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Abstract

In this work we dive into key questions regarding the wetting of a nanoscale droplet which
provides fundamental understanding of Vapor-Liquid-Solid growth mode of nanowires. This
understanding is important to perform reproducible NW fabrication and allow their industrial
implementation. Our method relies on the continuous interplay between experimental efforts
and theoretical modeling in order to combine computational prediction power with reality.
In particular the main aspects analysed are the stability of the calalyst-NW system and the
dynamics of nucleation at the nanoscale. These phenomena are of fundamental importance
not only for the synthesis of nanostructures but also in other areas such as colloidal chemistry
and bioengineering. We proceed by focusing on three main aspects of NW preparation: first
stages of NW'’s growth, catalyst-NW system stability and nucleation dynamics. At first we
focus on the preparation of arrays of semiconductor nanowires with the target to optimize
the vertical yield thanks to the engineering of the wetting behavior of the catalytic droplets
at the initial stages of growth. Secondly we investigate the wetting behavior of droplets con-
strained on top of nanowires and/or cylindrical pillars. In such conditions, droplet volume and
constraint geometry are the key factors for determining the most stable configuration of the
droplet and thus the direction of further steps of growth. In the last chapters, we analyze more
exotic nanowires and thus the wetting behavior of droplets is observed on new geometrical
constraints. Beyond droplet’s morphological investigation, we consider the consequences of
the presence of the liquid phase on the nucleation dynamics, in particular at the triple-phase
line, under the assumption of crystal anisotropy of the nucleating phase and the presence of
stretching capillary forces.

Key words: nanowires, VLS, modelling, wetting, nucleation, II1I-V semiconductor, II-V semi-
conductor
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Riassunto

In questo lavoro ci immergiamo nelle domande chiave riguardanti il fenomeno del bag-
namento di una nano-goccia, che ci aiuta nella comprensione della modalita di crescita VLS
(vapore-liquido-solido) dei nanofili. Questa analisi € importante per assicurare riproducibilita
sperimentale e per consentire I'implementazione di nanostrutture in campo industriale. Trat-
teremo questa tematica sulla base della continua interazione tra sforzi sperimentali e modelli
teorici al fine di combinare il potere di previsione computazionale con la realta. Procederemo
concentrandoci su tre aspetti principali della preparazione dei nanofili: i primi stadi di crescita
cristallina, la stabilita del sistema catalizzatore-nanofilo e le dinamiche di nucleazione. In un
primo momento ci concentriamo sulla preparazione di reticolati di nanofili con I’obiettivo
di ottimizzare la loro crescita verticale grazie all'ingegnerizzazione del comportamento del
catalizzatore nelle fasi iniziali di crescita. In secondo luogo si studia il comportamento del
catalizzatore vincolato al di sopra dei nanofili e / o a pilastri. In tali condizioni, il volume del
catalizzatore e la geometria del vincolo geometrico sono i fattori chiave per determinare la
configurazione piu stabile del catalizzatore e quindi definire la direzione delle successive fasi
di crescita. Negli ultimi capitoli, analizzeremo dei nanofili dalla forma pit esotica, cercando di
chiarire il comportamento del catalizzatore in un sistema piu complesso. Al di la dell'indagine
morfologica del catalizzatore andremo a considerare le conseguenze della presenza della fase
liquida sulla dinamica di nucleazione. In particolare ci interessa cosa succede alla linea di
equilibrio fra le 3 fasi del sistema, nel caso in cui si consideri anisotropia cristallina della fase
nucleante e la presenza di forze capillari deformanti. Questi fenomeni sono di fondamentale
importanza non solo per la sintesi di nanostrutture ma anche in altri settori come la chimica
colloidale e la bioingegneria.

Parole Chiave: nanofili, VLS, bagnamento, nucleazione, semiconduttori III-V, semiconduttori
II-v
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|§ Introduction

In our modern society, the desire for novelty and improvement governs the main direction
taken by research and technological development. Due to the astonishing transformations
that happened in western countries thanks to the introduction of microelectronics into every-
day life, now, major care and fundings are spent into feeding the continuous hunger for new
and better devices, having more efficiency, more power, less cost and occupying less space.
In particular, thanks to the reduced size, materials can present characteristics completely
different from the ones that would correspond to the bulk system of the same material. This
phenomenon is linked mostly to the higher relevance that the surface plays in a confined
system and to quantum confinement. This research project is part of a larger context where
the goal is to bring further this miniaturization tendency by understanding in depth the key
parameters controlling the synthesis of these crystal nanostructures, specifically semiconduc-
tor nanowires, to contribute obtaining gadgets with new and/or better performances. Our
approach focused mostly on getting a deeper and more fundamental understanding of the
physical processes. Through collaborations with experimental colleagues, we were provided
samples and direct measurements, necessary data for getting reliable and new insight into the
growth dynamics at the nanoscale.

1.1 Nanotechnology and Epitaxial Growth

First, I would like to introduce the concept of nanotechnology. There is often a sort of mysti-
cism lifting in the tonality and in the eyes of a rather non-scientific audience. Technology is the
art of modifying nature by taking advantage of specific scientific knowledge. This modification
of nature can happen at incredibly different scales. With the prefix nano we identify the molec-
ular level, the dimension at which atoms can arrange and interact with each other, creating
the fundamental structures composing any material and micro-organism. The advent of
nanotechnology started with the manipulation of atoms with Scanning Tunneling Microscopy
(STM), achievement awarded also with the Nobel Prize in 1986. Thanks to the opportunity to
reach such invisible domains, the discovery of completely new properties and states of matter
became possible.[1, 2]
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The main idea of nanotechnology was born thanks to the visionary physicist Richard Feynman,
which opened the eyes of humanity on the truth about our world with the famous citation
"There is Plenty of Room at the Bottom". Later, thanks to the STM the necessary means to
visualize and manipulate for the first time atoms became available.[1, 2, 3] The opportunity
to observe nature at its most fundamental level helped the scientific world not only to offer
a new view of reality but most importantly it showed the existence of a new field of produc-
tion and manufacturing. This became concretely promising thanks to the development of
high-resolution fabrication techniques, that enabled to control far to nanoscale precision
the geometry, the composition, and the structure of electronic devices.[4, 5, 6] One famous
achievement, which increased the political and commercial attention to this sector, is the
realization of the first MOSFET with a 10nm gate oxide thickness by IBM in 1987.[7] From that
moment on the academy, industry and even governments devoted funding to investigate the
wide range of functional opportunities contained at the nanoscale level.[8] While nanotech-
nology mostly gained his fame and interest thanks to the evident application in electronics,
the number of fields that got influenced by its fundamentally new approach are enormous.
Beyond its implementation in display technology and lighting,[9, 10] particularly interesting is
what happened in energy harvesting where nanomaterials gave new hope for creating devices
having higher efficiency than the traditional ones.[11, 12, 13] In medical applications, the use
of nanoscale materials, such as biocompatible nanoparticles and functionalized molecular
crystal, allowed the introduction of innovative drug delivery systems, tissue engineering, and
even biosensors which all boosted our ability to prevent, diagnose and treat illnesses in living
organism.[14, 15, 16] Due to the incredible impact provided by nanotechnology in so many
different fields, speculations are spreading on even more spectacular implementation into
molecular control, nanorobotics, programmable matter, and productive nanosystem.[17, 18,
19]

The current research in the field of nanotechnology mostly implements two specific ap-
proaches for the production of devices and new materials: these two methods are identified
with the idiomatic expressions of "top-down" and "bottom-up". Behind these definitions,
there is the way in which the relationship and modification of nature take place. The top-down
approach represents a mostly destructive way of altering the bulk material into a reduced and
functionalized version of the initial setup. It usually takes advantage of etching processes. The
major achievements in the microelectronics industry have been obtained mostly following
this approach;[20, 21, 22] this consequently helped the development of always more refined
way of processing and cutting down materials reaching a nanometric resolution, helping the
further establishment of the technique. Nevertheless, beyond its prevalence and reliability,
it is important to remember the drawbacks as well, that often involve a roughening of the
remaining surface and a consequent worsening of the stability and performance of the device.
Interfaces and surfaces play a key role in determining the quality of functional properties:
the high probability to form trap states and defects makes the top approach not particularly
reliable for further scaling down.

The "bottom-up" approach is founded on the principle of creating the material starting from
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its building blocks, that is to say from the precursor atoms necessary for obtaining the desired
final material. What is mostly beautiful about this method is that, within the environment
allowed for this reaction to take place, the selected precursors can rearrange themselves
spontaneously.[23, 24, 25] In this way, thanks to the self-arrangement of the atoms, the ob-
tained materials, and devices may show better stability and in general interfaces present fewer
damages. The main side effect of the bottom-up approach is the limited range of growth
conditions available in the different experimental setups. Indeed different materials, as well
as different phases of the same material, request a specific combination of pressure, temper-
ature, and material supply to maintain their arrangements. According to the predictions of
thermodynamics, the system will always tend towards the state holding the lowest value of
total energy, associated to a specific combination of different phases. Just these phases can be
considered as the preferential ones. In order to increase the number of obtainable materials
and phases, the epitaxy growth equipment market developed a wide range of different and
increasingly refined production chambers, creating a market that nowadays is worth around
US$990 million.[26, 27]

A solution for increasing the degrees of freedom in the preparation of materials at the nanoscale
involved the synergistic combination of bottom-up and top-down techniques applied to epi-
taxial growth.[28, 29, 30] In agreement with the bottom-up approach, the deposition of the
precursor materials is performed on the selected reactive surface, the substrate, followed by
the self-rearrangement of the atoms into the configuration that mostly suit the growth envi-
ronment. Even if such an approach was born initially as surface coating technology, by adding
the contribution of the top-down method, it was possible to spread this same technique to 2D,
1D and 0D materials as well, for the preparation of nanowells, nanowires and quantum dots.
The shift between different structures is managed through the substrate preparation, where
the removal and/or the deposition of different materials-mask with certain patterns, enable
the formation of preferential locations where the deposition and the following reactions are
confined to take place. This method is referred to as selective area epitaxy.[31, 32, 33]

1.2 What are Nanowires good for?

A nanowire is a crystal that mostly develops along one preferential dimension thus present-
ing a constrained lateral size. The term nano implies that the constraining in the diameter
stays within the range of hundreds of nanometer while the longitudinal length can develop
almost without limit. It is important to note that nanowires are intrinsically very different
from likewise famous nanotubes. These latter are nano-size cylinders of atoms, well described
by the idea of a rolled atomic layer. Nanowires, on the other end, are filled with a specific
crystallographic rearrangement of the atoms.[34, 35] In general, without considering the
composing material yet, it is important to notice that nanowire’s unique geometry already
represents an advantage with respect to traditional bulk systems. The high surface to volume
ratio, ensured by the long filamentary geometry, allows the combination of crystalline ma-
terials with a large reactive available surface area. Indeed the first obvious implementation
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of such nanostructures was connected with the functionalization of their lateral surface.[36]
This is particularly relevant for sensing applications where a larger reactive area means higher
resolution in the detection process. Many different applications took advantage of this new
level of functionalization of the surface for chemical sensing, in particular medicine, and more
in general biology.[37, 38] The possibility to coat the nanowire with antibody’s binding specific
proteins allows not only to create selective traps but also to create real-time detectors, taking
advantage of the change in the nanowire’s electrical conductance due to the modification of its
surface termination. Another important contribution that the geometry plays in making these
nanostructures so interesting can be appreciated by analyzing the light absorption properties
of standing nanowires.[39] The implementation of single nanowire into solar cell devices
showed an unexpected larger absorption cross-section compared to bulk solar cells. Further
analysis allowed to clarify that single nanowires have absorption cross-section that is more
than 50 times the geometrical cross-section. The main reason behind this incredible result
is the fact that there is a strong long-range disruption of the light path along the nanowire
which makes the effective absorbing NW'’s surface much larger than the one expected.[40,
41, 42, 43] Another important field in which nanowires represent ideal platforms is the mem-
ory and data storage industry.[44] The possibility to tailor phase-changing materials into
nanostructured form appeared to be the solution to the search for universal memory storage
already a decade ago. Phase-change materials are materials that can be reversibly switched
between amorphous and crystalline states, providing a natural 2-states system for binary en-
coding of information. A material frequently analyzed for non-volatile memory applications
is Ge,Sb,Tes. The main issue with such materials is that traditional top-down processing
towards re-scaling tend to damage their properties and hindered the nanostructurization.
Luckily the development of self-assembly based preparation technique enables the design
and preparation of sub-lithographic sized nanostructures with unique geometries as well.[45]

The most promising application field and, at the same time the most remunerative one, is
the field of electronics. Over the past two decades, nanowires proved to be among the best
type of nanoscale building blocks for the bottom-up assembly of functional electronic and
optoelectronic devices. In nanocircuits, nanowires can play a key role both as device ele-
ments and as interconnections between different elements. The main factor that makes them
so versatile is in the development achieved in their preparation which allows high-quality
synthetic nanowires to be obtained through the bottom-up approach. [46, 47, 48] Particu-
larly relevant are semiconductor nanowires (e.g., group IV, III-V, and II-VI semiconductors
and their alloys) which proved their excellent electronic properties with respect to the bulk-
single crystal material, such as improved carrier mobility in n-type Si, p-type GaAs, InSb and
InAs/InP core-shell nanowires.[49, 50, 51, 52] Beyond the properties of the single nanowire,
another important aspect in electronics is the possibility to obtain high-quality nanowire
directly assembled into arrays. In this way, both the synthesis of the NW and their arrange-
ment into arrays are performed simultaneously and efficiently. The combination of tunable
properties in the building-blocks and their design into predefined architectures ensure the
development of highly performing devices such as field-effect transistors (FETs), memory,
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and integrated nanowire logic gates; also in nanophotonics, this allowed the production of
nanoscale light-emitting diodes, lasers, waveguides, and photovoltaics.[53] Nanowires are
nowadays considered among the most promising elements composing "more than Moore’s
devices".[54] In semiconductor technology, the expectations of the market for a continuous
down-scaling in the size of integrated circuits without reducing their performance, classically
hit a solid wall once quantum phenomena, such as the tunneling effect, started to appear due
to the reduced size. Silicon was the absolute protagonist of the development of the major IC
technology until the scaling down of the traditional planar geometry reached its maximum-
minimum at the transistor dimension of 10nm.[55] Beyond this level, the adoption of new
geometrical design and new materials clearly appeared to be the solution to maintain the
market of production open and productive. The best example of nanowire’s implementation is
the development of the "gate-all-around-transistors" where arrays of nanowires are embedded
into a thin layer of conductive material, whose thickness represents the gate-size. Thanks to
this new architecture, sub-15nm gate-all-around field-effect transistors on silicon nanowires
have been obtained and are expected to be a good candidate for even further scaling down.[56]
Going further in the scaling down process, once dimensions reach the quantum limits, it is not
enough anymore to play with new geometries and architectures but it is necessary to change
"bulk material" as a starting point. While for Si, the appearance of quantum phenomena starts
at 7 nm size, there are semiconductor materials that show still classical behavior also below 5
nm size, such as molybdenum disulfide and carbon nanotubes. Already in 2016 a transistor
with a 1-nm physical gate was prepared using MoS,, showing quantum confinement around
500 nm size, and a single-walled carbon nanotube gate electrode. [57, 58]

The discovery of quantum confinement expanded the tunability of both electronic and op-
tical properties of metals and semiconductor materials. By playing with the size and the
shape of nanoparticles is possible to modify their band-gap and, specifically, the energy levels
distribution. The threshold size for the onset of quantum confinement corresponds to the
size of the wavelength associated to the electrons taking part to the process, aso called the
Fermi wavelength. The type of atoms and their arrangement determine the value of the Fermi
wavelength. For metals, it is below 1nm while for semiconductor materials it can be of several
tens of nanometers. The newest trends in microelectronics are combining traditional plat-
forms and quantum phenomena to expand the range of application and performance.[59]
Concerning unconventional electronics, quantum computing is becoming more concrete.
IBM is already giving free access to their quantum computers for testing simulations and
for verifying the calculating power of their devices. In quantum computers, the basic build-
ing block is a quantum bit or qubit. The information stored in this unit can take different
forms such as charge, photon, spin, or polarization. Among the different systems analyzed,
semiconducting nanowires recently demonstrated to be a promising solid-state platform for
quantum computing. Qubits created in nanowires could yield very fast and topologically
protected electrical spin manipulation, allowing them to have fast logic gate operation. Spin
qubits in particular need an environment where coherent single spin rotations can happen
and where the controllable two-spin coupling is available. Another important parameter is
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the coherence time, which is to say the timescale at which spin orientation is lost because of
perturbation from the environment. This coherence time must be many times larger than
the logic-gate operational time, but perturbations from the environment are often difficult
to avoid. The real prominence of nanowires in quantum computing derives indeed from the
possibility to overcome the challenge represented by decoherence by taking advantage of
topology. Topological qubits can be prepared non-locally in such a way that the quantum state
is delocalized between 2 different points in the world. This delocalization ensures immunity
to local perturbation. The possibility to build topological qubits became real once the first sig-
natures of Majorana fermion quasi-particles were observed in nanowire-based-devices. The
experimental setup is quite straightforward: a 1D electronic system with spin-orbit interaction
and superconductivity in a magnetic field. The most successful devices built until now are
InSb nanowires contacted by electrodes, a superconducting NbTiN, and a Ti/Au contact for
detection. Also from a point of view of scalability, nanowires represent promising platforms
allowing for multiple local contacts and electrostatic gates to be applied on top, beneath,
around, and next to the wire. These achievements, again, were made possible mostly thanks to
the incredible advancements in the preparation techniques available ensuring a huge degree
of freedom in composition, stacking, and geometry.[60, 61, 62]

1.3 Vapor Liquid Solid growth mode

The quality and performance of nanoscale devices are intrinsically connected with the prepa-
ration procedure with which their main building blocks are produced. Here we will focus
on the Vapor-Liquid-Solid (VLS) growth mode.[63, 64, 65] The VLS approach is part of the
above-mentioned "bottom-up" growth technique even if it can easily be translated into a
mixed technique by coupling it with top-down preparation of the substrate. The name VLS
describes the phases taking part in the process of crystal growth. Even if the growing crystal is
the solid (S) part, the protagonist role of this phase transition is played by the liquid phase (L)
which behaves as a bridge between the crystal and its precursors dispersed in the vapor phase
(V). This bridging liquid phase is often referred to as the catalyst of the reaction. An effective
catalyst for a transformation mostly requires to remain inert while offering a preferential
environment where the reactants can be collected and let react. From a practical point of view,
this catalytic effect is traditionally well performed by liquid metallic nanoparticles.[66, 67]
According to the growth conditions in the reaction chamber and the size as well, the metallic
nanoparticle may appear in the solid form while continuing to play its role as a catalyst. In
this case, the growth mode comes under the name of (VSS) where indeed the bridging phase
is solid.

With respect to traditional bulk epitaxial technologies, happening directly from vapor phase
to solid phase, the catalyst-assisted regime is faster and spatially localized thanks to the
intermediating role played by the nanoparticle. Let’s consider for example a liquid catalyst and
let’s analyze its role as an intermediator in the epitaxial process. At the liquid-vapor interface,
both evaporation and condensation processes take place constantly and simultaneously, it
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is thus possible to define a certain steady equilibrium between the two processes.[68, 69, 70,
71] At the solid-liquid interface, there is another dynamic equilibrium between two further
competing processes: the crystallization and the dissolution of the solid. The two dynamic
equilibria will compete for the material inside the droplet as well, thus creating a further
equilibrium defining the overall process of growth. A practical example of perfect balance
in the total dynamic equilibrium among all the processes involved can be observed when a
nanowire maintains constant diameter along all its length under constant materials supply.
Since the size of the nanowire is linked to the catalytic nanoparticle, a nanowire with the
same radius along its length can be associated with a fixed droplet volume during the entire
synthesis.[72, 73] The condition of constant liquid volume is reached with the incoming flux
of materials in the liquid (through vapor condensation and solid dissolution) equalizing the
outgoing flux (though crystal growth and liquid evaporation). In the opposite case, when the
two fluxes are not equal, is possible to appreciate the so-called "tapering effect" in which the
nanowire’s shape is characterized by a change in radius during the growth, resulting in a pointy
structure and often ending with the total consumption of the liquid. It is quite clear now
how much the nanowire’s growth is controlled by the characteristic of the liquid, in particular
by the number of crystal precursors composing it. More precisely the composition of the
droplet plays a key role in determining the growth rate and the crystal phase since it affects the
equilibrium between the vapor and the liquid phase (where the precursors are first dispersed)
and the equilibrium between the liquid and the solid phase.[74, 75, 76, 77]

From the perspective of classical thermodynamics, it is possible to describe crystal growth,
the combination of all the aforementioned processes, by considering the energy associated
with the different phases of the system. The main rule is that the transformation takes place
just if there is a gain in energy for the system considered as a whole. Let’s consider the
nucleation of a crystal from a liquid phase: the process will ensure gain in energy thanks
to the better organization of the atoms into a solid-crystal structure but at the same time
will cause a loss in energy due to the formation of a boundary, a lost in the unity of the
system, practically represented by the interface between the old and the new phase. According
to thermodynamics, it is possible to predict if a transformation can increase the stability
of the system by comparing the total energy of the initial state and the total energy of the
final state. The two contributions to the total energy of a system are called respectively the
"volumetric energy" and the "surface energy". The main parameter to calculate the volumetric
contribution to the total energy for each phase iis the chemical potential y;, which defines
the variation of the Gibbs free energy of the system (G) at any variation of the amount of the
i-phase moles (n;), as expressed in eq. (1.1)

_8(6)

= 500, (1.1)
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Considering a phase transition from an initial phase initial to a final phase final happening at
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a certain temperature and pressure, we can define the formation energy as the difference in
the chemical potentials of the two phases involved in the process, as described by eq. (1.2).

Eform = (Hﬁnal - ,uinitial) (1.2)

The variation in the volumetric energy of the system caused by the phase transition can is
given by the product between the formation energy and the volume of matter that undertook
the transformation. Regarding the surface energy contribution, the main parameter to be
remembered is the interfacial energy, traditionally considered as the energy loss linked to the
absence of further atoms belonging to the same phase. Under this assumption, the surface
contribution to the total energy of the system (Eg,;f) can be easily calculated by adding all the
interfacial energies of the system (y;) multiplied for the area of the interfaces they are related
to (A;) as described in eq (1.3).

N
Equt= Y Yi* Aj (1.3)
i=1

Even if this analytical approach proved to be reliable in the prediction of macroscopic phase
transformations, once arrived at the nanoscale some inconsistencies may start to appear.[78,
79] One major problem of classical nucleation theory is the approximation of the system with
an idealized version of the system itself. Crystals are assumed to be composed by perfectly dis-
tributed atoms while interfaces are considered mostly from a 2D perspective. At the nanoscale,
the real nature of the system needs to be considered, defects included. In particular every
interface is a new phase in itself, a confined region of atoms having a unique arrangement,
intermediate and gradually shifting from one phase to the other. From this perspective, it
is clear that in order to properly study the underlying mechanisms taking part in any phase
transition, a blind implementation of classical theory can be often unreliable if not misleading.

Also in the realm of nanowire growth, in particular through VLS approach, the majority of
models describing the dynamics of phase transition still adopt the same classical macroscopic
point of view. In particular, the contribution of the liquid phase is often extremely simplified
by considering just its effect on the overall stability of the system. In this case, the main
parameters taken into account are, as before, mostly the macroscopic ones, such as volume,
shape, composition, and wetting angle. Beyond this first degree of approximation, another
imprecision is related to the application of the Young’s relation, repoted in eq (1.4), to the
case of droplet confined on the top of a NW. The Young’s relation can relate the shape of a
droplet with the interfacial energies of the system just in the case of unconstrained wetting,
that is to say when the substrate is infinite or large enough to not cause interference with the
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spontaneous wetting behaviour of the droplet.

Ysv =7sL+Yivcos(0) (1.4)

As it often happens during the VLS growth mode, the size of the droplet and the size of the
solid underneath are comparable and may create the so-called "pinning" effect.[80] This effect
provokes a deviation from the expected equilibrium shape of the liquid due to an external
geometrical constraint. Because of the constraining, the first thing that changes is the angle
characterizing the spherical cap associated with the shape of the liquid. This angle, modified
by the constraint is not really a contact angle, like the one in eq (1.4), but an apparent wetting
angle. The correlation between wetting angle and interfacial energies described in (1.4) cannot
be applied in the case of constrained droplets, and thus can not be applied to the majority
of the systems describing VLS growth mode. More details regarding the wetting behavior of
sessile droplets under different geometrical constraints will be presented in the next chapters.

Beyond the open questions still surrounding the VLS growth mode, it is clear that there is
a strong connection between the characteristics of the liquid droplets and the consequent
characteristics of the growing nanowire. In particular, it has been shown that the droplet
contact angle with the solid NW determines the crystal phase, growth direction, orientation,
and polarity of the NW itself. In this thesis work, we will focus on clarifying even more the
catalyst’s wetting behavior and its role in defining crystal growth.[67, 81, 82, 83, 84, 85, 86, 87,
88, 89, 90]

1.4 About Wetting Phenomena: from theory to nanowires

Since the main topic of this research project is the phenomenon of wetting, we focus now on
the fundamental concepts and terminologies of wetting. The degree by which a liquid wets a
solid depends on the atomistic structure of the bulk phases involved and on the characteristics
of the interface itself. The term interface identifies the separation between two different
phases. From an atomistic point of view it is associated with a non-uniform region, whose
composition ranges between the composition of the two phases in contact. To simplify the
modelling, the interface is usually replaced by a mathematical plane, holding properties
related to the specific system. The interfacial energy, or surface energy in case of solid-vapor
system, is the most used parameter. When dealing with just isotropic interfacial energies, the
Young-equation (1.4) is a good solution describing the condition of equilibrium for the contact
among 3 phases, usually solid, liquid and vapor.

The VLS growth mode of nanowires represent a particular case of stationary equilibrium
among different phases, apparently as many as the one associated with the traditional image
of the Young equation. Even though the initial conditions of VLS growth involve 3 phases
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(i.e. vapor, liquid and solid), the growing system is indeed composed by 4 phases, where the
growing crystal building up the future nanowire should be considered as an additional solid
phase. Nevertheless, a "growing" system is, by definition, far away from equilibrium. In the
past some attempts to describe and model this stationary regime have been proposed but
they often rely on the application of the Young equation for interconnecting wetting angle and
surface energetic. [91] The main assumption for applying the Young equation is the presence
of an underformable substrate in equilibrium with an unconstrained liquid phase and the
vapor. A growing nanowire though, is not only out of thermodynamic equilibrium, but it is
also constraining the liquid on top of it due to the reduced size of its diameter.

The complexities of the VLS growth mode have been better depicted thanks to three-dimensional
molecular dynamics (MD) simulations which helped visualizing from an atomistic point of
view the consequences of liquid-solid interaction during high temperature nanowire’s growth.
[92] For droplet’s wetting the top of hexagonal cross-sectioned NW, one of the main result is
already the faceted nature of the solid-liquid interface. This interface features four 111 faceted
orientations separated by interfaces that appear atomically rough in nature. The contact line
(TPL) dips below one facet, and climbs above the neighboring facet, following the orientation
of the external facets composing the tip of the wire. The effect is associated with the anisotropy
of the interfacial energies characterizing the solid crystal system. The role of the wetting angle
was also analysed, mostly in its dependency on the liquid volume. In particular, it was proved
that as droplet contact angles approach the Young’s values with increasing liquid volume, a
spontaneous tilting of the droplet to the side of the nanowire was observed. The nature of the
tilting process is mostly linked to the enlargement of one of the tilted facets composing the
solid-liquid interface. As time progresses, the droplet does not lock into a new equilibrium
wetting configuration but rather continues to advance along the nanowire surface. During this
process, the shape of the solid-liquid interface evolves as well, becoming more spherical. This
behavior is also in contrast with many models maintaining fixed solid shapes as reference for
simulating the NW-droplet system.

Due to this dynamical nature of NWs, we should introduce a more microscopic consideration
of the wetting equilibrium. For example, in the case of wetting on deformable substrate, where
surface energies are isotropic, the condition of equilibrium is described by the Neumann
relationship:

YLiv _ YLz _ Yiav
sin  sina sing

(1.5)

In eq (1.5), a is the angle between v and y12v, B is the angle between 1,112 and y12v and ¢
is the angle between y1112 and yr1v.

The reliability of the Neumann equation was proved by experimental observation through
X-ray microscopy of asymmetric wetting ridges on soft solids. [93] In the last years, one
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of the most questionable issues in wetting is the force balance that includes the vertical
component of liquid surface tension. When analysing soft solids, it is possible to observe the
vertical component leading to a microscopic elongation of the contact line, forming a peak. In
particular they were able to link the macroscopic and microscopic contact angles to Young
and Neuman laws, respectively. The main message of this result is that by deeper investigation
what is valid at the macroscopic scale is often untrue in the microscopic domain.

From a macroscopic point of view, whenever interfaces involve crystalline solids or liquid
crystals, the interfacial energies cannot be isotropic and the computation of the equilibrium
of the system gets more complicated. For isolated solid for example, the equilibrium shape
differs strongly from the one associated to a Iquid particle, due to the anisotropy of its surface
energy. An effective model for predicting the equilibrium crystal shape (ECS) of isolated solid
particle is the Wulff construction which involve the polar plot of the orientation dependence
of surface energy, also known as the y-plot.[94] The ECS is convex and conveniently centered
on a point referred to as the Wulff point. This construction can show the formation of facets
or curved surfaces, respectively in case of a crystallographic preferential orientation and
in case of atomically rough orientations. When a liquid is in contact with a substrate, the
implementation of the anisotropy of the interfacial energy of the solid should be addressed in
order to properly understand the equilibrium condition of the system.

1.5 Outline

In this thesis work, we will present three main insights gained thanks to the synergy between
theory and experiments, between simulations and real data analysis. The software Surface
Evolver[95] used for modelling the wetting contribution, is presented in the methodology part.
The first main insight concern the preparation of arrays of semiconductor nanowires through
VLS and selective area epitaxy and the possibility to optimize the vertical yield thanks to the
engineering of the wetting behavior of the catalytic droplets at the initial stages of growth. The
same phenomenon is first analyzed for arrays produced from cylindrical cavities obtained
through traditional lithographic techniques and secondly for arrays produced without lithog-
raphy and presenting smooth cavities. The second topic analyzed is the wetting behavior
of droplets constrained on top of nanowires and/or cylindrical pillars. In such conditions,
droplet volume and constraint geometry are the key factors for determining the most stable
configuration of the droplet and thus the direction of further layers of growth. In the following
chapter, we will focus on more exotic nanowires and thus the wetting behavior of droplets is
observed on new geometrical constraints in order to explain alternating growth mechanism.
In the last chapter we will present also some considerations about the nucleation event at the
triple-phase line, under the assumption of crystal anisotropy and unbalanced capillary forces.
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4 Methodology

Modelling the outcome of an experiment before its actual realization can save time, resources
and consequently enhance scientific progress. Computational-based problem solving ap-
proaches are diffusing as reliable tools for the design and advance of experimental science.
In the field of nanotechnology, computational support becomes even more useful due to the
highly specialized and demanding experimental conditions at which the most interesting
phenomena take place. Limited size and reduced time-scale characterizing crystal growth are
often out of reach and simulations can represent a reliable alternative to in-vivo observations.
The combination of experimental efforts and computational modelling can ensure the proper
development of theories allowing better understanding and control of nanoscale processes.
In this project we show how improving the interlinks between experiments and theory is
essential to gain in simplicity and thus in consequent understanding of fundamental science.
The experiments have been performed by collegues belonging to the LMSC group in EPFL,
who provided a lot of inspiring innovative structures and versatile preparation procedure
representing the real starting point of all the modelling and theories provided in this thesis.
Regarding the modelling part, both thermodynamic principles and kinetics considerations
are interlinked to ensure a wider range of accuracy, mainly regarding the analysis of the initial
stages of crystal growth. The main theories developed here, even though based on experimen-
tal observation of specific physical systems, are of general nature and thus can be translated
to solve wider questions involving phase transitions and stability rules in different fields and
applications. In particular, a tool that resulted to be particularly versatile and useful is the
software Surface Evolver, which provides a reference frame for the analysis of liquid-solid inter-
action and its consequences on the equilibrium of the system. Liquid stability is not only key
for understanding the VLS growth of NWs but it is relevant also for medical applications and
in the development of bioinspired materials. We thus devote the chapter of the methodology
for explaining how Surface Evolver works.[95]

13
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2.1 The theory on Surface Evolver

The software Surface Evolver was developed in C code language by Kenneth A. Brakke in the
90s.[95] The main characteristic is in its interactivity which ensures the study of the shape
of liquid surfaces under the effects of different energies and constraints. It is possible to
implement gravitational energy, surface contact energy and surface energy integrals. Con-
straints can be defined by the user both locally and globally and they can include linear or
superficial boundaries or the arbitrary selection of a fixed volume or pressure. Any given
surface is represented as a collection of connected triangles enabling the system to create and
adopt arbitrary and complex topologies. The most straightforward use of Surface Evolver is to
minimize the energy associated with a certain surface. The total energy is computed starting
from the coordinates of the vertices of the triangulation composing the surface using different
methodologies: gradient descendent, conjugate gradient or Hessian matrix. The first two are
first order methods, providing the calculation of the first derivatives of energy and constrained
quantities. Often these methods are slow to converge to the minimum configuration and it
may difficult to know whether the system is blocked into a saddle point. The Hessian matrix is
thus available to fast this process by providing the second order derivatives of the energies with
respect to the vertex coordinates[96] In our analysis we implemented a fixed gap energy, equal
to one, to define the curved constraint convex, in order to keep the edges from short-cutting
curved constraint surfaces. Because of this constraint the investigation of the eigenvalues of
the Hessian matrix in order to verify the minimal energy condition is not possible. We thus
worked mostly through the gradient descent method.

The gradient descendent method can be represented as an attempt to get down from the top
of a mountain by taking the path with the highest steepness. Since the mountain-landscape is
not constant, a repetition of the measurement of the local steepness will be necessary to verify
the correct direction. In the hypothesis that the measurement of the steepness takes long, the
fastest way downwards will imply the selection of the optimal frequency in the measurement.
We consider now instead of a mountain-landscape a multivariable function F(x), composed
by all the energetical contributions defining the system. In the hypothesis that F(x) is locally
differentiable in the point a, the descendent method predics that F(x) decreases fastest if one
goes from a in the direction of the negative gradient of F(x) calculated in a, that is to say -
VE(a). Considering the successive step n, along the direction of the gradient calculated in the
a, we can summarize the descendent method with the statement that if (2.1) is true,

an+1=an—YVF(ay) 2.1)

for y real and small enough number, then F(a,) = F(ap,1). The main idea is the movement
agaist the gradient, toward the local minimum. Considering different successive steps and
starting from a guess of the minimal position x¢ of F, it is possible to have a monotonic
sequence: F(xg) = F(x;) = F(x2) = F(x,). This sequence is predicted to converge into (xy),
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coordinates of the desired local minimum. In our case the use of the global constraint convex
for F ensures all local minima are also global minima, so in this case gradient descent can
converge to the global solution. By setting a convergence criteria based on the difference in
energy between consecutive iterations is possible to set the end of the simulation. We also
perform a final switch to the quadratic model, in which edges are represented as quadratic
curves and facets as quadratic patches, in order to increase the accuracy. The best guess of the
final energy value associated to the equilibrium condition is obtained, after fine refinement of
the mesh, thanks to an extrapolation procedure. According to our knowledge the extrapolation
gives the best result as long as the ratio between the area of the largest facet and the total area
of the surface of the liquid results lower than 10 ~3. Moreover, a clear sign of being close to the
equilibrium solution is the nearly null variation in the total energy after each iteration.

From its release as a free programme, Surface Evolver has been used mostly for solving
problems of capillary surfaces.[97, 98] In particular a very interesting application is still the
research aimed at optimizing the superhydrophobicity of surfaces. Wetting and spreading of
a drop on any heterogeneous surface is related to the pinning of its triple line. The pinning
makes the motion discontinuous and thus impossible to be solved analytically. Thanks to
Surface Evolver it is possible to analyse the stability of microdroplets configuration and thus
enabling the prediction of its stillness as a function of the volume/pressure or geometrical
characteristics of the system. In general the majority of defectfull or composite surface can
be engineered to modify the wetting dynamics on top of it. Many works mostly address the
changes in the shape and energy of a drop as a function of volume and number of circular
defects contacted at the solid-liquid interface. As a consequence it is possible to predict,
by comparing the effective stability of the different configurations, the respective receding
and advancing thresholds.[99, 100, 101] In the field of biology, Surface Evolver is capable of
modeling lipid membrane vesicle system accurately. An example is the possibility to model
the different vesicle configurations of the non-cylindrically symmetric case, impossible to
solve without numerical methods. As a further confirmation, during the iteration and the
minimization processes the shapes behaved as they would in the natural world. By identifying
the range of stability of such shapes, they computed the elastic constant of the membrane
and verify the agreement with theoretical predictions.[102] Also the solidification from liquid
metals can be analyzed by using the Surface Evolver. The crystallization generally starts at
many nuclei with random orientation and the atoms at the grain boundaries are the one in
a higher energy states than the interior atoms. During the annealing, termal motions can
be activated and the boundaries migrate at a rate proportional to their curvature, assuming
absence of defects/impurities. Through iteration it is possible to model the dynamics of the
evolution and get to the most probable grain distribution.[95] As a final example of Surface
Evolver application, we cite the analysis of non-Newtonian flow of liquids and of the plastic
flow of solids. The elastic—plastic response of dry soap foams subjected to quasistatic, simple
shearing flow is analyzed. In specific they computed the foam structures that minimize total
surface area at each value of strain.[103]

The complete Surface Evolver package, including source code, manual, and sample datafiles,
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is available for free from geom.umn.edu.

2.2 Practicalities of Surface Evolver

Surface Evolver is a finite element based software and the quality of the mesh is a fundamental
aspect for ensuring reliable results. The mesh represents the surface, the external boundary of
a certain domain. In this software the main geometric elements involved in forming the mesh
are vertices, edges, faces, and bodies. Vertices are associated with points in the 3-dimensional
Euclidean space. The edges, connecting pairs of vertices, are characterized by straight line
segments. Faces are delimited by 3 edges, creating flat triangles. In order to define a body; it
is necessary to list the faces bounding it. The combination of all the elements of the system
gives birth to a macroscopic entity, the "surface", on which Evolver operates according to
constraints, boundaries, and forces, that is to say the auxiliary data provided to define the
dynamic of the system. There are no limitations on how many edges may share a vertex nor
on how many faces may share an edge. This freedom allows to represent also the condition
of triple junctions of surfaces characteristic of soap film. There are no restrictions on the
orientation of neighboring edges and faces: that’s why unoriented surfaces can be treated as
well. The whole system, represented by the entity "surface" is bound to have a total energy,
calculated by summing up the surface tensions associated to the different bodies or even
to the different faces and edges. This total energy is the energy which the software Evolver
minimizes during each iteration. No particular units of measurement are used. The program
only deals with numerical values and to relate the results to the real world, it’s just necessary
to unify the obtained values within one consistent system. Before starting the simulations, it
is necessary to specify the initial conditions of the surface. For doing that, the characteristics
of all the necessary elements are listed into a text file (the "datafile"). An example of the layout
of the initial mesh is provided in Fig. 2.1, where we show the part of the datafile containing the
elements of the mesh on the top and the relative shape given by the combination of all the
elements.

The terms VERTICES, EDGES, FACES, and BODIES signal the start of the respective sections. As
you can note in this example, faces belonging to the initial mesh are not necessarily triangles.
During the iteration of the shape, non-triangular faces will be automatically triangulated by
adding a vertex at its center and creating edges connecting this new point with each of the
original vertices. Faces don’t have to be planar and they can thus connect vertices which are
also very dispersed. Even though the total surface itself does not need to be oriented, each face
is supposed to have a specific orientation. The face oriented normal is defined by the "right
hand rule", according to the direction in which the edges composing the face are defined (in
section EDGES) and interconnected (in section FACES). In defining a body, the boundary faces
must have outward normals. The properties and attributes of an element are given on the
same line after its definition.

The example reported in Fig. 2.1 is the case associated to a mound of liquid wetting a substrate.
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The contact angle between the liquid surface and the tabletop is adjustable, to simulate the
different degrees to which the liquid wets the table. The liquid is computed with an initial
mesh associated to a cube with one face on the tabletop (the z = 0 plane). In order to define
the contact, the face laying on the substrate is omitted and removed from the listed elements
composing the liquid body. While the face is removed, we associate to the edges around face 6
an energy integrand that results in the same energy we would get if we did include face 6. If
we let the interface energy density for face 6 be T, then we want a vectorfield w such that:

[ 1s-f wa e
faceb faceb

By Green’s Theorem, it is necessary to find a certain w whose curl is equal to the value of Ti. In
practice the line integral defined in the datafile sums up strips of surface. The contact angle in
the software is parametrized as the angle in degrees between the table and the surface on the
interior of the drop. This angle can be adjusted by assigning a value to the variable angle both
in the datafile and while running the simulations.
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Figure 2.1 — On the top we show a part of the datafile associated to the mound problem,
most precisely the section where the elements of the initial mesh for the simulations are
provided. On the bottom, the relative visualization of the vertices and edges as defined in thg
datafile.[Surface Evolver Manual]



8] Liquid Assisted Selective Area Epitaxy

3.1 State of the Art

The possibility to prepare an ordered array of nanowires (NWs) allows more effective inte-
gration of nanostructures into macroscopic devices. Ordered arrays became possible thanks
to the development of high-resolution lithographic techniques, ensuring the fabrication of
preferential locations were the crystal growth can take place.[30, 104, 105, 106] The fabrica-
tion process involves selective etching of part of the substrate according to predefined mask.
Thanks to the mask it is possible to control many characteristics of the patterning, like the size,
the shape, the holes-interdistance and the depth of the regions were the growth will take place.
Such features are relevant not only in determining optical or electronic properties of the final
device, but even more importantly in the realm of bottom-up approach, they can influence
the dynamic of growth and thus the possibility to obtain good yield and uniformity.[32, 107]
Beyond the geometrical constraint inherited by the mask selection, there are different other
parameters that play a key role in the growth process, such as the growth temperature and
the material fluxes. On the atomistic level, the growth temperature control absorption and
desorption rates and diffusive processes. The diffusive processes, together with adsorption
and desorption rate, are essential in determining the effectiveness of selectivity of the mask
and also the rate at which the already formed nanowires can proceed the growth. From a
macroscopic point of view, the sum of all these microscopic processes sum up into the se-
lection of a specific crystal phase composing the bulk of the material and a certain faceting
composing the boundaries of the crystal.[63]

Once the most stable crystal phase has been identified, another step in the epitaxial growth
process is the selection of the growth direction. Any crystal system is characterized by an
ordered and repetitive lattice whose frame is given by the translation along all 3 dimensions of
the same unit cell. The unit cell is the smallest repeating group of atoms having the full symme-
try of the crystal structure. According to the symmetry of the crystal, different directions and
planes can be related to each other by mathematical transformation making them equivalent
also from an energetic point of view. This equivalence among namely different planes and
directions is what unifies a crystallographic family. In crystals holding high space symmetry
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structures there is not a principal axis with higher rotational symmetry: the axis designation is
therefore arbitrary and has N invariant solutions, with N the number of directions belonging
to the same family. Cubic and orthorhombic crystal systems, usually composing the structure
of III-V semiconductors, possess high symmetry space groups thus creating the uncertainty in
the selection of an unique preferential direction.[108, 109]

One of the main requirements for improving the performances of nanowire’s array based de-
vices is the conformity of the orientation of the different nanowires: a vertical alignment with
respect to the substrate is traditionally preferred for photovoltaics and electronics applications.
Nevertheless, also preferentially tilting nanowires are becoming relevant for applications in
quantum computing, where the crossing between multiple nanowires becomes a resource, but
we will not consider this case in this chapter.[110, 111] For nanowires composed by semicon-
ductors the energetic invariance among multiple growth directions makes difficult to realize
high yield homogeneous alignment over the whole sample. In this chapter we will focus on the
contribution of the liquid phase in increasing the yield of vertically oriented nanowires. Firstly,
we present the preferential configurations of the liquid droplet inside a cylindrical geometrical
constraint (representing the hole in the pattern) and how their wetting properties are related
to the outcome of epitaxial growth. Secondly, we predict the dynamics of diffusion inside the
confined liquid particle and we analyze the effect of the shadowing caused by the sidewalls in
creating an As concentration gradient influencing the nucleation dynamics. Lastly, we analyze
the wetting behaviour of liquid into cavities having smooth sidewalls and we observe the
consequences on the successive nanowire’s growth.

3.2 Wetting behaviour into cylindrical cavities

Our computational study analyzes the morphology of liquid droplets into flat-bottomed round
wells as a function of their volume and of their disposition into the cavity. The shape of the
cavity resemble the experimental setup taken as a reference and we fixed the ratio between the
width and the height of the hole, also called the aspect ratio (d/h), to the value of 2. Wettability
analysis needs contact angle measuraments as primary data, indicating the degree of wetting
during the interaction between a solid and a liquid. The contact angle is defined as the angle
formed by the intersection of the liquid-vapor interface and the liquid-solid interface. The
interface where solid, liquid, and vapor co-exist is referred to as the “three phase contact line”
or also "triple line". The measured contact angles with the floor and the walls of the cylindrical
cavity are 51°and 116°, respectively, obtained by ex-situ SEM analysis. The difference in the
wetting angle is due to the fact that the floor and the wall of the cavity are made of different
material: Silicon (the substrate) and Silicon Dioxide (the mask for the selective area epitaxy).
The geometrical configurations in which the liquid can be found in the well can be divided
into 5 main regimes that are shown in Fig. 3.1.

The first and simplest situation depicted in the inset a) concerns a liquid which is not in
contact with the walls of the well and thus the drop is an half space convex region bounded by
a single plane with a constant contact angle. This kind of shape is the simplest one and can
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Figure 3.1 — Representation of the 5 main regimes of the droplet initial configuration in the
round well.

be associated to a spherical cap. The second configuration represented in inset b) shows an
isolated blob which intersect the floor/wall junction, which is energetically favorable when
the droplet has small volume or system is characterized by a sum of floor and wall contact
angles major then 90°; in this case the drop can be subjected to two different surface energies
according to the nature of the floor and the walls respectively. The third case illustrated in
part c) describes the formation of an isolated droplet that attaches on the non-planar walls of
the cylindrical well. In inset d) we show the configuration in which the droplet just wets the
side of the hole, creating a ring-like shape. Finally, in panel e), we represent a liquid which
fully covers the bottom part and the TPL is distributed just on the lateral walls. Also in this
condition, like in the first case, the minimal energy shape of the droplet is given by a spherical
cap.

The equilibrium shape of the liquid surface in the different configurations is computed with
Surface Evolver, introduced in chapter 2. The liquid-vapor interface is set with interfacial
energy settled by default at 1, while the energetics of the liquid-solid interface is defined
through fixed energy integrals, dependent on the contact angles with both the floor and
the wall of the well. Along the intersection between floor and walls, the use of vertex scalar
integrands is implemented in order to merge the floor and walls contribution. The scalar
integrand is reported in eq. (3.1) and it was applied to the two external vertices composing the
liquid on the wall-bottom interface, respectively with a plus and a minus sign.

FLOORT * (rad® « atan2(y,x) — x  y)/2 (3.1

These integrals are applied to the 2 vertices delimiting liquid

The iterations towards the complex interfacial static equilibrium is performed at fixed droplet
volume and contact angles. Everytime a new volume is analysed, the simulations were started
by the volume proper of the initial shape and then increased step by step after iteration towards
equilibrium at each stage. An example of developmental shape is shown in Fig. 3.2
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Figure 3.2 — Sketch of the development of the liquid shape at the edge of the cylindrical cavity
as a function of the droplet volume

3.3 Computational results wetting into cavities

In this section we summarize the results of our simulations. We show the computation of
the surface energy of the equilibrium shape of the liquid droplet as a function of the droplet
volume for the 5 different configurations shown in Fig. 3.3.

Energy
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Figure 3.3 — Computation of the droplet’s normalized surface energy as a function of the
droplet’s volume for different configurations inside a cylindrical cavity. The normalization of
the surface energy involves both the droplet’s volume and the difference in interfacial energy

between the solid-liquid and the solid-vapor system. The droplet’s volume is normalized by
the cavity’s volume On the right side we show the images of the configuration considered.[112]

Any system at equilibrium adopts the configuration associated with the lowest energy state.
From the results shown in Fig. 3.1, the preferential configuration of the liquid droplet is the one
associated with the lowest energy curve. For small droplet’s volumes, the most stable shape
is the one pinnned at the edge of the cavity, partially wetting the bottom and the sidewalls
of the cavity. Due to the limited size of the cavity, the range of allowed droplet’s volume for
each shape is limited as well. For each configuration the threshold volume depends on the
aspect ratio of the cavity and on the contact angles characterizing the system. For normalized
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droplet’s volume larger than 0.45, the only configuration remaining allowed is the complete
configuration which will remain the preferential one until spreading outside of the cavity.
From these results we can conclude that, once the aspect ratio of the cavity and the wetting
angles of the system are defined, it is possible to predict the development of the preferential
wetting configuration of liquid’s droplet as a function of the volume of the droplet. From an
experimental point of view it means that the droplet’s volume can be used as a parameter to
trigger different configurations in the system.

In the case of the VLS growth of NWs performed in our laboratory, this information is particu-
larly relevant also in relation to the recipe that has been optimized in the last years. This recipe
contains a pre-deposition step of just Gallium on the substrate prior to the real preparation
of the NWs. Such additional step allows Gallium atoms to diffuse towards the preferential
regions and coalesce into droplets. By finely tuning the time of the Gallium deposition, it
is possible to change the avarage size of the metal drops thanks to the consequences of the
Oswald ripening phenomenon. The successive NW growth process resulted to be influenced
by the modification of time of this step. In Fig. 3.4 we show the comparison between two arrays
prepared with the same growth conditions and pattern characteristics, but having different
Gallium deposition time, specifically 10 minutes (left) and 15 minutes (right).[112]

Low Filled Cavity Complete Filled Cavity

- S
Edge . |
Configuration Complete Configuration |

Figure 3.4 — Comparison between NW'’s growth obtained after short (left) and long (right) time
of Gallium pre-deposition. We deduce from our previous results that the initial configurations
of the droplet are the edge and the complete one respectively.[112]

From the SEM images in Fig. 3.4 we can appreciate the increase in the vertical yield thanks
to the modification of the length of the Gallium deposition time. We find that for small
Gallium deposition time, the amount of material available is not enough for filling the whole
cavity. From our experimental measurements, we conclude that in these conditions, the
droplets forming adopt the edge configuration. For larger deposition times, the volume of
the droplets is large enough to fill completely the cavity: this situation corresponds to the
complete configuration of the simulations which also ensure higher vertical yield. We believe
that a complete filling of the hole by the Gallium increases the probability to obtain vertical
nanowires because the symmetry of the cavity system is preserved. Intuitively, this helps the
verticality because it can lead to a more homogeneous environment at the bottom of the hole
for the first layers of crystal growth.
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3.4 Initial stages of NW’s growth

The VLS growth mode usually takes place as a homogeneous layer-by-layer epitaxy confined
in the regions where the liquid droplet is present. From this assumption, the results obtained
in the previous sections would be considered enough for explaining why a complete filling of
the hole increases the probability to obtain vertical nanowires. Indeed, a partially filled cavity
creates a system characterized by a gradient in the growth velocities: the uncovered regions
are still in contact with the vapor and continue to react at a different rate with respect to the
regions in contact with the liquid. The disomogeneity in the epitaxial growth rate can lead to
the formation of slanted growth front causing the successive tilting of the whole crystal. To
verify this hypothesis we decided to characterize the shape of the crystal seeds, formed after
few minutes of nanowires growth. In Fig. 3.5 we show the AFM images of GaAs crystals after
15 minutes Gallium pre-deposition and 2 minutes of NW'’s growth into cavity having diameter
of 45nm (a) and 90nm (b). [112]

Figure 3.5 - AFM images of the initial stages of growth of GaAs crystals, obtained after 2 minutes
nanowire’s growth. The two samples differ for the cavity’s diameter, which is respectively 45nm
(a) and 90nm (b). The scale bar are 100nm and 200nm.[112]

Thanks to these AFM images it is possible to recognize the difference in the initial stages of the
growth caused by the different droplets configuration. In particular, inset (a) can be associated
with the complete filling of the hole. Multi-layer terraces and rings can be recognized at
the bottom of the cavity. These results are a bit in contrast with the expected layer-by-layer
growth mode and show that the fundamental mechanisms taking part to the growth process
need further clarifications. In inset (b) the larger diameter of the cavity increases the range
of stability of the edge configuration. For the same Gallium deposition time as the 45nm
diameter holes, this means that the amount of material is not enough to ensure the transition
to the complete configuration, thus allowing us to observe the crystals obtained from an
initial condition of partially filled cavities. Such crystals have the shape of islands with large
slanted lateral facets in agreement with the presence of tilted growth fronts and reasonably in
agreement with a consequent growth of slanted nanowires.
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3.5 Arsenic diffusion and shadowing effect

The atypical observation of ring shapes at the beginning of the growth process suggested that
there were additional considerations needed to explain the growth mechanism of nanowires
obtained from patterned substrate. We thus decided to consider another parameter detrimen-
tal to fully describe the droplet environment at the first stages of NW’s growth. This parameter
is the arsenic concentration, specifically As, in the liquid: due to the confinement into cavity
and the shadowing effect caused by the sidewalls the flux of material inside the liquid will
not be homogeneous and may create gradients influencing the growth dynamics. Fig. 3.6
(a) illustrates the configuration of the gallium droplet in the symmetrically filled hole and
the directionality of the As4 flux characteristics of the MBE. In addition we remind that the
substrate rotates for the whole time of the process. We computed the concentration profile of
the arsenic by numerically solving the Fick’s equation (3.2), where J stands for the flux of the
specie, D is the diffusion coefficient and c is the concentration profile in 3D.

Ji=—-DV¢; (3.2)

The solutions to the the Fick’s law are obtained through finite element method for each
orientation of the impinging flux. The final concentration profile of the diffusing material
inside the droplet is calculated as time average of all the solutions calculated in a complete
period of rotation of the flux around the z-axis of the cylinder. The boundary conditions for
solving the differential equations are reported in eq. (3.3) and (3.4):

c(x,y,2)=0.1,[z=0] (3.3)

c(x,y,2) =0.1,[x* + y* = 0.5?] (3.4)

Equations (3.3) and (3.4) define the absence of diffusion through the substrate (located at
z=0) and the sidewalls of the cavity respectively, thus limiting our analysis to the internal part
of the cylindrical cavity. No bouncing or desorption effects were taken into consideration. We
considered the existence of an effective impinging flux just on the surface of the droplet inter-
secting the time dependent flux. The impinging time dependent flux also has an orientation
dependent value: it has maximum intensity when it hits a region of the surface with normal
parallel to the direction of the flux itself. The choice of the concentration is arbitrary and not
relevant for obtaining numerical results.

In Fig. 3.6 we show the time averaged results of the concentration profile obtained for two
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Figure 3.6 — (a) Sketch of the droplet configuration in the cavity with the directionality of As
fluxes characterizing the MBE system. Computed 3D plot of the As concentration profile and
its cut through the droplet center for cavities with aspect ratio (d/h) 2 (b) and 6 (c) [112]

different aspect ratio (d/h) of the hole: 2 (b) and 6 (c). The gradient in the arsenic concentration
can be appreciated in the change of colors from which we identify the directionality of the flux
(indicated by black arrows) in the cross-sectional plots (right column of the insets). For low
aspect ration (d/h=2) ratios, the arsenic flux is directed towards the oxide-substrate interface
line due to the strong shadowing effect caused by the geometry of the cavity. The lack of arsenic
in these zones creates a permanent concentration gradient which may alter the homogeneity
in the growth dynamics. By increasing the aspect ratio, the arsenic diffusion flux is turned away
from the substrate-oxide interface line in favor of a more perpendicular alignment. When
the d/h ratios are too large, concentration gradient toward the oxide-substrate line becomes
negligible. Hence, the arsenic diffusion towards the substrate becomes homogeneous proving
that after a certain aspect ratio the shadowing effect becomes irrelevant.

Finally, we decided to verify what happens to the arsenic concentration profile in the case of
droplets appearing in the edge configuration. For this analysis the droplet shape is approx-
imated to a cap of a sphere intersecting a cylinder, with the center of the spherical cap in
correspondence of the cylindrical sidewalls, as represented in the sketch in the first column
of Fig. 3.7. The resolution of the Fick’s law is performed in the same way as explained for the
symmetrically filled cavity case. The density plots of the concentration profile for cavities
having different aspect ratio, specifically 2(a), 4(b) and 6(c) are shown in Fig. 3.7.

As shown for the symmetric case, the shadowing effect strongly effect the concentration profile
inside the droplet, creating a gradient in the As concentration which will enhance the diffusive
processes towards the Silicon-Silicon Dioxide interface. In this case, even though there is
gradient directed towards the edges of the cavity, the asymmetric nature of the wetting itself
will provoke the asymmetry in the growth front.

3.6 Smoothening the sidewalls

In this additional section we introduce an innovative approach which combines the func-
tionalities of the selective area epitaxy and the freedom of engineering the wetting angle.
Also the experimental approach is interesting due to the absence of traditional lithographic
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Figure 3.7 — Sketches of the asymmetrically filling droplet configuration inside a cylindrical
cavity and corresponded sliced contour plot of the calculated Arsenic concentration profile
for different aspect ratio: a) d/h=2, b) d/h=4, c¢) d/h=6.[112]

techniques while ensuring the localization of nanoparticles into ordered arrays.[113] The
procedure follows a 2 steps annealing for the preparation of ordered nanowires arrays from
micron-features. The micro-features are composed by a thin layer of gold deposited on a
thin layer of antimony. The first annealing step induces the dewetting of the gold and causes
the formation of nanoparticles close to the center of the micro-features. With the second
annealing step, at higher temperatures, the nanoparticles are used to imprint their shape
onto the oxide mask covering the substrate. Additional etching steps follow to remove the
gold particles and reach the Silicon substrate underneath the oxide, to obtain the patterned
sample ready for epitaxy. In Fig. 3.8 a) the resulting geometry of the cavities formed thanks
to this approach are shown in AFM measurement of the profile. From the color contrast we
can appreciate the lateral roundness and the ring formation around the nanoparticles. The
arrow indicates the Si open area diameter. Thanks to the parabolic shape of the imprinted
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hole it is possible to control the diameter of the substrate open area by controlling the reactive
ion etching (RIE) parameters in the last part of the process. The growth of GaAs nanowires
through self-catalyzed VLS approach was demostrated and optimized, reaching yields of
vertical NWs around 60%.[113] By analyzing the gallium pre-deposition step of the growth
process, it was observed that the highest vertical yield are obtained for deposition time leading
to high wetting angles of the gallium droplet (higher than 85°). The possibility to modify the
wetting angle, while ensuring the localization of the droplets, represents a very interesting
result since high vertical yield is often associated with high droplet wetting angle. In order to
investigate the morphological advantages of these nanoimprinted structures, we performed
simulations on the wetting behavior of sessile-droplets blocked in holes without edges or
corners. Fig. 3.8 b) shows the cross section of the Gaussian curve representing the geometrical
constraint imposed on the droplet. The aspect ratio between the height and the width of the
hole is set to 1:10 to best approximate the experimental measurements. For the same reason,
the interface between Si and SiO2 is placed at z= -0.66, where a sharp modification in the
contact angle is implemented.

20 20
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Figure 3.8 — (a) Color-coded AFM images of a single nanohole, top view on the left and 70°-tilted
view on the right. Scale bar 100 nm. b) Cross section view of the 3D-Gaussian representing the
hole geometry. The interface between Si and SiO2 is placed at z= -0.66 [113]

We computed the morphological evolution of the droplet shape towards equilibrium thanks to
Surface Evolver (section 2.2.1 for details). The contact angles of 51° and 116° are respectively
for Silicon (red region) and for SiO, (green region). The droplet is placed at the bottom-center
of the hole and the system conserves a circular symmetry throughout all simulations. Rather
than focusing on the surface energy of the system we decided to focus mostly on the variation
of the shape of the droplet as a function of the droplet’s volume. In particular, we studied the
change of the Ga wetting angle with the increment of the Ga droplet volume (Vdrop). The
results of our simulations are shown in Fig. 3.9.

In our results we study the apparent angle, which differs from the Young’s equation related
contact angle because its value cannot be taken as a reliable indication of the energetics of
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Figure 3.9 — Variation of the apparent angle of sessile droplets confined in a Gaussian-shape
two-material hole morphology as a function of the volume of the droplet. The normalization
Vo is arbitrary. Values are obtained from the shapes evolved by the software Surface Evolver.
[113]

the system. We define the apparent angle as the angle between the Ga droplet tangent at the
triple-phase line and the horizontal plane. The dependency of the wetting angle on the volume
is not monotone and can be analysed by distinguishing 2 different regimes. In the first regime,
there is a reduction of the apparent angle for increasing droplet’s volume, until the value of 34°
at Vdrop/Vo = 1. This decrease is connected to the variation of the inclination of the sidewalls,
particularly relevant close to the center; the resulting apparent angle corresponds to the
difference between the value of the Ga contact angle on silicon (51°) and the inclination of the
sidewalls of the hole. This first regime indicates the interval of volumes in which the droplet
is allowed to spread. At Vdrop/Vo = 1, the presence of the minimum apparent angle value
indicates that the droplet perimeter reached the sharp two-material separation interface, thus
changing the dynamics of wetting. In the second regime, an increase in the droplet volume
results into an increment of the droplet’s apparent angle. For large volumes, the apparent
angle reaches saturation at the value of 101°, in agreement with the expected apparent angle
for a Gallium droplet freely wetting a tilted SiO2 substrate (with real contact angle of 116°).
The possibility to modify the apparent angle of droplets by spatial confinement is known as
'pinning effect’. We conclude that the observed high wetting angles are the result of the pinning
of the droplet at the 2 materials interface line which, in the absence of edges constraining the
shape, is free to develop larger wetting angle for larger volumes.
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Liquid stability on top of cylindrical
pillars for growth direction control

In this chapter we will focus on an approach for optimizing the growth of NWs, which can be
taken as the complementary solution to the cavities-based selective area epitaxy. This method
combines the localization of the droplet and the engineering of its wetting angle thanks to the
patterning of the substrates into oxidized nanoscale pillars.[114] From an experimental point
of view, this approach revealed to be interesting for obtaining vertical III-V-based structures
when attempting to grow NWs starting from Si(100) substrates. Even though the yield obtained
is around 10%, this remains among the best achievements for Au-free vertically [100]-oriented
flat nanostructures. Nevertheless, from a more fundamental point of view the method used
and the correlated tuning of the properties of the liquid catalyst droplet in terms of size
and wetting angle deserve interest due to the combination of droplet confinement with a
varying degree of effective wetting angles. Before entering into the details of the wetting on
top of oxidized pillars, ensuring the confinement solely on the top part, we will focus first
on the analysis of droplets wetting pillars composed by just one material, in order to clarify
the simplest case first. At first we introduce important considerations regarding the droplet
stability on top of single-material columns and their effects on the successive stages of the
growth of NWs from an experimental point of view.[80] The second part of this chapter will
focus on the single-material-column expansion given by the combination of two different
materials composing the pillars: the tactic enabling a more precise confinement and a more
refined tuning of the wetting properties, with the perspective of obtaining a larger range of
NW'’s growth outcomes.

4.1 Droplet stability on top of single-material-pillars

In this section we report a detailed analysis of liquid stability on top of cylindrical pillars
composed by just one material. Many considerations, even though apparently trivial, can
clarify some interpretations and fundamental aspects of materials science that need to be
revisited. Such discussions are important for developing new crystal growth models which
are coherent with the special system represented by the liquid assisted growth mode. The
theoretical dissertation and their main conclusions are then supported by experimental
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evidences obtained by our colleagues. In particular, we consider the case of InAs NWs grown
by self-assembly mode in MBE on top of GaAs(111)B substrates. The analysis of the wetting
stability of the Indium droplet is done on top of these NWs after an annealing step, responsible
for the formation of droplets. Thanks to SEM investigation, we collected enough data to verify
our considerations about droplet stability and a conformal evolution with an increase of size.
(80]
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Abstract

CrossMark

Liquid droplets sitting on nanowire (NW) tips constitute the starting point of the vapor—liquid—
solid method of NW growth. Shape and volume of the droplet have been linked to a variety of
growth phenomena ranging from the modification of growth direction, NW orientation, crystal
phase, and even polarity. In this work we focus on numerical and theoretical analysis of the
stability of liquid droplets on NW tips, explaining the peculiarity of this condition with respect to
the wetting of planar surfaces. We highlight the role of droplet pinning at the tip in engineering
the contact angle. Experimental results on the characteristics of In droplets of variable volume
sitting on the tips or side facets of InAs NWs are also provided. This work contributes to the
fundamental understanding of the nature of droplets contact angle at the tip of NWs and to the

improvement of the engineering of such nanostructures.

Supplementary material for this article is available online
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Introduction

Nanowires (NWs) are filamentary crystals with a tailored
diameter in the few nanometer range. Semiconductor NWs
and in particular III-V NWs, are promising building blocks
for next-generation computing, sensing and energy harvesting
devices [1-7]. NWs can be obtained in arrays of uniform
structures [8—11] as well as by self-assembly on a substrate
[12—16]. In this case, the characteristics of the structure may
exhibit a higher degree of variation in terms of structure,
growth direction and even crystal polarity. Flexibility of NW
characteristics in the self-assembled approach may originate
from the dispersion in NWs distance, diameter and nucleation
points [17-19].

The most common method used for the growth of NWs is
the vapor—liquid—solid method, VLS, in which a liquid metal

3 Author to whom any correspondence should be addressed.

0957-4484/19,/285604+09$33.00

is used to preferentially decompose and gather growth pre-
cursors. Upon supersaturation of the precursors in the liquid
phase, a solid NW is formed [20, 21]. Recently, it has been
shown that the characteristics of the liquid droplet are
essential for many aspect of the growth of the NWs. In
particular, it has been shown that the droplet contact angle
with the solid NW determines the crystal phase, growth
direction, orientation and polarity of the NW itself [8, 22-26].
To that end, we believe that the direct translation of capillarity
laws from the planar to the non-planar nanoscale case has not
been discussed with enough depth. Important works have
been published regarding the possible role of edges [27-29]
and the effect of the droplet volume on the contact angle
[25, 30]. However, given the prominent role of the contact
angle in NW growth, this point deserves clarification. In this
paper, we define basic capillarity laws determining the sta-
bility of nanoscale droplets on the tip of NWs. We start by
providing a theoretical basis from a historical point of view.

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Sketch of a sessile droplet wetting an ideal infinite solid and whose shape is characterized by the equilibrium angle, 6y,
minimizing the surface energy of the system. (b) Sketch representing the pinning effect characterizing the wetting of variable volume droplets
on top of a truncated cone. When the droplet triple phase line (TPL) is in touch with the edge, there is a continuous range of contact angles
available from 0y, and Oy, + ¢ine, With g, representing the inclination of the sidewalls and 6y, the sidewalls equilibrium angle.

We then follow-up with numerical simulations that explain
the stability conditions of the droplet, based on surface energy
minimization. Finally, we provide experimental results on the
In (droplet)/InAs (NW) system, consistent with the theor-
etical considerations. Our work provides new insights into the
wetting properties of VLS droplets and improves our under-
standing of this NW growth mechanism.

Theoretical considerations

The Young-Dupré’s equation describes the wetting of a
sessile droplet on a flat substrate. It defines the contact angle
Oy as a balance between adhesion to the surface and the
cohesive forces of the droplet constituents. Figure 1(a) shows
the typical setting of the equation. s, 7y, and ~ys; correspond
respectively to the solid—vapor, liquid—vapor and liquid—solid
interfacial energies. In the Young—Dupré equation, only the
capillary forces in the plane of the solid sum to zero

ey

Equation (1) assumes that the atoms in and on the surface of
the solid are immobile. The vertical capillary forces are
balanced by elastic stresses resolved onto the solid surface, as
their sum should be zero everywhere across the contact sur-
face in order to ensure the equilibrium. This equilibrium may
change as soon as the surface available to the liquid becomes
finite, close to the size of the liquid—solid interface, as is the
case at the tip of a NW. A schematic drawing of four possible
volume-dependent-scenarios of a liquid droplet wetting a NW
tip is shown in figure 1(b). The droplet should change its
shape depending on its own volume. Starting at small
volumes, the droplet partially wets the tip in a similar manner
as on an infinite planar surface (as in figure 1(a)). With the
increase of volume, the droplet extends over the NW tip until
it gets pinned at the edge. The line defining the interface
between the vapor, liquid and solid interface is usually
denoted as the triple-phase-line (TPL). The contact angle, 0y,
defined as the angle between the NW tip surface and the
tangent of the droplet at the TPL is equivalent in these two
cases. Further volume increase of the droplet results in an

Vs = sz + Y cos Oy.

apparent increase in the contact angle and possible wetting on
the NW side facets, both in contradiction with the Young—
Dupré equation. To date, most of the theoretical analyses of
NW growth have considered the literal interpretation of the
Young-Dupré equation. In these works, the surface tensions
were interpreted by substituting the pinned angle by the
Young angle [8, 26, 31-33]. However, the droplet pins as
soon as the TPL reaches the edge, thus no conclusions on the
solid-liquid interfacial energy can be derived from the contact
angle and the values of the other surface energies [34]. In
some cases, the equilibrium angle predicted by the Young
equation may be satisfied at certain points of the TPL [29].
However, such considerations do not imply that a droplet is in
equilibrium. The equilibrium condition is related to the bal-
ance of the entire TPL, where all its points satisfy the Young
equation. In addition, one should also consider that the dro-
plet surface should exhibit a constant mean curvature to
ensure such an equilibrium condition [35]. In practice, there
may be more than one solution, some of them representing
droplets in a metastable equilibrium. To summarize, the
Young—Dupré equation corresponds to a heuristic capillary
force balance construction that lacks generality for anything
on finite, non-flat surfaces. In general, the solution should
correspond to the shape minimizing the total surface energy.

Numerical simulations of sessile droplets on a
NW tip

In this section, we provide numerical calculations of the
stability of sessile droplets on NW tips as a function of their
volume. We also illustrate how the solid-liquid interface
evolves as soon as the droplet becomes unstable. The goal of
these calculations is to capture the physics behind the wetting
of droplets on NW tips. For this, we have simplified the shape
of the NW as cylindrical instead of the most commonly
observed hexagonal cross-section. Indeed we observed that
for droplet wetting the NW’s top, the general tendency is to
maintain a spherical-cap shape. For the range of NW dia-
meters considered here, the corners of the hexagonal cross-
section do not influence the overall wetting and thus their
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Figure 2. (a) Results of the computation of the droplet normalized surface energy (with respect to the radius of the cylinder R and the
difference between the solid—liquid and the solid surface tension 7(3_,73)) as a function of the volume (V;,,) for configurations on the top (red

line) and on the side (blue line) of a cylindrical NW. The simulations were performed through the finite-element method based software
Surface Evolver [36] with a contact angle of 43° on both the side and the top facets. (b)—(g) Illustrations of the equilibrium pinned droplet
shape at different values of volume. The different volume values are indicated in the plot of normalized energy versus volume. The increasing
volume produces an increase of the contact angle 6 due to the pinning effect, as reported for each condition.

influence can be neglected. Regarding the wetting on the side
facets, the droplet is not pinned nor influenced by the pre-
sence of the edges. It is therefore reasonable to simplify the
shape by a cylinder. The chosen material system is liquid
indium on InAs so that we can compare the theoretical/
numerical results with our experiments.

To analyze the wetting behavior and stability of sessile
droplets on top of a cylinder, we have used the modeling
program Surface Evolver [36]. We have computed the surface
energies of a sessile droplet as a function of its volume. We
have analyzed three different configurations of the droplet: on
the NW tip, half-way between the top and the side, and on the
side of the NW. The half-way configuration is unstable for a
cylindrical NW under the assumption of a perfectly flat tip. The
results can be found in the supporting information (SI) is
available online at stacks.iop.org/NANO/30/285604 /mmedia.
As input data of the material system, the computations use
the experimental equilibrium contact angle of In on InAs, as
measured on flat InAs by scanning electron micrographs
(SEM). Surface Evolver uses this contact angle, a specified
volume and contact constraints to iteratively modify the surface
towards the shape of minimum surface energy.

Figure 2(a) illustrates the volume dependency of the
surface energy associated with the equilibrium condition of
the sessile droplet. According to Laplace’s law, the surface
energy is proportional to the mean curvature of the shape of
the droplet and to its volume. The energy values reported
have been normalized by the volume of the droplet, Vy,,,,, the
difference between the solid-liquid tension and the solid
surface tension 7,,_, and the radius of the cylinder, Rc. The
red and blue points represent the configuration in which the
droplet is respectively on the NW tip or side facet. Starting for
the configuration on the NW tip, we see that the surface
energy does not vary for increasing volume until pinning. As
soon as the droplet is pinned at the edge of the NW tip, the
surface energy starts to increase. The surface energy evolution
of the droplet on the NW side facet is more gradually
increasing. This is due to the particular variation of the shape

of the droplet on the cylindrical side facets. Our calculations
show that at a certain volume (between points e and f in
figure 2(a)) the droplet on the NW tip becomes less stable
than on the side facet. This corresponds to the turning point of
its stability and indicates the maximum value of the apparent
contact angle. Overall, pinning of the droplet at the edge of
the NW tip allows for the engineering of the contact angle
from approximately 43°-100°. This is a remarkably large
range of variation.

So far, we have explained the interplay between the
droplet volume, the contact angle and the stability of the
droplet on the NW tip. Still, some open questions arise with
respect to the nature of the TPL and the pinning line. We also
have considered that the droplet pins on an atomically sharp
corner at the NW edge. Still, chances are that this corner is not
atomically sharp and that it exhibits a certain curvature as it is
for the edges of the NW cross-section [37, 38].

Figure 3 illustrates the relationship between the advan-
cing triple line, the apparent contact angle, the equilibrium
angle, and the orientation of neighboring surfaces. One of the
points we want to make is that the macroscopically observed
contact angle ¢’ may differ from the Young contact angle 6,
on a planar substrate. Eventually, the contact angle may
continue to be the Young contact angle ¢, locally, if the solid
at the TPL deforms gradually and/or if the corner is not
atomically sharp. In the left part of figures 3(a) and (b) we
depict the variation in the observed contact angle for a droplet
moving from the top to the side surface. We differentiate the
cases in which the corner between the two surfaces is atom-
ically sharp or round. The latter could also correspond to the
case in which the solid at the TPL is deformable. We define
the apparent angle 6’ as the one measured with respect to the
horizontal plane. €' varies in a step-wise manner or con-
tinuously depending on whether the solid at the TPL is
atomically sharp or smooth. In the case of smooth corners, 6’
depends on the continuous change of inclination as the TPL
traverses the rounded corner. From a macroscopic point of
view, the abrupt increase of the droplet volume translates into
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Figure 3. Representative sketch illustrating the behavior of the apparent angle of sessile droplets. The effect of neighboring facets is
illustrated for both an atomically sharp (a) and a smooth corner (b). In the first case, the bistability condition of the apparent angle is due to
the advancing of the TPL. The rapid change of apparent angle with triple line position in the microscopic illustration results in a seemingly

discontinuous change in the macroscopic view.

the appearance of two preferential apparent angles (bistability
condition). The first one corresponds to the equilibrium
Young’s angle 6, while the second one is the critical angle
Ocrie = 0y + «, with o being the inclination of the neighboring
facet, assuming Young’s angle equal to 6, also on the inclined
surface. From a microscopic point of view, the departure of
the triple line from the sharp corner needs a finite increase in
the droplet volume and the deformation of the solid around
the corner, which results in a continuous modification of the
apparent angle until the value of the critical angle is reached.
This defines the range of available pinned (apparent) angles as
0, < O,m < (6,+ ) and consequently the related range of
pinned volume.

We come back now to the detailed discussion of the
Young-Dupré equation, to further discuss the force equili-
brium at the TPL and its role in determining the droplet sta-
bility. In particular, we consider 2 main cases, depicted in
figure 4:

Case 1 (C1): The triple line is constrained to a micro-
scopically smooth planar solid-interface as shown in inset a of
figure 4 (i.e. atoms in solid are immobile). The position of the
triple line changes with droplet volume. The equilibrium at
the triple junction requires that contact angles obey the
Young—Dupré equation (1).

The previous equations are often derived also as a bal-
ance of forces at the TPL and thus as a vectorial equilibrium
[39]. The Young-Dupré equation is a necessary boundary
condition to a minimal surface problem. That is, it holds for
any minimizing surface which has contact lines on smooth
surfaces regardless if the surface is a global or local mini-
mum. Furthermore, the condition can be satisfied with the
motion of only tens of atoms whereas surface minimization
requires long-range transport: it is impossible to stabilize a
non-equilibrium contact angle on a smooth surface [35]. In
the Young—Dupré equation, only the capillary forces in the
plane of the solid sum to zero. The vertical capillary forces are
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Figure 4. Sketch representing the 2 cases in which the Young equation does not ensure the balance of forces. (a) This happens already to the
vertical component of the forces applied on the droplet, which is balanced by the elastic stresses of the solid. (b) When the triple junction is at
the corner, the imbalance of the forces happens both in the vertical and in the horizontal plane, allowing the stress field of the solid to rotate at

the corner.

depicted in the sketch (a) in figure 4 in the case the atoms on
the surface of the solid are immobile. Because the forces must
always sum to zero everywhere across the contact surface, the
capillary forces are balanced by elastic stresses resolved onto
the solid surface. If the solid were elastically compliant (i.e. a
thin substrate), it would bend (and thereby reduce the total
elastic energy). As an extension of this case, the solid-liquid
and/or the vapor-solid interface may deform by diffusion in
the solid, such as that observed by Tomsia et al [40]. In this
condition, the equation (1) is adjusted to account for the
deformation of the solid.

Case 2 (C2): The TPL intersects a solid edge and the
atoms of the solid are immobile, as depicted in figure 4(b). In
this case, the direction of the resolved singular elastic force in
the vicinity of the TPL is no longer constrained to be vertical
and the stress field can rotate at the edge. The TPL transla-
tional degree of freedom is removed and replaced by a vari-
able apparent angle (i.e. the apparent angle increases as the
droplet volume increases). The corner will continue to pin the
triple line until the condition for capillary force-balance is
satisfied on the adjacent solid surface—equivalently, the
equilibrium Young angle is satisfied on the adjacent surface.

As discussed above, the range of stable angles can be treated
as the limiting case as the solid interface’s radius of curvature
goes to zero.

As an extension to case C2, we can consider also the case
of rough surfaces. Microscopic corners and edges pin the
contact line and the apparent angle can vary until the TPL
unpins. Roughness adds further complexities as pinning can
also occur at corners where three or more edges intersect and
the direction of the edges needs not be parallel to the (mac-
roscopic) TPL. Nevertheless, the elastic/capillary force bal-
ance always applies when geometric features are resolved at
the microscopic scale. The difference between microscopic
and apparent (macroscopic) geometric features gives rise to

Cassie phenomena [41].
In summary, so far we have elucidated the volume

dependency of the equilibrium condition of sessile droplets
wetting the tip and the sidewalls of cylindrical NWs. We have
then explained how the pinning of the droplets at the NW
edge can account for a large variation of the observed contact
angle from the equilibrium condition at a flat surface. Finally,
we have proposed that the finite-size nature of the edges may
also explain part of the variability in available contact angles.
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Experimental results: indium droplets on InAs NWs

We turn now to the experimental investigation of liquid
droplets on NW tips. We consider the system formed by an In
droplet on an InAs NW. The InAs NWs were obtained in a
catalyst-free manner by self-assembly on a GaAs(111) B
substrates as in [24].

These NWs typically exhibit a flat tip. By annealing the
NWs in vacuum after growth at 530 °C it is possible to
incongruently evaporate the arsenic from the NW tip, forming
a pure In droplet. The experiments show that, with increasing
the annealing time, the droplets increase their volume and
move from the NW tip to the side facets, wetting simulta-
neously two {110} facets. In a related publication, we have
shown that these droplets can be further used to nucleate the
growth of InAs in a second step in the form of branches
perpendicular to the direction of the primary NW [24, 42].

Here, we analyze the evolution of the shape and stability
of the droplets as a function of their volume, gauged by the
annealing time. Spherical cap droplet shapes have been
treated previously [26, 32]. To the best of our knowledge, the
transition of the droplets to lower energy shapes and/or the
evolution of TPL pinning and depinning have not been ana-
lyzed for pure Indium wetting InAs NWs.

Figures 5(a)—(e) shows the SEM of the InAs NW tips for
five different annealing times: 3, 5, 7, 10 and 15 min. Here we
consider the evolution of the droplets ex situ. Even if previous
studies show that this is a reasonable assumption [43], we still
remind the reader that contact angle values may be affected
from the modification of the environment. We observe three
different configurations of the droplets: at the tip, transition-
ing to the side facet and on the side facets. For the three
observed configurations, we have measured the apparent
contact angle, defined by the angle between the apparent L-S
interface and the droplet tangent at the TPL. A histogram
depicting the distribution of contact angles obtained for the
different annealing times is shown in figure 5(f). The reported
values have been determined using the Carl Zeiss Micro-
scopy, LLC—AxioVision Software. The measurements are
affected by both picture resolution uncertainty and human
mistake. A statistics of the uncertainty performed on different
SEM pictures show that the statistical variation of the mea-
surement ranges from +3° to +8°, depending on the resolu-
tion of the picture. After 3 min of annealing, some InAs NWs
have small In droplets on their top surface. The measured
apparent angle is 43° on average. This is consistent with the
known equilibrium contact angle of indium droplet on (111)B
InAs (i.e. determined by the Young-Dupré equation). As
annealing proceeds and the droplet volume increases, the
liquid spreads to the edges of the NW tip. As soon as the
droplet pins at the edge, the angle increases. At 5 and 7 min,
the average apparent angle is respectively 100° and 115°. We
note that the angle distribution has become significantly
broader, from few degrees to few tens of degrees. After 7 min
annealing, the liquid droplets begin to relocate from the NW
tip to the sides. We find an intermediate configuration in
which the droplet is in the transition from the tip to the side

facet, which we denominated as half-way configuration.
Clearly, in this case, the liquid—solid interface has been tilted.
The fraction of droplets on the side facets increases with time
and reaches a yield of 100% after 15 min. The distribution of
the contact angle on the NW side facets is also quite broad.
Half-way droplets have an even wider range of apparent
angles. We believe this range results from uncertainty in the
surface inclination, but also from the variation in the pinning
at the sharp edge as it will be further elucidated here below. In
figure 5(f), the graphic insets represent the three observed
droplet configurations. The contact geometry is illustrated
assuming that the NW is cylindrical, although it is known that
(111)B InAs NW cross-sections are hexagonal [14, 44].

We turn now to the analysis of the droplets in the half-
way configuration. In particular, we look at the shape of the
liquid—solid interface. The indium droplet was removed by
immersing the NWs for 10 min in isopropyl alcohol (IPA).
Figure 6 shows representative SEM images of the tip of these
NWs after removal of the droplet. This sample corresponds to
the NWs annealed for 7 min. Numerous NWs terminated with
truncated facets were observed. These truncated facets have 2
main inclinations with respect to the top surface; 67° and 52°.
These facet inclinations would coincide respectively with the
orientation of (111) and (311) surfaces. The formation of
these slanted facets has been previously predicted for both
self-catalyzed and gold-assisted III-V NWs growth techni-
ques [3, 25, 32]. Their presence was also predicted by
molecular dynamics simulations on the equilibrium of liquid—
solid interfaces for VLS growth of NWs [45].

The presence of two preferential inclinations translate
also in the observation of two preferential apparent angles. As
shown in figure 5(f) the most probable apparent angles are
100° for smaller (5 min annealing) and 115° for larger dro-
plets (7 min annealing). Smaller droplets tend to be located on
the lowest inclination (52°) surface; while for larger droplets,
the TPL line intersects the surfaces with inclination 67°, on
their way to wet the vertical NW side facets. We thus propose
that in the transition of the droplet from the NW tip to the side
facets, the NW edge disappears to form new slanted facets
with rising inclination when the volume increases. This
observation confirms the non-static nature of the NW edges
and the interaction/exchange of the material with the droplet.
These results highlight that measuring the apparent contact
angle and analyzing it with the Young—Dupré equation can
lead to a misinterpretation. This is particularly evident in
cases where the TPL contacts a surface with rapidly varying
inclination. As opposed to the Young contact angle, the
apparent angle of droplets on NW tips is measured with
respect to the ideally perfectly horizontal top facet of the
NWs. It is clear that the apparent angle is not necessarily
related to the surface energy of the top facet of the NWs. As a
consequence, relating the apparent angle to the Young—Dupré
equation should necessarily lead to the misinterpretation of
the energetics of the system (i.e. incorrectly assuming that
neighboring facets have the same energy or that the apparent
angle is not measured with respect to the correct surface).
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Figure 5. Stability of the In droplets on top of InAs NWs. (a)—(e) Scanning electron micrographs of the InAs NW tips after the annealing
process. The annealing times were (a) 3 min, (b) 5 min, (c) 7 min, (d) 10 min and (e) 15 min. The scale bars represent 20 nm in (a) and
100 nm for the other images. (f) Distribution of the apparent angles for different annealing times and for the three different configurations: top
of the NW, on the side facets and half-way. These configurations are shown schematically in the respective insets. The values of apparent
angle of half-way (black) and side (blue) positioned droplets obtained with 7, 10 and 15 min annealing are similarly scattered and plotted
together. The apparent angle of the liquid droplet on the top of the NW increases with increasing annealing time, and thus with the In volume.
The annealing process introduces new facets onto the previously flat liquid—vapor interface.
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Figure 6. SEM pictures of the tip of InAs NWs grown on GaAs(111)B after a 7 min annealing procedure and removal of the Indium droplets.
The inclinations of the slanted facets formed during arsenic evaporation are shown are of 67° and 52° for red and white dashed lines

respectively. The scale bars correspond to 20 nm.

Conclusions

In conclusion, we have performed numerical simulations to
show that the stability and morphology of a liquid droplet on
a NW tip depend on three main factors: its volume relative to
the dimensions of a NW, the presence of slanted facets and
the equilibrium contact angle. As volume increases, the dro-
plet is pinned by the NW edges that separate the NW side
surfaces from its top surfaces. The apparent contact angle
increases with the droplet volume up to a critical volume,
after which the TPL unpins from the edges to relocate on the
side of the NW. Our simulations are supported with exper-
imental observations for indium droplets on InAs NWs.
Finally, we also experimentally present the formation of
slanted facets in the transition from the NW tip to the side
facets and discuss their implications on contact angle mea-
surements and interpretation.
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Chapter 4 Liquid stability on top of cylindrical pillars for growth direction control

4.2 The configuration of the droplet in a situation out of equilib-
rium

In the previous section we analysed the volume-induced transition between the two stable
configurations of liquid droplets wetting cylindrical pillars: the top and the side locations.
Nevertheless, from both theoretical predictions and experimental observations we identify
an intermediate droplet shape, depicted in inset a) of Fig. 4.1. By testing this configuration
through Surface Evolver simulations, performed with parameters in agreement with the
previous section, the outcomes show a peculiar behaviour related to an unstable system.
This instability can be observed due to the movement of the center of mass of the droplet
during the iterations. The movement of the droplet is the result of unbalanced forces, meaning
that the droplet enters into dynamic mode to reduce its own energy. The presence of an
unbalanced condition is visible also by observing the computed shape of the droplet reported
in inset a) of Fig. 4.1, which clearly wets the top and the side facets of the cylindrical pillar
differently even though the wetting angles have been set at the same value of 43°. To visualize
numerically this instability, we report in Fig. 4.1 b) the calculated mean curvature of the
triangles composing the droplet surface as a function of their position along the x-axes. A
variation of the mean curvature of the facets is observed as a function of their position, in
particular its value increases going towards the side of the cylinder.

Mean Curvature
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Figure 4.1 — a) Sketch of the droplet’s edge configuration on top of an ideal cylinder b) Calcu-
lated mean curvature of the facets (white dots) composing the mesh of the droplet represented
in inset a) as a function of their position along the x-axes.

According to Laplace’s law, the mean curvature of a spherical droplet is proportional to its
partial pressure or its stability with respect to the environment. As expected from the energy
minimization principle, lower pressures are preferred to higher ones. This gradient in the
mean curvatures is the origin of the displacement of the droplet towards the region where
its mean curvature can be minor, that is to say towards the top part of the cylinder. This
would impede the fall of the droplet to the side facets of the cylinder. The same behavior
has been observed also for very small droplet, proving that we are not dealing here with a
volume-induced instability. To understand the origin of this instability we should remind
that this kind of motion is frequently observable in droplets wetting surfaces composed by
different materials, thus creating a gradient in the surface energy which will translate into a
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gradient in the wetting angle of the droplet along its perimeter. This same phenomenon is at
the base of selective area epitaxy itself. In general, anytime a droplet is subjected to a distortion
from its ideal spherical cap configuration and it is not constrained, it starts a motion with the
target to rearrange its dispostion. In our simulations we have the same wetting angle between
the top and the sidewalls, thus the motion of the droplet cannot be related to a gradient in
the surface energies of the system. What is changing in our system is the shape of the solid
underneath, which goes from a flat surface (on the top of the cylinder) to a rounded one (on
the sidewalls) . Thanks to these computational results we suggest that liquid dynamics and
asymmetric wetting behaviour can be induced by creating dishomogeneity in the curvature
of he wetted surface, while keeping the same material. This phenomenon can be applied in
many field of surface science and technology, allowing to create selectivity without the need
to add additional materials to the system. To conclude this section, we would like to highlight
that for droplet wetting the edge of a cylinder there may exist a combination of contact angles
on the top and side of the cylinder that allows the droplet to have constant mean curvature
along its whole surface area. In this case, the difference in the wetting angles between the
top and the side gets compensated by the different curvatures of the surface. However, the
analysis of this case is not treated here.

4.3 Liquid stability on top of multi-material pillars

The growth via VLS approach combined with a geometrical constraint of the droplet in prefer-
ential configurations can ensure the fabrication of ordered arrays of NWs. The efficiency of
constraining droplets through selective area to obtain ordered arrays has been proved.[112] In
this case, a thin mask layer of silicon oxide is modified through lithography and preferential
wetting sites are created. In this section we analyse the complementary situation, in which the
preferential sites are created on top of silicon pillars surrounded by the non-wetting material
mask.[114] The main characteristic of this approach is that the droplet is free to develop its
vapor-liquid interface without any interference. The only constraint of the liquid is the contact
area with the top part of the pillar, whose structure, composition and size can be controlled
through microfabrication techniques. The selectivity in wetting solely the top part of the pillar
is ensured by the presence of the non-wetting material all around the silicon pillar, except
for the top part. In order to compare the effect of this additional layer of oxide covering the
sidewalls of the cylinder, we computed the the surface energy of the system as a function
of the droplet volume for droplet’s configurations on the side and on the top. The energy
values are normalized by the droplet volume and the difference in the interfacial energies. The
characteristic wetting angle for the droplet on the side is 116° (wetting Ga-SiO2) while on the
top itis 51°. In Fig. 4.2, we report the plot of the computed system surface energy for the two
configurations considered: the top and the side, depicted in the lateral insets. From these
results, we can clearly notice an absence of crossing between the two configurations, meaning
that in the range of volumes considered there is no transition allowed from the top to the side
of the cylinder. This effect is due to an even lower stability of the side configuration caused by
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the presence of the higher wetting angle in addition to the already curved surface destabilizing
the droplet, as explained in section (3.2). We can already conclude that the localization of
the droplet on the pillar and its coercion on the top can be obtained by adding a layer of low
wetting material all around the sidewalls of the pillar. In the rest of this chapter we will show
how the thickness of this external layer, combined with the variation of the droplet’s volume,
can give rise to the same pinning effect introduced in section (2.6) and discussed in section
(3.1). This system can thus allow the manipulation of the wetting behaviour of the catalyzing
droplet for increasing the range of NW’s growth possibilities.

SIDE

System Surface Energy

Vdrop?® y (sl-s)
5.0¢

............. Droplet on the Side
4.5.' Droplet on the Top
4.0t
3.5¢
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2 4 6 8 10

Figure 4.2 — Computed surface energies of the system as a function of the droplet volume for
droplet’s configuration on the side and on the top. The energy value are normalized by the
droplet volume and the difference in the interfacial energies. The characteristic wetting angle
for the droplet on the side is 116° (wetting Ga-SiO») while on the top it is 51° (wetting Ga-Si)
The radius of the core is 0.5, covered by a 0.1 thickness layer of oxide.

Silicon pillars are prepared through selective etching of Si (111) substrates followed by a
thermal oxidation of the lateral surface and decapping of the top oxide. This process ensure
the realization of a platform for engineering the wetting behavior of metallic sessile droplets
while continuing to prepare NWs through selective area epitaxy. The samples have pillars with
different diameters and different thicknesses of the oxide. Gallium droplets are deposited
inside the MBE system; the size distribution of the droplets can be increased by increasing
the deposition time even if the upper limit is linked to the size of the pillars. Through the
software Surface Evolver, we computed the equilibrium shape of the liquid and verified the
development of the surface energy of the system as a function of the volume. The simulations
have been performed for different combinations of pillar’s diameters and oxide thicknesses in
order to follow the experimental setup. Since the pinning effect of the droplet for NW’s growth
is interesting for its influence on the wetting angle of the droplet, we decided to compute and
plot the variation of the droplet’s apparent angle as a function of the droplet’s volume.

Firstly, we consider the case in which the external radius of the pillar is fixed while the inner
region (the low wetting angle part) varies. This situation can be related to experiments where
the oxidation time of the Silicon pillar is changed. In particular the smaller the inner region
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Figure 4.3 — (a) Sketches of the pillars analysed and the resulting equilibrium shape of the
sessile droplet on top, taken with the same volume of 0.7 in all insets (b)Surface Evolver
simulations on the variation of droplet’s apparent angle as a function of the droplet’s volume.
The pillar system is built as a double cylinder characterized by 2 parameters: inner radius and
external radius, defining the Silicon core and the external lateral SiO, coverage respectively.
The difference in materials between the 2 regions is computed by using different wetting
angles: 51° and 116° for wetting on Si and SiO» respectively. Note how the modification of the
internal radius, while maintaining fixed the external radius, causes a modification in the rate
with which the apparent angle modifies with the droplet’s volume. The fixed external radius
ensure that the "Second Pinning" threshold and development remains the same in all cases
analyzed.
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is, the longer is the oxidation time. The sketches related to the cases analysised, ordered for
increasing inner region size (reducing oxidation time), are depicted in Fig. 4.3 (a). In Fig. 4.3
(b) we plot the development of the apparent angle as a function of the droplet volume for
pillars having different inner radius. Already from the images it is possible to appreciate a clear
variation of the pinning angle as a function of the inner region size at fixed droplet’s volume. In
particular, the droplet reduces its apparent angle for larger inner region, due to the larger area
available for the droplet to spread spontaneously without suffering the constraining. From
the data reported in Fig. 4.3 (b) we can see that the different inner radius of the pillars can
provoke a wide range of apparent angles mostly for small droplet volumes. In the first region
of the plot we can indeed recognize a different curve for each different pillar, meaning that
the rate with which the pinning effect modifies the droplet’s characteristics varies according
to the value of the inner radius. In particular the rate of apparent angle variation, i.e. the
slope of the curve, reduces for increasing inner region size. From this result we can conclude
that for smaller pillars a precise control and the engineering of the apparent angle results
more difficult than for larger pillars. From an analytical point of view, the size of the inner
radius and the wetting angle value of the inner region define the volume of the droplet at
which the pinning effect starts. Indeed once the characteristics of the system are defined it is
always possible to calculate the critical volume (1), after which the droplet separates from its
natural wetting behaviour. The larger the inner radius is, the larger is the critical volume for
the pinning effect to start. The larger is the volume of a droplet, the larger is the variation of the
volume necessary to appreciate a modification in its apparent angle due to the constraining.
As expected by the presence of a high wetting angle region outside of the inner part of the pillar,
all the curves saturate at the value of 116° at different critical volume (2). Smaller droplets
saturate to this value faster than the larger ones. Once reached the apparent angle which
equalize the Young’s angle available on the second region, the droplet is left free to enlarge
as a function of the volume without restrictions, while maintaining the same wetting angle.
The apparent angle saturation region, visible as a plateau in the plot, indicates the range of
volumes in which the droplet is not under pinning effect anymore. Due to the fixed value of
the outer radius, that is to say the end of the pillar, the different pillars share the value of the
critical volume(3) of 5.75 for the beginning of the second stage of the pinning of the droplet.
Having the same critical volume makes the rate of apparent angle variation the same for all
the pillars considered. Since the second pinning initial apparent angle, fixed at 116°, is already
quite large, as well as the volume droplet, the slope of the curve has a much smaller coefficient
with respect to the first pinning regime.

Secondly, we analyse the situation in which we fix the inner radius of the droplet and we
vary the outer radius. The sketches showing the pillars analysed and the relative equilibrium
shapes of the droplet constrained on the top are presented in Fig. 4.4 (a). In Fig. 4.4 (b) we plot
the development of the apparent angle as a function of the droplet volume for pillars with
different outer radius. From the droplet shapes, selected with all the same volumes equal to
5, we can appreciate a variation in the wetting properties as a function of the outer radius.
Again, the apparent angle reduces for increased outer radius size, because for larger outer
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Figure 4.4 — (a) Sketches of the pillars analysed and the resulting equilibrium shape of the
sessile droplet on top, taken with the same volume of 5 in all insets (b)Surface Evolver simula-
tions on the variation of droplet’s apperent angle as a function of the droplet’s volume. The
pillar system is built as a double cylinder characterized by 2 parameters: inner radius and
external radius, defining the Silicon core and the external lateral SiO2 coverage respectively.
The difference in materials between the 2 regions is computed by using different wetting
angles: 51° and 116° for wetting on Si and SiO respectively. Note how the modification of
the external radius, while maintaining fixed the inner radius, causes a shifting in the «second
pinning» volume threshold.

radius there is a larger area available for the droplet to spread freely without being forced to
pin. By analysing the development of the apparent angle as a function of the droplet’s volume
reported in Fig. 4.4 (b) we can appreciate the complementarity of this system with respect
to the case presented before in Fig. 4.3 (b). The presence of a fixed inner radius and a fixed
wetting angle on the inner region, namely 51°, unify the different pillars under the same critical
volume(1) for the onset of the first pinning effect. Same critical volume for all pillars result
in the same rate of apparent angle variation for all the curves, that’s why for small volume of
the droplet the plot is reduced to a single curve. The same rate of apparent angle variation
result also in the same critical volume (2), at which we have the saturation to the apparent
angle of 116° happening for all pillars at the same value of 0.4. After this critical volume, the
wetting behaviour of the droplet start to differentiate according to the characteristics of the
pillar they are wetting. Different size of the outer radius causes the variation of the critical
volume (3) for the onset of the second pinning, the one caused by the confinement created by
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the sidewalls of the cylinder. Pillars having shorter outer radius begin the second pinning at
smaller volumes and they also offer larger apparent angle at any droplet’s volume. From this
part we can conclude that by modifying the outer radius of the pillar, which experimentally
corresponds to change the thickness of the non-wetting layer surrounding the Silicon pillar, is
possible to engineer the wetting behaviour of large droplets and obtain a fine tuning of the
apparent angle for apparent angle larger than the contact angle of the outer region material.

Finally we treat also a more comprehensive case in which we analyse both inner and outer
radius while maintaining the outer/inner ratio equal to 0.8. The main differences among
different pillars are shown in panel (a) of Fig. 4.5, while the development of the apparent
angle of the droplet for each case is reported in the plot shown in inset (b). All the pillars
have different inner and outer radius, thus the critical volumes defining the beginning of
the first pinning regime (1), its end (2) and the beginning of the second pinning regime (3)
are all different. In this kind of system it is possible to observe the highest dispersion in the
observed apparent angles for each droplet’s volume considered: by varying the inner radius,
small droplets get pinned differently while by varying the outer radius, the large droplets get
constrained at different volumes.

For summarizing this section, the pinning effect at the interface of different materials and the
pinning effect at the edge of the pillar can both be used to engineer the apparent wetting angle
of droplets constrained on top of pillars. In Fig. 4.6 there are the main conclusions regarding
the range of volumes controllable by the different configurations. The localization of the
droplet is ensured by choosing a low wetting material ( higher wetting angle) for surrounding
the pillar. By playing with the relative size of inner radius, outer radius and droplet’s volume it
is possible to obtain a wide range of apparent angles.

From an experimental point of view, the realization and the analysis of the development of
the wetting angle as a function of the diameter of Silicon pillars ranging from 35 to 270 nm
in diameter has been performed by a colleague. The pillars have been fabricated through
etching processes, oxidized, and loaded in the MBE (molecular beam epitaxy) chamber, where
Gallium was deposited for 10 min under an ultrahigh vacuum.[114] In Fig. 4.7 (a) there are
the SEM images, representative of the configurations obtained and the plot of the measured
Gallium wetting angle as a function of the pillar diameter. For smaller pillars, the wetting
angle reduces for increasing pillar’s diameter. For higher diameter pillars, the wetting angle
remain constant for increasing pillar’s diameter, meaning that the regime of free wetting of
liquid Ga on Si has been reached. By increasing the Gallium predeposition time, it is possible
to shift the beginning of the plateau in the wetting angle, allowing a larger range of wetting
angle tunability. Fig. 4.7 (b) (c) and (d) show the vertical nanostructures obtained in the range
of contact angles marked in gray. The SEM pictures confirm the presence of a Ga droplet at
the top, which confirms that they grow by the self-catalyzed VLS mechanism. These structures
have been grown using a Ga predeposition step of 10 min, a Ga equivalent flux of 0.14 x 10-6
Torr, and a V/III ratio of 12. Fig. 4.7 indicates the yield as a function of the pillar diameter. The
maximum yield achieved is 10% for 35 nm diameter pillars. The other pillars contain [111]B-
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Figure 4.5 — (a) Sketches of the pillars analysed and the resulting equilibrium shape of the
sessile droplet on top, taken with the same volume in all insets (b)Surface Evolver simulations
on the variation of droplet’s apperent angle as a function of the droplet’s volume. The pillar
system is built as a double cylinder characterized by 2 parameters: inner radius and external
radius, defining the Silicon core and the external lateral SiO, coverage respectively. The
difference in materials between the 2 regions is computed by using different wetting angles:
51° and 116° for wetting on Si and SiO; respectively. Note how the modification of the internal
radius, casue he modification in the rate with which the apparent angle modifies with the
droplet’s volume. Modifying the outer radius as well, by keeping the ratio between the two
equal to 0.8, causes the shifting in the «second pinning» volume threshold and a modification
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Figure 4.6 — Summary of the main regimes and configurations analyzed in this section

49



Chapter 4 Liquid stability on top of cylindrical pillars for growth direction control

Pillar's diameter (nm)

Droplet's contact angle (degree)

100 150 200 250 300

o
o g
(=]

E 8- e)

8

[

6 \

E A

> 44

(7]

a]

o

& 2 / \

z
A Pillar's diameter (nm) =

0 T T T T

20 30 40 50

Figure 4.7 — (a) Table showing the relation between Si pillars’ diameter and the Ga droplets’
contact angle, along with SEM images representing certain diameters. (b, ¢, and d) SEM
pictures of GaAs nanospades on Si pillars and their growth range in the table. (e) Relation
between the yield of nanospades (NSPDs) and pillar diameter for a 20 nm (nominal) oxide
mask. Copyrigth from ACS[114], further permissions related to the material excerpted should
be directed to the ACS.
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oriented GaAs NWs and parasitic growth. The yield drastically decreases for pillars larger than
50 nm, plummeting to a value of 1%. The low yield in smaller pillars can be explained by the
Ga droplet falling down the side and, in larger pillars, by the energy of formation of the initial
seed, as explained further below. [114]

4.4 Asymmetry in the droplet’s wetting

Through the characterization of real systems, we observed an unexpected discontinuity in
the wetting angle along the TPL of Gallium droplets wetting the top facet of Silicon pillars
having cylindrical geometry and oxidized sidewalls. In Fig. 4.8, the SEM pictures shows the
measurement of the wetting angle on different side of the droplet. For each droplet, when one
side has apparent angle higher than 90° the other side present apparent angles lower than 90°.
This asymmetry is the result of a process of compensation, caused by the fact that the droplet
is leaving the ideal condition of morphology associated with an ideal spherical cap.

Figure 4.8 — SEM images of Gallium droplets wetting the top facet of Silicon cylindrical pillars
having oxidized sidewalls.

In the hypothesis that the pillars have an ideally symmetric shape with sidewalls vertically
aligned along the whole perimeter, such discontinuity could be attributed to the presence
of local chemical and/or geometrical defects on the top surface. Such defects can locally
modify the contact angle and, when sufficiently pronounced, the droplet cannot move even
if capillary forces are applied to it. This phenomenon can happen during the motion from a
hydrophobic to a hydrophilic substrate or during the rearrangement of the droplet’s shape
due to an increase of its volume, as introduced in section (3.2). Nevertheless, depending on
the relative position of the defect, the droplet usually prefers to deviate its motion and slide
around the side of the defect. For liquid wetting limited regions, the process of pinning at
surface defects become particularly relevant especially for large droplet volume. In these
situations, the droplet does not have the freedom to deviate its motion or simply to rearrange
its shape to minimize the surface energy. In our system, we combine the interplay between
a hydrophobic and a hydrophilic surfaces, the silicon oxide and the silicon part respectively,
together with the restriction of the available area for wetting. In such conditions, in presence
of defects having size in the range of the droplet’s perimeter, we assume that the pinning at the
defect contributes to the modification of the droplet’s shape, resulting into the observation of
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different apparent angle at different sides of the droplet, (as shown in Fig. 4.8).

In order to verify the lost in symmetry of the spherical cap defining the equilibrium shape
of the wetting droplet, we decided to compute with Surface Evolver what happens to the
liquid morphology once the wetting does not occur symmetrically. Always analysing the
system of oxidized Silicon pillars, we study the situation in which one side of the droplet
remains attached to the Si-SiO, interface while the other one can already start to spread onto
the high-wetting angle surface. This configuration is available at the droplet just after the
second critical volume, at which the droplet is allowed to surpass the 2-materials interface. In
Fig. 4.9, we show the development of the normalized surface energy of the system (a) and the
variation of the apparent angle (b) as a function of the droplet volume for the two configuration
considered: the symmetric and the asymmetric one. From Fig. 4.9, the partial attachment
of the droplet’s perimeter at the material interface result in a clear reduction of the system
surface energy, meaning that this configuration is more stable than the one in which the whole
perimeter moves right away on the high wetting-angle materials. The partial attachment
allows the droplet to remain in contact with the region of the pillar where the wetting requires
less energy, thus stabilizing the whole system even though the shape of the droplets lose its
shape as a spherical cap.

This result implies that the asymmetric spread of the droplet from the 2-materials interface is
a fundamental configuration of the droplet wetting behaviour, characterizing a whole range of
droplet’s volume. The critical volume at which the droplet goes back to a symmetrical wetting
depends on the thickness of the oxide layer. Indeed the unilateral spreading on the oxide can
proceed until the further pinning at the end of the pillars. Once the second pinning starts, the
part of the droplet pinned at the 2-materials interface will be forced to move away and start
its spread on the high-wetting angle material. In this way, even though the droplet goes back
to a spherical cap shape, the surface energy of the system will start rising due to the spread
on the non-wettable material. With respect to the results of the development of the apparent
angle reported in Fig. 4.9 (b) we show the computation of the average apparent angle for the
asymmetric configuration due to the dispersion of the wetting angle along the perimeter of the
droplet. The mean wetting angle tends to increase smoothly with the volume of the droplet.
With this partial spreading along the oxide the plateau associated with a sharp transition to the
highly wettable surface disappears. This smooth transition, which removes the discontinuity
point at the ends of the plateau, further indicates that the asymmetric configuration represent
the most stable configuration for a droplet spreading away from a 2-materials interface.
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Figure 4.9 — Surface Evolver computation of the (a) variation of the system surface energy
as a function of the droplet’s volume normalized by the surface area of the pillar and the
difference between the surface tension of the liquid-solid and solid-vapor interface. (b)
Computation of the apparent angle of the droplets wetting the oxidized pillars symmetrically
and asymmetrically. For the asymmetric configuration we report the mean apparent angle.
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Wetting on top of non-cylindrical
columns

NW properties and growth mechanisms are typically modelled by approximating their shape
to a cylinder, in order to simplify the modelling. Nevertheless, the crystalline nature of NWs
translates into the appearance of preferential surfaces and crystallographic planes, selected
according to the growth direction and the crystal phase they have.[115, 116] Such surfaces
can be predicted considering the thermodynamic stability of the system: according to the
chemical environment there is a combination of crystal planes which minimizes the surface
energy of the fixed volume crystal. III-V material based NWs are typically surrounded by facets
belonging to the {110} or {112} family, which result to be the most stable crystallographic
planes available around the typical kinetically active direction [111], representing the growth
front. Due to the hexagonal symmetry of the system the NWs exhibit hexagonal cross section,
with 6 facets visible also through SEM characterization, as for the NWs shown in section
3.1. Experimental evidences report that NW’s cross sections can also eventually differ from
the hexagonal shape, with also triangular and squared geometries beyond the more typical
hexagonal one.

In this chapter we analyse the physics of sessile droplets wetting faceted NWs, from the
point of view of both system surface energy and the droplet morphology deformation. The
droplet deformation is linked to the dispersion of the apparent wetting angle which follows the
symmetry imposed by the geometrical constraint. In the first section we show the effects of
the modification of the geometry of the spatial constraint of the wetting plane on the droplet
stability and morphology. In the following section we include a submitted paper, where
the experimental observation of a system combining droplet deformation and transitional
geometrical constraints for the creation of II-V superlattice NWs. The contribution of the
author have been the analysis of the growth mechanism and the computation of the system
surface energy.

55



Chapter 5 Wetting on top of non-cylindrical columns

5.1 Geometric influence on the droplet wetting stability and appar-
ent angle dispersion

Single crystal NW used as building blocks for optoelectronic applications often show a cross
section differing from the cylindrical approximation. In this section we apply Surface Evolver
to the analysis of sessile droplets wetting the top facet of columns having different cross-
sectional geometries, such as the hexagonal, the squared and triangular ones. We compare
them with the results obtained for the ideal case of wetting a cylindrical column.
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Figure 5.1 - Computed development of the normalized surface energy of the system composed
by a sessile droplet wetting planes characterized by 4 different geometries: triangular, squared,
hexagonal and circular (as depicted in the insets)

In Fig. 5.1 we show the comparison among the normalized surface energy of sessile droplets
wetting different planes, having a limited and predefined geometrical shape, as depicted in
the insets at the bottom of the figure. The normalized surface energy is the surface energy of
the system divided by the difference between the solid-liquid and the solid interfacial energies,
and by the surface area of the finite plane considered. The normalized droplet volume is
the droplet volume divided by the surface area of the plane elevated to the power 2/3. The
wetting angle used in the simulations for characterizing the solid-liquid interfacial energy is
fixed at 43°. The droplet perimeter is not pinned at the edge of the plane: it is free to wet the
anywhere on the plane within the limit of the plane itself. From the comparison among the
obtained results, the most stable configuration is the one associated to the wetting on top of
the circular constraint. The less stable configuration is the one with droplet constrained onto
a triangular plane. From these initial results we can conclude that the farther the geometrical
constraint of the wetted plane goes away from a circle, the less stable the droplet configuration
becomes. This behaviour is linked to the fact that ideal morphology of a free wetting droplet is
a spherical cap. The spherical cap holds minimum surface energy contribution, characterized
by the Young’s contact angle. Droplets wetting limited and not-circular planes need to distance
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from their ideal morphology, causing an increase in the total surface energy of the system.
Among the different cross sections considered, the surface energy relative to the hexagonal
is the closest to the circular case, thus showing that, at least from a system surface energy
point of view, the approximation of a circular cross-section does not differ too much from
the experimental case used in sect 3.1. Thus the approximation is reasonable. By reducing

the number of facets composing the sidewalls of the NW, the surface energy of the system
increases.
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Figure 5.2 — Sketches of the systems analysed, apparent angle dependency along the perimeter
of the droplet for 3 referential volumes (small, medium and large) and top view of the com-
puted equilibrium morphology for different symmetry of the spatial confinement: circular (a),
hexagonal (b), squared (c) and triangular (d).

The deformation of the droplet due to the removal of the circular symmetry is illustrated more
representatively by the images presented in the right column of Fig. 5.2, showing the computed
equilibrium shapes of droplets wetting hexagonal (b), squared (c) and triangular (d) finite
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planes. For a more quantitative analysis of the deformation, we show in the central part of
Fig. 5.2 the computation of the dispersion of the apparent angle along the perimeter (or TPL)
of the droplet for the different cross sections considered. The apparent angle is determined,
for each facet composing the perimeter of the droplet, through the software Surface Evolver
by measuring the angle between the normal direction of the wetted plane and the normal
direction of each facet. The apparent angle dispersion, for each configuration, is shown for 3
different droplet’s volumes, namely the small (orange), medium (green) and large (blue). The
first column of the figure helps to clarify the geometry of each system considered, by showing
the side view of the droplet’s mesh wetting a sketch of the hypothetical NW defining the plane’s
geometry. We now focus on the apparent wetting angle. In panel (a) of Fig. 5.2, where the
circular constraint is shown, we can appreciate the uniformity of the wetting angle for each
fixed volume. As already explained in sect. 3.1 the increase in the droplet’s volume causes the
increase in the value of the apparent angle due to the pinning effect, but it does not alter its
uniformity along the perimeter. The uniformity in the apparent angle manifests itself in the
circular symmetry characterizing the top view of the droplet’s equilibrium morphology, shown
in the column in the right. From panel (b) we can note the break of the circular symmetry on
the wetting behaviour of the droplet due to the hexagonal geometry of the contact plane. The
apparent angle oscillates along the perimeter following the 6-fold symmetry of the constraint,
with amplitude of the oscillations determined by the droplet’s volume together with the
pinning effect. The oscillations in the apparent angle are the quantitative translation of the
periodic deformation caused by the presence of sides and corners along the edge of the plane.
Indeed for non-radially symmetric constraint, the pinning effect is not uniform, but it happens
as a function of the position along the side of the edge (same for each side due to the 6-fold
symmetry). The pinning effect is zero at corners while it reaches its maximum at the center of
the side. This behaviour is caused by the droplet tendency to keep a spherical cap morphology
which results into a dewetting of the corners (lower angle) compensated by an accumulation
of volume at the sides (higher angle). This situation is visible also from the last column of panel
(b), where six small tails can be recognized in correspondence of corners’s localization. Panel
(c) shows the results of the apparent angle oscillations onto a squared constraint, which follow
the 4-fold symmetry given by the system. The disposition of the tails breaking the circularity in
the top view of the computed equilibrium shape follows the imposed geometrical constraint
as well. As last case analyzed, in panel (d) we show the results for the triangular constraint,
where the apparent angle development as a function of the TPL’s position oscillates recreating
the 3-fold symmetry. Both the amplitude in the angle and the visibility of the deformation of
the mesh appear to be of a much higher amplitude in this last case with respect to the previous
ones.

In order to quantify the amplitude of the oscillations,we plot the dispersion of the wetting
angle, defined as the difference between the maximum apparent angle value and the mini-
mum value allowed to the droplet. In Fig. 5.3 we compare the dispersion on top of hexagon,
square and triangle for 3 fixed referential volumes (small =1, medium= 2 and large= 3). The
results show that the dispersion in the apparent angle increases for geometrical constraints
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distancing from the circular symmetry; this same tendency reminds the results shown in
Fig. 5.1 while considering the droplet’s instability. The dispersion increases linearly also with
the volume due to the pinning effect. From these results we can conclude that droplet’s
deformation, observable in the dishomogeneity of the apparent angle, appears together with
droplet instability and may be related. In particular, the dispersion in the apparent angle along
the perimeter of a constrained droplet increases with the increase in the droplet volume and
with the lowering of the symmetry of the spatial confinement.

Dispersion 6 [°] ==Max-Min9d
100} e
,»/r{ -

8o} _—
60} On Triangle*”

On Square \
40t

On Hexagon
20t -

05 10 15 20 25 ag volume

Figure 5.3 — Computation of the dispersion in the apparent angle of the droplet for wetting
happening on the 3 low symmetry spatial confinement considered: hexagonal, squared and
triangular. 3 referential volumes have been considered in order to take note of the pinning
effect.

5.2 The role of liquid surface energy in the growth of NWs with a
varying cross-section: the case of zig zag NWs

In this section we report an experimental evidence of a natural system taking advantage of
droplet’s deformation and transitional geometrical constraints to create innovative nanos-
tructures, such as II-V zig zag NWs. These systems have a zig zag shape and their cross
section periodically varies from an hexagonal shape to a triangular one. For understanding the
growth mechanism of these NWs we computed the surface energy of the system composed
by a droplet wetting different constraints, gradually shifting from a triangular geometry to
an hexagonal one and back. This transition in the geometrical constraint has been built to
recreate the transition in the cross section of the NW. According to the experimental observa-
tions, the insertion of a Indium-based heterotwin encompasses the zig to zag transtion. An
heterotwin is a twin defect, typically merging 2 crystals with different orientation, composed
by an element which differs from the elements composing the crystals. In our hypothesis the
energy necessary for the heterotwin formation is provided also by the deformation energy
stored in the droplet due to the unstable condition. Our hypothesis is verified by analysing the
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effect of the droplet volume modification of the heterotwin insertion periodicity: for larger
volume the deformation rate as a function of the spatial constraint reduces. When the defor-
mation rate reduces it takes longer for the system to accumulate the necessary deformation
energy for the heterotwin insertion, explaining why the interdistance of heterotwin is larger at
the base of the NW, where the diameter is larger than at the end due to the tapering of the tip.
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Zinc phosphide (ZnsP2) nanowires constitute prospective building blocks for next generation solar cells due to the

combination of suitable optoelectronic properties and an abundance of the constituting elements in the Earth’s crust. The

generation of periodic superstructures along the nanowire axis could provide an additional mechanism to tune their

functional properties. Here we present the vapour-liquid-solid growth of zinc phosphide superlattices driven by periodic

heterotwins. This uncommon planar defect involves the exchange of Zn by In at the twinning boundary. We find that the

zigzag superlattice formation is driven by reduction of the total surface energy of the liquid droplet. The chemical variation

across the heterotwin does not affect the homogeneity of the optical proerties, as measured by cathodoluminescence. The

basic understanding provided here brings new perspectives on the use of II-V semiconductors in nanowire technology.

Introduction

Filamentary crystals, also known as nanowires, have provided
additional design freedom in the elaboration of materials with
desirable properties.’™ This arises from the possibility of
engineering the crystal phase, material composition, and for the
possibility of expanding the structure in three dimensions.3:56
Among the design opportunities, the composition or structure
of nanowires can be arranged periodically in the form of
superlattices.®® The periodicity of the
modulates both the electronic and phonon (vibrational) states,
depending on the magnitude of the period.1%-13 Semiconductor
superlattices find applications in the optoelectronic and
thermoelectric arena.’*17 |n thin films, the materials
combinations are mostly restrained due to lattice-mismatch
and thermal expansion conditions. Superlattice nanowire
structures circumvent these limitations, and have been

superstructure
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achieved by modulating the composition, crystal phase, and
crystal orientation through rotational twins.>-8

Twin superlattices (TSLs) in semiconductors were predicted
by lkonic et al. in 1993.12 More recently, they were
implemented in nanowire form, first in Al,03 and ZnSe, and
subsequently in InP.19-21 These TSLs have been obtained mainly
by the vapour-liquid-solid (VLS) method in which a nanoscale
liquid droplet preferentially collects the growth precursors.22 In
addition to a periodic arrangement of twins, these nanowire
superlattices adopt a characteristic zigzag morphology with
alternating (111)A/B facets in the case of zincblende
nanowires.”8 According to Algra et al., twin formation is
determined by energy minimisation involving the stability of the
droplet and the surface energy of the facets as a function of
their polarity —(111) a or B-.8

Zinc phosphide, ZnsP,, has recently attracted attention as a
compound semiconductor made of elements that are abundant
in the Earth’s crust with optoelectronic properties suitable for
photovoltaic applications.23-28 Zn3P, has been obtained both in
the form of bulk crystals2930, thin films252631  and
nanostructures®2432-34, Zinc phosphide based solar cells with an
efficiency of up to 6% have been reported.3? This value is still
well below the theoretical limit (>30%), illustrating the
improvement potential of this material.3>36

The synthesis of Zn3P, nanowires can follow the VLS and the
vapour-solid mechanisms, with In, Sn, and Au as catalysts.92432-
34,3738 7n3P, nanowires adopt various morphologies depending
on the fabrication method and/or growth conditions, including
a zigzag superlattice.?243234 |n contrast with 11I-V compound
semiconductors, ZnsP, exhibits a centrosymmetric tetragonal
structure, and thus also non-polar facets and main crystal
symmetry directions.?® Consequently, all side facets of ZnsP,



zigzag nanowires are always Zn-terminated.?7-33 This means that
the mechanism through which Zns:P, obtains a zigzag
morphology is inconsistent with the model proposed based on
I-Vs.8

In this paper we reveal the nature of the defects leading to
the zigzag structure using aberration-corrected and analytical
scanning transmission electron microscopy (STEM). In addition,
we explain the formation mechanisms based on simulations of
the surface energetics of the droplet as a function of the
nanowire cross-section. Finally, we outline the consequences of
this periodic structure for the optical functionality through
cathodoluminescence spectroscopy (CL).

Experimental

The Zn3P; nanowires were epitaxially grown in a Veeco
GENxplor molecular beam epitaxy (MBE) system on InP (100)
substrates. They were grown through In catalysed VLS, with the
In originating from the substrate.?* The analysed samples were
grown at a manipulator temperature of 250°C and a V/Il ratio of
1.15 or 1.45 for four hours, with additional details on the growth
in [24]. The nanowires were transferred to copper TEM grids
with holey carbon by scraping the grid on the growth substrate
for TEM studies, and were used as grown for CL studies.

Scanning electron microscopy (SEM) images were acquired
using a Zeiss Merlin FE-SEM equipped with a Gemini column.
The operating conditions were an acceleration voltage of 3 kV
and a beam current of 100 pA. An in-lens secondary electron
detector was used for the imaging.

Droplet simulations were performed using the Surface
Evolver software3?, which computes minimised surface energy
by optimising shapes given constraints and wetting angles. We
implement the interfacial energy of the liquid-solid interface by
means of the Young’s equation with a contact angle of 43° when
the triple line is unconstrained. The certical axis in Fig 2c is the
total energy divided by L?, with L being the average length of the
sides, and the difference between the solid-liquid and the solid
surface tensions. The average length of the side remains
constant with a value of 1.57. Regarding the geometrical
constraint, the triple line is not pinned to the edge, but is left
free to move inside the polygon. To build the polygon, centred
at the origin, we define an equation for each side of the hexagon
through the lat and shrink parameters, illustrated in the SI.
While the lat parameter is fixed at 0.55 and defines the
apothem of the reference hexagon, the shrink parameter is
variable controlling the shape of the constraint since it
represents the normal between the facet centroid and the
selected facet. By varying the shrink parameter from -0.25 to
0.25, we can reproduce the evolution of the nanowire cross-
section from left oriented triangle to right oriented triangle
(HT1 & HT2), passing through the hexagonal geometry at shrink
equal to 0. To compare the effect of the volume we performed
the simulations for three different droplet volumes: 0.125,
0.225, and 0.325 with dimensions of L3.

Aberration-corrected bright-field/high-angle annular dark-
field (BF/HAADF) STEM images and electron energy loss
spectroscopy (EELS) maps were collected on a STEM-dedicated
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Nion microscope (US100MC) operating at 60 kV. The Nion
UltraSTEM 100MC HERMES is equipped with a C5 Nion probe
corrector (full correction up to 6-fold astigmatism C5, 6) and a
UHV Gatan Enfinium ERS spectrometer optimised for high
energy resolution with high-stability electronics. The
microscope is equipped with a cold-field emission gun (C-FEG),
having an energy spread of 0.35 eV. The beam convergence
semi-angle was 31.5 mrad and the EEL spectrometer entrance
aperture semi-angle was 44 mrad. Image detector angles were
0-14 mrad (BF) and 100-230 mrad (HAADF). To minimise
contamination, the specimens were baked prior to insertion at
130 °C in vacuum (~10°® Torr), and the microscope column is
maintained at ultrahigh vacuum (UHV). The denoising of STEM-
EELS datasets was done using the MSA plugin for Gatan’s Digital
Micrograph suite, commercially available from HREM
research.*® Example spectra are shown in the SI, and the 443 eV
and 1020 eV peaks were used for EEL mapping of In and Zn,
respectively. Further imaging was also performed in a FEI Titan
Themis 60-300 kV TEM operating at 200 or 300 kV. The machine
is equipped with a field emission gun (X-FEG), a
monochromators, two aberration correctors (one pre-specimen
probe-corrector, and one post-specimen image corrector), and
a Fischione HAADF detector. The collection angles are typically
85-200 mrad for HAADF-STEM images. The BF and HAADF
images were denoised using radial a Weiner filter. Viewing
direction illustrations were created in Mathematica.

An Attolight Rosa setup equipped with an Andor Newton
920 Si-CCD was used for CL measurements. It was operated at
room temperature with an acceleration voltage of 3 kV, a beam
current of <1 nA, and an exposure time of 50 ms per pixel. The
nanowires were mounted on a stage with 20° tilt. Denoising of
the hyperspectral maps was done through principal-component
analysis (PCA) using the Hyperspy Software.*! Peak fitting was
done after data treatment based on the approach described in
ref. [42].

Results and Discussion

Electron Microscopy

Figure 1la shows a representative secondary electron SEM
images of a typical zigzag ZnsP, nanowire. These nanowires
grow perpendicular to (101) with side facets belonging to
{101}.2433 While the lateral facets in 1lI-V superlattices, (111)A
and (111)B, can exhibit different polarities, this is not the case
for ZnsP, (101) facets as they are all Zn-terminated.”827 The
supposed difference between the lateral facets has been cited
as one of the driving forces for the formation of TSL nanowires.
This argument cannot be applied to this case as Zn3P, does not
display polar facets. Before discussing the mechanism, we
disclose the nature of the interface dividing the zigzag regions
in the nanowire.

Figure 1b shows an aberration-corrected BF-STEM image of
a zigzag nanowire ([111] zone axis), revealing a “twin-like”
planar defect separating different segments that are mirrored.
This structural defect is akin to the twin planes in the IlI-V TSL

This journal is © The Royal Society of Chemistry 2020
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Figure 1. a) Secondary electron SEM image of a superlattice nanowire. b) Aberration corrected BF-STEM image taken along a [111] zone axis in the region around the zigzag

interface with an inset illustrating the viewing direction. c) Aberration corrected HAADF-STEM image taken along a [101] zone axis in the region around the zigzag interface. The

top inset illustrates the viewing direction and the bottom inset displays a “close up” on the interface. d) HAADF-STEM image ([111] zone axis) of the region where the EELS maps
were acquired (green). e-g) Core-loss EELS maps of Zn (blue - e), In (orange - f), and the combination (g), showing the localised presence of In in the region around the stacking

fault.

nanowires: it interfaces two segments of the nanowire that
appear to be rotated 180° around the nanowire growth axis —
the (101) plane-, which is the most common twin plane in
tetragonal systems.*3

Figure 1c shows the HAADF-STEM image of a region
equivalent to that shown in Figure 1b, viewed along the other
major zone axis, [-101]. The bottom insets corresponds to “close
ups” of the interfaces, identifying sets of trimers (Zn — blue, P —
red) at each side of the defect. The topmost insets show a three-
dimensional model of the structure, highlighting the viewing
direction of the respective zone axes. While the defect is easily
discerned by the increase in intensity and break in periodicity in
Figure 1c, the structure is not perfectly mirrored along this zone
axis. Instead, we observe a translation of the top crystal by a
(400) plane along the <100> direction perpendicular to the zone
axis. Furthermore, as corroborated below, the interfacial defect
extends to more than one monolayer, and is of a different
composition than the neighbouring segments. Thus, the two
rotated crystals are separated, not sharing any crystal lattice
points, and consequently this defect cannot be considered a
standard twin.

We not turn to the study of the nature of the interface
separating the twinned regions by providing data on the

This journal is © The Royal Society of Chemistry 20xx

chemical composition. For this, we took the core-loss EELS of
the “twin” and the adjacent regions —marked with a green
square in Figure 1d, resulting in chemical maps with atomic-
scale resolution.?44> Figure le-g display the resulting chemical
mapping of Zn (blue — e), In (orange — f), and combined (g). P
mapping did not provide the same resolution, and a constant
signal was observed throughout. The maps reveal the presence
of In at the interface and the neighbouring layers, accompanied
by a drop in the Zn content. The presence of In is consistent with
the intensity analysis in the HAADF-STEM images, especially
from the [-101] direction (Figure 1c). The interface there
appears slightly brighter than the rest, suggesting the presence
of a heavier element, i.e. In. Given the chemical inhomogeneity
across the boundary, the defect should rather be identified as a
heterotwin.*®

The utilisation of a chemical heterogeneity at the
boundaries or planar defects have been reported in Al/TiN
composites and in doped II-VI compounds such as ZnO. In the
case of Al, N-terminated TiN lowers the formation energy of
twins, and they provide significantly improved mechanical
properties.*®47 In ZnO, trivalent metals such as Al, Fe, Ga, or In
have shown to precipitate at the interface of inversion domain
boundaries.*® The presence of trivalent metals in II-VI defects

J. Name., 2013, 00, 1-3 | 3



modifies the bonding coordination from four in a tetrahedral
fashion to eight in an octahedral one, causing the polarity
inversion.4%-52 However, in the case considered here the defect
cannot be classified as an inversion domain boundary as there
is no polarity inversion associated with it. In the following
section we discuss the mechanism by which ZnsP, forms a zigzag
structure via a heterotwin.

Zigzag Mechanism

To investigate the driving forces prompting the regular insertion
of heterotwins, we analysed the heterotwin periodicity along
the nanowire length, x (nm), and as a function of W, an
approximation of the cross-sectional apothem. The trend was
observed in multiple nanowires, while the equation is based on
the high-resolution TEM image shown in Figure S3. Similar to Ill-
V TSL nanowires, the heterotwin periodicity in ZnsP, nanowires
depends on their diameter.”53 The zigzag morphology results in
the width being a periodic function with an amplitude with
linear decay:

Wo-52 &

1 2mx
W(x) = WO - 1 +§COSW (1)

- T
tans>52

Where Wy is the initial width and hg is the distance between the
initial segment separation. Equation 1 shows that the
heterotwin interdistance reduces with the reduction of the
nanowire diameter, in agreement with studies on non-tapered
superlattice ZnSe and GaAs nanowires.2%53 In particular, the
term 1 /2.02 corresponds to 89°, i.e. the measured tapering
angle characterising the reduction of the nanowire’s diameter.
The origin of the tapering is explored in detail in ref. [24].
Regarding possible explanations for the heterotwin
formation mechanism, previous studies argued that twins in a
zigzag structure form to minimise the nanowire surface
energy.854 compound

semiconductor nanowires exhibiting facets with different

The argument is reasonable for
polarities and thus different surface energies. However, ZnsP, is
not polar. The basic structural unit consists of symmetric Zn-P-
Zn trimers, instead of asymmetric cation-anion dumbbells such
as In-P in InP, and its centrosymmetric crystal structure.29.48,55
Thus, all facets in the zigzag structure are equivalent.2’ This
means we cannot reasonably attribute the instigation of the
Zn3P; energy
minimisation alone. As discussed below, deformation of the

twinning process to nanowire surface
liquid droplet during growth provides a more compelling
argument.

We studied the droplet stability as a function of the volume
and underlying cross-section of the nanowire, which varies
during the zigzag formation as depicted in Figure 2a-b. To this
end, we computed the surface energy of the liquid droplet and
the interface with the nanowire using the finite-element based
software Surface Evolver.3° We used a Young angle of 43°, which
is the experimental value found ex-situ.’¢ Young’s angles
differing from 43° do not change the conclusion regarding
alternating stability, the only modify the threshold for
heterotwin formation.

4 | Nanoscale, 2020, 00, 1-3
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Figure 2. a) Secondary electron SEM image of a zigzag Zn3P, nanowire b) schematic

HT2

of the development of the cross-section of the nanowire as a function of the
nanowire’s growth axis, c) Results of the computation of the system (droplet and
nanowires top facet) normalised surface energy (normalisation explained in the
text) as a function of the variation of the geometry of the NW’s top facet for three
different referential droplet volume: small (red), medium (blue) and large (green);
d) 3D sketch of the large droplet morphology upon the zigzag period.

Figure 2c illustrates the evolution of the surface energy of
the droplet plus the liquid-solid interface during one zigzag
cycle. We include the curves for three relative values of droplet
volumes, which all follow a similar trend. The total surface
energy has been normalised by the average length of the sides,
constant throughout all simulations, by the surface energy of a
floating sphere with an identical volume, and by the surface
tension of the liquid-vapour interface. Due to the pinning of the
liquid at the edge of the faceted nanowires, an increase in the
liquid volume results in the increase of the apparent contact
angle.>¢ The normalised surface energy increases with the liquid
volume due to the expansion and deformation of the liquid
surface at the edges. The lowest normalised surface energy
corresponds to the configuration with hexagonal nanowire
cross-section, where the droplet is the least deformed. The
normalised surface energy increases parabolically (to a second
order approximation) with the modification of the liquid-solid
interface area. The slope of the curve increases with the droplet
deformation. A representative display of the predicted droplet
shape during the zigzag process is shown in Figure 2d. It shows
that the deformation is larger at the corners of the cross-
section. In addition, the local and overall deformations are the
largest when the cross-section is the closest to a triangular
shape. This increasing deformation with the deviation from a

This journal is © The Royal Society of Chemistry 2020



hexagonal cross-section explains the increase in the normalised
surface energy.

The introduction of a heterotwin constitutes a mechanism
to stop the increase in surface energy during the nanowire
elongation caused by the droplet’s deformation.>357 As the
energy required to form a heterotwin (Eyr) is fixed, there is a
critical geometry of the nanowire’s cross-section after which it
is energetically favourable to insert a heterotwin rather than to
continue increasing the total normalised surface energy. The
probability of creating a heterotwin along the nanowire axis,
P(x), should thus increase with the normalised surface energy
of the system, y(x), as:

y(x)
P EprA(x) @
After formation of a heterotwin, the normalised surface energy
decreases with nanowire elongation due to the change in the
facet orientation and return towards a hexagonal cross section.

Optical Properties

Previous studies on ZnsP, indicate that it exhibits a direct
bandgap at ~1.5 eV, which is close to the ideal bandgap for the
highest efficiency of single junction solar cells.58 In our recent
work, we demonstrated that zigzag ZnsP, nanowires luminesce
at 1.43 eV at cryogenic temperatures, which is relatively close
to the expected value of the bandgap.2* We have observed that
in Zn3P,; nanowires with a square cross-section, luminescence
can vary with the relative stoichiometry between the Zn and P.24
Given the composition variation at the heterotwin in the zigzag
nanowires, the question arises of whether the optical
properties vary at these points. To ascertain their potential
influence, we performed CL on zigzag nanowires at room
temperature. The experimental conditions were chosen as to
decrease the diffusion length and allow for higher spatial
resolution measurements compared to previous studies.

Figure 3a shows a panchromatic map of the CL emission. We
observe a ~10% variation in the emission intensity around edges
and on the outward facet orientation compared to that of the
inward orientation of the zigzag structure. We attribute this
fluctuation to the variations in electron-beam excitation as a
function of the morphology (see Sl for more details). Detailed
spectra along one oscillation of the zigzag morphology indicated
by the arrow in Figure 3a are shown in Figure 3b. The spectra
along and on each side of the heterotwin are qualitatively
extremely similar. The similarity of the spectra along the zigzag
structure could be due to the carrier diffusion length being
larger than the excitation volume.5® We observe to main peaks
centred around 869 and 950 nm (1.43 eV and 1.30 eV,
respectively), which correspond to sub-bandgap emission,
potentially caused by the incorporation of indium in the bulk.>®
First principle simulations should be performed to confirm this
hypothesis. We also distinguish a third weaker peak centred
around 748 nm (1.66 eV). This peak could correspond to
emission from the I transition 260 meV above the bandgap,
available due to the high energy excitation of CL.3860

Conclusions

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) High-resolution panchromatic CL intensity map of a zigzag nanowire
with the white arrow indicating the linescan of the extracted spectra in (b), of
which the second and fourth from the top were extracted from regions on top of
the heterotwin.

In conclusion, we have demonstrated that the ZnsP,
superlattice nanowires do not form through regular twinning,
as observed in their IlI-V analogue. Instead, an In-rich
heterotwin is formed, as shown through EELS mapping and
aberration-corrected STEM imaging, which facilitates the
rotation of the crystal structure between segments through the
inset of a separate material. Furthermore, we developed a
model to explain the onset of heterotwin formation. Based on
the non-polar nature of ZnsP, we could tie the model solely to
the constraints posed by the droplet shape as a function of the
nanowire cross-section. Characterisation of the emission
through room temperature CL shows no effect of the

heterotwins on the functional properties.
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Figure S1. lllustration of the parameters used to model the droplet behaviour.
Core-loss electron energy-loss spectra

Fitting of the EEL maps are done using the peak at 443 eV for In and 1020 eV for Zn. EEL spectra after
denoising are shown in Figure S2, showing the In (a) and Zn signal (b). The fitting is done using the
software Gatan Digital Micrograph v2.32.
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Figure S2. (a) EEL spectrum showing the In peak and (b) EEL spectrum showing the Zn peak used for mapping.

Oscillation Modelling

In Figure S3a we show a HR-TEM image of a zigzag ZnsP, nanowire. We can clearly observe the presence of a
sharp interface between regions having different crystal orientation (having different contrast as well). This
interface occurs where the heterotwin forms and produces the change the crystal orientation. To investigate the
driving forces at the origin of this growth process, we looked for a periodicity rule in the insertion of these



heterotwins as a function of the length of the nanowire. Due to the tapering effect influencing the width of the
nanowire along its growth axis, we decided to measure the position and the nanowire’s width at which the
heterotwin is inserted through the software ImageJ. In Figure S3b we show the data points collected and the
periodic function fitting the data.

a)
200 nm
]
b %
E 150 . e Data
& — Model
i) [
s 100
o
g 50
[ =]
4]
Z 0
0 1000 2000

Nanowire length (nm)

Figure S3. a) TEM image of zigzag ZnsP2 nanowire grown by MBE and b) plot of the development of an approximation of
the nanowire’s width as a function of the nanowire’s growth axis: the dots represent the measurements taken on the sample
shown in a) with fitting function reported in equation (1).

The selected periodic function (eq. 1) has a linear decay in the amplitude and an exponential decay in the frequency
of insertion of the heterotwin. W, and h, are the initial width of the nanowire and the initial separation between
the first two consecutive heterotwins observed in the nanowire. The fitting to the data produces /2.02 (89°) for
the tapering factor, which corresponds to the tapering angle measured in zigzag nanowires through SEM analysis
(i.e., the amplitude linear decay); and 2 x 105 for the continuous decay rate of the separation, characterizing the
exponential decay in the heterotwin insertion periodicity. We believe that the tapering factor and the continuous
decay rate coefficient depends on the MBE growth conditions, i.e. temperature and 11-V ratio.

Wo—% x 1 27X
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Casino simulations of energy deposition in a superlattice nanowire

The simulations performed using CASINO software (V3.3) are presented in Figure S4. It can be observed that the
extent of the beam interaction volume in Zn3P, does not exceed 50 nm in depth and laterally at an acceleration
voltage of 3kV. The assumption that no energy reaches through the sample at this acceleration voltage is thus well
verified for most probed points on the CL map. Additionally, the total amount of energy deposited in the sample
varies by 17% between outwards and inwards facing apices. This is explained by the variation in backscattering
coefficient (), which is largely influenced by the local geometry. We make the argument that the CL emission
should follow the energy deposited by the beam. Accordingly, the superlattice nanowire local geometry is
sufficient to explain the dark edge-contrast observed in the panchromatic CL map (Figure 3).
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Figure S4 CASINO Simulation of energy deposited in the sample for different edge configuration. Coloured surfaces show
the decrease in energy density deposited in the sample, normalised to the maximum. Annotations show the fraction of
backscattered electrons (n) and the total amount of energy (in keV) deposited in the sample per electron, for each edge
configuration. It is observed that outwards facing apices (left) show enhanced backscattering compared to inwards facing
apices (right) or facets (middle). Simulations where performed using a collimated electron beam of 10 nm diameter at 3 kV
and a density of 4.55 g cm™ for ZnsP2. Due to the limited possibilities of simulating complex geometries in CASINO 3, we
model the sample with truncated pyramids. This approximation reproduces well local edge configuration, but would not be

valid in experiment conditions where a significant part of the beam energy is transmitted through the sample, e.g. at high beam
energies.



Nucleation in the vapor-liquid-solid
growth mode modeled with Surface
Evolver

Beyond the basic considerations regarding the NW’s geometrical constraints, the presence of
sides and corners composing the edge of the top facet creates some inhomogeneity from the
energetical point of view. The majority of the nucleation theories proposed until now for NW
growth highlight the importance of the nucleation site in the determination of the crystal phase.
For example, in the case of gold-catalyzed MOCVD GaAs NWs it was observed through in-situ
TEM measurements that Wurzite structure develops in a layer-by-layer growth, starting from
the TPL line.[109]. Also for self-catalyzed GaAs NWs, it has been shown experimentally that
wurtzite monolayers nucleate at the corners.[117] The fact that the formation of a new layer
starts at the TPL may suggest that the nucleation of such layer is happening at the TPL, which
gives further relevance to the liquid-contribution to the phenomenon. Indeed, even though
the difference in the reactive properties of edges and corners from the chemical/physical
prospective is well known, linked to dangling bonds and crystallographic plane stability,
the effect of edges and corners on the morphology and stability of the liquid phase is often
neglected when analysing the growth. We think that the dispersion in the apparent wetting
angle resulting from the presence of faceted NWs may alter the local energetic stability of
the system along the TPL. The target of this analysis is to provide insight in the nucleation of
GaAs crystals by VLS methodology, particularly for NW’s growth, is influenced and facilitated
at the TPL due to the presence of unbalanced capillarity tension along the perimeter of the
catalytic droplet.[93] The effect of these forces becomes evident observing liquids wetting
deformable materials. In such cases the deformation often leads to the formation of peaks
following the inclination of the wetting angle itself along the TPL. This is why we think that
disomogeneity in the apparent angle around the droplet perimeter can cause preferential
nucleation sites. In this work we indicate that the strecthing caused by the liquid cause
a deformation in the shape of the nucleus of the new phase, with consequent change in
the surface energy of the system modifying the overall dynamic of nucleation. In order to
check this hypothesis, we adopt the following main assumption: early stage nuclei behave as
liquids. This assumption is supported by the recent observations through Atomic Electron
Tomography of the anisotropy of early stages nuclei for FePt nanoparticles undertaking phase
transition.[79] Thanks to this assumption we can take advantage of the software Surface
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Evolver to compute and determine the equilibrium morphology of the new stretched phase
and its surface energy size-dependence, essential for the computation of the nucleation curve,
representing the Gibbs energy necessary for the considered transition as a function of the
size of the nucleating phase. In the first part of this chapter, we first introduce the method
used for computing the volumetric and the superficial contributions to the total energy of
the system. We verify the method by applying it to the well known cases of homonucleation
and heteronucleation far away from the TPL. The obtained results are then compared to the
nucleation taking place at the TPL. In the second section, we observe the effect of droplet’s
wetting angle on the morphology of the germ of the new phase, and analyse its deformation
caused by capillary forces. We verify the effect of this deformation by studying the variation of
the critical size and nucleation barrier for the new layer germ formation as a function of the
liquid wetting angle.

6.1 System definition and computation of the free energy values

The aim of this chapter is to analyse the nucleation event at the origin of GaAs NWs by
computing the nucleation curves for a specific phase transition. The shape and geometry of the
nucleus is key in determining the nucleation curves, due to the continuous interplay between
surface and bulk effects. Since phase transitions corresponds to saddle points in the energy
landscape of the system, we identify the most reasonable shape as the one associated with
the local minimum. For determining the critical nucleation energy barrier, characterizing the
saddle point, we then shift towards a maximizing process in which we study the increase of the
energy of the system by increasing the volume. In this section, we compute the morphologies
associated with these saddle points by minimizing the surface energy of the system analysed in
different configurations and under different constraints. We will then proceed in determining
their nucleation volumes and energies. The computations are an extension of the classical
homogeneous nucleation problem on a flat surface, where the minmax shape is a spherical
cap. Here, the most important contrubiution is to consider another case where nucleation
occurs along a triple line-and the minimal shape does not consist of a spherical cap, or a
combination of several such caps.

To compute the nucleation curves we define the volumetric and surface contribution to the
system total energy of final and initial states in order to figure out the size-dependence of
the Gibbs free energy. The system considered is composed by the substrate, the vapor, the
liquid and the nucleating solid phases. The substrate is GaAs, the liquid is 98% Gallium and 2%
Arsenic and the vapor is a mixture of Ga ad As4. The new solid phase nucleating in the liquid
is FCC GaAs. In order to properly define the formation energy relative to this phase transition,
we need to define the system and its referential Gibbs free energy curves. The phase diagram
and curves considered here have been calculated by Dimitra Spathara for the equilibrium at
740°C and 2% As mole fraction through the software Calphad and they are reported in Fig. 6.1

For calculating the formation energy of GaAs we assume that the liquid phase has fixed volume
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Figure 6.1 — Phase diagram (a) and the free energy curves (b) computed through Calphad of
the system analyzed.

during the process as a result of a steady state reactive condition: we assume that the balance
between the material used to generate the new phase and the material supplied by the vapor
phase is perfect, allowing the liquid phase to maintain constant volume. By considering the
values calculated through Calphad and reported in Fig. 6.1 we substract from the Gibbs
free energy of the final state (fcc GaAs) the Gibbs free energy of the initial state (liquid) and
we transfrom the values from J/mol to J/m3. The obtained value of the formation energy is
-7.40304*108 J/m3 Regarding the surface energy contribution to the total energy, we fix the
liquid to nucleus ratio to 200. The surface tensions implemented are set as follows: liquid-
vapor tension= 1 N/m, nucleus-vapor tension= 0.9 N/m and nucleus-liquid tension= 1.1 N/m.
The selected values are not specific for the different phases themselves but they were chosen
in order to ensure the right condition of the system. In particular, the condition reported in
eq. (6.1) need to be satisfied in order to avoid both separation and engulfing between the two
phases.

y(nucleus—vapor) <Y(llquld—vapor) +Y(llquld—nucleus) 6.1)

For the energetic contributions related to the substrate-liquid interface and the substrate-
liquid interfaces we used the Young equation with, respectively, 51° and 60° wetting angles.
Since the equilibrium shape of the new phase in both homogeneus and heterogeneus cases can
be easily modelled, we performed the calculations by hand following the classical definition of
system surface energy: the sum of all the surface areas present in the system multiplied for their
respective surface energy. In the case of the nucleation at the TPL, due to the capillary forces
acting on the new phase, we use the software Surface Evolver for computing the equilibrium
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shape and the associated system surface energy.

6.2 Modelling nucleation with Surface Evolver

The main focus of this part is to determine the modification of the nucleation curve as a
function of the position of the nucleation event. The configurations selected for this analysis
are depicted in Fig. 6.2, being correspondent to the following nucleation cases: homonucle-
ation, heteronucleation far away from the TPL and heteronucleation at the TPL. An additional
location for the nucleation has been identified at the vapor-liquid interface, which can be rep-
resented as a floating disk on the catalyzer surface. Nevertheless we do not treat this case here
since it is not directly connected with the NW growth mode happening though layer-by-layer

mechanism, thus taking place at the substrate-liquid interface.

Figure 6.2 — Sketches of the 3 configurations in which the nucleation of the new solid phase
can take place.

In order to quantitatively determine the kinetically favoured process for this phase transition
we can measure from the nucleation curve its specific critical radius and energy barrier. The
critical radius refers to the minimal size of the germ of the new phase allowing the system to
enter into a stable state. The lower it is, the easier it is to nucleate the stable germ which will
then enlarge during the growth. The energy barrier is the Gibbs energy necessary to reach the
critical size for stability, thus representing the price to pay for the the formation of the new
phase. The critical size is the radius solving eq. (6.2) while the energy barrier (AE) is defined
by eq. (6.3) :

O0AG _0 6.2)
or .
AE = AG(r°ih (6.3)

At first we want to clarify the reliability of the absolute values of both critical radius and
energy barrier obtained. Our results, in particular regarding the critical radius, are indeed too
small to have physical meaning but nevertheless they do not hinder the efficacy of the main
purpose of this analysis: that is to say the comparison between the nucleation probability
at different locations. In this work we are interested in the relative results and not to the
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Figure 6.3 — Computation of the nucleation curves for the GaAs phase transtion through VLS
growth mode with the liquid wetting angle 51° and nucleus wetting angle 60° as a function of
the radius of the nucleus for the 3 location considered: floating in the droplet, heteronucleation
far away from the TPL and heteronucleation at the TPL.

absolute ones. Moreover, the absolute results strongly depends on the approximations adopted
in our model and on the values we took as references for the different interfacial energies
considered. These values, being based on theoretical predictions and ideal computational
values, often distance them self from real system, still making it impossible to make absolute
predictions. We compare the results for the traditional homogeneous and heterogeneous
cases, in order to verify the reliability of our simulations. Regarding the critical radius of the
nucleus, that is to say the radius at which the nucleation curve reaches its maximum, these
two configurations share the same values. According to nucleation theory, the equivalence
in the critical radius is expected due to the spherical cap approximation used to calculate
the curve for the heterogeneous nucleation. Indeed even if the critical radius is the same,
the critical size is smaller for the heteronucleation because the real shape of the nucleus
is just a portion of the sphere defined by the critical radius: the shape is the spherical cap
whose morphology is defined by the contact angle of the nucleus itself. By focusing on the
energy barrier, the maximum height of the nucleation curve, we can confirm that the homo-
nucleation case requires around twice the energy necessary for the heteronucelation case,
as expected by nucleation theory. With further analysis we verified and confirmed that the
relationship between the two values follows the theoretical predictions reported in eq. (6.4)
and (6.5). It is important to underline that traditionally, when far away from the TPL, the
wetting angle used in eq. (6.5) refers to the wetting angle that the new phase creates with the
substrate: it is thus fundamentally differnt from the wetting angle of the catalytic liquid phase,
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whose contribution really enters into action when analysing the TPL location.

AGH! = fO)AGH™ (6.4)

_ 3
£ = 2 3cos(9i +cos>(0) 6.5)

We focus now on the comparison between the traditional heteronucleation (occuring far away
from the TPL) and the one taking place at the TPL with a liquid wetting the substrate with a
contact angle equal to 51°. The critical radius is reduced, meaning that from the point of view
of kinetics of reaction, this location ensures the smallest size for stability and thus it is the
one with higher probability to happen and start the growth process. While the reduction of
the critical size was expected, the energy barrier results slightly increased with respect to the
heteronucleation, meaning that the system has to pay more from an energetic point of view, to
reach and maintain that configuration. This additional price may be linked to the deformation
of the nucleus’s shape caused by the capillary forces, which do not allow to get to the lower
state of spherical cap configuration. The germ’'s morphology minimizing the surface energy
of the nucleating system computed thanks to Surface Evolver is reported in Fig. 6.4, as a top
view in panel (a) and from the side view in panel (b). From the top view image the nucleus
show a football-ball shape clearly elongated and stretched by the substrate-liquid-vapor TPL
line. From the side view it is possible to appreciate the vertical component of the germ’s
deformation, visible as a stretching in the direction defined by the wetting angle of the liquid
and forming a peak along the whole nucleus-liquid-vapor contact line.

Figure 6.4 — Equilibrium shape of the nucleating phase taking place at the TPL for wetting
angle equal to 51°: (a) top view and (b) side-view
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6.3 Energy barrier dependency on the liquid wetting angle

In order to investigate the influence of the direction of the capillary forces and their deforma-
tion effect on the forming new phase, we decided to compute the equilibrium shapes and the
corresponding nucleation curves for different liquid wetting angle, ranging from 30° to 110°.
In Fig. 6.6 we show the Surface Evolver morphologies minimizing the surface energyof the
systems composed by substrate, nucleus, liquid and vapor for nucleus wetting angle of 60°
and liquid wetting angle respectively of (a) 30°,(b) 51°, (c) 70°,(d) 90°,(e) 100° and (f) 110°.

91=110°

Figure 6.5 — Surface Evolver morphologies minimizing the surface energy of the systems
composed by substrate, nucleus, liquid and vapor for nucleus wetting angle of 60° and liquid
wetting angle respectively of (a) 30°,(b) 51°, (c) 70°,(d) 90°,(e) 100° and (f) 110°

By changing the droplet wetting angle, it is possible to obtain very different morphologies of
the nucleus, going from a partially floating spherical cap (a), passing through a section of a
spherical cap (d) until obtaining a disk attached to the substrate (f). Our hypothesis is that
different germ’s morphologies may influence the next steps of growth, leading for example
to Stranski-Krastanov growth regime (d) or to a layer-by-layer mode (f). Nevertheless, it is
interesting to note that within wetting angle below 90° the obtained shapes recall pointy
ellypsoids, with the sharpness stretching along the direction defined by the wetting angle. For
higher wetting angle, the ellypsoid is lost in favour for a more planar geometry. Moreover,
it appears that the nucleus’s surface area exposed to the vapor phase reduces for increasing
wetting angle. This behaviour suggests that for increasing liquid wetting angle there is both an
increase in the nucleus deformation (intended as distancing from a spherical cap condition)
and a stronger confinement of the new phase into the liquid, represented by the shorter
surface area in contact with the vapor.

In Fig. 6.5 we report the computed nucleation curves for GaAs phase transtion through VLS
growth mode at the TPL with nucleus wetting angle of 60° and liquid wetting angle ranging
from 30° to 110°. From the plot it is possible to appreciate the reduction of both the critical size
and the nucleation barrier for increasing wetting angle, proving that the higher the wetting
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angle is, the easier the nucleation event at the TPL becomes. In particular, we observe that the
energy barrier values reduces linearly with the increase of the liquid wetting angle.
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Figure 6.6 — Computation of the nucleation curves for the GaAs phase transtion through VLS
growth mode at the TPL with nucleus wetting angle 60° and liquid wetting angle of (a) 30°,(b)
51°, (c) 70°,(d) 90°,(e) 100° and (f) 110°

Recalling the relationship between the homogeneus and heterogeneus nucleations, described
by eq. (6.4) and (6.5) , we decided to investigate the corresponding relationship also between
heterogeneous nucleation far away from the TPL and heteronucleation happening at the
TPL. From the results reported in Fig. 6.5 we measured the energy barriers correpsondent
to each curve and diveded them by the value of the energy barrier for the heteronucleation
far away from the TPL. The obtained values have been plotted in Fig. 6.7 and fitted through
eqg. (6.6), given by applying eq. (6.5) applied to a new ratio of energy barriers: the TPL and
heteronucletion energy barriers with liquid wetting angle defined by a. Here « is finally taking
into consideration the contribution of the catalyzer in the nucleation event. It is practically
different from eq. (6.5) since it is considering the next level of wetting, that is to say the wetting
of the liquid on the nucleus-substrate system.

AGTPL 2 _3cos(a) + cos®(a)
AGHet = 4

(6.6)

The agreement between the data points and the theoretical prediction suggests us that the
stabilization given by the capillary forces can be interpreted as if there was an additional
plane available for the nucleus to wet and reduce its surface energy. We can conclude that
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the presence of the TPL is not important for the line itself, but mostly for being the border of
the liquid-vapor interface, representing a new plane available for the germ to spread and wet
and stabilize. We can summarize these findings by interconnecting the homogeneous case
with the TPL-nucleation one through eq. (6.7), where 0 is the wetting angle of the nucleus
on the substrate while « is the wetting angle of the liquid on the substrate. In this equation,
the nucleus’s wetting process and the influence of the liquid’s capillary forces follow the
same dependency on each respective wetting angle and their effect can convolute togehter to
describe the entire system.

AGTPL
AGhom

=fO)f(a) (6.7)

Although there is no a priori justification for assuming a fit of the form f(68)f(a), it provides a
simple characterization in terms of two parameters. As it can be observed by panels (a) and
(b) in Fig. 6.6, referred to the cases with low liquid wetting angle, the nucleus is expanding
along the vapor-liquid interface like a floating ellypsoid. By considering the liquid-vapor
interface as an additional plane suitable for the wetting process, we can thus interpret the TPL
as a special type of edge given by the intersection between a solid substrate and the vapor-
liquid interface. The advantage of having a vapor-liquid interface stabilizing the nucleus as a
solid but at the same time deforming it due to its capillary forces, enables the system and, in
particular the nucleus, to adopt new shapes and geometries, creating the initial conditions for
the development of different growth modes.
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Figure 6.7 — Comparison between data points representing the development of the TPL energy

barrier (measured from the curves shown in ig. 6.5, as a function of the wetting angle and the
fitting equation reported in eq.(5.6)

Considering the particular case of GaAs NWs grown by VLS method, we can conclude that
in case of nulceation at the TPL, the higher the wetting angle of the liquid is, the higher the
kinetics of reaction is. Indeed both critical size and energy barrier reduce for increasing
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wetting angle, increasing the probability that the GaAs germ will start its growth from this
condition. Moreover, by observing the deformation of the nucleus’s geometry caused by the
capillary forces, we think that the nucleus presenting the most suitable shape for the onset
of layer-by-layer growth, typical of III-V NWs, is close to the one shown in Fig. 6.6 (f), given
by a liquid wetting angle of 110°. Considering the development of the apparent angle accross
the perimeter of a droplet wetting a hexagonal-cross section NW, we expect the nucleation to
happen along the side of the top facets, where higher apparent angle will be observed.

In this chapter we showed that the presence of the capillary forces acting on the germ of
nucleation in correspondence of the triple phase line can modify the dynamics of phase
transition. In particular thanks to the software Surface Evolver we estimated the morphology
associated with local minima of the system and we performed an investigation of their proper-
ties as saddle points by maximizing the volume of the morphology analysed. In this way we
could compute referential critical radii and energy barriers which helped us comparing the
nucleation event at the TPL with the traditional cases of homonucleation and heteronucletion
far away from the TPL.
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In this thesis we investigated key questions in the fundamental understanding of Vapor-Liquid-
Solid growth mode of nanowires. This understanding is extremely important to perform
reproducible NW fabrication and their utilization in applications. The first main insight
concerns the preparation of arrays of semiconductor nanowires through VLS and selective
area epitaxy and the possibility to optimize the vertical yield thanks to the engineering of the
wetting behavior of the catalytic droplets at the initial stages of growth. The same phenomenon
is first analyzed for arrays produced from cylindrical cavities obtained through traditional
lithographic techniques and secondly for arrays produced without lithography and presenting
smooth cavities. The second topic analyzed is the wetting behavior of droplets constrained on
top of nanowires and/or cylindrical pillars. In such conditions, droplet volume and constraint
geometry are the key factors for determining the most stable configuration of the droplet
and thus the direction of further layers of growth. Theoretical considerations are linked to
experimental results proving the modification of the growth direction of InAs NWs and the
possibility to obtain exotic nanostructures by changing the liquid confinement on top of
Silicon pillars. Adding a further degree of complexities, we analysed the wetting behavior
of droplets on top of non-cylindrical constraints and observed the effect of droplets wetting
angle dispersion due to the presence of edges and corners. Zig-zag nanowires and their growth
mechanism have been inspected. We observed the interconnection between the modification
of the top facet morphology and the liquid deformation, possible responsible of the oscillatory
behaviour of the whole stucture. In the last chapter we present also some considerations
about the nucleation event at the triple-phase line, showing that the support provided by the
presence of the liquid can be associated to the addition of a further interface stabilizing the
nucleation process.

Our method relies on the continuous interplay between experimental efforts and theoretical
modeling, together with the interconnections between thermodynamics and kinetic prop-
erties of the system. In particular we proved that the software Surface Evolver is a flexible
and reliable tool for analysing many different problems and for contributing in figuring out
some invisible factors characterizing solid-liquid interfacial equilibrium and thus influenc-
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ing any phase transition processes as well. Just on the base of a solid understanding of the
fundamental mechanisms taking place during crystal growth, it is possible to manage and
optimize both preparation techniques and final performances of the devices. The general-
ity of the findings that are gathered ensures their transfer to both other growth processes,
other type of nanostructures and other materials as well. From a larger point, the analysis of
liquid-solid interaction and its consequences on the equilibrium of the system can be relevant
also for medical applications and in the development of bioinspired materials. In particular
we would like to highlight the need to develop more updated bottom-up based models for
analysing nucleation event and growth dynamics. These new theories should be based on
the nanometric scale and specific properties of the reactive system in order to surpass the
outdated top-down modelling approach of materials phase transition, which relies mostly on
bulk materials assumptions.
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