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ABSTRACT

The organization of nanowires on surfaces remains a major obstacle toward their large-scale

integration into functional devices. Surface-material interactions have been used, with different
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materials and substrates, to guide horizontal nanowires during their growth into well-organized
assemblies, but the only guided nanowire heterostructures reported so far are axial and not radial.
Here we demonstrate the guided growth of horizontal core-shell nanowires, specifically of
ZnSe@ZnTe, with control over their crystal phase and crystallographic orientations. We exploit
the directional control of the guided growth for the parallel production of multiple radial p-n
heterojunctions, and probe their optoelectronic properties. The devices exhibit a rectifying
behavior with photovoltaic characteristics upon illumination. Guided nanowire heterostructures
enable the bottom-up assembly of complex semiconductor structures with controlled electronic

and optoelectronic properties.

Over the last two decades, single-crystal semiconducting nanowires (NWs) have been the
focus of extensive and ongoing research.” > Their fundamental properties along with increasing
control over their dimensions and composition provide a unique combination that is continuously
exploited to explore physical phenomena and to test the potential use of nanowires as building
blocks for various nanodevices, including electronics,’ light-emitting diodes (LEDs),* lasers,’
sensors’ and energy-harvesting devices.” * Motivated by the prospect of unique properties,
enormous efforts were invested in understanding the nuances of nanowire growth in order to
ultimately gain control over their dimensions,’ crystal structure,'® composition,'' and modulation
of the latter."? Interfacing different materials to create nanowire heterostructures can result in
electronic, photonic, magnetic, and thermal characteristics that are superior to their bulk or thin-
film counterparts.’> Moreover, their ability to relieve strain radially'® while maintaining high
crystallinity and the flexibility of their growth process enables the creation of unconventional

material interfaces with high lattice mismatch."*
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Nanowire heterostructures, both axial and radial, are being investigated extensively for
optoelectronic applications,” partly because they enable various degrees of freedom for band
engineering. When considering radial heterostructures in particular, different configurations were
tailored to fit specific requirements: For a high electron mobility system, a type I core-shell was
designed to confine charge carriers in the core region while potentially reducing scattering from
the nanowire surface.'® For LEDs and lasers, multishell radial heterostructures act as confining
layers'” or gain medium'® respectively. Radial heterostructures can also be engineered to embed
single photon quantum emitters.'’ For photovoltaics, type I nanowire heterostructures™ *' are
promising owing to the large interfacial area of the radial heterojunction, which results in
efficient charge generation, separation and transportation.”

The integration of nanowires into large-scale optoelectronic systems and probing the
performance of many single nanowires for large-scale studies remains challenging due to
assembly difficulties." Horizontal single-nanowire devices are usually fabricated using a long,
multi-step and often serial process where each device was especially fabricated on a randomly

22-24

located nanowire. Devices based on horizontal arrays of nanowires are few, and usually

involve some post-growth assembly method including liquid flow,”

Langmuir-Blodgett
compression®® and more recently mechanical shearing onto chemically functionalized patterns.*’
Although impressive progress has been made, each method has its drawbacks, which often
include length limitations and insufficient control over the alignment and the exact location of
both ends of the nanowires. Another common shortcoming is the difficulty to control the

directionality and orientation of the nanowires, which is important for applications that require a

certain polarity, a directional compositional gradient or axial heterojunctions.
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The guided growth approach can offer an advantageous alternative to post-growth methods and
facilitate the transition towards large scale single-nanowire research and nanowire-based
functional systems.”® Guided growth exploits epitaxial and graphoepitaxial relationships between
the nanowire material and the substrate to guide horizontal nanowires during a vapor liquid solid
(VLS) growth, as illustrated in Figure 1A, and bring about well aligned nanowires that grow in
specific and reproducible directions and crystallographic orientations.”’ Furthermore, by
incorporating a top-down nanolithography process, an array of discrete nanowires with control
over their origin, growth direction, crystallographic orientation, and length can be achieved.”
More than a decade has passed since the first reports on horizontal epitaxial growth of nanowires
(ZnO on (X-A1203,31 In,O3 on Si*? and GaAs on GaAs33) and over the last few years a growing
number of materials (GaN,28 ZnO,29 Sn-doped In203,34 InAs,35 Si,36 VOZ,37 Ti02,38 SnOz,39
ZnSe,40 ZnTe,41 InAsSb,42 Pbl_XSnXTe43 and CdSe44) were successfully used to grow horizontal
nanowires in a similar manner on several substrates (a-A1203,28’ 40, 41, 44 InAs,35 Y,05-stabilized
ZrOz,34 a-Si02,45 SiC,46 MgA120447 and GaN38). Despite early concerns that their interactions
with the substrate would result in deteriorated crystal quality and optoelectronic properties,
guided nanowires showed excellent optoelectronic properties. Moreover, in the case of ZnSe,*
CdSe™ and CdS (unpublished data) , photodetectors based on guided nanowires outperformed
their vertically-grown counterparts. The latest additions to the horizontal nanowires family,
combined with past reports, accumulate to a relatively wide selection of available optoelectronic
properties including different band gap energies with either electrons or holes as the majority
charge carriers. Despite the growing list of guided nanowires materials and substrates, reports on
guided nanowire heterostructures have been scarce,” and core-shell horizontal nanowires have

not yet been reported.
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Here we report the guided growth of horizontally aligned and epitaxial core-shell nanowires
with controlled orientation on different flat and faceted planes of sapphire. The n-type core is
formed using our recently reported guided ZnSe*® nanowires and the epitaxial ZnTe p-type shell
is inspired by our report of guided p-type ZnTe*' nanowires. ZnSe and ZnTe are both interesting

49, 50 Furthermore,

optoelectronic materials with direct band gap energies in the visible range.
theoretical and experimental reports concluded that when the two materials are interfaced, they
form a p-n heterojunction with a type II band alignment, which can be exploited for
photovoltaics and green electroluminescence.”™*

The guided ZnSe@ZnTe core-shell nanowires grow horizontally and aligned as seen in the
scanning electron microscope (SEM) image in figure 1B. Their orientation is determined by the
interactions between a sapphire substrate and a ZnSe n-type core. In turn, the core acts as an
epitaxial template for the overgrowth of a ZnTe p-type shell forming a p-n radial heterojunction
as shown in figure 1C. The guided growth was carried out in three general modes that dictate
their alignment in reproducible specific directions. The concept and realization of the different
growth modes are presented in figure 1D, including: (a) epitaxial growth along specific lattice
directions on flat, surfaces and graphoepitaxial growth on spontaneously nanofaceted surfaces
along (b) L-shaped nanosteps and (c) V-shaped nanogrooves.

The crystallographic orientation, growth directions and epitaxial relations in this three-material
system (sapphire-ZnSe-ZnTe) were characterized and later analyzed in term of strain and strain
relaxation mechanisms using geometric phase analysis (GPA). We find that the crystal phase,
either wurtzite (WZ) or zinc-blende (ZB), and the crystallographic orientations of the ZnSe core

are controlled by its interactions with the flat or faceted sapphire substrates. In almost all cases

the ZnTe shell adapts nicely to the ZnSe-sapphire system, through plastic misfit dislocations or a
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more complex strain relief process that combines plastic misfit dislocations with elastic plane-
bending. The photoluminescence spectra indicate that a type II heterojunction is formed at the
core-shell interface of these surface-bound nanowires. To explore their optoelectronic properties,
we exploited the deterministic control over their growth direction and fabricated multiple devices
in a parallel and simple manner. The devices based on small arrays of nanowires show dark
currents below our 10 fA detection limit, but upon illumination they exhibit a clear rectifying

behavior with photovoltaic characteristics.

Figure 1. Guided growth of horizontal and aligned ZnSe@ZnTe core-shell nanowires: (A)
schematic illustration of guided VLS growth (right) compared to conventional VLS growth
(Left). (B) SEM images of guided ZnSe@ZnTe core-shell nanowire arrays grown on C (0001)
sapphire. (C) Schematic illustration of a ZnSe@ZnTe core-shell NW and its band diagram. (D)
Three modes of guided growth (schematic cross-section views and cross-sectional HRTEM

images of their experimental realization): (a) epitaxial growth along specific lattice directions,
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(b) graphoepitaxial growth along L-shaped nanosteps of an annealed miscut substrate, and (c)
graphoepitaxial growth along V-shaped nanogrooves of an annealed unstable low-index

substrate.

RESULTS AND DISCUSSION

We explored the guided growth of ZnSe@ZnTe core-shell nanowires on six different sapphire
(a-Al,O3) planes. Four flat surfaces: C (0001), A (1120), R (1120) and M (1010) for epitaxial
growth and two faceted surfaces for graphoepitaxial growth: Annealed miscut C (0001) tilted by
2° toward [1100] with nanosteps, and annealed M (1010) with nanogrooves. The VLS growth
was carried out in a quartz tube within a three-zone horizontal tube furnace. The system was first
purged with a 2% H; in N, gas mixture and held at a constant 500 sccm flow of the gas mixture
while maintaining a 400 mbar pressure for the duration of the process. The gas mixture created a
reducing environment and served as the carrier for the elemental Zn, Se and Te that originated
from high-purity powders of ZnSe and ZnTe. Islands of Au catalyst were patterned beforehand
on the sapphire samples using standard photolithography. Deposition of a thin 1 nm layer of Au
followed by dewetting at 550 °C produced patterned islands of Au catalyst nanoparticles.
Alternatively, commercial Au nanoparticles were used to catalyze the VLS growth. In the first
part of the process, the ZnSe source powder was held at 950-1000°C in the first heating zone of
the furnace, while the samples were placed downstream in the second heating zone and held at
720-770°C. After a 15 min growth period, the ZnSe source was replaced with ZnTe in-situ using
a homemade, magnetically controlled exchange system. Once the ZnTe powder was in place, a
second growth period commenced with the powder held at 730°C and the samples at 680°C for 5

min (see Methods and Supporting Information for further details).
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Nanowires and nanobelts grow vertically in the center of the Au catalyst pattern while
horizontally aligned nanowires grow from the pattern edges where the clean sapphire surface is
accessible. The vertical nanostructures can be easily removed by a mild sonication in isopropyl
alcohol for a few seconds. When sparsely dispersed Au nanoparticles (10—50 nm) are used as
catalyst to gain better control over the catalyst nanoparticle size, the clean sapphire surface is
accessible to many more nucleation sites, and under these conditions the horizontal growth is
dominant over the vertical growth. The typical total thickness of the horizontal core-shell
nanowires varies between 50 and 200 nm. While our growth parameters were adjusted so that the
thicknesses of the core and shell are roughly the same, these thicknesses can be adjusted by
varying the catalyst size and the duration of each growth period. The length of the guided
nanowires can vary from few microns in a short process, and up to 100 um in a 20 min process.
They are slightly tapered and the shell overgrowth is not entirely uniform.

Since the nanowires are bound to the surface, in order to explore their elemental composition,
crystallographic structure, epitaxial relations and strain relief mechanisms under a high-
resolution transmission electron microscope (HRTEM) and an aberration-corrected scanning
TEM (STEM), thin (50-100 nm) slices were cut across and along the nanowires using a focused

ion beam (FIB).

Epitaxial guided growth on flat sapphire substrates

On C (0001) sapphire the guided core-shell nanowires grow along the six isoperiodic M
4+(1010) directions, reflecting the threefold symmetry and three glide planes of the substrate
(figure 2A). This behavior resembles previous guided growth reports of GaN,*® Zn0O,” ZnSe,*

ZnTe* and CdSe* nanowires on C-plan sapphire. HRTEM imaging of a cross sectional lamellae
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unveil a distinct core-shell structure where both the core and shell are bound to the sapphire
substrate. The selected area fast Fourier transform (FFT) of this sapphire-ZnSe-ZnTe architecture
reveals clear epitaxial relations between the three materials. Both ZnSe core and ZnTe shell have
a ZB crystal structure and their growth axis is along the [112] direction. The planes parallel to
the substrate are (111), which are perfectly aligned with the (0006) planes of the sapphire, while
their transverse (110) planes are aligned with the orthogonal (1120) planes of sapphire.

Surprisingly, when examining the guided nanowires on A (1120) sapphire we found a six-
directional growth (figure 2B) that resembles the growth we observed on C (0001) (figure 2A).
On A (1120) the guided core-shell nanowires grow along two M £[1100] directions and 4 S
directions £[1101] and £[1101]. The M and S directions are separated by a 61.5° angle while
adjacent S directions are separated by a 57° angle. Selected area fast Fourier transform (FFT) of
nanowires that grow on A-plane sapphire along the M £[1100] directions reveal that they have
the same crystallographic behavior as the guided nanowires on C-plane. Both the ZnSe core and
ZnTe shell have a ZB crystal structure and their growth axis is along the [112] direction. The
epitaxial relations are still clearly observed in the selected area FFT. In this case, the planes that
are parallel to the substrate are still (111) despite the fact that the relevant sapphire planes are
the (1120) planes and not the (0006) as in the previous case. Accordingly, the transverse planes
of the core and the shell are the (110) planes, which are aligned with the orthogonal (0006)
planes of sapphire.

The fact that both on A-plane and on C-plane the nanowires exhibit a six-directional growth
with the same crystallographic orientation is peculiar since we generally expect different
sapphire planes to induce different growth directions and\or crystallographic orientations for

guided nanowires. The growing horizontal nanowires should be inclined to minimize the
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interfacial energy and stain that is accumulated during the heteroepitaxial growth. Therefore, in
order to better match the different symmetries and atomic structures of the substrates, the
preferred growth directions and crystallographic orientation of the growing nanowires is
expected to change. In order to shed light on the observed results, it is sufficient to examine more
carefully the relations between the sapphire substrate and the ZnSe core since they determine the
growth direction and crystallographic orientation of the core and consequently also of the shell.
More specifically, we focus on the transverse direction, which was suggested as dominant at
determining the crystallographic orientation for guided nanowires in high-mismatch systems.”®

For guided nanowires on both A and C-plane sapphire, the mismatch at the transverse
direction, was relatively high and varied considerably for different sapphire planes and growth
orientations (Table S1). A top view of the atomic configuration, of only the topmost unit cell of
sapphire and the lowest ZnSe unit cell, implies that a six-directional growth is reasonable on both
planes. Taking into consideration these two findings, and assuming a thermodynamically
governed growth, it seems that in these conditions the energetic gain of exposing specific facets
during the growth is larger than the energy cost of atomic-matching differences. This energetic
balance results in the repeating [112] crystallographic orientation, as in this scenario, the fact
that the A-plane has an overall structure that encourages a six-directional growth is more
important than the atomic structure along those directions.

It is worth mentioning that the behavior of the ZnSe-sapphire system reported herein is
different than that reported in our previous work.** Many reports in the literature, including our
own, demonstrate changes in epitaxial growth of nanowires due to changes in the growth
parameters.”” We believe that our recently assembled growth system, and resulting changes in

the growth conditions, are responsible for the different result in this work compared to our
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previous study. We find that different guided growth regimes can be observed, in a reproducible
matter, within the same ZnSe-sapphire system as a result of different growth parameters. This
might suggest that depending on the growth conditions, at least with some material systems,
there is not one, but several guided growth behaviors that could be individually addressed.
Perhaps different conditions tilt the energetic balance towards specific growth behaviors in a
thermodynamically governed process. Otherwise, the different behaviors can be kinetically
controlled, as it is known that certain facets form faster than others even when they are not
thermodynamically more stable.’® In any case, this suggests that a high-resolution control over
the growth conditions can bring about adjustable guided growth, where one can choose the best
suited direction and crystallographic orientations for a specific application.

The ZB [112] and the WZ [1010] crystallographic growth directions are almost identical when
observed through only a selected area FFT of the cross section. In order to differentiate between
the two, and determine unambiguously the growth axis of the guided nanowires, lamellae along
the growth direction of guided nanowires on both sapphire planes were prepared. The HRTEM
images and analysis for a guided nanowire on A-plane is presented in figure 2C along with
energy filtered TEM (EFTEM) that discloses the expected locations of the different elements in
the nanowire. The selected-area FFT confirmed the ZB [112] growth direction since the
orthogonal direction was clearly the ZB [110] direction for the ZnTe shell. Since the lamella was
thicker than the core, a moiré pattern was formed where the ZnSe and ZnTe lattices overlap. It
was still possible to determine the ZB [110] of the core from the FFT and the moiré periodicity.
The lamella along a nanowire on C-plane can be found in figure S2A along with moiré

periodicity calculations.
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Further atomic-resolution aberration-corrected HAADF STEM analyses obtained on the
lamellae cut along the guided nanowires growth direction on A-plane confirmed the ZB structure
for both the core and the shell (Figure S3). In addition, the crystal polarity of the nanowire could
be extracted from the HAADF-STEM images’’ confirming that the NW is B-polar (Se/Te or
anion polar) along the guided growth direction and A-polar (Zn or cation polar) in the vertical
direction from the substrate. The B-polarity along the guided growth direction is in good
agreement with the usual polarity observed in vertically grown ZnTe NWs.”"*®

Once the crystallographic orientation and polarity of the core and shell are known, we can also
gain insight into the morphology of the shell and its mechanism of formation. During our efforts
to find the growth parameters for the desired morphology and thickness of the shell overgrowth,
we observed some extreme cases ranging from a massively thick shell to an incomplete shell
growth (figure S4a). Even at our optimized condition for shell overgrowth on C and A-plane
sapphire, it is clear that the shell overgrowth is not entirely uniform (figure S4b). The results
containing an incomplete shell and HRTEM images from the lamellae cut along the axis of the
nanowire with a continuous shell (figure 4Sc-d) imply that our shell formation resembles the
previously reported Plateau—Rayleigh crystal growth.”® The epitaxial shell nucleates in several
nucleation centers along the nanowire and, given the right parameter, the centers grow along the

nanowire and merge to form a continuous shell. This mechanism is further discussed in the

Supporting Information.
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Figure 2. Guided growth of epitaxial core-shell nanowires on C-plane and A-plane sapphire. (A-
B) For each substrate: (a) A schematic illustration of the plane and directional growth. (b) SEM
image of the guided Nanowires. (c) HRTEM cross-section image, marked with the crystal planes
and direction of the nanowire ZnSe core (yellow), ZnTe shell (red) and the sapphire substrate
(blue). (d) Selected area fast Fourier transform (FFT) of the cross section image. (¢) Top view of
the atomic crystal structure, of only the topmost unit cell of sapphire and the lowest ZnSe core
unit cell. (C) Analysis along a guided nanowire on A-plane sapphire: (a) HRTEM cross-section
image. (b) Larger magnification of the indicated area marked with the crystal planes and
direction of the nanowire ZnSe core (yellow), ZnTe shell (red). Selected area fast Fourier
transform (FFT) of (c) the ZnTe shell and (d) the ZnSe core. EFTEM analysis with (e) zero loss

image and (f) an elemental map overlay and the Se, Te, and O elemental maps.
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The guided growth of our core-shell nanowires on R (1102) sapphire is predominantly along
two non-isoperiodic directions of the sapphire substrate, [1101] and [1322] as depicted in figure
S5. Lamellae were cut for both growth directions. Despite growing along non-isoperiodic
directions, all nanowires presented the same WZ crystal structure with the same [4223] growth
direction both for the ZnSe core and ZnTe shell. The nanowires had a trapezoid form with
distinct (0110) and (1102) facets and it is quite noticeable that the ZnTe shell is not isotropic
and grows preferably over the (1102) planes of the ZnSe core. Further manipulating the growth
conditions can lead to a completely facet selective growth. On flat M (1010) sapphire we
observed more unusual growth directions. The guided core-shell nanowires grow along £[1210],
+[1213], and £[1216] directions of the sapphire substrate (figure S5). The analyzed nanowires
have a WZ crystal structure and grow along the polar [0001] direction. The unusual phenomena
observed with R-plane and M-plane, including the anisotropic shell growth and the growth along
multiple relatively rare and different crystallographic orientations, are further discussed in the
Supporting Information.

Graphoepitaxial guided growth on faceted sapphire substrates

One of the strengths of the guided growth approach is the ability to control the growth
direction of the horizontal nanowires through surface manipulation. Past studies have shown that
nanowires can grow along nanosteps and nanogrooves on nanofaceted sapphire substrate.”> 2 **-
2 This mode of guided growth, which we refer to as graphoepitaxy, has proven to be dominant
over epitaxial growth, and essentially overrules the epitaxial relations between the sapphire and

. 28,29, 40, 41, 44
the nanowire.”™ <> "> "

This was the case also for the core-shell guided nanowires, as can be
seen in figure 3. The six-directional growth of guided nanowires on flat C-plane is overruled by

annealing a C (0001) sapphire substrate that was miscut 2 degrees towards [1100] to form an
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array of L-shaped nanosteps due to step-bunching of the high-index.®” The nanowires in this case
are guided by these nonosteps and grow along them to the +[1210] directions of the sapphire
substrate (figure 3A). Despite nice alignment along specific sapphire directions, these nanowires
are more ragged than the nanowires grown on flat substrates. Furthermore, unlike the very
homogeneous crystallographic structure observed on flat substrates, the nanowires that grow
along the nanosteps have a variety of crystallographic orientation and crystal phases (figure S6
and table S2).

Flat M (1010) sapphire is thermodynamically unstable. Annealing at elevated temperatures
(e.2.1600°C) causes surface restructuring and the more stable S-plane and R-plane facets create
well-structured periodic nanogrooves.®® The horizontal core-shell nanowires grow along the two
+[1210] directions of the nanogrooves instead of the six directions of flat M (1010) sapphire
(figure 3B). Similar to the findings on a miscut C-plane, the guided core shell nanowires that
grow in the graphoepitaxial growth mode were more ragged, and presented a few different cross-
sectional structures with some variation of crystallographic orientations and crystal phases.

In a previous work,”® we mentioned that graphoepitaxial nanowires need to adapt
simultaneously to two sapphire planes and their energetic constraints. We hypothesized that the
accumulated strain is manifested in a rougher surface and lesser uniformity in growth axes. In the
present case, since the shell growth is a vapor-solid (VS) growth, it is highly influenced by the
initial smoothness of the guided core. Small imperfections and roughness in the core can be
highlighted when the shell forms and the end result is often bulky. With that said, some of the
guided nanowires have high aspect ratio and faceted rectangular cores exposing smooth lateral

facets, which proved ideal as templates for the shell growth (figure S6 and table S2).
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The guided growth of horizontal core-shell ZnSe@ZnTe nanowires on all these different
substrates extends the generality of the approach to nanowire heterostructures while providing

further empirical data toward its understanding. Although the exact mechanism of guided growth

©CoO~NOUITA,WNPE

is not yet fully elucidated, a few models have rationalized the horizontal growth of nanowires,
13 either by considering a fully faceted limit of a continuum model taking into consideration facet
15 dynamics, droplet statics, and the energy required to introduce a new facet,®’ or by introducing
18 thermal fluctuations to a thermodynamic description.®> Hopefully the growing empirical database
20 along with other, more recent, reports including those exploring the Gibbs-Thomson effect in
horizontal nanowires® and the VLS etching of surfaces by running gold nanodroplets®* will

25 accumulate to a comprehensive understanding of this phenomenon.
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Figure 3. Graphoepitaxial growth of ZnSe@ZnTe core-shell guided nanowires on (A) C (0001)
sapphire (well-cut vs miscut) and (B) M (1010) sapphire (non-annealed vs annealed). For each
substrate: (a) A schematic illustration of the epitaxial and graphoepitaxial growth directions.
SEM images of the guided nanowires on (b) flat and (c) faceted substrates. (d) A higher
magnification SEM image revealing the nanofaceted surface. (e¢) Cross-sectional HRTEM
images of the guided Nanowires and the substrate. (f) High magnification image of the

nanowire-substrate interface and (g) the selected area Fourier transform of the NW.
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Stress relief mechanisms in guided core-shell nanowires

During the shell formation, a complex stress relief mechanism is taking place in order to
minimize the elastic energy on the two mismatched material systems. From Fourier analysis on
the atomic-resolution aberration-corrected HAADF-STEM micrograph in Figure 4(a) we can
notice a triple spot instead of the double core-shell spot expected. One spot corresponding to the
ZnSe planes of the core, and a double spot arising from the shell. This double spot corresponds
to equal plane spacings, but, as a result of plane bending, there is a 4° angle between the planes
on the left part and the right part of the shell.

Through geometrical phase analysis, the dilatation and rotation maps of ZnSe@ZnTe (111)
planes have been obtained. By keeping the core as a reference, we can measure a mean dilatation
of 8.8 % in shell plane spacing, which is higher than the expected 7.4 % (for a perfectly relaxed
ZnSe@ZnTe), indicating tensile strain on the shell structure. More information can be obtained
from the rotation map, where we observe both plastic and elastic strain relaxation mechanisms.®>
% A set of misfit dislocations in the vertical planes are visible (white arrows in Figure 4e),
showing a plastic strain relaxation while at the same time we observe a general rotation on planes
at both sides of the shell with a mean value of +2° (right side shell planes) and -2° (left side shell
planes) which are consistent with the rotations measured in the FFT. This plane bending
phenomena seem to dramatically depend on the core morphology, observing lower angles when
the core surfaces are flatter. Further study on the relaxation mechanisms on the different
structures depending on core morphology and substrate orientation will be performed in the

future.

ACS Paragon Plus Environment

18



©CoO~NOUITA,WNPE

ACS Nano Page 20 of 40

Position ()

Figure 4. (a) Cross-sectional atomic resolution HAADF-STEM micrograph of a guided
ZnSe@ZnTE core-shell nanowire along sapphire A-plane and (b) its corresponding FFT. (c)
Structural map obtained by filtering the spots of the FFT. (d) Dilatation and (e) rotation maps
obtained through Geometrical Phase Analysis (GPA) along the ZnSe and ZnTe (111) planes. (f)
Rotation profile obtained along the arrow indicated in (e). White arrows in (e) point to the misfit

dislocations.

Optical properties of the guided ZnSe@ZnTe core-shell nanowires

Room-temperature photoluminescence (PL) spectra were obtained with a micro-Raman system
(Horiba LabRAM HR Evolution) using a 325 nm He-Cd laser. In order to compare the optical
behavior of the core-shell system with its individual components, we measured the PL spectra of

single ZnSe and ZnTe guided nanowires that were grown separately in the above mentioned
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growth conditions. PL measurements of the ZnSe@ZnTe core-shell guided nanowires were
conducted as well (figure 5). The typical PL spectrum of a single ZnSe guided nanowire on C
(0001) sapphire had only one narrow peak at 459 nm (~2.7 eV) that corresponds to the near-
band-edge (NBE) emission. For ZnSe, another broad deep-level (DL) emission peak centered at
635 nm (1.95 V) is often observed and attributed to intrinsic point defects (IPDs),%’ the lack of
this defect band in our measurements indicates a high crystal quality of the ZnSe core. The case
of a typical ZnTe guided nanowire on C (0001) sapphire was similar, with one narrow peak at
549 nm (~2.26 eV) that corresponds to its NBE emission. Notably, a common broad DL
emission peak centered at 670 nm (1.85 eV) due to IPDs is not observed.”!

The typical PL spectrum of a single ZnSe/ ZnTe core-shell guided nanowire on C (0001)
sapphire has a sharp peak at 461 nm which corresponds to the ZnSe NBE emission with a 2 nm
red shift. The second broad peak, with a dominant peak and a strong shoulder, was fitted to 3
Gaussians, one with a distinctive peak at 546 nm, and two that comprise the shoulder. We
attribute the peak at 546 nm to the NBE emission of the ZnTe shell. Notably, this peak is broader
and about 3 nm blue-shifted compared to the emission of the guided ZnTe nanowires. We
suspect that the small shifts in the NBE emission of ZnSe and ZnTe might originate from the
strain induced by the formation of the core-shell structure. Furthermore, the broadening of the
NBE emission is possibly due to strain inhomogeneity along or across the growth axis of the
nanowires. Within the shoulder, there is one low-intensity Gaussian at 597 nm and a higher
intensity one at 612 nm (see figure S7).%* As for the orange emission at 597 nm and 612 nm, we
have to consider two possible causes, either a DL emission that originates from the formation of

IPDs during the shell growth or a type II recombination emission.
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When considering the formation of IPDs as a possible origin of the orange emission at 597 nm
and 612 nm, one should take into account the commonly formed DL emissions for the
corresponding materials. For ZnSe, the common DL emission is around 635 nm and for ZnTe
around 670 nm. For both materials the common DL emission wavelengths are longer than those
observed in the spectrum (612 nm). Thus even if we assume that IPDs are formed during the
shell growth, it is still unlikely that they are responsible for the orange emission that is observed
in the guided ZnSe@ZnTe core-shell nanowires. A different possible origin of the orange
emission is a type Il recombination at the ZnSe-ZnTe heterojunction between electrons from the
conduction band of the ZnSe core and holes from the valence band of the ZnTe shell (figure 1C).
Theoretical calculations and experimental data show that the n-type ZnSe and p-type ZnTe form
a type II p-n heterojunction. The energy gap between the ZnSe conduction band and the ZnTe
valence band is estimated at ~2.0 eV>*>* % (620 nm), which is close to the 612 nm emission
peak that we observe in the orange emission shoulder. The slight shift can be attributed to strain
as a result of epitaxial mismatch that could modulate the band structure.” In principle, time-
resolved PL at low temperatures could establish the origin of the orange emission.”® However,
these measurements were not possible with our current setup, and are hence beyond the scope of
this report. In any case, considering the electronic nature of these materials and the fact that
common DL emission band of ZnSe and ZnTe do not match the observed orange emission, this

is most likely a type Il recombination.
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Figure 5. Room temperature PL spectra of single ZnSe (blue), ZnTe (red) and ZnSe@ZnTe
core-shell guided nanowires (green) on a sapphire substrate. The peak at 460 nm corresponds to
the NBE emission of ZnSe, the peak at 549 nm corresponds to the NBE of ZnTe. The orange
emission around 600 nm that causes the shoulder in the core-shell spectrum is attributed to type

II recombination.

Optoelectronic properties of the guided ZnSe@ZnTe core-shell nanowires

Previous studies conducted on guided nanowires concluded that despite early concerns, the
substrate-nanowire interactions do not cause deterioration in the crystal quality and the
optoelectronic properties of the nanowires.*” ** ** On the contrary, guided nanowires usually
show excellent optoelectronic properties. In the case of ZnSe,*® CdSe* and CdS (unpublished
data), photodetectors based on guided nanowires outperformed their vertical counterparts. This
work demonstrates core-shell nanowires that are guided through surface-nanowire interactions.
In this configuration, the ZnSe core and ZnTe shell are expected to form a radial p-n
heterojunction, therefore, probing the optoelectronic behavior of this system is essential for its

understanding.
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In order to probe the optoelectronic properties of the core-shell guided nanowires we exploited
the deterministic control over their location and growth direction and fabricated multiple devices
using only parallel fabrication steps. The growth of the guided core-shell nanowires, as described
earlier, resulted with a completely covered core. However, in order to probe the radial
heterojunction, one electrode should be in contact with the p-type shell while the other one
should be connected to the n-type core. ZnSe and ZnTe are very similar chemically hence
selective etching to expose part of the core was not perused. Instead, we formulated a fabrication
process where certain segments of the core are masked prior to the shell growth in order to have
them accessible to direct contact with an outer electrode, as illustrated in figure 6. In this scheme,
after the growth of a guided ZnSe core as described earlier, standard photolithography and
electron-beam evaporation of a 200 nm SiO; protective layer was carried out on part of the core.
Next the shell was grown, followed by wet etching of the protective layer. The final step was
patterning and depositing Ti/Au electrodes (10 nm/90 nm), again with photolithography and
electron-beam deposition so that one electrode contacted the bare ZnSe core while the other one
contacted the shell (see methods for further details). In this manner, multiple devices were
fabricated using only parallel fabrication steps. Alternatively, the photolithography steps can be
replaced with e-beam lithography steps for better control over the dimensions and location of the
contacts. The number of nanowires in each device is determined by the yield of the ZnSe core
growth and the catalyst size. The yield can vary with the growth parameters while the catalyst
size is determined by the photolithography process. As shown in figure 6B-D, a device that was
fabricated in this manner has between 1 and 15 core-shell guided nanowires that cross a 2-8 um

gap between the electrodes. A typical cross-section of the nanowires is 50 nm and 150 nm for the
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core and core-shell structure respectively. Energy-dispersive X-ray spectroscopy (EDS) mapping

validates that within the gap the ZnSe core is partly covered with the ZnTe shell.

A

a

Figure 6. Parallel fabrication of multiple devices based on ZnSe@ZnTe Core-shell guided
nanowires (A) Schematic illustration of the fabrication steps: (a) catalyst islands deposition
followed by (b) ZnSe guided core growth, (c) protective shell deposition and (d) ZnTe shell
growth before (e) etching of the protective layer and (f) deposition of electrodes. (B) SEM image
of a typical array of devices. (C) Magnification of a single device and its (C) SEM-EDS

elemental mapping.

Once the devices were fabricated, we probed the optoelectronic properties of the guide core-
shell nanowires using a Janis ST-500 probe system with a Keithley 4200-SCS. /I-V measurements

were done under vacuum, at room temperature, in dark condition (16 uW/cm?® ambient light) and
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under a 405 nm laser illumination at different intensities. In figure 7 a typical device with 9
parallel core-shell nanowires can be seen along with its 3D height map and current-voltage (I-V)
curves. The devices exhibit very low dark currents as our 10 fA detection limit was not sufficient
to measure a current in dark conditions. This is not surprising considering our previous report on
dark currents below our 10 fA detection limit in photodetectors based on ZnSe guided
nanowires.** However, under illumination of 0.7 mW/cm? I-V curves could be measured due to
the generated photocurrent, and a rectifying behavior was observed as expected for a p-n
heterojunction diode. Furthermore, an open-circuit voltage of ~0.3V was measured and a short-
circuit current of ~2 pA. Due to the extremely low dark current, only the lower limit of the on/off
ratio and responsivity can be determined when assuming the dark current is at the 10 fA noise
level. The responsivity is defined as R,= AI/PS. where, Al is the difference between the
photocurrent (Zynoto) and dark current (Jgar), P 1s the laser power density, and S is the effective
illumination area estimated by the electrode gap, nanowires diameter and number of nanowires.
The lower bound responsivity of this device is estimated at 0.2 A/W at zero bias. When the I-V
measurements were conducted under increasing illumination intensities (figure 7D), the
magnitude of the short-circuit current increased linearly while the open-circuit voltage remained
approximately constant. In principle, this core-shell p-n heterojunction should exhibit
electroluminescence, which would provide further information about its band alignment and
deep level states. However, using our commercial micro-Raman/PL system, we did not detect
any measureable electroluminescence. One possible reason for the low intensity of

electroluminescence is the very low dark conductance of the ZnSe nanowires.
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The performance of a device or an array of devices can be adjusted in relative ease by
changing the number of nanowires in each device. This can be achieved by changing the size of

the catalyst pattern and creating larger devices, or by varying the growth parameters to receive

©CoO~NOUITA,WNPE

different yields. The ability to fabricate simultaneously a large number of devices based on one,
13 several or many core-shell nanowires with a radial heterojunction in the same crystallographic

15 orientation can be used as a powerful tool for both research and applications.”’
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Figure 7. Optoelectronic behavior of guided ZnSe@ZnTe core-shell nanowires devices (A)
SEM image of a typical device. (B) Its 3D AFM height map (C) /-V curve in dark condition (16
uW/cm2 ambient light) and under 0.7 mW/cm? illumination of a 405 nm laser (C) logarithmic /-

V characteristics different illumination intensities.

CONCLUSIONS:

In summary, we have demonstrated the guided growth of horizontal core-shell nanowires,
specifically ZnSe@ZnTe with controlled orientation on six different flat and faceted planes of
sapphire (Table S3, Supporting Information). Both epitaxial growth along specific lattice
directions on flat surfaces and graphoepitaxial growth along nanosteps and nanogrooves were
realized. We analyzed the crystallographic orientations and stress relief mechanisms of the
guided core-shell nanowires. The crystal phase, either wurtzite or zinc-blende, and
crystallographic orientations of the core and shell are controlled by the substrate that is selected
and the growth conditions. The ZnSe-sapphire epitaxial and graphoepitaxial relations and the
resulting core crystallographic orientation determine the shell behavior which adapts to the
atomic structure of the core through a combination of plastic misfit dislocations and elastic
plane-bending strain-relief processes.

We exploited our deterministic control over both the growth direction and the crystallographic
orientation of the guided nanowires to fabricate multiple devices using only parallel steps. The
devices based on small arrays of nanowires with a radial p-n heterojunction show dark currents
below our detection limit of 10 fA. Upon illumination, the devices exhibit a rectifying behavior
with photovoltaic characteristics and currents up to 5 nA (under a 405 nm, 2.5 mW/cm®

illumination and 2 V forward bias). The simultaneous fabrication of a large number of devices
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based on one, several or many nanowires in the same crystallographic orientation can be utilized
for statistical research or applications that require easy fabrication and scalability.

The B-polar (Se/Te polar) atomic configuration along the growth direction, implies that
nanowires that grow along a certain sapphire direction will have the same polarity. Therefore the
guided growth can yield homogenous arrays of nanowires with the same polarity, which would
be highly beneficial for polar sensitive applications. The introduction of guided nanowire
heterostructures could enable the production of many complex semiconductor structures with

controlled electronic and optoelectronic properties not available by other means.

METHODS:

ZnSe@ZnTe core-shell guided nanowires synthesis. The substrate preparation and catalyst
deposition and patterning are describe previously29 and illustrated in the figure S1 in the
Supporting Information. The VLS growth was carried out in a three-zone horizontal-tube
furnace. The quartz tube reactor was purged with a N, (99.999%, Gordon Gas) and H;
(99.99995%, Parker Dominic Hunter H,-generator) 49:1 mixture and kept 400 mbar with a
constant 500 sccm flow of the No/H, mixture. In the first part of the process, the ZnSe source
powder (99.99% SPI Supplies) was held at 950-1000°C in the first heating zone of the furnace,
while the samples were placed downstream in the second heating zone and held at 720-770°C.
After a 15 min growth period, the furnace was moved so that the source and the sample are not
heated. The furnace temperatures were set to 730°C at the first zone and 680°C at the second
heating zones and using a home built magnetic crucible holder the ZnSe powder was pulled

away and replaced with a ZnTe powder (99.99% Sigma-aldrich). Once the furnace reached the
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desired temperatures, it was moved over the sample and ZnTe powder to enable the 5 min shell

growth.

Structural characterization. The nanowires were imaged with a scanning electron
microscope (Supra S5VP FEG LEO Zeiss). In order to analyze the crystallographic structure and
orientations of the nanowires and substrate, a focused-ion beam (FIB, FEI Helios 600 Dual Beam
microscope) was used to cut thin (50-100 nm) lamellae across or along the nanowire, which were
later inspected under a high-resolution transmission electron microscope (HRTEM, FEI Tecnai
F30). The HRTEM images were analyzed using fast Fourier transform (FFT) from selected areas
across the nanowire, and the FFT peaks were fitted to the crystallographic tables of bulk ZnSe,
ZnTe and sapphire. The core-shell nanostructures were also studied by atomic resolution high
angle angular dark-field scanning transmission electron microscopy (HAADF-STEM) using a
probe corrected FEI Titan 60—300 equipped with a high brightness field emission gun (XFEQG)
and a CETCOR corrector from CEOS. The obtained data allowed us to perform geometric phase

analyses (GPA) for strain measurements. >

Optical characterization. Photoluminescence (PL) measurements were done using a micro-
Raman/micro-PL system (Horiba LabRAM HR Evolution). A 325 nm He-Cd laser was focused
on the nanowire through a reflective 70X objective lens. The PL signal was collected using the

same objective and sent to a 300 lines/mm grating and an EMCCD camera.

Device fabrication and optoelectronic characterization. After guided growth of the ZnSe
core, the sample was removed from the growth reactor. A photolithography mask compatible
with the catalyst pattern was used to define 0.01 mm?” squares that for the 200 nm SiO, protective

layer that was deposited using e-beam deposition. The samples were cleaned in Acetone, IPA
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and DI water before they were dried in N, and inserted into a clean reactor for the ZnTe shell
growth. The shell growth is as described above with a prior step where the samples were heated
at 730°C for 1 min in the 2% H, in N, atmosphere to remove oxides that could form between the
two crystal growth steps. After the shell growth the protective layer was etched in 6:1 buffered
oxide etch. Ti/Au (10/90 nm) source/drain electrodes were patterned using photolithography and
deposited over the shell and core of the guided nanowires, separated by 2 or 8§ um gaps.
Optoelectronic measurements were done under vacuum at room temperature using a Janis ST-
500 probe system with a Keithley 4200-SCS. The electrical measurements were done in dark
condition (16 ;LW/cm2 ambient light). For optoelectronic measurements we used a 405 nm laser
diode module (Laser Components) to illuminate the device with power controlled by a metallic
neutral density filter (Thorlabs). The light intensity was calibrated with a LM-2 VIS silicon

photodiode optical sensor (Coherent).
ASSOCIATED CONTENT

Supporting information: (1) Synthesis system illustration (2) Lattice mismatch calculations for
A (1120) and C (0001) sapphire. (3) Lamella along a nanowire on C-plane and moiré
periodicity. (4) Polarity determination along the growth axis of the nanowires and discussion of
its implications (5) shell morphology and formation discussion (6) Epitaxial growth on M-plane
and R-plane. (7) Variation in the cross sections and orientations of guided core-shell nanowires
on faceted surfaces. (8) Summary of epitaxial relations on different sapphire planes. (8) Gaussian

fit of the photoluminescence spectrum of core-shell guided nanowires.
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VLS, vapor-liquid-solid; VS, vapor-solid; FIB, focused ion beam; HRTEM, high resolution
transmission electron microscope; SEM, scanning electron microscope; AFM, atomic force
microscope; PL, photoluminescence; NBE, near band-edge emission; DSE, defect state
emission; EMCCD, electron multiplying charge-coupled device; TEM, transmission electron
microscope; EDS, Energy-dispersive X-ray spectroscopy; HAADF, high angle angular dark-

field; STEM, scanning transmission electron microscopy; GPA, geometric phase analysis.
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