping

of the nanowire tips.®
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Figure 3.5. (a) Scanning electron micrograph of GaAs—InP core—shell nanowire pairs,
separated by 600 nm and bent to the point of contact as a result of pair shadowing; the
sample is tilted 30°, and the scale bar is 1 um. (b) Schematic illustration of one nanowire
shadowing the incident flux from another; the scale bar represents shell thickness relative
to the core diameter. (c) 3D plot of modeled wire geometry of three GaAs—InP nanowire
pairs with different separation distances, bent by deposition incident from the left until
the point of contact. The pair separations are (blue) 1.5, (green) 2, and (red) 2.5 um, and
the corresponding planar depositions are 4.0, 6.0, and 9.7 nm, respectively. The
deposition angle is 30°, and the core aspect ratio is 80 with a diameter of 50 nm. (d)
Deposition and (e) curvature along the wire length for the pairs shown in (c). The solid
and dashed lines correspond to the unshadowed and shadowed nanowires, respectively.
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To further validate our bending model, we compared it to an asymmetric GaAs—
AlgslngsAs core—shell nanowire from Lewis et al.** An SEM image of the nanowire is
shown in Figure 3.6a along with modeling results for three sets of conditions: the first is
(black curve) the nominal conditions of a uniform shell thickness of 20 nm deposited on a
uniform core of 45 nm thickness. These conditions greatly overestimate the curvature of
the nanowire. The second is the (red curve) 4.7 nm of deposition on a uniform 45 nm
core following our model. This results in a much better fit; however it underestimates the
curvature toward the tip of the nanowire. The third is (green curve) a planar deposition of
6.9 nm according to our model with a linearly varying core diameter from 61 to 30 nm
from the base to the tip. This core thickness variation is consistent with SEM images of
the nanowire cores in the Supporting Information of Lewis et al.** Also, the results are
consistent with previous modeling done by Greenberg et al.,** where it is demonstrated
that excluding tapering in the nanowire leads to less bending in the model than the
experimental result. Figure 3.6b depicts the curvature along the nanowire for the three
models described above. Uniform deposition causes a uniform curvature as seen by the
first model (black line). The model corresponding to the tapered core exhibits a rapidly
increasing curvature from the base to the tip, consistent with the actual shape of the
nanowire in the SEM. These results show how the shape of this wire results from the
complex shell deposition process modeled here. Furthermore, they show that tapering in

the nanowire core can further complicate the final nanowire shape.
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Figure 3.6. SEM image of an asymmetric GaAs—Al0.5In0.5As core—shell nanowire from
ref 13 and fit with various shell deposition models. The deposition angle is 33.5° for the
GaAs—Al0.5In0.5As core—shell nanowire. Three model fits are shown: (black line)
uniform, unshadowed deposition with the nominal parameters from ref (13) (uniform 20
nm shell and 45 nm core diameter); (red dots) core diameter of 45 nm with a 3.9 nm
planar deposition according to our model; (green dot—dashes) linear variation in the core
diameter from 61 nm at the base to 30 nm at the tip and a planar deposition of 6.9 nm The
plots have been rescaled to account for the imaging angle of 45° from the substrate plane.
The scale bar is 2 um for the SEM image. (b) Curvature along the wire length from the
three models. Reproduced from ref 13. Copyright 2018 American Chemical Society.

35 Conclusions

A model was developed to explore the underlying mechanisms in nanowire bending from
asymmetric shell deposition. Nanowire curvature is limited by core diameter and core—
shell lattice mismatch, while the nanowire bending angle is limited by the aspect ratio of
the core. Shell deposition and local curvature vary along the length of a nanowire, a
consequence of the evolution of the projected flux on the nanowire sidewall, which varies
throughout the deposition and along the nanowire as it bends. Our results demonstrate
that these effects can have dramatic consequences for the overall growth and nanowire
geometry. For instance, in highly bent nanowires, self-shadowing of the nanowire by

itself can block deposition completely. Shell deposition is strongly dependent on the
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angle of the incident flux from the substrate normal, in contrast to conventional planar
layer growth. Shadowing in nanowire pairs was modeled and presents an easy path to
connect nanowires without the need for high amounts of bending. Such connected
nanowire structures are prospective for nanowire sensors without being removed from the
growth substrate, reducing risks of contamination or damage to the nanowires. Our
modeling results are consistent with experimental observations from asymmetric GaAs—
InP and GaAs—(Al,In)As core—shell nanowires. These findings present new
considerations and opportunities for controlling the geometry and strain in nanowires and

for enabling the bottom-up fabrication of connected nanowire devices.
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4.2 Introduction

The epitaxial growth of three-dimensional nano-heterostructures presents a vast design
landscape to realize novel and creative nanostructures and devices with bottom-up and
scalable fabrication. To harness these wide-ranging design opportunities, the complex
three-dimensional (3D) deposition geometries and the role of adatom diffusion on faceted
nanostructures present growth challenges that must be understood. Recently, spontaneous
bending of free-standing nanowires with an asymmetric lattice-mismatched core—shell
heterostructure has gathered interest, presenting novel strain and geometry engineering
opportunities with applications in sensing and optoelectronics. These structures undergo
spontaneous bending to relieve misfit strain between the core and the asymmetric shell,
which can be fabricated by directional deposition (selective flux exposure around the
nanowire). Bent nanowires have been synthesized using molecular beam epitaxy
(MBE),"~® metal-organic MBE,’ and electron beam evaporation.8~10 A variety of shell
materials have been explored, including group 111-V,2-57.911-15 group IV, nitrides,”
and transition-metal-based shells with 111-V or IV cores.’®10 Additionally, bent
nanowires'® and nanowires connected through bending?2 have been proposed as a
scalable fabrication approach for ultrasensitive sensors. InP-based nanowires have been
used as transducers in field-effect transistors (FET),%20 and FET-based devices
fabricated by bending nanowire pairs together have been proposed.® Bending nanowires
together is a massively parallel deterministic fabrication technique allowing for bottom-

up connection of nanowire pairs on a substrate. This technique can simplify current
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processes for fabricating nanowire FET-based sensors by forming structures with two
substrate electrical connection points and an out-of-substrate-plane geometry. The ability
to control the pitch and density of the nanowires through selective area growth also
enables tailoring mass transport for sensor-based applications,?! and the out-of-plane
geometry (off the substrate) of the nanowire pair is highly favorable for mass transport,
similar to suspended nanowire sensors2'-2% and suspended film sensors,2® making this

method ideal for mass production of nanosensors.

For 111-V nanowires, deliberate bending was shown to take place along the group 111 flux
direction, and the role of adatom diffusion has thus far been ignored.?? In general, the
distribution of the asymmetric shell determines the bending direction, and for positive
lattice-mismatched shells (shell lattice parameter > core lattice parameter), the nanowires
bend away from where the shell forms.2313-15 However, recent reports by Al-Humaidi et
al.*> observed bending both along the V (As.) flux direction and along the 111 (Ga) flux
direction during the growth of the In,Ga...As shells on GaAs cores, although an
explanation for this observation was not provided. Additionally, for the Bi surfactant-
directed growth of InAs quantum dots on nanowire sidewalls, InAs growth was shown to
occur on As-facing facets and not on In-facing facets.? These results highlight the need

for a more detailed understanding of the nanoepitaxial growth process.

For the GaAs MBE on planar and faceted GaAs surfaces, differences in the partial
pressure of arsenic have been shown to alter the Ga incorporation diffusion length,

driving selective and asymmetrical growth. For growth on faceted GaAs surfaces, the
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transfer of Ga adatoms (and growth) to facets receiving higher incident As. flux has been
demonstrated.?” The effect of arsenic partial pressure on Ga adatom incorporation
diffusion length has been shown to be linear at lower and quadratic at higher arsenic
pressures,?’-28 for both As. and As..2° Similarly, InAs quantum dot growth on rippled
GaAs surfaces are known to favor areas of the surface with locally higher incident

As, flux.3? The effect was observed at temperatures above 500 °C where In adatom
diffusion was sufficient to enable selective growth.30-33 However, the impact of adatom

diffusion and incorporation on nanowire shell growth has not been explored.

In this work, we reveal the crucial role that adatom diffusion and deposition geometry
play in the MBE growth of GaAs—InP core—shell bent nanowires and connected bent
nanowire pairs. InP has a 3.75% lattice mismatch from GaAs (ain = 5.87 A,

acaas = 5.65 A). By varying the InP shell growth temperatures—and thus the In adatom
migration length—the growth transitions from In-diffusion-controlled to phosphorus-flux-
controlled, with the resulting InP shell geometry determined by the incident In and

P> fluxes, respectively. Transmission electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDS) analysis elucidate the nanowire cross sections and shell
distributions, revealing the phosphorus-controlled growth regime as a stable and
deterministic process for precise synthesis of bent nanowire structures. This growth
regime is employed to synthesize bent nanowire pairs, which are of high interest for
sensing applications. TEM and EDS analysis of these structures quantifies the impact of

flux shadowing and demonstrates that the connected nanowires are intimately fused
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together by the InP shell. These results will pave the way for the fabrication of bottom-up

scalable nanosensors.

4.3 Methods

Samples were grown on patterned SiO2-covered Si(111) substrates (substrate preparation
described in the Supporting Information on pages S1 and S2) by gas-source MBE in a
SVTA-MBE35 reactor. The Ga and In fluxes were provided by solid-source effusion
cells, while the P> flux was provided via phosphine flow cracked at 1000 °C. The sources
were incident on the substrate at an angle of 33.5° from the substrate normal. GaAs
nanowire cores were grown with a gallium droplet catalyst (see the Supporting
Information on pages S2 and S3 for core growth details). After core growth, the substrate
rotation angle (and thus the angle of the incident fluxes with respect to the nanowire side
facets) was set to a fixed position for InP shell deposition (cf. Figure 4.1c). InP shells
were deposited under a V:11I flux ratio (P:In) of 10:1 at an In flux corresponding to a
planar InP growth rate of 0.25 um/h. The In and P> fluxes were separated by an azimuthal
angle of 108°. Nanowire pairs were aligned in the direction of either the In beam or the
P> beam. The side facet geometry corresponds with the substrate crystallographic
directions. The nanowire side facets are aligned (with respect to the source fluxes) before
shell deposition by rotating the substrate to a desired azimuthal angle. The substrate oxide
is patterned in such a way that aligning the crystallographic directions of the Si substrate
also aligned the nanowire pairs. InP asymmetric shells were grown at various substrate

temperatures: 210, 295, 380, and 440 °C.
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Figure 4.1. Illustration of the asymmetric core—shell nanowire MBE growth process. (a)
Vapor-liquid-solid GaAs core growth showing the gallium droplet (red and translucent)
on the top of the nanowire (red) under incident Ga and As; fluxes. (b) Consumption of
the gallium droplet after core growth under As,. The arrows at the base of the nanowire
in (a) and (b) indicate substrate rotation. (c) InP shell grown around the core with

P> incident from the left and indium from the right. Both fluxes are unidirectional and
have an azimuthal separation angle of 108° and an inclination angle of 33.5° measured
from the substrate normal. (d) Top view of an asymmetric core-shell nanowire with a
bending direction in line with the P> flux. This bending direction is observed for
temperatures >380 °C.

The nanowire morphology was examined by scanning electron microscopy (SEM) with a
JEOL JSM-7000F and with TEM in a Talos F200X. The SEM images were obtained
using a positively charged JEOL Everhart-Thornley detector to measure secondary
electrons. Nanowire cross sections for TEM were obtained from microtomy with a Leica
UCT ultramicrotome. The microtome cuts were placed on TEM grids. Once loaded they
were tilted to align the (111) nanowire axis for high-angle annular dark field (HAADF),

EDS, bright-field, and phase-contrast TEM imaging. EDS was performed in the TEM on
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the nanowire cross sections. The shell thickness around the nanowire perimeter was

deduced from the EDS maps (see Supporting Information pages S3-S8 for details).

4.4 Results and Discussion

Top-view and side-view SEM images of GaAs—InP core—shell nanowires grown with
various InP shell growth temperatures are presented in Figure 4.2a—d. InP shell growth at
the lowest temperature (210 °C) with a planar deposition of 40 nm (Figure 4.2a) exhibits
little bending. We note that the nanowire sidewalls appear rough, and there is substantial
parasitic growth on the substrate at this growth temperature. Increasing the shell growth
temperature to 295 °C at the same planar deposition (Figure 4.2b) results in smoother
nanowire sidewall facets and more bending. The azimuthal bending direction from the In
flux is ~70° at the nanowire base, curling toward ~45° at the tip, suggesting that shell
growth occurred predominantly on the nanowire sidewall facet with the highest
overlapping In and P> fluxes. This twisting is visible in the top view from the path traced
by the observable side facets. There is an increase of length between nanowires grown
with shells at 295 and 210 °C. It is unknown whether the difference in length is a result of
axial InP growth or variation in the core length. For higher growth temperatures of 380
and 440 °C with a planar deposition of 9 nm (Figures 4.2c and 2d, respectively), the
nanowires are highly bent along the incident P> flux direction, suggesting that shell
growth occurred predominantly on the P»-facing facets. We note that the incident P2 flux
on the left nanowire in Figure 4.2d was impacted by the proximity of the nanowire on the

right. This shadowing effect is discussed below and is not expected to impact the right
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nanowire. Most bending occurred at 380 °C with a projected in-plane length of 1.2 um.
We note that Al-Humaidi et al. recently observed the bending direction of GaAs—InyGa-
«As core—shell nanowires depended on the substrate.* The present findings suggest a
difference in adatom diffusion along the nanowires as a possible explanation—from the

temperature or other factors.

plan view

30° side-view

Figure 4.2. SEM images of GaAs—InP core—shell nanowires grown at InP shell growth
temperatures of 210 (a), 295 (b), 380 (c), and 440 °C (d). The top row shows plan view
micrographs, indicating the bending direction with respect to the incident In and

P> fluxes. The bottom row presents inclined side-view images aligned azimuthally
perpendicular to either the incident In (a, b) or P2 (c, d) flux. The In and P2 source fluxes
projected on the substrate are indicated by green and yellow arrows, respectively. Scale
bars correspond to 1 um.

Nanowires were characterized by cross-sectional TEM and EDS to further investigate the
impact of substrate temperature on the InP shell growth. Figure 4.3 presents HAADF

micrographs and EDS maps of nanowires grown at 210 °C with a planar deposition of 40
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nm (a, ¢) and 380 °C with a planar deposition of 9 nm (d-f). For shell growth at 210 °C,
the HAADF image (Figure 4.3a) indicates inhomogeneous shell growth, with
considerable variation in shell thickness on each facet (see additional TEM images and
EDS maps in the Supporting Information on pages S9 and S10). The shell morphology
and HAADF contrast are hypothesized to be the result of plastic strain relaxation. We
note the similarity to previously reported plastically relaxed (In,Ga)As mounds,* mounds
resulting from strain relaxation in Ge-Si core—shell nanowire

heterostructures.®>3® Mound formation resulting from plastic strain relaxation has also
been modeled on nanowire side facets.3” The presence of plastic relaxation in the core—
shell heterostructure would explain why these nanowires do not exhibit significant

bending despite considerable asymmetry in the shell.
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Figure 4.3. TEM investigation of microtome cross sections for nanowires with shells
grown at 210 °C (a, ¢) and 380 °C (d, f) presenting HAADF micrographs (a, d) and EDS
maps (b, e). The EDS maps show that while shell growth occurred on all facets, it
occurred predominantly on In-facing facets at 210 °C and P»-facing facets at 380 °C. This
is confirmed by plotting the shell thickness—extracted from the EDS maps—around the
nanowire core, as illustrated in (c) and (f) for 210 and 380 °C, respectively. The incident
flux directions are indicated in (a) and (d), corresponding to In impingement on facet 2
and P2 impingement on facet 4, respectively. The color and numbering of the EDS line
scans correspond to the labels on the EDS maps, indicating the path around the nanowire
shell. Scale bars are 50 nm. Both EDS maps are of net intensity.

The corresponding EDS map of In and Ga is shown in Figure 4.3b, demarcating the InP
shell and the GaAs core. The EDS map demonstrates that the facets with direct In
impingement received the most InP deposition at 210 °C. EDS line scans around the shell
are shown in Figure 4.3c, where the number and color correspond to the labels in

Figure 4.3b. We note the presence of contrast variations between shell facets in the EDS
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map and plotted thickness for growth at 210 °C (see the Supporting Information on page
S11 for additional images). The three facets that received direct In impingement (line
scans 1-3) all show more InP growth than the facets that did not receive direct In flux
(line scans 4-6). The cross-sectional shell area was 1330 + 90 nm? for facet 2, almost
twice the 730 + 50 nm? for facet 4. These results indicate that the diffusion of In around

the nanowire was an important limiting factor in shell formation.

In contrast to shell growth at 210 °C, the HAADF image of the nanowire grown at 380
°C (Figure 4.3d) exhibits a smooth hexagonal sidewall surface with consistent contrast.
In this case, the EDS map (Figure 4.3e) and InP shell thickness (Figure 4.3f) show that
the three facets facing toward the P> flux all have thicker shells than those facing away.
Specifically, the shell thicknesses on facets 3 and 5 are similar, despite facet 3 being
exposed to the In beam and facet 5 facing away from the In flux—both facets received the
same direct P, flux. The favoring of shell formation under the P2 flux at 380 °C is similar
to the selective growth of InAs QDs on wavy surfaces, where the QDs formed on areas
with locally higher direct As impingement.*° These results suggest coherent InP shell
growth—necessary to maximize bending and for most device applications— requires
sufficient substrate temperature as seen for shells grown at 380 °C and greater. In planar
GaAs growth studies, the Ga incorporation diffusion length was found to be linearly
proportional to the impinging As; flux.?° As the group V surface diffusion length is
negligible, we expect the relative growth rate to be proportional to the incident P2 flux

on a facet if the In adatom diffusion length is considerably larger than the nanowire
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circumference, such that In adatoms can freely diffuse around the nanowire. In this case,

the InP shell growth rate will depend on the relative P flux around the cross section.

The sources of impinging phosphorus on the nanowire facets are direct impingement and
scattering/re-emission from the oxide mask. Assuming the scattered flux to be equivalent

in all directions (equal scattered flux on all side facets) and assuming that the growth rate

is directly proportional to the incident P flux, the growth rate, %, on a side facet, s, is

09s =C FP,s =C FP,direct<Bp - —f) + FP,scattered 0< <?P + =) (4.1)
at FP,scattered 0= (bp ) _ﬁ>

where Fp scattered aNd Fp direct are the P2 impingement from scattering and the direct beam,
respectively. Fps is the total P> impingement on a side facet, s, Bp IS a vector pointing
along the direction of the P> flux, 7 is the normal vector of the side facet, and C is a
constant relating P> impingement to growth. From the average measured thickness of the
side facets, we calculate growth rate contributions for the direct beam (Fp,direct(l?p - —11))
0f 0.16 + 0.03 um/h and scattering (CFp, scattered) 0f 0.05 £+ 0.01 um/h (see the Supporting
Information on pages S8 and S9 for details). This corresponds to a P scattering flux of
31 + 8% of the total P> flux on the side facet 4. Given the flux orientation illustrated

in Figure 4.3d, this corresponds approximately to a shell thickness ratio (and thus P2 flux
ratio) of 3:2:1 on facets 4:(3 and 5):(1,2 and 6) in Figure 4.3e,f. We note that Ramdani et
al.>® and Kiipers et al.*° reported a similar contribution from scattered As flux incident on

isolated GaAs nanowires during MBE growth. The close agreement with the measured
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shell growth around the nanowire supports the assumption of an In diffusion length
considerably larger than the nanowire cross-sectional dimension. However, we expect
that as the group V flux increases, the diffusion length of In adatoms will decrease.>” ° If
the In diffusion length becomes comparable to or smaller than the nanowire
circumference, the growth will begin to favor the In-facing facets, as is the case at

210°C?

The height along the nanowire length at which the cross section was taken does not
impact the 3:2:1 flux distribution ratio. It is expected that the re-evaporated flux follows a
standard cosine distribution. By symmetry, for an isolated straight nanowire the scattered
flux is independent of the height above the surface (nanowire length). The present
nanowires were grown in low density, such that the neighboring nanowires were not
expected to impact the flux scattering (by producing or blocking re-evaporation). We
note that the projected flux angles will change throughout the growth as the nanowire
bends,® which will have some effect on the incident fluxes. However, while the absolute
P> flux incident on a highly bent nanowire can vary considerably along the nanowire
length,® we expect shell thickness variations along the nanowire to be considerably less
than the variation in the P> flux. Specifically, referring to the nanowire in Figure 4.3e, as
the nanowire bends, the ratio of the direct P> flux will remain 2:1:0 on facets 4:(3 and
5):(1,2 and 6), respectively (assuming the nanowire does not bend completely over to
shadow itself). Furthermore, as the nanowire bends, the increase in the direct flux on

P2 source-facing facets is balanced by a relative increase in the scattered P> flux incident

on the other facets, thus approximately maintaining the 3:2:1 total P> flux ratio and thus
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the shell thickness ratio. Consequently, we expect group V controlled growth to increase
shell uniformity along the nanowire compared to group 11 diffusion-limited growth. A
full modeling of the impact of bending is not provided here, as the nanowires are not
highly bent and the present findings are well explained by neglecting this perturbation on

the shell growth.

The sum of the growth rates on all side facets is equal to a constant, G, which is

proportional to the incident In flux:
oL
8s
= ) — 4.2
G Z ot (42)
s=1

From eqgs 4.1 and 4.2, we can express the side facet growth rate as

% =G —FP'S
ot Yo Fps

(4.3)
We note that for the P2-rich conditions used in this study, the total growth is limited by
the incident In flux. The P> flux determines the relative distribution around the six side
facets. In this growth mode, moderate variations in the P2 flux are not expected to impact
the relative P> flux (and, hence, growth) on the individual side facets. However, it is
possible that dramatically increasing the /111 flux ratio could limit diffusion, thus

impacting the distribution of growth.
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Pair shadowing occurs when one nanowire blocks a unidirectional flux from reaching its
neighbor. Recently, we reported group 111 shadowing effects in 111-V nanowires.® In that
work, we modeled shadowing for a perfectly aligned unidirectional beam. To explore the
shadowing effect in the context of the P.-mediated InP shell growth revealed above,
growths were performed with the nanowire pairs aligned along the P> beam. Shadowing
also provides a means to vary the incident group V flux distribution around the nanowire

cross section and thus validate the above conclusions about the growth process.

Figure 4.4a presents SEM images of nanowire pairs with varying spacings grown with
incident P flux from the right, resulting in the partial shadowing of the direct P2 flux for
the left-hand nanowires. The shell growth temperature was 440 °C for a planar deposition
of 9 nm. For each pair, both nanowires are exposed to the same In beam incident at an
azimuthal angle of 108° from the P> beam. For these growth conditions, we observe that
pairs spaced by 0.2 and 0.6 um at the base of the nanowire can be in contact

(Figure 4.4a). It is noted that contact between pairs impacts bending and results in some
pair-to-pair irregularities, presumably due to slight misalignments. The observed
nanowire contacting is a consequence of the decrease in bending from the shadowed
nanowire of the pairs, observed for these spacings. The shadowed nanowire experiences
less asymmetric growth from the obstruction of the P> beam—in the ideal case of perfect
shadowing, only receiving the uniform scattered P2 flux on all sidewall facets. The
efficacy of pair connections is strongly related to spacing. For pairs spaced by 0.2 um,
86% of the observed pairs were found to be connected. The connection efficacy decreases

to 24% for pairs spaced by 0.6 um as the nanowire alignment must be precise to result in
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connection for further spaced pairs. Pairs greater than 1.2 pm do not contact after bending
or exhibit decreased bending due to shadowing (Figure 4.4a). As the pair spacing
increases, less of the nanowire is shadowed (only the lower portion). For an incident

P2 inclination angle of 0 (33.5° here), no part of the nanowire will be shadowed if the

spacing is >L tan 6, where L is the nanowire length.
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Figure 4.4. Nanowire pairs. (a) SEM images of nanowire pairs with shells grown at 440
°C imaged at a tilt of 30°. The pairs are aligned in the P> beam direction (incident from
the right). Pairs are spaced base-to-base by 0.2, 0.6, and 1.2 um. Scale bars for (a) are 1
um, and yellow arrows indicate the P> flux direction. (b, d) Net intensity EDS maps of a
microtome cross section of a shadowed nanowire (b) and shadowing nanowire (d) of a
pair separated by 0.6 um at the base of the nanowire with shells grown at 380 °C. (c, ¢)
Shell thickness plots corresponding to (b) and (d). The direction of the direct P> and In
fluxes is indicated on the EDS maps. The yellow “x” in (b) indicates that the direct

P, flux is blocked from reaching the nanowire. The color and numbering of the EDS line
scans correspond to the labels on the EDS maps, indicating the path around the nanowire
shell. Scale bars are 20 nm for the EDS maps.

Microtome nanowire cross sections of nanowire pairs were characterized by TEM and

EDS. Figure 4.4b,c shows EDS maps of a nanowire pair with a shell growth temperature
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of 380 °C and pair separation of 0.6 pm between the bases of the pairs. The actual
separation distance observed in TEM was 0.35 um—a consequence of the nanowires
being bent toward one another and suggesting the microtome slice was taken from near
the midsection along the nanowire length. The unshadowed nanowire (Figure 4.4d,e)
exhibits a shell thickness distribution that is nearly identical with the isolated nanowire
in Figure 4.3e,f, with the shell growth occurring mostly on the P2-facing facets in the
manner discussed earlier. This is expected, as the unshadowed nanowires experience the
same incident In and P> fluxes. In contrast, the shadowed nanowire of the pair

in Figure 4.4b exhibits a relatively symmetric shell of approximately 5 nm thickness.
This is entirely consistent with the six sidewalls receiving only the symmetric scattered
P2 flux—the direct beam being shadowed. These results are fully consistent with the
above result that the relative growth rate is proportional to the total incident P2 flux on
each facet. Furthermore, the total shell area measured from the cross sections is nearly
equal for both nanowires, 1420 + 190 nm? for the unshadowed nanowire and 1490 + 200
nm? for the shadowed nanowire, which is expected as the total shell growth is limited by
the In flux for these group V rich growth conditions, which is the same on both
nanowires. Thus, the assumption of a symmetric phosphorus scattering flux is
experimentally confirmed by the shadowing of the P> beam and the resulting symmetric

shell.

Lastly, we explore the connection between nanowire pairs. Figure 4.5 displays TEM
micrographs and EDS maps for three pairs initially separated by 0.2 pm and connected

during shell growth at 380 °C. These images were chosen to represent the different
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morphologies observed for connected pairs. For all three pairs, the nanowires appear to
be intimately fused together. Figure 4.5a shows a phase-contrast TEM micrograph of a
fused pair with a higher magnification image of the connection region shown

in Figure 4.5b. The boundary between the fused pair exhibits contrast
variations—possibly a result of strain or dislocations. Figure 4.5¢ presents a bright-field
image of a second fused pair with a large amount of shell growth between the two cores,
especially above the pair. A HAADF TEM micrograph of a third connected pair is shown
in Figure 4.5d, where the InP shell appears brighter compared with the GaAs core. This
is confirmed by the EDS map from the same nanowire pair presented in Figure 4.5e. We
note that for all the connected pairs InP growth is concentrated in the concave regions
above and below the interface between the pairs. This is in contrast to the above findings,
where the growth is dictated by the relative P> flux on a facet. The reason for this
different shell geometry is unknown. However, we note that filling in the concave regions
would reduce the total surface area, suggesting surface energy minimization as a possible
driving force. Alternatively, strain-relieving defects at the interface between the two
nanowires may act as a catalyst for InP crystal growth. The EDS image reveals that the
two cores are separated by an ~2 nm InP layer—in general, this thickness is expected to

depend on the pair separation and the position along the nanowire length.
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Figure 4.5. TEM characterization of fused nanowire pairs. (a) Phase-contrast TEM
micrograph of a fused nanowire pair. (b) High-magnification image of the interface
region indicated by the red box in (a). (c) Bright-field micrograph of a second connected
pair. (d, e) HAADF image (d) and corresponding EDS map (e) of Ga (red) and In (green)
for a third connected nanowire pair. Scale bars are 50 nm in parts (a, c, d, and €) and 10
nm in (b).

45 Conclusion

In summary, the symmetry and thus bending of nanowires with asymmetric lattice-
mismatched shells are critically dependent on the adatom diffusion on the nanowire
sidewalls during shell formation InP shell growth was studied under two regimes: a low
temperature, In diffusion limited regime, where growth favors facets receiving direct In
impingement, and a high temperature, high In diffusion regime, where the growth on a

facet is linearly proportional to the incident P2 flux—comprising the directional source
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flux and an isotropic re-evaporation flux (approximately 50% of the direct source flux).
These results are consistent with established planar GaAs growth kinetics and have
important implications for nanowire shell growth and the development of prospective
nanowire devices. The group V controlled growth regime was employed to quantify
nanowire pair shadowing and to bend nanowires together to form connected
arches—structures that are of high interest for nanowire chemical sensors and
interconnects. Connected nanowires were found to form an intimate contact, which is
highly encouraging for electrical conductivity between these structures and related
prospective devices. This detailed understanding of 3D nanoepitaxy elucidates important
processes that can be employed in fabrication of novel 3D nanostructures of other
materials and will help pave the way for bottom-up, scalable fabrication of nanowire

sensors based on bent nanowires.

Supporting Information
Supporting information is provided by ACS Applied Nano Materials free of charge at

https://pubs-acs-org.libaccess.lib.mcmaster.ca/doi/10.1021/acsanm.3c05235 or provided

in appendix.
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5.2 Introduction

Bent nanowire heterostructures have garnered significant interest for sensors due to their
scalable fabrication and the advantageous out-of-plane sensor geometry. To leverage
bending for the mass production of nanowire devices, the fabrication processes must be
well understood. Asymmetric core—shell nanowire heterostructures have been grown by
physical vapor deposition processes—molecular beam epitaxy (MBE)**° and electron
beam evaporation'*1*—as well as chemical vapor deposition with metal-organic MBE.*®
Nanowires are normally faceted to minimize surface energy*®-'8, whereby both zinc-
blende and wurtzite lattices can feature a hexagonal cross-section terminated at {110}
and m-plane facets, respectively. Due to their non-cylindrical shape, equivalent
directional deposition processes with fluxes incident on different nanowire
crystallographic orientations can result in differing cross-sections and shell
distributions.2%%1% The modeling of bending phenomena often assumes a cylindrical
geometry, 151920 byt the actual faceted geometries for crystalline nanowires have also
been modeled.*?1-2* Furthermore, nanowire twisting has been observed in nanowires on
occasion,”?>% put the reason why some nanowires exhibit twisting while others to not is
still unclear. Thus, further investigation is needed to determine the role of the cross-

sectional orientation for directional nanoepitaxy of bent nanowires.
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Cross-sectional transmission electron microscopy (TEM) characterization of nanowire
heterostructures has been carried out on nanowire sections prepared by microtomy?®2".2
and focused ion beam (FIB) milling 210232930 allowing for characterization of the core—
shell interface, shell distribution, and asymmetry in the distribution. Atom probe
tomography3=32 offers high three-dimensional (3D) spatial and compositional resolution;
however, it has constraints concerning the size and shape of nanowires that can be
examined—one of which is the requirement for straight nanowires. Electron tomography
utilizing scanning transmission electron microscopy (STEM) with energy-dispersive X-
ray spectroscopy (EDS) or electron energy loss spectroscopy (EELS) in combination with
a specialized tomography holder allows for conventional tomography of
heterostructures.®® The necessity of the specialized holder arises due to the requirement
for numerous (time-consuming) scans across a broad range of angles.®” However,
reconstruction techniques can help reduce the required angular scan range and the
number of scans. For example, the knowledge of faceting geometry in crystalline
nanomaterials has been employed to reconstruct 3D nanomaterials®*3° and cross-sections
along nanowires.”#%-43 In bent nanowires, bending variations along the nanowire can
occur due to variations in core or shell geometry.®72>26:44 To explain nanowires with

twisting or bending, it is crucial to understand the local cross-section along the nanowire.
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In this paper, we investigate the influence of shell deposition orientation on the bending
behavior and shell distribution of asymmetric core—shell nanowires. GaAs—InP core—shell
nanowires are synthesized using phosphorus-controlled nanoepitaxy with gas-source
MBE.® Scanning electron microscopy (SEM) is employed to examine the nanowires’
shape, bending, and side facet orientation. The orientation of the phosphorus beam with
respect to the nanowire side facets induces variations in the nanowire shape, bending, and
twisting. A practical analytical transmission electron tomography reconstruction
technique is presented to characterize the nanowire shell distribution, which employs the
hexagonal faceting to reconstruct the 3D profile. This method circumvents the 'missing
wedge problem'.® requiring only two scans at moderately-separated tilt angles, resulting
in an efficient approach to nanowire tomography and reducing beam damage. This
technique is used to study the variations in core and shell along the length of bent
nanowires. Two-dimensional (2D) cross-sectional distributions are generated from the
STEM data and modeled with linear elastic theory. Nanowire twisting is observed in
some nanowires and explained by the minimization of strain energy with respect to the
shell distribution, which favors two shell orientations, symmetric about < 110 > and <

112 >, respectively.
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5.3 Methods

GaAs-InP core—shell nanowires were grown on patterned Si (111) substrates by gas-
source MBE. The substrates were prepared by first depositing 30 nm of SiO2 via atomic
layer deposition (ALD) with a FlexAL ALD cluster system. Next, a hole pattern in the
oxide was created using electron beam lithography (EBL), where AR-P 6200.3:Anisole
(1:1) e-beam resist was spun at 6000 rpm for 1 minute. The resist was soft baked at
150°C for 1 minute before undergoing EBL with a Raith EBPG 5000+ system. The
pattern was then developed with ZED-N50, and reactive ion etching was used to transfer
the pattern into the oxide. Immediately before loading the substrates into a SVTA-
MBE35 MBE system, the substrates were immersed in a solution of 1 part Fujifilm
Buffered Oxide Etchant 10:1 (NH4F:HF with Fujifilm surfactant) and 9 parts water for
28 seconds to remove native oxide from the hole pattern. GaAs—InP core—shell nanowire
heterostructures were subsequently grown by MBE with solid-source effusion cells
providing the gallium and indium. The V-sources, Asz and P2, were introduced via Arsine

and Phosphine gases thermally cracked at 1000 °C.
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GaAs nanowire cores were synthesized via vapor-liquid-solid growth at a substrate
temperature of 630 °C. A pre-deposition of Ga for 250 seconds was performed before
initiating nanowire growth via the addition of an As2 flux at a V:1lI ratio of 2. The GaAs
planar growth rate was 0.125 um/h. After 20 minutes of GaAs growth, the As; flux was
increased to a V:11I ratio of 5.6 and maintained for 1 hour, after which, the Ga flux was
terminated and the conditions held for one minute to consume the Ga droplets before
cooling and reducing the As, flux. The same core growth process was used for all
samples. InP nanowire shells were subsequently deposited at a substrate temperature of
410 °C in the absence of substrate rotation, with the substrate oriented so that the P>
source was incident at various angles relative to the nanowire facets. Shell growth was
initiated by opening the In shutter at a planar InP growth rate of 0.25 pm/h with a V:III
ratio of 10 for a duration of 130 seconds. The P2 and In sources were separated by an

azimuthal angle of 108°. The In shutter was closed to terminate the shell growth.
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As-grown nanowire samples were examined in an FEI Magellan 400 SEM operating at
an accelerating voltage of 1 kV and a current of 13 pA. The secondary electron signal
was detected using an in-lens detector in immersion mode. The nanowires were imaged
normal to the substrate and at a 30° tilt. Top-view images (hormal to the substrate) were
collected under a stage bias of 500 V. Transmission electron microscopy samples were
prepared by ultrasonicating as-grown samples in isopropyl alcohol for 2 minutes before
drop casting on lacy carbon TEM grids. These samples were measured in a Talos F200X
TEM with a X-FEG source equipped with a double tilt holder. Imaging was done in high-
angle annular dark field (HAADF) STEM mode. EDS line scans were collected
perpendicular to the nanowire’s axial direction using four Super-X SDD in-column
detectors. At each chosen location along the nanowire, two EDS scans were conducted,
rotated by 23+4° about the nanowire axis. Velox by Thermo Fisher Scientific was used to
analyze the net intensity of the K-shell for Ga and the L-shell for In in the nanowire
heterostructure. Linear elastic modeling was conducted using MathWorks MATLAB to
model curvature and strain energy for various core—shell distributions from different P,

beam orientations.

5.4 Results and Discussion

Figure 1 shows SEM images of GaAs—InP core—shell nanowires with shells grown under
different substrate azimuthal orientations relative to the In and P> sources. The nanowires
show a significant difference in the amount of bending for different P, beam alignments.

Nanowires grown with the P, beam incident along < 110 > (P2 beam alignment of 0°,
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c.f. Figure 1a) exhibit greater overall bending compared to samples grown with 10°, 20°,
30° deposition angles (c.f. Figure 1b-d, respectively). For all nanowires observed on the
samples, the bending direction is approximately in line with the incident P2 beam
direction, as previously reported.® The average curvature of the nanowires is plotted in
Figure 1e, showing a monotonic decrease by about a factor of two as the deposition
transitions from on the facet to on the edge between facets—from 0° to 30°. This
illustrates a dramatic role of the flux orientation, not just for dictating the bending

direction but also the amount of bending.
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Figure 5.1. SEM images of core—shell nanowires with InP shells grown under various
incident flux azimuthal angles. (a) Projected P2 beam along the < 110 > direction, (b—d)
P, beam offset from < 110 > by 10°, 20° and 30°, respectively. Images are taken at a tilt
of 30° from the substrate normal and the insets show the angle of the incident P> beam
with respect to the nanowire shape. All scale bars are 1 pm. (e) Average curvatures
measured in (a-d) plotted with respect to P, beam alignment relative to < 110 >.
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Figure 2 presents top-view, high-magnification SEM images of the four samples shown
in Fig. 1. Magnified views are shown of the base, mid-section and tip of each wire, where
the dashed lines indicate the intersection of side facets. In Figure 2a—P> beam alignment
along < 110 > —no twisting is observed with side facets exhibiting a consistent
orientation of < 110 > at the base, middle and tip of the nanowire. For the nanowire
with P2 beam offset by 10° (Figure 2b), the nanowire exhibits twisting. Specifically, at
the base of the nanowire, the facet orientation is consistent with the expected
bending/deposition direction, while the middle and tip of the nanowire indicate that the
nanowire as rotated such that the < 112 > (intersection of the facets) is now in the
middle of the nanowire (pointing up). Similarly, for the nanowire grown with a 20° P
beam offset (Figure 1c), the facet orientation mid-section and tip have < 112 > pointing
up, contrasting the geometry at the base of the nanowire and thus indicating that twisting
has occurred. The nanowire grown with a 30° P> beam offset (Figure 1d) exhibits no
twisting and is bent along the < 112 > orientation from base to tip. For samples grown
with 10° and 20° P, beam offsets, the nanowires twist such that the < 112 > points
upward—corresponding to twist angles of 20° and 10°, respectively. Only the nanowire
grown without a P2 beam offset shows bending along < 110 >. Thus, the nanowires
aligned at 0°and 30° do not twist and the nanowires with at 10°and 20° P> beam direction

twist to orient the < 112 > direction upward.
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Figure 5.2. Top-view SEM Images of the bending series of Figure 1. Each sub-figure
shows the nanowire in its entirety, along with three (5x) higher magnification images of
the nanowire base (green), mid-section (red), and tip (cyan). The P> beam alignment in
(a) is along the < 110 > direction and (b), (c), (d) are offset by 10°, 20°, and 30°,
respectively. Black and white dashed lines denote the intersection of {110} side facets.

To quantify the core and shell distribution along the nanowire length, we developed a
STEM tomographic method to reconstruct the core—shell geometry based on pairs of EDS
lines scans collected at two different tilt angles about the nanowire axis. The STEM
image in Figure 3a shows a nanowire grown with P, beam incident at 10° from < 110 >,
where EDS line scans are collected at ten segments along the length—shown as blue

boxes. Each segment is measured at two angles, rotated by 23+4° around the nanowire
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axis. This is significantly less than the number of scans and the angular range required for
traditional tomography,37 made possible by employing features known of nanowire
geometry in the reconstruction—e.g., a hexagonal GaAs core, discussed below. Figures
3b and 3c show thickness profile reconstructions for a pair of scans at the same location
along the nanowire. The EDS thickness profile reconstructions are created by assuming
the faceting of the GaAs nanowire core—{110} facets terminating on the < 112 >
direction—is preserved for the InP shell, as seen in McDermott et al.® To convert the Ga
line scans into thickness profiles, we assume hexagonal cross-sections for the GaAs cores
and project the cross-section at different angles to best match the line scans. The intensity
is scaled to align with each profile for each cross-sectional orientation and the orientation
with the highest coefficient of determination is chosen as the correct profile of the
nanowire core. The resulting profiles are plotted in Figures 3b and 3c and further detailed
in the Supporting Information (SI). To fit the shell profile, it is assumed that both core
and shell share the same faceting, so the slope of the rising edge of the core and shell
thickness profiles are equivalent, as seen in Figure 3b—c. By fitting the In profile in this

manner, the shell thickness profile is determined (see Sl for further details).

128



Ph.D. Thesis - Spencer McDermott McMaster University - Engineering Physics

120 oo, . { ~120¢ p \

~

”

m?)

8 Q
S

S

o]
o
-

2000 +

40t !

Thickness (nm)
Thickness (nm)

1000

Area of Shell (nm?

Diameter of Core (nm)

/
0 L 0 4 L A ¢
-80 -40 0 40 80 -80 -40 0 40 80 0 2000 4000 6000 8000 0

Linescan Position (nm) Linescan Position (nm) Length Along Nanowire (nm)

Figure 5.3. (a) Overview STEM image of a dispersed nanowire grown with incident P
flux 10° offset to < 110 >. 10 EDS line scan pairs are displayed along the length, as
indicated on the image by the blue arrow boxes. Pairs of scans are rotated by 23+4° about
the nanowire axis, as illustrated in the top left corner of (a). The scale bar is 2 um. (b—C)
Exemplary thickness profiles extracted from a pair of EDS line scans. The blue and
magenta dashed lines are the projection of the simulated core and shell, respectively. The
EDS-measured core and shell data—scaled for appropriate thickness—are plotted in red
(core) and green (shell). (d) Summary of measured diameter and shell area along the
nanowire.
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The 2D cross-sections are extracted from the EDS line profiles with three assumptions: 1)
the shell is in contact with the nanowire core, 2) the compositions of the core and shell
are pure GaAs and InP, respectivly, and 3) the shell has < 110 > terminating facets that
intersect to enclose the shell. A single thickness profile will have multiple solutions that
are unbounded along the direction from which the thickness profile was taken. A second
thickness profile is thus required to extract a unique 2D cross-section with the above
assumptions. To extract a profile, the unbounded shell profiles for each scan rotation are
projected onto each other, where the best fit—projection with the highest coefficient of
determination—is chosen as the 2D profile (see Sl for details). As shown in Figure 3b—c,
there is excellent agreement between the core-shell modeling (dashed lines) and the EDS
line scan data for both imaging directions. The core diameter and shell area along the
nanowire is plotted in Figure 3d, indicating the nanowire core is highly tapered, with the
core diameter decreasing from 158 nm at the base to 54 nm at the tip. On average, the
shell area also decreases from the base to the tip, from 3300 nm? to 700 nm?, respectively.
The reduction in shell area is approximately proportional to the decrease in diameter,
which is explained by the amount of In impinging per unit length being proportional to
the nanowire diameter. It is noted that the maximum shell area is observed about 1 um

from the base and the decreasing area is not monotonic along the nanowire length.

The cross-sections reconstructed from the 10 EDS line scan pairs are displayed in Figures
4a—j. Averaging over all the segments, the two facets normal to 90° and 150° have
relative shell thicknesses of 30.4+7.0% and 29.1+6.5% of the total thickness (summed of

all facets), respectively. The opposite facets (normal to 270° and 330°) have relative shell
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thicknesses of 8.2+6.5% and 8.5+4.5%, respectively. The symmetry of this average cross
section the P2 direction was incident from 118.5° which is approximately aligned to the <

112 > orientation. This means the nanowire has twisted 18.5° from its initial orientation.
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Figure 5.4. Extracted nanowire cross-sections from EDS measurements. The 10 cross-
sections correspond to the 10 sections measured from the nanowire presented in Figure
3a, from base to tip (a—j). The red area corresponds to the GaAs core and the green area
to the InP shell. The radial line spacing is 25 nm. (k) Linear-elastic-theory-predicted
curvature (k) of the 10 cross-sections.
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With the phosphorus beam incident from 120°, the two facets normal to 270° and 330°
were shadowed from the P, beam and only receive P> flux from scattering—previously
reported to be half of the direct beam flux.®4>4¢ Assuming the deposition to be
proportional to the total incident P2 flux, the shell thickness on facets normal to 270° and
330° suggest an average P> flux from scattering of 41-43% of direct beam. The
calculated curvature is plotted for all ten cross-sections in Figure 4k using linear elastic
theory with an assumed bending direction of < 112 > from 120°. The calculated average
curvature is 0.159 um™, which is slightly higher than the value obtained from the STEM
image of the same nanowire in Figure 3 (0.126 pm™), However, despite the agreement
between the modeled and measured curvature for this nanowire, the average curvature is
significantly lower than that observed in SEM for nanowires from this sample—the
nanowire in Figure 1b has a curvature of 0.215 pum™. The cause of this discrepancy is
unclear, and it is possible that the TEM-investigated nanowire is not representative of the
average nanowire from this sample. Nevertheless, the fact that the modeled curvature
agrees with the TEM-observed curvature on the same wire validates the EDS-extracted
shell profile. The curvature locally modeled along the nanowire, as depicted in Figure 4Kk,
reveals an approximately inverse relationship with core diameter (cf. Figure 3d). This
inverse relationship has been previously demonstrated for nanowires with similar

geometry in McDermott et al .

To explore the twisting phenomena and differences in bending, we simulated the bending
of a 100-nm-diameter GaAs core with different InP shell configurations. For the model,
the local shell thicknesses are assumed to be proportional to the P> flux received, based
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on are previous findings,® and the scattered flux is assumed to be half of the direct beam
flux and equally impinge on all side facets. Figure 5a displays the calculated curvature as
a function of shell area for four P, deposition directions: the < 110 > direction, 10°
offset, 20° offset, and the < 112 > direction. The curvature can be categorized into three
regimes: under-deposited, critically-deposited, and over-deposited, as detailed by
McDermott et al.® Critical deposition corresponds to the peak curvature. As depicted in
Figure 5a, the critical deposition does not significantly depend on the deposition
orientation. For nanowires with P, flux along < 112 >, the critical deposition takes place
at 5400 nmz2, which is marginally less than the 5900 nm?2 observed for nanowires oriented
in the < 110 > direction. At critical deposition, the maximum curvature occurs when the
phosphorus flux aligns with the < 110 > direction and diminishes as the nanowire
orientation shifts to the < 112 > direction, consistent with the experimental observations
above. Importantly however, the difference in the modeled curvature is small, in sharp
contrast with the experimental observation (Figure 1e). We speculate that the
experimentally-observed reduction in bending might result from a variation in cross-
sectional shell distribution, or favorable dislocation formation for certain shell
geometries. Tomographic analysis reveals additional shell growth on side facets parallel
to the phosphorus beam, which would reduce curvature. Further experiments are

necessary to explore the origin of this discrepancy.
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Figure 5.5. Linear elastic modeling of nanowire cross-sections with 100 nm diameter
cores. (a) Curvature (k) plotted as a function of shell area for four P, beam alignments
offset from the < 110 > direction by 0° (black), 10° (red), 20° (blue), and 30° (green).
Points A (3000 nm?), B (6000 nm?), and C (12000 nm?) show under-deposited, critically-
deposited, and over-deposited shell areas, respectively. The strain energies for
depositions corresponding to Point A (blue), Point B (red), and Point C (black) are
plotted in (b) for P2 beam alignments varying from 0° to 60°

Figure 5b displays the strain energy plotted as a function of P> flux direction for under-
deposited, critically-deposited, and over-deposited regimes (points A, B, and C in Figure
5a). For each curve, the minimum energy corresponds to the P> beam incident along <
112 >. Thus, the reason the nanowire twists to bend along the < 112 > crystallographic
direction involves energy minimization during shell deposition. Nanowires energetically
favor growth in this direction and twist to reduce strain energy. Figure 5b shows two
stable P, beam orientations: < 110 > and < 112 >. Twisting happens due to an energy
gradient with the P2 beam angle twisting towards an energy minima. The < 110 > P,
beam alignment is a local minimum within £1°, so most initial P, beam alignments will

result in twisting towards the < 112 > direction. Thus, the twisting in Figure 2 occurs
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because the nanowire orients itself in the < 112 > direction to minimize strain energy.
Interestingly, these findings are corroborated in Rossi et al.>° where InSb core—
asymmetric shell geometry of As-poor and As-rich regions has a < 112 > preferential

bending orientation without any intentional beam alignment.

5.5 Conclusion

The twisting and bending behavior of nanowires subject to a directional deposition
process at varying orientations relative to the nanowire facets have been explored.
Nanowires aligned with P flux (and shell growth) along the < 110 > direction exhibited
nearly 2 times more bending compared to those oriented in the < 112 > direction.
Additionally, intermediate orientations—between < 110 > and < 112 > directions—
exhibit twisting toward the < 112 > direction, which is shown to result from elastic
strain energy minimization. A practical analytical electron tomography method is
demonstrated, which allows for detailed examination of nanowire cross-sections,
revealing local variations in diameter, shell area, and shell distribution. This technique
can reconstruct nanowire cross-sections with only two scan directions utilizing known
features from the nanowire geometry. This approach allows for practical imaging of bent
nanowires. These findings demonstrate the importance of considering crystallographic
orientation during bent nanowire synthesis, due to the significant impacts on bending and
twisting.

Supporting Information
Supporting information is provided in appendix.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

Throughout my graduate studies, | worked to unravel the complexities of directional
nanoepitaxy in the vapor-solid shell growth of nanowire core—shell heterostructures. This
endeavor was both an academic pursuit to comprehend the physics behind the technique
and an effort to develop a method for fabricating nanowire sensor devices. This thesis
lays the groundwork of methodology for producing bent nanowires, exploring directional
lattice-mismatched nanoepitaxy as a mechanism for inducing bending in nanowires and

discussing the potential applications of this phenomenon for device fabrication.

It was shown that the directional nanoepitaxy of asymmetric shells on nanowires is a hon-
trivial process resulting in unavoidable variations along the nanowire. However, through
these growth parameters, directional nanoepitaxy and the resulting bending are
controllable. Various parameters such as core diameter, lattice mismatch, incident flux
angle, and shell thickness are modeled to elucidate their individual impacts on bending.
Experiments reveal a significant difference in bending for different side facet orientations
and show that twisting occurs due to strain energy minimization during shell growth,
leading to energetically favorable shell distributions which cause bending in specific
crystallographic directions. The effects of some of these parameters are time-dependent

due to the changing geometry of the nanowire and flux contact angle as the nanowire
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bends. The concepts of under-, critical, and over-deposition are explained with evolution
modeling showing the theoretical maximum curvature possible and expected bending of
nanowire heterostructures. Moreover, evolution modeling of shell deposition shows
shadowing effects can be utilized to connect pairs of nanowires with less bending than

would otherwise be necessary.

One key finding is the discovery of two distinct growth modes for InP shells grown
around GaAs cores:: diffusion-limited and phosphorus-controlled. In the diffusion-
limited mode, the shell distribution is determined by the indium flux on a nanowire’s side
facets, whereas in the phosphorus-controlled mode, the shell thickness on a side facet is
linearly proportional to the phosphorus flux received relative to other facets. This makes
the phosphorus-controlled mode highly controllable allowing for the production of nano-
arches by connecting pairs of nanowire. These nanowire pairs fuse together when
connected this way and show a favorable out-of-plane geometry for sensor applications.
It is noteworthy that InP has been shown to be a promising material for sensor

applications.

This thesis presents directional nanoepitaxy as a growth technique for advancing the
design and manufacturing of nanowire-based sensor devices. Phosphorus-controlled shell
growth provides massively parallel and precise control over nanowire morphology and
bending, and through controlling growth parameters nanowires can be manipulated
forming nanowire-to-nanowire connections above the substrate. These connected pairs

can act as a transducer for a field effect transistor (FET)-based sensor, however this

142



Ph.D. Thesis - Spencer McDermott McMaster University - Engineering Physics

remains to be realized as a complete process is needed to make this potential transducer

into a device.

6.2 Road Ahead

To develop GaAs—InP core—shell nano-arches into sensor devices, three key factors must
be addressed: electrical isolation of the nanowire bases from short circuits through the
substrate, doping of both the substrate and nanowires, and functionalizing the surfaces of
the nanowires. Existing processes have already been developed for CMOS devices and
sensors can be utilized to address these factors, and the current challenge is to integrate

these techniques together.

Electrical isolation is essential to separate the nanowire bases from the substrate. Without
this isolation, the nano-arches will not function as a channel or transducer for the device
since the path of least resistance would be through the substrate, rendering the nanowires
ineffective. Trenching is an efficient method for electrical isolation in CMOS devices,!
and it could be adapted for use on an implanted wafer or a silicon-on-insulator wafer. By
trenching areas around the base pre-growth, electrical isolation can be achieved, enabling

the construction of a nanowire FET device.

To create an effective device, the doping of both the substrate and nanowires must be
optimized. A highly doped substrate ensures effective metal-substrate contacts.? For the
111-V nanowire, doping techniques have been established.®>* Nanowire FET-based sensors
exhibit enhanced sensitivity with light doping compared to high concentrations,® and if

low doping or no doping is optimal, doping the nano-arch device should be feasible,
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though further investigation and experimentation are necessary to determine the ideal

doping concentrations.

Ongoing research continues to advance nanowire functionalization, and InP
nanostructures have been successfully functionalized for various biological species.®’
These established methodologies for functionalization could be applicable to these nano-
arches. Moreover, the creation of a mass-produced nanowire FET device will spur further
functionalization research by lowering costs and expanding access to template devices for

study.

The road ahead for creating a sensor device involves combining these well-established
fabrication techniques, and the realization of such a sensor-based device appears to be

within clear reach.
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Chapter 7 Appendix

Supporting Information: X-ray diffraction reveals the amount
of strain and homogeneity of extremely bent single nanowires

Prior to NW measurements the X-ray wavefront was characterized by 2D Ptychography
at forward direction. To this aim the available setup at ID01 using Siemens star and
PyNX software for phase retrieval reconstructions was used. The detector to Siemens star
distance was set to 1547 mm in order to capture the fine speckles originating from the
interaction of coherent X-rays within the structure of Siemens star. For successful and
better convergence as usual ( from our experience) the Siemens star was mounted not at
the focus but downstream by around 86 um. Figure 3(a) represents the reconstruction of
the Siemens star, amplitude and phase image, and indicates the trust region by black
cycle. Figure 3(b) represents the reconstructed wavefront at the position of the Siemens
star, and figure s1(c) at the focus. As it can be seen the Intensity modulations present in
the profile of the incoming X-ray beam focused by KB mirrors at 9KeV. The line profiles
of the wavefront are presented in figure s1(d) where we observe the beam with FWHM of
480x230 nm? (HxV). The phase retrieval algorithm uses the sequence of algorithms and
probe activation following to: 20DM, probe=1, 100DM, 100AP, 100ML, nprobe=3,

100DM, 100AP, 100ML using 393 frames and with the pixel size (resolution) of 14.7 nm
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Figure S1 Beam profile/wavefront characterization from ID01 beamline. (a)
Reconstructed amplitude and phase image of Siemens star. (b,c) Reconstructed amplitude
and phase image of beam profile out of focus and in focus positions. (d) Line profiles of
the X-ray beam at focus along the horizontal and vertical directions.
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Figure S2 Projections of the 3D RSMs measured from the basis of NW3 and NW4 of
sample 2. The NW signal left of the substrates CTR starts from gy ~ —0.03 A°* and
extends to lower gy values. The offset of the NW signal from the CTR even for the
bottom part of the NW means that these NWs are already nucleating with a slight tilt with
respect to the substrate (111) surface.
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Figure S3 Three transmission electron diffraction patterns recorded from a NW of
sample 2. The location from which the diffraction patterns were recorded are marked in
the overview image shown on the top right. The local wire axis is found to correspond
with the [111]zs or [0001]wz in the wire axis.

Supporting Information: Phosphorus-Controlled Nanoepitaxy
of Asymmetric GaAs—InP Core-Shell Bent Nanowires:
Implications for Bottom-Up Nanowire Transistors and Sensors

This supporting information provides details about the nanowire core growth as well as
the EDS analysis of nanowire cross-sections. First, we describe the substrate preparation
and GaAs nanowire core growth, and provide scanning electron microscopy (SEM) core

images. Next, spectral information of a nanowire cross-section from energy dispersive
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spectroscopy (EDS) is presented. The quantitative EDS analysis used to determine
nanowire shell thicknesses is explained. Lastly, we provide additional transmission
electron microscopy (TEM) images of nanowire microtome cross-section to provide

context for nanowire-to-nanowire variation.

Substrate Preparation

Si(111) substrates were covered by 30 nm of SiO> deposited by plasma-assisted chemical
vapor deposition. The oxide layer was patterned by electron beam lithography (EBL)
using a Raith EBPG 5000+ EBL system, followed by reactive ion etching. The pattern
consisted of arrays of either individual or pairs of holes, spaced in a close-packed pattern
separated by 5 or 10 um in 100 x 100 um fields. Hole pairs were spaced by 0.2, 0.6, 1.2,
and 1.8 um. Substrates were dipped in a solution of Fujifilm Buffered Oxide Etchant
(10:1 NH4F:HF with Fujifilm surfactant) diluted with 9 parts water, for 28 seconds

immediately before being loaded into the molecular beam epitaxy (MBE) growth system.

GaAs Core Growth

The GaAs nanowire cores were grown at 630 °C with a predeposition of 250 s of Ga to
form the droplets for self-catalyzation. The predeposition was followed by the GaAs core
growth, with both steps using a Ga flux corresponding to a planar growth rate of

0.125 um. There were two recipes used for the core growths: A a constant V:11I ratio of 2
for 80 min, and B an initial V:11I ratio of 2 for 20 min, followed by a ratio of 4 for

40 min. Core recipe A was used for the samples with shells grown at 210 °C and 295 °C,
and recipe B for the two highest temperature shell growths (380 °C and 440 °C ). At the
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end of both core growth recipes, the Ga droplet was consumed by stopping the Ga flux

while maintaining the As; flux for 20 minutes at 630 °C.

Figure S1 shows scanning electron micrographs (SEM) of GaAs cores. The nanowires in
Fig. S1(a) correspond to recipe A—the cores used for shell growth at 210 °C and 295 °C.
These cores exhibit inverse tapering (diameter at tip larger than at base). The cores are

3.7 um long and have a diameter of ~100 nm at the base and ~150 nm near the tip. Figure
S1b shows a nanowire core grown at the conditions like for recipe B, however, the step

with V/I11 ratio of 4 was 60 min instead of the 40 min. This nanowire exhibits a length of
6.6 um and a tapered diameter from 150 nm to 110 nm. TEM measurements on dispersed
core—shell nanowires with cores grown under recipe B) (40 min at /111 of 4) were found

to also exhibit similar tapering and a core length of ~4.7 um.
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Figure S1. SEM images of GaAs nanowire cores. (a) GaAs nanowire core grown under
recipe A. (b) GaAs nanowire core grown under a recipe similar to recipe B (however, the
step with /11 of 4 was 60 min instead of 40 min. Scale bars are 100 nm for the upper
row and 1 um for the lower row.

Energy Dispersive X-ray Spectra

The EDS spectra were acquired with TEM in a Talos F200X instrument. The Talos 200X
is outfitted with four in-column silicon drift detectors. The electron beam was accelerated
to 200 kV. The scanning TEM (STEM) spatial resolution was 0.16 nm and the EDS

spatial resolution was 1 nm. The EDS spectrum (Figure S2a) was fit in Thermo Fisher
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Scientific’s Velox software (Figure S2b).
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Figure S2. EDS spectra of a nanowire cross-section with shell grown a 210 °C. (a) The
unmodified spectrum acquired in the Talos F200X. (b) A spectrum modeled with Velox
to fit (a). Peaks are labeled with their corresponding emission.

The spectrum contains the elements of the III-V nanowire: In, Ga, P, and As peaks. There
is a high number of counts of O and C from the Spurr's epoxy resin encasing the
nanowire and from coating the grids in C to reduce charging during imaging. The other
element with substantial counts is Cu arising from the Formvar-coated Cu TEM grids
used. The Si presence is suspected to be from contamination from the substrate during
microtomy. The presents of F and Cl are due to Spurt's epoxy. Lastly, Fe is present as a

background element in the microscope.
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EDS Shell Thickness Quantification

For EDS mapping, the characteristic emissions used are from the Ga K-shell and the In
L-shell. The net intensity (integrated intensity with background removal and peak
separation) of these emissions was used for figures and quantification. The thickness of
the shell can be measured directly from the EDS map, and line scans along the side facets
can reveal variation along the side facets. The intensity profile of the line scan is related
to the thickness of the nanowire’s microtome cross-section. This can be derived from the

{-factor method for quantitative EDS using Equation S1.!

Imdl(x,y) = pmT(x,¥)CnDdxdy Eq. (S1)

{m 1s a factor given to a material m and TEM system, I(x) is the intensity of the
characteristic X-rays along the line scan for material m, p,, is the density of the shell,

T (x,y) is the depth of material along the line scan, C,, is the concentration of indium,
and D, is the dose from the electron beam. This assumes that material composition is
constant in the InP shell—as expected—and that the microtome cut depth to be
constant—no wedging or other thickness variation of the nanowire core was observed.
Thus, all variables remain constant over the EDS map where the shell is present, yielding

Equation S2.

dl(x,y) = A(x,y)dxdy Eq. (S2)
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For In in the shell, A(x, y) is nominally a 2D step function of the intensity of the L-shell
characteristic emissions. The value is zero if the point (x, y) is off the shell, or it is equal

to the step maximum intensity (4,,4,) from Eq. (S1) if the point is on the shell,

PinT(x,y)CinDe

,y) = hell
Ax,y) = - (x,y) = on she

0 (x,y) = of f shell

Eq. (S3)

Thus, for any line scan intensity along the nanowires side facet (seen in the inset of

Figure S3b) with scan width W, along the scan length [
_ Wscan/2
(D) = f—Wscan/ZA(W’ Ddw Eq. (S4)

If the shell side facet is fully enclosed by the line scan width, the intensity is proportional

to the shell thickness Tgpe;; (1) by the constant A,,,,, according to Equation S5.

I(D) = AmaxTsnen(l) Eq. (S5)

This step function approximation neglects the convolution of the STEM probe as well as
other uncertainties resulting from inelastic interactions that result in a gaussian profile.
Thus, we fit the profile with a step function where the full width half maximum (FWHM)
is taken to be the width of the step function and shell thickness (Tspe)- In this way, the
mean shell thickness (Tg,.;;) for an entire side facet is taken from a line scan shown in

Figure S3(a).
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Figure S3. Shell thickness determination from EDS data. (a) A line scan normal to a side
facet with a width that encompasses the side facet illustrated in the inset. The intensity
profile is gaussian and the FWHM (5.8 nm) is taken to be the mean shell thickness Tpop
for the side facet. (b) A line scan along the same side facet with scan width fully
enclosing the shell as illustrated in the inset. The intensity profile along the side facet is
plotted. (c) The shell thickness plotted around the six nanowire side facets. The purple
data corresponds to the side facet in (a) and (b).

Comparing the mean facet thickness to the mean intensity along the side facet (Figure

S3b) allows for the determination of the constant A,

- Eq. (S6)

Amax = T
shell
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where [ is the mean intensity along the side facet. Using A, 4y, the shell thickness plots
around the nanowire circumference (Figure S3c) were produced. For consistency and to
minimize uncertainty, A,,,, was determined from the thickest shell facet of the nanowire

and then used for all scans.

Relative weighting is effective for comparing side facets. However, it is noted that the
nanowire cross-section grown at 210 °C shows significant bulging/mounding of the shell
as seen in Figure 3a-b in the main text. Also, different intensities around the nanowire
shell are observed in the EDS map, resulting in differences in intensity of the line scans
and corresponding thicknesses which differ from those determined using high-angle
annular dark-field or EDS mapping. This discrepancy is expected to result from
variations along the nanowire axis due to the rough shell. We note that no variations in

the core intensity are observed, only the shell grown at 210 °C.
P2 Impingement and Growth Rate

The growth rate for the side facets of the nanowires grown at 380 °C are taken from the

mean value of the measured side facets, given by Equation S7

6gf_’1_"
T

L = Eq. (S7)

ags . — . ) . ..
where % is the growth rate, T is the measured thickness, and 7 is the shell deposition

duration. From the six side facets from the nanowire in Figure 3f in the main text, this
results in growth rates 0.16 + 0.03 um/h for facet 4, 0.10 £ 0.02 um/h for facets 3 and 5,
0.05 £+ 0.01 pum/h for facets 1 and 6, and 0.07 + 0.01 um/h for side facet 2.

157



Ph.D. Thesis - Spencer McDermott McMaster University - Engineering Physics

The scattered flux is assumed to be equivalent on all the sidewall facets—confirmed by
the symmetric shell for the shadowed nanowire in Figure 4(b-c) in the main text. We
assume that the adatom incorporation diffusion length varies linearly with group V flux*~

3. Thus, the following equation results:

% =CFps=C FP,direct(Bp - —A) + Fpscatterea 0 < (IZP ' _T:L) Eq. (S8)
FP,scattered 0= (bp : —n)

where Fp girece 1s the flux from the direct P> beam and Fp gcqttereq 15 the P flux scattered
from the substrate. (Bp - —11) is the geometric factor for the projected direct beam on a
given facet, Ep is the normalized vector in the direct P> beam direction and 7 is the vector

normal to the side facet. C is the constant relating P> flux to growth.

According to the facet numbering convention used in Figure 3e of the main text, facet 4
experiences the direct incident P> beam, with the normal of facets 3 and 5 having a
projected angle of 60° from the direct P> flux. Therefore, the geometric factor (Bp - —1)
(and thus the growth resulting from the direct P; flux) is expected to differ by a factor of
cos(60°) = 0.5 between facet 4 and facets 3 and 5. From the measured growth rates, the
extracted growth resulting from direct P> impingement on facets 3 and 5 is found to be
454+21% and 43+20% of the direct growth on facet 4, respectively, in agreement with

the prediction based on the nanowire geometry.
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Supplemental Nanowire Cross-Sections

High-angle annular dark-field (HAADF) TEM images and EDS maps of additional
nanowire cross sections are shown in Figure S4. The nanowire geometry is relatively
consistent between pairs from the same growth run (same shell temperature). The lower
shell growth temperature of 210 °C yields rough shell surfaces with mounds on some side
facets. The side facet that receives the most In flux appears comparatively smooth for all
cross-sections and exhibits the thickest shell, while the other facets are considerably

rougher.
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Figure S4(a—e). HAADF TEM and EDS maps of nanowire microtome cross-sections for
nanowires with shells grown at 210 °C. The arrows and labels in (a) indicate the flux
directions of P2 and In for all panels. All scale bars are 50 nm.

Figure S5 presents a HAADF TEM micrograph and EDS map for an additional shadowed
nanowire with shell grown at 380 °C. As for the nanowires grown at this temperature and
shown in the main text, this nanowire exhibits smooth shell surfaces, showing a

distributed shell based on the relative amount of P, flux received.
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Figure S5. Nanowire microtome cross-section HAADF and EDS map for a nanowire
with shell grown at 380 °C. The arrows and labels indicate the flux directions of P, and
In. Scale bars are 20 nm.
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Supporting Information: Electron Microscopy Study of Core—
Shell Nanowire Bending and Twisting

This supplementary information outlines the analytical tomography techniques that were
used to reconstruct cross-sections from energy dispersive spectroscopy (EDS) lines scans
taken across a nanowire. As shown in Figure S1, the procedure involves three separate
postprocessing steps: core profile reconstruction, shell profile reconstruction, and
combining these profiles to create a 2D cross-section reconstruction. An EDS line scan
provides spatial and compositional data along the line scan by detecting the intensity of
characteristic x-rays from the material. Characteristic x-rays from the K-shell for Gallium
and the L-shell for Indium are used in the analysis. The net EDS profiles (background
corrected) seen in Figure Sla are generated with Velox software from Thermo Fisher

Scientific.
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Figure S1. Analytical tomographic reconstruction of EDS data from the 3@ measurement
region (from the nanowire base) in Fig. 3a of the main text. (a) Intensity profiles for Ga
(red) and In (green). The max Ga intensity is labelled along with the start and end
positions of the GaAs core. (b) Reconstructed core profile (blue dashed line) and the
overlayed intensity profile (red points) scaled proportional to thickness. (c) Core and
shell thickness profiles, where the rising-edge of the InP shell is marked with a dashed
line and T1.5 correspond to center points between thickness inflection points of the shell
(related to the shell’s hexagonal geometry). (d) Extracted core—shell cross section
showing the GaAs core (red area) and the InP shell (green area). The inset shows the
thickness profiles extracted from the same section for the second tilted scan. The purpose
of the inset and black arrows are to illustrate that two scans are used to reconstruct the 2D
cross-section. The side facets in (d) are labelled 1 to 6. The radial lines in all panels are
spaced by 25 nm.

Several parameters influence the EDS intensity, including the characteristic x-rays

measured. However, for a thin specimen of uniform composition, the signal intensity
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should be directly proportional to thickness (See {-factor method)'?. Using this
relationship, the intensity data can be correlated with the spatial data obtained from a line
scan, provided the underlying geometry is known. For the core cross-section, hexagonal
width profiles are used to match Ga EDS profiles, considering the core's angular
orientation and major radius as parameters. All profiles and hexagonal reconstructions are
centered about the origin. Equation S1, T,,,.(X, R, 8), is the generated thickness profile of
the core along the scan axis (x), created from function yy.,(x, R, 8)—a hexagon
perimeter in Cartesian coordinates plotted along the scan direction (x) with two other
parameters: major radius (R) and hexagon angular orientation (8). Angular orientation is
relative to the scan direction and is defined as zero for a line scan in the < 112 >
direction. yy..(x, R, 8), can be made into a thickness profile by taking the difference in

perimeter values along Xx:

Tcore(x' R: 9) =Yy € ]R>[yHex(x:R19)]_ y € ]R<[yHex(x'R' 9)] (Sl)

We align the thickness profile with the EDS intensity profile by adjusting the radius and
orientation (0) so that the distance between the start and end points of the intensity
profile, defined by a scan intensity of 0.5% of the maximum intensity (see Figure S1a),
corresponds to the start and end of the core. The length of the core measured from the

EDS line scan (Lgcqn) 1S,

Lscan = Xena — Xstart- (82)

164



Ph.D. Thesis - Spencer McDermott McMaster University - Engineering Physics

To align the thickness profile, it is projected on the x axis (scan axis), and if it is

equivalent to,

Lscan = DTOjx [Tcore (x' R, 9)]! (83)

then,

Tcore,fit (x,0) = Teore(x, R, 0) (S4)

Teore,rit (X, 0) is the adjusted thickness profile fit to the EDS line scan length

(independent from radius).

The intensity profile I, (x) is related to the thickness of the nanowire cross-section by
overlaying Teore i (%, 8) and the scaled intensity profiles, so the maximum intensity
(Igamax) is equivalent to the maximum thickness of the generated profile T,y e max(6)
(as seen in Figure S1b). In doing so, the orientation of the nanowire 8 and the thickness
profile can be fit to the EDS data. /4 14, found by averaging a 6-nanometer length

around x = 0.

Tcore,max (9)

Tea(x,0) = Igq (%) (S9)

I Ga,max

The 6 parameter is determined by finding the coefficient of determination between the
generated thickness profile and the scaled EDS line scan numerically for different angles
0.
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\/Z(Tca (X, 9) - Tcore,fit(x' 0))2
%(Tea(x, 6) = Toa(6))”

R2(0) =1 - (S6)

The orientation 6 with the highest coefficient of determination was chosen as the

thickness profile of the nanowire, T, (x).

Assuming the cross-section crystallographic facets are consistent with those observed in
McDermott et al.,3 the core and shell both have facets terminated on {110} planes, like
the core. Therefore, the slope of the rising edge of the core and shell thickness profiles

will be equivalent. The following relationship can be defined for the rising edge,

9]

ox TGa,riseEdge (X) = a TIn,riseEdge (X) (87)

First, to solve the relationship between L-shell intensity and shell thickness the slope of
the rising edge of the shell intensity profile (aa_x IinriseEdge) 1S found by performing linear

regression on the rising edge of the shell EDS data,

dx IIn,riseEdge

YVint
[0 ] = ([x]" [~ [x] " [T (2] (S8)

The slope of the rising edge for the core thickness profile is fit the same way. For both

fits, the first and last nanometer are excluded from the rising edge as the spot size of the
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STEM probe is approximately 1 nm, and this would remove distortions at the start and

the end of the scan.

The shell profile correlates with thickness through a factor a determined by relating the

slopes from the intensity of the shell to the thickness of the core,

0 0 (S9)
a TGa,riseEdge =a a IIn,riseEdge

Substituting Eq. S7 into S9 gives,

d 0 (S10)
a TIn,riseEdge =« & IIn,riseEdge

where « is a factor that can scale the intensity profile to give a shell thickness profile

along the scan length (figure S1c),

Tln(x) = alp, (Sll)

A model of the asymmetric shell is constructed from the shell thickness profile with three
main assumptions: 1) the shell grows around the nanowire core, 2) the compositions of
the GaAs and InP shell are pure, and 3) the {110} terminating facets intersect where they
connect to enclose the shell. This gives the following equations relating side facet

thickness to the shell thickness profile for the five regions as indicated in figure Slc,
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F, = (Tl — sin(Si)?—?’—H)) -sin(30° + 6) (S12)
F, = (Tz - s,m(:ag—4+e)) . cos(6) (S13)
Fy = (T3 - Cofz 9)) - cos(6) (S14)
F, = <T4 - COI:E 9)) - sin(30° + 6) (S15)
Fg = <T5 — sir1(5’lg—1°+6)) -sin(30° — 6) (S16)

T,-Ts are five thicknesses along T;,, (x) corresponding to inflection pointes based on the
shell faceting marked in Figure S1c. F;- Fg are the thicknesses of the side facets along the
< 110 > direction, and the numbering corresponds to the facet numbering seen in
Figure S1d. However, these equations are self-referential, and with six side facets, the
solution is undefined—resulting in multiple, unbounded solutions in the direction of the
line scan. To address this, it is necessary to project this unbounded thickness profile onto
a second thickness profile to generate a bounded two-dimensional cross-section
(illustrated in Figure S1d). In this work, the unbounded shell thickness profiles are
projected onto their counterpart shell profile obtained from a second EDS scan at the
same location but at a different angle at 23+4°, theta. The best-fit solution satisfying Eq.
S12-16—determined by the projection with the highest coefficient of determination—

corresponds to the two-dimensional shell cross-section of the nanowire. This analytical
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tomography method enables the creation of two-dimensional shell reconstructions from

only two scans.
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