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Abstract

Due to their unique physical and material properties, III-Sb nanowires are
considered good candidates for future devices, and test beds for understanding
fundamental physics. Synthesizing these nanowires however is associated with
certain challenging aspects, which are generally not present for other III-V
nanowires, demanding the need for in depth investigations. For instance, growing
Au-seeded I1I-Sb nanowires directly from substrates is difficult, and considered a
limitation when attempting to grow complex Sb-based structures. The crystal
structure of III-Sb nanowires, in contrast to their other III-V counterparts, has been
limited to zinc blende to date, with no reproducible reports on wurtzite
antimonides. As the crystal structure of material has a large impact on the
properties it exhibits, it can be beneficial to have access to wurtzite antimonides.
To further the capacity antimonide nanowires can offer, these struggles need to be
investigated and addressed through suitable methods. This thesis explores these
limitations, and by providing a deeper insight, tackles the mentioned issues of Au-
seeded II1-Sb nanowire growth.

Initially direct nucleation of Au-seeded InAs; «Sby nanowires with a large range of
material compositions is explored. Direct growth of nanowires with compositions
on the higher end of Sb is made available through semi In-seeded growth. By
changing the particle composition the contact angle is improved, and vertical
nanowire growth is facilitated.

Thereafter, through template assisted growth, complex multi-segmented selective
core-shell structures of InAs-GaSb nanowires are realized. The antimonide shell
will exclusively grow on the zinc blende segments of the underlying InAs core, as
a result of the higher surface energy of zinc blende sidewalls.

Finally, the thesis successfully examines various templating methods for realizing
radial (GaSb), branched (InAs;xSby), and axial (1D) (GaSb) wurtzite antimonides
for the first time. The mechanisms leading to surmounting wurtzite antimonide
formation barriers are explained in detail for each of the specific cases, leading to
a thorough comprehension of the field. These methods, in combination with the
possibility to now realize antimonide nanowires directly on substrates, opens doors
towards design and synthesis of complex crystal structure engineered nanowires of
pure antimonides.
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Popular scientific description

For sure we have all walked out on brisk winter mornings to find frost covering
everything. What is this magnificent white layer of tiny crystals sitting everywhere
really? It turns out that at cold temperatures, and very high humidity, the air
becomes “saturated” with water vapor. The water vapor then undergoes a “phase
change” from its gaseous form, to solid ice crystals condensing on the exposed
surfaces. Frost has different types, but they are all composed of branched patterns
of ice crystals, forming in fractal structures. But have you ever encountered frosted
surfaces where the little needle-like frost crystals are magically standing up on the
surface? I’'m sure I have! Let’s take a look at the figure below. The ice crystals are
aligned vertically on the exterior surface of a car. This type of frost, known as
hoar frost, forms under extreme conditions, where the vapor phase supersaturation
is significantly high.

Figure 1. Frost ice crystals formed vertically in needle-like structures on the exterior of a car.

Water of course is not the only material that can crystallize. If given ample time,
most material form crystals upon solidification. And depending on their inherit
properties, they can crystalize in a vast number of structures. The crystal structure
simply defines the arrangement of atoms; the building blocks of material, in a
solid crystal with respect to one another. Ice can crystalize in two different
variants; namely hexagonal ice, and cubic ice.
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In fact, the crystallization process of material is carefully controlled in research
and industry, to ensure suitable shapes, dimensions, material composition, and
structures with high qualities to fit a vast variety of applications in technology.
Needle-like crystals, similar to the frost needles in the image, are artificially
“grown” in highly controlled environments. These crystals are referred to as
Nanowires; wires with dimensions on the order of one billionth of a meter. Just to
put it in perspective, the diameter of a strand of hair is 1000 times larger than the
diameter of a typical nanowire. Nanowire growth is usually conducted from a
highly saturated vapor phase- similar to the ice needles- onto a surface, referred to
as the substrate. An intermediate liquid phase can be also introduced on the
substrate to facilitate and localize the anisotropic growth. Anisotropy in this
context is referred to difference in measured length in different directions. This
liquid phase is referred to as the seed particle; analogous to seeding plant growth.

A group of material referred to as III-Vs, when grown as nanowires, similar to ice
also crystalize in a hexagonal or cubic structure. Each of the crystal structures may
offer different properties for the same material. Therefore it is interesting to have
access to both. However, a subgroup of them known as antimonides, on the one
hand prove to be specially challenging to grow in the hexagonal structure. As a
result, their potential properties remain unexplored. On the other hand, gold-
seeded nanowires of these materials typically do not grow directly on the substrate
(unlike the case shown for ice needles in the image).

In the past five years, I have focused on exploring and utilizing methods for
addressing the challenges associated with gold-seeded antimonide nanowire
growth. The direct growth of antimonide nanowires is facilitated by changing the
seeding material from gold to predominantly indium particles. In addition, various
template structures are developed where the antimonide material transfers and
maintains the crystal structure of the template. Through the templating method,
hexagonal antimonide material is realized for the first time, opening doors to
characterizing them, and potentially using their properties in future applications.
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1. Introduction

Nanotechnology, a field in which objects with dimensions on the order of a few
nanometers are synthesized, characterized, optimized, and ultimately applied
within the existing industry, has found its way into numerous fields of research
and science. As examples of these areas electronics [1], optics [2], fundamental
physics [3], chemistry [4], and biology [5][6] could be mentioned. For instance in
the semiconductor industry, there is ongoing demand for scaling down the
dimensions of transistors in order to fit a larger number on a certain chip size,
which in turn would increase the computational ability of devices.

Nanoscale objects can have various shapes and sizes, as well as material
compositions depending on the desired applications. III-V semiconductors,
material compounds from group III and V elements of the table of elements, have
proven to be very suitable for electronics and optics [7][8][9]. This is due to the
significantly high carrier mobilities they possess, which is a requirement for high-
speed devices in electronics. Also, a large fraction of these materials have direct
band gaps, which is beneficial in optics and optoelectronics.

“Nanofabrication” referred to techniques utilized for synthesizing and constructing
nano-sized objects, can be carried out by different methods. The two categories for
synthesizing nanomaterial are namely the “top-down” and the “bottom-up”
techniques. The former is referred to techniques where bulk material is patterned
or etched by various processing steps into nano-sized structures, while the latter
involves methods through which atoms and molecules are manipulated to self-
assemble in desired shapes, constructing nano-dimensioned structures into
existence.

Nanowires are defined as nanostructures constrained in two dimensions to a
diameter of few tens of nm, while in the third dimension —usually referred to as the
nanowire length- have typical values ranging from few hundreds of nm to a few
um, or even mm. Due to their unique geometry, nanowires have attracted
considerable attention, making them suitable candidates for many applications in
various fields [10]. To state a few examples, their small size and unique geometry
allows them to be considered as good candidates for further downscaling
electronic devices [11], and for realizing quantum confinement [12][13]. Also,
they provide strain relaxation in the radial direction when materials with different
lattice constants are assembled on one another [14][15][16][17]. Strain in material
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in this context is referred to the deformation when atoms in a crystal are displaced
relative to their reference lattice constants. Therefore, in contrast to bulk, the
nanowire geometry can prevent complications arising from lattice mismatch in
heterostructure synthesis. Nanowires can be realized by both the bottom-up and
top-down nanofabrication techniques, and can possess a large variety of material
compositions [18]. As a few examples of single elemental and compound
nanowires the following can be mentioned: II-VI nanowires: ZnTe, CdS, group IV
nanowires: Si, Ge, and III-V nanowires: InAs, GaSb. The majority of the given
examples are binaries; material constructed of two elements. However, two binary
materials can be combined to form a ternary, which could in turn share some of
the properties of both its constituting binaries, while demonstrating properties
unique to itself. As an III-V example for ternaries one can mention InAs;Sby.
This material system can have a band gap smaller than both InAs and InSb at an
Sb composition of x = 0.63 [19]. Thus, ternaries allow the possibility of precise
modulation of physical and material properties such as band gap, through material
composition.

III-V nanowires combine the unique geometrical properties of nanowires with the
desirable material properties of III-V semiconductors. They open doors to
understanding fundamental physics [3][20] including quantum phenomena (such
as tunneling), realizing high-speed low-power transistors [21][22], and applying
fundamental physics to device configurations; for example tunneling field effect
transistors (TFETs) [23][24][25]. For various reasons they also prove to be
suitable candidates for optical applications [26][27][28]; for instance, because of
their geometry they can couple in light and act as good waveguides [29].

Of the III-V material systems, Sb-based materials offer the highest electron (InSb:
7.7 x 10* ecm?V~'s™") and hole (GaSb: 850 cm?V~'s™") mobilities. These are excellent
electronic properties, leading to faster operating devices. Therefore, when coupled
with the unique nanowire geometry, realizing binary and ternary antimonides can
be beneficial for the future of electronic and optoelectronic industry
[30][31][32][33]. Therefore, it is necessary to not only synthesize, but to also
understand the fundamentals of their growth, leading to tailored Sb-based material
grown as nanowires, which can then be characterized and optimized to desire.
However, growing antimonide nanowires are associated with a number of
challenges, such as the existence of a barrier when growing them directly from
substrates, and in the wurtzite crystal structure. The mentioned challenges are
rquired to be addressed before attempting to grow them fit for applications.

Crystal structure, known as the atomic ordering in crystals, plays an important role
on the properties material exhibit. Therefore, it is important to gain control and
modulate it as desired. III-V nanowires mainly grow in zinc blende or wurtzite
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crystal structures. Discussions regarding this topic will be given in length further
on in the thesis (chapter 2.2).

This thesis extensively studies the fundamentals of nucleation and growth of Sb-
based material systems with an end goal of realizing complex structures and novel
materials. Through Au-seeded nanowires grown by Metal-organic vapor phase
epitaxy (MOVPE), step by step, existing challenges of Sb-based material synthesis
are tackled, leading to a comprehensive understanding of the field. These
understandings are then utilized in the direction of accessing Sb-based material in
wurtzite crystal structure. A major fraction of this work develops and tailors
suitable templates through crystal structure control and design.

As a starting point, the limitation imposed on Au-seeded nanowire growth, and the
nucleation barrier of direct growth from substrates is addressed. Subsequently, by
exploiting a combination of known material properties of antimonides, together
with manipulation of surface energy along the length of single nanowires through
crystal structure, complex core/shell heterostructures are achieved. From there, the
thesis progresses towards understanding and overcoming the nucleation barrier of
wurtzite antimonides. As wurtzite I1I-Sbs are novel material never existing before,
realizing them allows systematic studies on their physical and material properties
(such as band gap and surface energies respectively), and opens doors towards
potential applications.

The content of the thesis discusses the epitaxy of II[-V nanowires in chapter 2,
providing fundamentals of nucleation and parameters affecting it in chapter 2.1,
epitaxial growth mechanisms central to nanowire epitaxy; namely vapor-solid
(VS) and vapor-liquid-sold (VLS), finally arriving on crystal structure, surface
energies and template design in chapter 2.2. The experimental methodology
utilized for synthesizing and characterizing the nanowires is explained in chapter
3. In chapter 4, an overview of results from III-Sb growth is provided, together
with addressing the challenges of Au-seeded antimonide nanowire growth. In
Chapter 5, the thesis arrives on concluding remarks regarding the covered work,
together with an out scope of the possible continuation direction(s) of this research
line.
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2. Epitaxy of III-V nanowires

In brief, Epitaxy refers to crystalline growth where the crystal orientation; the
atomic ordering of the constituting atoms in a crystal, of the underlying material is
transferred to and maintained within the new growing crystal.

Epitaxy is governed by two main factors; Thermodynamics, which defines the
related energies and driving forces of the growth processes, and kinetics, which
determines at what rates these processes take place. For epitaxial growth to occur,
an initial stage is required; namely nucleation. Nucleation in this context is
referred to small clusters of particles from the initial phase- typically gaseous or
liquid- forming nuclei in the final phase (solid in this work). Once stable nuclei
form, epitaxial growth of crystalline structures will continue accordingly.

In this chapter the key aspects of nucleation thermodynamics, and kinetics of
nucleation and growth will be covered classically. The vapor-solid growth
mechanism, and material parameters such as surfactant effects that have a
significant impact on nucleation will follow. From there, more specific discussions
related to nanowire nucleation and main growth mechanisms of Au-seeded
nanowires will be covered. More specifically, particle assisted nucleation, particle
size impact, nucleation positioning, and particle contact angle will be elaborately
discussed. In the final subchapter crystal structure will be introduced, and crystal
structure engineering will be discussed.

2.1. Nucleation and growth

2.1.1. Thermodynamics of nucleation

In thermodynamics, depending on the constituting particles, systems can be single
or multi-component (one or more different species that are independent from one
another). Independent of the number of components, systems are homogeneous;
consisting of a single phase, or heterogeneous; where separate phases within the
system coexist. The thermodynamic state of a system is defined by the sum of the
chemical potentials of all components in all phases. Chemical potential of a
component can be defined as the partial derivative of Gibbs free energy; a
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thermodynamic potential of the system, at given temperature and pressure as
stated below:

w = (0G/n)rp
2.1

The total chemical potential of the system will then be:

u=G/n
2.2

If a system is left undisturbed from surrounding influences (temperature, pressure,
and exchange of material) it will move towards the lowest possible energy state
called equilibrium. With regard to the minimum of Gibbs free energy, the system
is said to be in thermodynamic equilibrium when the chemical potential (u;) of all
components (Nc) are equal among each other in each of the Np phases (gj,j =
1,.., Np) of the system [34]:

pi(oy) = pi(oy) = - = ﬂi(UNp) i=1,..,N¢
2.3

In a single component system where a fraction of material undergo a phase
transition from phase « to phase £, the equality above can be written as:

Mo — g =0
2.4

For growth to happen, a transition from an initial phase to a stable target phase
must be induced. For this, a deviation from equilibrium is required such that the
chemical potential of the target phase be smaller than that of the initial phase. This
will lead to material passing the phase boundary from the initial phase towards the
target phase in order to reach a new equilibrium. During crystal growth processes,
a grower controls the difference in chemical potential through parameters such as
temperature and pressure. The introduced difference of chemical potential of the
system is usually referred to as supersaturation. Supersaturation can be written as
the ratio between actual partial pressure and the equilibrium partial pressure when
the difference in chemical potential is induced by changes in pressure at constant
temperature, or the ratio between actual concentration and the concentration in
equilibrium:

Ap = pp — pg = kT In(po/pp); Ap = kgT In(Co/Cp)
2.5

In phase transitions where the target phase is solid, Ay is also regarded as the
growth affinity or the driving force for crystallization. The larger supersaturation
is, the further the rate of phase transition will be enhanced.
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If the initial system is entirely in one phase (gaseous for instance), the phase
transition to solid does not occur spontaneously when the equilibrium is shifted.
Instead, the system initially remains in a metastable phase of supersaturation
(vapor with partial pressure above the condensation point) before undergoing
phase transition. The reason for the unlikely existence of the species in the form of
the metastable phase is the energy cost for creating an interface between the old
and new phases. The energy required for forming this interface may vary
depending on the surface energy of each phase. The new phase is only formed
when the supersaturation is sufficiently large.

Surface energy (y) is defined as reversible work needed to form one unit area of
surface (or interface) at equilibrium under constant conditions of the system. In a
solid, surface energy can be regarded as half the melting heat per atom. This
concept arises from the fact that at the surface of the solid only half of the atomic
bonds are formed; therefore to melt the solid only half the bonds need to be
broken. To simplify, the surface energy of any solid is proportional to its number
of dangling bonds. Dangling bonds or unsaturated bonds refer to atomic bonds of
the surface atoms that do not chemically bind the atom to others, but instead
extend in the direction of the exterior of the solid bulk. Note that, in isotropic
surfaces, the surface energy remains constant independent of the direction.
However, this is not the case in crystalline solids; depending on the
crystallographic direction on the surface, the surface energy will be different.

In general, two classes of nucleation exist, which will be briefly covered in the
following subchapters. If the new phase spontaneously forms in a homogeneous
initial phase, Homogeneous nucleation has occurred. Any inhomogeneity
introduced into the metastable system such as substrate, or small particles, may
reduce the required deviation from equilibrium, therefore facilitate nucleation.
These cases are referred to as Heterogeneous nucleation, where by destructing the
pre-existing interface some energy is released, leading to a total reduction of the
energy barrier.

Homogeneous nucleation

Upon nucleation, an amount of energy is released through formation of the volume
of the nuclei. If the size of a nucleus is too small, the released energy will not be
large enough to overcome the energy barrier of surface (interface) formation, and
consequently, nucleation will not proceed. Hence, the creation of a nucleus can be
described through the change in Gibbs energy (4Gw). This quantity is composed of
two contributions in unstrained nuclei: a) an amount of substance with volume V
enters the new phase, releasing energy proportional to its volume (negative value),
b) the energy cost of creating the interface between the metastable phase and the
new phase, which is proportional to the surface area of the interface (S) (positive
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value). Therefore, the change in Gibbs energy should be negative for nucleation to
proceed. The change in Gibbs energy can be written as:

AGN = AGV + AGS
2.6

Through a simplified case, in which the nucleus is assumed to be a sphere with
radius 7 (for instance: liquid in a bulk of vapor (condensation), or solid in a bulk of
liquid (freezing), or solid in a bulk of vapor (sublimation)) and unstrained, the
components can be described as: AG, = (Ag/v)(4/3) nr3, and AGs = y4nr?.
Where Ag is the molar change of Gibbs energy for transitioning to the new phase,
and a negative value. From this:

AGy = 4An[yr? + (Ag/v)r3]/3
2.7

With increasing nucleus size, Gibbs energy initially increases as a result of
unfavourable interface (r? dependence), until gradually favourable volume
formation counterbalances the energy cost (r® dependence), and nucleation
proceeds. This is depicted in the graph of figure 2.1. The maximum of the Gibbs
energy gives the critical nucleus size required for stable nuclei to form:

r* = —2vy/Ag
2.8

Where v is the molar volume in the new phase. The activation energy required to
create a stable nucleus with this size will then be equal to:

AGY Homo = (16/3)7TV3(V/A9)2
2.9

At the critical point, The chemical potential of the nucleus and the metastable
ambient are equal, and Gibbs free energy decreases for both a decrease and
increase in r; if the nucleus size is smaller, it will not be stable and will
decompose, if the size is bigger than the critical value the energy cost of adding
material to the nucleus decreases and the nucleus can thus grow. Growth will no
longer be limited by nucleation and, thermodynamically forming the new phase
will be more favourable until a new equilibrium is reached. Moreover, the critical
nucleus size is inversely proportional to supersaturation (Ap o< 1/7*); the higher
the supersaturation is, the smaller the critical size will become. Kinetic parameters
such as adatom diffusion may limit growth however, which will be covered further
in the thesis.
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Figure 2.1. Change of Gibbs energy for creating a spherical nucleus of volume Vn* in homogeneous nucleation. The
volume (AGv) and surface (AGs) terms, and their sum (AGn) is shown. At critical nucleus size (Vn*), the nucleus will
be stable and continue to grow.

Homogeneous nucleation induces spontaneous nucleus formation within the initial
phase. In epitaxy it is desired to avoid such situations in order to have control over
growth, so that instead of spontaneous phase transitions within the ambient phase,
nucleation and growth will happen on the solid substrate, where desired. Epitaxial
growth is therefore performed below the critical supersaturation necessary for
homogeneous nucleation.

Heterogeneous nucleation

In epitaxy, nuclei form in the presence of a crystalline substrate. The pre-existing
solid surface reduces the interface areca with the metastable ambient phase.
Therefore, the nucleation energy barrier is significantly smaller than homogeneous
nucleation. However, a new interface will be created between the substrate and the
nucleus, which must be taken into consideration.

27



ambient metastable phase
(vapor)

solid nucleus

solid substrate

Figure 2.2. Schematic illustration of the surface energies in heterogeneous nucleation.

As schematically illustrated in figure 2.2, due to the existence of the substrate, the
nucleus shape can be considered as a spherical cap with a wetting angle of £,
instead of a full sphere. Depending on the affinity of the solid substrate and
nucleus material, the wetting angle can vary between 0 and 180°. The interfacial
energies are related to each other through Young’s equation as:

cosf = (Vas - Vns)/yan
2.10

These interfacial energies represent the amount of energy required to create a unit
area of each of the interfaces. The volume of this spherical cap is related to the
wetting angle through a geometrical shape factor defined as:

f=(2—3cosp +cos3p)/4

2.11
Upon heterogeneous nucleation a new ambient-nucleus interface is created, while
at the same time the existing ambient-solid interface is converted into nucleus-
solid interface. The nucleation energy will thus have two surface terms related to
the nucleus-ambient metastable phase and nucleus-solid interface, and one volume
term:

AGy = (AGs)ng + (AGs)ps + f X AGII/-IomO
2.12
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From the expressions above (With 7*peero = 7*Homo) the critical heterogeneous
nucleation barrier will be reduced with respect to the homogeneous nucleation
barrier by the geometrical factor f:

AGY getero = (16/3)7‘[%%(17/&9)2 x f
2.13
The reduction of the energy barrier can be clearly observed in figure 2.3 where the

change in Gibbs free energy is compared between hetero and homogeneous
nucleation.
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Figure 2.3. Change in Gibbs free energy when creating unstrained spherical nucleus in heteogeneous and
homogeneous nucleation.

Depending of the wetting angle, heterogeneous nucleation can be 2 or 3
dimensional. If f is close to zero, then the nucleus is completely wetting the
surface. In this case 2D nucleation occurs. In case 0 < f < =z, then incomplete
wetting happens, and consequently nucleation will become 3D.

2.1.2. Kinetics of nucleation

As mentioned previously, crystal growth usually occurs away from equilibrium.
Under these conditions growth is governed by a combination of thermodynamic
and kinetic processes. At the nanometer regime, atomic-level control and effects
such as adatom diffusion are more pronounced. Kinetics of epitaxial growth
describes atomistic rate processes, which are strongly dependent on the location of
an atom on the surface.
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Due to unsaturated bonds, the atomistic structure of the surface is typically
different from that of the bulk. This is more pronounced for semiconducting
material, which unlike metals, have directional bonds. A simplified model for
addressing atomistic processes in epitaxy was given by Kossel for the first time
[35]. In this model, the adsorbed atoms known as adatoms, arriving from the vapor
phase are viewed as cubic building blocks that can move around on the solid
surface (diffuse) until they are either incorporated into growth, or desorbed back
into vapor. Depending on the location of an adatom, it can have different number
of first-neighbouring atoms (atoms with which bonds are shared). As a result,
depending on the number of unsaturated bonds, they are bound differently to the
surface.

From a Kossel crystal point of view, when considering rows of atoms in their
close-packed direction (direction in which the atoms are most densely packed), a
crystal surface may be flat (F), stepped (S) or rough (kinked) (K). The flat surfaces
usually have the highest surface density of atoms (In a Kossel crystal, the {100}
surfaces). Each atom on such a surface possesses one dangling bond. Growth on
this surface usually requires a 2D heterogeneous nucleation. The step facet- being
the {110} facets in the Kossel crystal- offers two dangling bonds per atom. The
roughest surface in the low-index planes of a Kossel crystal is the kinked facet.
This corresponds to the {111} planes, and each atom of this surface has three
unsaturated atomic bonds. For growing on this facet, no nucleation is in fact
needed and the arriving atoms may get directly incorporated at the kink sites
without any energy barriers to overcome. Growth rate is simply expected to
increase with increasing supersaturation on these surfaces.

As mentioned, adatoms arriving on the surface of the solid are adsorbed, and
diffuse until one of the following occurs: desorption (re-evaporation into the
vapor), nucleation on an atomically flat surface (either 2D or 3D nucleation), or
incorporation at atomic kinks or steps. The average length that a specific adatom
may diffuse on the surface before it gets incorporated in the crystal, or desorbs
from the surface is referred to as the diffusion length. The diffusion length of the
growth species on the substrate is a critical parameter when discussing the kinetics
of crystal growth. For a given component, it is largely dependent on temperature,
and surface structure as follows [36]:

A= a(kD/kdes)l/Zexp[(Edes - ED)/ZkBT]
2.14

Where a determines the distance between the adsorption and desorption sites, kj,
and k4., are pre exponential factors for surface diffusion and desorption
respectively, and Ep and Eg4.s are the activation energies for diffusion and
desorption respectively. kp is the Boltzmann constant and T represents
temperature. The energy barrier for desorption (Eg.s) is usually much larger than
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the diffusion barrier (Ep), and also much larger than the thermal energy (kgT) at
typical growth temperatures, therefore the adatoms will migrate for quite a
distance before they can re-evaporate (4 >> a). In the high temperature range,
referred to as the desorption regime; the diffusion length decreases exponentially
with T. The residence time on the surface is short, and the adatoms are likely to re-
evaporate before getting incorporated in growth. On the contrary, the residence
time of the adatoms is long for the low temperature range, and adatoms are more
likely to get incorporated. Best epitaxial growth however, is obtained at large
diffusion lengths. Therefore, epitaxy is usually conducted right below the
temperature range where significant desorption commences.

2.1.3. Growth modes in vapor-solid mechanism

In epitaxy, usually heterogeneous nucleation takes place from a supersaturated
vapor phase to a solid crystalline phase. Therefore this growth mechanism is
known as the vapor-solid (VS) mechanism.

The surface energies involved in heterogeneous nucleation have a significant role
in the early layers of growth on a substrate with different material. Depending on
this, growth can be categorized into different growth modes. In the following the
four most relevant growth modes are briefly introduced. Note that, since the
ambient phase is specifically vapor in VS growth, the notation “vapor” will
replace “ambient” in the following discussions.

In thin film growth, depositing layers with smooth growth surfaces are usually
desired. In terms of Young’s equation, this can be expressed through a wetting
angle of 0. If the solid-vapor interfacial energy is yg, = Vns + Vny, @ complete
wetting of the substrate surface by the newly growing layer will take place. This
condition occurs when the depositing adatoms are more attracted to the substrate
surface than to themselves. Under these conditions growth proceeds in a layer-by-
layer atomically flat fashion. This growth mode is referred to as the Frank-Van der
Merwe growth mode. In this mode, nucleation usually proceeds by the formation
of 2D nuclei.

If the adatoms have a large bond-strength (are more attracted to themselves than
the substrate surface), then instead of flat surfaces 3D island formation occurs.
This condition is fulfilled when v, is small compared to y,,,, leading to a wetting
angle of approximately m in Young’s equation. This will result in the following
relation between the surface energies involved in nucleation: y,s = Yo, + Vno-
Under this condition, the growing layer will not wet the substrate. In this growth
mode known as the Volmer-Weber mode, the total energy of the system (nucleus
and substrate) is minimum when a larger fraction of the substrate is left exposed to
the metastable vapor phase. Here nucleation proceeds by forming 3D nuclei.
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An intermediate situation may occur during epitaxy. In this case the first few
atomic layers wet the substrate surface completely, and atomically flat growth
happens similar to the Frank-Van der Merwe mode (yg, = Vns + ¥nw)- Eventually,
after reaching a critical thickness, as strain is accumulated in the epitaxial layer
Y'ns = Ysv + Vnw applies. From this point onwards growth continues as 3D islands,
with a thin wetting 2D layer underneath. This mode is known as the Stranski-
Krastanov or layer-plus-island growth mode. Note that y',, is the interfacial
energy between the nucleus and the already grown monolayer(s) of the same
material, and hence is not the same as ¥,,5, where the solid surface is that of the
initial substrate.

Another mode, that is of significant importance is known as the Step-flow growth
mode. Step-flow growth can in fact be regarded as a special case of Frank-Van der
Merwe growth. At a given supersaturation, when the solid-vapor surface energy is
low, due to the higher nucleation barrier, nucleation happens less frequently.
Under these conditions, adatom attachment to existing kinks and steps is more
likely to occur instead of new nuclei formation. Therefore, the degree of
supersaturation at the growth front is determined by kinetic factors such as adatom
arrival and desorption rates, adatom diffusion, and adatom attachment to the
existing steps. This type of growth is indeed observable in some epitaxial growths,
such as the wurtzite shell growth of GaSb on InAs discussed in paper III of this
thesis. In order to surpass this mode and move towards Frank-Van der Merwe
layer growth, supersaturation of the vapor is required be sufficiently increased so
that 2D layer growth can occur.

2.1.4. Surfactants

Surfactants (short for surface active agents) are generally referred to atoms or
molecules that change the thermodynamic and/or kinetic properties of a surface
upon adsorption. These species remain on the surface without being incorporated;
hence affect the nucleation and overall growth mechanism.

Surfactants can change the direction of a thermodynamic process by changing
(usually lowering) the surface (or interfacial) energy between the solid and the
vapor (liquid) phase [37]. This will lead to a change in the wetting angle of the
nucleus, a reduction of the critical supersaturation, and hence critical nucleus
radius. The mentioned is observable in the schematic graph of figure 2.4.

From a kinetics point of view, surfactant species can affect the diffusivity of the
arriving adatoms on the surface, which will consequently modify nucleation and
growth. At relatively high temperatures, the diffusion length of the arriving species
is longer than the distance between step and kink sites, leading to a step-flow
growth mode (adatom attachment to kink sites more frequent than nucleation
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events). On the contrary at low temperatures, as the diffusivity decreases, adatoms
are more likely to encounter one another, before reaching kink sites, and so, will
form new nuclei. At the presence of surfactant species the energetics of
incorporation of the arriving adatoms at steps and kinks will be affected,
meanwhile the adatoms need to exchange positions with the surfactant atoms in
order to get incorporated in the crystal lattice [38]. In both cases the diffusion of
the adatoms is affected. As the diffusivity is altered in the presence of surfactants,
step flow or 2D nucleation can be favoured, possibly being in contrast with the
nucleation and growth mode expected when surfactants are absent.

Gibbs energy change

Nucleus volume

Figure 2.4. Effect of surfactant on lowering the critical nucleus size. The Gibbs energy in the presence of surfactants
(AG's) is smaller than AGs, leading to a reduction of the total Gibbs energy (4G'y < AGy). This in turn causes the
critical nucleus size to be smaller in the presence of surfactants (V' < Vy).

In the present context, surfactants are mainly referred to elemental adatoms that
tend to be relatively heavy (large atomic number) having longer covalent bonds,
hence tend to stay on the surface instead of getting incorporated within the crystal
lattice during growth. As examples of elemental surfactants Sb (Z = 51) and Bi (Z
= 83) could be named. There have been many reports in literature on thin layer
growth where Sb (and/or Bi) changes 3D nucleation to 2D, enhances anisotropic
growth in certain crystallographic direction, or even alters the atomic ordering of
the layers [39][40][41].

2.1.5. Vapor-liquid-solid (VLS) growth mechanism
As an alternative growth mechanism to VS, an intermediate liquid particle can be

introduced to facilitate nucleation from the supersaturated vapor phase to solid. In
this case, nucleation and growth takes place under the liquid particle within a
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confined area determined by the particle diameter via the extension of a 2D
nucleus. This results in nucleation driven vertical growth of cylindrical columns
with dimensions defined by the particle diameter, which, if small enough, are
usually referred to as nanowires. Material will go through two phase transitions,
hence two supersaturated phases will play roles in nucleation: Material from a
supersaturated vapor phase will condense into the liquid particle with a lower
supersaturation compared to vapor, and solid nuclei will form at the liquid-solid
interface from the supersaturated liquid. For this reason this mechanism is mainly
referred to as the vapor-liquid-solid (VLS) mechanism. In the following the key
parameters for nucleation such as supersaturation, adatom diffusion, impact of
particle size, position of nucleus formation, and contact angle will be covered.

Particle-assisted nucleation: thermodynamic and kinetic aspects

The particle chosen for VLS is usually a metal particle. In I1I-V nanowire growth,
either a foreign metal such as Au, or the group III metal of the crystal components,
such as In, for InAs is chosen. At temperatures above the eutectic temperature of
the metal-material alloy (semiconducting material in the case of semiconductor
nanowire growth), the alloy is liquid [41]. And since most liquid metals do not wet
semiconducting surfaces, it agglomerates into liquid particles sitting on the
substrate. The liquid particle wetting will be elaborated further in chapter 2.1.5,
under the subheading: “particle contact angle”. But initially the thesis will discuss
how/why introducing an intermediate liquid phase will facilitate nucleation and
growth.

The liquid alloy becomes supersaturated by vapor influx to a concentration above
the equilibrium concentration of that temperature. Crystallization occurs through
this intermediate particle only if [42]:

1. The vapor-solid supersaturation (Auys = Uy — Wg) is larger than the
liquid-solid supersaturation Aurs = W — Us): Apys > Augs.
Equivalently, the chemical potential of the vapor be larger than that of
liquid (uy > p;). This is the necessary condition for positive vapor-liquid
influx.

2. The liquid-solid supersaturation is positive: Au;s > 0. Or in other words,
the chemical potential of liquid be larger than that of the solid (¢; > wug).
This condition is necessary for liquid-solid flux. The equilibrium
concentration of the liquid particle at a given temperature can be regarded
equal to the chemical potential of the solid.

The effective supersaturations of the vapor and liquid phase (® and ( respectively)
with regard to that of the solid can be defined as:

@ = exp(Auys/kgT) —1; { = exp(Auys/kpgT) — 1
2.15
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According to the conditions set above, growth via the VLS mechanism can only
happen when:

d>¢>1
2.16

Interestingly, if solely supersaturation is considered, the existence of a liquid
particle should not promote VLS over VS on the substrate since: Auys > Au;s.
However, it happens that the particle also reduces the critical nucleus size as a
result of y; ¢ < yys. This statement can be explained as follows. Assuming that the
nucleation rate follows an Arrhenius expression:

— —AG*/kgT
knue = Vnuce /kp

2.17

Where v,,,,.; the Zeldovich factor [43] is the rate at which the adatoms attach to
the nucleus. If v, is assumed to be similar for nucleation at the substrate surface
from vapor, and at the liquid-solid interface of the particle nanowire, then for VLS
to be promoted: AG;s < AGys. This can only be achieved through the difference in
the interfacial energies of the two nuclei.

VLS is typically carried out at low nucleation and growth temperatures compared
to VS growth (usually around 400-500 °C for III-V semiconductors). These
temperatures are usually well below the evaporation temperature (at least one) of
the growth species, therefore, supersaturation of the liquid particle does not solely
happen via direct impingement from vapor. In addition, at these temperatures the
adatoms possess long diffusion lengths, therefore they can diffuse on the substrate
and on the nanowire sidewalls until they reach the liquid droplet. Consequently,
for explaining VLS, the surface diffusion effects and diffusion-induced
supersaturation of the liquid particle need to come into consideration. In VLS the
metallic particle acts not only as a chemical catalyst (adsorption of adatoms from
vapor, and enhancing precursor decomposition in CVD techniques), but also more
importantly, as a collector for material, where it redirects adatom diffusion to the
top of the growing nanowire. To have adatom diffusion (sidewall adatoms and/or
substrate adatoms) to the top it is required that the liquid chemical potential be
smaller than the chemical potential of the adatoms far from the top (u,). In other
words for at least one of the two adatom types (sidewall or substrate) Ay, <
Apys, where Auys = gy — Ug. The effective adatom supersaturation is described
as [42]:

n = exp(duas/kpT) — 1
2.18

Therefore the condition for attaining adatom diffusion to the top of the nanowire
would be:
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n>d¢
2.19

Note that the supersaturation for the two different adatom systems may likely be
different from one another. Moreover, the adatom supersaturation can be affected
by desorption from the surface or incorporation into surface growth (VS). When
adatoms have a lower chemical potential than the vapor, surface growth occurs.
VLS growth happens under conditions where vapor and diffusion fluxes to the
particle are positive:

d>n>¢
2.20

Furthermore, VLS is usually conducted under steady-state conditions; meaning
that the supersaturation of the liquid particle is treated as constant by a dynamic
balance between two non-equilibrium processes: constant nucleation of 2D islands
at the liquid-solid interface, and replenishment of supplies into the particle. Figure
2.5 schematically illustrates the key kinetic processes contributing to steady-state
VLS growth [42].

Substrate

Figure 2.5. Main kinetic processes contributing to steady-state VLS growth.

The following paragraph summarizes all the possible scenarios in VLS with
respect to figure 2.5:

Pathways 1 and 2 show material impingement and desorption directly to and from
the particle respectively. At high temperatures, as the diffusion length of the
adatoms decreases (desorption increases), the liquid particle acts solely as a
chemical catalyst. Under these conditions VLS proceeds in an adsorption-induced
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mode; vapor influx leads to particle supersaturation, which in turn leads to
nucleation of 2D islands that extend laterally to cover the entire liquid-solid
interface. However, typical VLS temperatures are well below this range where as
explained above, adatom diffusion plays a significant role. Adatoms directly
impinged to the sidewall (pathway 3) can diffuse toward the liquid particle. The
diffusion process may be hindered by desorption or surface incorporation. In
addition, with high enough surface diffusivity, adatoms impinged to the substrate
may diffuse onto the sidewalls (pathway 5) and toward the liquid particle
(pathway 6). However, these adatoms can get incorporated in surface growth on
the substrate as shown in pathway 7, desorbed from the substrate or the sidewalls
(pathway 4). The adatoms reaching the liquid particle will contribute to
supersaturating the particle, enabling 2D nucleation and growth.

When the particle diameters are small, as in the case of nanowires, the dimensions
of the growing crystals are small in comparison to the total area of the substrate.
Thus, in order to be incorporated in nanowire growth, the substrate adatoms must
diffuse a significant distance on the substrate surface to reach the growth site.
Therefore in nanowire growth, a definition known as collection area is
encountered, which depicts the circular area around the nanowire from which
material can be collected and incorporated into growth. If the collection area of
adjacent nanowires have an overlap, the average amount of material reaching each
growth front will be reduced, and competition for material will happen [44].

Of the pathways adatoms follow, getting incorporated into surface growth on the
sidewalls will lead to an increase of the nanowire diameter. This is usually referred
to as radial growth, and depending on the composition of the sidewall and the later
growing layer, can be accounted as a shell layer. This VS growth may happen
through 2D and also 3D nucleation on the sidewalls (as discussed in chapters 2.1.2
and 2.1.3), extending to cover the sidewall surface of the nanowire entirely (or
partially). Radial growth typically happens when the diffusion length is not long
enough to reach the top, and adatoms meet each other before desorption [45]. It
can also happen that, surface growth on the sidewalls proceeds via step-flow
mode. In this case, the arrival of adatoms diffusing from the substrate, along with
other kinetic phenomena locally determine the supersaturation on the sidewall, and
layer growth happens bottom to top (in one direction) on the sidewalls, opposed to
extension of 2D nucleation event(s) laterally on the sidewalls.

It is noteworthy to add that the surface energetics of the sidewalls is of utmost
importance for shell growth as it affects the supersaturation and consequently
nucleation free energy. This fact is exploited in the work of paper II, where
selective shell growth along lengths of single nanowires is accomplished through
alternative segments of wurtzite and zinc blende, which possess different surface
energies. Following the same discussion, as mentioned in chapter 2.1.4,
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introducing surfactants into the system will undoubtedly affect radial growth of the
nanowires. It may lead to an enhancement of radial growth, or change the growth
mode from 2D layer to island growth [46][47][48]. Further in the thesis, examples
of such phenomena will be discussed in length.

Particle size impact

In the case of a liquid particle sitting on top and bound to a cylindrical rod with
radius R, the chemical potential of the particle will be defined as [49]:

Au o« (2yy,sin B/R)
2.21

Where yy;. is the droplet surface energy, and f is the contact angle. The effects of
contact angle will be covered in more detail later in the thesis, under the heading
“Particle contact angle”. From the relation above it can be understood that for
small enough particle diameters, the chemical potential will be relatively low (as a
result of high pressure within the particle). In other words, at given vapor
pressures, smaller particles will have more adatom desorption through their
surface, which will in turn hinder nanowire growth from particles smaller than a
certain critical size. This is known as the Gibbs-Thomson effect.

Nucleation positioning

In general, VLS proceeds in a mononuclear mode in nanowires: a single 2D
nucleation event occurs at the liquid-solid interface and laterally spreads over the
entire interface very fast, creating one monolayer of crystalline material. In this
mode, the waiting time between each nucleation event, during which the particle
accumulates material, is longer than the time it takes for a nucleated island to
spread across the interface. As a result, growth rate is limited by waiting time
between consecutive nucleation events. Upon each nucleation event (followed by a
monolayer growth), by instantaneously removing material from the particle, the
particle volume changes, hence the surface area of the particle decreases by 4S;.
Since in such small dimensions the metastable phase (liquid particle) cannot be
assumed infinitely large, the Gibbs free energy of island formation (4G;g =
Gy is1 + Gs ;) must have a correctional term accounting for this change in liquid
surface area [49]:

AG = AGig +yyAS),
2.22

This correction term is on the same order of the other surface terms within 4Gy,
and therefore has a large impact on nucleation formation and cannot be omitted.

The surface term of the nucleation barrier will now be position dependent: The
change in surface area will be different if nucleation happens at the center of the
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liquid-solid interface; completely surrounded by liquid, or at the triple phase line
(TPL); on the periphery of the liquid droplet, where some part of the nucleus will
be exposed to vapor. The volume energy for the two cases though, will indeed be
similar.

This position dependency of the nucleation free energy has a significant role on
the final crystal structure of the nanowire; hence it will be revisited in chapter
2.2.3; wurtzite formation in nanowires.

Particle contact angle

In the following the discussion takes one step back in order to explore the
importance of contact angle of the liquid particle with the substrate or nanowire
top facet.

Figure 2.6. Schematic illustration of different scenarios of a liquid particle sitting on a solid substrate with different
contact angles surrounded by vapor.

Assume a scenario shown in figure 2.6 where, a liquid particle with a given
volume is sitting on top of a solid substrate within an ambient vapor. The surface
term of the Gibbs energy of this three-phase system can be written as [49]:

Gs = Yy 2nR?/(1 + cos ) + ys,mR? + Y5y (So — TR?)
2.23
Where R is the radius of the liquid-solid interface, and S is the surface area of the
solid. The system will go towards equilibrium by minimizing the surface energy.

Hence, the system will reach minimum energy only if the contact angle satisfies
Young’s equation:
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Ysv = VsL + Vv COs
2.24

For the liquid particle to agglomerate on the surface opposed to wetting it (revisit
section 2.2.3); ysy < ¥s1 + Y1y- The following situations can then arise:

1) For ygy > ys;: the contact angle must be below n/2 to fulfil equation 2.24
(B<m/2)

2) For ygy < ysi: the contact angle should be above n/2 (f > m/2), where
for the extreme case at f = : Yy = Vs1. — Viv

From the above in order to have an agglomerated liquid particle sitting on the
substrate surface, the surface energies must meet the following condition:

Ysv <Vs. + Vv
2.25

If this condition is not met, the particle will wet the substrate surface (remember
that in the current case the particle diameter is not constant as it is not pinned to
any boundaries) and consequently, the required supersaturation-which is related to
the surface/volume ratio- will not be met to avail 2D nucleation at the liquid-solid
interface. Noteworthy is that, introducing species such as surfactants will drive the
system away from the latter mentioned inequality; by changing ysy, .y and yg;,
relative to each other, it will alter the contact angle, potentially causing the particle
to wet the substrate. This is indeed an issue when intending to grow Au-seeded III-
Sb nanowires directly from substrates. The presence of the surfactant Sb will cause
the mentioned change in contact angle, and hinder nanowire growth. Therefore,
surfactants not only affect the VS growth (of nanowires or surfaces alike), but also
have a significant impact on growth in the VLS mode. One can of course, by
changing other parameters of the system such as the liquid particle composition, or
deposition of a monolayer on the substrate surface, counteract the surfactant
footprint, causing de-wetting of the particle, and hence facilitating particle-assisted
growth. In Paper [ this challenge is addressed and tackled for a large
compositional range in InAs;.«Sbx nanowires. For higher Sb compositions, the
particle composition changes dramatically from mainly Au, to mainly In,
counteracting Au-particle wetting.

Now, assume another scenario where a liquid particle with volume V is sitting on
top of a cylindrical rod with radius R. For the particle to stay pinned to the top
facet periphery (not wetting the sidewall(s)) as shown in figure 2.7a, there must be
a balance between both horizontal (£}) and vertical forces (F)) interacting at the
TPL (unbalanced scenarios shown in figures 2.7 b and ¢ respectively). The surface
energies related to these forces will be of the following surfaces:
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yLs: Liquid-solid top facet, yys: Vapor-solid sidewall, ys,: Vapor-solid top facet,

ot

Yiv: Liquid-vapor, y';s: Liquid-solid sidewall

Figure 2.7. a) Liquid particle pinned to the top of cylindrical rod with contact angle B>90°. Unstable particle for axial
nanowire growth under unbalanced b) horizontal, and c) vertical forces at the TPL.

This stability will guarantee vertical growth of the cylinder so long as the
necessary growth conditions are maintained. In addition, based on the Nebol’sin-
Shchetinin criterion for stable nanowire growth, the contact angle of the particle
positioned on the top facet should be larger than /2 [50]. If by any chance the
particle stability is meddled with (by altering the surface energetics or contact
angle through changing the volume of the particle), the particle will no longer
prefer the top facet and will either partially or completely wet one or more of the
sidewalls. This matter will be revisited in chapter 4.2.2. Template assisted growth
of [1I-Sbs; Side-by-side wurtzite InAs-GaSb nanowires.

All the discussions above are central to synthesizing nanowires from liquid
particles. The work in this thesis is focused on III-V nanowire growth from Au
seed particles on (111) B oriented substrates, therefore in the discussions above,
the terms “liquid particles” will be replaced by Au particles (foreign-metal
seeded), “solid substrate” with III-V (111) B substrates, and “cylindrical rods”
with III-V nanowires. Noteworthy to mention that, the cylindrical geometry of the
nanowire is merely an approximation, and in reality the nanowires are faceted, up
taking a hexagonal geometry grown along the (111) direction.
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2.2. Crystal structure

III-V nanowires predominantly grow in the cubic zinc blende or hexagonal
wurtzite crystal structures. This is in contrast to their bulk form, where wurtzite is
usually not a stable structure. In the following chapter these structures, along with
basic crystallographic concepts central to key topics of this thesis will be
introduced and discussed. Origins of wurtzite formation in the nanowire
configuration will be explored, and methods used for controlling the crystal
structure of a growing nanowire will be covered. Antimonides are an exception to
this polytypism, as they do not grow in wurtzite. Since overcoming this deviation
is the specific focus of this work, this topic will also be briefly addressed.

2.2.1. Crystal symmetry in III-V materials

When atoms of a solid are ordered in a periodic manner in all three dimensions,
the solid is said to be a crystal. The smallest block of this periodicity from which
the entire crystal lattice can be constructed is known as the unit cell of the crystal.
The physical dimensions of the unit cell of a crystal are known as the lattice
parameters. These parameters are an intrinsic property of the material, which
depend on the atomic bond strength of the constituting atoms of the crystal.
Therefore, materials composed of different atoms that share the same crystal
structure will typically have different lattice parameters.

The simplest crystal lattices are the cubic lattices- shown in figures 2.8a-c, and
they can be described as follows: simple cubic structure, where an atom sits at
each of the eight corners of the cubic unit cell (figure 2.8a), the body-centered
cubic structure (BCC), which has an extra atom sitting in the center of the simple
cubic, (figure 2.8b), and the face-centered cubic structure (FCC), in which one
atom is positioned in the center of each face of the simple cubic structure (figure
2.8c). If the unit cell is cubic, all three dimensions are of equal length, with an
angle of 90 ° between them, meaning that they are represented by only one lattice
parameter; ay. For other types of unit cells, more lattice constants are necessary to
define the size of their unit cell. The vast majority of metallic elemental crystals
are BCC or FCC, while the only elemental crystal believed to have a simple cubic
structure is Po.
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simple cubic b body-centered cubic (BCC) ¢ face-centered cubic (FCC) d hexagonal close-packing (HCP)
(cubic close-packing) )

) gy GO

Figure 2.8. Cubic crystal structures demonstrated in: a) simple cubic, b) body-centered cubic, and c) face-centered
cubic structures. d) Demonstraes the hexagonal close-packed (HCP) crystal structure. (3D atomic models created
using Rhodius software tool [51]).

Crystal faceting

Any given crystal is terminated by a number of surfaces. As mentioned in the
previous chapter, different surfaces demonstrate different energies depending on
the number of dangling bonds they possess, and in general, surfaces are not
energetically favourable over the bulk volume of a crystal. Otherwise, the solid
crystal would undergo sublimation to reduce its bulk volume. Therefore, the
system will move towards reducing its total energy by minimizing the total surface
energy of the crystal. For this to happen, the surfaces with the highest energies will
grow with the highest rate, leaving the lower energy surfaces larger in size. These
lower energy surfaces are what will define the final shape of a crystal in
equilibrium. As demonstrated in figure 2.9, based on Wulff’s construction
theorem, in equilibrium the following relation is established between the formed
facets, and their surface energies [52][53]:

17/vj = constant
2.26

Where 7; is the vector drawn from the center of the crystal cross section,
perpendicular to facet j, and y; is the corresponding surface energy of that facet. In
figure 2.9a, the surface energies of all twelve facets are considered equal, hence
their equal length. Now if facet b has a higher surface energy compared to a and c,
based on Wulff’s theorem 7, must increase proportionally.

Assuming that the surface energy of six alternating facets out of the total twelve of
the crystal in figure 2.9 have a higher surface energy similar to facet b (figure
2.9b), then due to a smaller nucleation barrier, these facets will have a higher
growth rate and grow smaller, while leaving the six other facets with lower surface
energies with a larger length. If the difference in surface energies of these two
facet types is high enough, in a given time, the “b” type facets will grow out,
eventually leading to a six-faceted final shape of the crystal.
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Figure 2.9. Shape of a crystal with twelve side facets that have a) equal surface energies, hence equal lengths in
euilibrium. b) based on Wulff's construction theorem if facet b, and all other five alternative facets have a higher
surface energy, they will grow at a higher rate, reducing their surface length, and therefore changing the equilibrium
shape of the crystal.

It is worth the reminder that, in this work crystal growth happens away from
equilibrium, and kinetic factors will also play a role in the final shape of the
crystal. However, the discussions on crystal shape formation at equilibrium are
still of relevance, as kinetics will promote faster growth of surfaces with higher
energy, over surfaces with lower energy.

More over, in anisotropic growth, as it is the case with nanowires, the side facets
defined by lower surface energy facets are not always the only facets that form.
Usually truncation happens; some small, higher indexed facets also form to
“close” the shape of the crystal. In order to connect the side facets to the facet in
the anisotropic growth direction (top or bottom facet in nanowire growth), higher
indexed facets, which can also close the crystal with minimum surface area, are
created. These facets will be those with the lowest surface energies formable under
the given growth conditions. In other words, those higher indexed facets, where
the product of surface energy and surface area is minimized, will form to close the
crystal shape.

Close-packing

Going back to the topic of crystal structure, for simplicity, in the following
discussion, the atoms will be approximated by spherical balls. Imagine one-
dimensional chains of atoms in which the atoms are in close-proximity similar to
the schematic in figure 2.10a. If these 1D chains are positioned beside one another
such that each atom of the second chain falls in the void created by two adjacent
atoms of the first chain, close-packed 2D planes of atoms are formed. This is
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shown in figure 2.10b. Each atom in this ordering, is surrounded by six other
atoms; in a hexagonal fashion.

Figure 2.10. Schematic demonstration of crystal atoms in a) 1D b) 2D and c) 3D close packed configuration.

For constructing 3D close-packed structures, two 2D close-packed planes are
positioned on top of one another such that each spherical atom of plane 2 falls into
the valley created by three adjacent atoms of plane 1. Figure 2.10c schematically
demonstrates this, where blue spheres represent the first, and purple spheres the
second close-packed plane. Two types of voids are then created in the 3D
structure, namely the tetrahedral void; shown with the red triangle in figure 2.10c,
and the octahedral void; indicated with the yellow triangle. The tetrahedral voids
fall exactly on top of atoms in plane 1, therefore if atoms of a third plane were to
sit in these voids, they would be exactly aligned with the atoms of the first plane.
In this situation, every third plane in the 3D close-packed structure would repeat
itself, resulting in an ABAB... stacking sequence. The red inset in figure 2.10c
demonstrates this stacking. This is called the hexagonal close-packed (HCP)
structure. The HCP structure is schematically demonstrated in figure 2.8d. On the
other hand, if the atoms of the third plane are stacked such that they fall into the
octahedral voids, the position of these atoms will be completely unique. This new
layer position will then be called “C”, and if the three layers repeat the same
ordering as shown in the yellow inset of figure 2.10c, an ABCABC... stacking will
be created, with every fourth layer repeating itself. The schematic represents the
FCC crystal structure.

Common crystal structures in I1I-Vs

The two most common crystal structures in I1I-Vs are the zinc blende (ZB), a cubic
structure, and the wurtzite (WZ); an HCP structure. The zinc blende structure

45



consists of two FCC unit cells interlaid with a translation of a¢/4 along the three
axes with respect to one another. If the constructing atoms are all from the same
material, such as Si, zinc blende represents a diamond structure. Compound
materials such as III-Vs however, are constituted of two types of atoms. Therefore,
the constructing atoms of each of the FCC structures are of a different elemental
atom for compounds. For III-V material, one of the FCC sublattices consists of
group III atoms while the other of group V. The unit cell of zinc blende III-V
material therefore consists of an FCC unit, where all the atom sites are occupied
by group III atoms, interlaid with four group V atoms, positioned such that they
form symmetric tetrahedral bonds with the group III atoms.

Similarly in the wurtzite structure the group III and V atoms form an hcp
sublattice. The unit cell is hexagonal, meaning that it is not symmetric in all three
directions. It consists of a rhombus base, which is defined by three equal-length
(ap) vectors with 120 ° between them and a vertical axis with length ¢, defining the
height of the unit cell. Figure 2.11 shows the unit cells of and zinc blende and
wurtzite schematically.

a) b)

Figure 2.11. Schematic representations of a) zinc blende and b) wurtzite unit cells. (3D atomic models created using
Rhodius software tool [51]).

In general, the directions and planes in crystals are defined through specific
indices based on their unit cell geometry. For cubic cells, notations called Miller
indices are usually used. If the unit cell axes are defined using three orthogonal
vectors with equal lengths (ajazas), (h k<€) will denote a plane that intercepts
these axes at three points of: a;/h, a-/k, and as/€. In better words, the Miller indices
are defined as the inverses of the intercepts of said plane in the basis of the lattice
axes. For instance a plane defined as (100), will not intersect the a, and as axes
(will intersect them at infinity), but will intersect and is orthogonal to a;. All
planes equivalent to (%kl) due to the symmetry of the crystal lattice will be defined
as the {hkl} plane family. Direction [hkl] is the direction of a vector connecting
point hkl in the lattice to the origin of the real coordinate system, and all directions
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equivalent to [hkl] are noted as the <hkl> family. In cubic systems [hkl] is the
direction perpendicular to plane (hkl). In the case where any of the intercepts are at
negative values on the axes, then the negative sign is demonstrated with a minus
sign or a bar in the Miller indices.

For a hexagonal lattice, the Miller-Bravais indices are used. These indices have
four digits; the first three are related to the rhombus base of the unit cell, and the
fourth digit is related to the c-axis of the unit cell. These indices are denoted as
(hkil), where i=-(h+k). As an example plane (0001) is parallel to the base plane. In
figure 2.12 the technologically most relevant planes of the zinc blende (figure
2.12a), and wurtzite (figure 2.12b) are demonstrated.

(-110)

Figure 2.12. a) zincblende unit cell with (100), (110), and (111) planes, and b) wutzite unit cell with (0001), (0-110),
and (1-120) planes defined in blue. (3D atomic models created using Rhodius software tool [51]).

In compound materials such as III-V semiconductors, due to the two types of
atoms, a concept known as polarity will occur. In III-V material, polarity can be
defined as the internal electric field of the crystal caused by the asymmetry in the
charge distribution of a III-V bond. The terminating atoms on a non-reconstructed
surface define the surface polarity; depending on which type of atoms (or what
ratio between the two types) is present on the surface, the planes are said to be
polar (or semi-polar). If the numbers of the two atom types are equal on a given
plane, then that surface is said to be non-polar. For instance, the {111} planes of a
zinc blende structure may be terminated by either group III or group V atoms.
These types of surfaces are then denoted as: {111} A or {111} if group III
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terminated, and {111} B or {-1-1-1} planes if group V terminated. Polarity will
affect the properties of the planes, such as their surface energies [54][55].

In relation to previous discussions on surface energy, the crystals will grow faster
in the directions with the highest surface energy, and the determining side facets of
the crystals will be those with the lowest surface energies, along with possible
facets that allow for a closed surface of the crystal.

Zinc blende and wurtzite structures are demonstrated in figure 2.13a and b, along
the <110> and <11-20> directions respectively, where group III atoms are
displayed with green, and group V atoms with pink spheres. Each stacking
position (A for instance) represents a III-V atomic bond. The close-packed
directions of zinc blende; <111>, and wurtzite; <0001> are equivalent, and as
observed, in this direction, the overall stacking of zinc blende and wurtzite is
similar to FCC and HCP, with the only crystallographic difference between these
two being the stacking sequence. If every one of the C planes in the zinc blende
structure are rotated by 60° however, the ABAB... stacking sequence of wurtzite
can be obtained. Noteworthy is that, the group III and V atoms form strong
covalent bonds that are slightly ionic (depending on the electronegativity) with one
another, which are arranged in a tetrahedron fashion for both crystal structures.
The energetic difference between the two structures is related to the bond length of
the third-nearest-neighbour, which is shorter for wurtzite compared to zinc blende.
Ionic bonds lead to a contraction of the c-axis, hence favouring wurtzite, while
covalent bonds lead to an elongation of the c-axis, stabilizing zinc blende
structures [56]. Therefore, the higher the ionicity of a material, the more it is prone
to wurtzite structures.
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Figure 2.13. a) Zinc blende crystal structure viewed along the <110> direction. The inset image depicts the top view
of the ZB crystal structure along the [111] direction. b) Wurtzite crystal structure from the <11-20> direction. The inset
in the figure depicts the top view of the WZ crystal structure along the [0001] direction. (3D atomic models created
using Rhodius software tool [51]).

In the bulk form, most III-Vs take up the zinc blende structure. Nitrides, which are
very ionic, are an exception, as they form in the wurtzite structure. This
dissimilarity is rooted in the difference of the bulk cohesive energies of wurtzite
and zinc blende of these materials; y = Ey,; — Ez5. Bulk cohesive energy is
defined as the thermodynamic energy gain of bringing atoms together to form a
crystal (wurtzite or zinc blende), and so is a negative value. Material with small
ionic bonds such as Nitrides, where the difference in bulk cohesive energy is
negative, tend to form wurtzite in bulk. Other III-Vs; namely phosphides,
arsenides, and antimonides, have positive cohesive energy differences, and form
zinc blende. The smaller the difference in bulk cohesive energies of a material, the
more prone a material will be to stacking fluctuations [57].

In the nanowire configuration though, I1I-V material with bulk zinc blende crystal
structure, can form wurtzite. This stems from an interplay between the volume and
surface energies coupled with the position of nucleation of wurtzite and zinc
blende nanowires, and liquid supersaturation. More explanation will be provided
in chapter 2.2.3.

The following sub chapter describes surface energies of wurtzite and zinc blende
nanowire side facets, which is essential for addressing the statement in the
previous paragraph on how polytypism is coupled with nucleus position, and
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supersaturation. Moreover, in paper I, this difference is exploited to selectively
grow shell layers on side facets with higher surface energies.

2.2.2. Surface energies of zinc blende and wurtzite nanowire side facets

Nanowires growing along the cubic <I111>/wurtzite [0001] directions have
hexagonal cross sections defined by six vertical (110) or (211) planes for zinc
blende, and (11-20) or (1-100) planes for wurtzite nanowires. Zinc blende can also
be defined by alternating (111) A/B micro-faceted sidewalls. Based on their
orientation, nanowires with side facets belonging to the (110) and (11-20) families,
and (211) and (1-100) families can be categorized type I and II respectively. These
two types are oriented differently with 30° rotation along their close-packed axis.
As mentioned previously, surface energy can be defined as the amount of energy
spent on breaking the atomic bonds to create a crystal surface, and therefore can be
calculated through the energy of dangling bonds of the formed surface.
Calculations show that the surface energy of wurtzite sidewalls is lower than their
zinc blende counterparts [58][59]. Typically zinc blende (211) side facets have a
higher surface energy than (110), and wurtzite (11-20) side facets have a higher
energy than their (1-100) counterparts [60]. From calculated surface energies of
different material summarized in [60][61], in general the surface energy of zinc
blende sidewalls are higher than their wurtzite counterparts. It can be concluded
that:
ylg}Z—wO) < VV(VlZl_ZO) < yz(éw) < yz(g11)
2.27

It is worth noting that, there is a spread of the surface energies between different
calculations [61], and that the exact values are material-dependent to a large
extent. In addition, the sequence can be different depending on the growth
conditions. For instance the V/III ratio has an impact on the surface energies, and
is not included in the calculations mentioned above.

2.2.3. Wurtzite formation in nanowires

The crystal structure of each monolayer is determined by the orientation
positioning of its 2D nucleus with respect to the underlying layer. This positioning
will determine whether the stacking of the last two underlying layers are of the
wurtzite (ABAB) stacking or of that of zinc blende (ABCABC). The formation
energy of a 2D nucleus at the solid-liquid interface with radius 7, perimeter c;7,
and surface area of c>7”, and monolayer height /, can be written as [57]:
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AG = —[Aus — Y] Czrzh/an + Veffclrh
2.28

Where Ay, s is the difference in the liquid-solid chemical potential, and V,,,, is the
mononuclear elemental volume.

The effective surface energy will depend on the nucleus position. For nanowires
with vertical side facets it is determined as:

Yerr = (wv — Vv sin B)x + yg,(1 — x)
2.29

Where x is the length of the nucleus exposed to the TPL. If the nucleus forms at
the center of the solid-liquid interface, surrounded completely by liquid (x=0),
then y.¢¢ will only be dependent of yg;. This value is crystal phase independent,
meaning: y¢, (WZ) = y¢, (ZB). Since the difference in cohesive energy is 0 for
zinc blende, and a positive value for wurtzite (yy,7), then the formation energy
will be a smaller negative value for wurtzite compared to zinc blende. As a result,
nucleation will always prefer zinc blende if positioned in the center of the solid-
liquid interface, due to a higher energy gain.

For polytypism to occur, according to the models the nucleus must be positioned
at the TPL. By this it can gain energy through the lower surface energy of wurtzite
side facets compared to zinc blende; yyy(WZ) < ywy(ZB), lowering the
nucleation barrier for wurtzite.

The critical nucleation barriers can thus be calculated for wurtzite and zinc blende
as:

AGyzp = Clyérr(ZB)/Au]
2.30
AGyz = C[Vesz(WZ)/(AH — Yzl
231

Where C is a constant pre-factor including the nucleus dimension, and volume.
The wurtzite structure will be favoured when AGy,, < AGzg, while the zinc blende
structure will dominate when AGy,; > AGzp. The critical chemical potential
corresponding to AGy,; = AGzg thus will be:

Mee = w2/ = (Vepr(WZ) /Yers (ZB))]
2.32

Waurtzite will hence be kinetically preferred only when the difference in liquid-
solid chemical potential is larger than the critical chemical potential defined
above; Au > Au,.
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In summary for wurtzite to occur in nanowires two conditions must be met:

a) Nucleation of wurtzite islands occurs at the TPL, where, due to the surface
energy gain, the nucleation barrier will be smaller for wurtzite than zinc
blende (Verr(WZ) < y55(ZB)). This difference in surface energy is of
course material-dependent.

b) The liquid supersaturation is large enough to compensate the bulk energy
difference; 1y,,. The liquid supersaturation may be affected by kinetic
parameters such as adatom arrival to the particle. Therefore, through
growth parameters such as temperature, and V/III ratio, the kinetics of
adatom arrival can be influenced in such a manner that could promote
wurtzite or zinc blende growth. Kinetic control of the nanowire
polytypism through V/III ratio is utilized quite frequently in the work of
this thesis (papers II, III, and IV), therefore will be briefly covered in
chapter 2.2.4.

Interesting is that, controlling the mentioned growth parameters in condition (b),
not only affects the liquid supersaturation through adatom arrival, but also has an
impact on the presence and amount of a certain adatom in the vapor. This could in
turn influence the surface energies [62][63], which then ultimately will have an
impact on condition (a).

Both these conditions are indeed affected by the presence of species such as
surfactants. By altering the surface energy of the sidewalls, surfactants may hinder
wurtzite formation. In addition, surfactant adatoms sitting on the sidewalls will
affect the adatom diffusivity, hence changing the adatom arrival to the liquid
particle through diffusion. If the adatom arrival is reduced, it will in turn lead to a
lower supersaturation of the liquid particle, making wurtzite growth challenging.

2.2.4. Crystal structure engineering

In recent years, many efforts have been made to kinetically control the polytypism
in III-V nanowires. Studies reporting crystal structure control through growth
temperature, controlling the total precursor flow, the V/III ratio, and nanowire
diameter all demonstrate successful results [64][65][66][67][68][69][62][70][63].
Generally in these cases, the adatom arrival to the liquid particle is meddled with,
changing the supersaturation of the liquid particle and the interfacial energies. For
instance, adatom diffusivity is drastically lowered at low temperatures, hence zinc
blende growth can be expected. In contrast, at higher temperatures, wurtzite will
be favoured. It is necessary to note that temperature also affects precursor
decomposition in MOVPE, which will contribute to the amount of available
adatoms. Additionally, temperature can directly effect nucleation [71]. Controlling
polytypism through nanowire diameter can be explained through material supply
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to the particle. For low areal density of particles, the particles with smaller
diameters will have a faster arrival rate of material compared to larger diameters,
since their collection area on the substrate is identical.

Polytypism control is achieved through V/III ratio in this work. At a constant
temperature for both crystal types, zinc blende is grown at high V/III ratios, while
for achieving wurtzite, a much lower (two orders of magnitude) V/III ratio is
utilized. It is noteworthy to mention that, the change in V/III ratio is mainly
obtained through changing the group V precursor flow. At high V/III ratios, less
group III adatoms will reach the liquid particle, thus the liquid supersaturation will
be lowered leading to the suppression of wurtzite growth. This reduction in the
adatom arrival rate results from a higher radial growth rate in the presence of more
group V adatoms; as a larger fraction of the existing group III adatoms on the side
facets will get incorporated in radial growth, again reducing the adatom arrival to
the particle.

Being able to control the crystal structure will facilitate growth of nanowires with
minimal number of stacking defects along their axial length. In addition, the
ability to control polytypism with high precision, allows engineering the crystal
structure along the length of single nanowires, alternating between segments of
wurtzite and zinc blende, with abrupt interfaces, and segment lengths down to a
few nanometer. In paper II, the InAs template core is obtained through this
method.
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3. Experimental Methods

This chapter briefly describes the methods used for synthesizing, and also
characterizing the nanowires studied in the work of this thesis.

3.1. MOVPE

Epitaxy can be realized by different methods such as Molecular beam epitaxy
(MBE), Chemical beam epitaxy (CBE), and Metal organic vapor phase epitaxy
(MOVPE). The epitaxial growth of the nanowires in this work has been carried out
by MOVPE. Because of the high throughput and high working pressure it offers in
comparison to the other methods, MOVPE is more desirable in industry [72]. In
this method, the sources (mainly group III) are metal organic compounds of the
elements of interest. The group V elements are usually supplied as hydride gases,
which despite being ideal sources for MOVPE, as they do not contaminate the
growing material, they are highly toxic. Sb is an exception from this, and will be
discussed in more detail in section 4.1. Suitable hydride sources of this element are
not available. Instead, metalorganic compounds of Sb are used for Sb-based
material synthesis. The metal organic sources are usually in their liquid form with
TMIn being an exception as it is supplied as a powdered solid source. In contrast
to the other epitaxy methods mentioned above, MOVPE is a non-vacuum
technique, where the source material are introduced into the reactor in their vapor
phase. At elevated temperatures, these chemical compounds are physisorbed on
the surface and decompose. It is worth noting that partial or complete pyrolysis
can also occur in the gas phase. In general, as illustrated in the schematic image in
figure 3.1, MOVPE has three main parts; the supply, the reactor, and the exhaust,
which will all be briefly covered in the following.

The metal organic sources are kept in a container so called as the bubbler at a
constant temperature that has been pre-set according to the requirements of a
process. The bubbler has an inlet and outlet, from which a highly purified carrier
gas; commonly H, is pushed through the inlet into the source. The H2 then
bubbles in the material, gets saturated with it, and the mixture flows out from the
outlet into the pipelines that connect the sources to the rest of the system. There

55



are generally two pipelines; the vent and run lines, connected to the outlet of the
bubbler. The run line directs the vapor directly into the reactor, where growth
takes place, while the vent line bypasses the reactor, directly transferring the
precursors to the exhaust. This two-line configuration is for facilitating stable
supply of material when commencing growth or switching precursors. The gas
flow rates are controlled by Mass Flow Controllers (MFCs). In contrast to the
metalorganic sources, the hydride sources are provided in highly pressurized gas
cylinders and so are in no need of bubblers.

The main body of an MOVPE system is the reactor where epitaxy takes place at
elevated temperatures. The susceptor, where the samples are placed, is locally
heated to reduce undesired growth of material on other parts as much as possible
(cold wall reactor configuration). Nonetheless, parasitic growth occurs and
cleaning is required when switching material systems in order to avoid cross-
contamination. The susceptor is made of SiN covered graphite for these MOVPE
systems, which is compatible with temperatures required for growing III-V
semiconductors.

The precursor flows are introduced into the reactor, chemical pyrolysis of the
precursors takes place within the reactor and the metal organic sources decompose
(as do the hydrides), liberating the pure elemental atoms. Epitaxial growth ensues
as the group III and V atoms form chemical bonds on the substrate. The
byproducts of the pyrolysis of the precursors along with unconsumed material are
purged out of the reactor through the exhaust.

A pump located in the exhaust, which is controlled by a valve, attains the rather
low pressure of the system. The toxic material are either burnt, or neutralized
within the exhaust segment in a component referred to as the scrubber of the
MOVPE system before exiting.

The nanowires studied in this thesis have been grown using two slightly different
MOVPE systems, both from Aixtron. In the following two paragraphs the main
aspects and differences of these systems are summarized.

Aixtron (200/4) is a horizontal, cold wall, and low-pressure (100 mbar) MOVPE
system, in which the gas is guided horizontally through a liner made of quartz
glass. The total flow of the carrier gas, H», is set at 13 1/min within the reactor as a
standard value in the growth recipes. Susceptor heating is attained via infrared
lamps up to a maximum temperature of 750 °C. The liner is easily retractable so
that changing and cleaning it is facilitated. The susceptor is designed to
accommodate three 27, or one 4” wafers at a time. Rotation of the susceptor is
beneficial in this system, as it may further assist the homogeneity of the precursor
supply to the substrate.
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Figure 3.1. Schematic of an MOVPE system where the gas flow directions are depicted by the arrowheads. The
carrier gas (Hz) transports the metal organic source materials from their bubblers to the reactor. MOVPE takes place
inside the reactor, and the unwanted material is transported to the exhaust.

A 3x2” close-couple showerhead reactor (CCS) from Aixtron was also used with
H, as the carrier gas with a total flow of 8 I/min as the standard value and a
pressure of 100 mbar. As the name suggests, in this reactor the gas flow is from
above the susceptor through a holey quartz shield, which resembles a showerhead.
The quartz-shield can be easily removed and cleaned when necessary. With this
reactor design, a more homogeneous precursor supply is guaranteed. A graphite
coil resistively heats the susceptor, offering temperatures up to a maximum of 8§00
°C.

3.2. Electron Microscopy

Electron microscopy is referred to microscopy techniques that utilize a beam of
electrons for illuminating the specimen. According to the Rayleigh criterion stated
below, the maximum attainable resolution of the microscope is determined by the
wavelength of its illumination source

_ 0,614
~ usinB

3.1

Where, 6 is the smallest distance that can be resolved, A is the wavelength of the
illumination source, u the refraction index of the medium, and 8 the collection
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angle. For the best optical microscopes the denominator of the equation above is
approximated to 1, therefore the resolution is roughly half the wavelength.
However, in reality the maximum resolution is not feasible, as the resolution of a
microscope heavily relies and is limited by technical factors such as source
stability, lens aberration, and so on.

In contrast to visible light where the highest attained resolution is about 300 nm, if
the illumination source is changed to electrons the resolution can improve
drastically since electrons have much smaller wavelengths than visible photons.
The wavelength of an electron beam, determined by the de Broglie equation, is
dependent on the energy of the electrons (E):

A~ 1.22/VE
32

Therefore, the resolution of the microscope can be tuned by controlling the energy
of the incident electron beam.

Since electrons have mass and are charged, a number of interactions take place
when they collide with material (figure 3.2). A fraction of the incident electrons
undergo inelastic scattering, losing part or their entire energy. Another fraction
undergo elastic scattering, preserving their entire energy. Therefore, in contrast to
visible light where the collected signal is only the reflected (and at times the
transmitted depending on the setup) beam from the sample, in electron microscopy
various signals may be attained which all can be used for gaining different
information from the sample.

Incident
electron beam

Transmitted
electron beam

Figure 3.2. The interaction of an incident high-energy electron beam with a specimen results various electron signals
(demonstrated with straight arrows), and the characteristic X-ray photon signal (wavy arrow). Note that there are other
photon signals such as visible light, bremsstrahlung X-rays etc. that are not depicted here since they are out of the
scope of this thesis.
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Of these signals, the non-transmitted signals, which are usually collected above the
surface of the specimen, e.g. backscattered electrons (BSE) and secondary
electrons (SE), are used in Scanning electron microscopy (SEM), while the
transmitted electrons are used for Transmission electron microscopy (TEM). The
mentioned microscopy techniques are briefly introduced in sections 3.2.1 and
3.2.2 respectively.

3.2.1. Scanning Electron Microscopy

The initial and therefore essential characterization method used after every growth
run in the work presented here is Scanning Electron Microscopy (SEM). It is a
technique where a focused beam of electrons is raster scanned over the sample.
Typical energies utilized for the beam are usually a few tens of keV (commonly 5-
30 keV). Since the samples investigated by SEM are thick (more than
approximately 100 nm for most semiconductors), the beam does not traverse
through the specimen (no transmitted signal). This means that all the electrons will
interact either elastically or inelastically with the atoms of the sample numerous
times before finally losing all their energy or backscattering out of the specimen.

If the electrons interact with the atoms of the specimen in an inelastic way losing
some of their energy to the electrons of the atoms within, a number of the valence
electrons of the specimen will get enough kinetic energy to escape into the
vacuum. These are called Secondary electrons (SE). Since these electrons usually
don’t possess energies exceeding 50 eV, only electrons close to the surface (5-10
nm) manage to escape the bulk while the SEs generated deeper within the
specimen get reabsorbed. Since the interaction volume is small, SEs provide high
spatial resolution. Therefore, topological information of the specimen surface is
attainable.

When the electrons undergo elastic scattering events, i.e. the electrons encounter
coulomb scattering as they are deflected by the positively charged nuclei of the
atoms, they can escape the bulk of the material without any energy loss. The
electrons that have basically “bounced back” from inside the specimen are called
Back Scattered Electrons (BSE). Since these electrons have high energies (similar
to the electron beam energy), they usually emerge from a further depth in
comparison to SEs. Therefore, they provide a lower spatial resolution. However
since the number of BSEs heavily depends on the atomic number of the atoms (Z)
they give a strong Z-contrast, in a manner that heavier elements deflect the
electrons stronger hence appear brighter.

Different detectors with relevant designs and positioning are available for
detecting each of these signals. In this work, SE electrons are detected to mainly
gain topological information such as nanowire morphology, and faceting from the
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samples. A LEO 1560, Hitachi SU1080, and a JEOL JSM-6700F have been used
for this purpose. It is worth noting that the latter has been mainly used for
acquiring compositional information by utilizing an installed X-ray Energy
Dispersive Spectroscopy (XEDS) detector. XEDS is covered in more detail in
section 3.3.

3.2.2. Transmission Electron Microscopy

If the energy of the electron beam is high enough (typically on the orders of a few
hundreds of keV) and the samples prepared are thin enough (around maximum
100 nm for most semiconductors), part of the incident beam can “pass through”
the sample. Since the energy of the electrons is very high, a large fraction of these
transmitted electrons directly transmit through the specimen without undergoing
any interaction. Meanwhile, a smaller fraction undergoes elastic and some
inelastic interactions along their trajectory through the sample. Detection of these
signals is achieved by a characterization technique named Transmission Electron
Microscopy (TEM).

The elastically scattered electrons from the lattice planes of crystalline samples
can give information on the crystal structure of the sample; i.e. the positioning of
the atoms within the crystal [73].

In this work The TEM was operated in the High Resolution mode (HRTEM) to
gain information about the atomic positioning of the crystal planes, hence
information on the crystal structure, and possible crystal defects.

A JEOL 300F has been used to obtain crystal information in this work. Nanowires
were transferred to lacey-carbon copper TEM grids by mechanically rubbing the
grid on the growth substrate.

3.2.3. X-ray Energy Dispersive Spectroscopy

Of the signals generated by illuminating a specimen with an electron beam,
characteristic X-rays are one of the most useful signals. These X-rays are produced
as a result of inelastic interaction of the incoming electrons with the specimen
atoms. When the incoming electron has enough energy and knocks out an electron
from the inner shell of the specimen atom, it excites the atom. This excited atom
goes back to the ground state by allowing an outer shell electron to fill the empty
state in the inner shell. In this process, one of the possible paths through which the
outer shell electron releases its extra energy is emitting an X-ray photon with the
same energy. The electron configuration of each element is specific to itself. As a
consequence, since the energy of the emitted X-ray corresponds precisely to the
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difference between the electron energy levels, the X-ray is an elemental fingerprint
of the emitting atom. Therefore, by detecting these X-rays compositional
information of the specimen can be acquired. Each element has a set of family
peaks, depending on through which outer shell electron the atom relaxes. There
are families of K, L, and M peaks; i.e. electrons filling in the K electron layer, the
L layer, and M layer respectively. In figure 3.3 a simplified schematic of the
electronic structure of an atom and the corresponding X-ray families are given.

Figure 3.3. Schematic illustration of the electron configuration of an atom with the K,L, and M electron shells circling
the nucleus. The main electron transitions related to the K, L, and M families are also demonstrated.

X-ray energy dispersive spectroscopy (XEDS, also known as EDS or EDX) is
referred to a method where the characteristic X-ray energies emitted from the
ionized atoms of the material under investigation is plotted versus the number of
counts. The Energy of the useful characteristic X-rays are typically above 1 keV,
and, the information is presented as intensity spectra. These X-rays interact with
the detector, generating a number of electron-hole pairs depending on the energy
of the incoming X-ray. The XEDS detector, which is a reversed biased p-i-n diode,
separates the electrons and holes, creating a charge pulse that is amplified and
measured. Unlike what seems like a continuous process due to the high speed, it is
actually serial processing of single X-rays one at a time. Therefore, the XEDS not
only detects the X-rays, but also separates them according to their energy (hence
the name dispersive spectroscopy). The composition of the specimen can be
defined by determining the concentration of each of the consisting elements in
comparison to one another. The concentration of each element is related to the
observed intensity of the characteristic X-ray [73].
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XEDS detectors can be installed on both SEMs and TEM/Scanning Transmission
Electron Microscope (STEMs). The interaction volume of the electron beam and
the specimen depends on the beam diameter and the beam spreading, which in turn
depend on the beam energy and the sample thickness. A small probe size is chosen
when scanning the electron beam over the specimen to facilitate attaining spatially
resolved elemental information. One can choose a single point or area and have
counts versus energy. By doing this, “point and ID” analysis is acquired. Or, in
contrast, one can choose a single energy and scan the entire area. This gives counts
of that specific energy versus positions that are known as compositional maps.
They can be line scans; i.e. 1D elemental maps, or area maps, where the position is
in 2D.

62



4. I1I-Sb nanowire growth

4.1. A general overview on III-Sb material

Among all III-V materials, I1I-Sbs offer some of the most interesting properties
desired for optoelectrical and electronic device applications. For instance among
III-Vs, the narrowest room temperature band gap [74], smallest charge carrier
effective masses, hence highest carrier mobilities are presented by this material
family . To mention a few examples, due to the very small band gap InAs,37Sbo3
has, it is suggested as a suitable replacement for the conventional HgCdTe low
wavelength infrared detector [33], which has a low thermal conductivity, is soft,
and harmful for the environment. InAsSb is harder, has a higher thermal
conductivity, and is slightly less harmful [75]. The InAs-GaSb heterostructure
material system is also of interest due to the broken band alignment it
demonstrates[76]. The broken band alignment is suitable for various device
applications such as tunnelling devices [24][77]. Both these material systems will
be investigated more in detail within this work. When it comes to electronic
applications, InSb demonstrates the highest room temperature electron mobility
among I1I-V material; 77000 cm?*/Vs, whereas GaSb has a considerably high room
temperature carrier mobility of 1000 cm?/Vs. Hence these materials are suitable
for n- and p- type devices respectively [75][78][79][80][81].

Also, due to the very small effective masses of these material systems, and in
particular InSb and InAso37Sboes (me=0.015mp and 0.010mo respectively),
quantum confinement can be achieved at rather large dimensions; dimensions that
are readily available at nanowire diameters, making nanowires of these materials
interesting candidates for quantum studies [82].

However, growing III-Sb materials is more challenging when compared to other
III-Vs. To name a few of these challenges one can mention the difficulty in
obtaining high purity (less unintentional C incorporation or other impurities) or
compositional homogeneity in the grown material. The impurity incorporation can
be related to the lack of suitable hydride Sb precursors for MOVPE. As it was
covered in more detail in section 3.1, typically in MOVPE the group V elements
are supplied as hydride sources, such as AsH3, while the group Il elements are
supplied as metal organic compounds (the related group III metal accompanied by
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alkyl ligands). When adsorbed on the growth surface, the hydrides release H
atoms, which react with the alkyl ligand creating the related alkane (usually
methane or ethane), which is purged away. Hence, the C atom in the alkyl group is
not incorporated into the growing crystal. Since SbH3 is very unstable, and storing
or transporting it is unreliable, in MOVPE Sb is supplied as a metal organic
compound. This in turn gives rise to more impurity incorporation [83].

Apart from that, antimonide-based material growth is challenging on a more
fundamental level. Irregular growth on the surface may occur due to the very low
vapor pressure of Sb causing it to stick to the surface [84]. Since Sb is a surfactant,
it tends to stay on top of the surface of the growing material, getting less
incorporated into the crystal [83][85], influencing a large number of surface-
related processes such as precursor decomposition and surface diffusion during
material deposition. Also, the low vapor pressure of Sb in comparison to other
group V elements (2 x 10 torr at 450 °C) [86] leads to a phenomenon referred to
as the memory effect inside the reactor during MOVPE. The memory effect of the
reactor is related to the longer desorption time from the surface Sb requires
compared to other III and V elements. As a result, Sb remains in the “memory” of
the reactor longer, and is not purged away as rapidly as the other elements. This
makes it difficult to grow sharp interfaces when switching from Sb-based
materials to Sb-free materials.

4.2. Au-seeded antimonide nanowire growth and
associated challenges

Au-seeded Sb-based III-V nanowires, similar to most other I1I-V materials can be
grown in various combinations of group III and V elements. The composition
could consist of a sole group III element such as In, Ga, or Al combined with Sb
(binaries), of two group III elements and Sb such as InGaSb, or one group III
element, Sb, and another group V element, such as InAsSb, and GaPSb. The two
latter cases, as discussed previously, are known as ternaries. The first report on I1I-
Sb “whiskers” dates back to 1990, where the authors report on accidental
appearance of GaSb whiskers under non-optimized planar GaSb MOVPE growth
conditions [87], followed by a report on InSb whiskers in 1992 [88]. The field
remained rather stagnant for another decade, until interest in realizing III-Sb
nanowires suddenly increased due to their promising features in areas such as
quantum transport [89][90], thermoelectric generation [91], low-power electronics
[78][79][81], and as a beneficial test-bed for studying fundamental physical
phenomena, such as Majorana investigations [3][92]. GaSb for instance, grown as
nanowires, is currently attractive for the implementation of p-type field-effect
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transistors (FETs) due to its high hole mobility and band gap (0.72 eV for zinc
blende GaSb). In combination with n-type InAs, this material system is considered
suitable for efficient tunnelling field-effect transistors (TFETs) [24], partially
owing it to their broken band alignment. It is generally accepted that a
heterostructure with a broken band alignment is essential in increasing the on-
current of TFETs through a reduction of the tunnel barrier [93]. In addition,
attempting to synthesize certain ternary antimonide compounds such as InAs;xSby
in the nanowire geometry, issues such miscibility gaps that exist in the bulk form
for antimonides do not impose a problem. Therefore, through material
composition tunability, the entire band gap range is accessible.

Within the past few years, III-Sb nanowires have been successfully grown by
various methods. Here however, for the sake of cohesiveness with the work of the
thesis, the main focus will be on particle-assisted growth. Particle-assisted growth
includes III-Sb growth using foreign seed particles such as Au [94], Ag [95], and
Sn [96], and self-seeded growth such as In particles for InSb [97], and Ga particles
for GaSb [98]. The choice of seed particle offers benefits, as well as possible
drawbacks associated with that specific seed material. Regardless of the growth
method, III-Sb nanowires mainly demonstrate defect-free zinc blende crystal
structures [99]. Non-defective crystal structure is typically a preference in device
applications, as it promotes better device performances [100]. In fact, this has been
used to the benefit in a number of studies, where, by introducing small amounts of
Sb, the authors change the crystal structure of III-V nanowires from mixed to zinc
blende [101]. This is explained through a lower required supersaturation of the
particle for a III-V-Sb ternary material compared to that of the initial III-V binary.
In addition, the lower ionicity of InSb and GaSb bonds compared to other III-Vs
can lead to an increased critical supersaturation for growing wurtzite antimonides.
Also, the surfactant effect of Sb on the interfacial energies may result in a
preference towards zinc blende.

However, synthesis of Au-seeded III-Sb has several aspects worthy of noting,
some of which have proven to be challenging. In the following some of the general
but important factors will be briefly introduced. Following that, discussions on
specific challenges associated with antimonide nanowire growth, which are the
main focus of this thesis will be mentioned, and later elaborated.

Unlike other group V elements such as As and P, although also low, Sb is
significantly soluble in Au at typical nanowire growth temperatures [102]. Ex-situ
particle composition measurements mostly reveal stoichiometric Auln or Auln, for
InSb [30][103][104], and AuGa or AuGa, for GaSb [94][105], along with small
traces of Sb. The ex-situ group III composition of the particle has a direct relation
with the Sb molar fraction during growth. For relatively low Sb precursor flows,
the AuGa, (Auln,) particle composition can be expected for GaSb (InSb), while at
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relatively high Sb flows AuGa (Auln) particles will form. The consequence of this
higher group III accumulation in the seed particle will be an increase in the
particle diameter. Related to this, a general property of Au-assisted III-Sb
nanowires is the increase in diameter during axial heterostructure epitaxy when
switching from non-Sb to Sb-containing material systems. This diameter increase
can be as mentioned, related to a higher uptake of the group III element by the
particle as Sb, or it can also be related to the surfactant-caused change in contact
angle when introducing Sb, and/or the lattice parameter differences of the two
materials. The nanowire diameter increase under discussion here is indeed solely
related to VLS. In addition, antimonide growth is usually accompanied by a
significant amount of radial growth. This is a direct consequence of the zinc
blende crystal structure preference of antimonides, as will be discussed shortly,
and the higher surface energy zinc blende possesses. Figure 4.1b illustrates an
increase in diameter of the top segment of an InAs-InSb nanowire.

The reservoir effect occurs when the concentration of a particular atom has a
gradual accumulation or decrease in the liquid seed particle. This could lead to
compositional gradient when growing heterostructures. Typically this happens
when switching the group III precursor. However Sb-even though low- is soluble
in Au, hence for heterostructures including I1I-Sbs, the reservoir effect may lead to
a gradient when switching group V from or to Sb. This could also lead to an initial
delay in commencing growth (for binaries), and a gradual incorporation of Sb in
the nanowire composition for ternaries of antimonides. Therefore in ternaries, this
effect results in a gradual composition change when a sharp interface is desired
[106][17].

Another important parameter worth noting is that, when attempting to axially grow
Sb-based nanowires, generally the V/III ratio requires fine-tuning. Unlike As and
P which have a very high vapor pressures [107][108], Sb has a relatively low
vapor pressure and thus tends to stick to the surface [101]. Therefore in contrast to
arsenides and phosphides where the V/III ratio range leading to successful
nanowire growth is wide, for successful growth of antimonide nanowires the V/III
ratio is rather narrow.

Moreover, Sb-based materials have a rather low melting point, compared to other
III-Vs. For instance, InSb melts at 525 °C. Therefore the growth temperature
windows of these nanowires are very limited. Since the precursors are
metalorganics in MOVPE, the growth temperature should be high enough to
guarantee sufficient precursor decomposition [109], and low enough to avoid
melting the Sb materials. GaSb has a higher melting point of 712 °C compared to
InSb, but is still considered low compared to most other II1-Vs.

III-Sbs are very sensitive to oxidation [110]. Therefore even though substrates of
these materials are available, annealing at high temperatures is essential for

66



removing the oxide layer prior to growth. This combined with the low melting
temperatures of Sb-based material, leads to difficulties when attempting to utilize
antimonide substrates for MOVPE. As a result, antimonide nanowires are usually
grown on other III-V substrates. However, when attempted to grow from Au
particles, the presence of surfactant Sb in the system will affect, and lower the
contact angle of Au on the substrate, compromising direct nucleation of Sb based
nanowires [50]. Consequently, the particles will move laterally on the surface and
instead of vertical nanowire growth, in-plane growth will take place. This is
observable in figure 4.1a. In order to overcome this issue, and facilitate epitaxial
Au-seeded Sb-based nanowire synthesis, the common approach is to nucleate and
grow III-Sbs heteroepitaxially upon a stem of a different material
[T11][112][113][103]. The material composition of the stem segment in most
cases is of the growth substrate. As demonstrated in figure 4.1b, this stem serves
as a facilitator on which the contact angle of the Au seed particle is increased.
However, when performing antimonide synthesis in the absence of other group V
material supplies, this stem may decompose leading to broken nanowires, hence
failing in accomplishing standing nanowires. This is observable in figure 4.1c. The
direct nucleation barrier of nanowires from substrates is generally an issue solely
associated with Au-seeded particles. A number of studies demonstrate direct
growth of epitaxial III-Sb nanowires from substrates through self-seeded [114]
[115][116][117], selective area growth [118], or foreign particles other than Au
[119]. Among these, the studies demonstrating ternary III-Sb nanowire growth
however, report on no, or very narrow Sb compositional tuning of the nanowires.

Figure 4.1. a) Traces of material grown on the substrate by the Au seed particle, caused by the presence of Sb in the
system when attempting to grow directly from the substrate. The red arrow points at a seed particle. b) Successful
vertical growth of InSb on an InAs stem. The stem aids in improving the contact angle, therefore vertical growth of Sb-
based material is facilitated on a stem. ¢) Decomposition of the InAs stem especially close to the heterostructure
interface in the lack of As precursor when growing.

As mentioned, antimonide nanowires mainly grow in the zinc blende crystal
structure. Although this can be beneficial when crystal structure purity is desired,
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it limits accessing antimonides in the wurtzite structure. This is in fact not only a
characteristic of Au-seeded nanowire growth, but a very general characteristic of
antimonides; wurtzite antimonides have not been grown reproducibly in any
configuration. There have been studies though, reporting short segments of crystal
structures other than zinc blende in III-Sb nanowires, such as wurtzite or higher
hexagonal ordered crystal structures (4H) [97][120][121].

In the following chapters the issues covered in the two latter-most paragraphs;
direct nucleation and growth of III-Sb nanowires from substrates, and growth of
wurtzite antimonides, will be expanded, and addressed in respective order. As a
tool for accessing the desired material or nanowire structures, femplate nanowire
growth through crystal structure engineering will also be discussed.

4.2.1. Direct nucleation of Au-seeded III-Sb nanowires from substrate

As mentioned above, the presence of Sb imposes a limitation on direct nucleation
and growth of Au-seeded III-Sb nanowires from the substrate as a result of contact
angle alterations. This subject has been generally discussed already in chapters
2.1.4; Surfactants, and 2.1.5; VLS, subchapter: Particle contact angle. In the
specific case of Au-seeded antimonides, [84] demonstrates a reduced contact angle
of Au in the presence of Sb. The lowered contact angle can be explained as
follows: Sb will preferentially stick to the Au surface, reducing the involved
surface and interfacial energies (Y., and y;s). The multiphase system will
minimize its total interfacial energy by readjusting the geometry to accommodate
the changes in y;,, and y; . Basically, the equilibrium geometry of the system will
ultimately be determined by the balance between the surface area of the liquid
hemisphere, and the surface area of the solid-liquid interface. It can be that, Sb
leads to ¥’y > y'Ls, so that the system reshapes itself to reach total energy
minimum by reducing the liquid surface area, and increasing the liquid-solid
surface area. By this, according to Young’s equation, the particle will wet the
surface, and the contact angle will reduce to lower than n/2 (recall for having a
contact angle larger than n/2, yg; > ysy must be satisfied). The low contact angle
will in turn compromise nanowire growth, since contact angles larger than n/2 are
crucial for stable nanowire growth [50]. The reason why III-Sbs are successfully
grown on stems can be related to the finite size of the top (111) B surface, which
prevents the particle from expanding, thus keeping the contact angle above m/2.

In the work of this thesis, this issue is addressed through Au-seeded InAs;.xSby
nanowire growth on (111) B InAs substrates. As already mentioned, previous
studies show that [84] substantial differences of the contact angle can be observed
when annealing Au-particles in atmospheres containing either As or Sb. Au
particles annealed under As are almost hemispherical with a much higher contact
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angle compared to the rather flat Au particles annealed under Sb. By introducing
the third element into the material system (As), larger contact angles, and hence
successful nanowire growth can be ensured under very low relative concentrations
of Sb. This is because As adatoms being present in the system not only affect the
supersaturation of the particle, but also affect the interface energies. From here, the
Sb concentration in the vapor phase can be increased step by step for each
experiment, to systematically study and understand that under given conditions,
how far the presence of As can counterbalance the surfactant effect of Sb. The Sb
vapor phase composition is given as the ratio of the Sb precursor; trimethyl
antimony (TMSb) molar fraction to the total group V molar fraction:

x, = [TMSb]/([TMSb] + [AsH,])
4.1

The effects on morphology and Sb incorporation in the nanowires of several
controllable growth parameters are systematically mapped out in paper I, on which
full descriptions can be found in the appended paper. Importantly, from this work
it is understood that with increasing Sb vapor phase composition under constant
group III flow, the solid phase incorporation of Sb (x) also increases. This is
observable from the blue data points in the graph shown in figure 4.2.
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Figure 4.2. Increase in Sb content of nanowires with increasing x.. Blue data points represent nanowires grown under
lower TMIn flows compared to the purple data points. (Reprinted with permission from [122]).

Based on this finding, the solid Sb content of the nanowires can be used as a gauge
qualitatively reflecting the vapor phase composition. However, passed a critical x,
(0.8 under these conditions), vertical growth will again be hindered. At this point
the Sb composition in the vapor will be high enough to result in particle wetting.

Another solution to this problem is to change the seed particle composition. By
increasing the TMIn flow under constant x, (decreasing the V/III ratio), a
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transition from Au seeded to semi In-seeded nanowire growth occurs as shown in
the overview SEM images of figure 4.3. At the lower end of V/III ratios (shown in
figure 4.3 c of the thesis) the particles are immensely larger than the particles on
the tip of nanowires grown at V/III ratios above this range.

e
.
U

Figure 4.3. SEM overview images of nanowires grown at a constant vapor phase composition of 0.8, with V/III ratios
of 110, 28, and 7.3.

Au is not detected in the particles related to the semi In-seeded grown nanowires,
which indicates that, the volume of Au in the particles (if any) is well below the
detection limitation of the detector. This implies that, existing Au particles act
merely as a sinks for collecting In adatoms. It is also worth noting that, at such
high In flows, In particle formation needs not to rely on the presence of Au
particles. In fact, if a bare substrate is placed in the reactor along side the main
samples, vertical nanowires grow from spontaneously formed In particles on the
substrate surface. Interesting is that the morphology of these nanowires closely
resembles those grown on substrates with initial Au seed particles. Figure 4.4
shows a comparison between the morphology of the nanowires growing from bare
InAs substrates, and from substrates with predeposited Au-seed particles with an
areal density of 0.1 and 1 particle/um?.

Figure 4.4. Under growth conditions of V/Ill ratio = 19, and x, = 0.8, a) In-seeded nanowires grown on a bare InAs
substrate. b) Semi-In seeded nanowires grown on a substrate containing initial Au aerosols with a surface density of
0.1 part/um?, and c) with a surface density of 1 part/um?.
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The Sb composition of nanowires from all three samples demonstrated in figure
4.4 show similar values. More interesting is that, in fact the V/III ratio in general
does not affect the Sb incorporation in the nanowires. Basically, over the large
range of studied V/III ratios (varying In only), the Sb incorporation remains more
or less constant, not changing in a cohesive manner.

The invariance of Sb incorporation to V/III ratio opens doors towards tackling the
lowered contact angle of the particle at high Sb vapor phase compositions. By
increasing the TMIn flow one order of magnitude (more detail can be found in
paper 1), the liquid particle will change from Au to mainly In. It can be that, since
In and Sb practically have a high solubility, Sb does not play the same surfactant
role for In as it does for Au. In addition, it is reported that the y;, of pure In is
lower in comparison to Au [123], and surfactants will have a more significant
impact on higher energy surfaces. Moreover, the significant increase of In in the
particle will most likely affect the y;¢ interfacial energy relative to that of Au.
Therefore the change in particle composition can lead to changes in the contact
angle. Apart from that, semi-In seeded growth occurs at very low V/III ratios,
where there exists and abundance of In. It could be that, under these conditions, In
adatoms will be sitting on the exposed solid, shielding the surface from Sb
adatoms, which will then practically compromise the effects stemming from the
surfactant nature of Sb. This will clearly change the balance in the interfacial
energies. In either case, the increase in contact angle of the In particles ultimately
facilitates nucleation and growth of vertical nanowires. Consequently, the
nanowires can be grown at even higher Sb vapor phase compositions than possible
through Au-seed particles. Going back to figure 4.2, these data points are given in
hollow purple circles.

For all of the nanowires grown in paper I, regardless of the morphology and
seeding material, there is an extremely significant amount of radial growth. This is
quantified for a typical nanowire shown in the STEM image and radial
compositional analysis of figures 4.5 a and b respectively. Radial growth is also
readily observable from SEM images. In figure 4.3 for example, for the Au-seeded
nanowires significant tapering occurs (figure 4.3 a and b), and for the semi In-
seeded nanowires enormous column-like morphologies are visible (figure 4.3 c).
Worth noting is that, for increasing Sb vapor phase composition, for the Au-
seeded nanowires the tapering also significantly increases. In these growth
conditions, there is an abundance of both group III and V adatoms, which can lead
to significant radial growth.
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Figure 4.5. a) STEM image of an InAsSb nanowire from which the radial compositional point data shown in (b) has
been aqquired. b) the radial composition demonstrates the core-shell structure of the nanowire, with an Sb-poor shell
incomparison to the core. ¢) TEM overview of the same nanowire from which the diffraction pattern in (d) is taken. d)
the diffraction pattern shows a zinc blende crystal structure (red circles) with occasional twinning (blue circle).

In addition, since the nanowires are antimonides, as discussed at the beginning of
this chapter, it is expected their crystal structure to be zinc blende. This is indeed
the case, as demonstrated for one nanowire in figure 4.5 ¢ and d. It has already
been covered in chapter 2.2.2; Surface energies of zinc blende and wurtzite side
facets, that zinc blende side facets typically have a higher surface energy
compared to wurtzite. This is a reason why antimonide nanowires have large
amounts of radial growth in general [124], and clearly the case for the nanowires
under discussion here. Ideally, for axial nanowire growth, minimum, or better
even, control over radial growth is preferred. Therefore, general measures need to
be taken to gain control over the radial growth of III-Sb nanowires. One method is
to control the crystal structure; with a lower surface energy, hence a higher
nucleation barrier compared to zinc blende, wurtzite crystal structures may offer
the required control. This will be covered within the next chapters.

4.2.2. Template assisted growth of III-Sbs

Initially in this chapter, the concept of crystal structure-template nanowires will be
covered. This method is extensively used for realizing complex antimonide
structures within this thesis; therefore descriptions on this topic are essential prior
to continuation of the antimonide nanowire growth topic. Recalling from chapter
2.2.4; crystal structure engineering, upon full control of crystal structure, the
structure of nanowires can be designed and engineered to desire. Nanowires with
pure crystal structures of either wurtzite or zinc blende can be grown with minimal
to no stacking defects along their entire length, or alternatively, multiple
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alternating segments with desired lengths can be designed along the axial length of
single nanowires. Figure 4.6 demonstrates overview SEM and high-resolution
TEM (HRTEM) images of wurtzite, twinned zinc blende and multi segmented
InAs nanowires respectively. The crystal structure of these nanowires is precisely
controlled through the set V/III ratio; high V/III values for zinc blende, and low
for wurtzite. However, the growth parameters need to be optimized precisely for
the specific growth conditions and dimensions of the seed particles.

Figure 4.6. SEM images of InAs nanowires with a) pure wurtzite crystal structure, along with HRTEM inset, and b)
twinned zinc blende crystal structure, along with HRTEM insets representing each of the twins. c¢) Schematic
representation of an InAs multi segmented nanowire with alternating wurtzite (WZ1)- zinc blende (ZB)- wurtzite (WZ2)
segments, together with an SEM image of said nanowire. The insets show TEM images of the interface between the
crystal structures.

Since each of the wurtzite and zinc blende crystal structures has their specific
material and physical characteristic, depending on the aimed application, each of
the mentioned configurations may be of significant importance. For instance, for
the same material, the measured and/or predicted band gap of the two crystal
structures may possess different values [125][126][127], or there may exist a band
offset between the conduction/valence bands of wurtzite and zinc blende [128].
Therefore alternating segments of different crystal structures of the same material
can avail access to crystal structure quantum dots [127]. Also, recalling from
chapter 2.2.2, the surface energies of the wurtzite and zinc blende crystal
structures are different, with zinc blende usually having the higher value. Higher
surface energy leads to higher surface growth driven by the lower nucleation
barrier. By exploiting this fact, the nanowires can be designed as templates with
multiple crystal structures, so that along the length of single nanowires radial
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growth is hindered on some segments, while prevailed on others, leading to a
selective core-shell structure. In addition to offering a platform for intriguing
applications such as coupled quantum dots [129], these core-shell structures can
facilitate fundamental studies of radial growth on different crystal facets
[130][131].

InAs-GaSbh selective core-shell

Manipulating the surface energy of the side facets of nanowires through crystal
structure control is one way of controlling radial growth. Paper II, demonstrates
selective GaSb shell layers on InAs nanowires with alternating wurtzite, zinc
blende, and wurtzite segments. GaSb grows essentially on the zinc blende
segments. The selective shell growth is clearly demonstrated in figure 4.7, through
a schematic illustration, SEM overview, and XEDS elemental map of a typical
selective core-shell nanowire. The InAs core of this nanowire is constructed of
three consecutive segments of; from bottom to top: wurtzite (WZ1), zinc blende
(ZB) and wurtzite (WZ2). Worth noting is that, as observable from the schematic
and SEM images of figure 4.7, under these conditions an unintentional axial GaSb
segment also grows.

a)

Figure 4.7. InAs-GaSb core-selective shell nanowire demonstration. a) a schematic of the core-shell structure
depicting GaSb growth on the zinc blende (ZB) structure, and the axial GaSb segment. b) SEM image of a core-
selective shell nanowire where all four segments are clearly distinguishable. The ZB segment and a part of the WZ1
and WZ2 segments are marked with a box, an area from which the elemental map in figure c) is attained. c) STEM-
XEDS elemental map demonstrating the preference of GaSb growth mainly on the ZB segment.
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The shell growth is extremely sensitive to the slightest deviations in the crystal
structure. In figure 4.8 overview and HRTEM images are given for nanowires with
a defect-free, and defective zinc blende segment. It is clear from the dents in the
latter that, even for short stacking defects (being wurtzite in an otherwise zinc
blende stacking) the shell growth is suppressed for the lower surface energy
stacking. Also, from figure 4.8 (b and d specifically) it is understood that the shell
layer transfers the crystal structure of its underlying core. Inheriting the crystal
structure information is to be expected if the growing layer is in epitaxial relation
with its underlying layer [132].

wz2 =

ZB

wz1

Figure 4.8. a) Overview TEM image of fine tuned InAs template core-selective GaSb shell nanowire with alternating
WZ1-ZB-WZ2 segments b) HRTEM image of zinc blende core-shell segments highlighted in (a) shows a defect-free
twinned zinc blende structure, together with smooth and even shell growth. ¢) Overview TEM image of a core-shell
nanowire in which the core crystal structure has not been optimized. d) Demonstrates a HRTEM image of the
highlighted core-shell segment of (c), which reveals a mixed crystal structure along with uneven shell growth. The red
dashed lines show approximately where the InAs-GaSb interface is, while the green dashed lines indicate the GaSb-
vacuum interface. (Reprinted with permission from [131]).

Systematically studying GaSb shell layer growth on InAs template nanowires with
different segments deepens the understanding of how the directly controllable
growth parameters influence the selectivity and quality of this radial growth.
These parameters, namely the total precursor flow, shell growth time, growth
temperature, and the V/III ratio of the growth precursors, may all have an impact
on the selectivity of radial growth. For instance, studying the GaSb shell growth
temperature within the range of 420 °C to 500 °C reveals that the selective radial
growth cannot be efficiently tuned with temperature. The related observations
concerning each of the mentioned parameters are discussed in detail in the
appended paper (II). However, the study reveals that, the V/III ratio of the
precursors at constant total flow values has the highest impact on controlling the
selectivity of the GaSb shell, being the most effective method for controlling the
thickness of the selective shell in given time.
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The shell V/III ratio studies performed in paper II, reveal that the diameter of the
wurtzite segment of the core InAs nanowire, and the InAs-GaSb core-shell
nanowires grown under different V/IIIs remain constant, which indicates no GaSb
shell growth on wurtzite segments. It is also understood that the zinc blende +
GaSb diameter drops drastically as the V/III ratio increases. In contrast, the
diameter and axial length of the axial GaSb segment increases with increasing
V/IIL. This suggests that the two GaSb growth fronts; the axial GaSb segment, and
the selective radial growth on the zinc blende InAs segment, are competing for
material in a fashion that at low V/III ratios selective radial growth is promoted,
while growth of the axial segment is suppressed. As the V/III ratio is increased to
higher amounts, axial growth is favoured over selective shell growth.

Through what is understood from the selectivity of GaSb shell growth on InAs
core templates, it is possible to design and grow structures with multiple segments
of alternating core-shells along the length of single nanowires. This can be done
with very high precision of single segment lengths and axial positions. Figure 4.13
demonstrates nanowires grown with three core-shell segments separated by short
wurtzite insets in between. In figure 4.9a a schematic of the design is illustrated.
The positioning and length of these segments are controlled with the set growth
times of each segment. Figure 4.9b demonstrates an overview SEM image of a
sample with multiple core-shell segmented nanowires. in the magnified image in
the inset the three separate zinc blende (selective core-shell) segments, and the two
short wurtzite insets are observed more clearly. Figure 4.9c shows an overview
TEM image of an identical nanowire, from which the STEM-XEDS elemental
maps are obtained. These maps clearly demonstrate the selectivity precision of the
grown GaSb shell, as it is not detectable on the short wurtzite insets.

c) <112>

200nm

Figure 4.9. Multiple (here three) segmented core-selective shell InAs-GaSb nanowire. a) a schematic illustration of
such a nanowire. b) SEM overview image of a sample with three segmented core-selective shell structures. The inset
is a magnified image of a representative nanowire from the same sample. The scale bar in the inset corresponds to
200 nm. c) Overview TEM image of said nanowire. d) XEDS elemental map of the nanowire in c) where green
represents the Ga atoms (hence GaSb shell) and blue As atoms (InAs core). (Reprinted with permission from [131]).
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As seen from the demonstrated results, under these rather typical growth
conditions, GaSb exclusively grows on zinc blende, leaving the wurtzite segments
bare. In fact, the low surface energy of wurtzite side facets, and the rather high
nucleation barrier of wurtzite antimonides, is the main components leading to this
phenomenon. On one hand the general tendency towards lower ionicity of I11-Sbs,
and their positive, large difference in cohesive energy is one reason for this utterly
low preference to form wurtzite. On the other hand, the presence of the surfactant
Sb in the system will likely decrease the surface energy of wurtzite and zinc
blende side facets alike. It could be that, it decreases the surface energy of the
wurtzite side facets significantly more than zinc blende, maintaining the lower
preference of wurtzite formation versus zinc blende as discussed in section 2.2.3;
wurtzite formation in nanowires. Extreme conditions may alter the imbalance as
will be discussed later.

Suitable templates for realizing wurtzite antimonides

In fact, wurtzite antimonides have never been systematically studied, or
reproducibly realized before. It is therefore, necessary to study the possibility, and
the required circumstances for surmounting the wurtzite antimonide nucleation
barrier. By this, not only a fundamental challenge will be addressed, but also doors
will open for synthesizing novel material, which in turn may potentially offer
properties useful for various applications. Only once the material is synthesized,
needed steps can be taken to characterize said properties, and verify their value to
possible applications.

Since growing III-Sb nanowires in wurtzite is challenging, obtaining these
structures would extremely benefit from a suitable wurtzite template to provide a
foundation for the growing nanowire to adapt the wurtzite structure. As already
discussed, to facilitate III-Sb nanowire nucleation typically these nanowires are
grown on a stem segment of non-Sb material [84](and the references within).
Although this stem segment can have a wurtzite crystal structure, typical axial
growth from Au seed particles on wurtzite stems will not provide the necessary
template for realizing wurtzite antimonide nanowires. In the growth direction the
(111) B zinc blende planes are equivalent to (0001) wurtzite planes. Therefore on
a (0001) plane of the wurtzite trunk, both planes can easily form. Hence, when
introducing Sb into the system, the axially growing nanowire will not be limited
by any epitaxial or directional bounds to maintain the wurtzite structure, and will
simply change to zinc blende by creating a C stacking layer. This is demonstrated
in the schematic illustration of figure 4.10, in the axial direction, where for both
wurtzite and zinc blende segments on the wurtzite stem (frunk) segments, a perfect
epitaxial relation is observable at the interface. Thus, it is needed to provide a
template that can “lock” the crystal structure of the newly growing nanowire to
that of the underlying structure. This locking mechanism stems from the energy
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cost of creating structural defects to change the crystal structure from wurtzite to
zinc blende. This energy cost is essentially higher than that of forming wurtzite
antimonides.
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Figure 4.10. Schematic illustration of wurtzite trunk with wurtzite (left hand side) and zinc blende (right hand side)
axial and branch segments. The axial segments in both cases are in complete epitaxial relation with the trunk
segment. From the right hand side image it is seen that that from every 6 planes of the growing zinc blende branch,
one only one matches with that of the underlying wurtzite side facet (marked with blue dashed box). This is in contrast
with the wurtzite branches (left hand side). (Reprinted with permission from [133]).

Radial growth of III-Sb shell layers on wurtzite templates is one method for
obtaining the required “locking” mechanism. As the growing shell layer is an
extension of the already existing side facet, the growing layer must maintain the
underlying structure in order to keep its epitaxial relation to the core [132][134].
Authors in [135] study this case of InAsi.«Sbx, where wurtzite InAs acts as a
template for growing wurtzite ternary InAs;.«Sbx shell layers. As discussed in this
paper this method might limit the Sb composition by strain, making high Sb
compositions inaccessible. However, this will not be a limiting factor when
growing binary systems, as will be shortly discussed in the next subchapter.

An alternative approach for attaining wurtzite antimonide material, while
accessing a 1D structure, is to grow branches from secondary Au seed particles
deposited on the sidewalls of wurtzite template nanowires. Through this approach
localized growth through the vapor-liquid-solid (VLS) growth mechanism is
achievable, while the new forming structure is forced to maintain the stacking
sequence of that section of the nanowire, which is located underneath the
secondary particle. This will lead to the extension of the side facet (regardless of
the crystal structure it has) into a 1D structure at a localized position as shown
schematically in figure 4.10, the branch segments. In the branch direction, the
crystallographic planes of wurtzite side facet ({1100}) and zinc blende ({112}) do
not match. In the right hand side schematic of figure 4.14 it is clear that from
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every 6 planes of the growing zinc blende branch, only one matches with that of
the underlying wurtzite side facet. Another advantage of this method is the
possibility to overcome the strain-induced limitation of radial growth for ternary
material systems, as the 1D structure of the nanowire branches are efficient in
strain relaxation in the radial direction due to their small diameter [136][137].

Wurtzite GaSbh shell on InAs core templates

Waurtzite GaSb is indeed a potentially interesting novel material, as it has not been
synthesized to date. The theoretical predictions on the electronic bands of wurtzite
GaSb suggest differences from that of the zinc blende counterpart. For instance, all
predictions point towards a positive offset in the valence band edge alignment of
wurtzite compared to zinc blende [138][139][128][140][141]. In addition, there are
controversies between the predicted band gap values and hence, band alignments
of wurtzite and zinc blende GaSb. Some studies report a larger band gap for
wurtzite compared to zinc blende, leading to a #ype Il (staggered) band alignment
[138], while others predict a smaller value, hence #ype [ (straddling) band
alignment [139][128][140][141]. In either case, the material needs to be
synthesized, and characterized to settle the mentioned controversies.

Utilizing the template assisted growth method, and through knowledge gained
from the studies of papers I and II about radial growth of antimonides in general,
and GaSb on zinc blende InAs segments specifically, wurtzite GaSb shell layers
are successfully grown on InAs wurtzite template nanowires in paper IIl. Figure
4.11 demonstrates the bare wurtzite InAs core, and the wurtzite InAs-GaSb core-
shell nanowires. Notable is that, similar to results in paper II, an unintentional
axial GaSb segment is also observable. Additionally, a tapered morphology is
observed for the core-shell structure.

Figure 4.11. a) Schematic, overview and magnified SEM images of the wurtzite InAs core nanowires which are used
as templates for growing GaSb wurtzite shells demonstrated in (b). b) schematic, overview and magnified SEM
images of the wurtzite InAs-GaSb core-shell nanowires.
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More specifically, from paper I it is understood that high total flows lead to more
overgrowth, and from both I and II it is concluded that low V/III ratios enhance
radial growth significantly. Through this understanding, shell layers of wurtzite
GaSb with substantial and controllable thicknesses have been grown at similar
conditions to the selective shell growth on zinc blende (similar low V/III ratio
value, and slightly higher temperature), but with the significant difference being
the much higher (around an order of magnitude) total flow.

Indeed, providing a suitable template for the shell growth is of essential
importance. As already mentioned in the last part of the previous subchapter,
epitaxial shells layers are required to transfer the crystallographic information
from their underlying structure. By providing a wurtzite InAs core template with
minimum defects, the growing layer is forced to form wurtzite. More information
on the growth parameters can be found in paper IIl. Figure 4.12 demonstrates
overview, and high resolution-TEM, images from the core-shell nanowires
confirming their wurtzite crystal structure. The acquired XEDS elemental maps
confirm the core-shell material composition to be InAs-GaSb, as expected.

Growth direction
e

WZ GaSb Shell

WZ InAs Core

Figure 4.12. a) TEM overview of wurtizte InAs-GaSb core-shell nanowire, b) HRTEM image of highlighted area of the
core-shell segment showing wurtzite crystal structure of core and shell. Insets demonstrate elemental maps of the
core-shell interface, confirming the InAs-GaSb composition.

Under typical conditions, as seen in paper II, the high nucleation barrier of
wurtzite GaSb hinders shell growth on a wurtzite core. This is generally the case,
unless the supersaturation of vapor is increased so much that, it overcomes said
barrier. This is indeed the case here; a high total flow increases the amount of
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available material, hence increasing the vapor supersaturation. Also, the slightly
higher growth temperature of these shell layers has an impact on the efficiency of
precursor cracking, again increasing the total amount of present adatoms.

Another finding of this study is that the tapering of the shell occurs in steps, at
which the thickness of the shell suddenly decreases. This is shown in figure 4.13.
Interesting is that, a large number of these steps coincide with the occasional
presence of stacking defects. This is an indication that the stacking defects act as a
small barrier for the growing shell, hindering it temporarily. This can be the case
only if the shell grows by step-flow mode along the length of the nanowires,
bottom towards top along the side facets ([000-1] direction) as opposed to outward
growth in the <1-100> direction (normal to the side facets). When the growing
shell meets a stacking fault perpendicular to its growth direction, the energy
barrier it needs to overcome is sufficiently large so that the existence of the
stacking fault briefly blocks the step-flow growth. This leads to the stepwise
tapered morphology of the wurtzite shell. This is schematically illustrated in figure
4.13c. Otherwise, the barrier-like behaviour of stacking faults would be in
opposition to what would be expected from radial shell growth on stacking
defects. First of all, stacking defects would act as kinks, hence as preferential
nucleation sites, expected to increase radial growth of the shell. Secondly, defects
in an otherwise wurtzite structure are layers with zinc blende stacking. Since zinc
blende side facets have a higher surface energy compared to wurtzite, it would be
expected that, existing zinc blende insertions would enhance shell growth, instead
of hindering it. Worth noting is that not every defect leads to a stepping; shown by
green arrows in figure 4.13b, or even more importantly, stepping occasionally
occurs in the absence of stacking defects as well. A speculation explaining this
could be that the step-wise tapering morphology is also a result of diffusion-
limited growth. More discussions on this matter can be found in paper III.
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Figure 4.13. STEM-HAADF image of core-shell nanowire demonstrating the step-like morphology. b) HRTEM image
showing the correlation between lateral steps and stacking defects. Black arrows indicate the steps that are
associated with stacking defects, while green arrows point to the defects that have not caused stepping. (c)
Schematic illustration of the correlation between stacking defects and lateral steps.

The shell thickness is controllable by set growth time. Interesting to note is that,
due to the bottom-up shell growth, in order to have a full coverage on the InAs
core, sufficient time must be provided. Basically, when not given the required time
for a full coverage, a fraction of the core will remain bare towards the top of the
nanowire. More details regarding the shell coverage and uniformity are discussed
in detail in paper III.

Wurtzite InAs;..Sb. branches nanowires on wurtzite InAs templates

Radial growth of wurtzite GaSb provides a valuable insight to the associated
challenges of VS growth of wurtzite antimonides. However, a fundamental
understanding of synthesizing wurtzite antimonides through the VLS mechanisms
still remains unaddressed. In addition, realization of crystal structure engineered
multi-segments and quantum dots of the same material require growth in the axial
direction. Therefore, successfully growing axial wurtzite antimonides are essential
for realizing the latter mentioned structures in III-Sb materials. Even though
controlled growth of very short wurtzite segments of II[-Sb binary nanowires have
already been demonstrated [121], there have been no reports on Sb-rich ternary
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segments of III-Sb nanowires in the wurtzite crystal structure. This statement
indeed holds for InAs;.«Sby as well, and it has been demonstrated already that, by
adding a small amount of Sb to InAs, the crystal structure of the nanowire changes
to zinc blende [142]. It is not fully understood however, why and how Sb causes
the structure to be zinc blende, or at what Sb composition this occurs, and whether
or not this critical composition is dependent on the growth conditions, or what
relative roles kinetics and thermodynamics play. In other words, to what extent the
antimonides are forced to adapt the unfavourable wurtzite structure. Ternary
materials offer the unique opportunity to investigate possible limitations of Sb
incorporation in wurtzite structures.

Even though they grow in a different direction than the typical (111) B, branches
on nanowires have a high aspect ratio. Therefore, if isolated from the trunk, they
can be considered as 1D structures. In addition, as argued before, through
template-assisted growth on wurtzite trunks, the branches could be forced to adapt
the wurtzite structure. In paper IV, InAs;.«Sby branches are grown on InAs
wurtzite trunk nanowires a wide range of Sb vapor phase compositions up to x,=
0.89. For comparison, branches are grown on zinc blende InAs trunks
simultaneously. The branches initially grow along the <112> direction, and
parallel <1-100> for zinc blende, and wurtzite branches, respectively. The
branches may ultimately change direction, for which details can be found in paper
V.

During branch growth, an axial InAs;«Sbx segment grows above the original
trunk, while a shell layer also covers the trunk radially, unconditional of the trunk
crystal structure. Figure 4.14 demonstrates a schematic illustration of said
nanowires, along with example overview and magnified SEM images of wurtzite
and zinc blende branched nanowires growing under the same Sb vapor phase
composition from the studied range. SEM images of other vapor phase
compositions are available in paper IV. The simultaneous trunk overgrowth
provides valuable information; through studying its composition, Sb incorporation
through VLS and VS can be directly compared.
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Figure 4.14. a) Schematic representation of zinc blende and wurtzite InAs1.xSbx branches grown on InAs template
trunk nanowires. b) Overview and magnified SEM images of branched zinc blende nanowires. c) Overview and
magnified SEM images of branched wurtzite nanowires. (Reprinted with permission from [133]).

The zinc blende branches extend the crystal structure of the underlying zinc blende
trunk throughout their entire length. The wurtzite branches on the other hand, offer
more interesting insights on the crystal structure they adapt. Firstly, they nearly
always grow in the vicinity of trunk stacking faults. The stacking defect facilitates
nucleation of wurtzite antimonide. It can be argued that, the existence of a zinc
blende stacking in the otherwise wurtzite affects the solid-liquid interfacial energy
between the secondary Au particle, and the underlying portion of the trunk side
facet. Or alternatively, kinetic factors are in play, with the stacking defect acting as
a barrier, preventing further migration of the secondary particle, and ultimately
forcing the branch to grow from the stacking defect. What is of utmost interest is
that, the stacking defect not only propagates into the otherwise wurtzite branch,
but it is responsible for the appearance of a zinc blende structure coexisting
parallel to the wurtzite structure in the branch. Figure 4.15 demonstrates a wurtzite
branch growing in relation to a stacking defect at the same growth conditions as
figure 4.14, where the parallel wurtzite and zinc blende segments of the branch are
deducible from HRTEM analysis given in figure 4.15c.
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Figure 4.15. a) overview TEM wurtizte branched nanowire where parallel zinc blende and wurtzite segment coexsist
within the branch.The red dots mark the stacking defects. b) TEM image of the branch in which the wurtizte and zinc
blende structures are color coded with red and blue respectively. c) demonstrates HRTEM images of the marked
boxes of figure (b), in which the gradual change in crystal structure from wurtzite to zinc blende through grain
boundaries are observable. (Reprinted with permission from [133]).

Also from the HRTEM images in figure 4.15c it can be noticed that the change in
crystal structure from wurtzite to zinc blende is via grain boundaries, which is
typically unfavourable due to the high formation energy. From this it can be
concluded that the wurtzite antimonide formation is possibly even less favourable.
The TEM image depicts the parallel zinc blende segment eventually taking over,
as the Au particle moves onto the energetically more favourable zinc blende.

Rare cases of pure wurtzite branches are also reported in paper IV. These branches
do not originate from a stacking defect on the trunk. Figure 4.16 demonstrates
such a branch. It is observable that, two defect lines run through the branch, and
partially through the trunk. This indicates that, the stacking defects are originated
from the branch and propagate into the trunk. Forming wurtzite antimonide is so
unfavourable that, the system gains energy by forming stacking defects running
perpendicular to the growth direction, instead of pure wurtzite. It can also be
speculated that, the defects observable in structurally impure wurtzite branches
(such as figure 4.15), are produced by the wurtzite antimonide branch (similar to
the nanowire in figure 4.16), propagating all the way into the branch, instead of the
Au particles migrating on the trunk to find a favourable defective region.
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Figure 4.16. Overview and HR TEM images from a pure wurtzite branch. White dashed lines mark the defect lines
propagating from the branch, partially into the trunk. The red dashed line shows the interface between the original
trunk and the overgrown InAsSb shell layer. (Reprinted with permission from [133]).

The branch composition of the wurtzite and zinc blende nanowires are compared
for three different Sb vapor phase compositions in table 1 of paper IV. It can be
understood that, the zinc blende structure incorporates more Sb under given
growth conditions. This statement holds for the parallel wurtzite-zinc blende
segments within wurtzite branches as well, suggesting that Sb incorporation in
wurtzite is less favourable compared to zinc blende.

The average Sb incorporation of the parallel segments in the wurtzite branch is
similar to that of the zinc blende branches grown under the same conditions. This
indicates that the total amount of Sb that is incorporated within the branches is
determined by the vapor phase composition. This also reveals a very important
fact; there simply exists a limitation to how much Sb can get incorporated into
wurtzite under given conditions, and the excess amount is segregated out of
wurtzite, and incorporated within the zinc blende segment instead. For pure
wurtzite branches, the excessive Sb is expelled from the VLS growing branch, into
a more Sb-rich shell layer grown through VS.

More detailed studies and comparisons on Sb incorporation in wurtzite and zinc
blende are available within paper IV, which are all inline with the claims discussed
in the previous paragraphs.
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Side-by-side wurtzite InAs-GaSb nanowires

Another method for enabling 1D wurtzite antimonide growth is through particle
destabilization on a wurtzite template nanowire, followed by antimonide growth.
The stability of Au-In particles on InAs wurtzite nanowires have been extensively
studied in [143]. With decreasing V/III, the authors report destabilization of the
particle positioned on the top facet of the nanowires through In accumulation in
the particle. They report a truncated facet on the top that plays an important
intermediate role in the particle sliding to the side facet. They follow up their
argument by recommencing growth, where they observe a number of the
nanowires axially growing on the side facet, downwards, heading towards the
(111) B substrate which is assumed to be energetically more favourable under
typical growth conditions.

Here, after growing InAs wurtzite nanowires with the stable Au-In particle located
on the top facet, the temperature is increased by 20 °C, and TMGa and TMSb
precursors are provided at a low V/III ratio. At these V/III ratios, Ga starts
accumulating in the particle faster than depletion through precipitation on the
liquid-solid (000-1) top facet, leading to an increased particle size. As the contact
angle of the particle exceeds the limit, it migrates onto the side facet, wetting more
than one side facet. This is demonstrated in the schematic, overview and
magnified images of figure 4.17. Growth of wurtzite GaSb then occurs,
downwards covering three out of six adjacent side facets of the InAs nanowire.
The XEDS elemental line-scan of figure 4.17c confirms the side-by-side
configuration of the InAs-GaSb nanowires. From the images it is clear that the
nanowires are significantly bent. This is due to the lattice mismatch between InAs
and GaSb wurtzite [144]. GaSb has the larger lattice constant; therefore the strain
causes the nanowires to bend inwards on InAs.

\

Figure 4.17. InAs-GaSb wurtzite sided-by-side nanowires: a) schematic illustration, b) SEM overview and magnified
inset, and c) STEM image with elemental linescan along the radial direction of the nanowire demonstrating InAs and
GaSb segments existance side-by-side.
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Figure 4.18 shows overview and HRTEM images of said nanowires. It is clear
that, similar to other template assisted nanowires discussed before, the GaSb
segment adapts the wurtzite crystal structure of InAs. Interesting is the stepped-
tapering morphology of the wurtzite GaSb observed in the top segment. This is
very much inline with observations made on wurtzite GaSb shell growth discussed
previously, caused by step-flow growth. Here again, steps related to occasional
stacking defects (black arrow in figure 4.18b), and unrelated to them (orange
arrow) are present. However, the stepping is in the opposite direction to what
would be initially presumed as the growth direction; the tapering is upwards
although the particle-initiated growth should be downwards.

Figure 4.18. TEM overview (a) and HRTEM images (b, and c) of two side-by-side wurtzite InAs-GaSb nanowires.
From b and c it is clear that both the InAs and GaSb segments have a wurtzite crystal structure. The white dashed
lines represent the interface between the InAs and GaSb segments. The black arrow indicates a stepping event of the
GasSb related to a stacking defect, while the orage arrow shows a stepping in the absence of any stacking defects.

This observation holds information of a very important fact: Either, in addition to
the VLS grown GaSb segment on the side, a VS shell growth occurs, from particle
upwards, causing this tapered morphology. Or possibly, the particle sliding is not
associated with simultaneous growth of GaSb, and in fact, GaSb growth happens
after particle repositioning on the side fact, along the more favourable (111) B
direction, from particle towards top. This would indeed be a very special, but
plausible case of template assisted VLS, in which the crystal structure is bound to
that of the parallel InAs template.

Leaving the InAs template accessible, this method would indeed be best suitable
for accessing 1D wurtzite antimonide. The InAs template can be removed using
wet chemical etching methods, liberating the wurtzite antimonide segment.
Following from this, 1D wurtzite antimonide structures will be available, which
can be studied separated from influences of the InAs templates.
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5. Concluding remarks and outlook

III-V nanowires in general, have been considered attractive candidates for future
applications in electronics, and optoelectronics for the best part of the passed two
decades. Not only does the nanowire geometry offer dimensions suitable for the
miniscule future technology, but it also avails the possibility of realizing material
in metastable crystal structures typically not achievable in bulk. Since the physical
and material properties (band gap and surface energy values for instance) heavily
rely on the crystal structure, the nanowire geometry allows access to novel
material with property combinations never available before. Many attempts have
been successfully made to understand the polytypism of these nanowires, and gain
full control over engineering them to desire. By this, multiple alternating segments
of the same material, but with different crystal structure is realizable along the
length of single nanowires. Also, this control allows construction of template
structures for facilitation of more complex material systems and combinations.

II1-Sbs are of the most promising material systems as they offer the highest carrier
mobilities and lowest band gap energies among III-V material combinations.
However synthesizing III-Sb nanowires have been accompanied with certain
challenges. For instance nucleating these nanowires with Sb-rich compositions
directly on substrates is regarded as one of the difficulties associated with these
material systems. Or, another significant challenge that synthesizing antimonides
possess, is that even in the nanowire configuration they demonstrate an utterly low
preference to grow in the metastable wurtzite crystal structure.

This thesis has systematically studied and addressed the mentioned challenges of
III-Sb nanowire growth. Through ternary InAsi«Sbx nanowires, the direct
nucleation challenge is tackled and nanowires with Sb compositions up to x = 0.75
are achieved. The higher end of the Sb composition spectrum is accessible through
semi In-seeded as opposed to the typical Au-seeded growth, explained by the
different surface energy of In and Au particles in the presence of surfactant Sb.
These nanowires are immensely overgrown however, and methods for controlling
the radial growth need to be devised.

In addition, through crystal structure engineering, suitable InAs template
nanowires have been designed, synthesized and utilized for accessing a variety of
antimonide based structures and material systems. First, selective core-shell
segments of InAs-GaSb have been realized by exploiting the difference in surface
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energy of alternating wurtzite and zinc blende InAs segments along the length of
single nanowires. Systematic studies on the growth conditions reveal that the V/III
ratio of the shell has the highest impact on the growing selective shell. This
method not only is one way of controlling the overgrowth of antimonides as
mentioned in the previous paragraph, but it also opens doors to unique applications
such as co-axial double quantum dots where, the transport of electrons and holes
can be separated.

Second, through wurtzite InAs core templates shell layers of GaSb wurtzite are
realized for the first time. The wurtzite antimonide nucleation barrier is overcome
at significantly higher than typical precursor total flows. The shell growth
mechanism is studied in detail, where, the step-wise morphology of the shell layer
suggests a step-flow growth mechanism. Realizing wurtzite GaSb opens doors
towards clearing the controversy between theoretical predictions of the band gap
configuration and energy of said material. The first step in this direction is already
taken through electrical characterization of these wurtzite core-shell nanowires,
where the higher valence band offset of wurtzite versus zinc blende GaSb is
confirmed through the higher hole mobility of wurtzite. However, further studies
on the band gap energy are required for clearing the controversy.

Third, using InAs wurtzite and zinc blende templates, wurtzite and zinc blende 1D
branches of InAs;..Sby are synthesized and compared. It is understood that the
barrier of forming wurtzite antimonide is so large that, when growing wurtzite
branches the particle likely migrates on the side facet until encountering stacking
defects, then from which the branch grows. The zinc blende structure of the defect
is then transferred into the branch and eventually the wurtzite branch partially
transforms into zinc blende through grain boundaries, giving rise to parallel
wurtzite and zinc blende segments within the branch. Or alternatively, if no trunk
stacking defects are involved, the branch grows with a pure wurtzite structure.
However, to partially lower the energy cost, it forms stacking defects that run
through the entire branch, and well into the trunk structure. In addition, the Sb
incorporation into wurtzite is systematically lower than zinc blende (pure branch
or segments within the branch) at given growth conditions. The growth condition
sets the limit, and the excessive Sb is segregated from wurtzite segment of
wurtzite branches and incorporated within the parallel zinc blende segment
instead.

These 1D wurtzite antimonide configurations require in-depth characterizations.
However, since the wurtzite branches are usually accompanied by parallel zinc
blende segments, and the material composition of these two segments differ from
one another, interpreting the electrical characterization data preformed on the
branches will be challenging, as the carriers will transport through two separate
channels (wurtzite and zinc blende). Isolating the wurtzite structure from the zinc
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blende through chemical etching techniques will likely be difficult as well, since
the material system is identical, with the only difference being the crystal structure
and composition.

Another method for acquiring 1D wurtzite antimonides through InAs wurtzite
templates is by growth through a delocalized particle onto the sidewall of the
template. Through this fourth templating method, InAs-GaSb side-by-side
nanowires are grown. This configuration will allow isolation of the electron and
hole carriers from one another; something that is difficult to accomplish in co-
axial core-shell configurations. In addition, through wet chemical etching
techniques the GaSb wurtzite segment can be separated from its InAs template,
and exclusively studied. In addition, if zinc blende segments are introduced into
the wurtzite InAs template, it may lead to a multi wurtzite-zinc blende segmented
GaSb structure, which can be separated by etching techniques.

Thus, this thesis overcomes the main challenges associated with I1I-Sb nanowire
growth, opening doors towards the unique possibility of characterizing and
perhaps utilizing these nanowires in the near future. If the characterizations prove
promising, it will be likely necessary to take the next step and synthesize these
materials template free, directly from substrates. Possibly only through template
free growth intricate multi-segmented structures of antimonides will become
feasible. The ground work however, of the future steps are laid within the work of
this thesis, as a concrete understanding of antimonide crystal structure, radial and
axial growth, and their direct nucleation from substrates is now available.
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Abstract

III-V ternary nanowires are interesting due to the possibility of modulating their physical and
material properties by tuning their material composition. Amongst them InAs; _,Sb, nanowires
are good candidates for applications such as Infrared detectors. However, this material has not
been grown directly from substrates, in a large range of material compositions. Since the
properties of ternaries are alterable by tuning their composition, it is beneficial to gain access to a
wide range of composition tunability. Here we demonstrate direct nucleation and growth of
InAs;_,Sb, nanowires from Au seed particles over a broad range of compositions

(x = 0.08-0.75) for different diameters and surface densities by means of metalorganic vapor
phase epitaxy. We investigate how the nucleation, morphology, solid phase Sb content, and
growth rate of these nanowires depend on the particle dimensions, and on growth conditions
such as the vapor phase composition, V/III ratio, and temperature. We show that the solid phase
Sb content of the nanowires remains invariant towards changes of the In precursor flow. We also
discuss that at relatively high In flows the growth mechanism alters from Au-seeded to what is
referred to as semi In-seeded growth. This change enables growth of nanowires with a high solid
phase Sb content of 0.75 that are not feasible via Au-seeded growth. Independent of the growth
conditions and morphology, we report that the nanowire Sb content changes over their length,
from lower Sb contents at the base, increasing to higher amounts towards the tip. We correlate
the axial Sb content variations to the axial growth rate measured in situ. We also report
spontaneous core—shell formation for Au-seeded nanowires, where the core is Sb-rich in
comparison to the Sb-poor shell.

Supplementary material for this article is available online

Keywords: III-V nanowire, InAs,_,Sb,, ternary, antimonide, material tunability, Au-seeded,
direct nucleation

(Some figures may appear in colour only in the online journal)

1. Introduction

Among binary III-V semiconductors, InAs and InSb, and con-
sequently their ternary InAs;_,Sb, compound offer some of the
most interesting properties, making them suitable for many
applications in electronics and optoelectronics. Of these prop-
erties for InAs one can mention a small band gap of 0.35¢eV, a

0957-4484/17/165601+11$33.00 1

low electron effective mass of 0.023m, hence a high electron
mobility of 33 000 em? V' s7! [1-3], and for InSb a band gap
of 0.17eV, and a low electron effective mass of 0.013my that
results in an electron mobility of 77000cm> V7! 4, 5].
InSb also has a hole mobility of 850 cm®*V~'s~! These prop-
erties are of high importance for high-speed low-power elec-
tronic devices and quantum transport studies [6]. In addition, due

© 2017 IOP Publishing Ltd Printed in the UK
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to its high thermoelectric figure of merit (0.6), InSb is also
considered a good candidate for thermoelectric power generation
[7]. InAs; _,Sb, as a combination of these binary materials offers
precise modulation of the physical and electrical properties
between those of InAs and InSb as a result of compositional
tunability. For instance, the band gap can be tuned through most
of mid-infrared (IR) range (2-8 yum), hence InAs; ,Sb, has
proven to have a high potential for future optical applications
such as IR photodetectors [8] and gas sensors [9]. Also, at a
composition of x = 0.63 the narrowest band gap among all
IMI-V materials can be reached (around 100 meV) [10]. Similar
to its constituting binary InSb, InAs,;_,Sb, also has a small
electron effective mass. As a result, quantum confinement hap-
pens in larger structures that are readily accessible with the
nanowire geometry. Therefore, this material system is interesting
for fundamental electron transport studies [11, 12].

However, as a result of the rather large lattice mismatch
between InAs and InSb, a miscibility gap is reported for the
bulk psuedobinary system of InAs-InSb over almost the
entire compositional range at conventional growth tempera-
tures [13-15]. Grown in the form of nanowires instead,
compositions of InAs; ,Sb, within the reported miscibility
gap have been achieved [16]. This opens the possibility of
tuning the composition of InAs; ,Sb, nanowires to suit var-
ious applications.

In general, growing Sb-based nanowires from Au seed
particles directly from the substrate has been shown challen-
ging [17, 18]. In order to overcome some of these challenges, a
stem (often the same material as the substrate) is grown to
assist the nucleation of the Au particle when exposed to Sb
[17, 19]. InAs;_,Sb, nanowires have not been an exception
from this approach until now, where in the study reported in
[16], an InAs stem is grown to facilitate InAs; _,Sb, nucleation
on InAs substrates.

Since InSb has the highest lattice parameter amongst III-V
materials, its ternary InAs; ,Sb, with material compositions
high in the Sb content will also have large lattice parameters.
Therefore growing these materials on substrates of other
materials usually results in defect formation. However, due to
strain relaxation realized in nanowires, different compositions
of InAs,_,Sb, nanowires can be grown heteroepitaxially on
InAs stems [20]. By this, vertical growth from Au particles in
the presence of Sb on InAs substrates is realized [18].

There are reports on full compositional tuning of Au-
seeded grown InAs; ,Sb, nanowires with stems [16, 20].
However, the presence of the stem can cause some additional
challenges and limit the growth parameter space of such
nanowires. For instance, since As has a high vapor pressure,
As-containing segments tend to decompose when exposed to
a long duration of As-free and/or Sb-containing environ-
ments [18]. Even though a few studies on directly grown
InAs;_,Sb, nanowires from the substrate have been carried
out, they do not demonstrate a wide composition range. For
instance, InAs;_,Sb, self-seeded nanowire growth on Si
substrates are reported in the literature [21-23]. Selective area
growth on InAs substrates has been carried out recently [24]
where a small range of tuning between x = 0.08-0.15 is
reported.

Therefore, studying direct nucleation and growth of Au
seeded InAs; _,Sb, nanowires from InAs substrates, can offer
further understanding of the Sb incorporation within the
nanowires, and clarifying if and in what manner the men-
tioned factors are interrelated.

We demonstrate direct nucleation and growth of InAs; ,Sb,
on InAs (111) B substrates using different Au particle diameters
and surface densities. We report a comprehensive study on the
growth of InAs; _,Sb, nanowires covering a compositional range
from very low Sb contents of x = 0.08 up to x = 0.75. We have
systematically investigated the axial growth rate, and Sb content
of these nanowires with respect to the particle diameter, density,
and growth conditions such as temperature, total precursor flow,
the group V and the group III precursor flows, and V /I ratio.
We show that the aerial density of the initial seed particle, and the
vapor phase composition have an impact on the Sb incorporation
into the nanowires, while temperature, and group III precursor
flow do not have any clear effects. The group III precursor flow
however, has a significant effect on nucleation of nanowires
grown directly from the substrate.

2. Experimental details

The nanowires were grown by means of metal organic vapor
phase epitaxy (MOVPE) in a 3 x 2" close-couple shower-
head reactor (Aixtron CCS) with H, as the carrier gas with a
total flow of 8 1min~" and at a pressure of 100 mbar. InAs
(111) B epi-ready substrates covered with pre-deposited Au
aerosol nanoparticles, with different diameters of 30, 40, 50,
and 60 nm, and two different surface densities of 0.1, and
1 um~? were utilized. By this, we study the diameter and
density effects on the nanowire morphology as well as the Sb
incorporation. trimethylindium (TMIn) was used as the group
III precursor, while trimethylantimony (TMSb) and arsine
(AsH3) were used as the two group V precursors. The ratio
between the group V precursors, namely the vapor phase
composition is defined as:

B [TMSb]
"~ [TMSb] + [AsH;]

where [TMSb] and [AsH3] are the molar fractions of Sb and
As precursors. However, the Sb content in the solid phase
composition of the nanowires is simply referred to as ‘x’
throughout the paper.

Prior to growth, the samples were annealed at 550 °C to
remove the native oxide on the substrates. This was done
under a supply of AsH; with a molar fraction of 2.5 x 107>
to prevent InAs substrate decomposition at high temperatures.
Afterwards the temperature was ramped down to the set
growth temperature—mainly 450 °C, except for the temper-
ature studies—and the nanowire growth was commenced by
simultaneously introducing TMSb and TMIn into the reactor,
while changing the AsH; molar fraction to a lower value.
Unless stated otherwise, the growth time was set to 50 min.
For studying the temperature dependence, all growth para-
meters were kept constant while only the temperature was
varied for each run from 435 °C to 480 °C. For the V//III ratio

)]

Xy
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series the group III precursor molar fraction (TMIn) was
solely changed to a different value for each run while that of
the group V precursors were kept constant; i.e. TMSb and
AsHj at 4 x 107* and 1.0 x 107*, respectively. By doing
this, x, was kept at a constant value of 0.8; therefore this
series was not performed under an identical total flow value.
When studying the effects of x,, the group V vapor phase
composition, on the solid phase composition, it was varied
ranging from 0.2 to 0.96, while keeping the growth time and
temperature constant. To achieve this wide range of solid
phase composition the V /111 ratio was also varied in addition
to x,. For the total flow studies, the V/III ratio and x, were
kept constant at 19 and 0.8, respectively.

For terminating growth, all the precursors were simulta-
neously turned off, and the samples were cooled under a H,
flow (see SI 1 is available online at stacks.iop.org/NANO/
28/165601 /mmedia).

The grown samples were investigated by means of scan-
ning electron microscopy (SEM) (Zeiss LEO Gemini 1560)
with typical accelerating voltages of 5-15kV, under a tilting
angle of 30° with respect to the substrate surface normal. For
gaining compositional information a JEOL SEM (JSM-6700F)
equipped with an x-ray energy dispersive spectroscopy
(XEDS) detector was used. In order to achieve compositional
information along the entire length of the nanowires, the as-
grown samples were placed grown-side-down on sticky carbon
tape to transfer the nanowires from the substrate onto a con-
ductive carbon tape. The substrate was then removed and
XEDS was performed with an acceleration voltage of 15kV on
the laying nanowires. This voltage was chosen to be able to
cover the characteristic x-ray energies of the present elements
ranging from the L,, lines of In at 3.28 keV as the lowest, to the
K, lines of As at 10.53 keV being the highest in value. The
compositional analysis was carried out for 20-30 nanowires
per sample. High resolution transmission electron microscopy
(HRTEM) was performed in a JEOL 3000F TEM, equipped
with a field-emission gun and operated at an acceleration
voltage of 300 kV. XEDS analysis was conducted with high
angle annular dark field in scanning TEM (HAADF-STEM)
mode by using an Oxford Instrument XEDS and a HAADF
detector for compositional investigations of one sample. For
TEM characterization, the nanowires were transferred to lacey
carbon in film coated copper TEM grids by mechanically
breaking them off from the growth substrate. Using a Laytec
optical reflectometry system the axial growth rate of nanowires
on one sample was measured in situ [25].

3. Results and discussions

In this section we will demonstrate and discuss the results
obtained on the nanowire morphology and Sb content from
the different studied growth parameters. Initially, in
section (3.1) the change along the axial and radial directions
of the Sb content of the nanowires investigated for one
selected sample is discussed. It is necessary to mention that
the Sb content of all nanowires investigated by XEDS

gradually increases from the base towards a certain height,
from where onwards the Sb content remains more or less
constant. Therefore, the Sb content presented in the rest of the
work is an average value over the Sb content of four or more
points along the axial length of each nanowire. Also, in this
section (3.1) the axial growth rate is correlated with Sb
content along the axial direction of the nanowire.

From there onwards, we will discuss how the directly
controllable growth parameters affect the direct nucleation,
morphology, and Sb incorporation into the nanowires, i.e.
(3.2) the Au particle diameter and density, (3.3) the growth
temperature, (3.4) changes in V/III ratio by only changing
TMIn, and (3.5) varying the vapor phase composition.

For each studied growth condition, samples covered with
Au aerosol of two areal densities of 0.1 and 1 ;Lm’z, and four
nominal diameters of 30, 40, 50, and 60 nm for each density were
used. We will first demonstrate the effects of the areal density and
initial particle diameter (section 3.2), and throughout the rest of
the paper samples with an initial Au particle diameter of 40 or
50 nm will be presented in order to keep the discussion short.

3.1. Correlating the axial growth rate and composition of the
nanowires

Using the in situ optical reflectometry system the axial growth
rate of nanowires on a sample with a nominal particle dia-
meter of 50 nm and a density of 1 um™> was measured. This
study was conducted in order to deduce whether or not the
growth rate and the Sb incorporation along the length of the
nanowires were correlated. TEM combined with XEDS was
also utilized for studying the faceting of the nanowires, radial
composition, and also for confirming the data obtained from
SEM-XEDS regarding the axial Sb content.

Figure 1(a) is an SEM image of the grown nanowires on
their original substrate, while figure 1(b) shows a low mag-
nification TEM image of a nanowire, which reveals a domi-
nant zinc blende structure with a few twin defects (more
deducible from the diffraction pattern in the inset). From the
overview SEM image of figure 1(a) we can already observe
three main segments along the nanowire lengths where a
change in faceting occurs. This is confirmed from the inten-
sity profiles of a HAADF-STEM image shown in figure 1(c),
where each line shows a different radial cross section. The
lower part of the nanowire seems to have a hexagonal (pos-
sibly truncated, {112}-type faceted) cross section, while in
the middle the cross section tends from hexagonal to trian-
gular. This triangular shape becomes less dominant close to
the tip, possibly due to emergence of more twin defects
causing facet rotation. It is worth mentioning that the very
short segment at the very top of the nanowire contains a twin
plane that has led to the visible diffraction contrast in
figure 1(c). XEDS point measurements along the length of
nanowires from the same sample were carried out post growth
using SEM. Figure 1(d) demonstrates the analyzed sites on a
nanowire lying on a carbon tape from which compositional
information has been obtained. In figure 1(e), a HAADF-
STEM image of a nanowire from which axial line scans are
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Figure 1. (a) 30° tilted SEM image showing nanowires with three
segments along the length in which a facet change occurs. The growth
was done with a total precursor flow of 4.6 x 107%, at 450 °C for

50 min. The initial Au-seed particles have a diameter of 50 nm and a
surface density of 1 um~2 (b) Low magnification TEM image of a
similar wire as those shown in (a), from which the diffraction pattern in
the inset is taken. The nanowire demonstrates a zinc blende structure
with occasional twin defects. (c) STEM image with overlaid intensity
profiles on the positions where the facet changes take place. The red and
green lateral lines depict radial positions that the elemental mapping
demonstrated in (g) are obtained from. Note, the darker contrast
observed below the particle in figure (c) is merely a diffraction contrast
from a twinned segment. (d) SEM image of a representative nanowire
on which elemental point analyses are attained along the length by
SEM-XEDS (demonstrated by green data points in (f)). The nanowire is
lying laterally on a sticky carbon tape. (¢) Elemental mapping along the
nanowire length obtained by STEM-XEDS. The line scans demonstrate
the intensity variations of the characteristic x-rays of In, As, and Sb
elements axially. The red circles are related to the points from which
elemental point analysis (demonstrated in graph (f) by the purple data
points) are extracted. (f) Graph plotting the growth rate (left vertical
axis) and the Sb content (right vertical axis) of the nanowires gained by
SEM and STEM-XEDS versus nanowire length. The growth rate and
the Sb content show a correlated opposing trend. Also, it is clear that the
plots related to the Sb content gain by the two different methods are in
close agreement. (g) The radial Sb content of the nanowires taken from
the two positions along the length marked in figure (c). The plots
confirm the spontaneous core—shell formation of the ternary InAs; _,Sb,
nanowires with an Sb-poor shell and an Sb-rich core.

obtains is depicted. Also, point analyses along the length of
this nanowire have been carried out which are marked by the
red circles. The datasets obtained from SEM and STEM
XEDS in figure 1(f) related to the axial Sb content of the
nanowires on the right axis (green and purple data sets) are
comparable. Both datasets show that the Sb content of the
nanowires varies along the length: increasing from lower
amounts at the base to higher amounts towards the tip. It is
directly understood from this comparison that there is a very
close overlap of the data obtained from the SEM and TEM,
where the STEM-XEDS data sets fall close to the lower end
of the error bars of the SEM-XEDS data sets. It is also worth
mentioning that all the other samples investigated by SEM-
XEDS throughout the paper show a similar trend of
increasing Sb content along the length.

The graph in 1(f) also depicts the axial growth rate on the
left axis versus the length of the nanowire as deduced from
in situ optical reflectometry. An initial decrease in the axial
growth rate can be deduced from the graph. Note that two
slightly different slopes are observed, which may be corre-
lated to the facet changings marked in figure 1(c). The drastic
decrease in growth rate might be related to the migration
length of the adatoms diffusing from the surface. As the
diffusion length limit is reached, less material reaches the
particle; hence the growth rate decreases [26]. This decline
continues until a steady but low growth rate is reached.
Connecting this to the increasing trend of Sb concentration
along the length of the nanowires demonstrates a close cor-
respondence of the growth rate and Sb incorporation with an
opposing trend. Note the offset in length related to nanowires
on which XEDS analysis using an SEM has been performed.
This is related to nanowires breaking off from their as-grown
substrates onto the carbon tape somewhere close to the base
and not precisely at the end, leaving small studs behind. As a
result not complete length nanowires are transferred to the
carbon tape. Comparing the two plots of Sb content and
growth rate, it can be speculated that the first regime, where
the Sb content is increasing while the growth rate decreases,
may be related to the time it takes for Sb adatoms to accu-
mulate within the particle, hence a strong increase in the Sb
content over the length of the nanowires over the first regime
is observed. This may also affect the growth rate; as more Sb
is accumulated in the particle the nanowire growth gradually
shifts from InAs, which is reported to have a faster growth
rate, towards InSb, with a slower growth rate in comparison.
This gradual change in Sb composition along the length may
also be related to change in lateral facets along the nanowire
length. It must be noted however that, we do not deduce any
direct causations from the correlation between the two plots,
and simply report on observing them.

Moreover, radial compositional analysis was done on
different positions along the length of the nanowire using
STEM-XEDS. These positions are marked with the red and
green lines on figure 1(c). Ternary nanowires are known to
spontaneously form core—shell structures [27-31]. Since the
growth mechanisms of axial and radial growths are com-
pletely different, (vapor-liquid—solid (VLS) versus vapor—
solid (VS), respectively), different material compositions of
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the core and the shell of the nanowires can occur as a result of
different pathways of adatom incorporation in VLS and VS.
In rare cases these different pathways may also lead to dif-
ferent crystal structures of the core and shell, but we do not
observe this spontaneous crystal change. The spontaneous
core—shell formation is asserted for these nanowires as well
from the graph in figure 1(g) where radial point analyses of
the red and green lines on figure 1(c) are demonstrated. The
Sb content is plotted versus the radial position on the depicted
nanowire of figure 1(c), from far most left to the far most
right. From both data sets, it is clear that the Sb content is
much higher in the middle compared to the side of the
nanowire. This indicates that the shell has a lower Sb content
in comparison to the core. Therefore, the change in the axial
Sb content of figure 1(f) is also related to a more Sb-poor
shell in comparison to the core. Regarding this matter, it may
also be speculated that the gradual increase in Sb composition
along the axial direction of the nanowire may partially be an
outcome of the core—shell formation. As evident from the
tapered morphology of the nanowire, the shell is thicker
towards the bottom in comparison to the top. With knowledge
that the shell is Sb-poor, it can be reasoned that it may lead to
a lower average Sb count from the bottom compared to the
top. As the shell thins down towards the tip of the nanowire,
the acquired Sb signals will be mainly from the core, which is
Sb-rich compared to the shell.

3.2. Au particle diameter and density

In figures 2(a)-(h), SEM images of eight samples with Au
particle diameters from 30 to 60 nm and two surface densities
of 0.1 and 1 um ™2 per diameter are shown. All these samples
are grown under identical growth conditions (same growth
run). Note that all the nanowires have tapered morphology.
This statement holds for all of the nanowires that are seeded
with Au particles throughout the paper. The dimensions of the
initial Au particles affect the morphology and aspect ratio of
the nanowires. From these images, it is clear that the areal
density drastically affects the morphology of the grown
nanowires, as the nanowires on samples with the higher areal
density (density of 1 um~2) are shorter and thinner, which
may suggest lower average radial and axial growth rates. The
graph in figure 2(i) confirms the trends observed with the
length dependence on the areal density. The displayed ten-
dency can be explained by a competition for material between
the nanowires at a higher surface density, limited by the
diffusion length of the adatoms and the collection area of the
nanowires [32, 33].

The tapering of the nanowires grown under these specific
growth conditions shows a step-like structure where the angle
of the tapering changes along the length. This is more obvious
from the SEM images in figures 2(a)—(d) (surface density of
0.1 gm~2). This may be related to the previously mentioned
axial change in composition, as the precursor pyrolysis, sur-
face energies, and many other factors that affect VS growth
on the side facets are altered by composition.

It can also be speculated that the crystal structure of the
nanowires is largely affected by their initial particle diameter
and surface density [34], i.e. nanowires grown on samples
with higher Au particle surface densities are different in their
crystal structure compared to lower surface densities. An
explanation to the tapering from midway to the top of the
smaller diameter nanowires, may be speculated as a change in
crystal structure midway along the length, from where after
they grow with what seems like a mixed crystal structure.
This is deduced from the contrasts observed in the SEM
images; where there is a change in the crystal structure, or a
facet rotation in case of twinning, one can observe the change
in contrast along the nanowires. This is in contrast with the
case of larger diameters, where the crystal structure appears to
be mixed from the very base of the nanowires. It is worth
noting though, most studies on Sb-based nanowires report
zinc blende crystal structures even at very low Sb con-
centrations [16, 35]. However, due to the large dimensions,
the majority of the nanowires were not suitable for acquiring
interpretable crystal structure information using the TEM.

It is worth noting that overgrowth towards the base of the
nanowires with the lower surface density is much larger in
comparison to their counterparts with the higher surface
density. From the graph in figure 2(i), no conclusive effect of
the initial diameter of the Au particle on the length can be
deduced.

Measuring the solid phase Sb content of the nanowires
for different initial Au particle diameters and densities shows
a trend of higher Sb content for lower surface densities in
comparison with the higher density. Four data sets for the two
different surface densities are illustrated in the graph in
figure 2(j). Three of the data sets (marked with green circles)
correspond to the same growth batch, while the other (marked
purple) is grown under a different set of parameters. The latter
is demonstrated only as a further proof of the concept under
discussion. Even though most data points fall within the error
bars, the same trend of a higher Sb content for lower surface
densities is always present. This could be an indication of
competition for Sb between neighboring nanowires. How-
ever, the shorter length of the nanowires of samples with
higher surface densities may also be an explanation to this; as
it has been mentioned already in section 3.1, the Sb content of
the nanowires increases along the length. As a result, shorter
nanowires (samples with a higher surface density) will have a
lower average value for the solid phase Sb content in com-
parison to the longer (lower surface density) nanowires.
Another observation is that Au diameter does not seem to
have a strong effect on the Sb incorporation in the nanowires.

3.3. Growth temperature

The growth temperature was varied from 435 °C to 480 °C
with steps of 15 °C at constant precursor molar fractions and
growth time of 15 min. The lower limit of this temperature
range was chosen due to the lack of sufficient precursor
decomposition at low temperatures [37]. Due to the obvious
drop in the vertical growth rate visible in images 3 (c) and (f),
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Figure 2. (a)-(h) SEM images of InAs,_,Sb, nanowires grown at 7' = 435 °C, x, = 0.22, V/III = 140 with a growth time of 1 = 15 min,
grown from Au particles with diameters of 3060 nm with two different surface densities of 0.1 and 1 um~2. The insets in the images show a
higher magnification of a representative nanowire of the related sample. The scale bars in the inset figures correspond to 200 nm. The length
and morphology of the nanowires is drastically affected by the surface densities (compare figures (a) with (e) and (d) with (h)). (i) Nanowire
length versus the Au seed particle diameter for two surface densities of 0.1 um > (blue data points) and 1 um > (red data points) which
demonstrates a clear decrease in length for the higher surface density. A slight trend of decreasing length is also deducable as the diameter of
the particle increases. However, this trend is not very rigid since the differences in the length of the different samples are comparable to the
error bars of the data points. Note that the outlying point related to 50 nm 1 zm ™~ may also be related to occasional spreads in aerosol particle
diameter and density observed from sample to sample, however, since the observed trend is not pronounced, it does not affect the deduced
conclusions. (j) Sb content of nanowires with different diameters and surface densities. The data points circled with green ovals are all grown
at the same growth conditions, while the one circled with purple is related to another growth condition. It is clear that independent of the
growth parameters the nanowires grown from a lower surface density have higher Sb incorporated within them.

the temperature was not increased higher than 480 °C. In fact, growth decreases. Also, at higher temperatures surface growth

growth at 480 °C was performed solely just to confirm the
decreasing growth rate with increasing temperatures under
our conditions. As shown in the SEM images in figures 3(a)—
(h), and the graph in figure 3(i), the growth temperature
drastically affects the length; higher temperatures lead to
shorter nanowires. Considering the low melting point of InSb
(525 °C), this reverse length dependency may be explained by
a higher amount of decomposition of the nanowires at higher
temperatures. Similar reverse behavior has been observed in
the study reported in [36]. This may indicate that at higher
temperatures the thermodynamic driving force for axial

becomes more favorable than vertical nanowire growth,
leading to shorter nanowire lengths [36]. From the SEM
images in figure 3; more specifically figures 3(a) and (b)
where the lengths are sufficient to deduce information on the
morphology of the nanowires, it is observable that the
temperature also has an impact on their morphology and side
facet formation. Temperature affects the surface energetics,
precursor decomposition, and also the diffusion length of
the present adatoms, all of which in turn can have a role on
the ultimate morphology of the nanowires. However, from the
XEDS data depicted in figure 3(j), it can be concluded that the
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Figure 3. Nanowires grown at x, = 0.22, V/III = 140 with a growth time of # = 15 min from Au particles with a diameter of 50 nm, (a)—(d)
SEM images of nanowires grown at temperatures between 435 °C and 480 °C from samples with a surface density of 0.1 um™~2, and (e)—(h) a
surface density of 1 um ™2 The insets in the images show a higher magnification image of a representative nanowire of the related sample.
The scale bars correspond to 200 nm. (i) Nanowire length dependence on growth temperature. The graphs show a clear decrease of length for
increasing temperature for both surface densities. Note that the outlying data point related to 50 nm DO.1, 450 °C is related to occasional
aerosol particle density deviations between samples. (j) Sb content of the nanowires versus the growth temperature. The data points show that

the Sb content is independent of the growth temperature.

temperature does not significantly affect the Sb incorporation
in the nanowires within the investigated range. Therefore, the
length dependency on the growth temperature is decoupled
from the Sb incorporation.

It is worth noting that growth at temperatures below
435°C was not carried out due to two main reasons: (a) in
order to limit the number of variables throughout the rest of
the study the temperature series were first performed to
investigate which temperature lead to the highest aspect ratio.
This was the case at 450 °C for the lower surface density
sample although for the higher surface density, growth at
435 °C offered a much higher aspect ratio. (b) Since TMSb
decomposition becomes less efficient with decreasing tem-
peratures [38], lower temperatures than 435°C were not

investigated, and 450 °C was chosen as the constant temper-
ature for continuing the rest of the studies.

3.4. V/IIl ratio (varying only the TMin flow)

Keeping the vapor phase composition at a constant value of
x, = 0.8, the V/III ratio was changed by changing the TMIn
molar fraction. V/III ratios from 110 to 7.3 were studied from
which SEM images are shown in figures 4(a)—(f). An inter-
esting observation is that at high TMIn flows there is a high
amount of In accumulation in the Au particles which is clear
from the large change in particle morphology observed in
SEM images (figures 4(e) and (f)). The nanowires on the
samples grown with a high In flow are not homogeneous in
their morphology. As seen in the SEM images in figure 4,
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Figure 4. Nanowires grown at a constant vapor phase of x, = 0.8
with a growth time of 7 = 50 min (a)—(g) 30 ° tilted SEM images of
nanowires grown from particles with a diameter of 40 nm and a
surface density of 1 um 2, with V/III ratios varying between 110
and 7.3. The morphology, length and diameter of these nanowires
are affected by the V/III ratio. There is an obvious change in the
morphology and dimension of the nanowires grown with a higher
V/II ratio than 28 (a)—(c), and 28 and below (d)—(f). This increase
in length is also observable in the graph in (g) which depicts the
length dependency of the nanowires on the V/III ratio. This is
related to the semi In-assisted growth mechanism occurring at an
excess of TMIn for the lower V/III ratios (blue-faded highlighted
area in the plot). Graph (h) demonstrates a slight decrease in length
for the Au-assisted grown nanowires (higher V/III) ratios. As self-
assisted growth starts dominating, the length of the nanowires, and
also inhomogeneity of their morphologies (demonstrated by the
increasing size of the error bars) increases drastically.

especially figure 4(e), some of the nanowires do not
demonstrate a seed particle on the top. This could imply that
the particle is consumed during growth or cool down. It is
interesting to note that in the XEDS spectra, Au signals are
not obtained from any of the nanowires, not even those with a
particle. In better words, if there is Au in the particle, the
amount of Au in the existing particles is less than the detec-
tion limitation of our XEDS measurement system in the SEM.
From these observations, it can be deduced that for high In
flows (low V/III) the growth mechanism changes from Au-
assisted to what can be referred to as ‘semi In-assisted’
growth. For confirming the occurrence of In-seeded growth, a
bare InAs substrate was placed inside the reactor when
growing at low V/III ratios (see SI 2).

An explanation for the difference in the morphology of
the nanowires on one sample may be related to growth

initiated by either Au particles which have accumulated an
extreme amount of In (semi In-assisted), or from sponta-
neously formed In particles on the substrates (In-assisted).
However, since the amount of Au is low and not detectable, it
is difficult to differentiate if or which nanowire is In-seeded
and which is semi In-seeded.

The Indium self-seeded growth is initiated at a V /III ratio
somewhere between 37 and 28. As seen in the SEM images
shown in figures 4(a)—(f), and the graph in figure 4(g), as long
as the growth mechanism falls under Au-assisted growth, the
morphology of the nanowires is similar, with a slight decrease
in the nanowire length for decreasing V/III ratios. As semi In-
assisted growth is initiated, the morphology undergoes a
sudden change, with a significant increase in the diameter and
length of the nanowires. Homogeneity in the nanowire or
particle morphology is no longer observed for conditions
where semi In-assisted growth dominates.

The same observation in morphology inhomogeneity is
observed for the nanowires grown on the bare InAs substrate
under conditions where semi In-assisted growth is observed
(V/II = 28, 19, and 7.3) (see SI 2). For the two extreme
cases (V/III =19, and 7.3) the morphology and surface
density of the nanowires grown on the bare substrates are
similar to those grown on the substrates with initial Au par-
ticles with both surface densities. This indicates that at an
extreme excess of In, the Au particles have no noticeable
effect on initial nanowire nucleation, and In particles spon-
taneously form on the substrates independent of the presence
of Au particle. If there is an Au particle present, it accumu-
lates In to an extent that the particle predominantly contains
In. For the moderate case though (V/III = 28) there is an
obvious change in the morphology of the nanowires grown
from the sample with the higher Au particle surface density in
comparison to the bare substrate and lower surface density
samples. This indicates that under these relatively moderate
conditions there is an abundance of In enough to alter the
growth mechanism to semi In-seeded. However, even though
the In particles form on the substrate surface independent of
the presence of Au seed particles, the Au seed particles have
an essential role as collection centers in the initial growth
steps.

The Sb incorporation in the nanowires however, stays
invariant towards changes in the TMIn flow, therefore the
growth mechanism (SI 3). In fact, even under conditions
where various morphologies are observed on the same sample
there are no significant differences observed in the Sb content
of nanowires that have very different morphologies.

3.5. Correlating the vapor and solid phase compositions

For understanding how far the Sb content of the nanowires
can be increased under the studied conditions, and if or how
the group V flows have an effect on this, the vapor phase
composition was varied in the range of x, = 0.2-0.96. Since
each precursor has a limited variability range it was necessary
to alter more than one precursor flow at a time in order to
access the large range of the vapor phase composition. This
made it possible to study the limits of the solid phase
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Figure 5. Nanowires grown at 7 = 450 °C, with a growth time of
t = 50 min, (a)—(f) 30° tilted SEM images of nanowires with Au
particles with diameters of 40 nm with a surface density of

0.1 pm ™2, grown with different vapor phase compositions
(0.2-0.96). The set TMIn molar fraction used for growing the sample
in (e) is one order of a magnitude higher than the other demonstrated
samples, leading to a semi In-assisted growth mechanism. No
vertical growth is observed in figure (f) where the AsH; molar
fraction was very low (2.3 x 1079). (g) Solid phase Sb content of
the nanowires versus the vapor phase composition. The blue data
points indicate growth runs carried out with a TMIn flow around an
order of a magnitude lower than that of the samples indicated by the
hollow purple circles (3.6 x 107°). These two sets of data points fit
the same trend line indicating that the Sb content of the nanowires is
invariant to changes of the TMIn flow. Instead, high amounts of
TMIn alters the growth mechanism to semi In-assisted, which in turn
offers access to Sb compositions on the high end of the range that are
not feasible by Au-seeded growth. As a result, Sb incorporation up
to 0.8 grown from a vapor phase composition of 0.9 is achieved.

composition, i.e. how far the Sb in the solid phase compo-
sition could be increased within the grown nanowires.
Therefore, in addition to changing the group V precursor
flows, the TMIn flow was also altered when found necessary.
Also, as explained in detail in the previous section, changing
the TMIn flow has no detectable effect on the solid phase
composition; hence changing it in this context provides an
extra degree of freedom. As observed from the SEM images
in figures 5(a)—(f), vertical nanowire growth is obtained for a
vapor phase composition up to 0.9. At x, = 0.96, no vertical
nanowire growth is observed, as they fail to nucleate. This is
not far from expectation since the AsH3 molar fraction used
for this run was extremely low (2.3 x 10~%) in comparison to
the runs with higher x,. Therefore, within the investigated
growth conditions, there seems to be an upper limit in how
much the Sb content of the nanowires can be elevated. It

should be mentioned that for x, = 0.93 very short nanowire
lengths were observed for all diameters and surface densities
(but transferring them to carbon tapes and/or TEM grids
proved very difficult due to their small dimensions). There-
fore, there is no data on their solid phase composition (SI 4).

It is worth noting that although they differ in length,
diameter, and morphology, the nanowires demonstrated in
panels 5(a)-(d) seem to fall in a morphological trend in
comparison with the nanowires in panel 5(e): they all have a
tapered morphology, and the seed particles on the nanowires
are small and comparable to their initial Au particle, resem-
bling Au-assisted growth for 5(a)-(d). This is in contrast with
the nanowires demonstrated in 5(e), which are mostly taper-
free with a swollen particle (if any) on the top, which implies
more a semi In-assisted growth. This is because the TMIn
molar fraction used in the latter was an order of magnitude
higher compared to the other growth runs, promoting semi In-
assisted growth. This difference in the morphology of the
nanowires seems to be connected to the particle material; as
mentioned, tapered growth is observed for Au seeded nano-
wires, while untapered nanowires are grown from semi-In
particles that are also heavily overgrown. However, it can be
understood that the morphology is not exclusively a factor of
the seed particle, but is a consequence of the abundance of the
growth rate limiting species, In. The In adatoms have a
shorter diffusion length on the surface compared to the length
of the nanowire, therefore under conditions that there is not an
overload of In in the reactor (Au-seeded nanowires), most of
the In adatoms cannot diffuse all the way to the particle,
therefore lead to tapering. When abundant (semi In-seeded),
In adatoms lead to an untapered morphology; there is suffi-
cient adatoms in the seed particle to be incorporated in
growth, while the adatoms diffusing from the substrate
supersaturate the side facets and cause the heavy radial
growth to happen. The particle composition of two typical
samples grown with the Au-assisted (sample demonstrated in
figure 1) and semi In-assisted (50 nm DI sample from the
same batch as demonstrated in figure 4(e)) mechanism are
compared in SI 5. The particle composition of the Au-seeded
nanowire is roughly Au-In (50%-50%), which is the typical
post-growth composition of InAs nanowires, while the semi
In-seeded nanowire does not reveal any detectable Au signal,
being mainly In.

The graph in figure 5(g) demonstrates the solid phase
versus the vapor phase composition where an exponential
increase is observed in the Sb content of the nanowires for
increasing x,, where a value as high as x = 0.75 is realized
for the solid phase composition. The data sets demonstrated
by hollow purple circles are related to samples which are
grown from a TMIn flow that is around an order of a mag-
nitude higher compared to their counterparts demonstrated by
the blue data points. Notice the data points related to the
higher TMIn flows nicely follow the trend line. As observed,
xy = 0.7 was grown with high and low TMIn flows, which
completely fall onto one another, again proving that changing
only the TMIn flow has no significant effect on the solid
phase composition of the nanowires within the studied range.
The highest solid Sb content depicted in figure 5(g) is related
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to the sample shown in 5(e); a semi In-assisted growth. Thus,
it can be deduced that the semi In-assisted growth mechanism
has aided nucleation and vertical growth within a window of
high x, not accessible by Au-seeded mechanism, therefore
increasing the solid Sb content of the nanowires. This could
be related to the dependence of the wetting properties of
particles on their constituting material(s) in the presence of
the surfactant Sb. It may be that a particle mainly composed
of In acts very differently in the presence of high amounts of
Sb compared to Au, and provides higher contact angles in
comparison. This in turn leads to vertical growth of nanowires
under conditions that Au seed particles are incapable of
promoting nucleation. As a result, under a high vapor phase
composition, the solid phase Sb-incorporation into vertical,
directly nucleated nanowires can be enhanced.

4. Conclusion

We have demonstrated direct growth of InAs; ,Sb, nano-
wires from Au seed particles on InAs (111) B substrates. We
partially attribute the success in direct growth from the
substrate to the very high group III flow used when growing
the nanowires with higher solid phase Sb compositions. This
is a very extreme growth condition compared to typical
flows used for growing InAs,;_,Sb, nanowires. The effects
of the controllable growth parameters on the dimensions and
solid phase composition of the grown nanowires have been
extensively studied, and by varying the vapor phase com-
position between x, = 0.2 to 0.9 a solid phase Sb incor-
poration range of x = 0.08 to 0.75 has been covered
successfully. The results of this study show that the initial
seed particle density has an effect on the Sb incorporation in
such a way that lower surface densities lead to a higher Sb
content in the grown nanowires. We have also observed that
changing initial Au seed diameter, group III flow (TMlIn),
and growth temperature does not have a significant effect on
the Sb composition of the final nanowires. However by
increasing the TMIn flow to an order of magnitude higher
value, the growth mechanism is altered from Au-assisted
growth to semi In-assisted growth. This in turn allows us to
achieve vertical growth of InAs; ,Sb, nanowires with a
high solid phase Sb content that is not accessible by Au-
seeded growth. It can be concluded that under the studied
conditions, the seed particle material (whether a mixture of
Au and In (Au-assisted growth), or mostly In (semi In-
assisted growth) determines the possibility to access
nucleation, hence vertical growth at high vapor phase
compositions. Also, the correlation of the axial growth rate
of these nanowires with the Sb incorporation has been
presented.

Finally, we demonstrate that the ternary nanowires that
are grown with the Au-assisted mechanism mostly demon-
strate tapered structures and are self-formed core—shell
structures with an Sb-poor shell. This can be related to the
surfactant effect of Sb that changes the surface properties, e.g.
Sb changes surface energies of the interface between the
vapor and particle, and vapor and solid it covers. And since

contact angle is a function of the interfacial surface energies,
it is affected to a high degree by the presence of Sb.

In addition to gaining an extensive understanding of the
controllability of the material composition of InAs, _,Sb,, the
possibility of growing ternary nanowires with material com-
positions containing Sb directly from the substrate, may
facilitate growth of binary Sb-based nanowires such as InSb.
This is when the ternary is used as a stem for the binary
segment. In better words, as mentioned earlier in the paper, if
conventional stems such as InAs are used, complications such
as stem decomposition during As-low/free material synthesis
may arise, causing vertical growing nanowires to break at the
decomposed area, ultimately leading to failed synthesis or
collapsed nanowires. Related to decomposition and direct
nucleation issues of Sb-based nanowires such as InSb grown
from Au seed particles, if an InAs; ,Sb, ternary nanowire
grown directly from the substrate can act as a stem for
facilitating the nucleation of InSb on InAs substrates,
decomposition of the stem may be avoided. In this case, the
Sb present in the Sb-containing stem is expected to prevent
stem decomposition during As-free growth. For utilizing the
ternaries in this fashion however, it may be necessary to first
gain control over the radial overgrowth, so that with a better
morphology a more suitable platform for InSb growth is
provided. This radial growth optimization has not been cov-
ered within the scopes of this paper, and is regarded as an
independent study.
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S1. Schematic of the growth procedure

For growing the InAsixSbx nanowires, the samples containing pre-deposited
aerosol Au particles were annealed under an AsHs flow at 550 °C for removing the
native oxide. The temperature was then lowered to that of the desired growth
temperature (450 °C in most cases) and nanowire growth was commenced by
simultaneously introducing TMIn and TMSb into the reactor while decreasing the
AsHsz flow to lower amounts. Nanowire growth was terminated by cutting off the
precursor supplied to the reactor and cooling the samples under a flow of Ho.

1E-01 =AsH3

1E-02 = TMIn -
g < TMSb o
£ 1E-03 o =Temperature § 550 o
E = 5 =1
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= g*e 450 3
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Figure S1: Schematic illustrations of temperatures, TMIn, TMSb, and AsH3 precursor flows, and
precursor switching used for the growth of InAs;.xSbx nanowires from Au seed particles versus
time. The molar fraction is demonstrated with a logarithmic scale on the left y-axis, while the right
y-axis shows the temperature. The time axis is not to scale with the real values used for growing
the nanowires.

S2. Comparison between the self-assisted nanowires grown on a bare InAs
substrate, nanowires grown from a surface density of 0.1 and 1 Au-particles

Figure S2 compares the morphology of the nanowires grown from initial Au
particle surface densities of 0.1 and 1 pm2 and on bare InAs substrates under
conditions where semi In-assisted growth occurs (V/III = 28, 19, 7.3)
demonstrates a similar morphology for all three samples at the two lower V/III
ratios (V/III = 19 and 7.3). As discussed in the main text, this indicated that at
very high TMIn flows the Au particles have negligible effect on nucleation, while
In particles form spontaneously on the substrate independent of the presence of
Au. This is in contrast to the sample with the highest V/III ratio of the three (V/III
= 28). The nanowires grown from the sample containing initial Au-particles with a
surface density of 1 pm=2, clearly have a different morphology. Here, the In is
sufficient to alter the growth mechanism to semi In-assisted growth (deduced by
the presence of nanowire growth on the bare substrate), but not as extreme as the
other two conditions. Therefore, it can be concluded that Au particles in fact do
have a role as collection sites of In, and In particles do not self-form on the
substrate where there is moderate numbers of Au particles present.
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Figure S2: 30°-tilted SEM images of nanowires grown from initial Au particle surface densities of
0.1 and 1 um=2 and on bare InAs substrates for the three V/III ratios where semi In-assisted
growth is observed. The scale bar in all images represents 2 pm, and the scale bar in the insets
represents 1 pm. The dashed lines categorize which sample belongs to which V/III value, and
which initial Au particle surface density.

$3. Sb incorporation dependency on the V/III ratio with varying only the
TMIn flow along with the morphology of the low surface density nanowires

Similar to the nanowires grown from samples with the higher Au particle surface
density (1 um=2) under conditions where only the TMIn flow was altered, InAsi.
xSbx nanowires grown from samples with the lower surface density (0.1 pm-2)
show a sudden change in their morphologies at TMIn flows that semi In-assisted
growth mechanism dominates (figures S3a-f).

It is of utmost interest that according to the graph presented in figure S3g, the
measured Sb content of the nanowires remains invariant to changes in the TMIn
flow. The graph shows no distinguishable trend for the Sb content variations of
either of the samples grown from high or low surface densities.

It can be observed however that as claimed in the main text of the paper, the
samples grown from a lower surface density of Au particles (0.1 pm2) have a



higher Sb incorporation in comparison to their lower density counterparts (1 pm-
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Figure 3S: Grown at a constant vapor phase composition of x, = 0.8 with a growth time of t = 50
minutes a-g) 30° tilted SEM images of nanowires grown from particles with a diameter of 40 nm
and a surface density of 0.1 um2, with V/III ratios varying between 110 - 7.3. The morphology,
length and diameter of these nanowires are affected by the V/III ratio. There is an obvious change
in the morphology and dimension of the nanowires grown with a higher V/III ratio than 28 (a-c),
and 28 and below (d-f). g) The Sb content of the grown nanowires with both surface densities of
0.1 and 1 pm-2 versus V/IIl ratio. It is clear that changing the V/III ratio by only changing the TMIn
flow does not affect the Sb incorporation into the nanowires in a cohesive way.

S4. Nanowires grown at xy = 0.93 (low TMIn)

The highest vapor phase composition that resulted in vertical nanowires growth
under Au-assisted growth mechanism was at xy = 0.93. Unfortunately though,
since these nanowires are very small and difficult to transfer to TEM grids or
sticky carbon tape, XEDS measurements could not be performed on them, and
hence no information on their composition is at hand.

Figure S4: Nanowires grown under x, = 0.93 by Au-assisted growth mechanism. From initial Au
seed particles with diameters of 30, 40, 50, and 60 nm for two different surface densities of 0.1
um-2 (a-d) and 1 pm-2 (e-h).



S$5. A comparison between the seed particle composition of Au-seeded and
semi In-seeded nanowires

STEM-XEDS analysis confirms that the samples with a high TMIn flow are grown
with a (semi) In-seeded mechanism. Here in figure S5 the particle composition of
samples grown under a V/III ratio of a) 93 and b) 19 are compared. In the table
the particle compositions of the two samples are demonstrated. The compositions
are for sample a) around roughly Au-In, whereas that of the sample in b) is mainly
In with no meaningful signal from Au (since the detection limit is around 3
atm%). This indicates that the sample in b) is grown through the semi In-assisted
mechanism in contrast to the Au-assisted growth mechanism of sample a.

Spectrum | Au (%) | In (%)

Point 1 44 42

Point 2 1.4 97.5

Figure S5: STEM images of nanowires grown from a 50nm D1 sample, under a V/III ratio of a) 93
and b) 19. The table on the bottom right corner of the image shows the composition of particles of
both samples in atomic %. As seen, sample a) has a composition of roughly In-Au, whereas sample
b) is mainly In-seeded. Note that the values of In and Au do not add up to 100% because small
amounts of Sb and As were also detected.
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In this work we have developed InAs nanowire templates, with designed zinc blende and wurtzite seg-
ments, for selective growth of radial GaSb heterostructures using metal organic vapor phase epitaxy. We
find that the radial growth rate of GaSb is determined by the crystal phase of InAs, and that growth is sup-
pressed on InAs segments with a pure wurtzite crystal phase. The morphology and the thickness of the
grown shell can be tuned with full control by the growth conditions. We demonstrate that multiple distinct
core-shell segments can be designed and realized with precise control over their length and axial
position. Electrical measurements confirm that suppression of shell growth is possible on segments
with wurtzite structures. This growth method enables new functionalities in structures formed by using
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1. Introduction

Semiconductor nanowires are nowadays considered to be
promising candidates as building blocks in future electrical
and optical devices due to their tunable physical and material
properties."® Among them, heterostructure nanowires are of
considerable importance, providing us with the possibility to
combine the desired properties of two or more different
materials with minimal strain compared to conventional layers
of the same materials.” These heterostructures can be grown
either axially or radially based on the device requirements.
Both axial'®™"? and radial’®™® heterostructure growth have
been extensively investigated with a high degree of control of
interfaces and composition. It has also been demonstrated
that radial growth can be tuned to be selective to certain nano-
wire facets.'® However, the unique prospect of selective radial
heterostructure growth on the designed axial sections along
the length of the nanowire is yet to be explored and employed
in a device structure. In a number of studies it has been
observed that the rate of radial growth strongly depends on the
crystal phase of the nanowires,"” attributed to their different
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bottom-up techniques, with complexity beyond that attainable by using top-down techniques.

surface energies.'®° Controlling the crystal structure of

different segments of the nanowire, and thereby, changing the
surface energies of the segments formed along the axis would
provide ideal templates for studying selective radial growth.'”

In this work we demonstrate highly controlled selective
radial growth in the InAs-GaSb material system, on designed
InAs nanowire core templates, characterized by high resolution
transmission electron microscopy (TEM) and electrical
measurements. The templates are based on the findings that
pure zinc blende or wurtzite structures can be formed along
the length of a nanowire with high precision and control by
careful tuning of the growth conditions.?*"*” Here, the group V
precursor flow has been modified to achieve the two crystal
structures of the core.”®

The growth of GaSb-InAs and InAs-GaSb core-shell nano-
wires has been reported in ref. 29 and 30 by means of MOVPE
and MBE, respectively. These heterostructures exhibit a broken
band alignment, making such junctions interesting for various
device applications, such as tunnel diodes and tunnel field
effect transistors (TFETs).>"** Motivated by their lower-power
operation and greater scalability, TFETs are believed to be one
of the most promising transistor concepts for next-generation
low-power integrated circuits. For radial TFET devices, the
axial extent of the radial junction is directly related to the gate
length. The potential for epitaxial control of such a critical
device parameter, rather than having to rely on complex etch-
back processes, provides an important example of the rele-
vance of this study.> Furthermore, InAs-GaSb heterostructures
are fundamentally interesting for quantum transport studies
such as electron-hole interactions, or as candidates for topolo-

This journal is © The Royal Society of Chemistry 2015
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gical insulators.>**° Epitaxial growth of well-defined core-
shell segments would further allow for controlled core-shell
quantum dots, where the interaction of single electrons and
single holes can be studied.

It is understood that zinc blende structures possess a
higher surface energy than wurtzite structures.”®’® Taking
advantage of this information, we here intentionally suppress
the radial growth on the wurtzite surfaces, while enhancing it
on the zinc blende structures.’” In other words, we make use
of how the low surface energies of the wurtzite side facets com-
pared to the zinc blende side facets hinder nucleation and
hence radial growth of a shell layer - GaSb in our case — under
conditions where nucleation is in fact favourable on the zinc
blende surfaces. The wurtzite nanowire segments have {10-10}-
type side facets, predicted to have lower energy than the {110}-
type facets on the corresponding zinc blende segments;®” it
should be emphasized that other side facets would have other
energies and that selectivity may be different, perhaps even
opposite, for certain other facet types. We demonstrate that
the morphology and diameter of the grown GaSb shell on the
crystal structure-designed InAs core nanowires vary, and can
be tuned to preference by changing the direct growth para-
meters for the GaSb (temperature, nominal V/III ratios of the
precursor flows, absolute precursor molar flow, and time).
Thus, based on the interesting properties and high potential
of this material system, we employ it for developing the selec-
tive radial growth concept. We also show that selective growth
of shell layers on specific parts of a multiple structured core
nanowire is possible.

Finally, selective InAs-GaSb core-shell and reference InAs
(core-only) nanowires are evaluated with electrical measure-
ments in top-gated devices. For InAs reference nanowires it is
found that both the wurtzite and zinc blende segments have
unipolar n-type transport as expected, and are depleted for
negative gate voltages. For the selectively overgrown core-shell
nanowires, we find that zinc blende segments show ambipolar
conduction in agreement with GaSb overgrowth, whereas wurt-
zite segments have unipolar conduction only, evidencing a
suppression of the overgrowth, and the feasibility of the tem-
plate method.

2. Methods

InAs-GasSb core-shell nanowires are grown by means of metal-
organic vapour phase epitaxy (MOVPE) on Au aerosol deco-
rated InAs (111) B substrates. The utilized Au particle diam-
eters are 30 and 40 nm at areal densities of 1 and 2 particles
per pm®. The nanowires are grown in a standard low-pressure
horizontal MOVPE reactor (Aixtron 200/4). For the InAs core
trimethylindium (TMIn) and arsine (AsHj;), and for the GaSb
shell trimethylgallium (TMGa) and trimethylantimony (TMSb),
are used as the group III and V precursors, respectively. Hydro-
gen is used as the carrier gas with a total flow rate of 13 1
min~?, at a reactor pressure of 100 mbar. After loading the
InAs samples into the reactor, the samples were annealed for
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10 minutes at a temperature of 550 °C in a H,/AsH; atmos-
phere in order to remove the native oxide from the surface of
the samples. The InAs core structure was then grown at 460 °C
by supplying TMIn and AsH;. To ensure uniform nucleation,
growth was initiated with a segment grown for 3 minutes with
TMIn of 3.5 x 10~° and AsH; of 1.9 x 10™*, before growing the
wurtzite and zinc blende segments. This segment has mostly a
wurtzite structure with frequent stacking faults. As a general
guideline, regardless of the diameter of the initial Au particle,
for growing the zinc blende segments higher AsH; flows are
used, whereas for the wurtzite segments, the group V precursor
flow is reduced to a small fraction of that of zinc blende.”® For
particles with a diameter of 40 nm the molar fractions of AsH;
was set to 7.7 x 107 and 1.5 x 1072 for the wurtzite and zinc
blende segments respectively, while the TMIn precursor flow
was maintained at 3.5 x 10~ for both segments. For particles
with a diameter of 30 nm the AsH; and TMIn molar fractions
were slightly altered to 9.2 x 107> and 3.5 x 10~° for wurtzite,
and 1.5 x 10> and 1.9 x 10~° for zinc blende, respectively. The
InAs core was designed with three segments along the length,
starting with a wurtzite segment, which is referred to as WZ1
throughout this paper. A zinc blende segment was grown as
the second segment (ZB), followed by a second wurtzite
segment referred to as WZ2. The first segment (WZ1) is used
to isolate the ZB and WZ2 segments from the substrate and
stem segment; in order to understand the radial growth
concept we compared ZB and WZ2. Please take note that
throughout this paper the wurtzite and zinc blende segments
are referred to in the abbreviated form as WZ and ZB, whereas
when discussing general topics related to these two crystal
phases the full names are used. The growth times were varied
based on the desired length of each segment, the initial
particle diameter, and density. The effect of areal density
on the length and morphology of the grown nanowires is
demonstrated in S4 in the ESLT Typically growth times of
6 minutes for the ZB segments resulted in a length of around
500-700 nm, and 2-5 minutes for the wurtzite segments gave a
length of 400-1200 nm depending on the particle diameter
and density. For more details of the InAs structure optimiz-
ation see the ESI S1.}

As the next step, the GaSb shell was grown by simul-
taneously switching Group III and V precursors from TMIn to
TMGa and AsH; to TMSb. The study of temperature depen-
dence is an exception to this simultaneous switch, where the
temperature was first ramped to the desired value in the con-
stant presence of AsH; before switching TMGa and TMSb on.
After growth all samples were cooled under a flow of H,.

A particular set of growth conditions for the GaSb shell are
defined as the initial or reference parameters, which are
referred to and compared to throughout this paper. These shell-
growth conditions are then mapped out, one by one, by chan-
ging only one specific parameter while keeping the others at
the constant reference values. The reference molar fractions of
the TMGa and TMSb precursors are 3.4 x 10> and 5.4 x 107,
respectively, resulting in a nominal V/III ratio of 1.6. The refer-
ence GaSb shell is grown at 460 °C for 20 minutes on the pre-
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optimized WZ1-ZB-WZ2 InAs core structure. The samples are
then characterized by means of Scanning Electron Microscopy
(SEM) (Zeiss LEO 1560) with typical acceleration voltages of
5-10 kV and high resolution TEM imaging (JEOL 3000F) with
an acceleration voltage of 300 kV, combined with Scanning
TEM X-ray energy dispersive spectroscopy (STEM-XEDS) for
compositional investigations. For TEM characterization, the
nanowires were transferred to lacey carbon-film coated copper
grids by manually breaking them off from the substrate. For
the TEM and XEDS analysis, 4-5 nanowires were characterized
with electron beam directions parallel to the <110>- or <112>-
type zone axes, respectively. For electrical characterization,
source-, drain-, and gate contacts were processed on two sets
of nanowires with axial WZ1-ZB-WZ2 segments: (i) InAs only,
and (ii) with selective GaSb radial overgrowth (30 nm Au dia-
meter, with a shell thickness of approximately 15 nm). The
nanowires were mechanically transferred from the growth sub-
strate to silicon substrates covered with a 110 nm thick SiO,
layer with pre-defined gold patterns to facilitate contact
design. Source and drain contacts were then processed using
electron beam lithography with PMMA 950 A5 as the resist.
After development of the resist O,-plasma etching (30 s) was
used to remove the resist residue, and directly before metal
evaporation of 25/75 nm Ni/Au, HCI: H,O etching (1:20) for
10 s was performed to remove the native oxide on the nano-
wires. After metal lift-off, the remaining resist residues were
removed in a second O,-plasma etching step (30 s). An approxi-
mately 7 nm thick HfO, gate dielectric layer was deposited by
means of atomic layer deposition at 100 °C. Holes were
opened in the oxide using focused ion beam milling to
connect the top gate contacts to the pre-defined gold pads on
the substrate. Finally, the top gate was processed using a
similar lift-off process as for the source- and drain contacts,
omitting the wet etching step prior to metallization.

3. Results

3.1 Morphology and structure of selective InAs-GaSb
core-shell nanowires

The morphology of the different nanowire structures was in-
vestigated by SEM at a 30° tilt angle. Fig. 1 shows SEM images
of the InAs core-only (Fig. 1a) and the InAs-GaSb core-shell
structure (Fig. 1b) along with schematics of both cases as
insets.

From Fig. 1a a diameter increase from the WZ to the ZB
segment of the InAs core can be seen. This as well as the facet
rotation from one structure to the other is a result of the over-
growth on the side facets.”®?® It is also clear that WZ1 has a
larger diameter compared to WZ2. This occurs when the
excess InAs material nucleates and overgrows on WZ1 side
facets during the rest of the core growth time. This overgrowth
will - as expected from the previous studies - continue the
same crystal structure of the underlying nanowire, wurtzite in
this case. These diameter differences and facet rotations are
also schematically depicted in the insets of Fig. 1. Note also
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Fig. 1 30°-tilted SEM images of (a) a core InAs structure and (b) a core—
shell structure with the GaSb shell only formed on the zinc blende
segment. The insets are schematic demonstrations of the related nano-
wires, with InAs shown in blue and GaSb in green. As discussed in detail
in section 3.1, under certain conditions an axial GaSb segment is also
formed in addition to the shell.

that the nucleation segment at the base (which has frequent
stacking defects) has the same facets as WZ1, so these cannot
be distinguished. The overgrowth observed on the WZ1 and
nucleation (stem) section results in more and rougher side
facets, which will in turn affect radial overgrowth. For this
reason, WZ2 is used for comparison with the ZB segment
in order to understand the overgrowth of GaSb. As seen in
Fig. 1b, the InAs-GaSb core-shell ZB segment is drastically
larger in diameter compared to the WZ segment and the pure
InAs core structure. From this we can tentatively conclude that
the GaSb shell is preferentially formed on the ZB segment.
Moreover, it is observed that an axial GaSb segment grows on
the top of the second WZ segment mainly for wires with a
larger diameter (40 nm) for most of the growth conditions that
have been studied, and in some cases for smaller diameters
(30 nm).** For more information on the GaSb material compo-
sition of this segment please see image S5 of the ESL{ The
thickness and length of this segment varies with the growth
conditions, as discussed in the later sections.

Thereafter, the samples grown under reference parameters
were characterized by high resolution TEM and XEDS analysis,
which confirm the presence of a GaSb shell radially grown on

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) TEM bright field (BF) image of a core-shell nanowire grown from 40 nm Au particles at 460 °C, with a shell V/IIl ratio of 0.5, with a
growth time equal to 20 minutes. (b) TEM BF image demonstrating the transition from the WZ1 segment of a nanowire to ZB. (c) STEM-XEDS color
map of the zinc blende segment of the same wire. It is clear that the GaSb shell has grown preferentially on the zinc blende segment. (d) HRTEM
image from the same wire where a smooth shell is observable on the regularly twinned zinc blende structure. The green dashed line shows the inter-
face between the shell and the native oxide layer/carbon deposits on the nanowire, whereas the red dashed line shows the approximate position of
the interface between the InAs core and the GaSb shell as determined from the contrast change in the HRTEM image. It should be noted that the
exact position of the interface cannot be determined in a <110> direction, as the nanowires have (110) side facets and therefore the transition rep-
resents an edge rather than a facet. (e) An overview TEM image of a nanowire grown from 30 nm Au seed particles with a faulty zinc blende
segment. (f) HRTEM image from a section of the same mixed structured InAs core/GaSb shell nanowire as in (e), demonstrating the uneven shell
caused by the underlying mixed core structure. The green dashed line indicates the border between the GaSb shell and the native oxide layer/
carbon deposit, and the red dashed line represents the approximate position of the InAs/GaSb interface. (g) HRTEM image of a WZ inset in between
two ZB structures demonstrating the high precision and control in growing crystal phase engineered nanowires. From the image it is clearly observa-

ble that the transitions between the structures on either side are clean and defect free.

the zinc blende segment. The thickness of this shell was
measured to be about 8 nm, which is demonstrated as
completely controllable by the set parameters of the growth
conditions. Fig. 2 demonstrates high-resolution TEM with
STEM-XEDS analysis for nanowires with Au aerosol particle
diameters of 40 nm (Fig. 2a-d) and 30 nm (Fig. 2e and f) with
an areal density of 1 pm™2. The XEDS map in Fig. 2¢ implies
that a GaSb shell exists around the zinc blende segment. In
Fig. 2b the transition from WZ1 to ZB is emphasized with the
white dashed line. The sharp transition from one structure to
the next, along with an almost equally sharp transition in shell
formation, highlights the control and potential of the template
method. In the high resolution TEM image shown in Fig. 2d,
regularly twinned segments of the core-shell zinc blende
segment can be observed. The position of the edge between
the InAs core and GaSb shell, indicated by red dots, can be
seen as a change in contrast accompanied by a faint line indi-
cating slight interfacial strain. The fact that this contrast
change is correlated with the change of material can be veri-
fied by EDX.

Fig. 2e and f show an overview and a high resolution TEM
image, respectively, of the zinc blende segment of a nanowire
from a different sample, where the intended pure ZB segment
contains instead a mixture of ZB and WZ with frequent stack-
ing defects, due to incomplete optimization of the core growth
procedure. In Fig. 2f the approximate transition from InAs to
Gasb is indicated by a red dashed line; note however that due
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to changing facets the interface is not constant in projection
and the indication is therefore approximate. Take note how
the structural mixing has affected the GaSb shell growth (red
and green dashed lines in Fig. 2f); unevenness is evident in
the shell upon this faulty segment. Here, the surface of the
shell is much rougher, with changes in the shell thickness
being correlated with the underlying structure. The roughness
observed in Fig. 2f can be explained by the higher radial
growth rate of the zinc blende crystal phase for both InAs and
GaSb, but is also exacerbated by the 30° facet rotations
between consecutive ZB and WZ segments which is due to the
terminating side facets of wurtzite ({10-10}-type), and zinc
blende ({110}-type) structures. This facet rotation results in
inclined micro-facets at the interfaces between phases (see ref.
28 for details), which typically have higher surface energies
than the flat ZB and WZ facets, yielding uneven surface growth
when segments are short. A quick comparison of Fig. 2d and f
signifies the importance of the control over the growing crystal
phase along the core nanowire. This precise control is well
demonstrated in Fig. 2g where a very short WZ segment is
designed and grown in between two optimized ZB structures.
From the HRTEM image it is clear there are no stacking
defects in either transition between the two structures.

To attain a deeper understanding of the processes control-
ling the selectivity of the GaSb radial growth, as well as to opti-
mize this selectivity, different series were grown in order to
map out the growth conditions of the radial GaSb shell on the
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zinc blende segment. From these we observe the significant
effects of the temperature and GaSb V/III ratio, which are
described in the following subsections. The total precursor
flow did not significantly affect the growth; more information
can be found in the ESI S2.1 The time dependence of the shell
growth is also shown in the ESI S3.t All these series were com-
pared with the conditions of the reference shell growth
described earlier. For the statistical analysis the software
NanoDim*® was used to determine the dimensions of more
than 30 nanowires for each sample. The plots have been nor-
malized to the diameter of the upper wurtzite segment (WZ2)
for each sample to compensate for the Au aerosol nanoparticle
diameter spread when comparing the samples. The WZ1 and
7B diameters of pure InAs core nanowires are also added as a
reference for comparison.

3.2. Temperature dependence of GaSb shell growth

After growing the InAs core at 460 °C, the set temperature was
investigated in a range between 420 °C-500 °C in steps of
20 °C. Several qualitative trends can be observed from the SEM
images shown in Fig. 3a-e.

The nanowires consist of 4 distinct segments, corres-
ponding to the three InAs segments and the axial GaSb
segment, as shown in Fig. 1b. The axial GaSb segment clearly
increases in length with increasing growth temperature, but
the diameters of the various segments are nearly constant.
This happens while the relative length of WZ2 decreases. This
could be related to the higher decomposition rate of the InAs
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nanowires at higher temperatures by the seed particle in the
absence of ambient AsH; pressure.”’ At 500 °C, we speculate
that the InAs segment has been completely decomposed, and
as the two GaSb growth fronts merge, the initial segmented
morphology of the nanowires is lost. We also speculate that for
a high number of nanowires, the sudden dominance of the
GaSb growth causes a change in the wetting angle of the par-
ticle, causing the nanowires to kink in a different direction
than the conventional <111>B-type growth direction.**

The diameter of each segment is plotted in Fig. 3f for temp-
eratures up to 480 °C, together with the reference diameters
for the core WZ1 and ZB segments, and the axial GaSb length
is shown in Fig. 3g. The diameter of the ZB segment is nearly
constant, indicating that the GaSb radial growth is nearly inde-
pendent of temperature. This observation is also supported by
the constant diameter of the axial GaSb segment of the wire
for the studied temperature range. The WZ1 diameter is larger
at lower GaSb growth temperatures, with a gradual decrease
for increasing temperature, implying thin shell formations on
wurtzite side facets at lower temperature ranges. Here we note,
as shown in Fig. 1b, that the WZ1 diameter before GaSb shell
growth is similar to or slightly smaller than the ZB diameter,
so the increased thickness after shell growth at low tempera-
tures is significant. The slight temperature dependence of the
thickness for the ZB and WZ1 segments is similar, indicating
that the selectivity of the shell growth between the segments
cannot be efficiently tuned with temperature. It should also be
noted that the stem segment used for nucleation has frequent
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Fig. 3 Temperature series of the GaSb shell grown at: (a) 420 °C, (b) 440 °C, (c) 460 °C, (d) 480 °C, and (e) 500 °C. The V/III ratio is kept constant at
1.6. The scale bar corresponds to 1 ym. (f) Diameter of different segments versus shell growth temperature. Note that the diameters have been nor-
malized to the diameter of WZ2. (g) Length of the axial GaSb segment at different temperatures. It is clear that the growth rate increases at higher

temperatures.
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stacking defects which have, in numerous other studies, been
shown to act as preferential nucleation sites, enhancing radial
growth (for example see ref. 39). Since the stem and WZ1 share
common side facets, this will also enhance the radial over-
growth on WZ1 up to where ZB starts. The same effect is
observed for radial growth of InAs (Fig. 1b), but lower tempera-
tures also affect the overgrowth of GaSb.

3.3. Dependence of shell growth on V/III ratio of TMGa and
TMSb precursors

The V/III ratio of the shell precursors was varied between 0.25
and 3.5 under the same total precursor flow as the reference
run; see Fig. 4a-e. This was done by changing both the TMGa
and TMSb molar fractions simultaneously to guarantee con-
stant total precursor flow, as it is a growth variable that has a
big impact on nanowire growth and crystal structure. As seen
in Fig. 4f, as the V/III ratio increases from 0.5, the radial
growth of GaSb on the ZB segment drastically decreases (indi-
cated by a decreasing total diameter), while the diameter of
the axial GaSb segment increases. The length of the axial GaSb
segment increases as the V/III ratio of the shell increases to
1.6, and then drops to lower values again (Fig. 4g). This obser-
vation is well in line with previous studies on axial GaSb
growth under different V/III ratios in the same reactor report-
ing a narrow axial growth window of GaSb with V/III ratios
around 1." It is also consistent with previous observations
of GaSb axial growth on InAs, where nucleation of the GaSb
segment was reported to be very sensitive to Sb partial
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pressure.”” The opposing trends for the shell growth on the
InAs ZB segment, and the GaSb axial and radial growth rates
suggest a competition for material between the shell and the
GaSb segment. The result is that at low V/III, when axial GaSb
growth is suppressed, shell growth on zinc blende InAs is
maximized. At the same time, the WZ1 diameter curve in
Fig. 4f is constant for the different V/III ratios at a diameter
very similar to the expected core diameter (the slight increase
in the mid points is explained by the larger standard deviation
depicted using the error bars). The low V/III ratio thus gives
very good selectivity for growth of a GaSb shell on the ZB
segment.

It is worth noting that for V/III ratios below 0.5 the yield of
straight nanowires decreases drastically (Fig. 4a). We speculate
that the kinking occurs in the presence of excessive group III
(Ga) atoms in the seed particle during the shell growth, and
the decomposition of the InAs core.

3.4. Multi-structured core-shell nanowires

To further demonstrate the potential and level of control that
can be achieved for the GaSb shell growth on well-defined InAs
zinc blende crystal structures, we show nanowires in Fig. 5
which were grown from 30 nm Au particles with three zinc
blende segments separated by two very thin wurtzite segments
(in addition to the base- and top segments of the nanowires).
As seen in the overview SEM image in Fig. 5a we have achieved
a very high yield of straight nanowires and well-defined
core-shell segments with varying lengths. The length and
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Fig. 4 V/lll ratio series tested for the GaSb shell. The V/III ratio is varied between (a) 0.25, (b) 0.5, (c) 0.77, (d) 1.6, and (e) 3.5 while the growth temp-
erature is kept constant at 460 °C. The scale bar corresponds to 1 um. (f) Normalized diameter of different nanowire segments versus the shell V/III

ratio. (g) Length of the axial GaSb segment at different V/II ratios.
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Fig. 5 (a) SEM image of InAs—GaSb core-shell nanowires grown from nominally 30 nm aerosol particles with multiple, axially stacked zinc blende
and wurtzite segments. The inset displays a false colored (wurtzite — red, zinc blende — green) higher magnification side view of a representative
nanowire (scale bar 200 nm). (b) TEM bright field image of a nanowire section similar to the inset given in (a) demonstrating the two WZ segments
with smaller diameters. (c) Merged conventional dark field images of the wurtzite, and the two zinc blende twins given in red and green, respectively.
(d) Higher magnification images of the two WZ segments color coded by overlaying the images taken along <112>-type and <213>- type directions.
(e) An XEDS map of characteristic Ga (indicative of the GaSb shell) and As (indicative of the InAs core) taken for an identical nanowire as shown in
(b—d), with higher magnification views of the two wurtzite segments embedded in zinc blende in (f) and (g) highlighting the selectivity of the GaSb

shell growth.

positioning of these segments are precisely controlled by tai-
loring the crystal structure and growth time of the InAs core
nanowire segments — a false colored inset is given in Fig. 5a,
highlighting the different segments. Two wurtzite segments
with lengths on the order of 15-20 nm are separated by three
zinc blende segments of approximately 300 nm in length as
shown in the TEM bright field image viewed along a <112>-
type direction (Fig. 5b), and the dark field images acquired
along a <213>- type direction using wurtzite and zinc blende
characteristic diffraction spots (Fig. 5¢). These are merged con-
ventional dark field images of wurtzite (red) and the two 180°
rotational zinc blende twins (green) which are given for the
identical segment as shown in Fig. 5b. Higher magnification
images of the two wurtzite segments viewed along the <112>-

type direction are given in Fig. 5d, with color coding for the
wurtzite and zinc blende segments as revealed by overlaying
the images taken along <112>-type and <213>- type directions.
Here it is worth noting that the zinc blende and wurtzite
characteristic bilayer stacking cannot be distinguished for the
<112>-type viewing directions but is possible for the <213>-
type directions perpendicular to the <111>-type growth direc-
tion. The subsequently smaller nanowire diameter at the posi-
tion of the wurtzite segments is attributed to the selective
GaSb shell growth, which almost exclusively forms on the zinc
blende facets/segments, as demonstrated by the XEDS analysis
in Fig. 5e-g. These images are taken along the <112>-type
direction for an identical nanowire as shown in Fig. 5b-d. This
precise control can be used in various device configurations,
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Fig. 6 (a) (left) SEM image of the nanowire prior to device fabrication, the

red arrows indicate the transitions between wurtzite and zinc blende seg-

ments and the blue shadowed areas indicate where the source- and drain contacts are located. (right) False-colored SEM image of the completed
device where source-/drain- and gate contacts are colored blue and green, respectively. Conductance as a function of gate voltage of ZB (blue) and
W?Z (green) segments in nanowires: (b) Reference InAs wire, not exposed to GaSb growth, measured at room temperature. (c) InAs wire with GaSb
shell on the zinc blende segment shown in panel (a) measured at room temperature. The inset is a magnification of the data for the zinc blende
segment. (d) Same nanowire as in panel (c) measured at T = 4.2 K.
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such as interband tunnel diodes and transistors, in order to
have carrier injection from the shell into the core exclusively at
a desired position and length of the nanowire.

3.5. Electrical measurements

SEM images, before and after contact processing, of an InAs—
GaSb core-shell nanowire used in the electrical measurements
are displayed in Fig. 6a. The electrical properties of the ZB and
WZ1 segments were investigated by measuring the drain
current as a function of gate voltage. The bare InAs reference
sample was measured at room temperature and with a drain
bias of 10 mV, whereas the sample with selective GaSb over-
growth was measured at both room temperature and 4.2 K
with a drain bias of 1 mV, see Fig. 6b-d. Starting with the refer-
ence sample (Fig. 6b), we note that the conductance of the ZB
and WZ1 segments show similar gate voltage dependence.
Going to negative gate voltages deplete the nanowire segments
from charge carriers, which is expected since the nominally
intrinsic InAs material with a large surface-to-volume ratio
shows n-type behavior.”® The current level is higher for ZB,
which we attribute to a larger physical diameter and a higher
charge carrier density compared with WZ. Looking next at the
core-shell sample in Fig. 6a, we note that the measurements
on the ZB segment (Fig. 6¢) do not show the characteristics of
bare InAs. Instead, the segment shows ambipolar transport
characteristics, which can be attributed to an onset of hole
transport in the GaSb shell at negative gate voltages, as shown
in the inset of Fig. 2c. A similar ambipolarity has been
observed and extensively studied in the reverse core-shell
system (GaSb-InAs).*> By contrast, the WZ1 segment depletes
at negative gate voltages, and has a conductance trace very
similar to the reference segment, consistent with suppression
of shell growth on wurtzite surface facets. As can be seen in
Fig. 6d, the ambipolar characteristics are even more pro-
nounced at T = 4.2 K. The light blue dashed line indicates the
extrapolated conductance of a corresponding ZB segment
without a shell of GaSb.

4. Summary

In this study we have demonstrated and investigated the selec-
tive radial growth of GaSb on chosen surfaces along the length
of an InAs core nanowire. This was realized by controlled
crystal phase engineering and by utilizing the higher surface
energy of zinc blende structures compared to wurtzite, leading
to a higher radial growth rate under optimized conditions. We
have mapped out the dependence of the selective shell growth
on the growth temperature, V/III ratio, total precursor flow,
and growth time. From these investigations we conclude that:
(i) the radial GaSb growth on the zinc blende segment is nearly
independent of the growth temperature, while the undesired
GaSb overgrowth on the wurtzite segment decreases with
increasing temperature. (i) Within a V/III ratio window of 0.5
to 3.5, the GaSb radial overgrowth on the zinc blende segment
drastically drops with increasing V/III ratio, while no consider-
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able GaSb overgrowth is observable on the wurtzite segment.
Using the obtained knowledge we further demonstrate the fab-
rication of multiple position-controlled core-shell segments
along the length of the nanowires under optimized shell
growth conditions. This unique overgrowth method could be
applied to any heteroepitaxial material system which exhibits
different surface energies for the wurtzite and zinc blende
crystal structures.

Electrical measurements show ambipolar (p- and n-) trans-
port characteristics of the zinc blende segments in core-shell
nanowires, whereas the wurtzite segments only show n-type
transport, similar to bare reference InAs nanowires. These
findings are consistent with selective radial growth of p-type
Gasb on zinc blende InAs surface facets. Taking these findings
into account, we anticipate that the template method demon-
strated in this work is of considerable interest for quantum
transport studies, as it allows for precise epitaxial control of
core-shell quantum-dot-like structures.
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S1. Optimization of InAs core crystal structure for different diameters

For different seed particle diameters specific growth timings with different flows and pressures of
the precursors were used in order to obtain the optimized InAs core structure. After loading the
InAs samples inside the reactor, the temperature was raised to 550 °C for 7 minutes to anneal the
sample and remove any oxide on the surface of the substrate. An AsH3 flow ranging from 7.69 x 10-5
to 1.54 x 10-2 was present in the reactor, starting from the annealing step, until the InAs core growth
was completed in order to avoid InAs from decomposing at high temperatures. After the annealing
step the temperature was ramped down to 460 °C. For Au particles with 40 nm diameter, the InAs
nanowire growth was commenced by providing a TMIn flow equal to (3.48 x 10-¢) while the AsH3
flow was switched to (1.92 x 10-2) to nucleate the growth from the seed particle. The first wurtzite
segment (WZ1) was then grown for 5 minutes at a lower AsH3 flow of 9.23 x 10-5, while keeping the
TMIn flow constant. For growing the zinc blende segment a significantly higher V/III ratio is
required. Therefore, a higher AsHz flow (1.54 x 10-2) was provided into the reactor for a set time
depending on the desired length of the zinc blende segment (5 minutes in figure S1). Then after, the
AsH3z flow was switched to the set values for wurtzite growth (9.23 x 10-5) and the second wurtzite
segment was grown for 2 minutes.

Since tuning the crystal phase becomes more sensitive to growth conditions as the diameter of the
Au seed particle gets smaller, in order to optimize the crystal structure for Au particles with 30nm
diameters, different TMIn flows for the different structures were used in contrary to the constant
TMIn flow utilized for both WZ and ZB segments for diameter of 40nm. Also, pausing steps were
introduced in between consecutive segments of the InAs core structure. This was done to allow time
to purge away excess material from the reactor, while switching the AsHs flows. During these short
pausing steps TMIn was switched off, and the samples remained under an AsHz flow. The TMIn flow
used for the wurtzite segments was slightly higher (3.48 x 10-6) compared to that used for growing
the zinc blende segment (1.93 x 10-¢). The pausing time used between wurtzite and zinc blende was
45s, whereas it was set to 3s when switching from zinc blende to wurtzite. For attaining a better
understanding, figure S1 depicts the sequence of flows and pausing steps of the growth of an InAs
core with a WZ-ZB-WZ structure. Growth times for the different segments for 30 nm samples that
were similar to those of 40 nm, lead to longer segments as expected e.g. for 5 minutes of ZB growth
450 nm versus 300 nm, and for 5 minutes of WZ2 growth time 550 nm versus 400 nm for
nanowires with particle diameters of 30 nm and 40 nm respectively. The lengths of different
segments were tailored to desire by adjusting the growth times based on the diameter and areal

particle density.
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Figure S1: Schematics for set temperatures, precursor flows, and precursor switching as used for
growing an InAs core structure from Au seed particles of 30nm versus time. The molar fraction is
demonstrated with a logarithmic scale on the left y-axis, while the right y-axis shows the
temperature. The time axis is to scale with the real values used for growing the nanowires.



S2. Time dependence of GaSb shell growth

Starting from the reference shell growth time (20 minutes), 3 additional growth times, 10, 40, and
60 minutes were investigated. From the 30° tilted SEM images (S2a-d) and the analysis given in S2e
it can be seen that neither the shell thickness around the ZB segment, nor the diameter of the axial
GaSb do not considerably change as time increases (S2e). The offset from the trend of the data point
related to 40 minutes can be explained by the Au aerosol nanoparticle variability and the diameter
spread caused by this artefact. On the other hand, the axial growth rate increases with time (S2f).
Therefore, it can be concluded that at these growth conditions, longer shell growth times do not
neccesarily lead to thicker shells on the ZB segments since the material is all consumed by the axial

growth of the axial GaSb segment.
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Figure S2: 30°-tilted SEM images of the GaSb shell growth time series of a) 10, b) 20, c) 40, and d) 60
minutes. The scale bar corresponds to 1 um. Insets in a-d show a higher magnification image of e
representative nanowire highlighting the different axial segments. The measured diameter of the
various nanowire segments is given in (e), normalized to the WZ core diameter, and for the different
shell growth times. Please note that for WZ1 the error bars on 40 and 60 minutes of shell growth
time are relatively large, showing a large variation in nanowire diameter caused by he spread in the
aerosoo particle diameter or due to unstable growth conditions. Taking this into consideration, the
diameter of the WZ1 segment can be considered constant; independent from the GaSb shell growth
time.



S3. Total precursor flow influence on GaSb shell growth

A series of different total precursor flows was also carried out under a constant nominal V/III ratio
of 1.6. Starting from the reference recipe’s total precursor flow of 8.87 x 10-5 (the sum of the molar
fractions of the group III and V precursors), two additional flows were studied, namely 4.44 x 10-5
and 17.0 x 10-5. As seen in image S3, at the lower total flow the GaSb shell on the zinc blende
segment is asymmetric, growing on only one of the side facets of the ZB. The SEM image in figure
S3a and b indicates that the nanowires are bent probably due to the strain between the InAs core
and the GaSb shell caused by the asymmetric shell growth. From this figure it is also observable that
the distribution of this one facet-growth selectivity is statistically equal for all three facets.
Therefore the measurements done on the diameter of the zinc blende are not reliable as they do not
repersent a values corresponding to a uniform shell layer thickness around the zinc blende. One can
relate this to a kinetic process when nucleation is initiated on one facet leading to the preference of
growth continuation on that facet only. We speculate that this is due to a very low nucleation rate of
the GaSb layer. Once nucleation occurs on one side facet, continuation of growth on that side facet is
more favoured than nucleation on other facets, leading to the formation of these asymmetrical

shells.

Other than that, the two experiments with higher total flows (figures S3c, and d) show uniform shell
(thickness) formation. It is clear from the graph in figure S3e that the diameter of the axial GaSb
segment and the zinc blende diameter have opposite trends, meeting in the mid point. In other
words, relating this to the increment observed in figure S3f in the length of the axial GaSb segment,
it can be stated that as the amount of precursors in the reactor increases the axial GaSb segment
growth becomes dominant related to the competition between the radial shell growth on the zinc
blende segment and the axial GaSb growth. At the medium total precursor flow the radial growth

rates of both the ZB segment and the axial GaSb are more or less equal to each other.
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Figure S3: Total flows of a) 4.44 x 10-5, ¢) 8.87 x 10-5, and d) 17.0 x 10-5 of the GaSb shell precursors.
In a) asemmetric shells are observed on the zinc blende segments of the nanowires. The three-fold
asymmetrical shell formation is clearly observable from the zoomed in image displayed in (b). d)
The normalized diameter of the different segments of the core-shell nanowires for different shell
growth times. e) demonstrates a linear increment in the length of the axial GaSb segment for
increasing total flows which is explained by the presence for more material in the reactor during

growth.



S4. Seed particle density effect

The areal density of the deposited Au seed particles has a big influence on the length and

morphology of the grown nanowires.
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Figure S4: SEM images of core/shell InAs GaSb nanowires grown from Au seed particles with a
diameter of 40 nm and an areal density of (a) 1 particle/um?, and (b) 4 particle/um2 grown under
the exact same conditions. Due to competition for material the nanowires with a higher surface
density have a lower growth rate, leading to shorter length of the different segments. Also, at higher

densities a nanowire to nanowire variation is observed, which is again related to material
competition at the growth sites.



S5. Material composition of the axial GaSb segment

Under certain shell growth conditions an axial GaSb segment grows above the WZ2 segment. In
figure S5 the XEDS map analysis confirms that this segment is pure GaSb and is not an InAs segment

related to the core structure.

Figure S5: a) TEM overview of a core-shell InAs-GaSb nanowire where the black box indicates
where the higher magnification dark field image in (b) is corresponding to. The transition between
the WZ2 segment and the top axial GaSb segment is represented by the white box in (b). c-f) XEDS
elemental maps acquired from the area indicated by the white box in b). These maps confirm that
the top segment is pure GaSb with no traces of the core InAs.



S6. Elemental maps of Sb and In on the multiple segmented nanowires
A full elemental map of all the elements of the core and shell are given here. However, it is worth

noting that due to the overlap between the Sb L, line and the In LB line, distinguishing In and Sb, is

not as straight forward. Therefore, it ruling out the In trace from the shell and the Sb trace from the
core is not completely feasible. In addition, the GaSb shell entirely surrounds the InAs core on the
ZB segments. This leads to uncertainty in determining the existence of interdiffusion based on the

XEDS technique.

Figure S6: a) SEM image of a multiple segmented InAs/GaSb core/ shell nanowire. The red arrow
shows the growth direction. The colored boxes correspond to the XEDS maps of all the composing
material of both the core (In and As) and the shell (Ga and Sb) shown in figures S6 b-i.
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Abstract

The crystal structure of a material has a large impact on the electronic and material
properties such as band alignment, band gap energy, and surface energies. Au-seeded
ITI-V nanowires are a promising technology for exploring these effects, since for most
ITI-V materials they readily grow in either wurtzite or zinc blende crystal structure.
In ITI-Sb nanowires however, wurtzite crystal structure growth has proven difficult.
Therefore, other methods must be developed to achieve wurtzite antimonides. For
GaSb, theoretical predictions of the band structure diverge significantly, but the ab-

sence of wurtzite GaSb material has prevented any experimental verification of the
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properties. Having access to this material is a critical step towards clearing the uncer-
tainty in the electronic properties, improving the theoretical band structure models and
potentially opening doors towards application of this new material. In this work we
demonstrate the use of InAs wurtzite nanowires as templates to realize GaSb wurtzite
shell layers with varying thicknesses. We study the properties of the axial and ra-
dial heterointerfaces at the atomic scale by means of aberration-corrected scanning
transmission electron microscopy, revealing their sharpness and structural quality.The
transport characterizations point towards a positive offset in the valence band edge of

wurtzite compared to zinc blende.

Keywords

wurtzite GaSb, GaSb - InAs, III-V nanowire, heterointerface, aberration-corrected STEM

1. Introduction

ITI-V semiconducting nanowires, specifically those with heterostructure configurations, are
drawing attention due to their unique properties promising for electronic and optoelectronic
applications such as transistors,’™ solar cells®” and photodetectors.®*° The InAs-GaSb
heterostructure system is particularly suitable for various tunneling-based device applications
such as tunneling field effect transistors (TFETs) and diodes due to the broken band gap
alignment it exhibits.!! This material combination has been previously investigated in detail
in the axial and radial configurations.!!1?

Most III-V nanowires grow both in the zinc blende and metastable wurtzite crystal
structure. 162! It has been demonstrated that the crystal structure of the nanowires can be

precisely controlled for different materials such as InAs.??22* One method is to use a high

V/III ratio of the precursors for growth of zinc blende, while using a much lower value for the



wurtzite structure.?® Having control over the crystal structure is important since it strongly
affects the physical properties of the material.262® For instance it has been previously shown
that the conduction and valence bands of wurtzite and zinc blende crystal structures of the

16:29-31 Tpy addition, the band gap

same material can be offset when compared to one another.
size differs for some materials such as InAs and GaAs, with some theory and experiments
indicating a larger gap for wurtzite. '6-2%:32:33 The potential to precisely switch between crystal
phases during nanowire growth allows for the formation of well-defined crystal phase quantum
dots®* with interfaces that are atomically sharp and effectively strain-free. Finally, the
surface properties are very different, with wurtzite nanowire side facets typically having
lower surface energies compared to the corresponding zinc blende facets. This property has
been exploited in the development of selective radial heterostructures [35][36]. 3536

For GaSb, the effect of crystal structure on material properties is still unknown. Wurtzite
GaSbh material has not yet been demonstrated experimentally, and so there are no exper-
imental measurements of its properties. Moreover, theoretical investigations of its band
structure have predicted very different results. Most investigations predict a much smaller
band gap for wurtzite GaSb than for zinc blende, with a positive valence band offset. 303739
This would lead to a type-I band alignment between wurtzite and zinc blende GaSb, a
configuration that may be unique among III-V crystal phase heterostructures. The much
smaller band gap would also have implications for other properties such as the hole mobility.
However, other works predict instead a slightly larger band gap for wurtzite GaSb?3! with a
positive valence band offset, leading to a type-II alignment similar to other III-Vs such as
InAs. Experimental investigations of the properties of wurtzite GaSb are therefore critically
needed in order to verify and improve theoretical predictions, and potentially exploit the
properties of this material. The synthesis of well-controlled wurtzite GaSb material is an
essential first step.

Moreover, in various applications of heterostructure nanowires, such as TFETSs, the exact

nature of the heterointerfaces have a considerable impact on the functionality as they affect



the band alignment.*%** Depending on how the secondary material is accommodated on the
initial, the coherence between the crystal structures of the two may be influenced, giving rise
to potential misfit dislocations or strain in the vicinity of the heterointerface.*® Such aspects
can significantly affect the physical properties of the heterostructures.*64” Additionally, any
intermixing of the two compounds or inter-diffusion of elements, even at the atomic scale,
can have a large impact on the properties of the heterostructures and hence the performance
of any device based on them*® Therefore, it is of high importance to study the interfaces at
the atomic scale.

However, compared to other III-V nanowires, in which wurtzite structure is compara-
tively much easier to form, Sb—based nanowires are challenging to grow in the wurtzite crystal
phase. This can be attributed to the low ionicity of III-Sb materials in general, together
with the surfactant effect of Sb and its effects on the surface energetics of the system.’
As a result, wurtzite antimonides, and in particular wurtzite GaSb, and their physical and
material properties have remained an unexplored area of research. Therefore, development
of alternative methods to synthesize wurtzite GaSb is very important.

We here report on successful growth of wurtzite GaSb using wurtzite InAs nanowires as
templates for radial (shell) growth. GaSb shell thickness up to 3040 nm is demonstrated,
which is controllable with growth time. We discuss the shell formation mechanism along
with shell uniformity in detail, and show that the wurtzite material grows by step flow
along the side facets. We also demonstrate high-resolution scanning transmission electron
microscopy (STEM) studies at the atomic scale on both the radial and axial heterointerfaces
of the nanowires and discuss differences between their composition and sharpness. In the
radial direction, we find heterointerfaces to be nearly sharp, with only one bilayer of ternary
material marking the boundary, while in the axial direction, a gradual change in composition
over a few bilayers is revealed. Finally, we investigate the electrical characteristics of the
wurtzite core-shell InAs-GaSb nanowires, and observe ambipolar behavior at liquid helium

temperature (4.2 K), indicative of parallel electron and hole channels. In addition, we observe



significantly higher hole conductance in the wurtzite InAs-GaSb core-shell in comparison to
the zinc blende axial GaSb segment. This is an indication of a positive offset in the valence

band edge of wurtzite compared to zinc blende in agreement with theoretical predictions.

2. Results and Discussion

2.1. General overview of the material systems

We will first discuss the wurtzite GaSb shell grown for 40 minutes under a set of conditions
stated in the methods section that, for convenience, we will refer to as reference GaSb
shell conditions throughout the rest of the text. In Figure 1 we demonstrate schematic
representations (left), and cross sections (inset), along with overview (center) and magnified
(right) scanning electron microscopy (SEM) images of wurtzite InAs core (figure 1a), wurtzite
InAs-GaSb core-shell (CS) reference (figure 1b), and wurtzite InAs-GaSb-InAs core-shell-
shell (CSS) (figure lc) nanowires. It is observed that the reference InAs core nanowires
(figure la) are taper-free. Following the GaSb growth (figure 1b), the nanowires exhibit
two distinct segments, where the bottom segment is thicker and slightly longer than the
reference InAs, and is tapered. This is presumed to be a core-shell InAs-GaSb segment,
where the morphology indicates that the GaSb growth is tapered, which is evidence of a
diffusion limited shell growth mechanism. We will discuss this tapering further in the paper,
under section 2; shell growth mechanism. Above this segment, there is a thicker section
following a clear diameter step, which is attributed to an unintentionally grown axial GaSbh
segment. Figure 1c shows schematic, overview and magnified images of nanowires with a thin
InAs outer shell (2-5 nm) surrounding the GaSb shell. This InAs-GaSb-InAs core-shell-shell
configuration is designed and synthesized for electrical characterization purposes, which will
be discussed further in the paper (section 2.4; electrical characterization). From figure 1c it
is clear that the overall morphology of these nanowires is similar to the CS sample (figure

1b).



The transmission electron microscopy (TEM) images in figure 2a-c confirm the wurtzite
crystal structure of the InAs/GaSbh segment. The TEM analysis confirms that the shell has a
complete epitaxial relation with the core, and despite the 1% difference between the unit cell
parameters of wurtzite InAs and GaSb, no misfit dislocations are observed over the entire
length of any of the investigated core-shell segments. The high-resolution TEM (HRTEM)
image along with the power spectrum (fast Fourier transform, FFT) in figure 2b (upper
inset), also reveals the zinc blende crystal structure of the axial GaSb segment. This is
expected, since, as mentioned earlier in the introduction, antimonide nanowires grow in the
zinc blende crystal phase at typical growth conditions. Also, from figure 2b it is clear that
the crystal structure transition at the axial heterointerface between the wurtzite core/shell
segment and the zinc blende axial segment is sharp. Figures 2d and e show high-angle annular
dark-field (HAADF)-STEM images together with the X-ray energy dispersive spectroscopy
(XEDS) compositional maps of the core-shell and core-shell-shell nanowires, respectively.
The map of the core-shell nanowire (figure 2d) is obtained at high magnification in order
to show the sharpness of the heterointerface, which will be discussed in section 2.3. The
presence of Ga and Sb signals in the core region is due to the 3D geometry of the core-shell
structure where the shell covers the entire core. As expected from a sharp transition, In and
As signals, in contrast, do not emerge from the shell region. The XEDS maps in figure 2e

demonstrate the presence of a thin InAs shell in the core-shell-shell nanowire.

2.2. GaSb shell growth mechanism

The optimized growth conditions for the wurtzite InAs-GaSb core-shell nanowires mentioned
in the introduction were based on previous studies of InAs-GaSb core-shell heterostructures
with zinc blende crystal structure grown in the same reactor.®® The growth parameters of
the GaSb shell such as temperature, V/III ratio and total precursor flow have been changed
and the effects have been studied in order to achieve the desired wurtzite shell growth. When

compared to the optimum conditions for zinc blende GaSb shell growth on InAs, the wurtzite
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Figure 1: Schematic overview, SEM overview and magnified images along with radial cross-
section representations of (a) InAs wurzite core, (b) wurtzite InAs-GaSb core-shell (CS),
and (c) wurtzite InAs-GaSb-InAs core-shell-shell (CSS) nanowires. An axial GaSb segment

grows unintentionally for the CS (b) and CSS (c) nanowires.

conditions are higher in temperature (470 °C instead of 460 °C), and an order of magnitude

higher in total precursor flow (6.44 x 10~* compared to 8.61 x 107°), while the V/III ratio is
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Figure 2: (a) Low-magnification TEM micrograph of a wurtzite InAs-GaSb core-shell
nanowire followed by a zinc blende GaSb segment; (b) HRTEM image of the axial het-
erointerface between the wurtzite core-shell segment and zinc blende GaSb one, associated
with power spectra (FFT); (c) HRTEM image indicating the radial heterointerface between
the wurtzite InAs core and the wurtzite GaSb shell; (d) HAADF-STEM micrograph of a
core-shell nanowire associated with XEDS compositional maps; (¢) HAADF-STEM micro-
graph of a core-shell-shell nanowire associated with XEDS compositional maps.

similar (0.50 vs. 0.48). It is interesting that the optimum V/III ratio is the same for wurtzite
and zinc blende radial growth, even though it is a key parameter for selecting between
wurtzite and zinc blend in axial growth.? Both total flow and temperature significantly affect
the amount of material available during growth, hence increasing the vapor supersaturation
of the system. At higher temperatures, not only is the cracking of the precursors more
efficient, but the diffusion lengths of the adatoms are also higher. It is known that in
general wurtzite nanowire surfaces have lower energy compared to zinc blende nanowire
surfaces.?>° Therefore, it can be argued that at higher vapor phase supersaturations, the

nucleation barrier for wurtzite growth of GaSb is overcome, and thick layers of shell material



can be grown.

Figure 3 demonstrates HAADF-STEM along with HRTEM images of the core-shell
nanowire from which the shell morphology can be understood. From the HAADF-STEM
image shown in figure 3a, it is apparent that the tapering of the shell occurs in steps. When
taking a closer look at these steps (shown in figure 3b) it is observed that most of the steps
coincide with the presence of stacking faults (indicated by black arrows). The step morphol-
ogy suggests that stacking faults act as a small barrier for shell growth. It is worth noting,
that such morphology is an indication that the wurtzite shell growth occurs by step flow
along the nanowires. Intuitively the barrier-like behavior of stacking faults might seem in
opposition to what would be expected from radial shell growth on stacking defects. First
of all, they would act as kinks, and therefore as preferential nucleation sites, expected to
increase radial growth of the shell. Secondly, defects in a wurtzite structure are layers with
a zinc blende structure. Since zinc blende side facets have higher surface energy compared
to wurtzite, it would be expected that, existing zinc blende insertions would enhance shell
growth. However, we explain the hindering effect of stacking defects as follows: The shell
grows bottom-upward along the side facets ([0001] direction) as opposed to outward growth
in the (1100) direction (normal to the side facets). When the growing shell meets a stacking
fault that is perpendicular to the growth direction, the energy barrier it needs to overcome
is sufficiently large so that the existence of the stacking fault briefly blocks the step-flow
growth. This leads to the stepwise tapered morphology of the wurtzite shell. This descrip-
tion is illustrated in the schematic axial cross-section shown in figure 3c.

It is also evident that the wurtzite shell growth on the InAs segment is primarily induced
from the base and not from the top axial GaSb segment, in which case an inverted tapering
would be expected.

Interestingly, as indicated by the green arrows in figure 3b, not every defect induces a
stepping event in the shell growth, and also more importantly, the stepping is sometimes

observed on defect-free segments of the nanowire. Therefore, it could be hypothesized that



the step-like tapering is also a consequence of diffusion-limited growth of the shell layer. At
very high material supply (present case), the migration length of the adatoms decreases, as
the nucleation probability increases. As a result, the time between each nucleation event
becomes relatively short, hence nucleation of next atomic layer will occur long before the
completion of the underlying progressing layer ({1100} planes on the side facet).

It is also worth noting that the shell stepping is not always observed on both sides (figure
3d). We attribute this to the direction of the wurtzite twin boundary and surface polarity
(surface polarity is determined by the terminating atomic layer at the surface which can be
either group 111 (A-polar) or group V (B-polar)). All six side facets of the wurtzite structure
from {1100} plane family are non-polar; the same number of group III and group V atoms are
present at the terminating surface. In contrast, each twin boundary creates a single-bilayer-
thick segment of zinc blende with six semi-polar edges of {112} planes (semi-polarity denotes
both elements are present at the surface, however with different contribution). Three of these
semi-polar facets are A-polar (more contribution from group III element than group V at
the surface) and the other three are B-polar, leading to a three-fold symmetry. Therefore,
the emergence of the step is caused by one polarity and not the other. Atomic-resolution
HAADF-STEM images reveal that the InAs outer shell grows in a similar step-like mode,
which will be discussed later in section 2.3; Heterointerfaces.

Another interesting phenomenon related to the formation of wurtzite GaSb shells, is that
the shell forms with either 3- or 6- fold symmetry. The two possibilities can be observed in
figure 4. Figures 4a-c show an InAs nanowire with an asymmetric GaSb shell. In contrast,
a symmetric GaSb shell is shown in figure 4d-f. The cross section of the nanowires with a
non-uniform shell is an asymmetric hexagon (as shown in the insets in figure 4b and ¢), which
is indeed confirmed by the intensity profiles taken along the radial direction (in HAADF-
STEM (Z-contrast) images) depicted in the insets of figures 4c and f. From this it can be
understood that three out of six side facets of the nanowires with a non-uniform shell have

a higher growth rate, hence tend to grow faster and fill out. Wurtzite {1100} side facets are
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Figure 3: HAADF-STEM image of a wurtzite InAs-GaSb core-shell nanowire showing the
lateral steps, (b) HRTEM image showing the correlation between lateral steps and twin
defects. Black arrows indicate the steps that are associated with twin defects. Green arrows
indicate the defects that have not caused steps. (c) Schematic illustration of correlation
between the twin defects and lateral steps. (d) HRTEM image showing one-sided steps

non-polar, meaning that the surface energy of all six side facets in wurtzite structures are
equal, and consequently must have equal growth rates. Thus, it is unexpected to observe
3-fold symmetry for wurtzite. We attempt to explain this through the possibility that the
forming micro facets are polar in some directions. As mentioned above, the twin boundaries
create atomic-bilayer-thick zinc blende segments with semi-polar facets. Statistically, it
occurs that twin defects in some nanowires emerge more in one direction than the other,
and hence favor the shell growth in a three-fold-symmetry fashion. The polar stacking faults
significantly affect shell morphology; therefore they could conceivably also be responsible for
its overall symmetry.

We performed a study on the shell growth time to get a better understanding of the

stepwise shell tapering, and also to investigate whether the step-like features will fill out
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Figure 4: (a and d) Low-magnification TEM, (b and ¢) HRTEM, and (c and f) HAADF-
STEM images of InAs-GaSb core-shell nanowires with (a through c) asymmetric and (d
through f) symmetric shells. (b and e) insets schematically show the cross-section of the
nanowires. (¢ and f) insets show the intensity profiles proving the symmetry/asymmetry of

the GaSb shell.

200 nm

given sufficient time. As demonstrated in figure 5, samples with shorter (15 minutes) and

longer (50 minutes) GaSb shell growth times were grown for comparison with the reference

(40 minutes) nanowires.
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XEDS analysis confirms that the shell does not extend all the way to the top of the
wurtzite segment (along the entire core) for the 15-minute shell growth time, while for both
40 and 50 minutes of shell growth time, the entire length of the wurtzite InAs core nanowires
are covered with a GaSb shell (see Figure SI 1). This confirms the hypothesis that the main
shell growth mechanism in these nanowires is adatom diffusion from the substrate. From
measurements performed on the SEM images at the full-width half maximum of the core-shell
segment of the nanowires, the shell thickness is larger for the 50 minutes sample compared
to the reference (roughly 9 nm thicker on average), which is expected; longer growth times
usually lead to thicker shell growth, unless a self-limiting process is involved.®!*?> However, as
observed in figure 5¢ the nanowires with 50 minutes of shell growth are also tapered (similar
to the reference nanowires shown in figure 5b), indicating that longer growth times do not
necessarily lead to uniform shell thicknesses. Furthermore, following the red arrows in figure
5¢ it is clear that some of the step-like features are more pronounced for the long growth
time compared to the reference sample. This again can be explained through the blockage
or delay of the growing shell at stacking faults.

In addition, for the thin shell (15 minutes), we observe a down-growing shell at the
uppermost part of the InAs core connected to the axial GaSb segment. This is demonstrated
in figure 6. This shell is apparently induced by the axial GaSb segment. As shown in the
XEDS line scan and the HRTEM image of the topmost insets of figures 6a and b respectively,
this shell can only be seen on one side of the nanowire. Apparently, it is related to the three-
fold symmetry of the zinc blende axial GaSb segment. As shown in the low-magnification
TEM micrographs and schematic in figure 6b, the lower side facets of the axial segment are
constituted of three {111} and three {100} facets. The down-grown shell is connected to
the {100} facets; since they have a higher energy they induce nucleation and grow faster
than their {111} counterparts. Moreover, it is observed that the bottom shell (the green
and blue parts of figure 6b) has the same thickness on both sides. We suggest that the two

shell growth fronts merge when given enough time, leading to a full coverage of the wurtzite
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Figure 5: InAs-GaSb core-shell nanowires, with shell growth time of (a) 15 minutes, (b) 40
minutes (reference nanowires), and (c¢) 50 minutes. The tapered morphology is common in
all samples. For the 50 minutes the tapering appears to be less significant compared to 40
minutes, however some of the stepping are more pronounced (marked with red arrows).

GaSb shell on the InAs core as seen for the 40 and 50 minute shell cases. It is also observed
that the down-grown shell is stopped at the first twin defect.
To investigate whether the 3-fold symmetry of the fully covering shell is a consequence

of the 3-fold symmetry of the down-growing shell on the top, in figures 4a-c we depict three
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Figure 6: (a) HAADF-STEM images with XEDS line scans showing the presence of a rel-
atively thick GaSb shell at the bottom of the nanowire (yellow), which becomes thinner
gradually till it disappears (orange), and reappears on one side right below the zinc blende
GaSb axial segment (purple); (b) TEM/HRTEM images on the same nanowires also show
the InAs shell non-uniformity.

different cases of shell thickness uniformity. In each of these cases we have closely studied
the relation between the thicknesses of the shell on the two projected sides of the nanowire
with the downward facets of the axial GaSb segment. Figure 4a demonstrates a nanowire

with a more-or-less equal shell thickness on both sides, indicating 6-fold symmetry. In figure
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4b the thicker side of the nanowire image corresponds in fact with the (001) facet of the
axial segment. In figure 4c however, it can be observed that the thicker side of the GaSh
shell is reversed in relation to the side facets of the axial segment, and corresponds to the
(111) facet instead. Therefore, the unevenness of the down-growing shell can be ruled out as
a possible explanation for the occurrence of the 3-fold symmetry on fully covered nanowires

(nanowires with longer shell growth times).
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Figure 7: Overview and high resolution TEM images of core/shell nanowires with (a) uniform
shell thicknesses on both sides, (b) thicker shell on side correlated to the (001) downward
facet of axial GaSh, and (c) thicker shell on side in correlation with (-111) downward facet of
axial segment. From these examples it is clear that the commonly observed non-uniformity
of shell thickness is not related to down-growth from axial GaSbh segment.
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2.3. Heterointerfaces

As mentioned briefly in the introduction, the heterointerface quality is of importance in
device performance, and also of interest in studies investigating various quantum phenom-
ena.®® 5 Therefore, in the following we thoroughly investigate the material composition and

crystal quality of the heterointerfaces in our wurtzite InAs-GaSb(-InAs) core-shell(-shell)
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nanowires, namely the radial interfaces between wurtzite InAs core and GaSb shell, and
between the GaSb shell and the outer InAs shell. For comparison the axial interface be-
tween the wurtzite InAs-GaSb core-shell and the axial zinc blende GaSb segment is also
investigated.

Figure 8 shows HAADF-STEM micrographs of the radial segment of a wurtzite InAs-
GaSb core-shell nanowire. The lateral facets are from the {1100} plane family, therefore, the
heterointerfaces are along the suitable zone axis (i.e. (1100), the direction from which the
dumbbell units can be visualized and wurtzite and zinc blende can be distinguished). This
is an advantage for wurtzite nanowires, since the heterointerfaces can be visualized more
clearly as already shown in the schematic in figure 4e. Note that the overall atomic numbers
of the two materials, InAs and GaSh, are exactly the same. Therefore, in low-magnification
images where the other effects do not play a significant role, for instance in figure 4f, the
contrast shown in the intensity profile is related to the thickness (since thickness contrast is
the predominant mechanism), and hence reveals the occurrence of {1100} lateral facets.

Figure 8c shows the atomic-resolution HAADF-STEM micrograph at the interface of the
core-shell segment as indicated in the schematic. The growth direction is upwards, the right
side is the InAs core and the left side is the GaSb shell. The dumbbell units reveal a B-
polarity in the growth direction, which as expected is inherited from the {111} B substrates.
In the InAs core, the heavier element (In) is at the bottom in each dumbbell unit, appearing
brighter in the HAADF-STEM micrographs, (intensity profile in figure 8d)-blue). On the
other hand, as indicated in the intensity profile in figure 8d-green, in the GaSb shell the
heavier element (Sb) appears at the top of the dumbbell units, which again shows the B-
polarity. At the heterointerface, as indicated in the intensity profile in figure 8d-purple, both
group III and group V elements appear relatively dark, which indicates the presence of the
two lighter elements: Ga and As. However, in the intensity profiles the lower atom, which
is supposed to be Ga, appears slightly brighter than the other atom, supposedly As. This is

not expected as Ga is slightly lighter than As.®® The first hypothesis can be occurrence of A-
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polarity at the heterointerface where Ga appears on top in the dumbbell units. This does not
seem feasible, as for such a phenomenon, two consecutive inversion domain boundaries (IDBs)
must occur, which is not energetically favorable. The second hypothesis, which is much
more plausible, is the emergence of a ternary alloy at the heterointerface. From the intensity
profile in figure 8d-purple we can speculate that the group III element is a mix of Ga and In,
causing a slightly higher intensity in HAADF-STEM micrographs than the group V element,
As. Therefore, the chemical composition of the dark line at the heterointerface appears to
be In,Ga;_,As, a ternary. The linearly simulated HAADF-STEM image also confirms this
composition (figure 8c-yellow inset). In the 3D atomic model (figure 8c - bottom-right inset),
which is used for STEM image simulation, an atomic bilayer of In,Ga;_,As is considered at

the radial heterointerface.
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Figure 8: HAADF-STEM analysis of wurtzite InAs-GaSh core-shell nanowires, (a) schematic
and (b) HAADF-STEM micrograph showing the overview of the material and the dark
line at the heterointerfaces, (c) atomic-resolution HAADF-STEM micrograph showing the
composition of the core (blue), shell (green), and the heterointerface (purple), indicating
one atomic bilayer of a ternary InGaAs material, (d) corresponding intensity profiles. The
yellow inset in (c) is a simulated HAADF-STEM image obtained from the 3D atomic model
(bottom-right inset).

We have also studied the heterointerfaces in the radial InAs-GaSb-InAs core-shell-shell

nanowire systems, as shown in figure 9. As can be seen in figure 9b both InAs-GaSbh and
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GaSb-InAs heterointerfaces appear as slightly darker lines. Also, it is observable that for
the InAs outer shell A-polarity induces lateral steps, while B-polarity does not. This might
indicate that A-polar lateral facets have a lower surface energy, which hinders the radial
growth. In contrast, B-polarity does not have the same effect, since the steps do not occur
at the presence of these facet types.

Figure 9c shows an atomically resolved HAADF-STEM micrograph of the heterointerface
between the GaSbh inner shell and InAs outer shell. Similar to the previous case, B-polarity
of both materials is explicitly revealed. Moreover, the single atomic bilayer at the interface
seems to be the same ternary In,Ga;_,As material, since the heterointerface appears darker
than the two shell materials, and the group III element appears brighter. In addition, the
transition from the inner to the outer shell is abrupt, apart from the one atomic bilayer of the
ternary material. Another notable point is the presence of one twin boundary seen in figure
9c, which causes a step in the lateral facet in the right side of the nanowire, as mentioned.
No corresponding step is present on the left side, as seen in figure 9b. Considering this defect
as two atomic bilayers of a zinc blende structure, its lateral surface will be polar. In this
case, A-surface-polarity can be seen in this side in figure 9c, which makes the other side
B-polar. Therefore, it can be speculated that the A-polarity induces steps in the side facets
of InAs shell while it is not observed in B-polarity.

So far we have shown the sharpness of the radial interfaces. In contrast to the radial
heterointerfaces, the axial heterointerface between wurtzite InAs and zinc blende GaSb is
not sharp, and in fact an intermixing of the two materials occur as shown in figure 10. In
the low-magnification HAADF-STEM micrographs (figure 10a) we observe a dark region
directly on top of the heterointerface in the nominally zinc blende GaSb region. It is shown
more clearly in figure 10b and c. This lower brightness in the zinc blende GaSb region, as
it is clearly not related to thickness change, indicates the presence of a lighter element, As,
substituting a heavier one, Sb. This is corroborated by XEDS results as shown in figure

10d. White dashed lines in the HAADF-STEM images and XEDS elemental maps (figure
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Figure 9: HAADF-STEM analysis of wurtzite InAs-GaSb-InAs core-shell-shell nanowires,
(a) schematic, and (b) HAADF-STEM micrograph showing the overview of the material
and the dark lines at the heterointerfaces, (c¢) atomic-resolution HAADF-STEM micrograph
showing the composition of the GaSb inner shell (green), InAs outer shell (blue), and the
heterointerface (purple), indicating one atomic bilayer of a ternary InGaAs material, (d)
corresponding intensity profiles.

10b-d) indicate the axial heterointerface as determined by the wurtzite-to-zinc-blende crystal
structure change, occurring at the In-Ga switch during growth. It is clear that an As signal
is still detected up to 5-6 nm after the heterointerface in the GaSb region, whereas the Sb
signal is weaker in the same region. Therefore, a ternary GaAs,Sby_, material occurs at the
interfacial region.

We have shown the emergence of sharp radial heterointerfaces, on the one hand, with
an abrupt transition of InAs to GaSb and GaSb to InAs, except for one atomic bilayer of
In,Ga;_,As ternary material. On the other hand, for axial heterointerfaces, we observe a
smooth transition with a relatively large interfacial region where As is intermixed with GaSb.
This leads to the ternary GaAs,Sb;_, material in which As content decreases gradually. The
difference in the axial and radial interfaces is related to the different growth mechanisms
and the different pathways materials have for contributing to growth. The axial growth
occurs via vapor-liquid-solid (VLS) mechanism, in contrast to the shell growth conducted

by vapor-solid (VS) mechanism. We attribute the occurrence of a gradual transition at
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the axial heterointerface to the reservoir effect of the Au seed particle,®” which we did not
try to mitigate since it was not the focus of this study. The solubility of Sb in Au, while
relatively low, is considerably higher than As. It thus takes some time for Sb to build up in
the particle when the Sb precursor is introduced into the reactor. Consequently, the short
ternary segment grows during this time. By contrast, there is no liquid phase involved in
the VS mechanism, and adatoms incorporated in shell growth undergo a different pathway

compared to the axial segment.
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Figure 10: Axial heterointerface between wurtzite InAs and zinc blende GaSb, (a) low-mag
HAADF-STEM micrograph, (b) HAADF-STEM micrograph of the axial heterointerface, (c)
XEDS elemental maps.

21



2.4. Electrical characterization

Nominally undoped GaSb material is always found to be p-type regardless of growth tech-
nique, explained by acceptor levels from Ga vacancies, and Ga in Sb sites.?® InAs, on the
other hand, typically shows n-type conductivity. Here, a major contribution comes from a
surface state-related band-bending, leading to a strong accumulation layer of electrons at the
InAs surface, which is particularly important in nanoscale materials with large surface-to-
volume ratios. In a heterostructure consisting of a parallel GaSb/InAs channel, one therefore
expects ambipolar transport properties, with a substantial contribution from both electron
and holes to the measured source-drain current, dependent on the relative size of the chan-
nels. By using such a parallel heterojunction in a field-effect transistor configuration, the
relative contributions of the two carrier types would be tunable with an applied gate voltage,
Vi, with a hole (electron) concentration that increases at negative (positive) Vg.%

Contrary to typical p-n junctions, the GaSh-InAs p-n junction does not form a depletion
region at the heterointerface. The broken band gap alignment instead leads to an accu-
mulation of electrons (InAs) and holes (GaSb) near the interface, and a very low junction
resistance. A layer of InAs can for this reason be used to improve the contacts to GaSb.%
In addition to an increased carrier concentration, it has also been found that surrounding
a GaSb p-channel with a very thin, depleted InAs layer protects the GaSb from surface
oxidation and reduces surface scattering.% 63

In our analysis of the electrical properties, we start by investigating the zinc blende
material found in the top section of the nanowires, which will acts as reference when assessing
the properties of the wurtzite GaSb shells located in the bottom segments. A set of four
contacts (Ni/Au) were made to each nanowire such that a comparison of the electrical
properties was possible, where the wurtzite and zinc blende contact separations are identical.
A fifth contact, connected to the degenerately doped Si below a 110 nm insulating SiOq
surface layer, was used as an electrostatic gate to modulate the band energies relative to

source and drain.
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Figure 11: (a) Falsely colored SEM image of a contacted InAs/GaSb CS nanowire, where
blue represents the CS segment, green the axial zinc blende GaSb segment, and yellow is
used for the Au source-drain contacts, and the Au seed particle on top of the nanowire. (b)
Schematic representations of the CS and CSS nanowires, intended as legends for panels (c)
and (d). (c) Conductance (G) as a function of back gate VBG performed at T = 295 K for
wurtzite and zinc blende segments of the CS and CSS nanowires. The inset demonstrates
the same measurements at a logarithmic scale. (d) Conductance (G) as a function of back
gate Ve for devices without (CS) and with (CSS) outer InAs shell recorded at T = 295 K
and 4.2 K.

The two lower curves in Figure 11c are obtained from zinc blende GaSb segments with,
and without, a thin InAs shell. From the log scale in the inset, it is clear that a more
positive Vg effectively reduces the overall nanowire carrier concentration, which agrees
with the expected p-type character of GaSb. We note that the 2-probe resistivity drops an
order of magnitude by the addition of a thin InAs shell, from 1000 mcm to 90 mQem. This

62.63 where a compound effect of reduced

is also in good agreement with previous reports,
contact resistance, increased carrier concentration and improved mobility were reported for
zinc blende GaSb nanowires with thin InAs shells.

Comparing the zinc blende material with the wurtzite, we find a very dramatic difference
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in the source-drain current levels, which increases 1-2 orders of magnitude for the wurtzite
material despite a considerably reduced effective GaSb cross-sectional area. However, in
order to draw any conclusions from this data, it is important to identify and isolate the
contribution from hole (p) transport in the GaSb shell, from the parasitic electron (n)
transport in the InAs core. Such a separation of the two components is facilitated by a
reduction in the thermal energy of the carriers in the conduction and valence bands. Figure
11d shows the 2-terminal conductance of the wurtzite base segments for a core-shell (red)
and a CSS (black) nanowire at T = 295 K and T = 4.2 K. For the core-shell nanowire, a
clear ambipolarity is observed at 4.2 K, with dominant electron contribution at Vg > 7 V.
For the core-shell-shell nanowire, we find that the outer InAs shell has considerably increased
the hole concentration, almost fully obscuring the corresponding n-branch, however, a weak
upturn is visible for the most positive Vpg = 10 V.

By extrapolating the InAs core contribution to the transport in the core-shell nanowire,
and assuming it has a similar contribution in the core-shell-shell nanowire, it is clear that
hole transport should be dominant in these structures at negative Vpg. It then also follows
that the dramatic increase in source-drain current in the wurtzite material is in fact a result
of a significant increase in the hole (p) conductance.

What is then the origin of the high conductance? A higher hole concentration in the
wurtzite GaSb shell could be explained by the presence of the InAs core, leading to a local
upwards band-bending in the GaSb at the interface, and hole accumulation. However, it
is unclear why the band-bending effect from a core heterojunction would be considerably
greater than that from a surface junction.

Another important contribution to the high hole-conductance likely comes from differ-
ences in the relative alignment of the valence band-edge energies of the wurtzite and zinc
blende GaSb. Theory predicts that the wurtzite GaSb valence band edge is 95-110 meV
higher in energy compared to zinc blende.?*® The much higher hole concentrations found

here for the wurtzite material are in agreement with such a relative band alignment. We note

24



that this is also in agreement with findings for zinc blende/wurtzite InAs, where a similar

30,31

positive staggered alignment is predicated in most theoretical works, and where electron

concentrations are typically found to be higher in the zinc blende. %3

Finally, we note that adding a thin InAs shell to the wurtzite GaSb provides even
higher source-drain current levels (Figure 11c) and improves the p-type transconductance
(dI/dVee) by a factor of 3.6. From these results we expect that access to wurtzite GaSh
channels, and passivation of the GaSb surface, will provide a significant boost in the hole-
conductance in ITI-V complementary (p/textitn) transistor channels, to better match the

conductance of the corresponding electron channel. 6164

3. Conclusion

In summary, we demonstrate radial growth of GaSb in the wurtzite crystal structure for
the first time. On InAs wurtzite template nanowires we have grown shell layers of GaSh
with different growth times (core-shell structures), and GaSb + thin InAs shell (core-shell-
shell structure). We discuss wurtzite shell formation in detail, giving insight to the step-
flow wurtzite shell growth mechanism, step formation in the growth direction, and shell
homogeneity. We also investigate the sharpness and material composition of the radial
interface (between InAs core and GaSb shell in core-shell nanowires, and GaSb shell and InAs
outer shell in core-shell-shell nanowires), along with the axial heterointerface between the
wurtzite core-shell segments and the unintentionally grown axial zinc blende GaSb segment,
by means of atomic-resolution HAADF-STEM imaging. Our results suggest the presence
of one atomic bilayer of GalnAs ternary material at the radial heterointerfaces, and a few
nanometers of GaAsSh ternary material at the axial heterointerface between the wurtzite
InAs and zinc blende GaSb.

Electrical characterization of the core-shell and core-shell-shell nanowires reveals ambipo-

lar behavior at liquid helium temperature, revealing p-type characteristic of wurtzite GaSb.
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In addition, electrical measurement comparisons performed on the axial zinc blende GaSb
and radial wurtzite GaSb shell, are in agreement with a positive offset in the valence band
edge alignment of wurtzite versus zinc blende through significantly higher hole concentrations
in wurtzite.

In order to gain a more comprehensive understanding of the wurtzite GaSb properties, it
will next be necessary to devise methods for isolating the wurtzite GaSb from the InAs core
template. By this, disentangling the effects of the heterointerface from intrinsic wurtzite

properties will become feasible in future electrical and optical measurements.

4. Methods

Wurtzite InAs-GaSh core-shell nanowires were grown by means of metal-organic vapor phase
epitaxy (MOVPE) on InAs (111) B substrates from predeposited Aerosol Au seed particles.
The utilized Au particle diameters were 30 and 40 nm with an areal density of 1 jm™2.
The nanowires were grown in a standard low-pressure horizontal MOVPE reactor (Aixtron
200/4). For the InAs core Trimethylindium (TMIn) and Arsine (AsHj), and for the GaSh
shell Trimethylgallium (TMGa) and Trimethylantimony (TMSb), were used as the group III
and V precursors, respectively. Hydrogen was used as the carrier gas with a total flow rate
of 13 1/min, at a reactor pressure of 100 mbar. After loading the InAs samples inside the
reactor, the samples were annealed for 7 minutes at a temperature of 550 °C in an Hy/AsHj
atmosphere in order to remove the native oxide from the surface of the samples. The tem-
perature was then reduced to the wurtzite InAs core growth temperature of 460 °C. The
temperature reduction was done under a constant supply of AsHs in order to prevent sub-
strate decomposition at high temperatures. InAs core growth was commenced by supplying
TMIn with a molar fraction of 3.5 x 1076 and adjusting the AsH; flow to 7.7 x 1075. To
ensure uniform nucleation, before growing the wurtzite core, growth was initiated with a

segment grown for 3 minutes with a slightly higher AsH3 flow of 1.9 x 10~%. This segment
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has similar side facets to wurtzite (mostly wurtzite structure with frequent stacking faults).
After 12 minutes of InAs wurtzite core growth, the TMIn flow was terminated and the re-
actor temperature was changed to that of the GaSb shell growth (470 °C) under a supply
of AsH3. Upon reaching the desired temperature, in order to purge the excessive AsHs, the
AsHj supply was cut off, and the samples were kept in a Hy atmosphere for 30 seconds.
In order to grow the GaSb shell on the wurtzite InAs nanowires, TMGa and TMSb were
introduced simultaneously into the reactor with precursor molar fractions of 4.34 x 10~* and
2.1 x 10~ respectively, adding to a total precursor flow of 6.44 x 10~*. These parameters
lead to a V/III ratio of 0.48. After growth, the samples were cooled down under a flow of
Hs. In addition, for reasons later addressed in the paper, a thin outer InAs shell was grown
for one sample. The outer shell of these core-shell-shell (CSS) InAs-GaSb-InAs nanowires
was grown at 470 °C by shutting the TMGa and TMSb precursors and opening the TMIn
and AsHj simultaneously. The precursor flows used for the outer shell are equal to values
used for the core growth (3.5 x 1076 and 1.9 x 10~ respectively), and the outer shell growth
time is set to 3 minutes.

The grown samples were investigated by means of scanning electron microscopy (SEM).
These micrographs reveal an existing axial GaSb segment grown above the core-shell seg-
ment. High-resolution transmission electron microscopy (HRTEM) along with X-ray energy
dispersive spectroscopy (XEDS) reveals long segments of defect-free GaSb wurtzite shells
with controllable thicknesses up to 30 nm. TEM experiments were performed on a JEOL
3000F, equipped with a field emission gun (FEG) operating at 300 kV. Atomic resolu-
tion high-angle annular dark-field (HAADF)-STEM was performed by means of a double
aberration-corrected (second generation probe and image mathrmCs-correctors), monochro-
mated high-brightness FEG-TEM (FEI Titan® 60-300) with ultrafast dual electron energy
loss spectrometers and Super-X XEDS detector system for ultra-high count rates, and spa-
tial resolution higher than 70 pm in STEM mode at 300 kV. TEM samples were prepared

by breaking the nanowires off from the substrate, and mechanically transferring them onto

27



Lacey-carbon Cu grids.

Rhodius software package was used for creating 3D atomic models.% The prepared models
were used for linear STEM image simulations. STEM image filtering (deconvolution) and
simulation were performed by means of the STEM_CELL software tool. This tool uses a
modified version of Kirkland ”multislice” approach for simulating STEM images. By the
deconvolution process we remove the probe contribution from the experimental images by
numerical methods, which separate the probe contribution from the object function peaked
on each atomic position. The process is followed by a reconstruction step.%-67

In order to investigate the electrical characteristics, nanowires both with and without
the outer InAs shell were transferred to measurement substrate where metal contacts were

fabricated in a similar manner as described in reference.'® Here, the substrate is used as a

global back gate and the distance between source and drain contacts are 800 nm.
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SI 1: GaSb wurtzite shell coverage at different shell growth times

As seen from the XEDS line scan in figure 1a, the shell does not extend all the way
to the top of the wurtzite segment (along the entire core) for the 15-minute shell
growth time. This confirms the statement made in the paper that, the main shell
growth mechanism in these nanowires is adatom diffusion from the substrate.
From figures 1b and 1c it is observed that for 40 and 50 minutes of shell growth
time, the entire length of the wurtzite InAs core nanowires are covered with a
GaSb shell.

Note that the slight curve in the acquired spectra of figure 1b and c (more
observable from the In and As spectra) are due to nanowire bending, and not
related to changes in material composition along the length of the nanowires.

a shellt=15min [&&

Figure 1. XEDS line scans of InAs-GaSb wurtzite nanowires with shell growth times of a) 15
minutes, b) 40 minutes, and ¢) 50 minutes. 15 minutes of shell growth is not sufficient for
complete shell coverage on the InAs core.
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Sb Incorporation in Wurtzite and Zinc Blende InAs,_,Sb,
Branches on InAs Template Nanowires

Magnus Dahl, Luna Namazi,* Reza R. Zamani, and Kimberly A. Dick*

The physical properties of material largely depend on their crystal structure.
Nanowire growth is an important method for attaining metastable crystal
structures in 111-V semiconductors, giving access to advantageous electronic
and surface properties. Antimonides are an exception, as growing metastable
wurtzite structure has proven to be challenging. As a result, the properties

of these materials remain unknown. One promising means of accessing
wurtzite antimonides is to use a wurtzite template to facilitate their growth.
Here, a template technique using branched nanowire growth for realizing
wurtzite antimonide material is demonstrated. On wurtzite InAs trunks,
InAs,_,Sb, branch nanowires at different Sb vapor phase compositions are
grown. For comparison, branches on zinc blende nanowire trunks are also
grown under identical conditions. Studying the crystal structure and the
material composition of the grown branches at different x, shows that the
Sb incorporation is higher in zinc blende than in wurtzite. Branches grown
on wurtzite trunks are usually correlated with stacking defects in the trunk,
leading to the emergence of a zinc blende segment of higher Sb content
growing parallel to the wurtzite structure within a branch. However, the
average amount of Sb incorporated within the branch is determined by the

vapor phase composition.

1. Introduction

III-V nanowires have proven to be excellent platforms for
studying the fundamental physics of semiconductors!'~ as
well as potential candidates for future electronic and optical
devices."* T11-Sb nanowires are promising candidates in both
areas as they have the lowest charge carrier effective masses
hence highest carrier mobilities among I11-V materials!'” and
the narrowest band gap energy."! Ternary compound I11-V
nanowires are interesting due to the possibility of modulating
their physical and material properties—such as their band gap
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energy—by tuning their material composi-
tion. Among them InAs;_,Sb, nanowire, a
ternary compound of InAs and InSb, com-
bines the material benefits of both these
binaries!?1l into the useful nanowire
configuration. InAs;_,Sb, is promising
for future optical applications such as
Infrared photodetectors!'”'®l and gas sen-
sors.'] Also, at a composition of x = 0.63,
InAs,;_,Sb, offers the narrowest pos-
sible bang gap among all IT1I-V materials
(100 meV).2% Due to a small electron
effective mass, this material system is
also interesting for fundamental electron
transport studies.?!??]

In addition, branched nanowire struc-
tures from InAs, InSb, and InAs; ,Sb,
material systems are suitable templates
for studying phenomena such as Majo-
rana fermions?>? due to their high car-
rier mobilities and large g factors. As
mentioned, InAs; ,Sb, is a good candi-
date for IR detection. Having access to
branched nanowires of these materials
will increase the surface area interacting
with the surrounding environment. This
will ultimately lead to more absorption, hence a better detection
ability.2>-%7]

Moreover, the physical and material properties a mate-
rial system exhibits are largely dependent on its crystal struc-
ture.831 Most I11-V nanowires grow both in the zinc blende
and metastable wurtzite crystal structure.3233 Tt has been
demonstrated that the nanowire crystal structure can be
precisely controlled for different materials such as InAs.
This control allows access to crystal phase engineered multi-
heterostructures and crystal structure quantum dots of the
same material.??) Also, the different surface properties that
wurtzite and zinc blende have lead to different radial growth.*!
Antimonide based nanowires, however, are an exception, as
it has been proven challenging to grow them in the wurtzite
crystal structure. This can be largely attributed to the surfactant
effects of Sb and the general trend of lower ionicity of I1I-Sb
compounds.®l Therefore, the properties of antimonide nanow-
ires in the wurtzite crystal structure remain unknown, and the
latter mentioned multistructures are yet to be realized in anti-
monides. Furthermore, although controlled growth of short
wurtzite segments of I1I-Sb binary nanowires has been dem-
onstrated,’”] there have been no reports on Sb-rich wurtzite
ternary segments. Indeed, for InAs; ,Sb, nanowires it has
been demonstrated that adding a small amount of Sb to InAs
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changes the crystal structure to zinc blende.’**! Major ques-
tions remain on why and how Sb causes the structure to be
zinc blende, at what Sb composition this occurs, whether this
critical composition depends on growth conditions, and what
relative roles kinetics and thermodynamics play. It is interesting
to add that, crystal structure tuning is also of interest and can
be challenging in I1-VI materials.”% Specifically wurtzite 11-Te
materials, similar to III-Sbs are considered relatively difficult to
attain.1-53

Since growing III-Sb nanowires in wurtzite is extremely
challenging, we need to explore other techniques for exploiting
the polytypic behavior of nanowires in order to form wurtzite
antimonide material. One promising option is to use III-V
nanowires as a template that can “lock” the crystal structure of
the newly growing antimonide material to that of the under-
lying structure. Radial growth of III-Sb shell layers is one
method for obtaining the required “locking” mechanism. As it
is an extension of the already existing side facet, the growing
layer must maintain the underlying structure in order to keep
its epitaxial relation to the core.>¥ This has been studied
in?% where wurtzite InAs acts as a template for wurtzite ter-
nary InAs;_,Sb,. A notable disadvantage of this method is that
the Sb composition will ultimately be limited by strain, making
high Sb compositions inaccessible. This method also gives only
limited access to the specific advantages of 1D nanowire geom-
etry discussed above.

An alternative approach for attaining 1D wurtzite antimo-
nide material is to grow branches from secondary Au seed
particles deposited on the sidewalls of wurtzite template nanow-
ires.’l Through this approach we can achieve localized growth
through the vapor-liquid—solid (VLS) growth mechanism while
forcing the new forming material to maintain the crystal struc-
ture of the part of the nanowire underneath the secondary par-
ticle. This will lead to the extension of the side facet (regardless
of the crystal structure it has) into a 1D structure at a localized
position as shown schematically in Figure 1a. Unlike in the
axial close-packed direction, in the orthogonal branch direction,
the crystallographic planes of wurtzite side facet ({1100}) and
zinc blende ({112}) do not match, providing a barrier to forma-
tion of zinc blende in branches. Moreover, by this method one
can overcome the strain-induced limitation of radial growth, as
axial nanowires are efficient in strain relaxation in the radial
direction due to their small diameter.[*>#4]

We here demonstrate successful utilization of branch growth
approach for accessing wurtzite InAs;_,Sb,, and explore the con-
ditions for wurtzite formation. InAs,_,Sb, branches are grown
by metal organic vapor phase epitaxy (MOVPE) using secondary
Au-seed particles deposited on already-grown wurtzite and
zinc blende InAs nanowires. We find that the epitaxially grown
branch will partially transfer the underlying crystal structure
of the InAs trunk, while simultaneously grown axial segments
exhibit zinc blende structure. This confirms the hypothesis that
the branch growth approach offers access to growth directions
in which zinc blende is at least partially suppressed. Further-
more, we show that wurtzite branches most often correlate with
occasional stacking defects in the trunk structure. This stacking
defect propagates into the branch and is responsible for the for-
mation of a zinc blende segment within the branch, growing
parallel to the wurtzite structure. By compositional analysis, we
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find that when wurtzite and zinc blende segments coexist in
the branches, the wurtzite segment demonstrates considerably
lower Sb content than the zinc blende segment. However, their
average value is similar to that of branches grown from zinc
blende nanowires under identical conditions. This indicates
that overall Sb content is determined by growth conditions, but
incorporation of Sb into wurtzite is suppressed.

2. Results and Discussion

2.1. General Description of Branched Nanowires

In this section we will give an overview of the trunk nanowires
pre- and postbranch growth.

In Figure 1b,c schematic illustrations, along with overview
and magnified images of the zinc blende and wurtzite trunks,
are given respectively. As seen in the schematics, for both trunk
types, a short wurtzite stem was grown prior to the main seg-
ment. This was done to improve the crystal quality of subse-
quent growth by decoupling it from the substrate. For growing
the InAs zinc blende trunks (Figure 1b), a wurtzite segment
(WZ in schematics of Figure 1b) was first grown to improve the
crystal quality of the zinc blende segment.

InAs;_,Sb, branches were grown on InAs zinc blende and
wurtzite trunk nanowires seeded with secondary Au aerosol
particles. The InAs;_,Sb, branches (see Figure 1d) were grown
simultaneously on both wurtzite and zinc blende trunks for
each set of growth parameters. The Sb vapor phase composi-
tion (x,), is defined as the ratio of the TMSD flow to the total
group V precursor pressure in the vapor.

To study how varying the Sb vapor phase composition (x,)
affects the incorporation of Sb in the InAs; ,Sb, branches, and
to obtain an insight into potential differences between branches
adopting zinc blende and wurtzite crystal structures, the Sb vapor
phase composition was varied, under constant group III flow.
For clarity, in Figure 1d both wurtzite and zinc blende nanowires
are schematically demonstrated post branch growth. Throughout
the paper, we will refer to different segments of these nanowires
as demonstrated in Figure 1d with the following description.

In zinc blende nanowires: Bottom segment is referred to as
the wurtzite segment grown for optimizing the zinc blende
conditions. Top segment is used to describe the actual zinc
blende segment of the trunk and possible axial InAs(Sb) seg-
ment grown during branch growth (described in more detail in
Section 2.3.1).

In wurtzite nanowires: Bottom segment describes the actual
wurtzite segment of trunk. Top segment refers to an axially
grown segment of InAs(Sb) above the original wurtzite trunk
segment during branch growth.

In the following sections we will demonstrate the effects of
Sb vapor phase composition (x,), and attempt to explain the
observations made on the crystal structure and material com-
position of the branches, and nanowire trunks. Depending on
the trunk crystal structure of the trunk-branch nanowires, we
will refer to them as wurtzite, or zinc blende nanowires (as
in Figure 1d). When referring to individual segments in the
nanowires, we will use the abbreviated form, WZ (wurtzite) and
ZB (zinc blende).
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Figure 1. a) Schematic illustration of wurtzite trunk with wurtzite (left-hand side) and zinc blende (right-hand side) axial and branch growths. From the
right-hand side image, it is seen that that from every six planes of the growing zinc blende branch, one and only one matches with that of the underlying
wurtzite side facet (marked with pink dashed box). This is in contrast with the wurtzite branches (left-hand side). Overview and magnified SEM images
of reference b) zinc blende and c) wurtzite trunk nanowires, along with schematic illustrations of the different segments of each trunk type. Light blue
representing the stem segment in both nanowires, intermediate blue representing the wurtzite segment (decoupling segment of the zinc blende and
main segment of the wurtzite nanowires), and dark blue representing the zinc blende segment of the zinc blende nanowires. d) Schematic illustrations
of the zinc blende and wurtzite branched nanowires demonstrating their different segments. During branch growth, axial InAs;_,Sb, segments grow on
the trunk with a zinc blende crystal structure.

2.2. Morphological Aspects the Arsine (AsH;) flow was reduced (please see Supporting

Information Section S1 for detailed information on the pre-

The Sb vapor composition was varied in six steps from 0.15 to
0.89. The Group III precursor—Trimethyl indium (TMIn)—
flow was kept at constant value for all grown samples. For
obtaining the interval x, = 0.15-0.55, the Trimethyl antimony
(TMSDb) flow was increased, while to achieve the two higher Sb x,
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cursor flows). In Figure 2, overview and magnified scanning
electron microscopy (SEM) images of zinc blende (Figure 2a—f)
and wurtzite (Figure 2g-l) branched nanowires grown at dif-
ferent Sb vapor phase compositions are depicted. With a
matching average particle density of secondary and initial Au
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Zlnc blende nanowire

Figure 2. Overview and magnified SEM images of a—f) zinc blende and g-I) wurtzite branched nanowires grown from 30 nm Au initial and secondary
particles, under vapor phase Sb compositions ranging from 0.15 to 0.89. For each x, value, the zinc blende and wurtzite branched nanowires were
grown simultaneously together inside the reactor. The red arrows in inset images of (g), (h), and (j) indicate the flag-like structure the branches initially

form before continuing into a 1D structure.

seed particles (1 um™), it is expected that on average there will
be one branching event per nanowire. It is understandable
however; that a fraction of the nanowire trunks will not receive
any secondary particles, while a number of them might receive
more than one particle (inset of Figure 2b,e). The branches,
specifically for the wurtzite nanowires, tend to form a flag-like
structure at the base of the branches (marked with red arrows
in insets of Figure 2g,h,j for instance), filling in the sharp kink
site between the branch and the trunk.[*! Filling up this prefer-
ential nucleation site at the first stages of branch growth seems
to be energetically more favorable than for the wurtzite branch
to grow solely in a 1D structure in the <1-100> direction.

It is clear from the images that the wurtzite nanowires tend
to show noticeably fewer branching events compared to their
counterpart, zinc blende nanowires. We will provide an expla-
nation for this further in the paper (Section 2.3.2). The presence
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of a top segment on the wurtzite nanowires is attributed to axial
growth of (presumably ZB) InAs,;_,Sb, during branch growth.
This is understood through comparisons between the bottom
segment length of the wurtzite nanowires and the reference
nanowires (see Supporting Information Section S2).

Looking at the zinc blende nanowires, we observe that at
x, = 0.76 the nanowires are noticeably thicker. At the highest
point; x, = 0.89, for both nanowire types, the thicknesses of
the nanowires are very inhomogeneous, and the overall length
is visibly lower. The density of the trunks—specifically for the
wurtzite nanowires—has also dropped compared to the other
samples in the series and reference samples. This is a clear
sign of decomposition as the AsH; flow is almost negligible
at this data point. There are also very few branches present at
this vapor phase composition. This may indicate that there is a
limit to how far one can push the Sb vapor phase composition
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for growing branches, and pure InSb branches on InAs trunks
may be very challenging to obtain.

2.3. Branch Crystal Structure and Trunk Composition

Discussions on the branch crystal structure and composition
(discussed in detail in Section 2.4) are closely linked to one
another; therefore, at times in these two sections, we will go
back and forth in the order of presented material. Also, it is
of importance to study the trunk composition and crystal
structure post branch growth. Comparing the composition of
the trunk to the branch could provide an understanding of Sb
incorporation in VS growth compared to VLS, which in turn
would enlighten how composition is related to crystal structure,
and thus VLS, rather than just the growth environment.

2.3.1. Zinc Blende Structure

Figure 3 demonstrates overview and high-resolution transmis-
sion electron microscopy (HRTEM) images of the crystal struc-
ture of a typical branched nanowire grown from zinc blende
nanowire trunks. These images reveal that the bottom fraction
of the ZB segment belonging to the original trunk nanowire
before branch growth has a twinned crystal structure. This is
in contrast with the later growing axial ZB segment during
branch growth, as the latter is found to be pure zinc blende.
(For a clearer understanding of the segments mentioned here,
we refer the reader to Figure 1d, zinc blende nanowire, top seg-
ment.) Both in the scanning TEM (STEM) image of Figure 3b
and the graph in Figure 3c, two dashed lines, green and purple,
are drawn, which represent the interface between the WZ stem
and the twin-plane ZB, and that of the twin plane segment and
pure ZB segment, respectively.

By performing energy-dispersive X-ray spectroscopy (EDX)
analysis in the axial and radial directions of the trunk of
these nanowires, differences in the material composition of
the pure and twinned ZB segments of the trunk are revealed.
This is demonstrated in Figure 3b,c, where the red squares
represent point analysis on the center, and the blue triangles
on the edge of the nanowire. From the graph in Figure 3c, it
is clear that along the entire length of the trunk, up to where
the twin plane ZB ends, the edges of the nanowire have con-
siderably higher Sb compositions compared to the center.
This suggests radial growth of an Sb-rich shell during branch
growth. Past the purple line (pure ZB segment) the Sb com-
position increases significantly in the center of the wire
and also slightly at the edges compared to the twin planed
segment, and there is no evident difference between data
obtained from the center and the edges. This confirms that,
the pure ZB segment is axially grown during branch growth.
It is also notable that the axial growth incorporates slightly
more Sb than radial growth. Similar behavior has also been
observed previously in.[*¢l

The correlation between compositional and crystal structure
indicates that the region above the twin plane is grown axially,
with a more homogeneous distribution of Sb. This homoge-
neity is also realized in the branch composition deducible from
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the elemental line scan given in the inset of Figure 3b. We will
discuss the branch composition in more detail in Section 2.4.

The overview and inset images of Figure 3a reveal that the
branch crystal structure is zinc blende with twin planes. The
twin planes are observed to run along the length of the branch
(in contrast to twins in the trunk which are normal to the
growth direction, as is usual for nanowires). It can also be seen
that these twins correlate with twins in the trunk, and in fact
the branch transfers the twinned structure from the trunk into
its crystal structure.

The zinc blende branch grows along <112> direction. How-
ever, the upfront facet of the branch in contact with the seed
particle is not perpendicular to this direction. As can be seen in
the Figure 3a inset in orange, the surface below the seed is not
flat. It makes an angle of almost £70° with the branch growth
direction, which corresponds to {111} plane families. Note that
it changes from +70° to —70° and vice versa when it encounters
a twin boundary. In this specific nanowire, the branch seems
to have slightly changed its growth direction toward the tip.
We note that, since the crystal structure remains the same, and
there are no defects visible, this is just related to the bending
of the branch on the TEM grid. During the TEM study, moving
from one end of the branch to the other, it was observed that
the structure was moving away from the zone axis, and it was
necessary to reorientate the nanowire by tilting the sample
stage. We also note that this bending of the tip was not a gen-
eral feature observed for all zinc blende nanowires. Another
important point is that some of the twin boundaries, especially
at the lower part of the branch, are stopped during the branch
growth and the structure of the branch shows an eventual ten-
dency to become pure zinc blende as it approaches the tip.

2.3.2. Wurtzite Structure

Figure 4 demonstrates a typical branched nanowire grown
from a wurtzite trunk. From careful analysis of several sim-
ilar branched wurtzite nanowires it is understood that these
branches predominantly exist in the vicinity of and are cor-
related to a stacking fault in the trunk (a short zinc blende
segment in an otherwise wurtzite structure). This finding is
demonstrated in the overview and magnified TEM images of
Figure 4a,b, respectively. The branch originates in the vicinity
of a single stacking defect in the trunk marked by the red dot
in Figure 4a. Interestingly, the branch crystal structure is half
wurtzite-half zinc blende (falsely colored red for wurtzite and
blue for zinc blende in Figure 4b), unlike that of the trunk.
Evidently, the stacking fault not only does propagate into the
branch, it also induces a zinc blende structure coexisting par-
allel to the wurtzite structure within the branch.

Since nearly every observed branch had originated from
a stacking fault, which is surprising given the relatively low
density of stacking defects in the trunk nanowires, and the
random distribution of the secondary Au particles, it could
be speculated that Au particles on wurtzite InAs are able to
migrate on the trunk sidewalls until a favorable nucleation
site is reached.”’~*9 It appears that the existence of the zinc
blende defect not only enables branch growth with a partially
zinc blende crystal structure, but also facilitates growth of the
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Figure 3. a) Overview and HRTEM images of a zinc blende branched nanowire grown under x, = 0.55. Along its entire length, the branch has a twin
planed zinc blende crystal structure transferred from the twin plane structure of the underlying trunk. b) STEM HAADF image of the nanowire where
the transitions between WZ/twinned ZB and twinned/pure ZB are marked with green and purple dashed lines, respectively. The inset demonstrates an
XEDS line scan of the branch along the [111] direction, revealing InAs;_,Sb, material composition. The blue triangles and the red squares specify the
positions from which the compositional data along the edge and center of the trunk shown in (c) has been obtained. The difference in composition of
the edge and core corresponds perfectly with where the crystal structure changes from twinned to pure zinc blende, which indicates that the pure zinc
blende segment of the trunk is grown during branch growth.
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Figure 4. a) Overview TEM image of a wurtzite branched nanowire grown under x, = 0.55. The
red dot indicates the stacking defect position, while the red dashed line marks the interface
between WZ and ZB segments on the trunk. b) False colored HRTEM image of the branch
clearly depicting the parallel existence of both wurtzite and zinc blende crystal structures within
the branch. The insets show the diffraction patterns of the WZ (top) and ZB (bottom) seg-
ments of the branch along with an HRTEM image of the interface (middle) marked with a white
box. ¢) HAADF-STEM image of the nanowire. The yellow dots identify the positions along the
center of the trunk from which the compositional analysis has been obtained and plotted in
panel (d). The purple and green dashed lines represent the branch position and the WZ/ZB
interface on the trunk, respectively. d) Sb (left axis) and As (right axis) composition of the trunk
center. Correlating the measurements with the position of the branch and WZ/ZB interface, it
is understood that the axial segment grown during branch growth has a higher Sb composition
compared to the InAs,_,Sb, shell layer grown on the original trunk segment.

wurtzite structure within the branch, alongside the zinc blende
structure. This tendency is consistent with previous literature
showing the utterly low preference of Sb structures to grow in
the wurtzite crystal phase.’®l What is even more interesting is
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the gradual elimination of the WZ segment
within the branch as the particle gradually
moves completely over the ZB segment. Zinc
blende has a higher surface energy, and by
moving the particle to the ZB segment, the
total energy of the system is reduced. In fact,
we see that initially the structure of the lower
part of the branch (where the ZB segment
eventually forms) is wurtzite, and gradually
changes to zinc blende. Since this change
is in the (1-100) direction it occurs not via
stacking faults, but grain boundaries with a
much higher energy cost. It can be specu-
lated that forming wurtzite antimonides is
so energetically unfavorable, that the energy
cost of this unlikely crystallographic change
is lower than forming wurtzite antimonide.
Therefore, Sb “pushes” the system from
wurtzite to zinc blende instead to compen-
sate for this unfavorable situation.

This is a general trend for branches
grown from wurtzite trunks, as the same
behavior can be observed in the TEM image
of another wurtzite branched nanowire pro-
vided in Figure 5. The branch growth direc-
tion is <1-100> for wurtzite which is parallel
to the <112> for zinc blende. Apparently,
when wurtzite is terminated, the zinc blende
growth direction changes from <112> to
<111>, which is not perpendicular to the
zone axis. It is deduced from the facts that,
first, the branch droplet interface with the
branch is not perpendicular to the zone axis,
and second, the tip of the branch becomes
out of focus in the TEM images while the
trunk is in focus.

The red dashed line in Figure 4a marks
where the top segment of the trunk starts
(For a clearer understanding we refer the
reader to Figure 1d, wurtzite nanowire, top
segment). This segment has a zinc blende
crystal structure, and grows axially during
branch growth from the original seed par-
ticle. Figure 4c,d show the solid phase com-
position of the nanowire trunk in the central
position along the axial direction. The yellow
dots on the high-angle annular dark-field
(HAADF)-STEM image depict the exact loca-
tions from which the compositional data has
been obtained and plotted in Figure 4d. The
purple and green lines in both images mark
the branch, and wurtzite-zinc blende inter-
face positions in the trunk and the branch,
respectively. Both As and Sb compositions
are demonstrated in the graph in Figure 4d,

from which it is clear that: a) even on the right side of the
green line (the WZ segment) significant amounts of Sb can
be detected. This is evidence of a radially grown InAs;_,Sb,
shell on the InAs wurtzite trunk during branch growth; and
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“100 nm

Figure 5. a) Overview TEM image of a wurtzite nanowire branch grown under x, = 0.55 (same sample as Table 1, 0.55, wurtzite). The red circles beside
the trunk mark the present stacking defects of the trunk in the vicinity of the branch. The blue triangles and red squares identify the locations from
which the compositional data from the WZ and ZB segments of the branch are acquired, respectively. The compositional data are presented in the
inset graph, showing a higher Sb incorporation in ZB, the average Sb incorporated in WZ, and ZB fall on 0.11 for all data pairs. b) HRTEM image of the
branch along with a false colored version clearly specifying the WZ and ZB segments. Panels (c) and (d) are HRTEM images of the transition region
marked in panel (b) depicting the sudden formation of ZB at the cost of WZ discontinuation.

b) the axially grown ZB segment is InAs;_,Sb,, with a higher
solid phase Sb composition of that of the shell layer on the
wurtzite segment. This is deducible from the sudden signifi-
cant increase in the Sb composition to the left side of the green
line (ZB).

2.4. Branch Composition

In the following we will focus on the branch composition for
both wurtzite and zinc blende nanowires, and discuss how
changing the Sb vapor phase composition ultimately affects the
Sb incorporation in the different crystal structures. In Table 1,

we present the branch composition from wurtzite and zinc
blende nanowires with three different Sb vapor phase compo-
sitions; x, = 0.29, 0.55, and 0.76. Data from x, = 0.15 are not
included, since already at 0.29 the detectable Sb signal is very
low for zinc blende nanowires, and below the detection limit of
our EDX system for the wurtzite. The highest (x, = 0.89) data
point is also left out since the numbers of branches were very
few for both types of nanowires, while decomposition of the
trunk was very significant. The mid-point (x, = 0.47) is elimi-
nated to keep the discussion short, as it is close to 0.55 and will
presumably have similar values.

For 0.55 and 0.76, the Sb composition of the wurtzite and
zinc blende part of the branch are given as separate values.

Table 1. Sb branch composition (x) from wurtzite and zinc blende nanowires with Sb vapor phase compositions of x, = 0.29, 0.55, and 0.76. Where
parallel WZ and ZB segments exist within a branch, their Sb compositions are given separately.

X, 0.29 0.55 0.76

Nanowire

Zinc blende 0.08 £0.02 0.11+0.03 0.33+£0.06

Wurtzite Undetectable Sb WZ:0.06 +0.02 ZB:0.16 £ 0.06 WZ:0.23 £0.03 ZB: 0.47 £0.007
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From the table it is clear that as a general trend, the zinc
blende crystal structure tends to have a higher Sb incorpora-
tion. This trend also holds for the WZ and ZB segments of the
same branches for the wurtzite nanowires. This strongly sug-
gests that Sb incorporation into the wurtzite crystal structure
is less favorable compared to zinc blende even under constant
growth conditions.

More interesting is the Sb incorporation measured for the WZ
and ZB parts of the branch on wurtzite nanowires for 0.55 and
0.76; the average value of the Sb incorporation of the two parallel
segments under given x, (0.11 and 0.35 respectively) is similar to
that of the zinc blende nanowire grown under the same condi-
tion (0.11 and 0.33 respectively), indicating that total Sb incorpo-
rated in the branch is determined by the x,. More importantly,
this also implies there is a hard limit to the amount of Sb that
can be incorporated into wurtzite crystal structures at given vapor
phase compositions. In other words, the excess amount of Sb in
wurtzite (being 0.05 and 0.12, respectively) is expelled to the zinc
blende section, and is incorporated there instead.

Figure 5 shows another example of a branch growing from a
wurtzite nanowire. The preceding discussions on the correlation
of the branch to a stacking defect, the eventual appearance of a
zinc blende segment in the branch, and the gradual elimination
of wurtzite structure discussed previously are again visible from
the overview and high-resolution TEM images of Figure 5a,b,
and Figure 5c,d, respectively. The inset graph in Figure 5a
depicts the Sb incorporation of the branch WZ and ZB sections
at identical positions of the branch growth direction. For all
data points, the Sb incorporation in ZB is higher than that of
WZ. Worth noting is the last data point related to the tip of the
branch. At this position, the wurtzite structure has already been
eliminated, and only the zinc blende structure remains. The
Sb composition at this position reveals a value of 0.11, which
again is equal to the average value of wurtzite and zinc blende
when they existed parallel in the branch, and also the branches
grown on zinc blende trunks simultaneously under the same
vapor phase composition. The red dots in Figure 5a,b point
to stacking defects, and again it is clear that the branch has
originated from a defective region. The false-colored HRTEM
image of 5b reveals that few layers by few layers, originating
from twin defects, the wurtzite structure is abruptly stopped
along forming layers, and the zinc blende structure—initially
carried into the branch as a defect—grows into a full segment
of the branch. Figure 5c demonstrates magnified images of the
transition region. Not only do the existing defects propagate
into the branch, new defective regions emerge as they bring
the wurtzite structure to a sudden halt. Again, the observa-
tion here indicates that the energy barrier to form the defects
(ZB segment in the branch) is presumably lower than the bar-
rier to form the wurtzite structure with the full/average Sb
composition. From Figure 5¢,d it is observed that the wurtzite
crystal structure is gradually converted to zinc blende.

2.5. Origin of Zinc Blende Formation in Branches on
Wurtzite Nanowires
In order to explain the unlikely formation of the parallel ZB seg-

ments in wurtzite nanowires, we can suggest two possibilities.
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First, it may be that during the VLS branch growth twin
defects induce this wurtzite to zinc blende conversion from the
0001 layers in the vicinity by changing the stacking from
ABABAB to ABCABC. Alternatively, the change may be caused
by the seed particle once the branch is grown, and the zinc
blende stacking is induced from the particle back toward the
trunk. Both can be due to the presence of Sb in the system.
Possibly, the particle eventually moves to the zinc blende seg-
ment since it is energetically more favorable, and therefore the
wurtzite segment disappears after some time.

In the following we demonstrate a pure wurtzite branch
grown on wurtzite nanowires. As mentioned throughout the
paper, the branches growing from wurtzite trunks usually
grow from a stacking defect, and carry the zinc blende struc-
ture into the branch. Therefore, a pure wurtzite branch grown
from a defect-free segment of the trunk is rather an exception
and a rare observation. Figure 6a demonstrates a TEM overview
image with HRTEM insets from different positions along the
wurtzite branch. The branch is grown under an Sb vapor phase
composition of 0.76 (same sample as the right side lower most
box in Table 1). The interesting fact is that, as observed in the
yellow and green inset boxes, two defect lines run through the
entire length of the wurtzite branch (marked with white dashed
lines). Following these lines to the trunk however (purple inset
box), it can be seen that the defect lines disappear halfway into
the trunk. This is an indication that, the defects are induced
from the branch into the trunk, rather than being a structural
defect of the trunk. This observation raises the speculation that,
the defects seen in all other wurtzite nanowire branches may
have actually been caused by the branch itself, propagating
into the trunk, rather than the branch originating at a defect.
Assuming this speculation correct, it can be further hypoth-
esized that the ZB segment originates from segregation of a
metastable wurtzite InAs;_,Sb,.

Figure 6b,c demonstrate HAADF-STEM images of the
branch and point EDX measurements of the center and both
sides (marked on the STEM image) of the branch, respectively.
The average solid phase Sb composition on both edges and
center are similar, with an average value of 0.36. The edges
show more or less constant Sb compositions as depicted in
the graph, while in the center the Sb composition decreases as
we approach the tip of the branch. This indicates a core/shell
structure of the branch, where the Sb composition of the core
decreases, as the branch grows longer. It must be noted though,
that due to the tapered structure of the branch, the thickness of
the branch shell varies from bottom to top. Therefore, a higher
Sb composition measured at the bottom of the branch center
could also be related to a thicker shell at that position. The top-
most point of the blue triangles is an outlier compared to the
rather constant Sb composition of the edges. This indicates
that a shell layer has not yet been formed on the downward
edge of the branch, while shell formation is much faster on the
upward side (topmost green triangle has the same constant Sb
composition). We can attribute this to a higher preference in
nucleation in the top corner formed between the trunk and the
branch compared to the bottom corner. This is readily obvious
from the rounded feature of the top corner resulted from faster
VS growth, versus the sharp edge of the bottom corner.
This can be attributed to the difference in polarity of these two

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Overview TEM image of a pure wurtzite branch growing from a wurtzite trunk under x, = 0.76. Please note that the Au seed particle on the
branch tip is missing; most likely broken off during transfer to the TEM grid. The insets show HRTEM images of the specified parts of the branch. The
white dashed lines in the inset mark the two defect lines running through the branch from tip (yellow inset), disappearing somewhere in the trunk (purple
inset). The red dashed line in the purple inset defines the core—shell interface of the trunk (the shell grown radially during branch growth). b) STEM-
HAADF image of the branch with red squares, blue and green triangles identifying the positions from which compositional data have been acquired.
) Sb composition of the center, downward and upward edges along the branch. The edges show a constant Sb composition (except of the topmost data
point of the downward edge), while the center composition decreases from base to top. This reveals a core—shell structure of the pure wurtzite branch.

pockets: the top pocket has the same polarity as the substrate,
which has a higher surface energy in comparison to the oppo-
site polarity (bottom pocket). Please note, the higher nucleation
preference on one side of the branch is the cause of the flag-like
structures discussed earlier in Figure 1. Interestingly, if the posi-
tions of the defect lines in the yellow inset of Figure 6a are com-
pared, one can clearly see that the defect line on the downward
edge does not run all the way to the top, but slightly later than
the other defect line. Comparing this to the EDX data acquired
from the edges, and the not-yet existing shell of the downward
edge at the tip, it can be understood that these defect lines actu-
ally mark the interface of the branch core—shell structure.
Comparing the average value of the center composition of the
pure wurtzite branch with that of the wurtzite nanowire from the
same sample, but with parallel WZ and ZB segments (wurtzite,
x, 0.76 in Table 1), and zinc blende nanowires grown under exact
conditions (zinc blende, x, 0.76 in Table 1), we surprisingly see
that the pure wurtzite branch has a very close Sb incorporation

Small 2018, 1703785

1703785 (10 of 12)

compared to the zinc blende nanowire, and the average value
of the WZ and ZB segments of the wurtzite nanowire (0.36 vs
0.33 and 0.35, respectively). However, if we relate the varying Sb
composition of the center, to the branch shell thickness, we can
take the value of the topmost point of the branch as the Sb incor-
poration of the VLS grown part of the branch (0.26). In this case,
we can observe a close similarity of this value to that of the WZ
branch segment of the wurtzite nanowire grown under the same
conditions (right side lower most box in Table 1, WZ segment).
From the latter observations it can be deduced that, in the pure
wurtzite case, the extra Sb gets incorporated into radial growth,
instead of forming a ZB segment.

3. Conclusion

In this work we demonstrate a novel approach for achieving
Sb-rich ternary nanowires with wurtzite crystal structure. We

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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utilize the existing nanowire branching technique from sec-
ondary Au seed particles to provide a suitable wurtzite tem-
plate for growing wurtzite InAs;_,Sb, branches on wurtzite
InAs trunk nanowires. We study the effects of Sb vapor phase
composition on the Sb incorporation and crystal structure of
branches grown simultaneously on wurtzite and zinc blende
InAs trunk nanowires.

We show that, for the wurtzite nanowires, the branching
event typically occurs in relation with an occasional stacking
defect in the trunk structure, which then not only propagates
into the branch, but also gives rise to the sudden appearance
of a zinc blende segment not present in the trunk. This zinc
blende segment grows parallel to the wurtzite segment within
the branch and eventually the wurtzite segment is eliminated.
The Sb incorporation into the wurtzite segments of these
branches is significantly lower, while their parallel zinc blende
segment has a higher Sb incorporation when compared to
zinc blende branches grown from zinc blende trunk nanow-
ires. However, the average Sb composition value of these
segments is very close to that of the zinc blende nanowire
branches grown on zinc blende trunks. Similarly, in a rare
example of a pure wurtzite branch grown on a nondefective
area of a wurtzite nanowire, the average composition is sim-
ilar. In this case we argue that the branch forms a core-shell
structure, with the Sb incorporation of the radial shell being
higher than the core, and the core having a composition sim-
ilar to the wurtzite segment in branches with coexisting zinc
blende segments.

From the two latter discussions we draw the conclusion that
there exists a hard limit to how much Sb can be incorporated
within wurtzite at given growth conditions. Sb that is supplied
in excess of this limit is incorporated into a coexisting zinc
blende segment, or within a radially grown shell.

4. Experimental Section

Growing Wurtzite and Zinc Blende InAs;_,Sb, Nanowire Branches: The
trunks for the InAs—InAs,_,Sb, (trunk-branch) nanowires were grown
from size-selected 30 and 40 nm diameter gold particles on separate
InAs (111) B substrates. Aerosol seed particles were used, with an
average particle density of 1 um=2 To grow the branches, aerosol
gold particles of the same diameter and density as the ones used for
the trunk growth were deposited, i.e., trunks grown from 40 nm gold
particles received a secondary deposition of 40 nm Au particles. All
nanowire growth was conducted using MOVPE with vertical flow in
an Aixtron 3” x 2” close-coupled showerhead reactor. TMIn, and AsH,
and TMSb were used as group Il and V precursors, respectively. H,
was used as the carrier gas with a flow of 8 L min™' and a pressure
of 100 mbar. The samples were annealed prior to both trunk and
branch growth at 540 °C for 420 s under an AsH;/H, atmosphere
with an AsH; molar fraction of 2.5 x 1073 to prevent desorption of the
substrate/trunk nanowire.

Both wurtzite and zinc blende trunks were grown at 465 °C, and the
different crystal structures were achieved by only changing the group
V flow. For both trunk types, a short wurtzite stem was grown prior
to the main segment. This was done to improve the crystal quality of
subsequent growth by decoupling it from the substrate. As the length of
the stem approaches the diffusion length of the precursors, the growth
conditions stabilize. The stems were grown at similar conditions for
both trunk types at 465 °C for 240 s under a flow of TMIn and AsH; with
respective molar fractions of 1.8 x 107 and 1.2 x 1074, yielding a V/III
ratio of 67.
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In order to grow the InAs wurtzite trunk, the AsH; molar fraction
was altered to 3.8 x 107, while keeping the temperature and TMIn flow
at the same values used for stem growth. The growth time was set to
20 min.

For growing the InAs zinc blende trunks, however, a wurtzite segment
was grown for 15 min prior to the zinc blende segment. This was done
to improve the crystal quality of the zinc blende segment. Consequently,
the zinc blende trunks were then grown for 15 min by changing the AsH;
molar fraction to 1.6 x 1072,

All the InAs;_,Sb, branches were grown at a similar temperature of
450 °C for 20 min. Branch growth was terminated by shutting down the
TMIn and TMSb flows simultaneously and cooling the samples down
under an H,/AsH; atmosphere.

To study how varying the Sb vapor phase composition (x,) affects the
incorporation of Sb in the InAs;_,Sb, branches, and to obtain an insight
to potential differences between branches adopting zinc blende and
wurtzite crystal structures, the Sb vapor phase composition was varied,
while keeping the TMIn flow constant.

For studying the effect of varying Sb vapor phase composition,
InAs,_,Sb, branches were grown under a TMIn flow of 2.5 x 107 for all
the studied x,. In order to achieve the studied range of x, (0.15-0.89),
initially the AsH; molar fraction was kept constant at 2.5 x 1074,
while the TMSb molar fraction was varied between 4.5 x 10~ and
3.1 x 107 This covered an Sb vapor phase ratio between 0.15 and
0.55. It is noted that, since the other flows were kept at constant values
throughout the study, the V/IIl ratio and the total flow of precursors
increase with increased TMSb flow. With the setup used, however, it
was not possible to further increase the TMSb flow, so to achieve x, of
0.76 and 0.89, the AsH; flow was reduced to 1 x 10 and 3.8 x 107,
respectively. Again note that this leads to a decrease of the total flow
and V/II ratio.

Post trunk and branch growth, the morphology and crystal structure
of the nanowires were studied using SEM in a Hitachi SU8010 cold field
emission SEM, with an acceleration voltage of 15 kV and with a 30° tilt
of the samples. The dimensions of the nanowires were measured using
Image] from the obtained SEM images.

The crystal structure and the composition of the branched nanowires
were analyzed using HRTEM conducted in a JEOL 3000F TEM
equipped with a field-emission gun using an acceleration voltage of
300 kV. The images from the compositional analysis were recorded in
the same microscope in HAADF-STEM mode with a HAADF detector.
Compositional analysis was performed using an Oxford Instruments
EDX detector, and material composition was measured in atomic
percentage (at%). The percentage was normalized to 50% In and
converted to Sb solid phase composition (x). For specimen preparation
for TEM analysis, the nanowires were manually broken off the substrates
and transferred to holey carbon copper grids. 3D atomic models were
created by using Rhodius software tool.5¢!
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SI 1. Growth parameters at given Sb vapor phase compositions

Precursor flows, along with the V/I1I ratio at given vapor phase compositions. The
group Il floe (TMIn) was kept constant for all x,. To increase the x,, for the first four
data points the AsH3 flow was kept at constant value, while the TMSb flow was the
only varying growth parameter. This leads to an increasing total precursor flow and
V/11I ratio profile (this trend is better seen in the graphs of figure SI 2, Group V
precursor flow). 3.1 x 10 was the highest accessible TMSb flow with our set up.
Therefore, in order to obtain higher x,, the AsH; flow was reduced, while keeping the
TMSb constant at the maximum value. This Results in a decrease in the total
precursor flow, and the /111 ratio.

Table SI 1. Growth parameters at studied Sh vapor phase compositions (xv)

Xy TMIn AsH; TMSb Total flow VI
0.15 25x10° 25x10* 45x10° 3.0x10* 116.3
0.29 2.5x10° 2.5x10* 1.0x 10 3.5x107 139.6
0.47 2.5x10° 2.5x10" 2.2x10* 4.7 x 107 186.7
0.55 25x10° 2.5x10* 3.1x10* 5.6 x 107 221.9
0.76 2.5x10° 1x10* 3.1x10* 4.1x10* 162.6
0.89 25x10° 3.8x10° 3.1x10* 35x10* 137.9

SI 2. Average total length of zinc blende (ZB) and wurtzite (WZ) nanowires
The average length of the nanowire trunks of both zinc blende (Figure Sl 2a) and
wurtzite (SI 2b) nanowires were measured before (reference in graph), and after

branch growth. The length of nanowires with and without branching events are also




measured and demonstrated separately in these graphs. As observed for almost all
cases the average length of the nanowires after branch growth is longer than the
nanowire trunks previous the branch growth. This implies that an axial segment grows
from the initial Au particle on top of the original trunk during branch growth. At x, =
0.76 and 0.89 of wurtzite nanowires however, it is observed that the average length of
the reference trunks are longer than the nanowires after branch growth (with and
without any branching events). This indicates that, under these conditions (very high
Sb flows, and low As flow) decomposition of the original trunk occurs. From this plot
we can also see that at x, = 0.89 there is no data point for branched nanowire with
branches. It is speculated that, under this extreme condition, formation of wurtzite
branches with high Sb compositions was not favorable.

In both Figure Sl 2a and b, the group V precursor flow is also shown. This
demonstrates the total flow precursor profile discussed

inSI 1.
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Figure Sl 2. Measured average total length of a) zinc blende and b) wurtzite nanowire
trunks before and after branch growth.
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