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Abstract

The goal of this thesis is to master the synthesis of GaAs nanowires ensembles on
Si for their application in solar cells. Semiconductor nanowires present promising
characteristics for photovoltaic applications: they benefit from their longitudinal
high aspect ratio geometry to enhance light absorption, minimize material
consumption and efficiently collect the carriers. To fully unleash their potential, the
following properties have to be controlled: number density, diameter and
orientation. The latter is of utmost importance to have uniform junctions and to
avoid leakages/shortcuts, whereas number density and diameter allow to tune light
absorption and minimize material utilization. Our nanowires have been grown by
molecular beam epitaxy (MBE), a well-known technique for the high crystalline
quality and atomically sharp interfaces in thin film applications. Moreover, to
develop a scalable technique and to avoid any possible contamination we used a self-
assembly and self-catalyzed approach, which involves only Ga and As, without any
patterning of the surface. In a first place we studied the occurrence of GaAs
nanowires growth for different types of silicon oxides, such as thermal oxide, native
oxide and hydrogen silsesquioxane (HSQ)). We determined the critical thicknesses to
achieve nanowire growth and investigated the influence of surface roughness. This
comparison study lead us to choose native oxide as oxide of choice for GaAs
nanowires growth on Si. With this type of oxide, reproducibility and uniformity of
results outpaced the others. Successively we developed a simple technique to control
native oxide thickness and characterized the chemical composition and wetting.
Once the behavior of the oxide properties as a function of oxide thickness was
clarified we studied their influence over nanowire growth. We found that impacted
the overall possibility of nanowires growth and to control their orientation with
respect to the substrate. The root cause of the change in growth morphology was
identified to be in the different thermal stability of the oxides with different
compositions, and the wetting properties. The understanding of the influence of the
surface properties over nanowires nucleation was of paramount importance to
achieve reproducible, uniform and scalable growth of vertical nanowires. Once full
control over the substrate was achieved, we investigated the tailoring of diameter
and density by growth conditions using the self-assembly of Ga droplets. We
demonstrated an approach to tailor diameter-density distribution that minimize
nanowires-array reflectivity. These results give a clear pathway on how to obtain fully
controlled nanowires growth in terms of diameter, density and orientation, paving

the way to the development of GaAs nanowires based solar cells on Si.
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Riassunto

I’ obiettivo di questa tesi ¢ di acquisire controllo sul processo di sintesi di nanofili
di GaAs su silicio per applicazioni in campo solare. 1 nanofili semiconduttori
presentano promettenti caratteristiche per le applicazioni in campo fotovoltaico: essi
beneficiano del loro particolare rapporto dimensionale diametro/ lunghezza, per
massimizzare I’assorbimento di luce, minimizzare il consumo di materiale e per
estrarre efficientemente 1 portatori. Per realizzare il loro potenziale, le seguenti
proprieta devono essere controllate: la densita di nanofili per unita di superficie, il
diametro e l'orientazione. Proprio quest’ultima ¢ di estrema importanza per avere
giunzioni uniformi e per evitare perdite/corto-ciruiti. Mentre invece la densita di
nanofili e il diametro permettono di controllare lo spettro di assorbimento della luce
e minimizzare il consumo di materiali. I nostri nanofili sono stati cresciuti con la
tecnica di epitassia a flusso molecolare (MBE), tecnica molto conosciuta per Ialta
qualita cristallina e per le nette interfacce a livello atomico nelle applicazioni di film
sottili. Inoltre, per sviluppare una tecnica scalabile di produzione e per evitare
contaminazioni abbiamo preferito un approccio di autocatalisi e autoassemblaggio,
che include esclusivamente I'uso di gallio e arsenico, senza nessuna preparazione
della superficie con tecniche di litografia. In primo luogo abbiamo studiato
I'influenza di diversi tipi di ossido, come ossido termico, ossido nativo e ossido
derivato da idrogenosilsequioxano (HSQ) sulla crescita dei nanofili. Abbiamo quindi
determinato uno spessore critico per la riuscita del processo e investigato 'influenza
della rugosita della superficie. Questo studio comparativo ci ha portato a scegliere
I'ossido nativo come miglior ossido per la crescita di nanofili di GaAs su Si, in termini
di riproducibilita e uniformita dei risultati. Successivamente abbiamo sviluppato una
tecnica per controllare lo spessore dell’ossido, per caratterizzarne la composizione
chimica e le proprieta di superficie. Una volta chiarificato il comportamento delle
suddette proprieta in funzione dello spessore, abbiamo studiato la loro influenza sul
processo di crescita. Abbiamo scoperto che le proprieta dell’ossido impattano la
possibilita di crescita di nanofili e la loro orientazione rispetto alla superficie. La
causa di questo cambiamento in morfologia di crescita ¢ la diversa stabilita termica
degli ossidi a seconda della loro composizione chimica, e a seconda della loro
“ bagnabilita ». L.a comprensione dell'influenza delle proprieta di superficie sulle
prime fasi di formazione dei nanofili ¢ di fondamentale importanza per ottenere
nanofili perpendicolari rispetto alla superficie, in modo riproducibile, uniforme e
scalabile. Una volta acquisito il controllo sulle proprieta di superficie e sulla loro
influenza, abbiamo studiato il controllo del rapporto densita-diametro attraverso le

condizioni di crescita. Utilizzando un processo di autoassemblaggio di gocce di gallio
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abbiamo dimostrato un approccio per ottenere combinazioni di diametro-densita in
modo da minimizzare la riflessione della luce da parte della foresta di nanofili. Questi
risultati indicano un chiaro approccio per ottenere crescita di nanofili con le
desiderate proprieta in termini di diametro, densita e orientazione, aprendo la via allo

sviluppo di celle solari basate su nanofili di GaAs su superfici di Si.

Parole chiave

Nanofili, MBE, crescita di cristalli, semiconduttori ITI-V.
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1 General introduction

The purpose of this chapter is to put the scientific research of this thesis into context
with the current energy landscape, providing the motivation of the materials’ and
geometry choice. In a second step the general and specific objectives are outlined.

1.1 Energy Landscape

Energy has been shaping the global political and economic landscape in the last
century, due to the localized distribution of the resources. However major changes
are coming ahead: global warming and the limited volume of non-renewable
resources are driving towards a historical change towards renewable energy
resources, and the COP 21 agreement signs the beginning of it.

The energy production started to shift towards renewable resources, such as solar
and wind, which are more homogeneously distributed on the global scale. This trend
is observed in the installed global photovoltaic (PV) capacity, which has been
growing exponentially in the last 20 years (see Figure 1 (a)), leading to a dramatic
drop in cost (see Figure 1 (b) and Swanson law [1]).

Part of this trend is due to the incentives and benefits from government policies
stimulating economically the sector. The initial high cost of the PV technology
prevented mass deployment until the early 2000, when finally the financial subsidies
brought a drastic cost reduction. The technological advances, together with more
effective business models drastically reduced the upfront costs and increased
adoption.
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Figure 1 (a) Installed PV capacity since 1992 in megawatt peak. Data taken from [2] [3]. (b)
Price per Watt of crystalline Si solar cell during the last ~50 years [4] [1] [5].



The price trend was followed by efficiency improvement of Si solar cells up to 25%
on the lab scale (keep in mind that the best module performances are~20%),
approaching the theoretical limit of 29% [6]. Key to the successful improvement of
the technology was the quality of the raw material, which makes nowadays the 60%
of the module cost [7]. The high contribution of Si to the final module cost is
counterintuitive considering that Si is among the most abundant elements on earth.
Nevertheless, the degree of purity of Si needed for solar is extremely high (impurity
% requited < 10, requiring expensive putification processing.

1.2 Why GaAs

Another approach to further improve the solar cell performances is to explore
materials with better properties. Among the different candidates, GaAs and InP are
the most promising one given the highest theoretical efficiency limit (~34%) [8].
However GaAs is a more technologically relevant, given Ga wider availability on the
earth’s crust in comparison to In. We therefore choose to focus only on GaAs. This
material presents ideal characteristics for solar energy conversion: strong absorption,
direct bandgap and low non radiative energy losses. Given these properties, it is no
surprise that it holds the record for the highest power conversion systems than any
material system (28.8% lab and 24.1% module) [9]. However GaAs is not widespread
because production has been demonstrated not to be cost effective in high volume
manufacturing [10]. Several companies attempted to bring GaAs “up to scale”, but
unsuccessfully. It is worth mentioning Alta Devices™, a company in California who
developed flexible GaAs solar cells 1um thick with record efficiency (28.4%). Their
performances attracted the interest of several investors (KPCB, August Capital and
Dow Ventures just to mention a few), raising 120M$ in venture capital. Despite the
competitive product, the price per watt did not reach competitive levels (~12$/W,
1 order of magnitude more than Si). New approaches that involve solar
concentrators are being developed to increase GaAs competitiveness. The good
performances of GaAs solar cells at high temperature allow the introduction of
concentrators which reduces the solar panel dimensions. However also this
approach did not prove yet its cost competitiveness.

A possible solution to overcome the GaAs issue that hinder its competitiveness is
to lower the manufacturing costs. This could be achieved by integrating GaAs on Si
to leverage the infrastructure of the latter to lower production costs, and the top
performance of the compound semiconductor enhance conversion. The
characteristic larger bandgap of GaAs (~1.42eV) than Si (~1.1eV) allow the
combination of the two to form a dual junction solar cell with better performances.
However the integration of GaAs on silicon presents several issues such as lattice
and polarity mismatch and a large difference in thermal expansion coefficients [11].
These dissimilarities generates a variety of technical hurdles that have to be taken
into account to successfully combine the two materials:
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e Antiphase boundaries: GaAs is a polar semiconductor, since it is formed by
Ga, a group III elements, and As, a group V element. This is not the case for
Si, a group IV element (apolar). Therefore, even though Silicon and GaAs
have identical crystalline structures (face centered cubic (fcc)), the two fcc
lattices of GaAs are not identical: one is occupied by Ga atoms, the other one
by As atoms. As a consequence, in the case of GaAs growth on silicon the
first monolayer can either be partially gallium and partially arsenic, since
silicon has the same probability to bond with As and Ga atoms. This lead to
the coexistence of areas with Ga atoms and areas with As atoms on the initial
layer, where As-As bonds and Ga-Ga bonds are formed at the interface
between domains. These defects are called antiphase boundaries (APBs), and
degrade significantly the device performance [11].

e Thermal mismatch: Si and GaAs thermal expansion coefficient differ of 60%
at room temperature, and at elevated temperatures it narrows down only
slightly. Such a mismatch causes thermal stress in the GaAs layer, distorting
the GaAs lattice up to bending and cracking [11]. The latter completely
deteriorate the properties.

e [Lattice mismatch: GaAs has a bigger lattice constant than Si since its atoms
are bigger (ac.as=5.65A and as=5.43A). This lattice mismatch causes strain in
the GaAs lattice during growth, and the energy associated to it scales linearly
with the thickness of the GaAs epilayer h [12]. In other words, up to a critical
thickness of the epilayer the energy can be accommodated elastically, and
beyond that is accommodated plastically, forming misfits and dislocations at
the interface. In the case of GaAs on Si the mismatch is ~4%, which
correspond to a critical thickness of ~1nm [13], out of interest for PV
applications.

1.3 GaAs nanowires on Silicon

The apparent unfeasibility of combining GaAs with Si, imposed by lattice, polarity
and thermal mismatch, can be overcome by using GaAs nanostructure geometries.
The advantage of the latter is the reduced contact area, which moderate the strain,
limiting the formation of dislocations and misfits at the interface up to complete
elastic relaxation [14]. At the same time the nanostructures are mainly formed by a
single nucleation event on the substrate and separate, overcoming also the anti-phase
boundary formation. As such, nanostructures are the only viable opportunity to
successfully integrate GaAs on Si (beyond the critical thickness mentioned in the
previous section). In the present work the nanostructures of our choice are
nanowires, since their characteristics suite perfectly PV applications: the geometry
is advantageous to capture light [15], it allows enhanced design flexibility [16] [17]
and it minimizes material usage [18].



To better understand the advantages of these nanostructures we have to step back
to the conventional PV geometry, and understand its design constraints. Commercial
solar panels are formed by different 2D layers, where the design is based on the
compromise of a film thick enough to absorb as much light as possible, but thin
enough to optimize carrier extraction. Instead, with nanowires geometry the junction
can be designed radially, so that the full length of the nanowires is used to absorb
light, and the carriers are extracted radially.
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Figure 2 (a) Simulated light absorption of a GaAs nanowires perpendicular to the Si substrate.
Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [15], copyright 2013.
(b) Calculations of light absorption (average of the square of the electric field) in GaAs nanowires
in an array for different pitches (i.e. nanowires spacing) [18]. © IOP Publishing. Reproduced with
permission. All rights reserved.

Moreover the nanoscale dimensions of nanowires bring new properties which suite
the PV application: they act as natural light concentrators. In other words, nanowires
absorption cross-section strongly exceed their geometrical cross-section (see Figure
2 (a)) [15], meaning that they can be spaced between each other and still absorb as a
planar film, if not exceed it [19]. To better understand this concept we have to
consider that light absorption in nanowires is not simply function of the material,
but also of the specific nanowires geometry, namely diameter and density [18] [15].

Another interesting consequence of their property for PV application is observed by
tuning the nanowires density: the full length of the nanowires can be used to generate
and extract carriers (see Figure 2 (b)), while dramatically reducing the material
consumption. This is another advantage for PV application, since it allows to
minimize the usage of GaAs, which is an expansive semiconductor (~1000x the

price of Si [20]).



It is important to remark that all the above mentioned properties hold only for
nanowires perpendicular to the Si surface, and (unfortunately) this is not the only
possible growth direction for GaAs nanowires on Si. This makes orientation a key
property to control, together with density and diameter. To better understand the
origin of these different possible orientations we have to consider the fundamentals
of growth and the nature of GaAs and Si.

(111)

(b)

Polarity A Polarity B

Figure 3 (a) Schematic of the Si lattice and GaAs lattice. (b) nanowires orientation based on the
polarity of the first layer of atoms at the interface with Si. (c) Cross-section scanning electron
micrographs of GaAs nanowires growing in different angles with respect to the substrate surface
[21]. (d) 3D atomistic models that explains with 3D twinning the multiple observed orientations
[21]. (c)-(d) Reprinted (adapted) with permission from [21]. Copyright 2016 American Chemical
Society.

The direction of growth is determined by the energy minimization principle. Since
the process we are considering is liquid catalyst driven, the catalytic droplet positions
on the facet with the largest surface free energy to drive growth in that direction.
For a Zinc-Blende crystal the (111) facet is the one with the largest surface energy
since it has the highest atom-density/packing-density.

However another element has to be considered for GaAs: it is a polar
semiconductor, meaning that it is formed from Ga atoms of the group III elements,
and As atoms of group V elements. This binary composition has consequences at
the crystal structure level: the two face centered cubic (fcc) primitive lattices that
forms the Zinc Blende structure are one occupied by Ga atoms, and the other by As
atoms.

In the case of the (111) plane, the surface is either Ga terminated (also called A-
polar) or As terminated (B-polar) (see Figure 3 (a)). As a consequence, the <111>
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direction can be distinguished into <111>A and <111>B depending on the surface
termination. In the case of growth on Si (111) substrates, depending on the polarity
of the layer the nanowires will be either oriented perpendicularly to the surface (B-
polar), or be tilted of 19° (see Figure 3 (b)). To further complicate the scenario, the
presence of defects or twins allow an even wider variety of possible orientations,
such as 34°, 51° or even horizontally, as shown in Figure 3 (c)-(d) [21]. Our group
studied in detail the crystal orientation of the grain to understand the root cause of
the different orientation of the nanowires. Evidences of multiple grains separated by
twins in the case 34° and 51° tilted nanowires explained the appearance of these
otherwise inconsistent orientation with the crystallography of a single grain.

1.4 Objectives and Outline

To recapitulate, the successful integration of GaAs on Si would pave the way to the
development of high efficiency dual junction solar cells. In this frame of ideas the
nanowire geometry is the most promising approach in terms of performances and
potential cost saving opportunities. A Schematic of the aimed device is represented
in Figure 4.

E (GaAs)=1.42eV

E,(Si)=1.1eV

Figure 4 Schematic of the GaAs/Si dual junction monolitically integrated solar cell. In green
the GaAs nanowires are represented, whereas in brown Si.

To work towards the development of this technology the following milestones have
to be accomplished from the crystal growth side:

e The control of the nanowires diameter to tune light absorption.
e The control of density to minimize material usage.
e The control over orientation to enable the above mentioned properties.

All the above have to be accomplished reproducibly on a wide scale. These issues
are of uttermost importance to advance in the development of GaAs nanowires solar
cells on Si, and are therefore the main focus of this thesis.

In chapter 2 a general overview of GaAs nanowires growth is provided to place our
research into context with the advances and with the open challenges in the field.

6



In chapter 3 we investigate in detail the role of the silicon oxide in the growth
process, demonstrating it as a key parameter to achieve the desired nanostructures,
control their orientation and their density.

Chapter 4 is dedicated to the study of the influence of the growth conditions over
diameter and density. The understanding of the growth mechanism is used to grow
tailored diameter density distributions of nanowires forests, demonstrating their
influence over the reflectivity of the array.






2 State of the art of growth of GaAs Nanowires

2.1 Nanowires

Nanowires are filamentary crystals with high aspect ratio (see Figure 5), which can
be grown out of many different materials, by means of different techniques.

Figure 5 Electron micrographs of self-catalyzed GaAs nanowires grown on a Si(111) substrate
via MBE technique. (a) shows the top view of the nanowires: vertically elongated crystal. The
inset show a closer look at the catalytic droplet on top of the nanowires. (b) reports a cross
section image of the nanowires to show the extended aspect ratio.

The first example of these filamentary crystals dates back to 1951, with low melting

point metals [22]. Few years later Barns and Ellis reported the first example for GaAs
[23]. To experience a renewal in interest, their exploratory work needed to wait more
than 30 years to be fully appreciated. The interest in these highly anisotropic
structures was renewed in the early 1990 by Hiruma et al. [24] [25], but only around
the 2000 the pioneering work of the Lieber group (Harvard University) triggered the
interest of a vast community, as they demonstrated the interest of these structures
fir a wide variety of applications [16] [17]. From there on, the field experienced an
exponential growth of publications per year. Among the most influential groups that
demonstrated the high potential of nanowires very early on for optoelectronic
applications are the Yang group (University of California Berkeley) [26], the
Samuelson group (Lund University) [27], and Bakkers group (Eindhoven University)
[28].

Since the exploratory work of Wagner and Ellis several synthesis methods have been
developed; the more established are Molecular Beam Epitaxy (MBE), Metal Organic
Chemical Vapor Deposition (MOCVD), Metal Organic Vapor Phase Epitaxy
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(MOVPE), Chemical Beam Epitaxy and Gas Source-Molecular Beam Epitaxy. The
technique of our choice is MBE.

All the above mentioned techniques have in common the possible mechanisms with
which Nanowires can grow: the vapor liquid solid (VLS) mechanism and the vapor
solid mechanism (VS). The VLS method was discovered in 1964 by Wagner and
Ellis for Si whiskers [29], and from there on it got applied to different material
systems.

2.2 Vapor Liquid Solid (VLS) & Vapor Solid (VS) Growth mechanisms

The VLS mechanism, as the name suggests, involves three different phases: liquid,
solid and vapor. The liquid forms droplets on the surface by diffusion (see Figure
6), and act as catalyst. These droplets adsorb the atoms impinging onto its surface,
which start to diffuse towards the inside of the catalyst due to a concentration
gradient. Once the adsorbed atoms reach supersaturation, the material precipitates
underneath the droplet in solid form (see Figure 6). It is worth mentioning that,
since the solid phase precipitate underneath the droplet, the size of the latter will
determine the nanowire diameter. In the case of a crystalline substrate, the seed
crystal nucleated in the droplet is formed epitaxial to the substrate.

The continuous precipitation drives the growth of the nanowires along the direction
of the largest surface free energy (e.g. in the case of a ZB crystal is (111)).

Catalyst Shell (Radial)

Growth Consumppon (i"m"'tt'
Supersaturation ¢ . : g . ' )
Eutectic Nucleatlnn ‘

Formation °
-] ° *: .
Catalyst ¢ ’
Depusntlon\ < -
“ & . a—p 8

Figure 6 From left to right schematic of the evolution steps of the VLS mechanism. The
catalyst is pictured in blue, the vapor phase in red and solid phase in green. The last two steps
illustrate the termination of vertical growth and shell growth by VS mechanism.
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The nanowires keep growing as long as both the liquid and the vapor phase are fed
into the system. To terminate the process, in the case of self-catalyzed growth, the
catalyst supply is interrupted, so that the liquid phase gets “consumed” (see Figure
6 “Catalyst Consumption”). The practice described heretofore is also called “core
growth”. A variation of this method is the vapor solid solid (VSS), where the catalyst
is in solid phase [30].
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In the specific case of nanowire based solar cells or any other radial heterostructures,

this core growth is followed by vapor solid (VS) growth to form the shells. The VS
method differ from the VLS since it does not involve liquid. The elimination of the
latter is achieved by a combination of lower growth temperatures than VLS and
higher vapor phase supply. These different conditions lower Ga mobility, which
cannot reach anymore the more energetic (111) facet, producing epitaxial growth
uniformly in all the directions. This result in a uniform shell around the nanowires
(which is used as “template”).

To recapitulate, the main variables in the VLS growth process are the catalyst, the
vapor flux and the solid substrate. In the following sections we review the current

knowledge on the effect of these variables onto the nanowire properties in the case
of GaAs.

2.2.1 Liquid Catalyst

The main catalysts that have been investigated for GaAs nanowire growth are Au
and Ga (the latter also called self-catalyzed, or catalyst free). The main difference
between the two metal catalysts is that they have different surface tensions, which
lead to a change of the nanowires crystal structure: for Ga, which has lower surface
tension than Au, the preferred crystal phase is Zinc Blende (ZB), whereas for Au
Waurtzite (WZ) [31] [32]. It is important to note that WZ is never observed in the
bulk phase because it is energetically more costly than ZB. Another difference
between the two catalysts is that Au present disadvantages for the fabrication of
both radial and axial heterostructures.

For axial heterostructures the sharpness of the interface depends on the type of
material change that is performed. In the case of change of material of group V sharp
interfaces can be achieved, since group V elements have generally low solubility into
Au. This may not be the case for group III materials, since they have high solubility
into Au. This problem is originates from the ternary alloy in the catalyst, where Ga
has higher solubility than As into Au. In other words, even at complete As
consumption Ga will still be in the droplet. This effect is called reservoir effect, and
impedes the formation of sharp axial interfaces between different materials [33] [34].
To circumvent the problem Dick and coworkers developed a technique that involves
pulsing fluxes to control the abruptness of the interface [35].

In the case of radial heterostructures the Au-catalytic droplet cannot be consumed
in situ, increasing the complexity of the process. Moreover Au present the
disadvantage of getting incorporated at the impurity level into the nanowires [36],
although the effective incorporation in III/Vs is still controversial. From a more
fundamental standpoint the Au catalyzed approach provide helpful insight into the
mechanisms of growth. In our case we decided to focus on the self-catalyzed option,
being the most promising candidate. Nevertheless, we will also review the Au
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catalyzed achievements. In the following sections the state of the art of GaAs
growth is presented, divided in Au catalyzed and self-catalyzed.

2.211 Au

Historically Au catalyzed growth was first studied [23]. Among its advantages is the
simple formation of nano-droplets by evaporation and annealing of a thin film,
lack of oxidation, and the ease of control of their size by simply tuning annealing
time and temperature. The majority of the investigations for Au catalyzed
nanowire growth has been performed on GaAs substrates.

In the case of Au-catalyzed growth on GaAs substrates the research has mainly
tocused on the control of the crystal phase, and on the fundamental understanding
of the kinetic processes:

e Control of the crystal phase: nanowires exhibit high density of stacking faults

in the <111>B growth direction (see Figure 7), leading to the coexistence of
WZ and ZB.

Figure 7 Scanning Electron Micrograph of a GaAs nanowire. The red arrows points at where
the stacking faults can be observed along the length of the nanowire.

The control over the crystal structure is crucial for PV application because
defects affects the electronic and optical properties of the Nanowires.
Therefore many studies focused on the occurrence of wurtzite and zinc-
blende, and the relative growth conditions to control their appearance [38]
[39] [40] [41] [42] [43]. However, only recently an experimental proof of the
crystal phase change has been reported by in-situ technique: the droplet
volume, chemical potential and associate contact angle change the nucleation
of the new bilayer from the triple phase line (line of contact between vapor,
solid and liquid) to inside the droplet [44].
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e TFundamental understanding of the kinetic processes: comprehension of the
adatom diffusion contribution to nanowires growth in terms of length and
diameter distribution [45] [46], and how process parameters influence it [47]
[48] [49] [50] [51].

To date, few studies of Au-catalyzed GaAs nanowires have been performed on
Si(111), since Au-Si form an eutectic, which favors the incorporation of Au
impurities in the nanowires. Nevertheless, from a fundamental standpoint the
investigation of GaAs nanowire growth on Si provides insightful information on the
influence of the substrate over the process. Different results have been achieved by
changing the surface preparation [52] [53] [54] [55], suggesting an influence of the
surface properties on the process. This topic will be investigated in depth in the
Chapter 3.

2.2.1.2 Ga

The Ga catalyzed process was introduced to circumvent the drawbacks of using Au
(see 2.2.1 and 2.2.1.1). It involves the use of Ga droplet as catalyst, which avoids any
potential contamination by foreign metals, and allows the consumption of the
catalytic droplet to form heterostructures (see 2.2.1). This is yet another advantage
tfor the Ga catalyzed approach.

\

Si (111)/GaAs(111)

Desorption

Figure 8 Illustration of the VLS mechanism for self-catalyzed nanowires growth. Section (a)
shows the initial step, a GaAs(111) or Si(111) surface coated with silicon oxide. (b) When the
material fluxes are started Ga will form droplet on the surface. Instead As, which has higher
vapor pressure than Ga, will tend to stay in the vapor phase through adsorption and
desorption. Section (c) pictures when the Ga droplet supersaturation has already been
achieved, and the nanowires growth started. In this stage the material feed to the catalytic

droplet is by diffusion for Ga, and via adsorption of directly impingent and secondary flux
for As.

The Ga droplet can be formed during the growth process in Ga rich conditions,
where the accumulation of Ga on the surface is promoted, without the need of pre-
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deposition (see Figure 8). In other words, Ga droplets are naturally formed on the
surface even though both Ga and As fluxes are supplied at the same time. This
happens because at the nanowire growth temperature (~630°C) the As vapor
pressure is higher than the Ga, favoring As to stay in the vapor phase and Ga in the
liquid phase [56] [57]. Nevertheless, the Ga droplet formation is a necessary but not
sufficient condition to grow nanowires: a thin layer of oxidized Si was observed to
be necessary, both in the case of Si or GaAs substrate [58]. Our group reported a
critical oxide thickness for sputtered oxide of 30nm on GaAs (111): below that
thickness pinhole were formed, allowing epitaxial connection of the nanowires to
the substrate (see Figure 9 (a)). Instead, above 30nm only randomly oriented
nanowires were observed (see Figure 9 (b)) [59]. To date, the role of the oxide in the
growth process was not understood. A detailed investigation on how oxide
influences nanowires formation is presented in Chapter 3.

Figure 9 Scanning electron micrographs of self catalyzed growth of GaAs nanowires on Si(100)
on GaAs substrate coated with a (a) 6 nm and (b) 90nm thick layer of sputtered silicon oxide
layer. Reproduced from [59], with the permission of AIP Publishing.

As in the case of Au catalyzed, the GaAs substrate was the first one on which growth
was achieved also for the self-catalyzed process. The topics that have been first
investigated are also similar to the case of Au catalyzed: the influence of the process
parameters over radial and axial growth rate [60], and the control of crystal structure
[61]. Differently from the Au-catalyzed, the number of the catalytic droplets per unit
area and the size are not trivial to control in the self-catalyzed approach. This
challenge triggered the development of two main approaches to control nanowires
density: by self-assembly (tuning the thickness of the oxide) [62], or by patterning

the oxide surface with holes to control the nanowires position [63].

The first reports of self-catalyzed growth of GaAs nanowires on Si substrate were
performed on cleaved Si(100) and on Si(111) by respectively Jabeen et al. [64] and
Pack et al. [9]. In the latter the Si surface was covered by silicon oxide, whereas
Jabeen et al reported no oxide ( sample was loaded directly after cleaving). This work,

14



together with the report of Plissard et al. [65], are the only reported cases of nanowire
growth without silicon oxide.

The first reports of self-catalyzed growth on Si were also devoted to the
understanding of the kinetic processes, as in the other cases. The nanowire diameter
was observed to increase with the Ga flux, and shrink at raising As fluxes [55],
coherently with what was observed for Au catalyzed. These influences can be
understood considering the effect of the Ga and As flux to the catalytic droplet: the
group V flux shrinks the droplet volume by increasing the precipitation of the solid,
whereas the group III increases it. Differently from Au catalyzed, the Ga flux was
also observed to affect, together with temperature, the density of the nanowires and
of 2D polycrystalline islands growth, also called parasitic material [66] [67] [68]. This
trend is understood in terms of increased diffusion of Ga on the surface, which
favors the formation of more nucleation sites. Alternative approaches to control
nanowires density have been explored, both by self-assembly and by patterning the
oxide with holes. In the first case the well-established droplet epitaxy was used to
form catalytic droplets with the desired density and diameter. The droplet properties
were controlled by temperature and Ga flux, and then converted into nanowires in
a second step [69]. A similar approach has been used to achieve lithography free
patterning: in this case the droplets were also supersaturated to form GaAs crystals,
and then exposed to air to define the nucleation sites. By doing so an oxide mask is
formed around the crystals, which are evaporated once reinserted in the growth
chamber, leaving empty holes in the oxide mask. These sites are used as nucleation
sites for GaAs [70]. However both approaches present limitations over the yield of
conversion of droplet into nanowires. A more common approach to control
nanowire density is by controlling the density of the nucleation sites via lithographic
patterning. In this case thermally grown SiO: is used as a mask, which is then
patterned by e-beam lithography to define the nucleation sites. Many groups
attempted this approach, however the reproducibility over the yield of vertical
nanowires is still an unresolved issue [65] [71] [72] [73] [18] [74] [75].

Moreover, beyond the challenges of controlling nanowire density, it has to be kept
in mind that with Si substrates GaAs nanowires can have multiple different
orientations (see Section 1.3). Uccelli et al. investigated the origin of these multiple
orientations and discovered that is determined both by the polarity of the nucleation
seed, together with the multiple twinning formation [21]. Russo et al. used this
understanding to develop a technique to control the nanowire otientation by
increasing the V/III ratio, namely the the ratio of the flux of As over Ga. They
suggested that the observed effect was produced by the shrinking of the droplet on
just the (111) orientation of the orthorhombic seed crystal [76]. However no
comparison between the size of the droplet and the size of the seed was reported.
Also Krogstrup et al reported on the influence of the V/III ratio over the
orientation: the lack of homogeneity over the substrate was associated to a gradient
in temperature that affects the local V/III rato [66]. We attempted the same
approach to achieve control over nanowire orientation on a series of batches of
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wafers, but unsuccessfully. Aside of these approaches, several others have been
developed to control nanowires orientation: Paek tried to induce the B polarity by
exposing the Si substrate at high temperature to As overpressure, but no effect was
observed [55]. Jabeen et al attempted predeposition of Ga previous to growth, and
compared it with no predeposition, but no difference was observed [64]. Therefore
the control over orientation of the nanowire is still an open question.

2.2.2 Vapor Fluxes and other process parameters

The process parameters that control nanowire growth are the As beam flux, Ga
beam flux and temperature. Their influence over the nanowire properties have been
widely investigated to gain insights in to the growth mechanism. For instance the
growth rate was found to be proportional to the arsenic flux, exceeding the thin film
growth rates. In other words, the observed growth rate could not be explained only
by direct impingement of Ga and As atoms, but a diffusion/re-
evaporation/multiple-impingement induced contribution had to be considered as
the major supplier, providing a major insight onto the growth mechanism. In the
case of Ga, the atoms are expected to diffuse to the liquid droplet from the substrate
to the nanowire sidewalls [60] [77] [51]. However this is not the case for As, since it
has higher vapor pressure than Ga (i.e. more volatile). As a consequence arsenic is
expected to get adsorbed and desorbed from the surface, acting as a second source
of material feed to the catalytic droplet [78].

A strong effect of the ratio between the Ga and As flux over the nanowire properties
was observed. In the case of low V/III ratio, namely a stronger feed of Ga to the
system, the catalytic droplet tends to increase in volume, leading to an increase in
diameter of the nanowires [55] [79] [80]. Vice-versa, in the case of high V/III ratio
the higher feed of As promote the shrinking of the catalytic droplet, leading to
thinner and longer nanowires, boosting the growth rate [60] [55] [79] [80] [81].
Moteover the V/III ratio was also observed to influence the yield of vertical
nanowites [76], as mentioned above. The modulation of the V/III ratio was also
reported to affect the crystal phase formation and the density of defects, since the
incoming fluxes modity the liquid droplet shape, which determines the crystal phase
underneath. A deep theoretical understanding of the mechanism that lead to the
control of the crystal phase has been developed [32] [82] [83], and very recently the
first in situ observation of the transition mechanism was reported [44]. However, to
date, the experimental attempts reported so far succeeded only partially in the
control of the crystal phase in self-assembled nanowires. Researchers demonstrated
only partially defect free nanowires [68] [66] [68], or crystal phase control from ZB
to WZ only through highly defective transition regions [84] [79] [61].

On a different note the effect of temperature over GaAs nanowires growth reported
are quite diverse: control nanowires otientation by modifying the V/III ratio [66],
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increase nanowires number density [68], decrease length [68] [41] [80] and increase
diameter [85] [80].

2.2.3 Solid Substrate

The most widely investigated substrates for GaAs nanowire growth are Si and GaAs.
It is worth mentioning that a wide variety of substrates has actually been investigated,
such as graphene [87], glass [88] [89], sapphire [90] and even without the need of a
substrate [91]. However, for simplicity, we focus only on reviewing the most
commonly used. GaAs was the first substrate on which GaAs nanowire growth has
been demonstrated, and then Si. In both cases the crystalline orientation of the
substrate plays a major role, determining the direction of growth of the nanowires
compared to the substrate. In other words, if GaAs nanowires are grown on a
GaAs(111)B wafer, they will grow perpendicular to the substrate (see Figure 10 (a)),
whereas on a GaAs(001) wafer they are tilted by 34.5° with respect to the substrate
(the tilt affects the growth rate because of a stronger contribution of the adatoms
having diffused, rather than direct adsorption [21, 20]. Details on how the tilting of
the nanowires affect their growth process can be found in [92]).

The root cause of the influence of the crystal orientation of the substrate over the
nanowires tilt is the preferential growth direction of the nanowires, (111)B, which
corresponds to the crystalline facet with higher surface energy (see Section 1.3).

Figure 10 Scanning electron micrographs of self-catalyzed growth of GaAs nanowires on (a)
GaAs (111) and (b) GaAs (100) substrates coated with a silicon oxide layer. Reproduced from
[59], with the permission of AIP Publishing.

In the case of the Au catalyzed process, the substrate role is only limited to provide
the epitaxial orientation to the nanowires in order to grow them in the desired
direction. Instead, since the achievement of the first self-catalyzed growth, the solid
substrate acquired further importance in the process to allow the formation of the
catalytic droplets. The technique used consisted in depositing an oxide layer on top
of the substrate to favor the formation of Ga droplets. A growth without the oxide
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layer does not result in nanowire growth, but only 2D polycrystalline growth.
However, despite the importance of the oxide in the growth process few works
investigated the influence of its characteristics (stoichiometry, porosity, thickness),
and its preparation methods [93]. Several groups have suffered of lack of
reproducibility by changing wafer batches for native oxide use and oxide types. In
the following chapter a detailed investigation of the influence of the different types
of oxides on the growth process is presented.

2.3 Nanowire Properties and Applications

As introduced in Section 1.3, nanowires present novel properties that would not be
possible with bulk materials. The new engineering possibilities attracted the interest
of a wide community of researchers for a broad range of applications.

An example of these novel properties is the possibility of combining materials with
different lattice constant, without forming defects at the interface. The confined
diameters allow elastic relaxation instead of plastic, enhancing the materials design
freedom beyond the possibilities of bulk phase. A good example is the case of Ge
and Si: they have a 4.2% lattice mismatch and different thermal expansion coefficient
which causes high density of dislocations at the interface. These misfits act as
recombination centers, which in a case of a device severely compromise its
performances. However, by combining the two materials in nanowires geometry
Falub and workers demonstrated epitaxial growth of Ge on Si micrometer pillars
free of defects [94].

Another new possibility generated by the novel geometry is bandgap engineering
using the strain at the interface of the materials. For instance, in the case of Si it
could be used to transform Si into a direct bandgap semiconductor, a holy grail for
Si based photonic devices [95]. Nolan and coworkers studied the nanowire band-
gap modification, showing band structure modulation with lattice strain [90],
specifically with tensile strain enhancing the direct band-gap characteristic. A
successful example of bandgap engineering was demonstrated with GaP, where
Assali and coworkers demonstrated the conversion from indirect bandgap to direct
by controlling the crystal structure [97].

The range of applications where nanowires have demonstrated potential is broad
and in continuous expansion. Here we report few examples (shown in Figure 11),
such as (1) solar cells, (i) LED, laser, photodetectors, (iii) transistors, (iv)
chemical/biological sensors, photocatalyst and (v) thermoelectrics [98]:
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Figure 11 Scanning Electron Micrographs of different nanowire applications: (a) InP axial
nanowire solar cells. Adapted from [99], with the permission of Science/AAAS. (b) GaN
nanowire LED of glo® [100]. (c) Example of a GaAs nanowite used as photodetector [101].
ZnO nanowire used as ethanol sensor. Adapted from [102], with the permission of AIP
Publishing. () GaAs nanowire wrap gate transistor [103]. (f) Example of Si nanowires
employed as thermoelectric device. Adapted from [104], with the permission of Nature
Publishing Group.

®

The solar cell is one of the potential application that attracted interest in
our group. As mentioned in Section 1.3, the enhanced absorption, the
new degree of freedom of radial heterostructures and the minimization
of material usage are all very appealing properties for PV. Atwater and
coworkers were the first to investigate the opportunities of nanowires in
this field in 2005 [105]. The first device demonstrations were achieved
few years later with axial and radial p-i-n Si nanowires, reporting
efficiencies of respectively 0.5% and 4.8% [106] [107]. GaAs followed
tew years later [108]. Since then much progress has been made, as
demonstrated by the 13.8% of efficiency for InP axial nanowires p-i-n
junction array from J. Wallentin and coworkers demonstrates (see Figure
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(i)

(ii1)

(iv)

)

11 (a)) [99]. The potential of nanowires for PV applications goes beyond
the classical thermodynamic limits (Shockley—Queisser limit [8]), as the
work from P. Krogstrup and coworkers demonstrated [15]: the
enhanced light absorption is produced by the light-concentrating
property of the standing nanowire, which implies new limits for the
maximum efficiency obtainable.

The range of applications that involve the control of light emission find
in nanowire’ geometry promising characteristics. To mention a few,
nanowires have a high difference in refractive index with respect to air
and dimensions which confine light into smaller dimensions than
dielectrics. Moreover the elongated geometry acts as waveguide, which
leads to very high radiative quantum yield (~90-100%), a very important
property for both LED, photodetectors and laser (see Figure 11 (b)-(c)).
For the latter the nanowire offers a simplified design, since it acts as both
gain medium and cavity. Additionally, the shape of the tip can be adapted
to improve photon extraction and low spatial dispersion, easing the
collection by common optics [109]. As in the case of the photovoltaic
application, the possibility to combine materials with different lattice
constant enhances the design freedom. In the case of laser the first
example of optically driven laser was reported by Huang et al. in 2001
for zinc oxide (ZnO) nanowires [110], which set the ground for the
development of the electrically driven nanowire lasers in 2003 [111].
However, to date, no electrically driven laser for axial or radial junction
has been realized. Among the reasons are the doping and the electrode
design challenges. On a different note, Heiss and coworkers
demonstrated the self-assembly of a high-quality bright quantum-dot in
nanowires using two basic components, GaAs and AlAs [112].

For sensing application the large surface area of the nanowires is an
interesting property for both chemical and biological sensing, as well as
catalytic ~ surface,  providing  potential  enhanced/extended
sensitivity/reactivity [113] [102] [114]. An example of chemical sensor is
shown in Figure 11 (d).

In the case of transistors the geometry again plays an important role,
allowing a uniform gate (wrap gate, as shown in Figure 11 (e)) that avoid
any potential leakage at the nanoscale, which is an issue with other
geometries. The first example of a nanowires transistor was reported for
the case of core shell geometry by Xiang and coworkers, with a field-
effect transistors [115].

In the case of thermoelectrics, nanowires can combine poor thermal
conductivity and high electrical conductivity, key factor in maximizing
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thermopower to have efficient thermo-electric devices [116] [104]. An
Example of a Si nanowire employed in a thermoelectric device is
reported in Figure 11 (f).

2.4 2.4 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is the technique of our choice to fabricate
nanowires. It was invented in the 1960s at Bell Labs by John R. Arthur Jr. and Alfred
Y. Cho as epitaxial thin film deposition. The peculiarities of the technique are the
Ultra-High-Vacuum, low deposition rates (~3um/h), and extreme purity of
elemental sources. These characteristics make MBE grown films the best in purity
and crystal structure.

The underlying physics which govern the process is rather simple: the elemental
sources in ultra-pure form (~99.999999%) are evaporated or sublimed to generate a
flux of materials going towards the targeted surface. The latter is heated to allow the
mobility of the incoming atoms on the surface, so that they can re-arrange epitaxially.
By changing the material fluxes, heterostructures with sharp interfaces can also be
formed.

Manipulator

—C |
P ryopaneis

——-Substrate

. .\\ R f’. -
— Effusion—"
Cells

Figure 12 Schematic drawing of an MBE system

Such a simplicity is achieved thanks to sophisticated technologies: Knudsen effusion
cells to finely tune the atomic fluxes of materials (see Figure 12), cryogenic pumps
and cryopanels to keep the UHV conditions and reflection high energy electron
diffraction (RHEED) to monitor the crystal layer growth rate. This technological
effort is necessary to keep the extreme conditions at which the system operates, such
as effusion cells at >~1000°C and pumps at -259°C. These conditions are needed
to achieve the high quality structures. For instance, the UHV conditions are
fundamental to fulfill the molecular beam conditions, since the atoms’ mean free
path has to be bigger than the growth chamber. Such a design avoid potential
contamination of the substrate: all atoms that are not impinging on the substrate
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directly from the effusion cells diffuse until trapped from the cryopanels (cold

traps).

The main components that forms an MBE machine are:

e A UHV system as the one shown in Figure 13, which is sequence of stainless
steel chambers with different functions, all connected via a robot arm but
separated by gate valves to avoid cross contamination. The main chambers in
our system are:

O

O

o O

A central distribution chamber (CDC), from which the robot arm
control the transfer to all the other cluster of chambers.

A load lock chamber, where the samples are loaded. It is the only
chamber that reaches atmospheric pressure.

A degassing chamber, used for the only purpose of heating the
substrate after loading to remove potential impurities from the surface.
A hydrogen chamber to further clean the surface under H flux.

A storage chamber where the samples sits after degassing or growth.
Two growth chambers where the effusion cells are located, in which
growth is performed.

Growth CDC
Chamber!  H-Chamber

A

Storage P
LoadLock Chamber

Figure 13 Schematic of the DCA P600 MBE machine, with all the UHV components.

All the above mentioned components need to be able to withstand bake-out
temperatures of 200°C for extended periods of time. This process is used
whenever a component is exposed to air, to reduce the internal walls
desorption (or outgassing) of material.

e Knudsen cells, or effusion cells, where the elemental sources sits (see Figure
12). In our system the elemental sources installed were Ga, As, In, Al, Sb and
Si and C for doping. The key component of the cells are:

O

A heating unit, which is controlled by a proportional-integral-derivative
controller (PID) to improve temperature stability.
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o A shutter, which allows abrupt interruption or start of fluxes, crucial
for sharp heterostructure interfaces.

e The substrate manipulator, which rotate the substrate smoothly to have
homogeneous material distribution over the surface of the substrate (see
Figure 12). At the same time, the manipulator is equipped with a heater to
control the growth temperature.

e A pyrometer to measure the temperature on the surface of the substrate
during growth (see Figure 12).

e A RHEED system, to measure the growth rate of the thin film. The system
is composed by:

o An electron gun that generates the beam of electrons (see Figure 12).

o A photo-luminescent screen to observe the diffraction patterns.
The electrons collide at small angle on the surface, and a small part of them
interferes constructively at specific angles, generating a diffraction pattern on
the photo-luminescent screen. The interference depends on the location of
the atoms on the sample surface. The spots of the diffraction pattern fluctuate
in intensity periodically, following the formation of a single atomic layer.
Therefore the frequency of oscillation over a period of time are used to
calculate the number of monolayers grown.

e Cooling system, composed from a cascade of different pumps: scroll pump,
turbo pump, cryopumps and cryopanels. This extensive set of pumps is
needed to maintain UHV (10" torr) since each type has a different range of
pumping capabilities. The system is crucial for MBE to avoid cross-
contamination of the cells, and desorption from the walls.

2.5 Summary

In this chapter the VLS formation mechanism of the nanowires has been explained
in general, and for the specific case of the self-catalyzed GaAs nanowires growth.
The influence of each one of the three different phases, vapor, liquid and solid
over the nanowires growth has been presented. The inter-play between each other
have been explained: the vapor fluxes control the dimension of the droplet, and
the contact angle of the droplet control the crystal phase formation. The solid
control the orientation of growth of the nanowires, and determine its morphology
and feasibility. However, within the influence of the solid phase, the role of the
oxide has not been yet clarified.

23






3 Role of the silicon oxide in the growth of GaAs
nanowires on Si

In the previous chapter we have reviewed the VLS growth mechanism of nanowires.
The influence of each phase onto the growth process has been outlined: given a
catalyst, the vapor fluxes control the volume of the droplet, its supersaturation and
contact angle, determining the crystal structure. The liquid phase influences the
nanowire’ aspect ratio, and plays an important role in the sharpness of
heterostructures’ interfaces. For the solid phase more complex considerations has to
be taken into account, since it changes over time: at the early stages of growth the
solid phase is the substrate, but when nanowire growth is already initiated the solid
phase is the nanowire. In the latter case, the shape of the nanowire-catalytic droplet
interface was observed to control the crystal phase purity of the nanowire [44]. On
the other hand, in the case of the early stages of growth, the substrate influence was
not widely investigated. Apart from the influence of the wafer crystal orientation
onto nanowire orientation, no other surface properties influence on the growth
process had been studied. The need of a silicon oxide layer to achieve nanowire
growth had been reported from several groups with different oxides, thicknesses
and growth conditions, but no comparison study has been done. The goal of this
chapter is to compare the influence of oxide physical characteristics on the nanowire
growth, to achieve reproducible and uniform results over the full wafer. The
information gathered brings new elements to unveil the role of the oxide in the
growth process.

3.1 Introduction

Since the first self-catalyzed growth was achieved, silicon oxide became an important
parameter in nanowires growth. To date, few reports show successful growth
without oxide [86] [64] [65], and the only works that aimed to understand the role
of oxide in the growth process were performed on GaAs substrate [59], or for InAs
nanowites on I1I/V substrates [117]. In both cases a layer of sputtered oxide was
used, and no vertical nanowire growth was observed above a certain thickness.
Nevertheless, these “critical” thicknesses reported were different (5nm for [117] and
30nm for [59]), even though the same type of silicon oxide was employed (sputtered
oxide). The mechanism proposed to explain the role of the silicon oxide in nanowire
growth involves the opening of “craters” in the oxide layer above 500°C. However
no dependence on the silicon oxide nanoscale characteristics (l.e. chemical
composition, roughness) was reported. Moreover silicon oxide can be produced by
a wide variety of techniques, such as sputtering, thermal oxidation and chemical
deposition. Rieger and coworkers investigated the influence of the thickness of a
resist produced oxide (Hydrogen Silsequioxane HSQ) on the nanowire density for
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GaAs substrates, and reported an increase in nanowire density when thinning oxide
layer [62]. In this case the thinning of the oxide was associated to an increase in
density of the pinholes.

In the case of Si substrates, few works compared the influence of different oxide
preparation techniques in nanowire growth [86] [65]. Despite that, little surface
characterization had been performed to understand the influence of the surface
properties on the growth process. One should note that successful nanowire growth
have been achieved with a wide variety of silicon oxides, but no direct comparison
between them has been done to understand their effect. At the same time in our
group we were experiencing lack of reproducibility when using bare Si wafers directly
from the boxes, lack of uniformity over the wafer scale, and dependence of growth
conditions upon wafer batches. We therefore made the hypothesis that the oxide
properties and the lack of reproducibility were correlated. To verify whether or not
the oxide was responsible of these reproducibility and uniformity problems we
characterized the chemical composition by means of attenuated total reflection
(ATR) FT-IR spectroscopy, surface roughness by Atomic Force Microscopy (AFM),
and thickness via ellipsometry for the different types of oxides, in order to
understand the difference in properties between each other’s.

3.2 Types of Silicon Oxide

The most common types of silicon oxide are:

* Native oxide, naturally formed on the “fresh” silicon surface exposed to air,
therefore to oxygen.

e Thermal oxide, achieved by oxidation at high temperature (800°C-1200°C)
under controlled flux of oxygen or water (also called “wet oxide”).

e Sputtered oxide, which is obtained by a physical vapor deposition method.
Silicon oxide is ejected from a target onto the desired Si substrate. The oxide
ejection can be performed by a wide variety of techniques (e.g. ion or reactive
sputtering).

*  HSQ oxide, obtained by annealing Hydrogen Silsesquioxane resin, previously
spun on the substrate, annealed under Nitrogen flux at low temperature

(200°C-400°C) for ~2h [118] [119].

All these different silicon oxides have different physical and chemical properties.
Even though many of them have been known for more than 50 years, only recently
their mechanism of formation was understood. In the case of native oxide the
growth of the oxide is monolayer by monolayer triggered from a radical propagation
mechanism [120] [121], without increasing surface roughness. The thickness of the
oxide layer formed is affected by oxygen and water content in air, and also by the
type and level of doping of the substrates [122]. An example of the oxidation process
of Si which leads to the growth of the native oxide is shown in Figure 14 (a), for Si
(111) substrates (10-20 Q-cm), under controlled conditions (21°C%0.5, 44%
humidity). The initial steps of oxidation result in a fast growth of the native oxide
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thickness, which progressively slows down, to saturate at ~1.6-1.7nm. The native
oxide S70. present a gradient of composition from the surface to the Si interface:
the closer to the surface the more x'is close to 2 (i.e. stoichiometric), whereas by the
Siinterface x is less than 2 (sub-stoichiometric) [123], as shown in Figure 14 (b).
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Figure 14 (a) Native oxide thickness evolution as a function of time. (b) Chemical composition
evolution as a function of oxide thickness.

Thermal oxide growth is driven by a chemical reaction [64] that follows the Deal-
Grove model [124]. The latter includes a first diffusion step of the oxygen to the
solid interface, a second diffusion through the existing oxide layer to the silicon
oxide/silicon interface, and the reaction of the oxygen with Silicon. Fach step
proceed at a rate that is proportional to the oxygen concentration. This oxide is the
more chemically stable since it is mainly formed by S0, and the compositional
gradient of suboxide to the interface with Si decay extremely rapidly [125]; the oxide
also presents also extremely low roughness [1206].

Sputtered oxide and includes a variety of different techniques such as plasma or ion.
The morphology and stoichiometry of the oxide are determined by the processing
parameters such as temperature, rate of evaporation and vacuum quality. If the
process is performed at low temperature and poor vacuum the oxide structure can
be more porous and with lower oxygen content (SiOy where x<2), whereas if the
temperature and vacuum is high, higher O content is obtained, with low porosity.

HSQ oxide is obtained by a transformation of a cage structure to a network in the
range of 200°C — 400°C, while S7H. is released in gas phase generating porosity in
the surface [119] [118]; in such a process temperature is the most important
parameters for the morphology of the surface.
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3.3 Outlook

In a first place, given the variety of types of silicon oxides with which successful
nanowire growth had been achieved, we chose a representative selection of them,
which included thermal oxide, native oxide and HSQ oxide. We characterized their
chemical composition by IR Spectroscopy, the surface morphology by AFM and the
thickness by ellipsometry. The different oxides presented different chemical
compositions, and different critical thicknesses for nanowire growth, which were
observed to be correlated to the characteristic roughness. For instance thermal
oxide, the most stoichiometric oxide, presented a critical thickness of 1-2nm and a
comparable roughness (see Figure 15).
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Figure 15 Scanning Electron Micrographs of self-catalyzed growth of GaAs nanowires on Si
(111) coated with a layer of thermal oxide with a varying thickness from 0 to 3nm (from left
to right). The inset (b)-(d) presents magnified sections at different oxide thickness.

When using lower oxygen content oxides such as HSQ growth of vertical nanowires
was achieved at higher oxide thickness, 4-5nm, and comparable roughness. We then
explored the parameter space (i.e. T, Ga flux and As flux) to achieve similar nanowire
properties in terms of number density and diameter, and correlated the change in
growth conditions to the surface properties such as roughness, stoichiometry and
oxide thickness. We observed lower temperature and Ga rate growth conditions for
more sub-stoichiometric rougher oxides than for instance thermal oxide.

This first work was also instrumental for us to optimize nanowire growth and its
reproducibility: controlled native oxide demonstrated reproducible and uniform
results over the full wafer. However, we showed that the native oxide properties
changed depending on time and conditions of storage of the substrates before
delivery. To circumvent this problem we developed an in-house technique to
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tabricate reproducibly and consistently the oxide layer. The process developed was
formed by two steps:

e Etch away the original oxide layer from the wafer with an HF etch.
e Let the wafer oxidize in cleanroom conditions of humidity and temperature

(21°C£0.5, 44%Humidity).

Once we could consistently control the native oxide thickness at the sub-nanometer
level we investigated the influence of the oxide thickness on the GaAs nanowire
growth. The outcome was surprising: by tuning the oxide layer thickness between
0<x<2nm, the growth morphologies changed from 2D polycrystalline, to high
density high yield of vertical nanowires, to low density low yield (see Figure 16 (a)-
(2)). The change in nanowire density was of more than 2 orders of magnitude, and
the diameter more than doubled.

The outcome of this study was to identify a simple reproducible method to grow
high yield high density of vertical nanowires. At the same time it also raised questions
on the causes of this abrupt change in behavior for a variation of oxide thicknesses
of less than a nanometer. To shed some light on this question we characterized the
oxide surface properties by depositing Ga in identical growth conditions. For
constant deposition times we observed a change of the contact angle of the Ga
droplet from 50° up to 116° for oxide thicknesses from 0.3nm up to 1.5nm, as
shown in see Figure 16 (h)-(n). At the same time, also the Ga droplet dimensions
changed with the oxide thickness, as shown in see Figure 16 (0)-(u): they went from
2um in diameter for 0.3nm oxide, to 60nm for the case of 1.5nm oxide. These results
suggested a change in the surface properties with oxide thickness. To probe the
changes in surface energy (i.e. wettability) and chemical compositions at different
oxide thicknesses, we performed microscopic contact angle measurements and XPS
measurements. This allowed us to correlate the changes in wetting properties to a
variations in oxide stoichiometry, which also corresponded to different oxide
thicknesses. The next logical step was to evaluate the influence of these parameters
on the growth process. To assess the influence of the oxide stoichiometry on thermal
stability we performed annealing experiments with different oxide thicknesses. We
observed a correlation with thickness: the thinner the layer, the more prone to local
evaporation and holes formation, and vice-versa. At the same time, Ga collection
was observed to be selective to the oxide layer openings where the bare Si(111) was
exposed, meaning that Ga could not be stably collected on the oxide, but only in the
holes. This confirmed that the holes generated in the oxide films by annealing are
the only nucleation sites for Ga, and their formation is dependent on the chemical
composition. These insights may explain the dramatic change in nanowire
density observed at different oxide thicknesses: thin native oxides (<1nm) are less
stoichiometric, consequently less thermodynamically stable and more prone to
evaporate. Upon annealing, more holes are generated on the surface, collecting more
Ga and nucleating more droplets than thicker oxides (>1nm), where less holes are
formed.
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Nevertheless, the increase of tilted nanowires observed between 1nm to 1.5nm was
still not well understood. We therefore assumed that the different surface properties
would influence the droplet positioning, and that the latter could determine the
growth morphology and nanowire orientation. To verify such a hypothesis we
approached the problem from a computational standpoint: we used a software
(surface evolver [127]) to calculate the energy cost of allocating the Ga droplet in
different positions, at different wetting properties (which corresponded to the
different oxide thicknesses). Then, to be able to predict the droplet behavior, we
assumed that the system would adopt the more energetically favorable configuration
(.e. the less costly). As a result we observed that, depending on the wetting
properties of the surface, which were observed to change with oxide thickness, the
droplet assumed different configurations at constant volume. More in detail, the
model developed showed that the surface properties of a thicker oxide allowed
different droplet configurations. The latter were demonstrated to lead to multiple
growth morphologies, as observed experimentally. On the other hand, in the case
of a thinner oxide (~1nm), the energy distinction between the different
configurations was much larger, allowing only the ones that lead to vertical nanowire
growth (as experimentally observed).

The outcome of this study was of having developed a model, which is capable of
bringing new insights on all the different growth morphologies simply by taking into
account the changes in surface properties observed at the different oxide
thicknesses.
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Physiz] properties of surfaces ane exinemely important for indtiabon and nudetion of oystal growth,
including mamowines. In recent years, fluchuations in surface charackeTistics have ofien been relaied to
unreprodud ble growth of Cafs nanowies on 5i by the Ca-amsisted mesthod. Wi repart on 2 systematic
study of the oooumence of GaAs manowine growth on silicon by the Ga-assisted method for different
linads of silicon modes: mative, thermal and hyd rogen :l'.kﬂqunmei]-ml'i\l'eﬁnd I'Jutmmm
achieving nanowines and the growth conditions such 2= gallim rate and sk re o

mainly an the physical properties of the s mﬂ:mmmd:ﬁthmmdmhm
roughness. These nesulls constibute 2 shep further iowands the integration of CaAs technaology on the 5

platiorm

& 2014 Eloevier BV, All rights nessrved.

1. Tt oschus i

Semiconducting nanowires provide a wide range of possibili-
ties both in applied and Rendamental science |1-3L Within the
range of possble applications 11-V e mi madisclons ane among e
st promising materisls The small footprint of nanowines slows
for virually defeda-free integration of mismatched materials
wihich would ot be possible in the thin film form |45 Momover,
10~V nanowires can be abtained on 5i [6-11 | providing a path for
combining the 11-Y and 5i platrms. As nanowires star growing
generally in asingle nucleation event followed by & Layerby-Lyyer
made, I1-V nanowines grown on silicon appear ko free from anti-
phase bowndares othe nwise often found in thin film counterparts
[12- 14 Seill, the lack of polarity of the silicon substrate leads o
meivi-pee rpemdiailar growth nanowines grown on SifT01) due o the
existence of three-dimensional Dwinning under certain growth
conditions | 13,15

Ome of the most uccesshnl wxs of growing nanowires is the
vapar-liquid-salid methad (VLS) in which a liquid droplet (deno-
minated a5 catalyst) is wsed for the gathering and prederential
demmpisition of growth precursars |16,17] Lipon e fifs-
tion of the dmoplet, precipitation oacurs at the interface with the
substrate in the form of a nanowire. One of the most suocessfil
catalyats e dor VLS is gold However, wien leating 2 5i substrate

* Gurresponding amtec Tel: 441 21 69 354 Lo +41 21693738
E-masl addapss: anna fentcole G- mons Mepllch (A Fonooberta § Morral)

It [t syl BOLBDS] jorysgen 30 L0704
DO2-O24E M 3004 Basvker BV AN ghts resnned

with godd on top, the gold drople s inmrporate a significint amownt
of silicon by the formation of an ewedic alloy. The presence of 5i
in e Au inederes with the decomposition and predpton of
precursars As a consequence, growth of 1=V nanowires on Si
using gold a5 4 catalyst i quite more challenging than on 10-Vs.
Many groups working on the growth of D11V nanowires on silicon
have looked for altemative methods, inchuding the selective area
e pitaxy amd Ga-sigsed growth of Gass nanowires |6-8,13,18-21]
In the Latter, it was found that the presenes of an oide at the
surface was necessary for the krmation of the liguid droplet
necessary for VLS.

The physical charaderstics of the slion oxdde have shways
been an important parameter in Ga-assisted nanowine growth
[F-11L It was observed that the acide thickness plms a mde in
adiieving navowires with an epitidal relation o the subsirate
|22 | Interestingly, the critical thickneses reported by the various
groups are significantly different depending on the pre paration
method of the axide: 5 nm for Hydrogen Silsesquiscane (HSQL
0.9-2 nm for thermal oxide and 30 nm for sputtersd axide [22.23]
I et works, the existe nce of a aritical osdde thickness on a Gans
sulvitr ste wis discissed in tems of the opening of craters in the
oxide, either by the reaction of Ga with the subsioi chiometric
oxide andjor die to the desorption of As st GaAs surface bem-
peratures shove S00°C Few works report on succeseful growth
withowt the presence of an axide on the silicon surfoe [24.7,10)
One should mote that in all of these cases, there was a non-
negligible time lapse between substrate preparation and loadng
im the wltra-hi gh-vacim emdronment. [t i well established that
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5i i sces natuwrally widergo ol tion even St room bemper stire,
simply by exposing them to air. The same oxddation process takes
place sl in the case of hydrogen passivated surfices |25-27) As a
consedquene, what was climed 5 oxide-free surlse had most
probably cxidized to Si +1 (ie Si-D-5i) 2 shown from X-Ray
photoslectron spectroscopy data of refs | 10,28

Mt of the worls discussing the role of the oxide in the
growth of GaAs namowires by the Ga-mssed method were
performed on GaAs substrates |[22,75-11] To the best of our
knawledge, there are no reports on the role of odide in Ga-asisted
growth of Gads nanowires on silicon Different groups haove used
different types of surface preparati on, but no Sysdematic compar-
isn between different types of oxide has been realized Addition-
ally, it i generally sccepted that growth conditions for olytaining
GaAs nanowires can strongly depend on the wafer batches and
providers used, despite identical nominal properties. There is a
clear need for finding out the physical origin of this in order 1o
deduce 2 reproducible pre paration method of the slicon surface
In this work, we address the following unansw ered questions on
the Ga-assisted growth of Gads nanowires on silicon: is the
presence of an oxide needed? What is the ideal aide stolchio-
metry for reproducible growth? What is the ideal critical axide
thickness7 14 it possible to relate the plysical characterstics of the
surface with the ideal growth conditions? For this, we analyre the
physical charageristics of different types of oxides and relate them
o thee optimized GaAs nomowines growth conditions. This waork
condtitutes 3 step towands systematic we of slion as 2 substrate
Tor Ga-assisted growth of Gass namowines and could be potentially
extended to other material sysems.

2 Experimental detais

G s mamiwwi nes hurve been grown by Ga-assisted selF catalyzed
method on 5111 2-inch walkers RCA treated (ended with an HF
etch) from diflerent providers (Virginia and Siltronix, p-doped
Boron, 10-20 0 cm) from now on named Batch A and B respec-
tively. The growth was performed in 2 Molealar Beam Epitaxy
mischine (MBE) with solid state soiurces ([CA PEOD). Previois to
growth and in onder to ensure 4 dean surface, all substrates werne
annesled at 500 °C in 4 separate UHY chamber for 2 h; from mow
on we will reler to this process x5 degasing The effect of this step
on aide chemistry, thickness and roughness is reported in the
Supplementary Information. All the values of roughness, thickness
and chemistry characterization reported in the manuscript have
been performed after degassing, unless differently specified. After
this step the samples were moved to the growth duamber, slways
i LAY

The slicon subsirstes were prepared with different types
of meides: thermal, native and Hydrogen Sikesquiscane (HSQL
Thermal aide was produced by means of dry axidation of the
waler of batch B in & Centrotherm furmace st 950 °C in a cleanmodam
enviromment. The native oxide was obtxined by natural exposune
of the 5i walers (of batch A and B) to air in cle anroom environment
(21 4+ 0U5 °C, Ity 440 ). HSQ oeide was abtained by spinming 2
HSMIBK solution (XR-1541-002, Dow Coming) on wafers of
batch B at G000 rpm with subsequent annealing for 5 min at
180 °C for removal of the solvent Withou diluting the sohition,
the axide thicknes adieved was of28-30 nm_ By dilutingit(1:4-
1:8), thinner oxides were obtained (8-4 nm) The films were
trandormed into slicon oxdde by annealing them st 475 °C in Ny
astmosphere for 1 h The solutions were spun fght alter exposing
the 5i wafers to an HF solution, in order to svoid the presemce of
ithe mative aide. The aide thickness was controllably reduced by
chemical etching with 2 NHFHF (500:1) solstion. The stehing
rate was calibrated inde pendently for every type of oxide used

The mide thicknes was measured with spectroscopic elli psome-
try (Sopra GES 5E) and confirmed by Atomic Farce Microscopy
[AFM) on etched steps Each thickness valwe obtined by ellipso-
metry is the result of the serage of five mexsurements in dflkerent
points om the waler. Atemuted total rellection (ATR) IR specto-
scopy (Jasm FTIR 6300 with Pike MIRacle halder with single
reflection diamond crystal) was realived for the charscte rization of
the aide stoldviometry, by scanning in the 650-4000 on ~" range
with 100 sccumulations. Although, since the intensity of the
signalkto-noise ratio above 1500 an—" i extremsly low, only the
low range (650-1500 cm™") is considered and reported. Each
ATR-FTIR measurement was repeated 3 times on each sampile in
different points. Finally, AFM (Bruker) was alo wsed for the
determination of the surlice roughness: each surbie roughnes
value is the remlt of the sverage of three messurements of
SxSpm, 1x1pm and 500 500 nm aress_ It is important to
remark that the reported values of roughmess huve been mexsured
after the degassng The mughnes before degasing are reported
in the Supplementary Information. In the cae of complebely
etdbed axides, the substrates were immersed in an isopropanos]
bath immediately after etching and then dred umder Nitrogen
Mow just belore loading in the UHV emvironment We uwsed the
Tollowing range of growth conditions:

* the substrale temperatwre between 5B0°C and 680 °C, as
mexiured by means of 2 calibrated pyrometer;

* Ga rates between 025 Afs and 135 Ak, as calibrated omn planar
growth on GaAs (111) by means of Reflection High Energy
Electron Diffraction (RHEED);

® Ag, Muses were from 2.5 « 100 % torr o 4.9 « 109 torr; as
calibvrated by means of 2 beam ot moitor gauge.

Sanning Hectron Micrascopy (SEM) (Zeiss Merlin) was used for
the morphalogical chara ez tion of the samples.

3. Experimental results
31, Chermical com position af the aaides

Whe start by presenting the nature of the vafows oxides used in
this wark. Thermal aide is 3 mostly stoidbometric axide (Si05)
which can be produced by oxidation of Silicon st 8:00-1200 °C
under a controlled exygen flux; it exhibits low as-grown rough-
s (=~ 2 006 mm) |34

Mative axide is a thin byer of aide fbrmed by the natwral
expoiure of 4 Siwaler to air; it bllows the sirface mughnes of
the underlying silicon substrate and it grows monoliyer by
monolayer [25.3577] The chemical compodition of native aide
depends on its thickmess. For thickneses of few monoliyers, it
mainly consists of 5i-0-5i |36 The aoygen content incraases e
larger thickneses, thoigh it emans sub-stoichiometic with
respect by thermal oodde.

HS0Q aidle is obtained by annealing a Hydnogen Silsesquioans
resin on a slicon walker previouwsly etched with HF. The thickness
can be tuned by the dilvtion of the resin solution and the spinning
rate |37, 38| Anmealing the HSQresin at 450 “C transdorms the cage
structure of HS) monomer into 3 nebwork, whose chemical

i Si0, with 1<x <2, depending on the anneasling
temper ature |37,38]

By invvestigating these three typesof aides we can understand
the influence of the stoichiometry in the nuclestion and growth
mechanism of GaAs nanowires. The soichiometry of silicon axide
i bee cha racter ived with Fowrer Transiem Dnfrared S pectroscopy
(FTIR | The main sbsorption bands charaderstic of slicon oide
are the interstitial etygen band (Si-0-5i), centersd at 07 em—",

34



45

[29.31,32] the transverse optical phonon (TD) of 50y amund
1075 em ™" |33, a5 well a5 the longitudina optical phonon (LO)
aroimed 1250 cm™ " [33], a5 reported in Table 1. Subdaxides of the
form S0, with 1< x <2 are charscterized by an shsorption band
downshilted and broadened with respect to the TO Si0y. The shift
can be directly relsted to the stoichiometry |13 Examples of ATR-
FTIE specira obtained from the different oxdes are shown in Fig 1.
In Fig- | the 5i-0-5i sbsorption band is olserved for all the
oxddes (e rmal, native and HS0L albeit with different i nbensities.
The spectra at higher wavenumbers depend on the oxide type:

» Thermal oxide shows a clear LO-5i0, positioned st 1250cm—",
indicating it being stoichiometric aide.

® H5( axtide shows an sbdorplion band (1226cm "), indicating
that it is substoichiometric aide S, with (1<% <2)|33]

® Native axide does not show any additional sbsorption band
than the slresdy desoibed Si0-5i related, onsitently with
reported results on flms of similar thickness [29]
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In order to demonstrate that the interstitial audde s durac-
teristic only of the interface between the silicon and the silicon
oxide, the spectra of sputtered xide on GaAs is also shown
{see Fig 1); the saime result has been schieved with HSQ on GaAs
{see Supplementary Information). Mo sbsarption band is olserved
at 1107 em—", showing that mo interstitisl oxide is present On the
other hand 3 broad sbsorption is observed aroumd 1226em™",
characteristic of sub-stolchiometric axide A 2 remark, interstitial
oxide is present in every type of oxides on silicon since it represent
the indtisl step of aidation of every silicon surface, being followed
by oxide of different composition, depending on the processing
|127] In the follvwing FTIR spectrum of 5i substrate is uwsed a5 a
ool to investigate the plysical properties that influence the early
stages of growth of self-catahmed GaAs s nowines.

32 Thenmal axide

We first present our resuls on thermally oxidized silicon
subestrates. As introduced eardier in this mamsaript, three plysical
properties of Uhe substrates will be considersd: thickness, mugh-
mess and chemical composition. First we imestigie sulbsirates
with four different thicknesses of the same oxide, by a combins-
tion of optical lithograply and etching (see supplementary infor-
mation). This allowed us o investigate smultaneousy several
oxide thickmesses under identical expserimental oonditiong

Fig 2 shows SEM micopraphs of etdived substrates with
varying oxide thicknesses sler performing the same growth pro-
cess The growth conditions were substrate emperatune TG00 °C,
Gallium rate Ga=125 Ajs and Arsenic beaam fhe presame Ag=25x
10-% orr. Under these conditions nandowire growth was obderved
anly for an axide thickness between 1 and 2 nm (Fig X)) Similar
thickness selectivity results were obtained under other conditions
(T=500-630 °C, Gallium rate D5-125Al4) leading B nanowine
growth In the case of thicker oxides, Ga droplets were always
observed on the surlce (See Fig 2(a) and (b))l Oppositely, for oide-
free siliomn sursces, texmred two-dimensional growth was bend
(®ee Fig 2(d)). Swch a duange in growth mechanism could be nelsied
o the difference in surboe energy of the 5i0; compared to the bare
Si and the reby inflience the initi s Ga droplet frmation and g
on the surface The question here is what makes 1-2nm thermal
oxide o prone fof Ga-assisted nanmwine growth In order to shed
some light to his question, we shiw the ATR-FTIR spectra of the
ithermal mdide of different thickness (see Fig 2 ()L, with comparable
pre-degassing roughness |~ 03 nm It i ineresting o nole that
thee intensity of the LD Si0, is proportionsl to the thickes, whil
the 5i-0-5 mode exhibis the identical amplitude for all This
cormoborates the interface nature o 5i-0-5i_ Moreover, when the
oxide thidkness i around 1-2 nm, roughness was comparable to
thickne s (see Talle 2] and odby the Si-0-5i band i abverved These
resilts are in good sgreement with the results obtined by Muller
etal |3} soichiometric slicon diccide is formed only for thick-
et Tt Huan 2 nm

3.1 Narive oxide

From our study on themal oxide we understand that wien
roughness is comparable to thickness, nanowire growth can be
achieved In other wonds this condition corresponds to the
exposure of SifSi0p-interfsce (Le Si-0-5i) Based on the thermal
oxide results, we also speculate that the sulstoichiometric com-
position of the aide might help in the schievement of mamnmwine
growth As described in the first section, native axide appears
naturally upon exposing silicon wafers to air. This would Suppo-
selly make na tive dcide 2 relisble candidate_ SHIL one abserves an
extreme varation within batches and providers on the suocess in
nanowine growth, which to date is not understood. In onder o
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Table 2

identical specifications gave rise to different growths One should
note that the characteristics may not be spedfic of a certain
company and may vary from batch © batch As afirst abservation
we find that at comparable roughness pre-degassing (0.3-0.8 nm,
plementary information) the oxide is slightly thicker in the

Thickness and moghness of dffrens fypes of codkdes after degassing, The maaaure-
ment hawe been perfarmed by elligomey.

Onddie type Anmea g (°C) (nm) Rowg RMS (nam) see

Nahe adde (Bach A) 500 Q2206 05105

Nathe cxéde (Baxch B) 500 21208 53105

Thermal odde 0 124086 13205

HSQ exhed 00 23109 31205

HSQ as spun 00 &1 105 12205

demonstrate that this variability is not 2 provider issue, we take
a closer look at the physical properties of the native axide of
sulstrates coming from different providers that, despite having

case of batch B than batch A (see Tatie 2). Secondly, the ATR-FTIR
spectra (Fig. 3 (a)) show that the intensity of the Si-0-Si peak is
much higher for Batch B waters, pointing out a rougher SifSi0,-
interface. This is in accordance with the post degassing roughness
measurements (see Table 2) Finally, we show the SEM micro-
graphs of the growth performed on the two type of sulstrates (see
Fig 3 (b) and (). The two growths were performed under identical
conditions (T=610°C, Ga=027AjS As=25x 10°% torr) How-
ever, while a forest of nanowires is obtained on batch B wafers
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(roughest surface)l an extremely low demity of nanowires is
observed on the hatch A (smoothest surlsce) The different mano-
wire density can be understood in terms of changes in surfsce
diffusion: a lower mughness resdis in an sugmenied surisce
diffison, that lesd to 3 lower nanowire defsity [19] Viee vers,
rougher substraie (ie. batch B) leads to 2 higher nanowire density,
asshown in Fig 3 (¢l In a nutshell, the 5ijSiOo-ine iace seems o be
& key parameter in the GaAs nanowine growth on SioFurter studies
should invalve the intentional modification of this roughness for
enginee ring the nanowine density in a reproducible manmer.

34 HSQ axide

So far we have evalusted the growth on Si0y and interstitial
oodde (Si-0-5i) exposed tothe suface Now we want 1o evaluste
the possibility of growth on an oxdde with intermediste composi-
tion For this purpose we wsed slion substrates covered with
silicon mide from HSQ processing. Further information sbowt the
processing of H5Q can be fownd in the 5upplementary Infor mation.
Ansiogoushy to the thermal axide investigation, several growths
were performed simultanecusly on oxide thicknesses ranging
from 2 mm up to 24nm. Representative SEM images of samples

grown umder st a substrate temperature of 595 °C, Ga rate of
L1 Afs and As flux of 2.5 x 107 ° torr are reported in Fig. 4. As ithe
SEM micrographs show, growth of vertical nanowires was only
achieved for thin axide layers [ < 5-6 nm) This value is higher
than in the cae of thermal aide, and @mparable to what s
been reported for HSQ on GaAs substrates |40 Similar to wihat
was observed for thermal axide, the 5i-0-5i band is the most
dominant festure in the FTIE spectra of HSQ aide of around the
critical thiclmess and below. We mobe that the IR spectrum ol 4 nm
thick HSQ presents a non-negligibie Si0u-related stsorption hand

For this rexon we performed the ibllowing aperiment; we pre-
pared two substrates with e same H50 edde thicknes, sdhieved by

® Spinning HSQ from a MIBK dilwed solution (1:8) to form
directly a film with a thickness of 4-5 nm. This type of sampile
will be called a5 spun”.

# Spinning HS0Q from mon-diluted sol wtion, and etched it down to
& similar thickmess_ In the following this type of sample will be
called =etched™.

The IR spectra ane virtually identical (see Fig 5 (a)), indicating
the ame compasition of 5i-0-5i and Si0y. Interesti ngly, suocesedul
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growth had been achieved only in the case of etched HSQ
(see Fig 5). Even though the substrates seemed to be identical
the AFM analysis revealed a difference in surface roughness (see
Table 2) In the case of low roughness (as spun) only Ga droplets
were abtained, whereas for roughness of the order of the axide
thickness (etched ), vertical nanowires were observed. We believe
that, as schematically depicted in inset of Fig 5, the Ga droplet
cannot reach the SifSi0,-interface and no growth is observed in
the case of a smooth and compaa oxide layer. On the other hand,
for large surface roughness (ie. comparabie to thickness), the Si/
SiOxinterface can be exposed © the precursors, allowing vertical
nanowire growth

uuu-qﬂummnmwumuum in 7

4. Discussion

We discuss now the results in views of generalizing our
findings for nanowire growth. We first review the impact of
stoichiometry and roughness of the oxide on nanowire growth.
We have varied the composition of the silicon axide SiO, with x
ranging from O to 2. For simplicity’s sake, we start considering
growth on the two extreme cases: stoichiometric Si0, (x=2)
namely thermal axide thicker than 2 nm, and oxide-free slicon
(x=0), see for example Fig 2.1n both cases it was not possible to
obtain GaAs nanowire growth in any of the conditions wsed
Instead, we abserve a droplet-like deposit on the SiO; while a
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polyaystalline growth is observed in the oxide-free surface
The droplet-like deposit suggests that the diffusion coefficient
of Ga-adatoms on the axide is higher than on the silicon surface.
1t is interesting to note that in the case of growth on Si substrages
covered with axide thickness comparable to roughness, nano-
wires were always obtained. This condition suggests 3 nucleation
model based on the formation of a pin-hole that provides the
epitaxial relation with the sulstrae, coherently with what
reported from other researchers |41 22 The conditions of rough-
ness comparable to thickness that allow the pin-hole formation,
necessary to achieve nanowire growth can be abtained in various
manners: thermal oxide thinner than 2 nm, HSQ etched thinner
than 4-5 nm and native oxide. A clear proof of the importance
of roughness vs thickness is shown in Fig. 5 (b) and (c), where
two substrates were prepared with HSQ with identical thickness
and composition, but different roughness We have also seen that
the roughnesythickness condits that lead to successful
growth seems to be correlated to SiSi0;-interface (ie Si-0-Si),
as shown in Fig 6. The requrrent observation of such an interface
layer has been desaribed in other works, where though succesdful
growth of GaAs nanowires on pattemed silicon dioxide is not
related to the presence of interstitial axide at the SiD; hole
opening |42-44). However the role of SiSiDz-interface in the

growth mechanism is still not fully inderstood and requires
further investigation.

In parallel we explored growth on smooth surfaces (batch A
substrates) to understand if nanow ire density muld be contralled
by the “processing parameters”, as Ga rate or substrate tempera-
ture. We varied both Ga rate and substrate temperature respec-
tively from Q3 AK to L1 A, and from 600 °C to 660 °C, as shown
in Fig. 6. At low Ga flux and substrate temperatures ((a) and (b))
extremely low density of vertical nanowires is observed, as already
reported in Fig 3. On the other hand the higher the Ga flux ((¢)-
(e){g)) the more material is deposited on the surface, resulting in
an increxsed nanowire density and palyerystalline parasitic idands
density. By increasing temperature, the palycrystalline parasitic
layer decreases ((g){h)}{i)). Coherently with what mentioned
before, the diffusion length of Ga atoms saugment with increasing
temper ature, decreasing the palycrystalline islands density.

In order to generalize these results, we have mrrelated the
surface characteristics with the conditions needed to achieve
growth with comparabie density number of vertical nanowires
(15405 x 10" em~2). Fig 7 depicts the general conditions for
obtaining comparable nanowire density as a function of surface
roughness and Si-0O-Si content. In general a lower surface rough-
ness requires higher sub perature and Ga rate to achieve
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comparable nanowire density. As an example, in the case of batch
A Si wafers (smoothest surface), the conditions to achieve the
desired nanowire density were of Ga=0.75 Afs and T,u= 640 °C.

Thermal oxide presented the second lowest surface roughness:
the desired nanowire density was achieved with Ga~ 075 Als and
Teaa=625 °C. The trend is followed by HSQ for which the condi-
tions for the desired n ire density were Ga~0.45 Als and
Teua=610°C. In the case of the highest surface 5, a2
comparable nanowire density was achieved at Ga=027 Ajs and
Trma=610°C.

We explain the change in Ga rate conditions for aeating
comparable nanowire density with surface diffusion: a decrease
in roughness produce an increase in surface diffusion, forming less
nanowires |39] Therefore, to increase nanowire density for lower
roughness substrates (ie. native axide batch A) Ga rae and
substrate temperature have © be increased compared to rougher
sulstrate (Le native oxide batch B).

As shown in Fig. 7, roughness and interstitial axide content
are directly correlated, suggesting that the sharpness of the

40

SUSIOy-interface affects the characteristic roughness for the bot-
tom up oxides (iLe. thermal axide and native oxide ). Presently, how
to achieve contral over interstitial exide formation remains still
open and it needs further investigation.

5. Conclusions

In conclusion, we have shown that roughness is a key para-
meter for forming pinholes necessary for successful GaAs nano-
wire growth. This explains the different optimal axide thicknesses
to achieve growth reported in literature: the critical axide thick-
ness depends on the surface roughness as it is related to the
thickness leaving SiSiOrinterface exposed to the surface. For
example, we found a critical thickness of 1-2 nm for thermal
and native oxide, 5-6 nm for axide from HSQ The lower the
roughness, mehiy-uthempenmeandmcummededm
achieving the ¢ bl e d y. and vice versa
Additionally, we have also shown that the “provider dependence™
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on growth conditions has physcal reason, and it is relaved 1o the
interface of the swbstrates, that seems bo be oommelated
1o SifSi0p-interface. SHlL to clarfy the latter podint further inves-
tigation is needed Systematic AFM and FTIE on the received
sulvstrstes might help in determining the conditions to achieve
the desired nanowine density. This work opens new perspectives
for the reproducilie integration of GaAs manowines on silicon

Acknowledgien 5

This work has been funded by ERC Starting Grant ‘UpCon',
ERAMNET-RUS InCoSiMITH praject from FPT “NanoEmbrace’, Mano-
Tera project “Symergy. SNF grant nr 143908 The suthors thank
Martin Heiss for helpful discwsions, Holger Fravenrath and
Francesco Stellscci for the svail shility of the ATR-FTIR

Appendix A Supplementary data

Supplementary data sssocisted with this article can be found in
the oniline version at http:jd dolorg 10,0006 jerysgra 204 07,054

Refememnces

1] C Codomibe, B Hees, M. Comel, AFL Manal, Galliom asenie p-i-n raial
rE s far Lt S (OS] 173 108

F Mareind or ol [ Jasernni of Crparal Growh 404 {30 M) 246255

B] 5. Beos, C Piller T Ricikosskl 0. Bondt HT. Crahn, L Casdhaar,
H. Richert, Sulnibility of An- and sel-auiond QA nandeings fur opims-
i T

ane Lem 11 (301} Q76
18] P Megemap, R E Johmeon, MH Madwn, | Mygind, H Shfloman,
Srruomral
{ M) Mane Lz 10 (2060} 4475

ool in sel-canaed grosth of CaAs nanewies on Silioan
| 8] 5 Plieard KA Dick G Larrisn, 5 Gosdey, A Addad 3 Velillary, B Carodl, Godd-
e of Cals nancwines on slioon: aras and polyrgpiom, Manoech-

nedegy 21 (300} WSHOD
[11] 5. Plisasd, G Lamier, 3 Wallarr, P Cared], High yied of sef-calyzed Caks

thermadynamics of nanowines and is

polyrypsm of zne blsnde -V nanowines, Fhys Ree B
TT [ BDOE) OEEEML

|B]EIMLLHELLMFMEMHM

mFHﬂm}wmﬂmm AFL Morgl, Thoee-

of wet-canheed Gahs nanowies on S

mlh'nl.tt_ll (hOAlp 32T,
[ M) szmq,ums.u-,umc Thel, B Ok, Callium
arsenile and ather compomnd on siboan, | Appl Phys

Russe Awanchi, M. Hezs, L Michelar, P Krogemap, | Nygard, © Magen,
1R Marame, E. Ul | Arkisl AFL Mamal, Soppressian of thrs Simen-
ol fior 2 MDOE yisdd of wertcal Gofs nanowies on Silioen,
Manerals 4 (2] 1485
195] RS, Wagner W.C Hiis Vapo—liguid-solid mechaniom of single cwysal
P Lem 4 | BG4 25
|rr]1.rr.nm-mu=_cun1.ru.uunm S miianducmor nareehidos
and applicaions, Ssmcendoone £ (300E) 15390
| 8] C Cosbornben, O Spirkecics, B Frimmes, & Abcreder, AFL Moral, Ga-ausbed
Cama mechaniem of Gaks nanowines by mobsaoolar beam
epinxy, Pys Rew B 77 (2008 155326
L] u.ud:,r_m 0L Spirlecka, M. Bichher, C Abemsiuer, AFL Momral,
if s Buased sembronduoey mkomn-
mhﬂnﬂumm Lﬂnmmmﬂb A-10RE.

3] P Krggsoup, HL Jegercen E Jhorson,
ML Aageroen, | Bygded, AFL Momal F Cle, Advances in the theary of -V
manewing gromth dynamics, | Flos. D: Appl Fhys. 45 (500 3) 3030001

123 AFL Maral, C Colambe, . Abcweiter, | Arbid | R Morame, Nelation

et huanibsn ol redbecnlar Bssan epitacy grossth of gallum
arsenibde ranveies, Appl Flos. Lex 52 (BO0E) G310

obgeraation of 3 noncarabyte grosth regime for Gl nanesines, Bans Lar
I (E0AN)3EEE

124 YE Srconenbs, GE Cdin, AL Kwrdbey, AD Boucwlers, MK Palidos,
WUR Ui, V. Dobrevaslell, P Wemer, Stody of processes of seif-ca aroeth
of Caks oryeal nanowines by mols obir-baam spinsy on medified 5500000
sufares Samionduonrs 45 (20 1) 431,

125 U Mearwald, HE Hessel, A Felz, UL Memmen, R). Behm, Inifal suges of
mmwm !!I!!m—sﬂuh

Phys. Lt &0 (1582 ) 3007

|mumnmumum#-mum

ared spectegcopy of SEIN) sorfwes after HF mreanmmesne:

mammmmmusumm

1= rj_smmrnmmm Tipdrogenaned I by a

mm;mﬂ.mummxm

123 H_FMSJ.W F. Bercetaa, L H Dz abrink, M. Knomrey,
T Cosz, W Oemerk, E Wandler B m W Azwma, L Kejima,
K Suenld, M Soenld, S Tavoma, DOA Mesn, H] Lee, HB Ohe, HY Chen,
ATE Wee T Duliposicr, 5. Fan, WA Jordaan, B Haen, U Koz, © wan der
Ml M. Verhsjen, Y. Tamminga, C Jeynes, P Balley, 5 Birwos, U Falle,
HY._Hguypen, D Chandker-Herowitz, JE. Eherein, D Maolleg JA Dora, Origeal
mewhew of the oument st of thic s m sssaramenn for ohrachin 502 an
3 Fam V: resuls of 3 OO0 pila smedy, Sorl Innenface Anal 35 (D000 Db

125 UL Bayd. IR Wikson, A sudy of dhin silicen diacide films using infraned

B Kemener, 5 AV Kohlmann, | Howel E Ruesse-Awenchi,
Morame, M. Caminni, K. Marzasi, | Amisl, A Tunger, R} Wakmnen,
AFL Morral, Sa3f-auem! 0T N & Nanwie Sy i g
Wt Mazer 12 (20103) 438
BlREE HL M. Heds, O Demiche, |V Ham, M. Aageen,
} My, AFL Mamal nanowine mlar cells beyend the Shackiey—
Queimer Limit, Mar. Phoasn, 7 (3003) 306

H mm:,utamuma_s:mmm HL Ried, Trap-assiowd
tunns disdes, Mans Le

AL Perssan, C Thelander, LR Wallsberg, M
H Magnussan, K Depper, L Samussen, Gt and characwrizasen of GaAs
and Infs nans-whishes and InAs)GaAs heemaotnsoroes, Physica E 23 | 302)
s

15] JH Pasl, T. Mishiwiali, M. Yamagachi, 1. Sawali, Cam byt free MEE-VLS growth

of GaAs nanowines on | 1116 subsmare, Phys. Shres. Sl (C)6 (2009) M35,

p|£mmu-qsm¢,r Marelli, Seif-caralyzed gEowth of CaAs

an dened S by molculr bam epitag Manowchnolagy
u;‘.unpmn.

ch 1 Appl Phys. S { BE3) 4365

3 lhﬂﬂﬂmﬂwmhmwﬂrsm
44 (15E4) 514

131] BH Kim. JH Aln BT Ahn, Finding interstiial cxygen in an 5 sbsram

Appl Fhys. Lent 53 (h0i0F) DEET.

133 Il.ti'n.'l'.lﬂ'ﬂi,x.m'l'lm“ﬂ snsdies of wansiten hyes ar
D05 ierface, | AppL Prrs 4 (11)] 1998) 60654

133] KT Queeney, M Weldon, JP Chang. Y] Chabal, AR Gurevich, | Sapjera,
RUL Opila, Indrared gpecmascopme analysis of e S0, inenie sroomre of
e ally cockdized silicen, | Appl Phys 87 (2000} 322

134 DA Muoller, T Sorech, S Weocks, FH Baoamann, K Evans-Lomsnsdr, G Timp,
The slecmonic SInooum ar e Jmmic wale of dloamhin g cobdes, Kare:
399 (B TSR

135 ML M, T_0fmi, E Hasegawa, M. Kawakam i M. Orwada, Croowth of narke
acide an 2 sillicen surface, | Appl Phys. 65 (1960) 7L

136 Y. To, } Temafl, Micresoopic dynamic of silicen exbdation, Phys. Ree Lex
B9 [hDOT ) GRa] O

41



F. Mameind aval [ faemal of Crysinl Growsh 404 (20M) 146-25 =

137] ML, Alsracht, O Blinchene, Marerish e with thin flm
e K debamries, | Elarrmschesmi S 145 (RS L0E.
1=] ch:q_wLmn.Emudpmuwm
ane (HSH Mims produced by thamal cofing. ] Masr e 12 (3007) 135
3] ML L ¥ Hirers 5 Kaksorinkors, M Sol Fanaten o Go dephkss an
Ceaes |10 By i el B pitaty, Mlanecocale Res 72300 2) 550,
48] T. Rieger, 5. Hederich, 5. Lenk ML Lepea, B Climmacher, Ga-asdned MEE
af Gaks naneies dhin HSQ byer, | Crgsr. Covmth 353 (30 (238,
4] X Wi, X Yarg, W Do, B 5 Lee, T Yargg, Thichoness inflosnce: of thenmal
onckde Liyes an the form aton of ks nareosvies on SET) by
MOOVT | Coysr Comvweth 395 (b0 )55,

4] qmpw R Laftre, Opparmnities and piddl in pamensd
w ranswire an silicen, Samirand S Technel 38 (M0}

1] tm;mum;m&h;um&mum Sl
catalyzed vEnary core shell CaAS nanowie FTHE DOWDH O pamEnned S
sobermes by modooler Bsam spitxy, Maes Lem hiop: [Tddal cog IO10H |
iS00 565k,

J44] AM. Morshi, 0 Dhesral VT Fashke, D Km, | Hoh |F Rednermen,
L.ﬂtqnlu Hnlu.ﬂ.lﬂlni.l.‘l;.mmlmllm

vims on sillkoon wsing nandmpring

lithesgrahy, Fana Lexe. u::u:qsm

42



CRYSTAL

Communication

GROWTH
SDESIGN

Wetting of Ga on SiO, and Its Impact on GaAs Nanowire Growth
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ABSTRACT: Garamisted growth of Gads

on silicon

pﬂylﬂ—\ﬁmihﬂnﬂ.ﬁemu{ﬂunﬁ&mh!iﬂnﬂ!:ﬂeh been shown to impact the
Mﬂ]wﬂﬁ&mwaﬂﬂﬁroﬂnﬁimﬁﬂuuﬁmhﬂﬁ work, we show
that not only the exact thicknes, but also the nature of the native oxide determines the feasibility of
nanowire growth. During the cowse of fomation of the native arde, the suface energy varies and
results in a different mntact angle of Ga droplets. We find that, only for 2 contect angle around 907
(ie, oxide thidmess ~{% nm}, nanowirss grow perpendiculardy to the silicn substrate. This native

ﬂempﬁwhﬂuﬁmn?wmnhﬂhlﬁ-ﬂmb}rm‘dmﬁmﬂbﬂu

nanowire density and otentation.

emiconductor nanowires |n:m§ a wide range of new
concepts for next g tion optoe sctronic and electronic
technologies, as well ax new phtforms for fundamental
:dﬂu"’hmlsaﬂﬂﬂﬂf\'luﬁmﬂmﬂmmh
wsed o form these structures, Gads and InP are among, the
modpmnmrhsfmrphﬂhu]htwbﬂd:nﬂu&ummﬂnﬂ
*F However, Gaks is
&umﬂumﬂsmud]ahhynfﬁainﬂuﬂuﬂumumﬂ\
mwmhhhmmm&hwﬁ:mhrummahh
obtained on siicon phthwms, oeating the pomibility of a
double junction'® 6]l (to date), no device with Gads
nanowires i commercially availdble. For severml reasons, the
fabrication chollenges coud be invoked The most common
meechanism wed for the formation of nanowires is the so-caled
vapor biquid solid (VLS)." This technique requires a liquid
droplet, often called a catalyst, which decomposes and/or
Upon supesaturaion of the hiquid, a solid phase precipitates
undemeath. Au is the most widely used metal to induce VLS.
Several studies show that Au atoms can get incorporated in the
body of the nanowire ad on the slicon substrate '™ To
circumvent the we of gold for nanowire growth, several groups
have studied self-catalyzed or catalyst-free growth of nanowires
on skcon'*" Detaied i of this ]Hu.'bnﬂu'
growth mechonism has led to 2 better control of the nanowine
mou])]tdnﬂuﬂu‘gﬁalp}u._"'wfhm;mdne,ﬁiﬂ
contrel over nanowire odentation was observed to be
dependent on the wafer batch **™ Most studies focus on the
comprehension of the growth at the steady state. To the best of
wur knowledge, very little work has trgeted the understanding
o&'ﬂwi:ﬁ'th]stqnnfsrwﬂtﬂﬁp}um:hhrhﬂu
integration of [[I—Vs on slicon as it influences

all the subsequent lhsu.m In the present work we
silicon oxide on the initial growth stages of self-atalyzed GaAs
particuler, we show how the native oxide thickness is strictly

M PRI © 3 At i sy
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melited to nanowire onentation with respect to the substrate,

Wemh'du:dlinsﬂupmmiﬂuuhtmw:
wse 2 in S(111) wafers with 2 nomina resisfivity of 10—
2042*cm. The doping of the waler only determines the kinetics
of oxide formation. All wafers were initially immemsed in 2 BHE
sdufion (7:1) for 2 min to remove the native oxide, and
:w:‘iﬂy u:P-mﬂl to air in a controlled deanroom
environment (21 + 05 “C, 44% humidity) for a determined
time. The native cxide thickness was monitored with 2 Sopm
GES 5E spectouscopic -:]]:i]nnu'n:te: The thidmess obtained by
ellipsometry has been mnfirmed by AFM messurements on
oxide steps (see S1). The tempor] evolution of the native oxide
thickness after the HF etching is shown in Figure 1a. The native
oxide regrows at the Bstest mce after the immediaste removal of
the native oxide Within a week, 2 thidmess of ~0.8 nm is
achieved. After this initial pericd, the ocxidation slows down,
mdurgaﬁﬂﬂud:mso{wlimmamud\]mwme
ﬁzu'n:gg,mwu:h,unbmwdwhﬂm]nmmm

After premring the sulstrates with 2 native oxide of

i thickness, we introduce them in the ultrahi
vacuum environment of o MBE machine (DCA Po0d). For
the sake of removing any remnant water or crganic residues
from the surfice, the substrates underge several degassing steps.
First, 2 halogen bmp degames the sulstrates and substrate
holder at ~150 *C for 2 hin the MBE load-lock (between 107%
and 107" Toar). After this, the walers are heated o ~500 °C in
alepmedwnhrﬁnrlhuapmm-dﬂ_mehﬂﬁrd
and Lt degaming is perfformed in the growth chamber directly
prier to growth at 750 “C for 20 min

We om'n])mt}be for different thidknesses of the
native oxide (from 0 v 15 nm). All growth wes perormed
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Pigure 1. (2) Ewolation of the thidmness of natiwe oxdeas a fancsion of
time, & measamd by elipsometry. The inset shows the growth of the
native axide thickness in 2 smaller time frame (up to 12 days) (b—g)
Opnlmgu of the vafers after GaAs growth on the 2 in. wafers and

g SEM hs of the growth performed a the axide
dl:huuoﬂLS,(l? 0.9, l. 12, and 1.5 nm, respectively. The scae
bar &5 1 ym.

under identical conditions, which corresponds to a standard for
Gaasisted growth of GaAs nanowires: 640 °C substrate
tmpaﬁmaﬁlnted'lle,As&no‘Lleo“Tou,
md’owﬁhneoflh. and scanning electron
microscopy images (SEM) of the samples after growth are
shown in Figure 1b—g For thicdknesses of ~0.5 nm o less, no
nanowires are observed. In this case, only polycrystalline GaAs
growth i observed (see Figure 1b). At an oxide thickness of
around ~Q7 nm, wvertical structures start to form on
the pdycrystalline layer. Interestingly, these short nanowires
mostly exhibit a perpendicular relation with the sub

native oxide thicknes, we olserve a progressive increase of
nonverfical orientations, a broadening of length and diameter
distributions, awdlaaéeunseofmedﬂuty

A more detailed analysis of the phdogy is
given in Figure 2: m(a—d)t:ited\nmd'dumfm\su

J

d'E
=
b4t R Es A
= : V| m
;i) | Q0)-iieesreredent
w 12 1& LIH A2 RE]
Cx. Thic<. (nm} Ox. Thick. (nm}
o] 4
BT e
= w
z :
3,,.\,. e 4
: @
an 8 1
Ox. Thick. {nm]

Sy

Figure 2. (a—d) SEM graphs of GaAs on,
respectively, 09, 11, 12 and 1S nm native amide on S (111)
substmtes The salebar & 3 pm. In (&) the density change of

wires and Ga doplets & sing oxde thickness & od:
in both cases the decrease in density & 2 orders of magnitade, akthough
the droplet density s 1 order of : nanowire density

goes from (26 = 0.03) x 107 to (47 = 04) x m'm-* whereas
dnﬂsdu:q;osﬁm(wim)xlvn(:m: 1.0) x 107
co? In (f) the di for and dmplets at
difierent oxde thickn d. N. rises by
~100 nm (hm!d::&b 151 12 nm), at increasing cxide

2

surface and do not exhibit 2 droplet at their fip (see Figure Ic).
This represents the transition fom 2D growth toward Ga-
assisted GaAs nanowire which is achieved for axides
thicker than ~09 nm (see Figure 1d). As can be dbserved in
the opfical micrographs, the sppearanae of the samples is
homogeneous over the 2 in. wafer. SEM investigations confirm
that this is the cxe. For a native oxide thickness of 09 nm only
vertical nanowires e observed. Growths performed at oxide
thicknesses of L1, 1.2,and LS nm nanowires across the
full 2" wafer (see, respectively, Figure 1d—f). By increasing the

44

the
dltSIm)In(;)tbewiuudGAml\e&m&
depasition 2 a fanction of oxde thickness & mpresented.

gown on, respectively, 09, 1.1, ll,andl.Snmandeﬂuchus
show a dlear decrease in and an i of
tihedwmﬁtthdconds.The&qiasmllbed-unndn
the next pamgraph. Quantitatively we observe that the
nanowire density drops by 2 orders of magnitude (from 2.6
X 10" to 4.7 X 10°cm™), while the nanowire diameter increases
from 90 to 180 nm, as the oxide thickness increases from 0.9 to

DO 1010 21 A 00574
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Cucide Thickressirm]
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Gaids Thickrress (oo

LT

of the wetting of #he (a dmplets formad by Ga deposition 2t 640 7C for § min on aride thidmesses of 0.1 (2], 056 (B),

09 ) 14 (d) 15 (e ,ﬂiim[ﬂ.mﬁhwkﬂmh[ﬂ the increase of the contt angle at increased oxde thicknesses is repesenied.

The progress of the confac

s comredated to the avolotion from X0

o mixed 30 strochores withoot droplets, to nanossire

growth. In (h) the sadface energy of the different native mide thicknesses caloolased by Young's equasion is shown. The range of sorfe enengy at
which only vestical nanmeire growdh was achiered is marked in parple

1.5 nm. Nanowire populations of > LK} were considered for the
statistical study.

In order to explin our observations we looked at the initial
stage of growth, namely, the formation of the Ga droplets. For
'r]':il,w: Gaﬁrsﬂnuﬂupuwﬂimm
Immediately after the deposition the substrate was cooled down
images of the sample surbice are shown in the SI. The Ga
droplet density and sive vary dmmatically as a function of the
thickness of the native oxide At ~0.1 nm of caide thidmess,
droplets of dameter above 2 im are found, while at incressing
oride thicneses up to 15 nm the
])m-s;m-:i'l.dyl}n:in}.!, down to ~60 nm (see I}

In Figure 2ef, the density and diameter of the Ga droplets
mmdhﬂwh“mﬂdﬂﬁw&mﬁr
oxide thidnesses above 8 nm. Ga et and nanowire
density follew a simiker trend. They decrease slightly for cxide
thicknemes between 08 and 1.1 nm to strongly decrease at
higher thickness. $4l, there is an order of magnitude difference
between the d:u])]:t and nanowire density. 'Lhe:l:]):-cbnd]};
nanowire and droplet diameters evolve in opposite directions:
nanowire dizmeter incresses at mising odde thickness, wheress

diameter obtained at a fived time shrinks To better
understand these counterintrifive results we measured the time
mequired for nanowire growth to start, for different coide
thicknemes. For the mke of smplicity, we will call this fime the
“inculation time”. We monitored the subsiate swhce by
refledion ]'mis}i energy electron  diffaction (RHEED ) and
measured the time hpse until the diffaction peaks of crystalline
Gaﬁarmmﬁuwmdforoﬁdeﬂﬁ:hﬂunfﬂ?mﬂu
incubation time was below 10 5, whereas at 13 nm it increased
up o ~5 min (see SI). The fict that nanowires strt to grow at
an eaudier time for thinner oxides mﬂdﬂ?]inﬂulrm]]cr
manowire dizmeter (~80 nm} compared to the lager nanowine
d:u])]l.-t [Hlﬂ]m}aﬂ'ﬁ:\lﬂlﬁﬂ\&minde_p-mﬂimtﬂu
difference in nanowire and Ga droplet diameter for thicker
oxides is more dificult to explin, a5 the incubation time is
dmemt]u.&mino&-depodﬁmlnﬂﬁn-,t}:u:hﬂpwwﬂ\
and nanowire density decrease, which Gwvors the size increase of
the Ga droplet during axial growth and therchy the nanowin
diameter {further details in 51).

3T
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Figure 2y shows the evolution of the amount of Ga found on
the suface a a function of the native oxide thidmess,
calculated by adding the average voume of the droplet times
their areal density. The amount of (Ga remains constant within
the ermor bar to an oxide thickness of ~1.0 nm For thicker
oxides it is strongly reduced. This hints at a lower stidding
coefficient of the Ga for thicker oxide at the
tﬂnpﬂzﬂz.mnltahoindiﬂtﬂadﬂn;hﬂumofﬂu
omide ¥4

In order to further lhstate the change in the nature of the
momdeuﬂmmhmenmw}ntmsum]]ynblnum
nanowine ** we look at the contact angle of the Ga
d:np]:u,,ﬁ'[ﬁg.ma-}ﬂypmgﬂndymmst}:m
oxide thicknes (0.4, 0.6, 09, 1.1, 1.2, and L5 nm) the contact
angle increases from 507 up to ~1X)" (see, respectively, Figure
3a—f). A summary of the contact angle as 3 function of the
oxide thidmes i in Figure 3g. Interestingly,
rmwudmhﬁrﬂ'blﬂﬁ.mdunscinmmuldem
also be related 4o the variation of the oxide surface energy
through Young's equation:

¥, — 1, = ¥, coslf)

where yy i the hiquid—sdid surface energy, ¥, & the solid—
wapor surface energy, mdhnﬂ'be]lp.nd—mnpﬂrnrﬁﬂeuﬁug?;
ﬂuhtbﬂmﬁhﬂnndbyﬂuuqnnﬂﬂ:ﬂmrnfﬂudy
ﬂuﬂnhmntfﬂutm}',l—}'_uﬂhmdmﬁg.m}h it
m&mﬂehlﬂmmﬂﬁ&umﬁ
cally fvoring the hiquid/ solid interface formation. The increase
in surface thidmess leads to an increase of the term ¥y — ¥, At
ampund 1 nm of oxide thicknes y; — y,, becomes zero (see
Figure 3d). From this critical value on, the formation of bquid—
sdlid interface & not Gvarable, consistent with the high contact
angle [>90°). The progressive change in contact angle should
be exphined by the gradient in the chemical composition of the
native oxide. At the 50530, interface the oxide is silicon-rich.
‘When the distance to the interbce (and thicdmess) is increased,
the caygen content progressively incresses. For thick enough
Lyers, typiclly obtaned by thermal oxidation, the composition
mﬂmﬁmﬁum:mmﬁﬂznwljmnﬂﬂu
4 m'bufa:LH Such a wariation in c]'bu'mn] ']Zuumcm
mm}rmﬂu:nadm?nflnﬁumxsy
DO 10102 a. 5 0T
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Ithw\rﬂ\rmﬁ'lsﬂmammu@:ﬂ'hmsﬂﬁuﬂmﬁ
is related @ 20 growth. [nstead, when the contact angle is
hphwmwhmu\ﬂhﬂn}rﬁr
contact angles around 90° are a majority of vertical nanowires
nanowires This suggests that the initial wetting dharacteristics
of the Ga droplet determine whether or not nanowines are
fnnmduﬂ]aﬂﬁrmﬁh:qmmﬂu
substrate In the change in nanowire orentation can
h&umﬂuﬁﬂnﬁqﬁrm: [:}adwng:em]:-o]rn'yofﬂu
fist byer nudeating on the slicon substrate or (id) the
existence of thres-dimensional multiple twinning™ To under-
stand which of the Gctors is more determining, we measured
uﬂl.&m}.ﬁad\aﬁ;hpﬂuﬁymﬂdhﬂﬂﬂmﬁgﬁo{
the tited angles, only nanowires with orentations of 19 and
Womﬂdqpmlrm“hmawﬂewn{ﬁ]ﬁrg
angles consistent with 197, 347, 417, 587, and 687, This suggests
that (ii) is triggering the frmation of multiple orientafions
Further work s needed to understand whether the surface
energy or thicknes of the oxide favors the thres dimensional
mﬂ'ﬁpktﬁmﬁg.ﬁulhmidﬂmmﬁdﬁﬂﬂﬂﬁd\mﬁeh
surfice energy & different oxide thickneses might influences
ﬁ&ﬁmmmhﬁgmmﬂy&ﬁmﬂnw
kinetics (£.g, foomation of hrger Ga droplets). Finally, detailed
Wlmﬂumkofﬂuirm:ﬁum@'htumm amd the
oxide in the initid stage of growth should be pedformed in the
future. For emample, one could determine the and
localiwation of the initial nudei as a function of the oxide
thickness. One would gain desper insight into the orgin of
ﬂmdhuuuhru]mﬁuﬁgfmﬂﬁ&.u]w.

In conclwsion, with the present work we have demonstrated
the key role of the nature of the native oxide in the Ga-assisted
growth process of GaAs nanowires We have shown that a
change in the native oxide thickness & accompanied by a
variation of surhce energy. This determines the contact angle
of Ga droplets on the swhce and the capability of forming
nanowires a5 well as their ordentation. We find that 2 ontact
angle of 90° & the most suitable for dbtaining vertical nanowine

forward towaxrd a realistic integation of compound semi-
mﬁmm\ﬂmﬂuﬁpﬁmﬂ.
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Impact of the Ga droplet wetting, morphology, and

pinholes on the orientation of GaAs nanowires.
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Ga-catalyzed growth of GaAs nanowires on Si is a candidate process for achieving seamless
III/V integration on IV. In this framework, the nature silicon’s surface oxide is known to have
a strong influence on nanowire growth and orientation and therefore important for GaAs
nanowire technologies. We show that the chemistry and morphology of the silicon oxide film
controls liquid Ga nucleation position and shape; these determine GaAs nanowire growth
morphology. We calculate the energies of formation of Ga droplets as a function of their volume
and the oxide composition in several nucleation configurations. The least energy Ga droplet
shapes are then correlated to the orientation of nanowires with respect to the substrate. This
work provides the understanding and the tools to control nanowire morphology in self-assembly

and pattern growth.
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In addition to InP, GaAs is well known to be among the most promising and best performing
semiconductor materials for photovoltaic application because it has a direct bandgap [1] [2].
However, the high material cost has limited commercial applications. Direct integration of
GaAs nanowires on Si is a potential solution to reduce material consumption and increase cost
competitiveness [3].To achieve a reliable and high-yield production method, several hurdles
exist. Among the different techniques used to produce nanowires, the Vapor Liquid Solid (VLS)
technique is the most established: it involves a liquid phase (the catalyst), a solid phase and a
vapor phase. We choose self-catalyzed (i.e. Ga catalyzed) growth to avoid contamination of a
foreign catalyst into the nanowire and consequent defect formation of deep trap impurities [4]
[5] [6] [7]. Several groups have studied the adoption of the self-catalyzed or catalyst-free
growth of GaAs nanowires from GaAs to silicon substrates [8] [9] [10] [11] [12] [13] [14] [15]
[16] [17] [18] [19] [10] [11] [20] [21] [22] [23]. Most of these studies focus on steady-state
growth and not the initial stages of Ga nucleation on the surface oxide.

Recently, we reported the influence of the native silicon oxide’s surface energy on the yield
and characteristics of nanowire growth morphology and orientation with respect to the substrate
[23]. In this work, we identify the mechanisms that lead to the different growth orientations.
First, we show that the composition of the SiOx determines the wetting of Ga droplets as well
as their localization via the formation of pinholes.

The SiOx layers of different thicknesses were obtained by controlled exposure times of bare
Si wafers in a controlled humidity ambient, as reported in [23]. In Figure 17, we report the
SiOx (a) wetting properties and (b) chemical composition as function of the oxide thickness.
Figure 17 (a) shows in green stars the surface energy that would be perceived by a polar liquid
at different oxide thicknesses. In this case no trend is observed. However, if we consider Fowkes
model [24], the surface energy y; of a substance is broken into independent components: a

polar, ¥, that includes Coulombic forces and any other type of dipole interaction, and the
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dispersive, y4, that derives from van der Waals forces and any other non-dipole related
interactions. To assess the effect of the oxidation state the Ga/SiOx interfacial energy, we are
only interested in the dispersive component, because Ga is a non-polar liquid. Given the three
unknown (¥4, ¥p, ¥Va), We performed macroscopic (~pl) contact angle measurements with polar
(water and ethylene glycol) and non-polar (diiodomethane) liquids. These independent
observations are used to calculate y4, which is reported in red squares in Figure 17 (a). Only
the dispersive component, y, , of the surface energy changes appreciably with thickness.
¥4 decreases with increasing thickness and therefore the contact angle decreases with thickness
as well. To confirm that the observed trend in contact angle corresponded to a change in y4
and not to nanostructuring of the Si surface in islands of oxides we characterized the surface
roughness of all the SiOx layers by Atomic Force Microscopy (AFM). The surface roughness
was very low (RMS=%0.2nm) for all layers, within AFM tolerance (+0.2nm) and no pinholes
were observed at this stage. Therefore, the hypotheses of the cause of the change in y, are that
the principle dispersive contribution derives from (1) the Ga/Si non-polar interaction across the
SiOx film, and from (ii) a change in chemical composition of the SiOx which lead to different
surface energies of the film. In case (i) the interaction energy derives from a 1/r® body-body
integration across the film thickness [25]. To verify the contribution of (ii) in the change of
contact angle we measured the SiOx oxygen composition by X-ray Photoelectron Spectroscopy
(XPS) on the different films. The results are shown in Figure 17 (b) as function of SiOx film
thickness. The Si oxygen content has been calculated with the method presented in [26] (the Si
2s, 2p and O XPS data and interpretation are available in the SI). The oxidation state of silicon
increases with the oxide thickness and becomes stoichiometric SiO> beyond 1.4-1.5 nm
thickness. These results are consistent with literature [23]. In summary, 1) we observe that
increasing oxide thickness the chemical composition of the oxide changes towards SiO», the

thermodynamically more stable form of oxidized silicon; 2) the change in chemical
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composition correlates with decreased wetting (i.e., increased contact angle) of Ga droplets on
the SiOx film.

Since the first publications on Ga-assisted growth of GaAs nanowires, it has been recognized
that pinholes have a central role in nucleating and fixing the droplets on the substrate [27] .
Furthermore, pinholes that protrude to the underlying Si substrate produce an epitaxial relation
between the nanowire and the substrate layer during the growth process [27] [28]. However the
pinhole formation mechanism is uncertain. To understand whether or not pinholes are formed
in the oxide and if Ga plays a causal role in pinhole formation, we investigated the surface of
thermally treated Si wafers after the thermal cycling used for growth (same procedure presented
in [23]). We used a Si wafer with a 1.5 nm oxide. Figure 18 (a) shows the AFM characterization
performed right after the thermal cycle: pinholes of sizes of ~30nm are observed in the oxide
layer. Insets A & B in Figure 18 (a) show the hole profiles. The depth is comparable to the
oxide thickness. Because we did not observe any surface nano-structuring before the thermal
cycling, we conclude that form upon heating at 750°C in UHV (as already reported by [29] [30]
[31][32]): Ga is not necessary to form pinholes.

We turn now to the role of pinholes in the nanowire growth. We would like to understand if
both nanowires and polycrystalline growth, which we will call parasitic growth, start from a
pinhole, or whether only nanowires start from pinholes and parasitic growth nucleates on the
oxide. With this purpose, we repeated the thermal cycling prior to growth with the addition of
Ga deposition for different time periods, comparing the density of Ga droplets and the density
of pinholes. The droplet density was measured by Scanning Electron Microscopy (SEM), and
the pinhole density has been measured via AFM after removing the Ga droplets with chemical
etching (HC137% Vol, 25 min). The results are reported in Figure 18 (b): the density of droplets
and pinholes is plotted as a function of different Ga deposition times: these densites are
perfectly correlated. This observation leads to the conclusion that oxide pinholes are the

nucleation points for Ga droplets. The selectivity of Ga deposition on bare Si agrees with
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previous reports [33] [34]. Both pinhole and droplet density increase with deposition time.
Because the deposition is performed at high temperature, additional pinholes are formed during
the process. Further information on the characterization of pinholes and their formation process
can be found in the supplementary information.

To summarize, the SiOx film’s oxygen content increases with film thickness and saturates at
x=2 around 1.5 nm. Ga becomes increasingly non-wetting as the SiOx film’s thickness
increases. Ga is not necessary for pinhole formation because form during thermal treatment in
UHV.

These surficial film observations are used to model nucleation and growth of nanowires. The
experimental observation of the evolution of the shape of small liquid Ga clusters in nanometer
size holes is extremely challenging. Here we use a numerical approach to compute the three
dimensional wetting configurations. We assume the liquid droplets adopt their energy-
minimizing shape at any given volume. Furthermore, we consider several possible wetting
configurations and compute their volume-dependent minimal energy. For this purpose we used
Surface Evolver, a program for minimizing energy of surfaces [35].

As a first step in modeling we considered all different possible catalyst droplet configuration
in the pinholes and for the different observed contact angles [23], as illustrated in Figure 19.
Figure (a) represents the case of a droplet sitting inside the center of a hole, (b) of a droplet
sitting in a corner inside a hole, (c) of a droplet wetting the walls of a hole, (d) a “spilled”
droplet wetting the inside of a hole and also spilled one of the abutting SiOx surfaces, and (¢) a
droplet symmetrically spilled onto both SiOx surfaces abutting the pinhole (the computations
were performed in three-dimensions, the two dimensional graphics in Figure 3 are for
illustrative purposes). The energy difference between configurations are expected to influence
the nucleation and growth morphologies. The Ga(l)/GaAs(s) equilibrium contact angle is
observed and reported [36] [37] to be bigger than 116°, whereas the Ga/SiOx (1<x<2)

equilibrium contact angles are always smaller than 116° (50°<6<116°). In other words, when
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supersaturation is reached and the first layer of GaAs is formed, the droplet tend to populate the
energetically more favorable Ga(l)/SiOy interface (if still existing).

In the cases of a droplet sitting inside the center of a hole (a) and sitting in the corner of a
hole (b) (see Figure 19) in a supersaturated environment, nucleation is more likely at the more
favorable Ga/Si(111) interface instead of Ga/GaAs; if the particle touches both surfaces, a
Marangoni force will drive the droplet towards the Ga/Si(111) interface. This will lead the
droplet to fill the hole, being therefore equivalent to the droplet wetting the walls of a hole (c).
The latter will most likely lead to the formation of vertical nanowires (see Figure 19 (c)),
because there is no misbalance in the forces that would tend to tilt the droplet with respect to
the substrate. This is not the case for a droplet that covers the inside of a hole and the spills
assymetrically on the SiOx (d), since the formation of Ga/GaAs interface will result in a net
force to the droplet to spill out of the hole (see Figure 19 (d)). The “crawling” of the droplet
should then be more significant in the case of low oxide thickness (i.e. 8<90; thick. <~1nm),
since the difference in contact angles before and after the formation of a GaAs nucleus is higher
compared to thicker oxides (i.e. 6>90; thick. >~1nm ). The abrupt change in droplet shape might
lead to either the formation of polycrystalline material on the surface, or of tilted nanowires.

The homogeneously spilled droplet configuration (e) will behave differently depending on
whether the Ga/SiOx equilibrium contact angle is larger or smaller than 90°. The case 6>90°
will lead to vertical nanowires, whereas in the case of 6<90°, the Ga/SiOx interface will be more
favorable. In this case the droplet will spill towards the oxide, producing polycrystalline
material on the SiOx or horizontal nanowires. In conclusion, the initial droplet configuration
determines the final growth morphologies.

We turn now to the calculation of the probability of finding each proposed configuration.

This can be written as:

_AG
Pnucloce kpT (1)
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Where P,,,,; is the nucleation probability of the droplet, AG is the Gibbs free energy, ks is

the Boltzmann constant and T is the temperature. The Gibbs free energy can be written as:
AG = —AgV + XAy (2)

Where AgV is the volumetric component and ),; A;¥; is the interface component. The
interfacial energy component is computed from the minimizing surface, and its value will
depend on which surfaces the droplet contacts. In other words, the droplet configurations (a)-
(e) will have different nucleation probabilities. Combining the two equations, we can see that
the nucleation probability is higher for droplet configurations exhibiting a lower interface
energy component for an equivalent droplet volume.

We calculated the energy associated for different droplet configurations at different volumes
and for different oxide compositions and thicknesses (i.e. different Ga/SiOx equilibrium
contact angles 0= {59°, 76°, 82°, 94°, 98°, 106°, 116°}, as measured experimentally in [23]).
Since we did not know the dimensions of the holes at nucleation, we performed the
calculation for a range of hole width to height ratio from 2<w/h<20. For simplicity we report
here only the w/h=2, the other results, including a detailed discussion of the influence of the
aspect ratio of the hole are available in the supplementary information. The results are
summarized in Figure 20 : (a), (b) and (c) show the energy cost as a function of volume for
the Ga/SiOx equilibrium contact angles 0 of 59°, 94° and 116°. The units of the axes are
dimensionless, so that the results can be generalized to different material systems. On the x-
axis we plot the filling percentage of the holes (e.g. when Viig/Vioie=1, the hole is full of
liquid), whereas the y-axis has the total surface energy normalized by the liquid surface
energy multiplied by the squared hole height. Each curve corresponds to a different droplet
configuration, and the color background corresponds to the lower energy configuration in
each volume range (see sketch above Figure 20 (¢)). In (a) we observe that at low volume
ratios (0< Viig/Vhote <0.64), the lowest energy configuration is the droplet sitting in a corner of

the hole. Whereas in the range of volume ratios up to 1.28, the minimal energy droplet wets
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the walls of the hole and stay pinned to the edges of the hole. Beyond that volume, the droplet
will tend to spill symmetrically. However, the non-homogeneous spill is energetically very
close (see Figure 20 (a)). We expect the statistical differences between the symmetric and

non-symmetric spilled cases to be small.

A similar trend of transition from droplet sitting in the corner of a hole to wet the walls is also
observed in the case of 6=94° and 6=116°, but the transitions from bottom corner, to wetting
the walls happens at respectively larger volume ratios compared to the 6=59° (for 6=94°;
Virans=0.7, whereas for 0=116°; Vians=0.74). For the transition from wetting the walls to spilled,
the transition volumes are similarly increased (for 6=94°; Vans=1.64, whereas for 6=116°;
Virans=2.08). Consideration of the simulation results of the energy transitions (Figure 20) for
the different wetting configurations (Figure 19), we conclude and experimentally observe the
following:

e In the case of 0=59°, the Ga/SiOx interface is more favorable to form than the
Ga/GaAs, therefore leading either to nanowires or to 2D polycrystalline growth,
depending on the volume (i.e., minimizing droplet configuration) at which the
nanowire nucleation occurs (see Figure 20(a) and Figure 21 (a)). To verify this, we
performed a 15 sec GaAs growth on Si(111) coated with a SiOx layer of 0.5nm (which
give the 59° Ga/SiOx contact angle), for 15 sec, in order to be able to observe the early
stages. The result is shown in Figure 21 (c): the growth morphologies attained were
vertical nanowires and 2D growth VLS driven, consistent with the prediction. Figure
21 (e) show a growth performed under identical conditions but for 1h growth time, to
illustrate the evolution of the process.

e In the case of 6=94°, the energetically favorable configurations (see Figure 20 (b))
are either wetting the pinhole walls or symmetrically spilled (respectively the

configuration in Figure 19 (c) and the configuration in Figure 19 (e)), depending on
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when the solid GaAs nucleation will happen (i.e. Ga droplet volume). For this
equilibrium contact angle both the configuration, wetting the walls and symmetrically
spilled, would lead to vertical nanowire formation, as illustrated in Figure 21 (b)—
there is no tilting of the droplet with respect to the substrate. However, in the volume
range > 1.64 the non-symmetric spill of the droplet (configuration in Figure 19 (d))
is energetically close to the homogeneously spilled droplet, potentially leading to
significant amount of 2D polycrystalline growth. Also in this case we attempted to
verify experimentally the prediction by growing GaAs nanowires on a 0.9nm oxide
layer for 15 sec to observe the early stages of growth (the incubation time had been
previously measured to be ~10 sec [23]). The results in Figure 21 (d) show vertical
nanowires of different lengths and diameter, which may reflect that GaAs nucleation
occurred both in the prior and post-spilling scenarios presented above. Figure 21 (g)
illustrate the growth after 1 hour, yielding to a high-density forest of vertical
nanowires.

e In the case of 6=116°, all the configurations have very similar energies (see Figure
20 (¢)), which would not tend to select a particular droplet configuration, and therefore
different growth morphologies (2D polycrystalline growth, vertical and tilted
nanowires). These potential scenarios are drawn in Figure 21 (c). The GaAs nanowire
growth attempt on oxide thicknesses of ~1.6nm (i.e. 0=116°) for 6 min (the
incubation time had been previously measured to be ~5min [23]) is shown in Figure
21 (e). A combination of vertical and tilted nanowires was observed, consistent with
the simulation results. Their evolution after 1h is shown in Figure 21 (h).

Our calculations are consistent with the observations that correlate the oxide properties,
equilibrium configuration of the Ga droplets and growth orientation of the nanowires, the

combination of the hole dimensions, droplet volume, and surface energy condition the growth
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morphology (i.e. vertical nanowire, tilted, or polycrystalline). Nevertheless, since hole
formation in the self-assembled growth is distributed over time and so far cannot be controlled,
the achievement of only vertical nanowire will depend on controlling the pinhole geometry and
evolution.

In conclusion, the native oxide thickness determines the chemical composition of the surface,
its thermodynamic stability at high temperature and its wetting properties. These changes
influence formation of holes in the oxide film, which determine Ga droplet volume and
curvatures, and the droplet configurations within the pinhole. The latter determines the
nanowire nucleation time and the growth morphology. The engineering of the wetting
properties of the oxide can control the orientation of the nanowires. These results can be
generalized for the case of patterned growth, as preliminary results in the SI point out, and can

be extended to different material systems.
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Figure 17 (a) Evolution of the surface energy as a function of native oxide thickness. The
dispersive surface energy was calculated with Fowkes method from the contact angle
measurements performed with polar (water and ethilen glycol) and non-polar (diitodomethane)
liquids. (b) Evolution of the Silicon oxidation state as a function of the native oxide thickness.
The oxidation state of Si has been calculated with the method described in [26] using XPS

measurements on different native oxide thicknesses.

59




Profile A Profile B

60nm 58nm

11an
1.3nm
25nm

33nm

@Droplet oHole

o *

| (b)
20 40
Ga Dep. Time (min)

N. Dens. (cm?)

108

Figure 18 (a) AFM scan of a 1.5 nm native oxide on Si (111) substrates after thermal annealing
at 750C for 45min. The insets A & B show the profile of holes in the oxide that were not
observed before the thermal annealing. (b) The area density of holes and of Ga droplets at
different deposition times. The oxide thickness was 1.5nm. The hole density and diameters were
measured by AFM after etching Ga with 25 min HCI etch. The plot shows that the density

correlate perfectly and that holes are formed during the process.
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Figure 19 Diagrams of hypothetical droplet configurations prior to nanowire nucleation. The
computations presented in this paper were three dimensional, as shown at the top. The diagrams
are used to illustrate the various configurations for simplicity. In orange to yellow the SiOy
(1<x<2) layer is represented, whereas bare Si is beige and liquid Ga in grey and GaAs is brown.
The first column presents the droplet configurations before nucleation of the GaAs, the second
column the early stages of growth, and in the third column the consequent nanowire
configuration. In (a) the droplet is formed in the center of the hole, where the liquid phase form
an interface only with bare Si (111). (b) Shows the bottom corner droplet configuration, where
the liquid form an interface with bare Si (111) on the horizontal plane, and with SiOx on the
vertical wall of the hole. In (c¢) the droplet is in contact with both sides of the pinhole. (d) Shows
the configuration of an assymetrically “spilled” droplet which wets only one side of the abutting
SiOx film. In (e) the case of symmetric spill of the droplet is represented. Its evolution towards
a nanowire depends on the contact angle: if 6>90° we observe nanowires (as shown here),

whereas 6<90° leads to parasitic growth (not shown).
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Figure 20 Representation of the energy vs volume curves of the different droplet
configurations with (a) 59°, (b) 94° and (c) 116° degrees of Ga to SiOx contact angles.
The green curve represents the droplet at the center of the hole configuration, the blue
curve the bottom corner droplet, the red curve the droplet wetting the walls of the hole.

The orange curve the symmetrically spilled droplet, the black curve is for the non-
uniform spilled droplet, and the purple curve the assymetrically spilled droplet wetting
the bottom of the hole and not one of the pinhole sides. The background colors refer to

the energetically most favorable configuration as function of the volume, as sketched

above (c).
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Figure 21 (a) - (c) illustrate the energetically most favourable droplet configurations and

their evolution upon nucleation of the GaAs, for Ga/SiOx equilibrium contact angles of
59°,94° and 116° respectively. In (c) -(e) the SEM micrographs of GaAs nanowire
grown on Si (111) coated with 0.5nm, 0.9nm and 1.6nm of native oxide are shown. The
growth times of (c) - (e) correspond to the characteristic incubation time of each oxide
thickness, which is ~15 sec for 0.5nm and 0.9nm oxides, and ~6 min for the 1.6nm oxide
(the incubation times were determined in [23]). (f) - (h) Show the nanowires grown

under the same conditions of (¢) - (e) after 1 hour.
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3.5 Summary

In this chapter we have investigated the role of the silicon oxide in GaAs nanowire
growth. We first have identified roughness, stoichiometry and thickness as key
parameters for nanowire growth. Native oxide was further investigated for its simple
tabrications steps and excellent results. The surface properties in terms of wetting
and chemical composition were observed to be dependent on oxide thickness. The
chemical composition was observed to be responsible of the thermal stability of the
oxide, which determined nanowire density. The wetting properties determined the
droplet positioning, which controlled the growth morphologies and nanowire
orientations. These investigations provided valuable results both on an experimental
and theoretical level. On the experimental level, it brought a simple reproducible
method to have high density high yield of vertical nanowires, and on the theoretical
level it provided the understanding of the role of the oxide layer in the growth
process. The knowledge developed paves the way towards the possibility of having
vertical nanowires independently on the oxide thickness. These results can also be
extended in the case of patterned growth.
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4 Mastering nanowire properties for light interaction

In the previous chapter we have investigated how the characteristics of of the silicon
oxide affect the growth process. It was observed to influence growth morphology,
nanowire orientation and density. More in detail, by controlling its thickness we could
control nanowire orientation consistently. The latter, as presented in Section 1.4, is
fundamental for photovoltaic applications. The other milestones for the
development of GaAs nanowire solar cells that still had to be accomplished were the
control over diameter and density. This chapter is dedicated to the investigation of
the growth mechanisms that control nanowire diameters and density.

4.1 Introduction

The control of nanowire density and diameters has been demonstrated to be crucial
to achieve the accurate design of the individual junction for nanowire-based solar
cells [15] [18]. Despite its importance, the general approach to the topic consisted in
individual studies of either one of the properties, instead of considering their relation.

Many works have investigated the influence of the process parameters, such as vapor
fluxes and temperature in Ga-assisted growth of GaAs nanowires, on the nanowire
diameter. The increase of Ga flux was observed to enlarge the catalytic droplet,
leading to broader nanowire diameters [55] [79] [80]. Differently, an increase in the
As flux was reported to shrink the Ga droplet, leading to smaller nanowire diameter
[60] [55] [79] [80] [81]. The influence of temperature on the diameter is more
complex: Tersoff demonstrated that, given a specific temperature and a combination
of vapor fluxes, there is only one stable droplet diameter and volume [128]. On the
experimental level, a temperature increase is expected to enhance diffusion up to a
critical temperature, enlarging the nanowire diameters. Beyond the critical value,
desorption is fostered, resulting in a diameter decrease. This critical temperature was
observed to be ~620°C [129] [93]. A more exotic approach has been attempted by
Kizu and coworkers: they employed an alternating supply of the fluxes to foster Ga
migration and shrink the nanowire diameter [130]. In a different approach, in the
case of patterned growth, where the number of nucleation sites is lithographically
defined, the nanowire diameter was tuned by exploiting the shadowing effect: a
smaller spacing between the nanowires shrinks the diameters, increasing the
competitiveness of the growth process, where a Ga atoms can feed several
nanowires. Vice-versa, when nanowires are more spaced, an incoming Ga atom can

diffuse and feed only one nanowire, increasing the feed and therefore also the
diameter [131].

In the case of nanowire density, several groups reported a dependence from
temperature and Ga flux. From a qualitative standpoint, the increase of Ga flux
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resulted in a rise of nanowire density, since more material is available on the surface
to form new droplets [67] [79]. Also an increase in temperature was observed to
increase nanowire density, by fostered Ga mobility [68] [67]. More original
approaches to control nanowire density have been attempted by means of droplet
epitaxy related techniques. Somaschini and coworkers pre-deposited the catalytic
droplets by means of droplet epitaxy on bare Si or Si coated with native oxide, and
supersaturated them under As flux. In a second step they exposed the substrate to
air to oxidize the rest of the surface, and used the supersaturated droplets as nanowire
seeds [09]. A similar approach had been developed by Hakkarainen and coworkers:
the supersaturated droplets were then used as sacrificial templates. These seeds were
evaporated in the MBE to use their location as nucleation sites [132]. Bietti and
coworkers simplified the whole process eliminating the need of an oxide layer and
the exposure to air step, and directly using the supersaturated droplets as nanowire
seeds [133]. The droplet to nanowire conversion process was also demonstrated to
be efficient. The drawback of this approach was the high density of polycrystalline
material formed at the bottom of the nanowires due to the high Ga collection, which
is generated by the absence of a masking oxide.

4.2 Outlook

In our investigation we decided to focus on the self-assembly approach and study
the behavior of diameter and density as an ensemble, to gather deeper understanding
of the nanowire growth governing mechanisms. We first explored the effect of
temperature and Ga flux over diameter and density. The results are shown in Figure
1Figure 22 (a): higher temperature lead to higher nanowire density, but also to
broader diameters, and larger Ga flux lead to higher density but also larger diameters.
These observations were coherent with what reported from other groups, as
mentioned in Section 4.1. This preliminary experiments showed a clear correlation
between diameter and density: the larger the density, the larger the diameters and
vice-versa. However, in the case of the different Ga fluxes, we observed also a change
in the breadth of the diameter distribution of the nanowires: the Ga flux increase
resulted in a progressive narrowing of the distributions. We investigated the matter
more in detail in collaboration with Professor V.G. Dubrovskii, and performed a
kinetic model, where we considered nanowires nucleation to be time dependent.
Nanowires were not considered to start growing at the same time, but to have a
certain characteristic incubation time before starting to grow (see Figure 22 (b)). This
model provided the insight of a Ga flux dependent incubation time: at higher Ga
flux, all the nucleation events were verified in a narrow window of time, leading to
finer length and diameter distributions. Instead, at low Ga flux, the nucleation events
were more spread over time, leading to broad distributions.
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Figure 22 (a) Diameter-density relation of nanowires grown at (blue line) increasing Ga fluxes
(0.5,0.75 and 1 A/s) and increasing temperature (604, 624 and 645°C). (b) Time dependence
of the nucleation rate as a function of the Ga flux. (c) Diameter-density relation of the two

step Ga fluxes growth.

This understanding of the initial stages of nanowire growth was instrumental to
develop diameter-density combinations that were not possible with a classical
approach (see Figure 22 (c)). We introduced a two-step Ga fluxes growth: the first
Ga flux was used to tune the density and the distribution width, and the second step
to tune the diameter. To demonstrate the effect of diameter tuning over the nanowire
optical properties we measured the reflectivity of the nanowire’s forests. The
nanowire diameter demonstrated to affect the reflection of the ensemble, as expected
from the theoretical predictions. The simulations predict a boost of light absorption
around 800nm for nanowire diameters ~150nm. In a similar fashion, in Figure 23
(b) the reflectivity of the GaAs nanowires’ ensembles grown with the two steps Ga
approach show a decrease in reflectivity at ~800nm for nanowire diameters that

approach the ~150nm.
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Figure 23 (a) Simulated light absorption of a GaAs nanowires perpendicular to the Si substrate.
Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [15], copyright 2013.

(b) Reflectivity of the GaAs nanowire forest grown with the two-step Ga, compared to the
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reflectivity of a GaAs wafer (dashed line). The increase of Ga flux at the second step progressively
increases the diameters and enhances the light absorption.

4.3 Papers included in the chapter

I.  Tailoring the diameter and density of self-catalyzed GaAs nanowires
on silicon

F. Matteini,V.G. Dubrovskii, D. Ruffer, G. Tutinctioglu, Y. Fontana and A.
Fontcuberta i Morral

Nanotechnology 26 (2015) 105603
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Cracbderk
Abstract
Manowine diameier has a dramatic effect on the absomption crss-section in the optical domain.
The maxinum absorption is readwed for ideal nanowine monphology within a solar cell device.
As a consequence, understanding how o @ilor the nanowine diameter and density is extremely
impontant for high-efficient nanow ire-hased solar celk. In iz work, we investigae mastering
the diameter and density of slf-catlyzed Gads nanowires on Si{111) substrates by growth
condifions using the self-assembly of Ga doplats. We introduce a new paradigm of e
characteristic nucleation time controlled by group T flux and emperaiome that determine
diameier and length distributions of Gass nanowines This insight into the growt mechanism is
then used to grow nanowine forests with a compleiely tailored diameter-density distribution. We
alan show how the refloctivity of nanow ire amays can be minimized in his way. In general, this
work opens new possibilities for the cost-effective and controlled fabrication of he ensembles of

self-camlyzed MY nanowines for different applications, in panticular in next- gener ation

frtovolmic devices.

] Online supplementary data available from stacks iop.orgMANOGE 105603 mmedia

Keywonds: GaAs nanowines, self-catalyzed growih, nucleation,
ahsompition

{Some figures may appear in colour only in the online joumal)

growth modeling, light

1. Introduction

Semiconductor nanowires ane inenesting as building blocks
fior e Xt generation opine kectronic and electronic edinologies
[1-5]. Within a wide range of M-V compounds used to form
these structures, Gads s among e most promising maierials
for photovolaic spplications [§]. Funthermone, Gads nano-
wire-hased solar cells can be grown on Si, easly resulfing ina
dual-junction device [7]. Proof-of-concept radial p-in GaAs
manowine solar cells have been demonstrated in the past [B-
13]. Recently, it has boen shown dhat the achievement of high
efficiencies can only be obtmined afier the accurate design of
ihe individual joncton, the nanowine diameter, and density so

ST 45N S DSE0G + DEE3 00 1

ihat light ahsorption and conversion are maximized [14, 15].
Pre-patieming the substrate would be an approach o control
density. However, such a technique is technologically
demanding and presents several open challenges [15-17]
Furthermore, a regular array would not work on all incident
angles due to diffraction effects [18]. We propose here a mone
cost-effective aliemative: the self-assembly of nanow ines. We
will show how understanding the initial stages of growth
rovides the teols i contmol the dimensions of the nanowines
m the substrate.

To the best of ouwr knowledge, relatively few works
ublished so far repont on the distribution of nanowine density
and diameters [19-23]. An original approach far controlling

€ 2015 I0F Publshing L5d  Prirted In e UK
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the nanowire density makes use of droplet epitaxy techniques
[19]. This method is very efficient for controlling the density
and dameier of Ga droples that initae GaAs nanowines.
However, when it comes o fe transifion from droplets to
mamnowires, te yield is not yet 100%. Additionally, uncon-
molled secondary nuckeation changes the predeemined
manowine density and diameter. Some groups have neporied
m the subsirate temperare effect on the nanowire diameter
and density [22, 24]. However, no comprehensive model was
poposed o grasp the fundamentsl mechanism and thereby
milor the nanowine diameder and density in an effective
AT,

Consequendy, in this work we study the impact of the
growth conditions on e momphology and density of self-
assembled GaAs nanowines on Si (111). An understanding of
e under] ying mechanism is used to achieve diamete r-density
combinaions "% l came’, allowing one to wilor hght
ahsorption of te self-assembled nanowine arays. We stant by
showing the general influence of the subsirate ienperatune
and Ga flux over the nanowire density, diameter and length
distributions. This & followad by presenting a model thet
reveal e underhying mechanisms. The mode] is then used to
develop an alkternative growih approach based on two steps of
Ga fluxes to @ilor at will te nanowine dismeer and density.
Finally, we shaow how tailoring the nanowire diamete r-density
can be used i increase the overall solar light absorption.

2 Experimental details

Our samples were grown by mokcular beam epitaxy (MBE)
m Si{111) substraies covened with & nafive oxide layer. The
arface moughness of the substrates was amound 0.4 20,2 nm
& measumed by atomic foroe micoscopy. Growths wene
carried owt with sinultansous depostion of Ga and Asy. The
range of Ga fluxes exiended from 0.03 nms™ o 0L11 nms™",
a5 calibrated by mefloction high-encrgy electron diffraction
(RHEED). The As flux was kept constant in all the experi-
ments at 2.5 5 107 Toar, and was calibrsted by a beam flux
monitor gange. The range of temperatures used went from
=400 *C to 645 °C, calibraied by a pyrometer tat measunes
the emisivity of the Si subsirate.

3. Resdlts

A1, impact of growth conditions

In the first set of experiment, the sbstrate was
variad from 604 °C up to T=643 *C, whereas e Ga growth
mate was kopt constant at V=011 nms"".

Figures 1 {a)—{h) show the distribution of nanowine length
and diameter for three different temperasiures. The sttistics
are e esul of messuring a tota] of at least 100 manowines.
The lines show theoretical fits by the mode] presenied herne-
dfter. The inresse of temperawre decreases e nanowine
kngh from ~45pm to ~28pm (soe figure 1(a)), and

Counts
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: t
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Pgure 1. Length (3 and widéh (d=2R) (b) distributions of s=lf
catalyzed (aAs nanowires grown 2 a fixed Ga flux of 0011 nms™
mnd three di ffesnt temperatures (T=60d °C, T=5624 % and
T=643"C) for 60 min. The lines in {2} and (b)) are the fits obtined
from the mode] presented i the text (or fonther details, see the
smpplementary information i, with the parameters summarired in
tahie 1. In (c) the evalution of nanowie density over different
suhsirie empersiunes & eparted The scanning elecinon mdang-
graphs of the nanowins grown at the three different Empemtures
e, nespectively, shown in (d), {e) and (f). The scalebar is 1

T TNt

increases the diameters from ~ 100 nm op o ~160 nm, (e
figure 1{k)).

Figure 1ic) shows the density noE OVer e
perature (from 243 107 nanowiresiem” to 8.4:x10" nano-
wiresfem’), and figures 1{dH{f) show typical scanning
electron micrographs of the samples. In general, higher sub-
sraie temperamres resuli in a reduction of the length and an
incresse in the diameter. Higher subsirafe temperamres also
result in a reduction of polyorystalline GaAs islands, also
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RAgure 2. Length (3) and widéh (b) disributions of self-catal yzed
GaAs nanowires grown at a fixed substrate =mperature of 643 °C
md three differmt Ga fluxes (Vi,=0.11mms™, Vi, =0075 nm s~
md Vi=0.05nms™") for 60 min. In (c) the evolution of nanowire
demsity over different Ga fluxes is reparted. The lines in (a) and (b)
e the fits obtvined from the model, with fe parameters
summarized i table 1.(d), (e) and (f) show the respective scanning
d acrographs of the ires grown af the three differem
Ga fluxes. The scalebar is 1 micrometer.

called parasitic growth, while the nanowire density increases.
In the second experiment, we looked at the nanow ire diameter
and length distribution under varying Ga flux. We chose the
substrate emperature of 643 °C, which was found to mini-
mize the itic growth. The Ga flux was varied from
011 nms " to 0.05nms™. The results are shown in figure 2,
which displays the comesponding length and diameter dis-
wibutions. The decrease of Ga flux produces a drop in
nanowire length, broadening its distribution (see figure 2(a)),
although without presenting a clear rend. The diameter dis-
wibution is very sensitive to the Ga flux: the mean diameter

shrinks from ~ 160 nm to ~50 nm as the Ga flux is decreased
(see figure 2(b)). Figure 2(c) shows the nanowire density at
different Ga fluxes. The decrease of Ga flux resulss in a
broadening of the length distributions and reduction of the
mean diameter, as well as a fall in density. Figures 2(d)f)
show the typical scanning electron micrographs of as-grown
GaAs nanowire samples. A pronounced decrease in nanowire
diameer and density at decreasing Ga fluxes is observed.
Whik the increase of the nanowire diameter with the Ga flux
is expected and was reported earlier in [9], narrowing of the
diameeer distribution has not been discussed before.

32. The model

A common feature of the nanowire morphologies presented
here is rather broad distributions of length and diameter. The
manowire density seems to be direcdy linked © the growth
emperature and Ga flux. In contrast © the standard vapor-
liquid-solid (VLS) growth procedures where metal catalyst
partickes are prepared before the maerial deposition [23, 25—
28], our self-assembled spproach makes use of Ga droplets
that form concomitandly with nanowires [29). Therefore,
rather than having all nanowires emerging instantly at r=0,
different nanowires nucleate and stant growing vertically at
different moments of time 0<ro< s, where 1 is the total
deposition time. This important feature requires a careful
investigation of time-dependent nuckation of nanowires and
manowire statistics, a problem that © the best of our
knowledge, has not been addressed so far. On the other hand,
self-catalyzed M-V nanowires usually grow not only verti-
cally, but ako extend radially [30, 31]. This s due to an
excessive group I influx into the reservoir in the Ga droplet.
Without accounting for different starting times for growth as
well as the radial extension, the deterministic length-radins,
kngth-time and radius-time comelations (which usually
assume instantancous nucleation from preexisting catalyst
particles and a ime-independent nanowire radius, defined by
the size of these particles [23, 26, 27]) would not give the
adequatke description of self-catalyzed growth in our experi-
mental conditions.

Consequendy, in our modeling we consider the random
mcleation of Ga droplets (which then act as nanowire growth
seads with a certain yield coefficient [32]) occurring alongside
the nanowire growth iself. The model is illustrated in
figure 3(a) and described in the following. The gallium and
arsenic species arrive onto the substrate surface, and the Ga
droplet surfaces at the rates /; and I, respectively, measured
in atoms per unit time per unit area. When Ga and As adstoms
meet on the surface, they form the parasitic (polyerystalline)
GaAs islands at the raie Ky nni® s™*). Dimerization of two Ga
adatoms at the rate Ky will subsequently lead (with a centain
probability) © the nuclkation of Ga nanodroplets and ulti-
makely mnowires. Both pr are expecied to be asso-
ciated with the formation of ‘craers’ or even the openings
penetrating éwough the oxide ooward the substrate surface
[29, 33, 34]. Therefore, the rate constants K3 and Kas should
be orders of magnitude lower than that given by the effective
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Figure 3. (a) Schematics of diffarent kindtic processes considered
within the growth madel: {i) formation of Ga droplets from wao Ga
alatomes in the “oraters”; (i) formation of parsitic GaAs islands from
(Ga and As atoms in the oraters and (i) nanowire gowth catal yeed
by Ga droplets, with the mode] parameters described in the ext In
th) the tme dependence of e nucleation rate of Ga droplets at
different mucleation fmes Ar i shown

Ga diffusivities (@D and a3, with & a5 the cormesponding
capture coefficient [35-37])

‘Within the frame of the ireversible growth model, that i,
with neglect of decay of hoth Ga-Ga and Ga-As surface
dimers [35-37], the set of kinetic equations for the surface
density of Ga droplets (Ny), parasitic GaAs islands (M) and
Ga adatome (#y) can be writien as

E

—_— = Kani:

&

Nz

e Kazzns = KasAslses:

% = f_; == x!_H].H-! — Kﬂ]”ﬁ. “1]

Here, we assume that the kinetic growth constants are the
same for differently sized surface clusiers, as in [36] and [37].
The first equation shows that the number of Ga droplets

incresses due o e Ga-Ga dimerization, with Kynf as the
mcleation rate in imeversible growth [37] The second
equation gives e nucleation rate of parasitic GaAs slands,
whene we assume that the unknown concentration of As
adatoms quickly equilibrates with the vapor stomic flux F:
g @i Jgrg, With #5 being the chamacteristic lifetime of As This
7y s expected to decrease very sieeply with increasing surface
emperame due to enhanced desorption of As. The third
equation gives the time dependence of the Ga adaiom con-
centration, which increases due to the vapor influx and
decreases when the Ga adatoms attach to either the Ga dro-
pet or GaAs ilands.

In the large time limit whene drafdr —0, the Ga adatom
conoeniraton is given by he dynamic balance between de
vapor flux and the adatom consumption by the growing
islands and droplets:

na= 5 = L 5
K3lNs + Kashas  Kaahas

In all our samples, the surface srea covered by parasitic
GaAs is muoch larger than that covered by the nanowines (and
hence the Ga droples) Thus, the bmiting cme of
K3N3 = K3sas should apply uniformly in these conditions.
Using this ss in equation (1) for ¥a and Nas, and integrating
over, we abtain the large time asymptoies of the island and
droplet densifies:

(2)

K3k

Inf{ #itg ).
2Klyry )

Mas = (2hlsest); Mo = i3

We can see fhat the concentration of parasitic GaAs islands
seales with time as t*2, whereas the Ga droplet concentration
incresses with time only logarithmically (ie., almost savraies
at large encugh r). As mentioned earlier, each Ga droplet
gives rise to a newly formed ranowine with the probability .
The nanowire surface density is thos given by

New = N, (4)

where the yield ymay depend on temperature and the Ga flux.
Despite its simplicity, our nucleation mode] is capable of
explaining fw major experimental trends:

{i). Since the leading tempersture dependence of e pre-
factors in equation (3) should be determined by a
rapidly decreasing As lifetime =5, parasitic growth
decreases and nanowire density incresses when e
surface Emperature is rmised, a8 experimentally
observed in figore 1.

(ii). Both Nyg and N, incresse s higher Ga flux, as
cxperimentally observed in figure 2. Since the tweone-
tical dependence of the Ga droplet density on I is linear
and the ohserved experimental comelation N (1) is
superlinear, it can be concluded that the yield
cocfficient increases with Ga flux.

By funther developing the mode] based on some earlier
mesults fior the growth kinetics of GaAs nanowires [31, 38, 39]
and the nucleation equatons [26, 40 (gl the detsik are
povided in the supplementary information), we get the

4
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Tabde 1. Theonetical parameters used for fising the length and wickh distributions for di ffesnt samples.

T{C) Vinms") [ (nm) AL (om) Afimin) 2R (nm) 2AR {mm) C(mmin™") A{mmmno ") 2R(nm
604 @11 S5 380 45 145 5 B 2.7 A}
624 011 4500 710 95 195 65 75 =241 05
643 11 3400 450 79 210 48 57 145

6433 0075 200 1550 = 129 42 53 =1 .55 210
643 005 T 1550 25 105 38 &2 -1.73 130
6433 0114075 2500 50 155 145 £ 42 -1 A5/-1.68 190
643 11401105 250K} L] 155 140 50 42 -1.450-1.86 190
6433 011027 2500 50 155 135 i) a2 =1 454203 190

comesponding nanowine nucleation rate in e form gven by

Joe = S = phog?[4177]

LA

(5)

Here, Jo is the known normalization constant and d.r=4m.13
(K3 0y)"?) is the characteristic nucleation time inierval for Ga
droples. The universal function g¥) is given by

y &t
p=e? [ ds. (6

Henoe, e nanowire nucleation rate varies at different
characteristic nuclestion mes, as shown in figure 3(h): the
larger the Ar, the more spread in time and the more delayed is
e mcleation rate. The varatons in the chamacteristc
mucleation time is controlled by 1, the group I flux. In other
words, te iniial Ga flux /3 determines the distribotion of
diameier and lkenghs: a larger Ga flux yields a narmower
diameier and length distributions (Le., mone unifom), simoe
the nucleation rabe over time is narrower for smaller Ar (see
figure 3{b)). Instead, a lower Ga flux produces an wptum in Ar
that broadens the nucleation pule over time, resulting in
wider diameier and length distributions. The mode]l presented
carlier explains very well the realts of te Ga flux set of
cxperiments, where broader distribtions ame observed at
diminishing Ga flux.

In order to understand fhe lengh and radios distributions
of self-catalyzed nanowires and to describe dheir evaution
with the growih ime, we now consider the nanowine growth
itself. According to the model described in detail in [31], the
manewire clongation mmte B propoional to the difference
hetweoen the impinging alomic As flux and desomption flux,
while the surface diffusion of As can be neglected [38, 39]. In
contrast, Ga & not expected i desorb from the droplet at
emperaunes below 650 °C, bot can easily migrate from the
nanowine sidewalls io the droplet. The increase of e droplet
volume is determined by the effective Ga-to-As imbalance. In
fact, the docrease of Ga flux leads v smaller diameters, as
aleady meported in figue 2(b), whereas a Eemperaune
increase produces a diameier expansion (see figure (b)),
related i e decrease in As lifetime g

These considerations yield our main resulis for the length
(L) and radivs (R) distribotons of self-induced manowines

FlL. Law) = const x f[[%rﬂ] M

(2=

Here, g i the same function as in equaton (), whemas
I, and R_ . are the maximum kengh and the maximum
radios of the nanowines having nucleatied at the very begin-
ning of GaAs deposition. The parameters AL and AR describe
e widths of the kengh and radivs distributions. Both AL and
AR ane progeaticonal to Ar The A and B in equation (B) are the
kinetic coefficients that can be obmined by fiting the time
dependences of the mean length and diameier (e supple-
mentary information). As uvsusl in te deterministic growth
thearies [26 37, 40], the size distributions reflact the shape of
ihe time-dependent nucleation raie, inveried in such a way
that zero moment of Gme comesponds o he maximom size of
manowines. Foll details of dervation of the key in
equations {T) and (f) ae given in the supplementary infor-
maton. Cleardy, with te messoned Leo., Boe, A and B,
iheoretical length and diameter distributions of nanow ines
contgin only one fitting parameter: the comesponding dis-
iribution widi (AL or AR), which iz determined by the ran-
dom character of nucleation. The paamees wsed for fiting
the experimentsl kengh and diameter histograms in figures 1,
2 and 6 are listed in table 1, in which the critical radins B, is
defined as R, =BAAL V=42 lioomr, is the Ga depositon rate,
125 =0.0452 nm? is the elementary volume per Gads pair in
the solid state and ay=45° is the incidence angle of the Ga
beam with respect to the smbstrate. The parameter O is
ahitained from L_, =Cr for the total growth time =60 min
and the characerigic nucleation time Ar from AL =CAr (see
the supplementary information for the detils).

Figure 4 summarizes the effect of Ga flux variations ata
consant &mperaure and the effect of emperaiune variations
ata constant Ga flux over the nanowine diameter and density.
By sugmenting Ga flux, diameler and density incresse
{figure 4, blue amow); a similar behavior is observed in e
case of temperature increase (figure 4, black amow]). Thene-
fore, within the classic growth approach where the Ga flux is
kept constant during growth, small nanowires (<100 nm) can

1
BiR— A

Ro — B

F(R. Rpu)= const T
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Temperature increase
V,.increase
V., increase

[+7] o

Density {107 em?)
-

100 120

Width {nm}
Figure 4 Dizsmeter-density comelstion of (i) one-step Oa series (blue
triangles ), (i) emperature series (Wack squares) and (i) wo-sep
(Ga seriess (ned circles). (i) The inorese in Ga fiox fhloe amow) esols
in brger diameters and denser nanowire forests. In a simdlar fashion,
{ii) higher growth emperature incresses diameter and density (hlack
amaw]. (ifi ) In the case of two-step Ga flax series, the decreases of the
Ga flux at the second step {red ammow ) krwers down the mam owine
diameter without changing the demsity valnes.

be achieved only at the compromize of low density, and
vice versa (see figume 4).

i3 Atemative two-step appmoach

We now wrn to te implementation of ouwr model for e
reverse engineering of diameter, kength and density. In onder
i combine a high density of nanowires with small diameters,
we grew nanowires in a two-step fashion. We initisted the
growth at a high Ga rmte (0,11 nms™) in view of achieving a
high nuclestion raie (ie., high nanowire density). Then after
A min of growth, we decreased the Ga rae in order to sup-
press supplementary nanowie indtistion and to decrease e
manowite diameter by consuming some additional Ga from
e drogpliat.

Figures 5(a) and {b) show the corresponding length and
diameier distribution, respectively. The nanowine kength does
not seem to be affected by decreasing the Ga flux &t the
second growth step. Conversely, the dismeter progressively
diminishes 2z the Ga flux af the second sep is decressed
{from -0 nm to ~40 nm). Figure 5(c) displays the nanowine
densities af different Ga fluxes at the second sep, showing
et density is not affected by the Ga flux variations.
Figures S{d-f) show ihe iypical scanning electron micro-
graphs of the as-grown samples, whene the dismeter decresses
at diminishing Ga flux at the socond step is clearly observed.

The diameter-density resulis for e wo-step Ga fluxes
are alko shown in figure 4 (red armow) in comparison with the
snglestep Ga flux series and with the temperamre series.

Counts

Density (10°cm™®) o

0.03 Do
Ga Flux {nmfs)

Pgure 5 Length (a) and diameter (b) distrbutions of self-catalyred
GaAs mnowires grown at a fixal empeature of §43 °C and nitial
Gai flam (W, =011 m:"‘j for the first 30min, but different Ga
fuxes (Vo =075 nm 5™, V= (L05 mm s~ and

Va= (L0127 nm ") for the second 30 min. The knes in (a) and (b)
are the fits obiined fom the model, with the parameders
summarined in ishle 1. In ) the evollution of nanowine density over
different (i fluxes is reporied. (d]), &) and {f) show the scarming
decinn micrographs of the mnowines gmoen, respectively, at the
three different (o fluxes for the second 30 min. The scalebar is 1
T TNt

Very imporandy, the decresse of the Ga flux at the second
gep yiclds muoch smaller nanowie diameers, whie e
manowine density remains melatvely constant. Such a result
could mot he achieved by simply warying the Ga flux or
emperature in the one-sep procedure. The two-step Ga
approach i thus very useful for tailoring te nanowine dis-
meier and obtaining the predefined dismeer-density oombi-
nmations: the diameter is controlled by the Ga flux at e
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Figure & Reflactivity of the Ot s nanowire ensembles grown on 5i
(111} with diffes=nt (a fluxes at the second step (relating to diffenem
mean diameters d), compared o the reflectivity of 5i and GaAs
wafers. The nanowires grown at kow Ua flux {lr':&l]-]nml_".
d=43 nm) pesent eflactivity ammd 25%. The incresse of Ga flux
a the saoond step progressivel y anhances the light alsarption, which
is greater than 5% for the highest Ga fix doe to the mcoreased
manowire dismeter {d= 138 nmj. Arouned 900 nm, the atsoption
decrease s chaerved, related to the GadAs band gap and is mare
pronounced for (Gads wafer and the widest mmowines with

d= 138 nm. The nset ilustrates schematios of the sstup wed for e
eflectmoe mexarements.

seoond step, while the density & deermined by fe growth
parameters during nucleation.

4. Absorpiion measLBments

The conirol of nanowine dismeter and density is important for
e application of nanowines in solar cells. In particular, it has
been shown previously that the sheormption mate is only
enhanced for cenmin diameters [13-15]. In onder to extra-
polak the poiential of fwese nanowine ensembles for solar cell
applications, we assess their refleclivity propenties in the
experiments with an integrating sphere. Figure 6 shows the
resulis of the spectral reflectivity measwrements of the GaAs
manowine ensembles with similar density and different dia-
meier, obtained by changing the Ga raie at the second siep as
described earlier. The neflactivity of the nanowine samples is
shown in comparison with e measured neflectivity of Siand
GaAs wafers. The nanowines obtained at dwe Gia rate of (LO2T
at the second step (with smaller diameters, 4= 43 nm) have a
reflectivity ~{.25 in the entire spectral range. These relatively
high values are expecied becawse of te low density of
nanwines and te dismeter outside the abarpion nesonance
range [14, 15]. Inerestingly, the reflectivity is redoced below
15 for the nanowire ensemble with the largest mean dis-
meier (d=138 nm), fse one obtsined with a (U085 nm ™" Ga
flux at the seoond sage. This enhancement is obtained by just

increasing the diameter of the nanowines for the same surface
density.

4. Conclusion

We have shown that the nanowire kength and diameier dis-
ributions ane the consaquence of 4 Gme-dependent nucleation
prooss, which i controlled by group T flux and empers-
wre. Within this kinetic approach involving random nucles-
tion of Ga droples and consequently GaAs nanowires, the
manowine density is established at the initial nucleation step,
while the diameier can be tuned by the Ga flux af a later
mowth stage. As a nesolt, we have demonstraied an inde-
pendent control of e nanowire density and diameter over
time. This method allows one to circunvent the challenge of
cost-ineffective lithography for organizing the Ga growth
seads and i control the nanowire diameter just by dwe Ga
fiux. We have shown how the control of nanowine diameter
and density deermmines the neflectivity, with te best valies
below 0.13. This result may constitute the first siep towands
ahitaining a nanowine-based solar cell using the fully self-
msembled process The self-asmembled approach is very
atiractive for spplications where the broad length and dia-
meier digributions do not degeneraie e equired properties.
More generally, owr procedure combines featwres of the
deterministic WIS growth of nanowines and random self-
assembly of surface &lands. 'We have shown that e wsusl
jon, an ins@an@anecus nocleaton of naEnowies
[17, 25, 31-33] does not work for Ga-catalyzed growth of
GaAs nanowines, and could significantly change the deter-
minidic growth picture of VLS nanowines in general .
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4.4 Summary

In this chapter we have investigated the underlying mechanisms in GaAs nanowire
growth that control the density-diameter relations. We have studied the effect of Ga
flux and temperature on the nanowire properties. These observations lead to the
development of a kinetic model that consider the characteristic nucleation time
controlled by group III flux and temperature, which controls the diameter and
density distributions of GaAs nanowires. This understanding was leveraged to grow
nanowire forests with tailored diameter-density distribution. We also measured the
optical properties of nanowire forests as a function of their diameters and density
and compared them to what is expected from the theoretical predictions, showing
the coherent behavior between them.
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5 Conclusions

In this thesis we have investigated the growth related aspects of GaAs nanowire
growth on Si for photovoltaic applications. Our approach was VLS mechanism
driven, Ga-catalyzed, via self-assembly, by means of MBE technique. We first
identified the key properties to pave the way for the development of nanowire based
photovoltaic technologies: the nanowires diameter needed to be controlled to
optimize light absorption, nanowire density to minimize material utilization
and nanowire orientation to build symmetric junctions. The control of these
properties and the understanding of the underlying mechanisms that influences them
were the objective of this work.

We investigated the steps before nanowire growth and the eatly stages of it. A
particular focus was given to the influence of the silicon oxide in the growth process,
since its role was not yet clarified. We first characterized oxides produced via
different fabrication techniques, such as native oxide, thermal oxide and Hydrogen
Silsesquioxane. The different processes resulted in oxide films with different
chemical composition, roughness, and critical thickness to achieve nanowire growth.
With this first work we identified surface roughness, oxide stoichiometry and
thickness as key parameters in nanowire growth. This preliminary study was also
instrumental to choose to further investigate native oxide for its uniform properties
and simple fabrication steps.

By controlling the native oxide thickness on the sub-nanometer level, resulted
in subtle changes in wettability and chemical composition as function of oxide
thickness. We demonstrated a correlation between oxide chemical composition
and its thermal stability. This insight together with the selective collection of Ga
in the holes formed into the oxide film, explained the change in density of nucleation
sites, material collection and nanowire density at different oxide thicknesses. The
wetting properties and the aspect ratio of the holes in the oxide film determined
the droplet positioning, which controlled the growth morphologies and
nanowire orientations. Achieved control over the latter, the nanowire properties
left to be mastered were diameter and density. We studied the underlying
mechanisms that control them via Ga flux and temperature. We discovered them
to influence the start of nanowire growth, and described the mechanism with a
kinetic model. The latter considers the characteristic nucleation time to be controlled
by Ga flux and temperature, which control the diameter and density
distributions of the nanowires. The insight was instrumental to develop a novel
approach to grow nanowire forests with tailored diameter-density distribution.
To demonstrate the modification of the optical properties of the nanowire
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ensembles as a function of their diameters and density we measured the
reflectivity of arrays with comparable density but different diameters.

On the experimental level this work lead to a simple reproducible method to have

high density high yield of vertical nanowires, and provide the tools to tune their
diameters to tune light absorption. On the theoretical level it provided the
understanding of the role of the native oxide layer in the growth process: upon
exposure to high temperature in UHV it locally evaporates, leading to the
formation of holes in the film. These discontinuities are the nucleation sites where
Ga gets collected. The wetting properties of the film, together with the aspect
ratio of the holes play a major role in controlling the growth morphology. Large
aspect ratio holes produce either tilted nanowires or polycrystalline material,
depending on the wetting properties. The knowledge developed can also be extended
to the case of patterned growth and paves the way towards the control of nanowire
orientation independently on the oxide thickness.

To summarize, in this thesis we have demonstrated the importance and the role of
the oxide layer in nanowire growth as key parameter to control nanowire orientation
and density. We have also proven the relevance of the early steps of growth to tune
nanowire properties, which need to be mastered for high performance photovoltaic.
We believe this work provides fundamental insights from both a fundamental and
application point of view, paving the way for the development of GaAs nanowire
photovoltaic technologies.

5.1 Future Outlook

The work described in this thesis contributes to the continuing trend of
understanding the fundamental aspects involved in nanowires growth to better
achieve control other their properties. The novelty presented here consist in the
consideration of the surface properties’ influence in the VLS growth. The detailed
investigation of the chemical composition, wetting properties and thickness of the
oxide layer showed the variation of its surface properties. The tailoring of them
demonstrated their influence over the growth process resulting in different
morphologies. The responsibility of the oxide’ chemical composition in the pinhole
formation, in the wetting and in the droplet positioning had been identified. These
findings put in a different light the growth process: surface properties have to be
considered to achieve reproducible high yield of vertical nanowires, on top of the
other process parameters (e.g. Ga flux, As flux and growth temperature). At the same
time this work open new challenges.

Achieve control of the wetting properties independently of the native oxide thickness

is one of them. A successful outcome would allow high yield of vertical nanowires

with narrow diameter and length distributions, independently on nanowire density
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and oxide thickness. In this direction, surface treatments to engineer the wetting is
worth to be investigated, as well as the catalytic droplet alloying to tune the surface
tension.

Specifically for the self-assembly case, an ultimate challenge lays in controlling holes’
formation in order to remove any polycrystalline formation from the surface and
have exclusively vertical nanowire. To explore this opportunity, localized doping of
the bare Si surface to then regrow the oxide layer on top is one of the possibilities to
deepen the understanding of the hole formation and its localization.

Nevertheless, the present work also impacts the pattern growth. In this field the
exploration of new hole geometries from a modeling standpoint, and their influence
over droplet positioning can potentially lead to new designs which can tune growth
morphology independently of oxide thickness and wetting properties.

On a more fundamental note, given the change of surface properties at different
oxide thicknesses, it is reasonable to expect different Ga diffusion lengths depending
on the oxide. The measurements of those would supply valuable inputs for the
modeling, where so far only constant diffusion lengths had been considered. A
deeper grasp of the fundamental steps of growth would also provide useful insights
in a device perspective, to better understand doping incorporation in nanowires and
structures of different size and geometries. Finally, from an application standpoint
the optimization of the junction design, the development of the effective surface
passivation methods and contacts are crucial to open the way to the development of
nanowire technology for photovoltaic applications. In this mindset, the transfer of
the MBE developed knowledge to more scalable techniques such as MOCVD
technique would further pave the way to the technology price-competitiveness.
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Appendix

In this appendix the Supplementary Information of the publications I, II, 111, and
IV are reported.

SI Publication I
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Supplementary Information of: Ga-assisted
growth of GaAs nanowires on silicon, comparison
of surface SiOx of different nature

Federico Matteini,, Goede Tiitiineiiofln,, Daniel Riiffor,, Esther
Alarcin-Llads and, and Anna Fonteuberta i Morral

Laboratrire des Matériour Semiconducteurs, Erole Polytechnique
Fédérale de Lausanne, 1015 Lausanne, Switzerlond
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1 Annealing effect

In this section the annealing effect over oxide thickness and roughness is inves-
tipated. The different substrates have been annealed (called “depas™) in a first
place in UHV for 2 hours at 500 (=) {unbess differently specified) in & separate
chamber. The charscterization by means of ellipsometry and AFM to detar-
mine thickness and roughness was performed within & day after unloading. The
results reported in Table 1 show a different effect of annealing over thickness
and roughness of the different oxcides:

= In the case of native oxide a different behavior is observed for Siltronix
and Virginia. For the latter roughness and thickness are not affected by
degassing. This is not the case for Siltronix, where an increase of roughness
(from D8+0L5 nm to 5.3+0.5 nm) s observed. Such a different behavior
might b related to the different i Si0g-interface.

= Thermal oxide’s thickness is not affected by degrssing, wheress roughness
decresses from 34405 nm to 1.340.5 nm. The high roughness reported
before degassing is due to the wet etching process that is not homoge-
neous over the wafer. The degassing seems to rehomogenize the surface
marphology.

= The H50) oxides imvestipated have been prepared with different technigues,
as reported in section 4. The HS() etched show a decresse in thickness
(from 9.4+0.9 rm to 8.840.9 nm) an incresse in surface rouphness after
degassing (from 1.140.5 nm to 3.1+0.5 nm), differently for the as spun
roughness decreases (from 3.64H0.5 nm to 1.240.5 nm). The different
behaviors of of the HS0s upon degassing is explained with the preparation
technique (see section 4).

Table 1: Thickness and roughness of different types of oxides before and after
the pre-growth annealing of 2 hours. The measurements have been performed
by ellipsometry and AFM.

Oxide Type Annealing (*C)  Thickness (nm) Roughness RMS (nm)
Hefore After Belore After
Native Oxide (Virginia) 500 09+06 08+06 0305 0505
Native Oxide (Siltronix) 500 23406 21+06 OBE05 53305
Thermal Orcide 500 14406 124006 34H05 13405
HS() Etched 200 04+00 BE+DD 1.1+05 3.1H05
HS() As Spun 200 81+06 BI1+06 36205 12405
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2 Interfacial nature of interstitial oxide

In this section is shown that the 5i— O — 5i absorption band is charscteristic of
Silicon-Silicon Oxide interface. In Fig. 1 the normalized FTIR spectra of HSQ)
and sputtered oxide on Gads (111) substrates show a main sbsorption band i=
at 1736em—!, but no charscteristic shsorption of Si — O — Si is observed.
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Figure 1: ATR-FTIR spectra of Gnm HS() oxide “as Spun” (red) and 20nm
sputtered oxide (black) on GaAs (111) substrate. In both the spectras & main
ahsorption band is observed st 1226em !, corresponding to substoichiometric
Silicon mdide. Mo charecteristic Si — & — 5 abeorption band (1107em—1)is
ohserved; this suggest that the 5i-0-5i formation is characteristic of the Silicon-
Silicon oxide interface. The spectre has been nommalized to better show the
absorption bamds.
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3 Photolitography technique to achieve differ-
ent oxide thicknesses

In this section a photolithogrephic technique to achiove different oxide thick-
nesses ofl the same wafer is presented. A 4-fold symmetry mask has hesn pre-
pared, as shown in Fig. 2, to open sequentially windows in the photoresist to
etch the oxide below. If the windows are not open the oxide is not etched, being
covered by the photoresist. The sequential opening of the windows in the pho-
toresist allow the etching to start at different oxide thicknesses. The coupling
of such a techmique together with a low etch rate solution (1 nm/min) allow &
fine control of the oxide thickness,
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Figure 22 Photolithography steps to obtain differemt thicknesses of oxide on
the same wafer. In the upper line the mask is represented, and below the
wafer is shown. Before the first exposure the wafer with oxide = covered by
photoresist. As showm in (1) by exposing and developing & window is formed in
the photoresist; through such window the oxide in the area s etched down by
wet etching with buffered HF solution (W HyF : HF 500 : 1) with low etch rate
{~ lmm/min ). (2)Then the mask is rotated of 30°and the wafer = exposed
and developed again to open a second window in the photoresist, in order to
etch down the oxide in the “new” window amnd the “old” window. By repeating
other two times the rotation of the mask of 00°C steps the result shown in (4)
is obtained: four different thicknesses of oxides in the same wafer [red circled)
on which growth will be performed. The color scale from yellow to red show the
increase of etched thickness.
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4 HSQ processing effects

Prior to growth and in order to ensure desorption of all volatile components
from HSQ, all substrates were degassed in UHV at 400 °C for 2h. The as
spun and etched HSQ) substrates have been characterized before and after pre
annealing-growth, in terms of roughness (see Tab. 1) and chemical composition
(see Fig. 3).

az Spun Degas AGY'C
@ —a¥ Spun

— ktched

—— Etched Dagas 400°C
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Figure 3: (Color Online) The evolution of the ATR-FTIR spectra before and
after the annealing step previous to growth is shown. In the case of the as spun
no variation is observed, whereas in the case of the etched a decrease of intensity
of the absorption bands of LO Si0, and of Si — O — Si was ohserved. Such
a decrease observed in the IR spectra is supported by an observed decrease in
oxide thickness (see Tab. 1).

It is interesting to note that the as spun HSQ has initially higher roughness
(3.6rnm) than the etched HSQ (1.1nm). On the other hand after the pre-growth
annealing the trend is reversed: the etched HSQ is rougher (3.1nm) than the as
spun (1.2nm). This behavior is due to the intrinsic nature of HSQ): if initially a
thinner film is prepared, more volatile components leave the oxide compared to
a thicker oxide.[1, 2] The effect of more volatile components leaving the oxide
is higher roughness in the case of as spun HSQ, compared to etched HSQ.
Then, during pre-growth annealing the as spun HSQ homogenize and decrease
roughness (from 3.6nm to 1.2), leaving its thickness unchanged (8.1mm). On
the other hand the roughness of the etched down HSQ increases after annealing
(from 1.1nm to 3.1nm), and decreases its thickness (from 9.4nm to 8.8nm), due
to the release of volatile components.

(53
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SI Publication 11

Supporting Information Available

Oxide Thickness

The reliability of the ellipsometry measurements was assessed by AFM. The
oxide thickness of the oxidized Si (111) wafer was first measured by
ellipsometry, then patterned with a periodic array of microdots and etched with a
BHF solution (7:1) for 2 minutes. The result of this process was an array of
equally spaced microdots of native silicon oxide on Si (see Figure 24 (a),(b)).
The measured oxide thickness by ellipsometry was 1.24+0.2 nm. The AFM scans
(Figure 24 (a),(b)) report a step height of ~1.3+0.2 nm (see Figure 24 (¢)),

confirming the reliability of the ellipsometry measurements.
Nucleation time and native oxide thickness

In order to investigate the influence of the native oxide thickness on nanowire
nucleation we performed Reflection High Energy Electron Diffraction (RHEED)
experiments. In the case of 1.0nm oxide thickness we observed nucleation (i.e.
the characteristic diffraction pattern of ZB) below 10 seconds, whereas at 1.1,1.2
and 1.7nm the measured nucleation time was respectively 34, 140 and 400
seconds (see Figure 25 (a)). For comparison purposes, the samples, on which

the RHEED experiments were performed, were grown for Smin (excluded the
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1.7nm sample which was grown for 7min). The SEM micrographs are reported
in Figure 25 (b)-(e): (b) at Inm of oxide a high density of nanowires with
diameter below 40nm and length ~500nm is observed. (c) Already at 1.1 nm a
decrease in nanowire length is observed. The same trend is observed at 1.2 and
1.7nm, together with a decrease in nanowire density. The SEM micrographs are
in agreement with the delay of the nucleation time induced by the native oxide
thickness. The small nanowire diameter obtained at 1.7nm of oxide thickness
after Smin (see Figure 25 (e)) are in agreement with the small droplet diameter
(~60nm) observed at 1.5nm oxide. Therefore the apparent contradiction of the
increasing nanowire diameter and shrinking droplet diameter at raising oxide
thickness is understood as follows: for high oxide thickness (>1.3nm), the
nanowire diameter is small at the early steps of growth due to the small Ga
droplets given by the poor wetting of the oxide. However, the nanowire diameter
dramatically increases during growth, because of the high material feed related

to the low density of nanowires.
Ga droplets and pin-hole formation

The result of the Ga deposition at different oxide thicknesses is shown in Figure
26. Even though the Ga deposition conditions were kept identical, a dramatically
different droplet dimension was observed: at ~0.1nm of oxide thickness,
droplets of diameter above 2um were observed (see Figure 26 (a)), whereas at

oxide thicknesses of 0.4, 0.6, 0.9, 1.1, 1.2 and 1.5nm the droplets showed a
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progressively decreasing diameter, down to ~60nm (see Figure 26
(b),(c),(d),(e),(f) and (g) respectively). The trend in droplet diameter also
corresponds to a trend in volume of Ga observed on the Si substrate, as shown in

Figure 2 (g) of the manuscript.

To proof the selective Ga droplet formation in the holes of the native oxide
produced by heating, we removed the droplet and scanned the surface by
Atomic Force Microscopy (AFM). The Ga was selectively removed by a 20 min
dip in 37% HCI, which does not etch Si or SiO,. In Figure 27 (a)-(c) the SEM
micrographs of the Ga deposited on respectively 1.1, 1.3 and 1.7nm of native
oxide are shown. In Figure 27 (d)-(f) the AFM scans of the 1.1, 1.3 and 1.7nm
samples after Ga removal are reported: they show they show the presence of
holes of size smaller or equal to the size of the droplets, with a density
comparable to the droplet density. The outcome of this experiment is supported
by previous observations about holes nucleation in native oxide of Watanabe

2

and co-workers,!? and of selective Ga deposition on Si (111) of Shibata and co-

workers.>*
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Figure 24 (a-b) AFM scan of the edge of a microdot of native oxide on Si (111) obtained

by photolithography and BHF etching. (c) Height profile of the scanlines.
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Figure 25 GaAs nanowire nucleation time measured by RHEED at different native oxide
thicknesses on Si(111) substrates. SEM micrographs of the grown nanowires on 1.0, 1.0
and 1.2nm of oxide after S5Smin, and on 1.7nm of oxide after 7min. (respectively

(b),(c),(d) and (e)). The scalebar is 200nm.
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Figure 26 SEM micrographs of Ga deposition at 640°C for 5 minutes on Si (111)
substrates. The latter were covered by a native oxide thickness of 0.1 (a), 0.4 (b), 0.6 (c),

0.9 (d), 1.1 (e), 1.3 (f) and 1.5nm (g). The scalebar is 200nm.
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Figure 27 SEM micrographs of Ga droplets formed with 5 minutes Ga deposition at
640°C after on Si(111) substrates after the degassing step. The native oxide thickness

was 1.Inm (a), 1.3nm (b) and 1.7nm (c). AFM scans of the surface of the respective
different samples ((d) 1.1nm, (e) 1.3nm and (f) 1.7nm) after selective Ga etch (37% HCI,

20min) are shown.
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SI Publication III

Supporting Information Available

XPS on different native oxide thicknesses

To characterize the chemical composition of the native silicon oxide at different
thicknesses we performed X-ray Photoelectron Spectroscopy (XPS). Via this
technique we determined the oxidation state of Si from its binding energy. As
references of no oxide we used a Si(111) wafer etched with HF on which we
directly performed XPS (0.1nm); as fully oxidized stoichiometric SiO, we took
a Si(111) coated with 17nm of thermal oxide, produced in an oxidizing furnace
at ~1000°C. The different native oxide thicknesses were prepared with the
method presented in [1]. The results reported in Figure 28 (a), (b) and (c) show
respectively the binding energy spectra for Si2s, Si2p and Oxygen for native
oxide thicknesses of 0.1, 0.5, 0.7, 1.0, 1.2, 1.6nm and 17nm thermal oxide. In
Figure 28 (a) the Si2s metallic peak is centered at 150.5eV, whereas the
oxidized Si peak progressively grow in intensity at thicker oxide, and also shift
its position towards higher binding energy (Si0, is centered in 155.3eV). This

suggest a gradual increase in Silicon oxidation by increasing oxide thickness.
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Figure 28 (b) shows the Si2p metallic peak centered in 99.2¢V, and the oxidized
Si peak progressively increase in intensity and shift towards higher binding
energy (103.2eV) (see inset expanded view). Also the observation of the Si2p
bands behavior suggest an increase in Si oxidation with increased oxide

thickness.

In Figure 28 (c) the oxygen binding energy spectra is reported. The peak grow
in intensity by increasing the native oxide thickness. The observations of the
shifts in binding energy for Si2s, Si2p, and the increased intensity for Si2s,Si2p
and O are coherent and support the interpretation of a change of chemical

composition at different native oxide thickness.

Influence of oxide thickness over holes behavior at high T

In the section above we have demonstrated that the native oxide chemical
composition changes with thickness. At the same time, in the main text, holes
are observed to be formed upon annealing at high temperature in UHV. These
two observations raise the question of the influence of the oxide’s chemical
composition on holes formation. Intuitively, we would expect that the chemical
composition of the oxide, strongly linked to its thermodynamic stability, would
influence the holes formation. However the experimental verification of such a

hypothesis is challenging for oxide thicknesses below 1nm (demanding to
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observe randomly distributed holes of thickness <Inm via AFM). To overcome
the technical hurdle and investigate the influence of oxide thickness (i.e.
chemical composition) over holes formation at high temperature we first studied
the correlation between droplets and holes at different deposition times (see
Figure 24 (a)). The droplet and hole diameters were measured on the same
samples but in different locations with respectively AFM and SEM. Both holes’
and droplets’ diameters were observed to grow at increased deposition time, but
droplets were always observed to be bigger. Since droplets and holes have
shown to behave coherently at different deposition time, we can assume that
investigating droplet behavior is equivalent to holes. We therefore performed
several Ga deposition experiments on different oxide thicknesses at different
deposition times to understand on the influence of oxide thickness (i.e. chemical
composition) over holes. The diameter measurements are reported in Figure 24
(b) as a function of the Ga deposition time for oxide thicknesses of 0.5nm,
0.9nm and 1.6nm. In all the three cases droplets’ (i.e. holes) diameters were
observed to increase, but at radically different rates: the thinner the oxide, the
faster the growth rate, and vice-versa. These different behaviors can be
understood in light of the oxide properties dependence on oxide thickness: thin
oxides have low stoichiometric composition (i.e. thermodynamically more
unstable) than the thicker ones. Therefore the thin oxides (<~I1nm), since they
are thermodynamically less stable and have less material tend to evaporate

faster, resulting in a faster holes’ diameter growth than the thick oxides (>1nm).
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The latter have more material and are more thermally stable, therefore resulting

in slow holes’ diameter growth rate.

Figure 24 (c) shows the droplet number density as a function of deposition time
for different oxide thicknesses (0.5, 0.9 and 1.6nm). Three completely different
behaviors are observed: the droplets density (i.e. holes) at 0.5nm diminishes at
increased deposition times, whereas at 0.9nm it first grows, peak, and decrease.
Differently, at 1.6nm the droplets’ (i.e. holes) density show a low but steady

increase.

These apparently uncoherent results can be understood considering the different
chemical compositions (i.e. thermodynamic stability) associated to the oxide
thickness. When the oxide thickness is at 0.5nm the silicon oxide has lower
stoichiometry than 0.9nm, and 1.6nm (i.e. lower thermal stability), leading to a
more rapid oxide evaporation and hole formation. This interpretation is
supported by the time series growth performed for 0.5nm oxide of 15sec and 1h
reported in Figure 30 (a)-(c). The red arrows in (a) and (b) point at small Ga
droplet which start to form already after 15 sec of growth. The widespread
accumulation of Ga lead to the formation of a 2D polycrystalline film, as shown
in (¢). In view of these observations, together with the selective deposition of Ga
on Si(111), thin oxide layers (<1nm) sub-stoichiometric oxides are demonstrated
to evaporate faster than thick oxides (>1nm), forming holes more easily. Above

a certain holes’ density they merge, leading to a density decrease and to the
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formation of oxide islands. This transition is well observed in the case of the
0.9nm, where density increase, peaks and decrease. In other words, the lower
oxide thickness (0.5nm) is at more advanced oxide evaporation stage, where
holes merge and only a decrease in density is observed. Instead, the higher oxide
thickness (1.6nm), being thermally more stable, needs more time to evaporate,
leading to a uniform increase of density over time. Similar behavior of oxide
evaporation in thin silicon oxide films were reported by other groups [2] [3] [4],
supporting our interpretation of droplets diameter and density as a function of

oxide composition (i.e. thickness).

The current observations can also explain the nanowire density behavior at
different oxide thicknesses reported in [1]: nanowire density was observed to
drop progressively, increasing oxide thickness. If we consider that holes are the
nucleation sites for droplets formation, and thus also for nanowires, the current
holes’ behavior at different oxide thicknesses explain those observations. At
increasing oxide thickness (>~1nm) its thermal stability raise, leading to a
diminished holes’ nucleation rate, leading to less droplets, and therefore to less

nanowires.

Vice-versa, decreasing oxide thickness, the oxide thermal stability deplete,
leading to higher holes’ density formation, more droplets, and thus more

nanowires.
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Influence of the hole aspect ratio over droplet configuration

In the main text the energy vs volume curves of droplets in different configurations for
different Ga/SiOx contact angles with a hole aspect ratio (width over height w/h) of 2
were presented. In this section we investigate the influence of the aspect ratio of the holes
over droplet positioning. In other words, we calculated the energy cost of each droplet
configuration at different volumes in holes with different geometries, with a w/h of 2, 5
and 20. The results for 116° and 94° Ga/SiOx contact angle are presented in Figure 31
(a)-(c) and (d)-(e) respectively. Each curve correspond to a different droplet
configuration, and the background color refers to the lowest droplet energy configuration
for a specific range of volumes, illustrated on top of each plot. For (a) the transitions are
from a droplet sitting in a corner, to a droplet wetting the walls of the hole (
V/Vhole=0.74), to a uniformly spilled droplet ( V/Vhole=2.08). From a qualitative
standpoint, the energy curve of each different configuration is similar, suggesting the
possible presence of also other configurations. However, increasing the w/h ratio to 5 and
20 (see Figure 31 (b),(c)) the scenario changes dramatically. The energy cost of the
configurations of a droplet wetting the walls (red dashed), the spilled uniformly and non-
uniformly (orange and black dashed) increase radically with respect to the droplet sitting
in a corner (blue dashed), or non-uniformly spilled touching the bottom of the hole (purple
dashed). It is important to bear in mind that the latter non-symmetric configuration lead
to the formation of either tilted nanowires or polycrystalline growth. It is also interesting
to note that increasing the w/h ratio to 20, the stability of a droplet sitting in a corner is
extended up to 10 times the volume of the hole (in the case of w/h=2 the volume was 0.74
Vhole). A similar trend is observed also for the 94° Ga/SiOx contact angle, shown in Figure
31 (d)-(f). Differently, the transitions from droplet sitting in a corner to non-uniformly

spilled touching the bottom of the hole are verified at lower volume with compared to the
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116°, as already observed in the main text. The results obtained suggest an influence of
the aspect ratio of the hole over the yield of vertical nanowires: the broader the holes, the
lower the yield of vertical nanowires. Since this trend could not be verified in the case of
growth by self-assembly because we have no information of the hole aspect ratio at
nucleation, we compared the results to the case of pattern growth. In the latter, the holes
are defined by e-beam lithography into a thick (>10nm) layer of thermal oxide. In each
pattern, the distance between the holes (called pitch) and the dimensions of the holes were
changed. Interestingly, the most successful results were always achieved in the case of

low aspect ratio (nominally w/h=1.5, measured w/h=~5 ), whereas an increase of the latter
resulted in a dramatic decrease of the yield of vertical nanowires, as shown in Figure 32

(a) and (b).
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Figure 28 XPS spectra of native oxide layers of different thicknesses on Si (111) wafers.
(a), (b) and (c) show respectively the Si2s, Si2p and Oxygen peaks.
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Figure 30 SEM micrographs of GaAs growth on Si(111) coated with 0.5nm oxide
thickness for 15 sec (a),(b) and 1h (c).

112



¢l

100¢
0s
1009
00l
008
Frers
0} 9 oz 9 v ¢
(9) va\ (a) \
o oY 100¢
Ootﬁ'
300&0 ‘-:uuu-n--. 108
00$¢00 cooo“
= s o‘oo 1009
‘o¢¢ %t\
7~
e oot
\ 0z=um
9kl

ajoy . by

NA
¥ [4
() 2

J m

)

@

0l g

<

~

<
=
0Z_™

=3

—

(™4 A)/ABisuz




149

101d yoeo
9AO0QE PAYIIAS S ‘QUIN[OA Y} JO UOOUNJ SB UONRINSIJUOD J[(RIOAR] JSOW A[[BO1}9SI2US A} 0} J9JI SIO[0J PUNOoI3Norq Y[, "9[0Y Y} JO W0H0q
o Sumaom 391doap paqids Ajsnosusgowoy-un a3 9AIMd idind ayy pue jo1dosp payids uuoyrun-uou a3 jo1doip yoeq oy yo1dosp payids
Auoyiun 9y} 9AIND 93UBIO AT, “9[0Y Y} JO S[[em oy} Surpom Jo1doip oy 9AIND pax o 49[doIp ISUI0D WO00q ) JAIND AN[Q Y} ‘UONeINFIFUOD
9101 9y} JO 193Udd 3y} Je Jo[doIp Yy} JudsAIdar 9AIND UAAIS A, ‘()7 PUB §°7 ‘Onjer 10adse (y/m) JYIIay 0} YIPIM SO JUIIIYJIP J0J SI[SUL JOBIU0D
XOIS/BD JO 16 (9)-(P) pue 911 (9)-(8) yiim uoneingyuod 19[dop JUSIJIP Y} JO SIAIND JWNJOA SA AFIDUS dY) JO UONLRIUSAIdIY [ € NS



Figure 32 Representative SEM images of GaAs NW growth on the patterned samples
demonstrating the influence of the aspect ratio of the hole over the yield of vertical
nanowires. The oxide thickness, determined by ellipsometry, is 18 nm for both samples.
Pitch is 1000 um and 2000 pm for (a) and (b) respectively. The scale bar and tilt angle
are 2um and 20° for both images.
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SI Publication IV

Supplementary information: Details of calculations of the nucleation rate

and size distributions of self-catalyzed GaAs nanowires

Here, we present the details of the growth model and the derivation of the
time-dependent nucleation rate, length and radius distributions of self-induced

GaAs nanowires, based upon Egs. (1) to (5) given in the main text.

Applying the asymptotic Eq. (3) (from the main text) for N, uniformly
for all +in Eq. (1) for », and using again the strong inequality K, N, << K,,N,;,

which is a good approximation with our accuracy [S1], we arrive at
an; |k (1Lt 0 =1,.
dt
(ST)
Solving this differential equation with the initial condition n,( =0)=0, we obtain
n(t) = §I3Atg [(t / At)’"? ],
(82)

with the function g(y) given by

118



X

g(y)= e_yJ‘dxxelﬁ.
0
(S3)

Here, Ar=4"°/[3(K,I,)"?]is the characteristic nucleation time interval for Ga

droplets. It is seen that g(y) increases with y as (3/2)y*" for small y and

decreases as y'’at large y . According to the first equation in Eq. (1) and Eq.
gey g q q q

(4) of the main text, the corresponding nanowire nucleation rate has the form

_dNnW_ 2 3/2. _ _yy ex
Jo=" = g [t1a0y"]; g(3)=e {d"xw

(S4)

which is Eq. (5) of the main text. This solution describes the nucleation pulse
whose duration increases for larger Az, with the shape given by the universal

functiong’.

We now consider the nanowire growth itself. According to the model
described in detail in Ref. [S2], the nanowire elongation rate is proportional to
the difference between the impinging atomic As flux and desorption flux, while
surface diffusion of As can be neglected [S3,S4]. In contrast, Ga is not expected
to desorb from the droplet at temperatures below 650°C, but can easily migrate

from the nanowire sidewalls to the droplet. The increase of the droplet volume
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is determined by the effective Ga to As imbalance. These considerations yield

the nanowire elongation rate and the radial growth rate in the form [S2]

di:C, d£=A+§,
dt dt R

(S5)
with coefficients

C= Q35(Is,eﬁ' - ]5,des) ;

A= B
AVS))

(13#317 _IS,eff‘ + IS,des) ;

_ g/\3]3 sina.
VR

(S6)

Here, 1, =1/ sin’ B are the effective droplet fluxes for both Ga and As beams, S

is the contact angle of the droplet at the nanowire top (8= 135° according to our
post-growth measurements), assumed as being time-independent,

f(B) =[(1—cos B)2+cos B)]/[(1+cos B)sin B]1s the geometrical function which
determines the droplet volume at a given nanowire radius R, Q,.= 0.0452 nm?
is the elementary volume per GaAs pair in the solid state [S5], Q, =0.02 nm® is
the atomic volume of Ga in the liquid [S6], I, . 1s the As desorption flux from

the droplet, A, is the effective diffusion length of Ga on the nanowire sidewalls,
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and a, =45° is the incidence angle of the Ga beam. The Ga adatom diffusion
flux is taken here in the simplest form const x I,A,R. More complex diffusion

scenarios can be mastered in line with the approach of Refs. [S5].

Our analysis (see below) shows that the coefficient 41s always negative
in these growth conditions. Therefore, the length of a nanowire which has

emerged at the moment of time ¢, increases linearly with the growth time, while
the nanowire radius starts from a small initial value R, at ¢=¢,and then saturates

to the critical radius R, =B/A|:

L=C(t—t,);

(87)

o1 R—Ry| _ (p_
t %_A{&m(R_RJ(R &%.

c

(S8)

Obviously, the maximum length and the radius in the size distributions

correspond to the nanowires having emerged atz, =0, 1.e., L =Ct and
R =R(t,=0).

We now turn to the analysis of the length and radius distributions of self-
induced nanowires assuming that the nucleation of each Ga droplet immediately

starts the nanowire growth (with probability y ). According to general nucleation
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theory [S5,S7], when nanowires grow vertically at a length-independent rate
dL/dt=C, their deterministic distribution over lengths obeys the first-order

equation

of(LL,) Of(LL,)
oL B oL

(89)
Therefore, the distribution must be a function of L — L, where the maximum
length L = Ct(corresponding to the nanowires that have emerged right at the

beginning of growth) gives the linear measure of time. At the beginning of
growth where L =0, the distribution must equal the nanowire nucleation rate
divided by the growth velocity, i.e.: f(L=0,L_)=J, (L. )/C[S5,S7]. This

yields our main result for the length distribution

f(L, L) =constxg2|:(Lm‘ZL_Lj :l,

(S10)
with g given by Eq. (S4) and AL = CAt as the measure of the distribution width.

We note that Eq. (S10) does not account for kinetic fluctuations
(described by the second derivative with respect to size) since, in mononuclear
nanowire growth, this fluctuation-induced broadening should be suppressed by
temporal anti-correlation of successive nucleation events, as discussed in depth
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in Refs. [S8,S9]. Even in this Poissonian spectrum broadening was enabled, its
width (+/2< L >) would be much less than the nucleation dispersion, as follows

from the numerical analysis given below.

As for the width (radius) distribution, Eqgs. (S8) show that, while the
length is the invariant size variable (for which the corresponding growth rate is

L —independent), the radius is not (because the radius growth rate dr/dt

depends on R). From Egs. (S7), (S8) it follows that dL/dR=C/B/R-|4). Using

the normalization condition for the length and radius distributions [S5]

F(L)dL=F(R)dR,

(S11)

the F(R)has the same form as £(L)with the re-normalization factordL/dR , i.e.

3/2
1 Sl (R R
F(R, = const x e .

(S12)

with AR as the measure of width dispersion. Very importantly, the maximum

length L _and radius R can be directly measured since they correspond to the

longest and thickest nanowires present in the histograms. The kinetic
coefficientsC, 4and B can be estimated from the fits of the representative
length and radius in the distributions at a given growth time (or, more

accurately, from the time-dependent measurements). Therefore, our distribution
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shapes contain only one control parameter, the distribution width, which is

related to the nucleation time of Ga droplets.

Let us now discuss the time-dependent growth kinetics of the self-
catalyzed GaAs nanowires grown by the one-step and two-step growth
procedures described in the main text. The proposed growth kinetics of the
imaginary nanowire having the mean length and radius at given growth
conditions is shown in Figs. S1 and S2. Here, the moment of nanowire
nucleation is defined as <¢>=r—< L >/C, where < L >1s the mean length for a
given sample. Figure S1 (a) shows the linear increase of the mean length with
time for the temperature series, as given by Eq. (S7). Figure S1 (b) shows the
strongly nonlinear time dependences of the mean widths, obtained from Eq.

(S8) at R, =0 and the B values given in the figure caption. The typical values

of B (of the order of 100) yield the effective Ga diffusion lengths of the order of

500 nm.
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Figure S1 Linear increase of the mean nanowire length with time (a) and time
dependences of the mean width 2R (b) at B = 145 nm?/s at 604°C, 148 nm?/s at
624°C, and 104 nm?/s at 643°C. The starting times for growth of nanowires

having the mean length are obtained from the experimental data of Table S1.
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FIG S2. Time evolutions of the mean nanowire width in the two-step growth
at 643°C, obtained from Eq. (S8) with different 4 and B for different Ga rates:
A=-1.45 nm/s, B =119 nm?/s for the constant Ga flux, 4=-1.45/-1.69,B =
119/90 for the 0.11/0.075 nm/s Ga fluxes and 4=-1.45/-1.86,B=119/74 for
the 0.11/0.05 nm/s Ga fluxes. Further decrease of Ga flux to 0.027 nm/s does
not lead to a significant decrease of width, since the critical width is almost

reached already at the first growth step.

Table S1. Statistical parameters of the measured length and width

histograms

Temperature | Ga flux | Mean | Standard | Mean | Standard | Maximum

length | deviation | width | deviation | length

T (°C) Vinom/s) | <L> | o,(nm) | <2R> o, L_. (nm)

(nm) (nm)
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604 0.11 4357 328 103 14.5 5161
624 0.11 3316 716 114 29 4619
643 0.11 2521 733 121 45.5 3091
643 0.075 1037 605 84 31 2685
643 0.05 1642 632 58.5 16 2907
643 0.11/0.075 | 1389 404 94 23 2380
643 0.11/0.05 | 1734 400 77 24 2645
643 0.11/0.027 | 1433 343 74 28 2185

Graphs shown in Fig. S2 were also obtained from Eq. (S8). This equation
was solved for the two different sets of parameters 4 and B reflecting the abrupt
decrease of the Ga flux, and sewed together at s = 30 min. Of course, a much
better understanding could be achieved based on the time-dependent

measurements. This study will be presented elsewhere.
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(6 months) ~ MSc Thesis on “Alignment in 100% Carbon Nanotube wet spun Fibers”.

09/10 = 02/11 Universidad Politécnica de Valencia (Valencia, ES)
(5 months) Semester abroad as part of the double degree program.
GPA: 9.2/10.

09/06 — 07/09 BSc, University of Genova (Genova, I'T)
(3 years) Material Science degree, Department of Physics.
GPA:108/110.

09/08 — 06/09 Dublin Institute of Technology (Dublin, IRL)
(10 months)  Applied Physics Department. BSc thesis on the characterization of a
nanopolymer for drug delivery.

GPA: 82.2/100.

TRAINING
09/14 - 12/14 “Venture Challenge”, Venturelab (Lausanne, CH)
(5 months) National program for startup training supported by the Swiss Commission for

Technology and Innovation.
06/14 — 06/14 “Lean, Kaizen, Six Sigma” (Lausanne, CH)
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PROFESSIONAL EXPERIENCE

11/11-03/12
(5 months)

DSM Ahead (Geleen, NL)

Intern in the R&D department of DSM, developing electrospinning polymeric
fibers for filtration application.

ACHIEVEMENTS & AWARDS

04/15-04-16

Best Nano-Tera.ch Entrepreneurship Presentation Award
Entrepreneurial program to transfer research to market, which included
coaching, impact event participation, customer segmentation and market
evaluation. Public’s award for the best pitch.
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Critical thinking: Developed during my PhD, this skill kept me focused on the

objective, regardless the high uncertainty of scientific research
and has since become my default mindset.

Problem solving: Advancing in scientific research continuously drove me to face

new problems. My determination and analytical skills were keys
in generating solutions.

Communicating:  Effectively communicating the results and the impact of my

research to a broad audience through technical writing and

speaking.
Coding: Python, Surface Evolver.
ACTIVITIES & HOBBIES
Activities: - Alumni Director of MIT Clean Energy Prize (~200°0008) (2015-106).
- Committee member of EDMX at EPFL (2014-10).
- Board member of ACIDE at EPFL (2013-14).
Hobbies: - Rock climbing, in all its varieties (sport climb up to 7b+, bouldering

up to 7a and traditional climbing up to E1).

- Hiking and travelling with my wife.
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