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ABSTRACT

Semiconductor nanowires (NWs) allow epitaxial integration of III-V
semiconductors directly on Si platform, offering an intriguing pathway towards
integration of photonic and microelectronic functionalities. NW growth using
internal metal catalyst, so called self-catalyzed growth, is a complicated physical
process resulting from the interplay of the supersaturations and chemical potentials
in vapor, liquid and solid phases of the elements present during the growth.
Although many aspects of the epitaxy have been addressed during the recent years,
advancing the NWs technology towards practical applications requires significant
developments to guarantee high crystal purity, uniform size distributions, precise
definition of doped heterostructures as well as improve ability to control the
incorporation mechanisms of different elements. Accessing these properties requires
detailed information on the physics controlling the NW growth and their relation to
the technological control steps.

To this end, the thesis contributes to the development of NW technology by
investigating the physical phenomena behind the self-catalyzed gallium arsenide-
based NW growth but also by offering concrete pathways towards the desired NW
functionality. The NW growth is investigated by molecular beam epitaxy growth on
lithography-free templates. The templates provide a robust tool to focus on the NW
growth mechanism while offering possibility to grow comparable samples. The
crystal structure of these NWs is shown to be excellent. The first demonstration of
sub-Poissonian length distribution is presented in this thesis providing evidence of
the so-called nucleation antibunching in a large NW ensemble. Nucleation
antibunching causes the nucleation events during NW growth be temporally
anticorrelated. Furthermore, incorporation of Be and Te dopant atoms, and Sb as a
ternary element have been studied; this is a significant step towards realization of
practical structures yet marginally addressed before due to the early stage of
development of the field overall. Details on the incorporation mechanisms of these
elements into the NWs have been revealed for the first time. Moreover, the role of
As species in the molecular beam epitaxy of NWs was clarified; the selection of As
species was found to be a practical tool for NW grower to adjust the dimensions of
NWs, but also select the primary incorporation mechanisms of elements.
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TIVISTELMA

III-V yhdistepuolijohteita voidaan valmistaa suoraan piille nanolankojen muodossa,
mikd puolestaan mahdollistaa fotoniikan ja mikroelektroniikan saumattoman
integraation. Nanolankojen kasvatuksessa kiytettiva itsekatalysoitu menetelmi, jossa
kasvua tukeva katalyyttipisara koostuu samoista alkuaineista kuin nanolanka, on
monimutkainen fysikaalinen prosessi. Se perustuu eri faasien, kaasun, nesteen ja
kiintein  aineen  keskindisiin  kemiallisiin  potentiaalethin ~ ja  aineiden
supersaturaatiothin. Kiéytinnén nidkoékulmasta nditd parametreja voidaan hallita
molekyylisuihkuepitaksiakasvatuksen aikana muuttamalla III- ja V-ryhmin
alkuaineiden vuosuhteita ja kasvatuslimpotilaa. Vaikka monet nanolankojen
kasvatukseen liittyvit ilmiot ovat jo hyvin tunnettuja, niiden kehitys kiytinnon
sovelluksiin vaatii vield tutkimusta kidelaadun, kapean kokojakauman, seostuksen
sekd useiden alkuaineiden inkorporaation ymmartimiseksi.

Tissd tyossd pureudutaan niihin seikkoihin tutkimalla fysikaalisia ilmioitd itse-
katalysoitujen galliumarsenidipohjaisten nanolankojen molekyylisuihkuepitaksiassa.
Nanolankojen kasvuprosessin ymmarryksen lisdksi ty0 tarjoaa konkreettisia
menetelmid nanolankojen toiminnallisuuden kasvattamiseksi kohti kdytinnén
sovelluksia. Tidssd tyOssd osoitetaan, ettd kehittimillimme menetelmilld
kasvatettujen nanolankojen kidelaatu on erinomainen ja ettd silli pystytidn
saavuttamaan Poissonin jakaumaa kapeampi kokojakauma. Tdmid on ensimmiinen
havainto nanolankajoukossa nihdysti atomikerrosten nukleaation ajallisesta
antikorrelaatiosta. Puhtaan galliumarsenidin lisdksi tyOssd tutkitaan nanolankojen
seostusta sihk6d  johtavaksi berylliumin ja telluurin avulla sekd vybaukon
kontrollointia antimonin avulla. Nama yksityiskohtaiseen inkorporaatiomekanismien
ymmirrykseen johtaneet tulokset ovat merkittiavia askeleita nanolankarakenteiden
toiminnallisuuden lisidmiseksi kidytinnon sovelluksia varten. Eri alkuaineiden
inkorporaation lisiksi tyossa tutkittiin my6s kasvatuksessa kaytetyn arseenivuon
molekyylityypin vaikutusta nanolankakasvuun. Molekyylityypin valinnan osoitettiin
olevan kaytinnollinen kasvatustyokalu, jolla voidaan sddtda niin nanolankojen
pituuden ja paksuuden suhdetta sekd kasvunopeutta kuin hallita eri alkuaineiden

inkorporaatiomekanismeja.
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17 INTRODUCTION

Nanowires (NWs) are one-dimensional (1D) nanostructures having many peculiar
properties. They can be fabricated from various materials either by top-down
method, i.e. sculpting them from bulk using lithography, or by bottom-up growth
with different chemical or physical deposition methods. This thesis focuses on an
important paradigm in the vast spectrum of NWs, namely self-catalyzed -V
semiconductor NWs grown epitaxially on silicon. The introduction aims at briefly
answering the questions: why would anyone ever grow NWs, and what is the
motivation behind this work in this field of science that lies somewhere
between physics, material science, and photonics?

The basic reason for the NW research lies in fundamental differences between
different types of semiconductors and their intrinsic limitations, for example in terms
of lattice constant and band-gap coverage, which impact their application. Silicon is
an excellent material to fabricate microelectronics and waveguides used in photonic
integrated circuits (PICs), and as such dominates the world of electronics and passive
PICs. However, Si has an indirect band gap, which makes it a poor material to
fabricate light sources, requiring hybrid integration of light sources to Si platform.
On the other hand, III-V semiconductors composing of stoichiometric amounts of
group III and group V materials provide a broad tunability of direct band gaps, thus
making them efficient and versatile materials for all photonic applications.
Unfortunately, direct epitaxial integration of III-V and Si material systems is difficult
due to different lattice and thermal expansion coefficients. Yet this issue is alleviated
when growing the III-V material on Siin 1D NW geometry. This is largely because
NWs have so small footprint that the strain induced by lattice mismatch may relax
horizontally without introducing dislocations in the growth direction.

Moreover, the dimensions of NWs are in the scale of the wavelength of visible
and near infrared light making them to act as photonic waveguides. The NW
geometry, and the photonic properties of III-V semiconductors have led to
fabrication of several NW-based devices integrated on Si, for instance lasers [1], [2],
light emitting diodes [3], photodetectors [4], [5] and solar cells [6]. While these proof-

of-concept devices have been experimentally realized, fundamental research on the



physics behind NW growth is an active field, in particular when it comes to the
development of more complex heterostructures requiring doping and a good control
of the geometry and crystallography. To this end, the work presented in this thesis
has contributed to this development from the viewpoint of fundamental growth
phenomena including size controllability, doping, and NW geometry, and by
providing practical guidelines for the growth of more complex NW-based

heterostructures.
“  Nanolasers for chip-scale
nanowire-metal ﬁ integration
cavities e -
1
g3 1

...-ii plasmonic waveguides

silicon substrate

Figure 1. Schematic illustration of NW lasers monoalithically integrated in waveguides. © [2012]
|EEE, [7]

The contribution of this work to the overall framework of NW research is
summarized by the key research questions presented in Figure 2. The publications
[P1]-[P5], and [8] all contribute to the physics of NW growth which includes
theoretical approaches focusing on the NW growth kinetics and practical approaches
offering tools that NW growers can directly utilize. Moreover, photonic properties
of the NWs are interlinked to their dimensional properties which result from the
NW growth kinetics. Thus, the NW photonic properties are the very least related to
results of each publication or utilized as a characterization method. Modifying the
NW electrical properties by doping with Be and Te is investigated as a final step
towards NW functionality in [P4]-[P5] and [8], whereas the NW crystal structure
investigated in [P1] is also a major contributor in NW electrical properties.



Photonic Y [ Electrical )

properties properties

Physics of NW growth
Growth kinetics and theory

[P1] What is the crystal structure of NWs grown by our method?
How are the NW length distributions formed?

I
[P2] What affects the NW size distributions?
How to model the temporal evolution of NV length
distribution?
I ——
[P3] Can the NW growth direction be switched controllably?
How does the NW growth front evolve during
annealing?
I
[P5], [8] How do Be and Te dopants incorporate during self-catalyzed VLS growth?
I N P .

[P4] How does selection of As species affect NW growth?
How does Sb incorporate into NWs?

Figure 2. Research questions discussed in papers [P1]-[P5] and [8].

The thesis starts with a description of the technology and the basics of NW growth
modes and structure in Chapter 2. This is followed by a comparison of common
NW growth methods with the growth on lithography-free oxide patterns used in this
work. Moreover, unpublished results on effects related to the yield of successful
NWs are discussed. Chapter 3 focuses on more detailed physics explaining the
formation of NW crystal structure and size distributions. The NW crystal structure
is first discussed within the scope of [P1] followed by the effects of dopants and Sb
incorporation investigated in [P4],[P5] and [8] which is an additional study conducted
as parallel research to this thesis. These chapters answer to the first research question
of [P1] and expand the results to GaAsSb material system and doped NWs. The
intrinsic GaAs NWs are shown to exhibit pure zincblende structure, Be and Sb are
found to reduce twinning and polytypic sections, and Te is shown to induce twinning
superlattices. The discussion is then expanded to include the whole NW ensemble,
when narrowing length distributions [P2] and the role of As species [P4] are
discussed. The mechanisms behind NW length distribution formation are identified
according to the second research question of [P1]. This understanding is then utilized
in [P2] to achieve sub-Poissonian narrowing of the NW length distribution. The
narrowing of length distribution is further modeled by a detailed kinetic model
answering the second research question of [P2]. Answering the first research
question of [P4] concerning the role of As species gives a practical and efficient tool



for NW growers to adjust the NW dimensions and the incorporation mechanisms
of additional elements, Be, Te and Sb. Furthermore, new NW horizons are opened
by presenting the methodology to controllably switch the NW growth direction [P3].
The key to the controllable switching of the growth direction is the understanding
of the evolving NW growth front, answering to both research questions of [P3].
Chapter 4 focuses on developing the NW growth mechanisms essential for practical
applications, namely dopant [P5], [8] and Sb [P4] incorporation, which allow tuning
the electrical properties and band gap, respectively. Incorporation mechanism of
each element is identified according to the research questions of [P5],[P4] and [8].



2 MOLECULAR BEAM EPITAXY AND NANOWIRE
GROWTH

Molecular beam epitaxy (MBE) is a semiconductor growth method developed during
the 1960’s, and first introduced in 1970 by Cho et al. [9]. It was designed for the
fabrication of high-quality single crystal films as other deposition methods did not
provide high enough material quality. To this date, MBE is a standard crystal growth
method for many commercial applications that demand high—purity crystalline
materials and continues to be largely used for the research and development of new
materials and heterostructures. [9]—[12]

2.1 Technological overview

The concept of MBE is rather simple regardless of the technical complexity. High
purity elemental materials are evaporated as directional beams in ultra-high vacuum
(UHV) to the surface of a heated substrate, where the atoms are physisorbed and
migrate to a favorable site leading to material growth. When the grown material
replicates the crystal structure of the substrate, the process is referred as epitaxy.

2.1.1  MBE equipment

A typical schematic of an MBE reactor is shown in Figure 3. demonstrating the
location and angle of the material sources with respect to the substrate. In MBE of
ITI-V materials used in this thesis, group IlI-elements are evaporated from crucibles,
and the atomic flux is controlled by the crucible temperature. The material flux is
switched on and off by a magnetic shutter plate. The dopant elements are evaporated
from cells, similar to those used for the group III elements, but as the dopant fluxes
are too low for direct monitoring, the cell temperatures are calibrated using separate
samples characterized by Hall-measurements. Group V-elements are evaporated in
heated bulk zones with overpressure of the group V vapor from which the group V

material is released as molecular flux of tetramers Ass/Sbs. The group V flux



magnitude is controlled by a needle valve. Following the needle valve, the tetramers
pass into a heated cracking zone in which, based on the temperature, the tetramers
are ecither dissociated into dimers (Asz or Sby) or remain as tetramers. Typical
cracking zone temperatures for tetramers and dimers are 620 °C and 920 °C,
respectively. Due to the higher incorporation rate in typical planar MBE, dimers are
typically used [13], [14], the use of tetramers may be beneficial for NW growth, as
shown in [P4].

Rotating heated

LN cI:ryo shroud _~sample holder

M ‘ / [T
Movable flux
measurement
ion gauge
Gate valve to" Y
preparation L
chamber

Group Il
- effusion cells
Group V cracker

and bulk Heated viewport

for pyrometer

Figure 3. Schematic illustration of an MBE reactor.

2.1.2  Growth modes

The most broadly utilized epitaxial growth mode is the Frank-van der Merve mode
which is used largely in device applications. In Frank-van der Merve growth, the
physisorbed atoms grow as two-dimensional (2D) layers yielding in extremely flat
surfaces, where ideally only monoatomic steps are found. The atoms migrate to these
monoatomic steps, and often high-quality MBE grown surfaces are referred to
exhibit step-edge growth. This growth mode allows adjusting the layer thickness
down to monolayer (ML) precision using growth rates around 1 um/h. To obtain
high-quality single crystals via the Frank-van der Merve growth the lattice constants
of the substrate and the thick epitaxial layers must be closely matched. Otherwise,
the crystal structure breaks, leading to the formation of dislocations that degrade the

optical and electrical properties of the material. However, successful methods have



been developed to relieve the inherent strain for facilitating direct epitaxial
integration of high quality 2D layers of III-V materials on Si. [15] Frank-van der
Merve growth occurs under a group V overpressure that inhibits the formation of
metallic droplets. Other typical MBE growth modes are Volmer-Weber and Stranski-
Krastanow, where 3-dimensional islands are formed due to strain induced by lattice
mismatch between the substrate and epitaxial layer. They are used, for example, to
grow quantum dots. [16]

More unconventional growth modes are utilized in NW growth. VLS growth is
described in Section 2.2, which gives the basic understanding of the 1D growth of
NWs, whereas droplet epitaxy is described in Section 2.4.2 as a tool for fabrication
of NW templates.

2.1.3  Determining the material fluxes

Accurate measurement of the fluxes arriving on the substrate is an essential step in
the MBE. While the group V is provided in excess for 2D MBE growth, the growth
rate is solely determined by the group III flux. The fluxes are measured by a
monitoring ion gauge. The group I1I fluxes are calibrated to correspond to a certain
growth rate, and thus typically given in the units of a growth rate. For example, in
[P3], the Ga flux is given in micrometers per hour (um/h), whereas in [P1]
monolayers per second (ML/s), both referring to thickness of GaAs layer grown on
(100) surface in a time unit. By using the lattice constant and the atomic density, the
flux can be also turned into a more physical unit of atoms/cm?:s. In this unit system,
the typical Ga flux used for NW growth throughout the whole work [P1]-[P4] is
0.3 um/h, which equals 18.4:10'3 atoms/cm?-s.

The group V fluxes, on the other hand, are often given in units of pressure (mbar
or Torr). However, the pressure is dependent on the ion gauge and reactor geometry.
Furthermore, the sensitivity of the ion gauge is different for different elements and
to the group V species. Thus, the pressure as such tells relatively little about the
amount of available group V atoms with respect to the amount of group III atoms.
To give more accurate information, beam equivalent pressure (BEP) ratio comparing
the measured group V and I1I fluxes (BEP of group V flux divided by group III flux)
is used in [P1]-[P3] to denote the group V flux. For [P4], the As and Sb fluxes were
determined as atomic flux ratios with respect to the Ga flux as described in Puustinen
et al. [17]. The determination was based on growth of low temperature GaAs and
GaSb films and tracking down the threshold V/III BEP ratio for Ga droplet



formation. At low growth temperature, the formation of Ga droplets necessitates
that the true atomic V/III flux ratio is below one as the group V sticking coefficient
is near unity and any excess Ga material does not evaporate from the surface. The
excess Ga forms droplets, and the size of the droplets is decreased by increasing the
atomic flux ratio closer to one. When the atomic V/III flux ratio is >1, no excess
Ga is available to form droplets. Therefore, finding the minimum V/III BEP ratio
where Ga droplets are formed corresponds to the stoichiometric (1:1) atomic V/III
ratio, allowing for accurate As and Sb atomic flux calibration. The resulting 1:1 V /111
BEP ratios were found to be 3 for GaAs and 2.3 for GaSh. Thus, the atomic As/Ga
flux ratio is determined by dividing the measured As/Ga BEP ratio with 3 and
atomic Sb/Ga flux ratio by dividing the Sbz/Ga BEP ratio by 2.3.

2.2 Vapor—Liquid-Solid growth — From 2D to 1D

The history of 1D VLS growth extends beyond MBE technology, as Wagner and
Ellis introduced this growth mode for fabrication of Au-catalyzed Si whiskers in
1964 [18]. VLS growth occurs when a liquid-phase catalyst droplet is exposed to
vapor-phase material fluxes. As the vapor-phase material accumulates into the
droplet, the droplet becomes supersaturated with the accumulated material, driving
precipitation of solid material under the droplet. As this process continues, one
dimensional growth proceeds under the catalyst droplet, as shown in Figure 4. [18]

The VLS process may be catalyzed by an external constituent, such as gold or an
internal metal such as Ga for GaAs growth. The latter process is referred to as self-
catalyzed, and the details of VLS growth within its framework are discussed in detail.
Au-catalyzed NW growth is generally an easier process compared to the self-
catalyzed growth, due to a broad eutectic temperature window where liquid Au-Ga
droplets can be formed and easier supersaturation by As flux compared to pure Ga
droplets. However, self-catalyzed VLS growth is often favored over the Au-catalyzed
process when aiming for Si-integration, as gold diffuses into the Si substrate forming
deep-level traps. [19], [20]

As the VLS process occurs under the influence of liquid metallic droplets, the
growth conditions differ quite significantly from 2D Frank-van der Merve growth.
Formation of droplets is supported by low group V fluxes, which are not adequate
to crystallize the droplets immediately. Simultaneously, the low group V flux
enhances diffusion of group III elements [21], which is also the effect seen at higher
growth temperatures. Thus, low group V flux and high growth temperature are used



to ensure adequate diffusion length for the metal to feed the droplets up to few um
distance from each other. For example, typical 2D GaAs growth is done under a
V/III BEP ratio of 15 and at temperature of 580 °C, as determined by an optical
pyrometer, whereas the corresponding “standard” parameters for self-catalyzed NW
growth most commonly used in this work are V/III BEP ratio 9, corresponding to
atomic flux ratio of 3, and temperature of 640 °C.

The growth conditions described above allow the group III elements to have long
diffusion lengths on the typical NW sidewalls. From the surface, Ga may be re-
emitted or diffuse over short distances [22]-[25] The chemical potential of the
droplet drives the group III elements to the droplet. A similar effect is seen in the so
called vapor-solid (VS) growth of NWs, where the catalyst, instead of a droplet, is
the preferable growth facet on the NW tip. [26] The group V species, however, have
short diffusion lengths, both on the substrate and on the NW sidewall. [27]—[29]
Thus, majority of the group V flux impinging the substrate or NW sidewall is re-
emitted, and the major sources of group V material to the droplet are direct flux
from the vapor and secondary flux from the substrate surface and sidewalls of other
NWs, as sketched in Figure 4. [30]

As the self-catalyzed VLS NW growth occurs under Ga rich conditions, it is more
sensitive to the group V flux than 2D Frank-van der Merve growth. Too small group
V flux leads to swelling of the droplet, whereas too high group V flux consumes the
droplet. This may form (inverse) tapered structures [31], [32], which consists of
atomic step edges on the NW sidewall. These step edges support 2D radial growth
on the NW sidewalls. This radial growth may completely or partially compensate for
the droplet swelling resulting in untapered NWs, as illustrated in Figure 4. ¢), and as
witnessed in [P1], [P2], [P5] and [8]. By careful selection of growth parameters, the
radial growth can also be suppressed [30], although the growth window for vertical
sidewalls in absence of radial growth was found to be very narrow in [33].
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Figure 4. a) The original description of VLS growth by Wagner and Ellis in 1964 [18]. b) shows the
material incorporation pathways to the droplet. Ga directly impinges the droplet, hits NW
sidewalls and diffuses to the droplet or hits the substrate surface where it may diffuse to a
NW or be re-emitted. As either directly impinges the droplet or is re-emitted from substrate
or NW sidewall surfaces. ¢) VLS growth with increasing droplet size and continuous VS
growth filling up the tapered space.

2.3 Crystal structure of nanowires

Due to the complex energetics of the VLS growth mode, the resulting crystal
structure may vary from the commonly observed bulk structures. The typical bulk
crystal structure or III-V semiconductors is zincblende (ZB), but in NWs,
metastable wurtzite (WZ) structure is also present. [34] As NWs grown in self-
catalyzed mode grow in the [111]B direction, the ZB and WZ stacking can be
described by three different types of monolayers (MLs), most commonly labeled as
A, B and C, according to the position of Ga (or As) atoms in the lattice planes. ZB
structure consists of consecutive ABC stacking, whereas WZ consists of simpler
ABAB-stacking. Often, the ZB NW stacking is not completely phase pure. The
simplest exception from the ZB stacking is a twin plane, where the ZB stacking
rotates by 180°. This can be described by a single ML of WZ stacking as ABCBAC.
More complex and random stacking sequences are also often found in NWs, referred
to as stacking faults, whereas short sections of altering ZB/WZ stacking ate referred

to as polytypism.
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Single twin

Figure 5. The crystal structure of Ill-V semiconductors in ZB [111] and WZ [1000] directions. a)-b)
show schematics of the sequence of ZB, WZ crystal structures and c) a formation of a
single twin plane. Reproduced from [35]. d)-f) show HR-TEM micrographs of the
corresponding structures and g)-i) SEAD-patterns from similar regions. d), ), g) and h)
are from the 60 min growth duration sample, and f) and i) from the 40 min growth duration
sample in in [P1].

The NW crystal structure is commonly studied by transmission electron microscopy
(TEM). Typical imaging mode used in this work is the high-resolution transmission
electron microscopy (HR-TEM) (Figure 5. d)-e)), revealing the lattice structure. Note
that the images do not show individual atoms, but rather the resulting amplitude of
the electron wave passing through the medium being imaged. Another common
TEM imaging mode is selective area electron diffraction (SAED) which, similarly to
x-ray diffraction, shows the reciprocal of the lattice that diffracts waves passing
through it. In this case, the waves are high energy electrons instead of x-rays. The
short wavelength of electrons results in seeing multiple reciprocal lattice points in
small angle patterns. This makes distinction of crystal structures by SAED patterns
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straightforward. Typical SAED patterns of ZB, WZ, and ZB with a single twin plane
are shown in Figure 5. The twin plane mirrors the ZB pattern with respect to the

[111] zone axis.

24  Surface preparation and nucleation

Epitaxial NWs can be grown on various substrates due to the relaxed lattice
matching condition. However, the typical GaAs NW growth direction <111>B (and
for WZ NWs with hexagonal lattice structure, <1000>) determines the substrate
orientation when the goal is to grow vertical NWs. However, some work has been
done also on NW growth on (111)A surface. [31] Moreover, significant work has
been done on GaAs(111)B wafers [306], [37], but the most common wafer choice is
Si(111), as it enables various surface preparation schemes, as described in the
following. The surface supporting NW growth should have three fundamental
functionalities: offering preferential nucleation sites for NWs, suppressing planar
growth and minimizing the amount of parasitic growth between the nucleation sites.
Parasitic growth refers to random mounds, most often growing in VS mode, in areas
between the NWs, as seen as example in Figure 7. b). Furthermore, the number of
nucleation sites should be tunable to control the NW density, which affects the
growth kinetics significantly, as discussed in Section 2.2.

241 The common surface preparation methods

Silicon oxide (SiOx) layer covering the Si substrates offers several ways to fulfill the
purpose of ensuring a suitable surface for NWs growth. This is due to the fact that
Ga tends to easily diffuse on SiOy at moderate temperatures [21], while at higher
temperature, where NW growth is performed, sticking of both group III and group
V species sticking is reduced. [14], [22], [23] Both properties prevent planar growth
and parasitic nucleation between the NWs while supporting material collection to
the catalyst droplet. On the other hand, the oxide layer can be modified by several
methods to form preferential nucleation sites for NWs, as described in the following.

When a high level of control over the nucleation site density and the inter-NW
distance is required, a thermally-grown, relatively thick (~10-30 nm) oxide layer with
lithographic hole patterning can be used. [22], [23], [38]—[43] This is a common
method for studying NW growth kinetics as a function of intermediate NW distance
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[22], [23], [41], but also commonly accepted method for NWs aiming for device
applications [39].

Another common approach with less control over NW position is to form
pinholes via annealing and depositing Ga on a thin SiOx layer, which may be the
native oxide of an epi-ready substrate, chemically fabricated [44], or modified by
controlled oxidation of oxide-free substrates [45]. These processes have the practical
benefit of being simple wafer scale steps providing NW material for a multitude of
experiments and processes. The large NW ensembles allow, for example, the
utilization of standard high-resolution x-ray diffractometers, which require large
(several mm) measurement areas. However, the simplest method of using the native
oxide without any modifications lacks precise control of the nucleation time, leading
to broadening of NW length distributions. This unwanted effect can be reduced by
precise control of the oxide thickness. [44], [45] Another method to control and
reduce the nucleation time is to decouple the two roles of Ga droplets: etching the
pinholes to the oxide and nucleating the NW. This can be done by using in-situ
droplet etching procedure to prepare the oxide pinholes acting as nucleation sites,
and removing the droplets by annealing before the actual NW growth. [46], [47]

The nucleation sites may also be determined by Ga droplet epitaxy, as in the work
of Somaschini and Bietti et al. [48], [49], where NWs are grown on top of GaAs
islands mediated by droplet epitaxy. This method is closely related to the lithography-
free oxide patterning method used in this work [P1],[50]].

24.2  Droplet epitaxy mediated lithography-free oxide patterns

The NWs studied in this work are grown on lithography-free oxide patterns
mediated by droplet epitaxy. This template fabrication method was introduced by
Hakkarainen et al. in [50]. The method combines the ease of template fabrication
without lithography with precise control over the nucleation site density while

enabling growth of large NW ensembles for various characterization methods.
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Figure 6. The principle of lithography-free oxide patterns as NW templates.1. Ga droplet epitaxy on
oxide-free Si(111) substrate, 2. Droplet crystallization under As flux, 3. Oxidization in
ambient conditions, 4. Nanocrystal evaporation revealing the nucleation sites, 5. Ga pre-
deposition 6. NW growth.

As evident from the method’s name, the templates are fabricated by droplet epitaxy.
In droplet epitaxy a small amount of metal (Ga) is evaporated on an oxide-free
substrate, where it diffuses to form droplets. The droplets can be subsequently
crystallized under a group V (As) flux to form nanocrystals. The nanocrystal density
can be controlled by the substrate temperature during the Ga deposition, although
it is also weakly dependent on the Ga flux. [51], [52] The purpose of the nanocrystals
is to protect the substrate locally from oxidization to create nanopatterns for NW
nucleation. The oxidation is conducted in a fume hood in ambient conditions after
the droplet epitaxy. At this phase, the nanocrystal density is characterized by SEM,
after which the 27 Si(111) substrates are cut to six pieces offering comparable
templates for investigating the effects of changing NW growth parameters. The
method is illustrated step by step in Figure 6.

In the author’s MSc thesis [53], the nanocrystal density resulting from the droplet
epitaxy was found to exhibit significant random variations. The variations were
closely related to the root mean square (RMS) roughness of the Si surface, which
was further found to correlate with the heat treatment temperature preceding the Ga
deposition. Lower heat treatment temperature induced higher substrate RMS
roughness and denser nanocrystals. Several oxide removal methods, n-and p-type

substrates, also with thick thermally grown oxide, and lowering the substrate
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temperature between Ga deposition and crystallization under As flux were tested.
This research led to the common droplet epitaxy parameters used in this work: oxide
removal using a 10 s dip in 2.5 % hydrofluoric acid followed by 2 and 5 s rinsing in
separate beakers of de-ionized water and fast transfer into MBE vacuum. In the
MBE growth chamber the samples are annealed without As flux for 10 min at
700 °C, after which 0.091 or 0.19 nm Ga is deposited at 550-565 °C followed by
instant crystallization under As flux with a V/III BEP ratio >20 with respect to the
already shut Ga flux. These parameters enable nanocrystal densities ranging from
4-107 cm? to 2-10° cm? and diameters ranging from 20 to 111 nm. Even though,
the exact density has not been fully reproducible from template to template, 50% of
the fabricated templates exhibit a useful combination of nucleation site density and
size for different purposes. As the selected templates have offered repeatable NW
growth, and the template growth is relatively simple, the lithography-free oxide
patterning has proven itself to be an efficient template to investigate NW growth
and the resulting NW properties.

2.4.3  Nanowire nucleation and resulting yield

The NW nucleation is discussed within the framework of Ga-catalyzed GaAs NWs.
However, similar group I1I metal droplet induced nucleation occurs in other material
systems, such as Ga(As)P [54]-[56] or GaAsSb and may also be dominant in In-V
NWs, which can be grown in VLS mode or in catalyst-free VS-growth mode [56]—
[60].

The typical NW nucleation begins with the formation of Ga droplets on the
wafer surface. The Ga droplets may be formed by a separate pre-wetting step under
Ga flux, or it may occur spontaneously under the low V/III ratio used in NW
growth. After the droplet formation, the As concentration in the droplets starts to
increase until supersaturation is reached and the first NW monolayer nucleates. The
droplet formation and reaching supersaturation form a so called incubation time of
NW nucleation which can be tuned by the growth conditions [61] or by modifying
the pre-wetting procedure as in [P2]. The incubation time has also a significant effect
on the NW length distribution [62], which will be discussed in more detail in Section
3.2.

When NWs are grown on an intact native oxide or controllably-grown SiOx
surface, in addition to reaching supersaturation during the incubation time, the
droplets etch nanoscale pinholes through the oxide where the first ML nucleation

15



occurs on the bare Si surface. [63] Thus, the oxide thickness and roughness are
crucial parameters for simultaneous and effective nucleation of NWs. [44], [45], [64]—
[60] The oxide thickness also needs to be considered as it varies from batch to batch.
[46] In [46], [47] Tauchnitz et al. showed that the oxide thickness and Ga pre-
deposition (referred to as surface modification procedure) were closely related to the
pinhole size in the oxide which was further found to affect the yield of vertical NWs.

Similarly, the NW yield is related to the hole size and oxide properties when
lithographically patterned thicker oxide layers are used. However, nucleation in
lithographical patterns is made even more complicated by a thin oxide often covering
the holes fabricated in the thick thermal oxide. [38], [42], [67]-[69] The effect of
oxide thickness and hole size are related to the Ga wetting, which determines the
manner of nucleation of the first MLs. If the first nucleation event occurs under
non-preferential wetting condition determined by the contact angle of the droplet
and the substrate or oxide surface, two effects may take place yielding tilted NWs
and parasitic growth expanding on the SiOx surface. The first is three-dimensional
multiple order twinning which mainly induces tilted NWs, whereas nucleation at
multiple locations within the same droplet induces parasitic growth, as fitting the
crystal structure of the multiple nuclei yields complex twinning instead of controlled
vertical growth. [63], [70], [71]

In NW templates fabricated by the lithography-free oxide patterning, the
nanocrystals protect the nucleation sites from oxidation, thus diminishing the need
of the droplets to etch pinholes through the oxide during the incubation time
preceding the nucleation of the first ML. In our initial work on NW growth [50], a
60 s Ga wetting was used to form the Ga-catalyst droplets for the NW growth. The
same wetting has been used as such for [P1], and with 40 s duration in [P4]. In [P1],
the NW incubation time was found to be 68 s after opening the As needle valve.
However, the target to narrow down the NW length distribution for [P2], created a
need to investigate the effect of reducing the wetting time. The aim was to form
smaller droplets with narrower absolute size distribution, and thus exhibiting
simultaneous nucleation. Simultaneously, the incubation time was expected to be
reduced as smaller absolute amount of As would be needed to supersaturate the
smaller droplets. A template with small nanocrystal diameter of 34 nm was selected
to test Ga wetting times of 0, 1, 2 and 60 s, and a separate Ga re-evaporation step.
In the Ga re-evaporation method, Ga droplets are formed in a 60 s pre-wetting step
similarly to the regular growth procedure and then removed by annealing for 10 min
in 655-660 °C. The annealing is followed by NW nucleation with simultaneous
opening of Ga and As fluxes. The purpose of the pre-wetting combined with the re-
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evaporation resembles the common scheme of etching pinholes in the native oxide
layer, to reveal the oxide- free Si surface to support fast epitaxial nucleation. The
shorter pre-wetting times were found to induce significantly enhanced NW
nucleation yield compared to the 60 s wetting. The yield of NWs is determined by
the ratio of vertical NWs with respect to all nucleation present on the wafer. The
yield was further improved by the re-evaporation procedure as shown in Figure 7.
Thus, the re-evaporation procedure was used in the NW growths throughout the
gro)wths conducted for [P2] and [P3].
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Figure 7. The effect of wetting time on the yield of successful NWs on a template with 34 nm
nanocrystals a). Regular growth refers to pre-wetting for 0, 1, 2 and 60 s without re-
evaporation. In b) top-view SEM images of the sample with 60 s pre-wetting and in ¢) with
the re-evaporation step. The scale bars are 1 um.

However, as the number of available NW samples for collective yield analysis
increased to 140 samples during the growths for [P3], it was found that the yield of
NWs following the re-evaporation was not completely reproducible. The yield of
vertical NWs is plotted as a function of nanocrystal diameter in samples with regular
pre-wetting of 60 or 40s in Figure 8. a) and in samples with re-evaporation
procedure in Figure 8. b). In both cases, the maximum NW yield increases with
smaller template nanocrystal size but below 35 nm the reproducibility starts to
decrease. The yield is also found to be relatively independent of several variables,
such as presence of doping during NW growth, using experimental GaSb
nanocrystals instead of GaAs, low temperature crystallization during DE, or the
MBE reactor used. The low-yield sample with 60 s Ga pre-wetting in Figure 7. a) is
shown as a random variation of the lowest yield sample in Figure 8. a), thus
diminishing the 60 s wetting results of the yield test in Figure 7. a). Following these
observations, majority of the samples in [P4] were grown using a 40 s pre-wetting
without the re-evaporation procedure.
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Figure 8. The yield of NW nucleation as a function of nanocrystal diameter for regular pre-wetting
procedure a) and pre-wetting and re-evaporation procedure b). In a) MBE2, doped and
Asq refer to the NW growth in another MBE reactor, under the influence of dopants and
using Ass instead of typically used Asz species, whereas GaSb-DE, LT-DE and LT-DE,
MBES3 refer to template fabricated by GaSb nanocrystals, low temperature crystallization
of the droplets and low temperature crystallization in a third MBE reactor, respectively. In
b) Bi-surfactant refers to introducing Bi as a surfactant during the NW growth.

As discussed in this section, mainly summarizing unpublished results, a significant
amount of optimization needs to be done so that all is not lost in terms of successful
NW growth even before the NWs growth is initiated. The following sections will
focus on the NW growth itself, often concluding that the NW growth is stable and
repeatable, almost easy. Thus, the importance of surface preparation for achieving

successful NW growth cannot be stressed enough.
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3 THE DROPLET — CONTROLLING GROWTH
FROM SINGLE NANOWIRE TO ENSEMBLES

Since the first demonstration of Si whiskers in 1964 [18], the role of catalyst droplet
in the VLS growth mode has been known to be crucial for NW growth. This has led
to describing the NW growth via detailed models that focus on the droplet behavior.
The models guide the growers, while also providing explanations to the various
effects that growers have come across in their experiments. The NW growth is
described in this chapter by relying on the models found in literature and used in
[P1]-[P3]. Section 3.1. introduces the most common models used to describe the
NW growth, Section 3.2. shows how they can be applied to explain the NW crystal
structure relying mainly on the results of [P1], whereas in Section 3.3. the NW length
distributions are discussed based on [P2]. Section 3.4. shows how this understanding
can be utilized to control the NW geometry beyond 1D approach by controllably
switching the NW growth direction as in [P3].

3.1 The growth models

The first models concerning NW growth were focused around the metastable WZ
phase found in Au-catalyzed I1I-V NWs. The very first approaches considered the
bulk and surface energies of the atomic bonds in already grown NW concluding that
extremely thin NWs (5-20 nm in diameter) should be more stable in the WZ crystal
structure, even in materials predominantly seen in the ZB phase. [72], [73] However,
as NW growth is a kinetic process, the model should also be kinetic and describe the
nucleation energetics instead of the energetics of the final structure. Glas et al.
published pioneering work describing Au-catalyzed GaAs NW growth with a kinetic
approach in 2007 [34]. This work will be described in the following to give an idea
of the energetic parameters affecting the NW growth, as these are the very same
parameters in terms of which the results of [P1]-[P5] will be discussed. Other
noteworthy publications that describe the “macroscopic” parameters of the NW
growth, such as vertical and radial growth rate, continuity of the growth and
preferential faceting of the NWs, can be found in [24], [32], [74]-[76]. Moreover,

19



models based on describing individual nucleation events can be found in [77]—[81].

Finally, a more comprehensive description of nucleation theory is provided by
Dubrovskii in [82].
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Figure 9. The schematics of a mononuclear nucleation event in a VLS NW describing a) nucleation
away from the TPL and b) at the TPL. The symbols are described in the main text.
Reproduced with permission from: F. Glas, J.-C. Harmand, and G. Patriarche, “Why Does
Wurtzite Form in Nanowires of |1I-V Zinc Blende Semiconductors?” Phys. Rev. Lett., vol.
99, no. 14, p. 146101, 2007, Copyright 2007 American Physical Society [34].
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In [34], a critical, and later validated assumption, was mononuclear growth, where
NW grows a ML at a time with only a single nucleus initiating the ML. growth. The
change in free enthalpy AG of the system during formation of a nucleus of area A4,
perimeter P and having a ML height h is desctibed in terms of the chemical potential
difference of a GaAs pair in liquid and in solid phase Au, and the surface energies of
lateral-liquid interface y;;, substrate-liquid yg;, substrate-nucleus Yy, nucleus-liquid
YnL, and lateral-vapor Yy, with substrate being the top facet of the NW. This
consideration gives AG for nucleation away from the triple phase line (TPL), where

the NW top facet, droplet and vapor phase meet (Figure 9. a)):
AG = —AhAp + Phyy, + A(Ywi, = Vs + Vsn)- @

When considering nucleation on the TPL as in Figure 9. b), the fraction of nucleus
perimeter in nucleus-vapor interface @ and droplet contact angle ff will affect the
change in the size of liquid-vapor interface and the free enthalpy becomes:

AG(a) = —AhAp + Ph[(1 — @)y, + a(yiw — tvip)] + Avsy), 2)

where T = sin f.
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This gives difference in formation enthalpies away AG (0) and at the TPL AG (@):

AG(a) — AG(0) = aPh(yy — Vi — TViv)- ©)

Since, a, P and h are positive, Eq. 3 gives a simple condition for nucleation to be
preferable at the TPL:

Yw —Yu — Ywsinp <0. “4)

In [34], equation (4) and computational surface energies for MBE conditions under
As-rich conditions from [83] showed that GaAs NWs preferentially grow in WZ
structure even in self-catalyzed growth. However, as there was only little
experimental data available for ZB NWs, they were considered to have {111}-type
sawtooth side facets, instead of the vertical {110} side facets typically witnessed in
self-catalyzed GaAs NWs. Nevertheless, this model still gives valid base for
evaluating the NW crystal structure and is used as basis for qualitative understanding
the NW crystal structure throughout Section 3.2.

One significant effect not included in the model presented above, is truncation
of the growth front. This effect was found by in-situ TEM growth which is used to
visualize the growth and crystal structure formation of NWs by recording NW
growth with sub-ML precision. These growth experiments were first conducted in
other material systems, such as Si and sapphire [84]—[86] followed by Au-catalyzed
[76], [87]—[89] and finally self-catalyzed GaAs [33]. The volume of the truncated
corner oscillates periodically during the growth, as illustrated in Figure 10. a). [84]—
[86] The presence of oscillating truncated volume has two significant implications to
ML nucleation in self-catalyzed NWs discussed in the Sections 3.2.1 and 3.3.1,
respectively:

1. The monolayer nucleation begins inside the droplet, on liquid-solid interface.
2. The monolayer nucleation events are temporally anticorrelated.

The first implication, has the effect given in the Glas’ model described above [34],
L.e. the self-catalyzed GaAs NWs grow predominantly in ZB structure. The effect of
implication 2. is more complex. The supersaturation cycle and nucleation probability
as a function of time is illustrated in Figure 10. b) and c), respectively. The ML
nucleation cycle starts with truncated volume slowly filling up as the supersaturation
in the droplet increases. This represents the increasing chemical potential in Figure
10. b). Simultaneously, the probability of nucleation starts to increase as shown in
Figure 10. c). The actual ML nucleation event that follows the droplet filling is quasi-

instantaneous compared to the filling time. During the ML nucleation, the truncation
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returns to the original state. [33], [84] This creates a temporal anticorrelation creating
a self-regulated growth regime discussed in [P2] and Section 3.3.1.
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Figure 10. In-situ TEM growth of Au-catalyzed Ge NW under the influence of truncation a). The cyclic
temporal evolution of supersaturation (red curve) and hypothetical supersaturation (blue
dashed line) with Ap=0 until the filling the truncated volume are shown in b). The time
dependence of ML nucleation probability is shown in ¢). [84] Adapted and reprinted with
permission from A. D. Gamalski et al., “Cyclic Supersaturation and Triple Phase Boundary
Dynamics in Germanium Nanowire Growth,” J. Phys. Chem. C, vol. 115, no. 11, pp. 4413-
4417, 2011. Copyright 2011 American Chemical Society [84].

3.2  Crystal structure

The crystal structure of the self-catalyzed GaAs NWs is predominantly ZB [90],
whereas Au-catalyzed GaAs NWs often exhibit hexagonal WZ structure [34].
However, in the pure ZB NWs, stacking faults and rotational twin planes, which can
be described as single MLs of WZ, are often present, evidenced also in [P1]. As
discussed in Section 3.1, the crystal structure of a nucleating ML is determined by
the location of the initial nucleus of the ML. If the nucleus is inside the droplet, ML
is ZB, and if the nucleation occurs on TPL, the ML is WZ. [34] This has been
commonly accepted as a general guideline by the NW growers and models even
before the final confirmation by various in-situ TEM studies. [33], [76], [87], [88]
The starting point of ML nucleation is further controlled by two interlinked
parameters, which are accessible by the NW growth conditions, namely the droplet
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contact angle and the surface energetics. These are the same parameters that control
the presence of truncation. [33], [76], [79] The crystal structure of self-catalyzed NWs
is investigated from the viewpoint of the contact angle in [P1] (Section 3.2.1),
whereas the effects of surface energetics under the influence of Te and Be dopants
and Sb incorporation are discussed in [P4] and [P5] (Sections 3.2.2, 3.2.3 and 3.2.4,
respectively).

3.2.1  GaAs nanowires, effects of contact angle and supersaturation

In [P1], the evolution of the crystal structure was studied in a NW growth time series.
The following discussion of these samples demonstrates the applicability of VLS
growth models on the self-catalyzed NW growth and give a practical approach on
the physical phenomena and quantities behind the self-catalyzed VLS growth.
Samples with 60, 40, 20 and 5 min growth duration (samples NW1-NW4,
respectively) were grown using Ga flux corresponding to 0.3 pm/h growth rate on
GaAs(100) surface, a 60 s Ga pre-wetting, V/III BEP ratio of 9, and growth
temperature 640 °C. The droplets were crystallized in samples NW2-NW4 grown
for 5-40 min by exposing them to As flux during cooldown from the growth
temperature, whereas the droplets in sample NW1 grown for 60 min were preserved
by closing the As needle valve during the rapid cooldown (45 °C/min).

The HR-TEM analysis in Figure 11. shows the resulting crystal structure
throughout a NW from sample NW1. Figure 12. shows the effect of droplet
crystallization of a NW from sample NW2. In both cases, the NW bottom exhibits
polytypism and stacking faults followed by up to 2 um long twin-free sections with
increasing but still sparse twinning towards the NW tip. In NW1 a short, few nm
long, WZ section is found just below the droplet. Figure 12. reveals that during the
droplet crystallization a short section with stacking faults followed by 150 nm long
section of pure WZ ending with 20 nm of pure ZB is formed.
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Figure 11. HR-TEM analysis of a NW from sample NW1 with preserved Ga droplet. Low
magnification image is shown in a), and SAED patterns from the bottom, middle and top
partin b), d) and e), respectively. HR-micrograph from the NW bottom is shown in c). [P1]

The polytypism in the bottom part of the NW was assigned to the relatively long Ga
pre-deposition time creating large droplets which take relatively long time to achieve
stable growth. [P1] However, during the HR-TEM analysis of NWs for [P3], similar
polytypic section was found in the bottom of the NWs even though the re-
evaporation procedure was used. Thus, the large pre-wetted droplets are not the
cause for the polytypic section, but rather general instability during the first minute(s)
of the growth. The droplet has not yet reached the steady-state conditions of As
concentration and contact angle during this transient time. Thus, pinpointing a single
reason for the polytypic section in NW bottom is challenging.

After the polytypic section in the bottom of the NWs, the droplet stabilizes, and
NW growth continues in steady-state conditions. Thus, the crystal structure becomes
completely predictable by the contact angle. As a basis for this discussion, the surface
energies of different NW morphologies and crystal structures are compared to
vertical {110} sidewall surface energies of a ZB NW, shown in Figure 13. a). The
droplet contact angle is the parameter which determines the favorable NW
morphology and crystal structure. [33] At this point it should be noted, that the
models and in-situ TEM give information in terms of the contact angle during the
NW growth, whereas only post-growth contact angle is accessible for NWs grown
in regular MBE. The post-growth contact angle is affected by nucleation with
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residual As, and possibly by other effects, such as material evaporation. Furthermore,
reliable determination of the contact angle, even from high-quality SEM images, is
rather unreliable, as illustrated in Figure 13. Thus, the discussion relies on the
evolution of the contact angle, rather than its absolute values. However, the rough
value of post-growth contact angle is usable parameter to validate assumptions of
NW growth and can be used to compare different samples of a growth series, as
done in [P4] (Sections 3.2.2 and 3.2.4.).

In the early stages of growth, the NW is still thin, which supports large contact
angle. As seen in Figure 13. large contact angles support ZB growth with widening
sidewall geometry. This is exactly the case in our NWs, where the NW diameter
grows constantly. This results in the long pure ZB section. Eventually, the droplet
swelling lags the diameter growth and contact angle decreases toward the transition
to WZ phase. In [33] this was found to reduce the amount of truncated growth front
corners, which slowly starts to increase the twinning probability. However, our NWs
are not tapered due to finite radial growth as shown in Figure 4. and the radial growth

is eventually terminated by shadowing effects, as discussed in Section 3.3.1.

(a) ; )

_ 500 nm

Figure 12. HR-TEM analysis of a NW from sample NW2 with crystallized Ga droplet. Low
magnification image is shown in a) and SAED patterns and HR-micrographs from the
marked areas 1 and 2 in b)-e), respectively. [P1]

The crystal structure of the NW section formed during the droplet crystallization is
also well described by the changes in the contact angle. First, the polytypic section
forms when the contact angle decreases very close to the critical angle of WZ
formation (125° in Figure 13. a)). When the critical angle is reached, the 150 nm long
WZ section begins to grow. As the droplet is consumed, and the contact angle
further decreases, a limit for ZB growth with narrowing side facets is reached, as
witnessed by the narrowing of the ZB tip of the NW in Figure 12. e).
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Figure 13. In a) the effect of contact angle on the NW crystal structure, shape of the facets and

truncated growth is described in terms of the surface energy difference with respect to
vertical ZB {110} side facets, as presented in [33]. The solid lines represent the energy of
vertical WZ {1-100} and ZB {110} side facets. The black stars mark the transition contact
angle to different growth regime. Starting from small contact angles, the narrowing ZB
structure has lowest surface energy, making this the favorable NW morphology. As the
contact angle increases to 100° change to vertical WZ {1-100} sidewall morphology
occurs, followed by a brief section where truncated growth front with vertical ZB {110}
sidewalls are favored from 125° to 127°. After this, truncation remains favorable, but with
widening side facets which yield in inversely tapered NW morphology. Reprinted with
permission from F. Panciera et al., “Phase Selection in Self-catalyzed GaAs Nanowires,”
Nano Lett., vol. 20, no. 3, pp. 1669-1675, Mar. 2020. Copyright 2020 American Chemical
Society. [33] b) describes the difficulty of visual estimation of the post-growth droplet
contact angle in SEM images of the droplet-NW interface. The NW is from the Te-doped
sample used in [8].

In [P1], the GaAs NW crystal structure was studied in addition to HR-TEM by
complementary methods, HR-XRD and micro-photoluminescence (u-PL). It was
shown that HR-XRD can be used to investigate the crystal structure of large NW
ensembles collectively and that reciprocal space maps (RSMs) can be utilized to
determine the lattice constant of the NWs with high precision. HR-XRD became an
important tool used later in [P4] to analyze the Sb composition and crystal structure
of GaAsSb NWs. u-PL, on the other hand, enabled to correlate the NW crystal
structure with its emission properties via indirect localized transitions at sections
with stacking faults and polytypism.
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3.2.2  Tellurium dopant as a surfactant — twinning superlattices

We have earlier shown that high Te dopant fluxes were shown to induce NW
structure consisting of twinning superlattice with a sawtooth {111} sidewall faceting.
[37] These NWs were grown on (111)B GaAs substrate, under conditions differing
significantly for the ones used in growth on Si. However, the same effect was
witnessed in NWs grown on Siin [8]. In [P4], the effect of As species on NW growth
was investigated with one approach focusing on effects of Te dopant. The presence
of Te was found to induce similar twinning superlattices as in [37] irrespective of
selection of As species, As/Ga flux ratio and growth temperature as revealed by the
HR-TEM analysis in Figure 14. Simultaneously, the NW sidewalls were found to
consist of {111} facets [37]. This is caused by Te surfactant effect, which reduces
the surface energy of {111} facets below the energy of regular vertical (or widening)
{110} sidewalls shown in Figure 13.

Figure 14. HR-TEM analysis of Te-doped NWs grown by Asz in a), with As4 in b)-d). NWs in ¢)-d) are
grown with low As/Ga flux ratio of 2.3 and in d) the growth temperature is reduced to 620°.
Reprinted from [P4].
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The droplet contact angle is found to remain unmodified by the presence of Te in
[P4] indicating that the increased probability of twin nucleation at TPL is not caused
by a simple change in the contact angle. However, Te might increase the probability
of TPL nucleation, as the sidewall configuration changes to {111} configuration.

A similar twinning superlattice has been found in other material systems [91],
[92], and later explained by a detailed model for self-catalyzed doped GaAs NW's
[93]. In all cases, the presence of the superlattice is explained by the nonvertical
sidewalls. The nonparallel sidewalls reshape the droplet-NW interface towards a
triangular shape while the NW grows. This distorts the shape of the droplet which
increases its surface energy until a twin plane reverses the reshaping of the droplet-
NW interface. The direct implication of this growth mode is that the twinning in Te
doped NWs cannot be avoided unless a way is found to tune the sidewall surface
energetics so that the regular vertical {110} sidewalls become energetically favorable.
In Section 3.2.4, Sb is shown to have the opposite effect offering a possible pathway
towards twin-free Te-doped NWs. [94]

3.2.3  Beryllium dopant — Reducing supersaturation and twinning

The growth and characterization of Be-doped NWs grown during the course of this
thesis is described with details in [P5] and summarized in Sections 4.1.1 and 4.1.2.
Be was found to reduce the amount of twinning in the upper parts of the NWs, and
in high concentrations also shorten the polytypic sections in the eatly and final stages
of growth, as shown in Figure 15. Simultaneously, the dimensions and droplet
contact angle of the Be-doped NWs is comparable to the undoped reference. To
suppress twinning or polytypic layer formation by TPL nucleation Be must affect
the interface energies according to Eq. 4. The change may be increase of the lateral
nucleus-vapor energy ¥y, or decrease of the lateral nucleus-liquid y;; or liquid-
vapor Yy energies.

In [95], the presence of Be in the droplet was found to destabilize the droplet and
reshape the droplet-NW interface similarly to annealing done in [P3]. This strongly
implies that the supersaturation in the droplet is reduced by Be. Decreased
supersaturation further implies that the liquid-NW surface energies, including y;;,
are reduced which supports nucleation away from the TPL yielding a phase pure,
almost twin-free ZB NWs.
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a) Undoped

Figure 15. HR-TEM analysis of undoped, and Be doped NWs from [P5]. The nominal Be
concentrations of NWs Be1 and Be2 are 2-10'8 cm and 2-10'° cm3, respectively. The
scale bars in a), €) and i) are 1 um. [P5]

3.24  Antimonide-based ternaries — Complete suppression of twinning

GaAsSb NWs were investigated in [P4]. The growth, characterization methods and
compositional and dimensional analysis are summarized in Section 4.2.1. Similarly to
Be, Sb was found to reduce twinning, but up to the point where the ZB GaAsSb
NWs are completely untwinned. This is witnessed in Figure 16. revealing a TEM
analysis of a single NW from sample GaAsSb9 (see Table 1. on page 51 for details
of the sample). The graph in Figure 16. d) shows the twinning ratio of the GaAsSb
NWs as a function of relative Sb flux. The twinning ratio is determined by HR-XRD
analysis described in Section 4.2.1. The twinning approaches zero already at relative
Sb flux of 20 % from the total group V flux and is independent on the As species
used in the NW growth.
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Figure 16. STEM a) and HR-TEM b) micrographs and a SAED pattern c) of a GaAsSb NW from
sample GaAsSbh9. The sample was grown using Ass under relative Sb flux of 57% at
temperature of 640 °C. d) shows the twinning ratio of the GaAsSb NWs with respect to the
relative Sb flux and is determined by HR-XRD (220)-phi scans. See Section 4.2.1. for
details on the NW sample and HR-XRD phi-scans. Adapted from [P4].

The reduction of twinning in GaAsSb NWs is explained by modified energetics of
the VLS system. [P4] The contact angle of the GaAsSb NWs decreases with Sb flux
(Figure 31.) below values which in GaAs NWs should result in significant twinning
and even pure WZ growth according to [33]. Thus, the reason for lack of twinning
must be the reduced supersaturation in the droplet, as described in detail in [29].

However, the energetics do not fully explain the lack of twinning in GaAsSb
NWs, as some of them grow fully or partially in VS mode (Figure 30. ). The VS
grown NWs exhibit complex faceting with three-fold rotational symmetry of the
NW tip. A 180° rotational twin would thus reform the NW growth front completely,
which is a large deviation to a stable growth.
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Once more, the simple energetic model described in Section 3.2.1 [34] combined
with qualitative considerations based on SEM analysis has explained an interesting
effect in NW crystal structure. The phase purity and lack of twinning in GaAsSb
NWs implicates that similar effect could be achieved in other material systems by
modifying the energetics of the VLS system with a suitable surfactant.

3.3 Dimensional control

The requirement for dimensional control of NWs is driven by the photonic
waveguiding properties of the NWs, i.e. identical NWs have identical properties
which can be controllably tuned by the NW dimensions. Simultaneously, the various
incorporation pathways for dopants and ternary elements discussed in Chapter 4
may lead into compositional variations unless the axial and radial growth are not
controlled.

3.3.1  Narrowing the length distribution

Inspired by the narrow NW length distribution observed in [P1], investigations were
initiated to narrow down the NW length distribution further and to identify the
mechanisms which broaden the distributions. Yet another growth duration series of
3, 6, 20, 40, 50 and 80 min was fabricated. The growth conditions followed the
standard established in [P1] but the re-evaporation step introduced in Section 2.4.3
was utilized, and all the droplets were preserved. NW densities were 0.7-1.5-108 cm2.
SEM images of the resulting NW ensembles and data of the evolving dimensions
are shown in Figure 17. The length distributions are found to be remarkably narrow
already in the SEM images. Simultaneously, the NW length data shows that the
growth is linear. Note also saturation of the radial growth witnessed in the 80 min
sample in Figure 17. g).
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Figure 17. SEM images of samples grown for 3, 6, 20, 40, 50 and 80 min in a)-f), respectively. All
images have the same scale bar of 1 um. The time dependent dimensions in g) and the
measured length histograms in h). Adapted from [P2)].

During continuous growth, the NW length distribution is expected to slowly
broaden. In NWs growing from directly impinging fluxes without any nucleation
delays or secondary nucleation, the length distribution is expected to follow the
Gaussian Green’s function due to kinetic fluctuations [77], [96]:

1 (L—(L)?
e ©)

where L is the NW length, (L) is the mean length, and
oZ = h(L) ©)

is the Poisson variance. Here h is the ML height in the NW growth direction and
for <111> ZB GaAs, h = 0.326 nm. However, due to the low As concentration of
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only few percent in the droplet [24], and truncation [33], the ML nucleation events
are temporally anticorrelated because each nucleation event temporarily fills the
truncation and depletes the droplet from As species. Similar temporal anticorrelation
has been shown to induce sub-Poissonian nucleation statistics within a single NW.
[78] In [P2], it was shown how this temporal anticorrelation saturates the length
distribution of a NW ensemble to a constant value after ~6 min of NW growth. The
saturated length distribution variance was estimated to be negligibly small based on
the measured values of contact angle (133°) and NW radius of 25.5 nm after 5 min
growth. Comparing to the growth model in Figure 13. a), our NWs grow in the
region of highest contact angle with truncated growth front and widening sidewall
configuration. However, after 50 min of growth, the radial growth suppresses, and
the narrow window of ZB growth with truncated growth front and vertical sidewalls
is reached. This can be caused by the fact that the amount of Ga required to increase
the diameter of long and thick NW becomes constantly larger, when the NW grows,
and thus the amount of available Ga starts to limit the radial growth. [23]

In [P2], the length distributions were found to be extremely narrow with only
367 nm? variance after 40 min growth, when the Poisson variance is 808 nm?2. In
comparison, in [P1] the corresponding values after 60 min growth were 1024 nm?
and 1406 nm?. However, as seen in Figure 17. and Figure 18. some broadening
mechanisms still affects the length distribution in the early stages of the NW growth
and after ~50 min growth. The broadening mechanisms were identified as initial
nucleation randomness and shadowing. They were added up into a single model with
the stationary regime, resulting in the “Model fit” for the experimental length
distribution variances shown in Figure 18.
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Figure 18. Measured variance of the length distributions in [P2] compared to the fitted model,
Poissonian variance and combined Poissonian broadening and shadowing effect.
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The NW length distribution sums up into variance
—(L) (L) I
02=a*2<1—e /L*>+hL0(e /g — 1 = )/L())’ 7

where the first term describes the nucleation randomness and the second term the
shadowing effect. 2 is the saturation variance of the initial nucleation randomness
at the characteristic saturation length L,, Lycharacteristic length of shadowing, (L)
is the mean NW length, and h is the ML height in NW growth direction. Values for
02, L, and Ly were found to be 250 nm?, 200 nm and 6000 nm, respectively. The
shadowing length is large compared to the geometrical shadowing, which initiates
already at 1000 nm long NWs with the average inter-NW distance of 550 nm and
flux angle of 35°. However, the random nature of nearest neighbor statistic resulting
from the template affects how each NW experiences the shadowing. Also the re-
emission of group V species from NW sidewalls and substrate, and the re-emission
of group III species from the substrate make the shadowing effect much more
complex than the simple geometrical shadowing from the nearest NWs. Thus, it
should be investigated in more detail in symmetric NW arrays as in [23].

The broadening of the length distribution can be suppressed either by focusing
on the random nucleation or the shadowing. Significant progress was done to
shorten the incubation time from [P1] to [P2] by introducing the re-evaporation step
and nucleating the NWs without a Ga wetting. However, in [97] Bastiman et al.
showed that the NW incubation time is almost independent of the Ga pre-wetting
time and that it can be reduced by lower growth temperature and higher group V
partial pressure. This forms a clear path towards faster nucleation and likely towards
more simultaneous nucleation. The shadowing effect, on the other hand, is
straightforward to be reduced or postponed by growing sparser NWs. The opposite
effect can be demonstrated by investigating an additional dense NW sample
(7.1-108cm2). The length distribution broadening can be visually seen from the SEM
image in Figure 19. The variance of the 5925 nm long NWs is 3546 nm?2, which is
clearly higher than the Poissonian variance of 1931 nm?. Unfortunately, the droplets
in this sample are crystallized during cooldown, which has some unknown
contribution to the length distribution. Furthermore, significantly shorter NWs are
seen in the image, implying that the shadowing may have almost completely
suppressed their growth when the Ga flux reaching them is prevented by the
surrounding NWs. The shorter NW population is not taken into account in the

vatiance.
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Figure 19. Side-view images of NWs high density of 7.1-108cm2 demonstrating the broadening length
distribution in dense NW arrays.

Since the publication of [P2], similar results have been obtained by the combination
of Ga wetting and annealing in [47]. Narrow length distributions had been
demonstrated also by other methods [44], [45]. The results presented above, and the
fact that nucleation antibunching results from stable growth in self-catalyzed GaAs
NWs, suggest that negligible broadening of length distributions is a common effect
and achievable with broad range of growth parameters. Thus, it is the simultaneous
nucleation which makes the NWs grown within this work unique. Therefore, after
understanding the details of NW growth mechanism, it can be concluded that the
template preparation and suitable initial nucleation conditions have yielded the main
results concerning length distributions in [P1] and [P2].

3.3.2  Therole of As species

During writing of [P1]-[P3], discussions in various events with NW grower
community led to understanding that there is a consensus that using Ass is beneficial
for self-catalyzed NW growth. While the vast majority of reports on self-catalyzed
NW growth are done using As4, no real comparison of growth with Asz and Ass was
found in literature. However, a single report recommended using Ass to achieve
longer and thinner Au-catalyzed NWs [98].

To investigate the effect of As species, a series of samples with atomic V/III
ratios of 2.3, 3 and 3.7 (corresponding to BEP-ratios of 7, 9 and 11 for Asp) was
grown with both As species. The established 0.3 pm/h Ga growth rate was used for
all samples. All samples were grown on the same high-density template yielding NW
densities around 2:10% cm2. The resulting NWs are shown in Figure 20. The visual
inspection tells that As4 induces longer and thinner NWs. This is further confirmed
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in the dimensional analysis provided in Figure 21. The effect of As species is
evidently significant, as the NWs grown by Ass are longer and thinner.
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Figure 20. Comparison of GaAs NWs grown with different As species and V/II ratios. All scale bars
are 1 um. [P4]

The higher axial growth rate of NWs grown with Ass was found to be a result of the
incorporation mechanism of As from different species. Ass has lower sticking
coefficient on GaAs surface due to its incorporation mechanism. Ass-molecule first
dissociates into dimers upon chemisorption, which is followed by desorption or
diffusion of the second dimer. [14], [99] Since As re-evaporation is known to be a
major source of As into the droplet [30], the higher growth rate is direct consequence
of higher local V/III ratio at the droplet. Simultaneously, lower sticking of Ass on
GaAs(110) surfaces suppresses the radial growth effectively and allows Ga on the
sidewalls to diffuse to the droplet.
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Figure 21. The dimensions of samples GaAs1-GaAs6. The different top and bottom diameters
indicate inverse tapering. Adapted from [P4].

The longer and thinner NWs formed by growth with Ass supports the general
understanding that NWs would be “easier” to grow using Ass-species, even though
no effect on the actual yield of successful NWs was found. Moreover, the selection
of As species offers a tool to independently adjust the vertical and radial growth rate
which can be used to tune incorporation of ternary elements, as discussed in Section
4.2.

The NW growth could also be conducted using various intermediate cracker
temperatures where a mixture of both As species is present. The transition between
Asy and As is a continuous function of the cracker temperature. Thus, the broad
cracker temperature range should give adequate control for precise tuning of the

Asp-fraction.

34  Beyond 1D — Switching the growth direction

Switching the NW growth direction has been proven to be a useful tool in fabrication
of nanocrosses. [100] They can be further utilized in low dimensional quantum
devices. [101] Extreme control of the Ga droplet and droplet-NW interface
reshaping is required to form this kind of bent nanostructures.This was
demonstrated in [P3] discussed in this section. The importance of these results does
not lie solely in these particular structures but in the generalizable methodology and
detailed understanding of the phenomena behind it.
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3.4.1  Modifying the droplet-nanowire interface

Precise understanding and identification of truncated facets was the first step in
controlling the growth direction switching mechanism used to form the bent NWs
in [P3]. Droplets dropping towards NW sidewall were observed close to the growth
edge of the 20 min grown sample in [P2]. The sample edge is close to the sample
holder with large thermal capacity, and thus the droplet dropping was considered a
thermal effect. In order to test this theory, a NW sample with 20 min growth

duration was grown but a 45 s annealing at the 640 °C growth temperature without

any fluxes was added prior to the regular rapid cooldown of 45 °C/min. This
annealing yielded 100% of the Ga droplets tilting towards one of the {110} side
facets as witnessed in Figure 22.
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Figure 22. SEM images of 20 min grown NWs without (a) and with (b) post-growth annealing.

To understand this facet reformation, HR-TEM analysis was conducted. The
observations are compiled in Figure 23. The NW top-facet was found to be
truncated from two of the corners between top-facet and {112} corners of the
sidewalls. Three low index facets in addition to the original top facet were identified:
wetted {111} A and {100} facets which support the droplet, and a {111}B facet at
the NW sidewall. In addition, multiple smaller higher index facets were found as
seen in Figure 23. Furthermore, a vast amount of SEM analysis was conducted on
annealed NWs with droplets removed by HCI etching (10% HCI in IPA for 30 s
with stirring) to perceive the shape of the NW tip. Simultaneously, it was statistically
confirmed that the wetted {111} A and {100} facets are present in all the NWs, and

are not just different structures.
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Figure 23. HR-TEM analysis and illustration of the reshaped NW top. All facet indices are marked to
represent one exemplary NWs, but the threefold symmetry would justify also two different
set of indices. (a)-(c) show three different NWs from different viewpoint to the droplet-NW
interface. (d) shows a SEM image of a NW with droplet etched away using HCI. Numerous
images were taken with different imaging settings and detectors to form a comprehensive
understanding of the shape of the NW top. Part of these images are shown also in the
supporting information of [P3]. (e)-(h) show a schematic illustration of the NW top
structure.

The multitude of facets was explained via a kinetic model in [P3]. During the
annealing, As depletes from the droplet by a certain rate and the chemical potential
difference Ap per GaAs pair in liquid and solid GaAs approaches to quasi-
equilibrium Ap = 0. This process was found to take roughly 60 s for NWs with 50
nm radius. At this state, both wetted facets, {111} A and {100} are energetically
favorable. When the horizontal growth is initiated, the dimensional ratio of these
facets determines the type of the growing structure as discussed in Section 3.4.2. It
should also be noted that the analysis of the reshaped droplet-NW interface was
conducted in post-growth conditions, and the structure at the end of the annealing
may be significantly different. According to the model, the {111}A facets form
slower than the {100} facet, and thus the resumed growth primarily occurs on
{111} A facet after long annealing times. The equalizing of the sizes of the {111} A
and {100} facets seen in post-growth analysis may have partly taken place during the
cooldown. This is why we need the model to give further insights on the process.
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3.4.2  Nucleating horizontal growth

Following the annealing described in the Section 3.4.1, horizontal growth on the
reshaped droplet-NW interface was nucleated by simultaneous opening of Ga and
As. The same 0.3 pm/h Ga impingement rate was used also in the horizontal growth.
This resulted in two main structure types differentiated by fundamentally different
nucleation mechanism. Type 1 structure is analyzed by SEM and HR-TEM in Figure
24. and type 2 structure in Figure 25.

{111)B

(111)A

Figure 24. SEM image of Type 1 structure (a) showing the horizontal growth after 5 min. The TEM-
analysis is done after 10 min horizontal growth showing a pure ZB structure with a single
twin extending along the horizontal growth direction (b). Two different growth front
configurations of the horizontal growth are shown in (c) and (d). Both have {111} Aand B
facets next to the twin, as shown in the inset of (c). Note the periodical structuring on the
top of the horizontal growth best visible in top-view inset in (a) and in (d). Adapted from
[P3].

The Type 1 growth initiates on the {111} A facet identified in Figure 23. When the

horizontal growth nucleates, a twin plane is formed, most likely by TPL nucleation

on the small contact angle edge of the dropped droplet. The twin plane nucleation
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creates a {111}B facet, which opposes the {111}A facet formed during the
annealing. The twin plane pins the droplet to a stable position between the {111} A
and {111} B facets.

As with Type 1 structures, in Type 2 structures, a twin plane is formed when the
growth is resumed. However, now the droplet tends towards the {100} facet which
does not support the growth and instead of being pinned by the twin plane, the
droplet slides to the {111}B facet found under the {100} facet seen in Figure 23.
The downward growth was found to consist of a twinning superlattice by additional
TEM analysis in [117] zone axis. The twinning is also visible in high contrast SEM
micrograph in Figure 27. g).

The dependence of nucleation yield of Type 1 and 2 structures was investigated
by varying the annealing time, III/V ratio during the horizontal growth and initial
NW diameter. The set of samples was designed to confirm the hypothesis that lower
chemical potential at the end of the annealing supports growth of the {111} A facet
and hence type 1 nucleation. The results are plotted in Figure 26. Only one parameter
was changed at a time, and the intermediate data point is same for all the graphs. For
example, the annealing time series is done with NWs having 83 nm diameter, and
with V/III BEP ratio of 9. The diameter series was prepared simply by growing a
growth time series of 20, 22.5, 25 and 30 min. The 25 min and 30 min sample resulted

in roughly the same diameter of 90 nm due to different NW densities.

Figure 25. Type 2 structure grows slightly downward from the horizontal direction, as visible in the
SEMimage in (a). In (b) the NW is aligned so that the downward growth points 60°
towards the detector. A single twin is identified in the tip of the NW in otherwise twin-free
vertical part. In this configuration twinning of the horizontal growth is not visible as a twin
would turn the duplicate set of [110] diffraction away from zone axis. Adapted from [P3].
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Figure 26. The resulting yields of Type 1 and Type 2 structures as a function of NW density (a),
Annealing time (b), V/IIl BEP ratio (c) and NW diameter (d). In (d) also longer, 70 s
annealing is tested for NWs with 90 nm diameter. The intermediate data point is same for
each graph. (g) shows the yield of different structures fitted with the model. The lower and
higher densities represent total surface structure densities of 1.26 and 1.91-108 ¢cm2.

The behavior with annealing time is just as predicted by the model, the yield of
Type 1 structures approaches 100% with the 70 s annealing. Similarly, with low BEP
ratio, the supersaturation increases slower after resuming the growth, and again
Type 1 structures nucleate with highest yield. However, the growth is destabilized as
it proceeds forming structures labeled Type 1b, where the droplets begin to wet the
sidewall of the horizontal growth. Furthermore, the smallest diameter sample
experienced almost 100% yield of Type 1 structures. This is simply caused the faster
As depletion from smaller droplet. The absolute amount of As in the droplet is
smaller in the smaller droplets, while the As depletion rate is not size dependent. The
diameter effect lies also behind the 100% Type 1 yield of the high-density sample.
The high-density NWs experience 75 nm diameter similarly to the thinnest sample
of the diameter series. Yet again, understanding the theory behind the VLS growth
mode and carefully conducting a growth experiment have shown their worth.
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3.4.3  Stable horizontal growth

The horizontal and downward growth modes were investigated with a growth time
series of horizontal growth durations 5, 10 and 20 min. SEM images and the linear
growth with constant growth rate of the Type 1 horizontal section is shown in Figure
27. Moreover, the droplet size remains constant in both structures throughout the
20 min growth which is a strong indicator of a stable growth mode. Thus, both
growth modes were found to be stable and continuous under the typical NW growth
conditions.

The twin-mediated growth mode of Type 1 structures is known for other type of
structures, as it was observed in Ge ingots already in 1950’s [102], [103], and later in
Au-catalyzed group IV [104], [105] and III-V [106] NWs. However, the v-shaped
growth front formed by opposing {111}A and B facets is unique within III-V
material system. Furthermore, the growth front was speculated to oscillate between
the configuration with a flat {111} A facet below the twin and microfacets above the
twin (Figure 24. d)), and a configuration with a flat {111} B facet above the twin and
microfacets below the twin (Figure 24. c)). The presence of this novel growth mode
is supported by the periodical roughness of the top facet of the Type 1 structures.
Furthermore, extensive SEM analysis was conducted on Type 1 structures with
droplets removed by HCI etching, which revealed random occurrence for both
growth fronts. Furthermore, the {111}B facetis known to have lower surface energy
than the {111}A facet in contact with As species [83], whereas the {111}A is
energetically preferable at low chemical potential difference between liquid and solid
GaAs pair (i.e. low As concentration). Together these energetics create optimal
conditions for pulsed nucleation, similar to the truncated growth front discussed in
Section 3.1. The As filled droplet supports growth on flat {111} B facet followed by
rapid nucleation which depletes the droplet from As making the growth front
configuration with flat {111} A facet energetically favorable.

The downward growth mode of Type 2 NWs, on the other hand, was found to
be dominated by a flat {111}B growth front. This growth mode fits perfectly the
known facts of self-catalyzed VLS growth. As shown in Section 3.2.1, contact angles
below 100° supports growth of ZB GaAs, which is cleatly the case for the top and
bottom part of the downward section in Type 2 structures. However, on side facets,
the contact angle is larger as seen for instance in top-view SEM in Figure 25. This
combination of different contact angles is most likely the reason behind the dense

twinning in the downward growth.
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4 DOPING AND TERNARIES — TOWARDS
FUNCTIONALITY

The goal of NW research in general is to create something that has technological
significance. When discussing semiconductors, the first thing making them useful in
device applications is tunability of their electric properties which can be controlled
by introducing dopant impurities in the lattice. The electrical properties can be
utilized for example to make diodes or solar cells. For compound semiconductors,
such as the III-V semiconductors, another important functionality arises from the
tunability of the band gap by changing the material composition. The tunable, and
often direct, band gap offers a broad spectrum of possibilities for efficient light
generation and detection at different wavelengths. Combining the NW geometry
which relaxes the lattice matching conditions and tunable direct band gap, III-V
NWs are a well-suited option for direct integration with silicon photonics. Both the
dopant incorporation and growth of ternaries are, however, relatively challenging
tasks in VLS mode compared to planar 2D growth. This is due to the different
incorporation rates via the droplet and sidewalls, and the diffusion of atoms in the
solid phase at the typically high NW growth temperatures. In the following sections,
first the dopant incorporation and then the band gap tuning in NWs are discussed
focusing on the dopant/ternaty incorporation mechanisms, compositional gradients
and how to avoid the gradients.

4.1 Dopant incorporation

The dopant incorporation into NWs is an interesting topic, as there are several
incorporation pathways for the dopant atoms. Furthermore, the reports on
preferential dopant incorporation pathways are often contradicting. For example,
Be-dopant incorporation was reported to occur predominantly via VS sidewall
incorporation in [107], whereas [95], [108] report preferential incorporation via
droplet. A recent model describes general thermodynamics of dopant incorporation
and preferential lattice site for dopant incorporation in VLS system [109], but is still
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not capable to explain the dopant incorporation arising from the simultaneous VLS
and VS growth mode.

41.1  Growth and characterization methods of the doped nanowires

Both p- and n-type doped NWs were grown within the course of this thesis, and
investigated in detail in the works of Rizzo Piton et al. [P5], [110], [111] and
Hakkarainen et al. [8]. The doped NWs were grown similarly to the undoped NWs
in [P1]. The NWs from the 60 min growth duration sample in [P1] were used as a
reference sample throughout [P5] and [110], whereas the 80 min growth duration
sample from [P2] was used as reference in [8]. For doping, the dopant cell was
opened simultaneously with the As cracker. The doping levels were calibrated using
1 pm thick Hall samples grown on semi-insulating (100) GaAs wafers and adjusted
to correspond the Ga flux of 0.3 um/h used in NW growth. The droplets were
preserved to distinguish the NW growth direction easily. Additional Te-doped NW's
were grown capped by Al(0.3)GaAs shell for atom probe tomography and off-axis
electron holography investigation of the doped core. The shells were grown by
ramping the substrate temperature to 540 °C under As flux to crystallize the droplets.
After the ramp, Ga and Al fluxes were opened, and the As valve was kept open also
during the cooldown. The growth rate on NW sidewalls is 23 % of the vertical 2D
growth rate, as determined in Author’s MSc thesis [53].

As the purpose of growing the doped NWs was to investigate the incorporation
mechanisms of the dopants, spatially resolved characterization techniques needed to
be utilized. One of the most crucial achievements for characterization was
fabrication of multiple ohmic contacts with adequately low contact resistance to a
single NW [P5], [8], [110], [111]. The contacts were then used for current-voltage
(IV) measurements. Another important technique was micro-Raman spectroscopy,
which was extensively used to study the free carrier concentration and mobility in
the NWs. Both methods provide information on the number of carriers in the
semiconductor, hence describing the number of activated dopants. In [8], atom
probe tomography and off-axis electron holography were used as complementary
techniques to micro-Raman and electrical characterization. Atom probe tomography
is an extremely sensitive mass-spectroscopic technique where the NW is evaporated
by voltage or laser pulsing. The atoms are collected and counted creating 3D profiles
of atomic concentrations with sensitivity easily down to low dopant levels of 1-1017
cm3. [112] Off-axis electron holography, on the other hand, is TEM based
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technique, where the phase difference between an electron beam passing through a
sample and a known reference give information on the mean inner potential of the
material. The mean inner potential further correlates to the number of free carriers.
Thus, atom probe tomography combined with off-axis electron holography,
u-Raman  spectroscopy and electrical measurements give complementary
information on the incorporation and activation of the dopant atoms.

41.2  Beryllium — Saturation of vapor-solid incorporation

The incorporation of Be in NWs was investigated in [P5] with two p-doped NW
samples having nominal Be concentrations of 2.0-10'® cm>3 and 2.0-10” c¢m-3
referred to as Bel and Be2, respectively. First, the resulting carrier concentrations
were determined by micro-Raman spectroscopy giving incorporation yields of 60%
for Bel and 35% for Be2 with respect to the nominal doping. Furthermore, the hole
mobility in Be2 was found to be significantly lower than in corresponding bulk GaAs
sample, whereas Bel experienced almost bulk-like mobility. As the Be-doped NW's
are almost twin-free, as discussed in Section 3.2.3, the decreased mobility is not a
consequence of twin-induced potential barriers, but surface scattering. The surface
depletion region width is reduced by higher carrier concentration in sample Be2.
Thus, the carriers in Be2 NWs move closer to the surface and are more prone to
surface effects. As a consequence, mobility in NWs decreases even faster with
doping level than in bulk semiconductor. The effect could be compensated either by
growing thicker NWs or using passivating shells that prevent the carriers to
experience the surface effects.

The dopant gradients in Be-doped NWs was primarily investigated by IV
measurements. Data from single NW IV measurements is shown in Figure 28. The
four-contact geometry allows distinguishing that in Bel NWs the resistivity is much
higher in between the top contacts (CD) than in bottom (AB). In Be2 NWs,
however, the differences become much smaller while the trend becomes opposite.

The top contacts have lower resistivity in Be2.
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Figure 28. IV-measurements and SEM images of corresponding devices of a NW from Be1 in a) and
b), and from Be 2 in ¢) and d). [P5] The scale bars are 1 um. Adapted from [P5]

These results indicate a higher Be incorporation in the bottom part of the NW's with
lower Be fluxes, whereas higher Be-fluxes allow higher incorporation to the top part
of the NWs. This observation indicates that Be incorporation under low Be fluxes
(Bel) is higher in VS growth mode of the NW sidewalls. As more VS grown material
forms in the bottom part of the NWs (see Figure 4. ), the dopant in the bottom part
is higher. Moreover, the amount of Be atoms impinging the droplet is limited
compared to the high axial growth rate, whereas the sidewall growth is extremely
slow (~70 nm/h in [P2]), making the Be flux on the sidewalls large compared to the
growth rate.

On the other hand, the total incorporation efficiency was found to be lower in
sample Be2 grown under higher Be flux. Thus, we concluded that the incorporation
via the VS mechanism saturates under high Be fluxes rather than the VLS efficiency
increases. The surface of the Be-doped NWs was found to be rough in the TEM
analysis presented in Figure 15. The surface roughness implies that the cause of
saturating VS incorporation is surface segregation of Be. The segregation is known
to be pronounced in high temperatures and low V/III-ratios, both matching to the
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NW growth conditions. [113] Thus, growth conditions supporting VS growth in
general, also support VS incorporation of Be and homogeneous Be compositions
could thus be achieved in core-shell NWs primarily via shell growth as suggested in
[107]. Moreover, these results agree with the preferential VLS incorporation reported
in [95], [108], especially in [108], where negligible sidewall growth is reported.

41.3  Tellurium — Dominating vapor-liquid-solid incorporation

Te is commonly used in GaAs NWs as an n-type dopant instead of Si. This is due to
amphoteric nature of Si which may act as a donor or an acceptor depending on the
incorporation mechanism and growth conditions. [109], [114], [115] However,
successful n-type doping using Si has been reported in Au-catalyzed GaAs NWs
grown by hydride vapor phase epitaxy. [109], [115] The Te-doped NWs grown
within the course of this thesis [8] revealed a dopant gradient where Te concentration
increases towards the NW tip. The gradient was observed by micro-Raman
spectroscopy, transport measurements and off-axis electron holography. Due to
volume limitations, APT only scanned the inner core of the NW’s upper part where
a uniform dopant concentration was found. A model was developed to confirm the
assumption that Te primarily incorporates via the droplet and then out-diffuses to
the VS grown shell driven by the high temperature of NW growth. The model
resulted in good fit with the off-axis electron holography measurements conducted
in cross-sectional NW slices taken from bottom and top parts of the n-
GaAs/AlGaAs core-shell NWs described in Section 4.1.1.

Thus, it was concluded that Te predominantly incorporates via the VLS growth,
and the VS grown shell doping mainly results from the out-diffusing Te species. This
is an expected conclusion due to the high vapor pressure of Te. [116] Te easily re-
evaporates from the NW sidewalls and substrate surface at NW growth
temperatures. Thus, Te doesn’t stick to the NW sidewalls for VS incorporation and
simultaneously, an increased secondary Te flux is supplied to the droplet similarly to
re-emitted group V species.

The weak sidewall incorporation of Te created the need to suppress the radial
growth using Ass, as described in Section 3.3.2. However, electrical characterization
of the Te-doped NWs grown using Ass is not yet concluded, and the success of
suppressing the compositional gradient along with the radial growth remains an open
question.
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42  GaAsSb nanowires — Tuning the band gap

GaAsSb provides a full range of direct band gaps extending from GaAs emission at
870 nm to GaSb emission at 1700 nm. [117] This spectrum covers the whole
telecommunication wavelength band making GaAsSb an interesting material for
photonic integration on Si. However, GaAsSb can be grown as 2D layers only with
very narrow composition ranges on GaAs, GaSb or InP substrates due to strain. NW
geometry can be used to detour these limitations. Thus, GaAsSb N'Ws have been
widely studied, even though they still exhibit several issues reducing their practicality.
Introduction of Sb into the NW growth reduces the NW aspect ratio and as the Sb
flux increases, axial NW growths starts to deplete completely. This has restricted the
Sb composition from the group V species of conventionally grown GaAsSb NWs
to 44%. [29] However, growth with residual As flux or on GaAs stems has led to
higher compositions of 80% [118] and 93% [119], [120], respectively. In addition to
the depletion of 1D growth, GaAsSb NWs typically suffer from compositional
gradients with lower Sb composition in the bottom part and outer shell of the NW.
The gradients are typically related to Sb out-diffusion and As-to-Sb exchange
reaction. [121]—[123] These issues are addressed in the following sections by
investigating the role of As species on the growth of GaAsSb NWs while mapping
the growth parameter space.

421  Growth and characterization of the GaAsSb nanowires

In total 12 different GaAsSb NW samples were investigated in [P4] to assess the
effects of Sb on the resulting NW dimensions and the compositional Sb gradients.
The growths were conducted similarly to GaAs NWs, but Sb was used in addition
to As. Both As species were used with atomic flux ratios of 2.3 and 3 (corresponding
to BEP-ratios of 7 and 9 for Asy). Furthermore, an As/Ga atomic flux ratio of 1.7
was used for the highest Sb containing sample grown with Ass. The Ga growth rate
was 0.3 um/h. The Sb flux % was determined as the fraction of atomic Sb flux from
the total atomic group V flux. See Section 2.1.3 for description of the methods used
for determining the atomic flux ratios. The GaAsSb NW samples are described in
Table 1.
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Table 1.

Details of the GaAsSb NW samples. Sb% are determined by HR-XRD RSMs, or as
average EDS compositions when denoted by *. D is the NW diameter and L is the

length.
Sample As Sb Growth As/ Growth Sb % D L (nm) Aspect Contact
species  flux% T (°C) Ga (nm) ratio angle (°)
L/D
Refl As2 - 640 3 VLS 0 102 4550 45 127
Ref2 Asd - 640 3 VLS 0 84 5870 70 123
GaAsSb1 As2 11 640 3 VLS 4.7 109 3230 30 121
GaAsSb2 As2 21 640 3 VLS 9.6* 118 1930 16 118
GaAsSb3 As2 39 640 3 VLS 14.1 136 2320 17 114
GaAsSb4 As2 57 640 3 VLS 14.2% 156 910 5.8 111
GaAsSbS As2 72 640 3 VLS 19.5 178 750 4.2 107
GaAsSbo6 As2 56 620 23 VS 23.6* 218 1190 5.5 -
GaAsSb7 As2 56 600 23 VS - 204 175 0.86 -
GaAsSb8 Asd 21 640 3 VLS 14.6* 91 3940 43 120
GaAsSbh9 Asd 57 640 3 VLS 21.3*% 105 3160 30 108
GaAsSb10 Asd 56 620 23 VLS 32.0% 135 3430 25 -
GaAsSb11 Asd 56 600 23 VS 33.4% 177 1480 8.4 -
GaAsSb12 As4 80 620 1.7 VLS 38.1% 158 1530 9.7 -

The composition of GaAsSb NWs was initially investigated by HR-XRD RSMs
around the symmetric (111) diffraction. An exemplary RSM of sample GaAsSbo is

shown in Figure 29. The data was corrected with reference to the theoretical value
of Si(111) diffraction and integrated along the Q-axis. The center of gravity of the
integrated GaAsSb(111) diffraction was used to determine the separation of the
GaAsSb and Si peaks and the Sb composition as shown in Figure 29. a). Additionally,

energy-dispersive x-ray spectroscopy (EDS) was conducted in SEM to determine the

Sb composition and study the compositional gradients in the axial direction. For
EDS, the NWs were transferred on Cu-carbon TEM grids. The NWs were released
into IPA by sonicating an as grown sample piece in IPA for 3 min in ultrasound bath
and drop casting 10 pl of the IPA-NW solution on the grid.
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Figure 29. Reciprocal space map around the symmetric (111) diffraction of the sample GaAsSb6 and
the intensity integrated along the Qx-direction a). Both intensities are given in logarithmic
scale. Dashed lines mark the center of gravity for each peak. b) shows 280° sections of
the rotational (220) phi-scans.

Crystal structure of the GaAsSb NWs was studied by HR-TEM and HR-XRD. The
XRD analysis relied on rotational phi-scans around the (220) diffraction. The (220)
diffraction tilted 35.26° degree from the (111) diffraction has a three-fold rotational
symmetry. As a rotational twin plane turns the crystal direction by 180°, twinned
NWs create duplicate peaks every 60°. Thus, randomly twinned ensemble of NWs
should produce a six-fold rotational symmetry. It should be noted that just a single
twin plane allows the NW to contribute to the duplicate peaks. Thus, even a small
amount of twinning should be directly visible in the phi-scans.

4.2.2  Dimensions and composition of the GaAsSb nanowires

Sb has a strong tendency to reduce the NW aspect ratio as seen in SEM images of
Figure 30. the data summarized in Table 1. and Figure 31. This is an expected result
based on previous reports that describe the energetics of GaAsSb NW growth. The
enhanced radial growth in GaAsSb NWs is caused by the long diffusion length of
Sb on the {110} sidewall surface. It gives Ga atoms more time to interact and form
bonds on the NW sidewalls compared to bare GaAs NWs. This also limits the Ga
diffusion into the droplet and reduces the axial growth rate. [29]
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Figure 30. SEM analysis of the GaAsSb NWs. All scale bars are 200 nm, except the lower
magnification insets of GaAsSb8-10 have 1 um long sale bars.
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Figure 31. Dimensional data of the GaAsSb NWs. NW length in a), diameter in b) and droplet contact
angle with standard deviation resulting from both wire-to-wire variation and measurement
errorin c).

The significant result in the perspective of NW dimensions is that Ass suppresses
the reduction of aspect ratio as seen in the SEM images of Figure 30. and numerical
data in Figure 31. and Table 1. Simultaneously, Ass extends the growth window
towards lower temperatures, down to 600 °C, where growth by As: results only in
parasitic mounding (samples GaAsSb1l and GaAsSb7, respectively). Another
interesting observation is that the axial growth mode of the GaAsSb changes to VS
growth when the growth temperature is reduced. At 620 °C, growth with As> yields
dimensionally uniform NWs without any evidence of presence of a Ga droplet
(GaAsSbo6), whereas NWs grown with Ass exhibit broad length distributions and
partially consumed droplets (GaAsSb11). With Ass, the GaAs NWs grow fully in VS
mode at 600 °C (GaAsSb10 and GaAsSb12).

The extended growth window obtained by using Ass was utilized to increase the
Sb composition % in the NWs. The GaAsSb NWs grown with Ass exhibit higher
Sb composition % than the ones grown with Asz. Moreover, the axial NW growth
is sustained in lower growth temperatures and under higher relative Sb fluxes. Both
changes enhance the Sb incorporation, as witnessed in Figure 32. The Sb
composition furthermore increases towards the NW tip in most of the samples. The
compositional gradient is, however, significantly reduced in NWs which grow in VS
mode. The increasing Sb composition % toward NW tip and the reduced gradient
in NWs imply that the compositional gradient might be caused by similar effect as
proposed for Te-doped NWs in Section 4.1.3. The Sb incorporation is easier via VLS
growth and thus the radially grown shell is Sb poor. This is not seen in the NWs that
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grow in VS mode which suggests that the Sb incorporation is equally efficient via
the facets at the NW tip and sidewalls. However, based on this data it is not possible

to exclude contribution of the commonly reported Sb out-diffusion and As-to-Sb
exchange reaction.
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Figure 32. Compositional analysis of the GaAsSb NWs. a) shows the compositions obtained by HR-
XRD method, and b) show average EDS compositions with the error bars depicting the
composition gradients with lower Sb composition in the bottom part of the NW. The
dashed lines in a) and b) are reference lines describing equal incorporation for Sb and As.
The EDS line scans in sample ¢) and d) are from samples GaAsSbh4 and GaAsSh6,
respectively, marked in b). The VLS grown NW from GaAsSb4 in ¢) shows a clearly
increasing Sbh composition towards the droplet, whereas the VS grown NW from sample
GaAsSb6 in d) shows no evidence of Sh gradient nor presence of Ga droplet.

Independent of the mechanism that suppresses the gradient in VS grown GaAsSb
NWs, the highest Sb composition % reported so far by traditional NW growth
methods is achieved in the tip of VLS grown NWs of sample GaAsSb12 [P4].
Furthermore, the growth window with Ass should extend beyond the growth
temperature of 620 °C, As/Ga atomic flux ratio of 1.7 and relative Sb flux of 80%.
The high Sb composition % has allowed extending the PL emission in the sample
GaAsSb12 to 1400 nm at telecom E-band (Figure 33. ) demonstrating the great
promise of this material system for photonic integration.

55



-
o

Ref1
GaAsSb2
GaAsSb4
GaAsSbb
GaAsSb12

Normalized intensity (a.u.)
o
()]

0.0 - - -
800 1000 1200 1400 1600
Wavelength (nm)

Figure 33. Normalized room temperature PL spectra of different GaAsSb NW samples showing the
wavelength shift with increasing Sb composition.
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5 CONCLUSIONS

The goal of this thesis was to advance the physics and methodology of NW growth.
As a general summary, the results of the publications discussed within this thesis are
compared to the original research questions in Figure 34. All the publications
contribute to advancing fundamental understanding of the physics of NW growth.
On the other hand, aspects related to doping, controllability of size distribution,

density, and geometry place some clear steps advancing the functionality of NWs

towards device heterostructures and applications.

4 Physics of NW growth

Sub-Poissonian NV length distribution
Self-regulated growth in NW ensembles

What affects the NVV size distributions?

Kinetic model including:

- First observation of nucleation antibunching in NW
ensemble

- Initial nucleation randomness

- Shadowing effect

Temporal evolution of NW growth front during
decrease of supersaturation

Novel growth mode

[PS], [8]

A detailed model for Te incorporation

Be incorporation mechanism is dependent on Be
flux

How does Sb incorporate into ?

Growth kinetics using different As species
NW crystal structure independent on As species
VS growth of twin-free GaAsSb NWs

\. J/

What is the crystal structure of NWs grown by our method?

How are the NW length distributions formed?

How to model temporal evolution of NW length distribution?

Application and NW growth methodology

Validating our growth method for low twinning =
good optical and electrical properties achievable

Methodology for characterization:
- HR-XRD, used later in [P4]
- Low-temperature y-PL

Guidelines to grow uniform NW ensembles

Uniform NW ensembles = Identical photonic
properties achievable

Can the NV growth direction be switched controllably?

How NW growth front evolves during annealing?

How do Be and Te dopants incorporate during self-catalyzed VLS growth?

Generalized methodology for switching NVW growth
direction

Possibility to grow interconnected NW networks

Dopant incorporation pathways identified

- Guidelines to suppress gradients and enhance
incorporation

How does selection of As species affect NW growth?

Tools to tune NW aspect ratio and incorparation
mechanism of dopants and ternaries

Broadening the NW growth window

Enhanced Sb incorporation, reaching telecom

kwa\relengths and reducing composition gradients

J

Figure 34. The most important results discussed in this thesis compared with the research questions
described in the introduction. The results are distributed into fundamental results
describing the physics of NW growth and results related directly to applications or
development of the NW growth methodology.
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The structure of self-catalyzed GaAs NWs grown on lithography-free oxide patterns
was investigated in [P1]. The crystal purity of the NWs was found to be high while
HR-XRD and p-PL were validated as valuable characterization methods for NW
crystal structure complimentary to the commonly used HR-TEM.

Moreover, sub-Poissonian length distribution was observed in [P1]. This led to
further investigations of narrowing the NW length distributions in [P2], which also
introduced a practical methodology to achieve narrow NW length distributions in
large NW ensembles. This achievement was explained by a detailed kinetic model
including nucleation delay, shadowing effects and temporal anticorrelation of NW
nucleation events, so called nucleation antibunching. [P1] and [P2] were also the first
demonstration of nucleation antibunching effect in a NW ensemble. This result
interlinked observations made in the microstructure of individual NWs to a whole
NW ensemble. These results are useful to adjust the photonic properties of the NWs.

Temporal evolution of NW-droplet interface during annealing was investigated
in [P3]. Continuing the NW growth on the reshaped growth front led to the most
important result of [P3], ie. the growth direction of NW could be switched
controllably. A thermodynamic model was introduced to explain this effect.
Furthermore, a new growth mode was found in the horizontal growth following the
annealing.

Important steps towards utilizing NWs in practical applications were made in
[P5], [8], [110], [111], where the dopant incorporation mechanisms to the NWs were
investigated. Both Be and Te doped NWs grown within the course of this thesis
revealed dopant gradients and details on the primary incorporation mechanisms. As
highlights of the results on doped NWs, full activation of Te dopants was observed
in [8], whereas the primary mechanism of Be incorporation was found to be
dependent on the Be flux in [P5].

The goal to suppress dopant gradients led to the investigation of the role of As
species in the self-catalyzed NW growth [P4]. The dimensional effect of using Ass
was found to be significant and extend to Te doped GaAs NWs and GaAsSb
material system. Ass was found to enhance the axial NW growth yielding longer and
thinner NWs, while extending the NW growth window towards lower temperatures
and V/III ratios. The growth of GaAsSb NWs with Asy led to high Sb composition
% of up to 47% in phase pure, twin-free ZB NWs with room temperature PL
emission extending to the telecommunication wavelengths.

The effects of different growth parameters on the resulting NW properties are
explained in Table 2. This growth guide offers a practical view to tune the NW
growth parameters to obtain the required properties.
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Growth guide for NWs. The first column describes which parameter is increased

followed by description on how the increase of the parameter affects the most
important NW properties investigated in this work. Ass in the first column refers to

Table 2.
using Ass instead of Asa.
el
0
g
% Aspect ratio Contact angle
RS
Increases
. Eventually
supersaturation
.9 decreases, and
£ and accelerates i
= . under high
= axial growth.
= , enough As flux,
S Local V/III ratio dronlot vets full
u
< has the same prets y

Growth

consumed
effect

Increases, at low

)
§ Increases, As T the droplet
= . )
& evaporates easier crystallizes due
g" from sidewalls to low As
2 evaporation
Increases due to
lower sticking on
@ & No effect
< sidewalls from
Asy
Increases, high
enough density
causes inverse No effect

tapering due to

NW density

shadowing
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Twinning
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increases
according to
change in contact

angle [33].

Should decrease
according to

change in contact

angle [33].

No effect

Not investigated.

Based on contact

angle, no effect is
expected

Sb

incorporation

Unclear, highest
Sb % achieved
with low As
fluxes [120] but
Asy (Zhigher
local As/IIT
ratio) increases
the incorporation
[P4]
Decreases, out-
diffusion, As-to-
Sb exchange
reaction and
evaporation from
sidewalls increase

Increases

Not investigated,
but could
increase, weaker
radial growth
reduces the Sb-
poor shell
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fraction
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w o , eventually
5 sidewall growth completely twin- .
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o which suppresses free NWs bsolut
7 e . : absolute
Ga diffusion to obtained easily . .
incorporation
droplet .
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w .
=) twinnin : ,
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I;(u superlattices with
(111) sidewalls
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Reduces due to
w expected due to L
) ' reducing liquid- : .
& ML nucleation No effect Not investigated
B, . NW surface
R with lower
. energy
supersaturation
93]

In terms of future work, the understanding gained here, particularly in respects with
doping incorporation that is essential for many functional device heterostructures,
should be used for demonstrating unique device applications. To this end, an
obvious path is to integrate NWs with Si-waveguides enabling nanoscale integrated
light sources. This opens several new research questions, part of which expand
beyond the growth of NWs requiring also expertise on processing of Si waveguides.
How to monolithically integrate NW devices to Si waveguides? How to inject or
collect carriers into or out of these NWs? In terms of NW growth, these
developments require NW design, for example, capable of lasing under electrical
pumping. Pathway towards lasing is paved by passivating the NWs by higher band
gap shells, such as GaAs/AlGaAs/GaAs core-shell NWs grown in the Authot’s MSc
thesis [53]. Moreover, the understanding of dopant incorporation mechanisms
achieved in this work should be sufficient to grow both radial and axial p-i-n
junctions. Another requirement towards using the full potential of NWs, is the
utilization of band-gap engineering enabled by GaAsSb NWs. The first questions in
this path are, how to grow passive shells to GaAsSb NWs and how to cover the full
Sb composition range. These areas are already active topics in the research groups
and will be further continued.

60



6 BIBLIOGRAPHY

B. Mayer et al, “Lasing from individual GaAs-AlGaAs core-shell
nanowires up to room temperature,” Nat Commun, vol. 4, p. 2931, 2013,
doi: https://doi.org/10.1038 /ncomms3931.

B. Mayer ¢ al., “Monolithically Integrated High-8 Nanowire Lasers on
Silicon,” Nano Lett., vol. 16, no. 1, pp. 152-156, Jan. 2016, doi:
10.1021/acs.nanolett.5b03404.

K. Tomioka, ]J. Motohisa, S. Hara, K. Hiruma, and T. Fukui,
“GaAs/AlGaAs Core Multishell Nanowire-Based Light-Emitting Diodes
on Si,” Nano Lett., vol. 10, no. 5, pp. 1639-1644, 2010, doi:
10.1021/n19041774.

X. Dai ¢z al., “GaAs/AlGaAs Nanowire Photodetector,” Nano Lett., vol.
14, no. 5, pp. 2688-2693, May 2014, doi: 10.1021/n15006004.

R. R. LaPierre, M. Robson, K. M. Azizur-Rahman, and P. Kuyanov, “A
review of III-V nanowire infrared photodetectors and sensors,” J. Phys.
D. Appl. Phys., vol. 50, no. 12, p. 123001, 2017, doi: 10.1088/1361-
6463/aa5ab3.

P. Krogstrup e# al., “Single-nanowire solar cells beyond the Shockley-
Queisser limit,” Nat Phot., vol. 7, no. 4, pp. 306-310, 2013, doi:
https://doi.org/10.1038 /nphoton.2013.32.

D. Saxena, S. Mokkapati, and C. Jagadish, “Semiconductor Nanolasers,”
IEEE  Photonies  |., vol. 4, no. 2, pp. 582-585, 2012, dot:
10.1109/JPHOT.2012.2189201.

T. Hakkarainen e7 al., “T'e incorporation and activation as n-type dopant
in self-catalyzed GaAs nanowires,” Phys. Rev. Mater., vol. 3, no. 8, p. 86001,
Aug. 2019, doi: 10.1103/PhysRevMaterials.3.086001.

A.Y. Cho, M. B. Panish, and I. Hayashi, “Molecular beam epitaxy of

61



[10]

[11]

[12]

[13]

[14]

[15]

18]

GaAs, AlGaAs and GaP,” in 3rd Int. Symp. on Gallinm Arsenide and Related
Comy; The Institute of Physics; Conference Series Number 9, 1970, pp. 18-29.

S. Franchi, “Molecular beam epitaxy: fundamentals, historical background
and future prospects,” in Molecular Beam Epitaxy From Research to Mass
Production, M. Henini, Ed. Oxford: Elsevier, 2013, pp. 1-46, 2013, dot:
https://doi.org/10.1088,/0022-3727 /46/31 /313001

A.Y. Cho, “How molecular beam epitaxy (MBE) began and its projection
into the future,” |. Cryst. Growth, vol. 201-202, pp. 1-7, May 1999, dot:
10.1016/50022-0248(98)01265-2.

F. Jabeen, S. Rubini, and F. Martelli, “Growth of III-V semiconductor
nanowires by molecular beam epitaxy,” Microelectronics |., vol. 40, no. 3, pp.
442-445, 2009, doi: //dx.doi.org/10.1016/j.mejo.2008.06.001.

V. V Preobrazhenskii, M. A. Putyato, O. P. Pchelyakov, and B. R.
Semyagin, “Experimental determination of the incorporation factor of
As4 during molecular beam epitaxy of GaAs,” J. Cryst. Growth, vol. 201—
202, pp. 170173, May 1999, doi: 10.1016/S0022-0248(98)01308-6.

E. S. Tok, J. H. Neave, J. Zhang, B. A. Joyce, and T. S. Jones, “Arsenic
incorporation kinetics in GaAs(001) homoepitaxy revisited,” Surf. Sei., vol.
374, no. 1-3, pp. 397-405, Mar. 1997, doi: 10.1016/S0039-
6028(97)01241-7.

I. George, F. Becagli, H. Y. Liu, J. Wu, M. Tang, and R. Beanland,
“Dislocation filters in GaAs on Si,” Sewicond. Sci. Technol., vol. 30, no. 11,
p. 114004, 2015, doi: 10.1088/0268-1242/30/11/114004.

M. Henini, Bd., Molecular Beam Epitaxy: From research to mass production.
Elsevier, 2013, doi: //dx.doi.org/10.1016/B978-0-12-387839-7.00001-4

J. Puustinen, J. Hilska, and M. Guina, “Analysis of GaAsBi growth
regimes in high resolution with respect to As/Ga ratio using stationary
MBE growth,” J. Cryst. Growth, vol. 511, pp. 33—41, 2019, doi:
https://doi.org/10.1016/j.jcrysgro.2019.01.010.

R. S. Wagner and W. C. Ellis, “Vapor-Liquid-Solid Mechanism of Single

Crystal Growth,” Appl. Phys. Lett., vol. 4, no. 5, pp. 89-90, 1964, doi:
//dx.doi.org/10.1063/1.1753975.

62



[19]

[20]

21]

22]

23]

24]

[25]

[20]

27]

28]

C. B. Collins, R. O. Catlson, and C. J. Gallagher, “Properties of Gold-
Doped Silicon,” Phys. Rev., vol. 105, no. 4, pp. 1168-1173, 1957, dot:
https://doi.org/10.1103/PhysRev.105.1168.

M. Hill, M. Lietz, and R. Sittig, “Diffusion of Gold in Silicon,” J.
Electrochem.  Soc., vol. 129, no. 7, pp. 1579-1587, Jul. 1982, doi:
10.1149/1.2124212.

M. Hata, A. Watanabe, and T. Isu, “Surface diffusion length observed by
in situ scanning microprobe reflection high-energy electron diffraction,”
J. Cnst. Growth, vol. 111, no. 1, pp. 83-87, 1991, doi:
https://doi.org/10.1016/0022-0248(91)90951-Z.

S. J. Gibson and R. R. LaPierre, “Model of patterned self-assisted
nanowire growth,” Nanotechnology, vol. 25, no. 41, p. 415304, 2014, dot:
10.1088/0957-4484/25/41/415304.

F. Ochler, A. Cattoni, A. Scaccabarozzi, G. Patriarche, F. Glas, and J.-C.
Harmand, “Measuring and Modeling the Growth Dynamics of Self-
Catalyzed GaP Nanowire Arrays,” Nano Lett., vol. 18, no. 2, pp. 701-708,
Feb. 2018, doi: 10.1021/acs.nanolett.7b03695.

P. Krogstrup ez al., “Advances in the theory of III-V nanowire growth
dynamics,” J. Phys. D. Appl. Phys., vol. 46, no. 31, p. 313001, 2013, doi:
https://doi.org/10.1088/0022-3727/46/31/313001.

M. Shibata, S. S. Stoyanov, and M. Ichikawa, “Selective growth of
nanometer-scale Ga dots on Si(111) surface windows formed in an
ultrathin SiO2 film,” Phys. Rev. B, vol. 59, no. 15, pp. 1028910295, Apr.
1999, doi: 10.1103/PhysRevB.59.10289.

D. Rudolph e¢7 al., “Direct Observation of a Noncatalytic Growth Regime
tor GaAs Nanowires,” Nano Lett.,vol. 11, no. 9, pp. 3848-3854, 2011, doi:
10.1021/n12019382.

V. Pankoke, S. Sakong, and P. Kratzer, “Role of sidewall diffusion in
GaAs nanowire growth: A first-principles study,” Phys. Rev. B, vol. 86, no.
8, p. 85425, Aug. 2012, doi: 10.1103/PhysRevB.86.085425.

J. N. Shapiro, A. Lin, D. L. Huffaker, and C. Ratsch, “Potential energy
surface of In and Ga adatoms above the (111)A and (110) surfaces of a

63



[29]

32]

35]

[37]

GaAs nanopillar,” Phys. Rev. B, vol. 84, no. 8, p. 85322, Aug. 2011, doi:
10.1103/PhysRevB.84.085322.

D. Ren ¢t al, “New Insights into the Origins of Sb-Induced Effects on
Self-Catalyzed GaAsSb Nanowire Arrays,” Nano Lett., vol. 16, no. 2, pp.
1201-1209, 2016, doi: 10.1021/acs.nanolett.5b04503.

M. R. Ramdani, J. C. Harmand, F. Glas, G. Patriarche, and L. Travers,
“Arsenic Pathways in Self-Catalyzed Growth of GaAs Nanowires,” Crysz.
Growth Des., vol. 13, no. 1, pp. 91-96, 2013, doi: 10.1021/cg301167g.

V. G. Dubrovskii, Y. Berdnikov, and N. V Sibirev, “Regimes of radial
growth for Ga-catalyzed GaAs nanowires,” Appl. Phys. A, vol. 122, no. 7,
p. 671, 2016, doi: 10.1007/500339-016-0179-4.

J. Tersoff, “Stable self-catalyzed growth of 1II-V nanowires,” Nano Lett,
vol. 15, no. 10, pp. 6609-6613,  Sept. 2015,  doi:
10.1021/acs.nanolett.5b02386.

F. Panciera ef al., “Phase Selection in Self-catalyzed GaAs Nanowires,”
Nano  Lett., vol. 20, no. 3, pp. 1669-1675, Mar. 2020, doi:
10.1021/acs.nanolett.9b04808.

F. Glas, J.-C. Harmand, and G. Patriarche, “Why Does Wurtzite Form in
Nanowires of III-V Zinc Blende Semiconductors?,” Phys. Rev. Lett., vol.
99, no. 14, p. 146101, 2007, doi:
https://doi.org/10.1103/PhysRevLett.99.146101.

T. Ito and T. Akiyama, “Recent Progress in Computational Materials
Science for Semiconductor Epitaxial Growth,” Crystals, vol. 7, no. 2, p. 46,
2017, doi: https://doi.org/10.3390/ cryst7020046.

C. Colombo, D. Spirkoska, M. Frimmer, G. Abstreiter, and A.
Fontcuberta 1 Morral, “Ga-assisted catalyst-free growth mechanism of

GaAs nanowires by molecular beam epitaxy,” Phys. Rev. B, vol. 77, no. 15,
p. 155326, 2008, doi: https://doi.org/10.1103/PhysRevB.77.155326.

S. Suomalainen ez al., “Te-doping of self-catalyzed GaAs nanowires,” App!.
Phys. Lett., vol. 107, no. 1, p. 12101, 2015, dot:
//dx.doi.org/10.1063/1.4926494.

64



[38]

[40]

[42]

[45]

[40]

A. M. Munshi ¢/ a/., “Position-Controlled Uniform GaAs Nanowires on
Silicon using Nanoimprint Lithography,” Nano Lett., vol. 14, no. 2, pp.
960-966, 2014, doi: 10.1021/n1404376m.

K. Tomioka, T. Tanaka, S. Hara, K. Hiruma, and T. Fukui, “III-V
Nanowires on Si Substrate: Selective-Area Growth and Device
Applications,” Sel. Top. Quantum Electron. IEEE ].,vol. 17, no. 4, pp. 1112—
1129, 2011, doi: 10.1109/JSTQE.2010.2068280.

S. Hertenberger, D. Rudolph, M. Bichler, J. J. Finley, G. Abstreiter, and
G. Koblmiiller, “Growth kinetics in position-controlled and catalyst-free
InAs nanowire arrays on Si(111) grown by selective area molecular beam
epitaxy,” J. Appl. Phys., vol. 108, no. 11, p. 114316, 2010, doi:
//dx.doi.org/10.1063/1.3525610.

V. G. Dubrovskii e/ al., “Self-equilibration of the diameter of Ga-catalyzed
GaAs nanowires,” Nano Lett, vol. 15, no. 8, pp. 5580-5584, 2015, doi:
10.1021/acs.nanolett.5b02226.

S. Plissard, G. Larrieu, X. Wallart, and P. Caroff, “High yield of self-
catalyzed GaAs nanowire arrays grown on silicon via gallium droplet
positioning,” Nanotechnology, vol. 22, no. 27, p. 275602, 2011, doi:
10.1088/0957-4484/22/27/275602.

J. Vukajlovic-Plestina e /., “Fundamental aspects to localize self-catalyzed
ITI-V nanowires on silicon,” Nat. Commun., vol. 10, no. 1, p. 869, 2019,
doi: 10.1038/s41467-019-08807-9.

S. L. Tan, Y. Genuist, M. I den Hertog, E. Bellet-Amalric, H. Mariette,
and N. T. Pelekanos, “Highly uniform zinc blende GaAs nanowires on
Si(111) using a controlled chemical oxide template,” Nanotechnology, vol.
28, no. 25, p. 255602, 2017, doi: https://doi.org/10.1088/1361-
6528/2a7169.

P. Krogstrup, R. Popovitz-Biro, E. Johnson, M. H. Madsen, J. Nygard,
and H. Shtrikman, “Structural Phase Control in Self-Catalyzed Growth of
GaAs Nanowires on Silicon (111),” Nano Lett., vol. 10, no. 11, pp. 4475—
4482, 2010, doi: 10.1021/n1102308k.

T. Tauchnitz e al., “Decoupling the Two Roles of Ga Droplets in the Self-
Catalyzed Growth of GaAs Nanowires on SiOx/Si(111) Substrates,”

65



[47]

[48]

[49]

[51]

[52]

[55]

Cryst. Growth Des., vol. 17, no. 10, pp. 5276-5282, 2017, doi:
10.1021/acs.cgd.7b00797.

T. Tauchnitz, Y. Berdnikov, V. G. Dubrovskii, H. Schneider, M. Helm,
and E. Dimakis, “A simple route to synchronized nucleation of self-
catalyzed GaAs nanowires on silicon for sub-Poissonian length
distributions,” Nanotechnology, vol. 29, no. 50, p. 504004, 2018, doi:
10.1088/1361-6528 /2ae361.

C. Somaschini ez al., “Control over the Number Density and Diameter of
GaAs Nanowires on Si(111) Mediated by Droplet Epitaxy,” Nano Lett.,
vol. 13, no. 8, pp. 3607-3613, 2013, doi: 10.1021/n1401404w.

S. Bietti e7 al., “Self-assisted GaAs nanowires with selectable number
density on Silicon without oxide layer,” |. Phys. D. Appl. Phys., vol. 47, no.
39, p. 394002, 2014, doi:  https://doi.org/10.1088/0022-
3727/47/39/394002.

T. V Hakkarainen, A. Schramm, J. Mikeld, P. Laukkanen, and M. Guina,
“Lithography-free oxide patterns as templates for self-catalyzed growth of
highly uniform GaAs nanowires on Si(111),” Nanotechnology, vol. 26, no.
27, p. 275301, 2015, doi:  https://doi.org/10.1088/0957-
4484/26/27/275301.

C. Somaschini, S. Bietti, N. Koguchi, F. Montalenti, C. Frigeri, and S.
Sanguinetti, “Self-assembled GaAs islands on Si by droplet epitaxy,” App/.
Phys. Lett, vol. 97, no. 5 p. 53101, 2010, doi:
//dx.doi.org/10.1063/1.3475923.

S. Sanguinetti and N. Koguchi, “Chapter 4 - Droplet epitaxy of
nanostructures,” in Molecular Beam Epitaxy From Research to Mass Production,
M. Henini, Ed. 1, Oxford: Elsevier, pp. 95-111, 2013, doi:
//dx.doi.org/10.1016/B978-0-12-387839-7.00004-X

E. Koivusalo, “Epitaxial I1I-V semiconductor nanowires,” 2016.

G. Priante, G. Patriarche, F. Ochler, F. Glas, and J.-C. Harmand, “Abrupt
GaP/GaAs Interfaces in Self-Catalyzed Nanowires,” Nano Lett., vol. 15,
no. 9, pp. 6036-6041, 2015, doi: 10.1021 /acs.nanolett.5b02224.

Y. Zhang, M. Aagesen, J. V Holm, H. L. JA rgensen, J. Wu, and H. Liu,

66



[57]

[58]

[60]

[61]

[63]

“Self-Catalyzed GaAsP Nanowires Grown on Silicon Substrates by Solid-
Source Molecular Beam Epitaxy,” Nano Lett., vol. 13, no. 8, pp. 3897—
3902, 2013, doi: 10.1021/n1401981u.

B. Mandl ¢ al, “Growth Mechanism of Self-Catalyzed Group III-V
Nanowires,” Nano Lett., vol. 10, no. 11, pp. 4443-4449, 2010, dot:
10.1021/n11022699.

E. Dimakis e# al., “Self-Assisted Nucleation and Vapor-Solid Growth of
InAs Nanowires on Bare Si(111),” Cryst. Growth Des., vol. 11, no. 9, pp.
4001-4008, 2011, doi: 10.1021/cg200568m.

T. Grap, T. Rieger, C. Blémers, T. Schipers, D. Griitzmacher, and M. 1.
Lepsa, “Self-catalyzed VLS grown InAs nanowires with twinning
supertlattices,” Nanotechnology, vol. 24, no. 33, p. 335601, 2013, doi:
10.1088/0957-4484/24/33/335601.

T. Rieger, D. Griitzmacher, and M. L. Lepsa, “Si substrate preparation for
the VS and VLS growth of InAs nanowires,” Phys. status solidi — Rapid Res.
Lett.,vol. 7, no. 10, pp. 840-844, Oct. 2013, doi: 10.1002/psst.201307229.

U. P. Gomes e7 al., “Nucleation and growth mechanism of self-catalyzed
InAs nanowires on silicon,” Nanotechnology, vol. 27, no. 25, p. 255601,
2016, doi: 10.1088/0957-4484/27/25/255601.

M. Federico, V. G. Dubrovskii, D. Riffer, G. Tutlinctioglu, Y. Fontana,
and I. M. A. Fontcuberta, “Tailoring the diameter and density of self-
catalyzed GaAs nanowires on silicon,” Nanotechnology, vol. 26, no. 10, p.

105603, 2015, doi: https://doi.org/10.1088/0957-4484/26/10/105603.

V. G. Dubrovskii, “Length distributions of nanowires: Effects of surface
diffusion versus nucleation delay,” . Cryst. Growth, vol. 463, pp. 139-144,
2017, doi: https://doi.org/10.1016/j.jcrysgro.2017.02.014.

E. Russo-Averchi ez al, “Suppression of three dimensional twinning for a

100% yield of vertical GaAs nanowires on silicon,” Nanoscale, vol. 4, no.
5, pp- 1486-1490, 2012, doi: 10.1039/C2NR11799A.

C. Garcfa Nunez, A. F. Brana, N. Lopez, and B. J. Garcia, “GaAs

nanowires grown by Ga-assisted chemical beam epitaxy: Substrate
preparation and growth kinetics,” . Cryst. Growth, vol. 430, pp. 108-115,

67



[65]

[67]

[69]

[70]

[72]

[73]

Nov. 2015, doi: 10.1016/].JCRYSGRO.2015.08.008.

F. Matteini, G. Tutinctoglu, H. Potts, F. Jabeen, and A. Fontcuberta 1
Morral, “Wetting of Ga on SiOx and Its Impact on GaAs Nanowire
Growth,” Cryst. Growth Des., vol. 15, no. 7, pp. 3105-3109, Jul. 2015, doi:
10.1021/acs.cgd.5b00374.

F. Matteini, G. Tutlnctoglu, D. Riffer, E. Alarcon-Lladé, and A. F. i
Morral, “Ga-assisted growth of GaAs nanowires on silicon, comparison
of surface SiOx of different nature,” |. Cryst. Growth, vol. 404, pp. 246—
255, 2014, doi: //dx.doi.org/10.1016/j.jcrysgro.2014.07.034.

S. J. Gibson, J. P. Boulanger, and R. R. LaPierre, “Opportunities and
pitfalls in patterned self-catalyzed GaAs nanowire growth on silicon,”
Semicond. Sci. Technol., vol. 28, no. 10, p. 105025, 2013, doi: 10.1088/0268-
1242/28/10/105025.

E. Russo-Averchi ez al., “High Yield of GaAs Nanowire Arrays on Si
Mediated by the Pinning and Contact Angle of Ga,” Nano Lett., vol. 15,
no. 5, pp. 2869-2874, May 2015, doi: 10.1021/n1504437v.

H. Kiipers ¢ al, “Surface preparation and patterning by nano imprint
lithography for the selective area growth of GaAs nanowires on Si(111),”
Semicond. Sci. Technol., vol. 32, no. 11, p. 115003, 2017, doi: 10.1088/1361-
6641/2a8c15.

E. Uccelli ¢f al, “Three-Dimensional Multiple-Order Twinning of Self-
Catalyzed GaAs Nanowires on Si Substrates,” Nano Lett., vol. 11, no. 9,
pp. 3827-3832, 2011, doi: 10.1021/n1201902w.

F. Matteini e/ al, “Impact of the Ga Droplet Wetting, Morphology, and
Pinholes on the Orientation of GaAs Nanowires,” Cryst. Growth Des., vol.
16, no. 10, pp. 5781-5786, Oct. 2016, doi: 10.1021/acs.cgd.6b00858.

T. Akiyama, K. Sano, K. Nakamura, and T. Ito, “An Empirical Potential
Approach to Wourtzite-Zinc-Blende Polytypism in  Group III-V
Semiconductor Nanowires,” Jpn. . Appl. Phys., vol. 45, no. No. 9, pp.
1.275-1.278, 2006, doi: 10.1143 /jjap.45.1275.

R. Leitsmann and F. Bechstedt, “Surface influence on stability and
structure of hexagon-shaped III-V semiconductor nanorods,” J. App!.

68



[74]

[77]

[78]

[80]

[81]

[82]

Phys., vol. 102, no. 6, p. 63528, Sep. 2007, doi: 10.1063/1.2783899.

V. G. Dubrovskii e al, “Gibbs-Thomson and diffusion-induced
contributions to the growth rate of Si, InP, and GaAs nanowires,” Phys.
Rev. B, wvol. 79, no. 20, p. 205316, May 2009, doi:
10.1103/PhysRevB.79.205316.

F. Glas, M. R. Ramdani, G. Patriarche, and J.-C. Harmand, “Predictive
modeling of self-catalyzed III-V nanowire growth,” Phys. Rev. B, vol. 88,
no. 19, p. 195304, 2013, doi: //doi.org/10.1103/PhysRevB.88.195304.

D. Jacobsson ez al., “Interface dynamics and crystal phase switching in
GaAs  nanowires,”  Nature, vol. 531, p. 317, 2016, dot:
http://dx.doi.org/10.1038/nature17148.

V. G. Dubrovskii, “Self-regulated pulsed nucleation in catalyzed nanowire
growth,” Phys Rev B, vol. 87, 2013, doi: 10.1103/PhysRevB.87.195426.

F. Glas, ]J. Harmand, and G. Patriarche, “Nucleation antibunching in
catalyst-assisted nanowire growth,” Phys Rev Lett, vol. 104, no 13, p.
135501, 2010, doi: 10.1103/PhysRevlLett.104.135501.

V. G. Dubrovskii, “Development of Growth Theory for Vapor—Liquid—
Solid Nanowires: Contact Angle, Truncated Facets, and Crystal Phase,”
Cryst.  Growth Des., vol. 17, no. 5, pp. 2544-2548, 2017, doi:
10.1021 /acs.cgd.7b00076.

F. Glas, “Statistics of sub-Poissonian nucleation in a nanophase,” Phys Rev
B, vol. 90, 2014, doi: 10.1103/PhysRevB.90.125406.

N. V Sibirev, “Statistics of nucleation associated with the growth of
whisker nanocrystals,” Tech. Phys. Lett., vol. 39, no. 7, pp. 660-663, 2013,
doi: 10.1134/S1063785013070237.

V. G. Dubrovskii, Nucleation Theory and Growth of Nanostructures. Springer,
Betlin, Heidelberg, 2013, doi: https://doi.org/10.1007/978-3-642-39660-
1

N. Moll, A. Kley, E. Pehlke, and M. Scheffler, “GaAs equilibrium crystal

shape from first principles,” Phys. Rev. B, vol. 54, no. 12, pp. 8844—8855,
1996, doi: 10.1103/PhysRevB.54.8844.

69



[84]

[86]

87]

[89]

[90]

[92]

A. D. Gamalski, C. Ducati, and S. Hofmann, “Cyclic Supersaturation and
Triple Phase Boundary Dynamics in Germanium Nanowire Growth,” J.
Phys. Chem. C, vol. 115, no. 11, pp. 4413—4417, Mar. 2011, doi:
10.1021/jp1095882.

C.-Y. Wen e al., “Periodically Changing Morphology of the Growth
Interface in Si, Ge, and GaP Nanowires,” Phys. Rev. Lett., vol. 107, no. 2,
p- 25503, Jul. 2011, doi: 10.1103/PhysRevLett.107.025503.

S. H. Oh e al, “Oscillatory Mass Transport in Vapor-Liquid-Solid
Growth of Sapphire Nanowires,” Scence (80-. )., vol. 330, no. 6003, pp.
489 LP — 493, Oct. 2010, doi: 10.1126/science.1190596.

C. B. Maliakkal ez a/, “In situ analysis of catalyst composition during gold
catalyzed GaAs nanowire growth,” Naz. Commmun., vol. 10, no. 1, p. 4577,
2019, doi: 10.1038/s41467-019-12437-6.

C. B. Maliakkal e# a/, “Independent Control of Nucleation and Layer
Growth in Nanowires,” ACS Nano, vol. 14, no. 4, pp. 3868-3875, Apr.
2020, doi: 10.1021 /acsnano.9b09816.

M. Tornberg, C. B. Maliakkal, D. Jacobsson, K. A. Dick, and J. Johansson,
“Limits of III-V Nanowire Growth Based on Droplet Dynamics,” J. Phys.
Chem.  Lett., vol. 11, no. 8, pp. 2949-2954, Apr. 2020, doi:
10.1021 /acs.jpclett.0c00387.

G. E. Citlin ez al., “Self-catalyzed, pure zincblende GaAs nanowires grown
on Si(111) by molecular beam epitaxy,” Phys. Rev. B, vol. 82, no. 3, p.
35302, 2010, doi: 10.1103/PhysRevB.82.035302.

F. M. Ross, J. Tersoff, and M. C. Reuter, “Sawtooth Faceting in Silicon
Nanowires,” Phys. Rev. Lett., vol. 95, no. 14, p. 146104, Sep. 2005, doi:
10.1103/PhysRevLett.95.146104.

R. E. Algra et al, “Twinning superlattices in indium phosphide
nanowires,” Nature, vol. 456, no. 7220, pp. 369-372, 2008, doi:
10.1038/nature07570.

N. I. Goktas, A. Sokolovskii, V. G. Dubrovskii, and R. R. LaPierre,

“Formation Mechanism of Twinning Superlattices in Doped GaAs
Nanowires,” Nano Lett., vol. 20, no. 5, pp. 3344-3351, Apr. 2020, doi:

70



[94]

[95]

[100]

[101]

[102]

[103]

10.1021/acs.nanolett.0c00240.

E. Ahmad ez al, “Te incorporation in GaAsl—xSbxnanowires and p-i-n
axial structure,” Semzicond. Sci. Technol., vol. 31, no. 12, p. 125001, 2016, doi:
10.1088/0268-1242/31/12/125001.

Y. Zhang ez al., “Doping of Self-Catalyzed Nanowires under the Influence
of Droplets,” Nano Lett., vol. 18, no. 1, pp. 81-87, 2017, doi:
10.1021/acs.nanolett.7b03366.

V. G. Dubrovskii, “Fluctuation-induced spreading of size distribution in
condensation kinetics,” J. Chem. Phys., vol. 131, no. 16, p. 164514, Oct.
2009, doi: 10.1063/1.3254384.

F. Bastiman, H. Kipers, C. Somaschini, V. G. Dubrovskii, and L.
Geelhaar, “Analysis of incubation time preceding the Ga-assisted

nucleation and growth of GaAs nanowires on Si(111),” Phys. Rev. Mater.,
vol. 3, no. 7, p. 73401, Jul. 2019, doi: 10.1103/PhysRevMaterials.3.073401.

C. Sartel, D. L. Dheeraj, F. Jabeen, and J. C. Harmand, “Effect of arsenic
species on the kinetics of GaAs nanowires growth by molecular beam
epitaxy,” Journal of Crystal Growth, vol. 312, no. 14. pp. 2073-2077, 2010,
doi: //doi.org/10.1016/j.jcrysgro.2010.04.027.

B. A. Tok, E.S.; Neave, J.H.; Allegretti, F.E.; Zhang, J.; Jones, T-S-; Joyce,
“Incorporation kinetics of As2 and As4 on GaAs (110),” Surface science, vol.
371, no. 2-3. North-Holland Pub Co, Amsterdam:, p. 277, 1997, doi:
10.1016/S0039-6028(96)01085-0.

F. Krizek ef al.,, “Growth of InAs Wurtzite Nanocrosses from Hexagonal
and Cubic Basis,” Nano Lett., vol. 17, no. 10, pp. 6090-6096, 2017, doi:
10.1021/acs.nanolett.7b02604.

S. Gazibegovic et al., “Epitaxy of advanced nanowire quantum devices,”
Nature, vol. 548, p. 434, 2017, dot: https://doi.org/10.1038 /nature23468.

E. Billig, “Growth of monocrystals of germanium from an undercooled
melt,” Proc. R. Soc. London.Series A.Mathematical Phys. Sci., vol. 229, no. 1178,
pp. 346-363, 1955, doi: 10.1098/1spa.1955.0090.

D. R. Hamilton and R. G. Seidensticker, “Propagation Mechanism of

71



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

Germanium Dendrites,” |. Appl. Phys., vol. 31, no. 7, pp. 1165-1168, 1960,
doi: 10.1063/1.1735796.

A. J. Shahani and P. W. Voorhees, “Twin-mediated crystal growth,” J.
Mater.  Res., vol. 31, no. 19, pp. 2936-2947, 2016, doi:
10.1557/jmr.2016.308.

A. D. Gamalski, P. W. Voorhees, C. Ducati, R. Sharma, and S. Hofmann,
“Twin Plane Re-entrant Mechanism for Catalytic Nanowire Growth,”
Nano Lett., vol. 14, no. 3, pp. 1288-1292, 2014, doi: 10.1021/n1404244u.

D. S. Oliveira ez al.,, “Interaction between lamellar twinning and catalyst
dynamics in spontanecous core—shell InGaP nanowires,” Nanoscale, vol. 7,
no. 29, pp. 12722-12727, 2015, doi: 10.1039/C5NR02747K.

A. Casadei ¢/ al., “Doping incorporation paths in catalyst-free Be-doped
GaAs nanowires,” Appl. Phys. Lett., vol. 102, no. 1, p. 13117, 2013, doi:
10.1063/1.4772020.

M. H. T. Dastjerdi ef al., “Three-fold Symmetric Doping Mechanism in
GaAs Nanowires,” Nano Lett., vol. 17, no. 10, pp. 5875-5882, Oct. 2017,
doi: 10.1021/acs.nanolett.7b00794.

V. G. Dubrovskii, H. Hijazi, N. I. Goktas, and R. R. LaPierre, “Be, Te,
and Si Doping of GaAs Nanowires: Theory and Experiment,” J. Phys.
Chem. C, Jul. 2020, doi: 10.1021/acs.jpcc.0c04061.

M. Rizzo Piton et al, “Optimization of Ohmic Contacts to p-GaAs
Nanowires,” Nanoscale Res. Lett., vol. 14, no. 1, p. 344, 2019, dot:
10.1186/s11671-019-3175-8.

M. Rizzo Piton, “Development of Semiconductor Nanowire Materials for
Electronic and Photonic Applications,” Tampere University, 2019.

T. F. Kelly and M. K. Miller, “Atom probe tomography,” Rev. Scz. Instrum.,
vol. 78, no. 3, p. 31101, Mar. 2007, doi: 10.1063/1.2709758.

S. V Ivanov, P. S. Kop’ev, and N. N. Ledentsov, “Interplay of beryllium
segregation and diffusion in heavily doped GaAs and AlGaAs grown by
molecular beam epitaxy (thermodynamic analysis),” . Cryst. Growth, vol.
108, no. 3, pp. 661-669, 1991, doi: https://doi.org/10.1016/0022-

72



[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

0248(91)90246-2.

M. Hilse, M. Ramsteiner, S. Breuer, L. Geelhaar, and H. Riechert,
“Incorporation of the dopants Si and Be into GaAs nanowires,” Appl.
Phys. Lett., vol. 96, no. 19, p. 193104, 2010, doi: 10.1063/1.3428358.

H. Hijazi ez al., “Si Doping of Vapor—Liquid—Solid GaAs Nanowires: n-
Type or p-Type?,” Nano Lett.,vol. 19, no. 7, pp. 4498—4504, Jul. 2019, dot:
10.1021/acs.nanolett.9b01308.

D. M. Collins, J. N. Miller, Y. G. Chai, and R. Chow, “Sn and Te doping
of molecular beam epitaxial GaAs using a SnTe source,” J. Appl. Phys., vol.
53, no. 4, pp. 3010-3018, Apr. 1982, doi: 10.1063/1.331042.

I. Vurgaftman, J. R. Meyer, and L. Ram-Mohan, “Band parameters for I1I-
V compound semiconductors and their alloys,” | .App/ Phys, vol. 89, no.
11, pp. 5815-5875, 2001, doi: 10.1063/1.1368156.

P. Deshmukh, M. Sharma, S. Nalamati, C. L. Reynolds, Y. Liu, and S. Iyer,
“Molecular beam epitaxial growth of high quality Ga-catalyzed GaAsl—x
Sb x (x > 0.8) nanowires on Si (111) with photoluminescence emission
reaching 1.7 um,” Semicond. Sci. Technol., vol. 33, no. 12, p. 125007, 2018,
doi: 10.1088/1361-6641/aac7b8.

E. Alarcéon-Lladd, S. Conesa-Boj, X. Wallart, P. Caroff, and A.
Fontcuberta i Morral, “Raman spectroscopy of self-catalyzed GaAs 1— x

Sb x nanowires grown on silicon,” Nanotechnology, vol. 24, no. 40, p.
405707, 2013, doi: https://doi.org/10.1088/0957-4484 /24 /40/405707.

L. Li et al, “Near Full-Composition-Range High-Quality GaAs1—xSbx
Nanowires Grown by Molecular-Beam Epitaxy,” Nano Lett., vol. 17, no.
2, pp. 622—-630, Feb. 2017, doi: 10.1021 /acs.nanolett.6b03326.

R. Kaspi and K. R. Evans, “Sb-surface segregation and the control of
compositional abruptness at the GaAsSb/GaAs interface,” Journal of
Crystal — Growth, vol.  175-176.  pp. 838-843, 1997, doi:
//doi.org/10.1016/S0022-0248(96)00948-7.

J. Huh ez al, “Rectifying Single GaAsSb Nanowire Devices Based on Self-

Induced Compositional Gradients,” Nano Lett., vol. 15, no. 6, pp. 3709—
3715, 2015, doi: 10.1021/acs.nanolett.5b00089.

73



[123] H. Kauko e al., “Near-surface depletion of antimony during the growth
of GaAsSb and GaAs/GaAsSb nanowites,” J. Appl. Phys., vol. 116, no. 14,
p. 144303, 2014, doi: 10.1063/1.4896904.

74



PUBLICATIONS

75



76



PUBLICATION
1

Structural investigation of uniform ensembles of self-catalyzed GaAs
nanowires fabricated by a lithography-free technique

E. Koivusalo, T. Hakkarainen, and M. Guina

Nanoscale Res. Lett., vol. 12, no. 1, pp. 192, 2017
10.1186/s11671-017-1989-9
Copyright 2017 Springer Nature

Publication reprinted with the permission of the copyright holders.






Koivusalo et al. Nanoscale Research Letters (2017) 12:192

DOI 10.1186/511671-017-1989-9 Nanoscale ResearCh Letters

NANO EXPRESS Open Access
@ CrossMark

Structural Investigation of Uniform
Ensembles of Self-Catalyzed GaAs
Nanowires Fabricated by a Lithography-
Free Technique

Eero Koivusalo @, Teemu Hakkarainen and Mircea Guina

Abstract

Structural analysis of self-catalyzed GaAs nanowires (NWs) grown on lithography-free oxide patterns is described
with insight on their growth kinetics. Statistical analysis of templates and NWs in different phases of the growth
reveals extremely high-dimensional uniformity due to a combination of uniform nucleation sites, lack of secondary
nucleation of NWs, and self-regulated growth under the effect of nucleation antibunching. Consequently, we
observed the first evidence of sub-Poissonian GaAs NW length distributions. The high phase purity of the NWs is
demonstrated using complementary transmission electron microscopy (TEM) and high-resolution X-ray
diffractometry (HR-XRD). It is also shown that, while NWs are to a large extent defect-free with up to 2-um-long

twin-free zincblende segments, low-temperature micro-photoluminescence spectroscopy reveals that the
proportion of structurally disordered sections can be detected from their spectral properties.

Keywords: Nanowires, GaAs, Molecular beam epitaxy, Microstructure

Background

Semiconductor nanowires (NWs) offer versatile possibil-
ities for the realization of future electronic and photonic
devices. For example, owing to their small footprint,
one-dimensional NWs enable integration of highly lat-
tice or thermally mismatched materials on dissimilar
substrates [1]. Combination of the excellent optical and
electronic properties of III-V semiconductors and low-
cost Si platform is technologically very tempting. The
development of NW-based technologies has already led
to integration of III-V N'W-based lasers [2, 3] and light-
emitting diodes [4, 5] on Si. Furthermore, the large
absorption cross section of NWs can be exploited by
NW solar cells [6, 7], or NWs can be used as building
blocks for high-mobility transistors [8, 9] and single-
photon emitters [10, 11]. To this end, it is important to
minimize crystal defects such as polytypism and stacking
faults which could affect the device performance. For
example, zincblende (ZB)-wurtzite (WZ) interfaces in

* Correspondence: eero koivusalo@tut fi
Optoelectronics Research Centre, Tampere University of Technology,
Korkeakoulunkatu 3, FI-33720 Tampere, Finland

@ Springer Open

GaAs NWs have type II band alignment which causes
carrier localization along the NW axis and localized re-
combination at the interfaces [12, 13]. Many applications
also require homogeneous NW arrays with narrow size
distributions as the NW dimensions significantly affect
their optical properties [14, 15] and cause difficulties in
device fabrication.

Self-catalyzed NWs are often grown via self-assembled
method on porous SiOy or native-oxide-covered wafers.
Disadvantages of this method include coupling of the NW
nucleation and growth conditions as well as variations in
nucleation time for different NWs, which significantly
broadens their size distribution [16, 17]. Furthermore, the
wafer-to-wafer variations and non-uniformity of the oxide
properties lead to reproducibility issues in the NW growth
[18]. Homogeneous NW arrays may be obtained by select-
ive area growth in an array of holes in SiO, layer formed
using for instance nanoimprint [19] or electron beam lith-
ography [14, 20]. However, lithographical techniques re-
quire a rather complex substrate preparation procedure
while exposing it to various chemicals [19]. To mitigate
these issues, we have recently introduced a lithography-

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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free droplet-epitaxy-based method for making Si/SiOy
patterns that allow self-catalyzed growth of highly
uniform GaAs NWs [21]. In this letter, we provide
detailed insight of the growth process of these NWs
based on statistical analysis of feature sizes at different
stages of the template fabrication and NW growth. The
NW microstructure is then assessed by complementary
high-resolution transmission electron microscopy (HR-
TEM) and high-resolution X-ray diffraction (HR-XRD)
techniques. Furthermore, we investigate the correlation
between the structural defects and optical properties and
show that the proportion of structurally disordered sec-
tions in mostly defect-free NWs increases the fine struc-
ture in the low-temperature micro-photoluminescence
spectra.

Methods

Self-catalyzed GaAs NWs were grown on lithography-free
oxide patterns using molecular beam epitaxy (MBE). The
growth method was initiated with droplet epitaxy (DE) of
GaAs nanocrystals on oxide-free p-type Si(111) substrates.
The native oxide covering the substrates was removed by
a dip in aqueous solution of hydrofluoric acid. After the
oxide removal, the substrates were immediately trans-
ferred to the MBE reactor and degassed at 640 °C prior to
Ga droplet formation at 545 °C by deposition of 0.7 mono-
layers (ML) of Ga with 0.1 ML/s growth rate calibrated
for planar GaAs growth on GaAs(001). The droplets were
then crystallized into GaAs by exposing them to As, flux
for 10 min. Subsequently, the templates were removed
from the MBE chamber and exposed to air for 18 h in
order to form a thin oxide layer on the Si surface. During
this time, the nanocrystal density and diameter were char-
acterized by scanning electron microscopy (SEM). The
NWs were grown in the second growth step which started
with a 30-min thermal annealing at 655 °C for desorbing
the GaAs nanocrystals, thus forming a template composed
of oxide-free holes on otherwise SiO,-covered Si(111) sur-
face, which act as nucleation sites for the subsequent NW
growth. Further details of the template properties and fab-
rication process can be found in [21]. A 60-s Ga pre-
deposition at 640 °C with Ga flux corresponding to
0.3 ML/s was performed prior to the NW growth. The
NW growth was then initiated in the same substrate
temperature by providing an As, flux with a V/III ratio of
9. Four samples were grown with NW growth durations
of 60, 40, 20, and 5 min, referred as NW1, NW2, NW3,
and NW4, respectively. The GaAs nanocrystal densities of
the templates used for NW growth were 2 x 10® cm™. In
sample NW1, the growth was terminated by shutting the
As, and Ga fluxes simultaneously, thus preserving the Ga
catalyst droplets, whereas samples NW2, NW3, and NW4
were exposed to As,-flux during the sample cooldown
thus crystallizing the Ga catalyst droplets.

Page 2 of 8

The crystal structure of the NWs in samples NW1 and
NW2 was studied using HR-TEM and HR-XRD. Samples
NW1 and NW2 were chosen for characterization in order
to see the differences between NWs with preserved
(NW1) and crystallized (NW2) Ga catalyst droplets.

A photoluminescence (PL) study was conducted in
order to see the effect of Ga droplet crystallization and
NW size on the optical properties of the NWs. Power-
dependent micro-PL measurements were conducted at
10-K temperature using as-grown samples. A 640-nm
diode laser with excitation power densities ranging from
0.1 to 960 W/cm? was used. The excitation beam spot
size was 20 um meaning that several NWs were excited
simultaneously. The PL signal was collected using a
1024 x 256 pixel CCD detector through a spectrometer.
Spatial resolution in one of the lateral directions was
obtained by defining pixel rows as individual tracks,
while for the other lateral direction, it was given by the
slit placed in front of the spectrograph. The resulting
spatial resolution was around 500 nm which allowed us
to collect PL signal corresponding to an individual NW
or few NWs.

Results and Discussion

SEM images of samples NW1-NW4 are shown in Fig. 1.
Figure la represents sample NW1 that exhibits pre-
served Ga catalyst droplets; Fig. 1b—d shows samples
NW2-NW4, respectively, which have crystallized drop-
lets. The most prominent feature seen in the SEM im-
ages is the size uniformity of the NW arrays. This
characteristic was further studied analyzing a minimum
of 20 NWs from each sample. The length and diameter
data of the NWs including the standard deviations are
shown in Fig. 2. The growth of NW diameter and length
is linear, and the NWs do not exhibit tapered morph-
ology despite the finite radial growth. The standard devi-
ations of the NW length and diameter in sample NW1
are 1.2 and 3.8%, respectively. These distributions are
similar [19] or even narrower [22] than the ones ob-
tained via selective area growth. It is noteworthy that the
standard deviation of the NW length is around 40 nm
for all the samples. Hence, the differences in the NW
lengths are formed at a very early stage of the NW
growth and can be attributed to differences in reach-
ing the supersaturation condition of different size Ga
droplets [23].

In order to further investigate the evolution of N'Ws
throughout the growth process, we determined the statis-
tics for GaAs nanocrystal diameter in the template mater-
ial (Fig. 3a) and Ga catalyst droplet diameter after 60-s Ga
pre-deposition (Fig. 3b), as well as NW and catalyst drop-
let diameters and NW length of sample NW1 with a 60-
min growth duration (Fig. 3¢, d), respectively. The catalyst
droplet diameters after Ga pre-deposition (Fig. 3b) were



Koivusalo et al. Nanoscale Research Letters (2017) 12:192

Page 3 of 8

Fig. 1 SEM pictures of samples NW1-NW4 in a-d, respectively. The scale bars are 1 um in a, b and 200 nm in ¢, d

determined from an additional sample with only pre-
deposited Ga droplets, which were grown on a similar
template as the NW samples. The densities of GaAs nano-
crystal and pre-deposited Ga droplets were determined
and found to be equal, which indicates that a Ga droplet is
present in all holes in the oxide layer. The standard devi-
ation of the diameter increases in the very beginning of
the growth process from 2.3 nm of the pre-deposited Ga
droplets (Fig. 3b) to 3.8 nm of the NWs grown for 5 min
(N'W4, Fig. 2). On the other hand, it can be immediately
seen from Fig. 3 that the size distribution remains remark-
ably narrow throughout the growth process. The diameter
of the GaAs nanocrystals is 51 +4.9 nm (Fig. 3a). In the
beginning of the second growth step, they are thermally
desorbed and replaced with Ga catalyst droplets having a
diameter of 41 +2.3 nm (Fig. 3b), indicating reduction of
the diameter distribution between these two stages. This
is most likely caused by slight asymmetries observed in

4500 140
4000 [ Length o
[----- Diameter -

Diameter (nm)

Nw4
10 15 20 25 30 35 40 45
Growth time (min)

Fig. 2 NW length (solid line) and diameter (dashed line) data of
samples NW2, NW3, and NW4 presented with the
standard deviations

0 L
0 5

the shape of the nanocrystals. It should be also noted that
the uncertainty in assessing the feature sizes from SEM
pictures is approximately 1-2 nm. In Fig. 3c, d, the distri-
butions of NW diameter and length after a 60-min growth
duration are compared to Poissonian distributions

e {_ wﬁ)))} ’ 1)
and
e {_ %} ’ 2)

where D and L are the NW diameter and length, ()
denote the mean values, and /# and w are the ML thick-
nesses to the NW growth direction (111) and side facet
(110) directions, respectively. The Poissonian standard
deviations o, for the diameter and length distributions
are 5.3 and 37.5 nm, respectively. The diameter distribu-
tion (Fig. 3c) is almost Poissonian, whereas the length
distribution (Fig. 3d) seems to be sub-Poissonian, thus
further demonstrating the homogeneity of the NW
length distribution. The inset in Fig. 3d shows a positive
correlation of 0.5 between the NW length and droplet
diameters after 60 min NW growth.

This data gives new insight into the NW growth kinetics
on lithography-free oxide patterns. When the As cracker
valve is opened, the droplets start to approach supersatur-
ation and simultaneously compete for the amount of Ga
with other droplets within the Ga diffusion length. At this
point, the nearest neighbor distance, which is known to
affect the NW diameters in site-selective growth [24], con-
trols the Ga diffusion into the droplets. Simultaneously,
the Gibbs—Thompson (G-T) effect [23] allows the larger
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Fig. 3 Size distributions at different steps of the self-catalyzed GaAs
NW growth on lithography-free Si/SiOx patterns. a Diameter of the
GaAs nanocrystals grown on oxide-free Si(111) by droplet epitaxy. b
Diameter of the Ga catalyst droplets deposited in oxide-free areas
formed by thermal desorption of the GaAs nanocrystals. ¢ Diameter
of the NWs with a Poissonian fit and Ga catalyst droplet diameters
after a 60-min growth duration of sample NW1. d NW length of
sample NW1 with a Poissonian fit after a 60-min growth duration.
The measured and calculated Poissonian standard deviations are
denoted by o0 and op, respectively. The inset in d shows the
correlation between NW length and Ga catalyst droplet diameter

droplets to supersaturate and start nucleating at lower
As concentrations thus elongating them faster which
leads to the initial NW size distribution. The droplets
have a tendency to self-equilibrate their size distribu-
tions in certain growth conditions. This is because the
Ga adatom diffusion length along the NW sidewall
starts to limit the growth rate of long NW's faster than
of short NWs. This partially cancels the G-T effect,
which is observed as the correlation between NW
length and catalyst droplet diameter (Fig. 3c, d) and
could lead to constant length distributions throughout
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the whole NW growth as seen in Figs. 2 and 3d [24].
However, the self-equilibration process [25] offers only
partial description of the growth kinetics of our NWs
as it does not explain the finite sidewall growth. The
linear growth of the NW length indicates that the
growth occurs by random nucleation of monolayers,
which is expected to induce Poissonian length distribu-
tions [26, 27]. However, the length distributions seem
to be sub-Poissonian, which has not been demonstrated
before either for self-catalyzed or Au-catalyzed NWs.
Moreover, demonstrations of even Poissonian length
distributions are limited to Au-catalyzed InAs NWs
[28, 29] making this the first demonstration of sub-
Poissonian length distribution in epitaxial III-As NWs.
The sub-Poissonian distribution is attributed to self-
regulated growth caused by nucleation antibunching
where the nucleation of each ML consumes a signifi-
cant amount of group V species from the droplet indu-
cing a temporal anticorrelation between the nucleation
events. This allows growth in self-regulated mode,
which is expected to result in sub-Poissonian length
distributions [26, 30, 31]. The constant and sub-
Poissonian standard deviation of the NW length distri-
bution indicates that the remarkable uniformity of the
GaAs NWs grown on lithography-free Si/SiOx patterns
is a result of (i) uniformity of the nucleation sites
created by the DE of GaAs nanocrystals, spontaneous
oxidation, and thermal desorption, (ii) lack of second-
ary nucleation, and (iii) growth under self-regulation
caused by nucleation antibunching.

The crystal structure of NWs was studied by TEM to
further understand the growth process. TEM images of
a NW with preserved Ga droplets of sample NW1 are
shown in Fig. 4. In the bottom part of the NW (Fig. 4b, c),
a short, typically less than 150-nm-long section of stacking
faults and polytypism is observed. It is followed by a
remarkably long, up to 2 um, section of completely twin-
free ZB GaAs (Fig. 4d). The phase pure ZB ends to a
section with sparse twin planes until the top of the NW
(Fig. 4e). Furthermore, a short WZ segment is found just
under the Ga droplets. The disordered section in the bot-
tom part of the NW is formed during the beginning of the
NW growth, which may be related to Ga pre-deposition.
This assumption is supported by other reports of NWs
with similar base structure and rather long Ga pre-
deposition times [19] and the absence of the stacking
faults when NWs are grown without Ga pre-deposition,
or in short, under 5-s Ga pre-deposition is used [17, 32].
The 2-um phase pure ZB segments show the excellent
crystal quality of our NWss, even though longer ZB seg-
ments can be obtained by growing NWs under conditions
which prefer growth of thinner NWs [33]. The twin plane
formation after the phase pure ZB can be attributed to
lateral NW growth. The contact angle between the Ga
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Fig. 4 TEM images of sample NW1. a HR-TEM low-magnification overview. b, ¢ SAED pattern and HR-TEM micrograph of the disordered section
at the root of the wire. d SAED pattern of the pure ZB section. e SAED pattern of the twinned ZB section
AN
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droplet and solid NW tip decreases towards 90°, and the
spreading of the droplet over the edges of the NW tip
reduces as the NW diameter grows. This is known to in-
crease probability of nucleation at triple phase line which
induces twin planes. Thus, more and more twinning is
seen in the uppermost part of the NW [17, 34-36]. The
'WZ segment under the catalyst droplet, as the one seen in
Fig. 4, is a typical feature in self-catalyzed GaAs NWs. It is
associated with the rapid change in growth conditions as
the material fluxes are terminated [17, 34, 37]. Some As
species may still be present in the growth chamber after
the Ga shutter has been closed as the As cracker needle
valve operation is slower than the Ga shutter operation
and group V materials are known to remain in longer time
periods in the growth chamber. This rapidly increases the
local V/III ratio at the droplet, which induces WZ forma-
tion in GaAs NWs [38]. Hence, this WZ segment is prob-
ably formed from the remaining As species after shutting
the Ga flux.

TEM images of a NW with a crystallized Ga catalyst
droplet from sample NW?2 is shown in Fig. 5. The bot-
tom parts of the NWs with crystallized Ga droplets ex-
hibit similar crystal structure to the ones with preserved
Ga droplets, as expected. The NW section formed dur-
ing the Ga catalyst droplet crystallization begins with a
short section of stacking faults (Fig. 5b, c) that is
followed by a 150-nm-long section of pure WZ GaAs
(Fig. 5d, e). A short section ~20 nm of ZB is found in
the very end of the NWs (Fig. 5e). Similar characteristics
are typical for self-catalyzed GaAs NWs with crystallized
catalyst droplets [32, 37, 39]. Based on the TEM analysis,
GaAs NWs grown on lithography-free Si/SiOx patterns
exhibit typical characteristics of high-quality self-catalyzed
GaAs NWs.

HR-XRD was used to obtain statistically meaningful
data of the NW crystal structure. HR-XRD spectra of
the samples NW1-NW4 are presented in Fig. 6a, and
symmetric reciprocal space maps (RSMs) of samples

Fig. 5 TEM images of sample NW2. a HR-TEM low-magnification overview. b, ¢ SAED pattern and HR-TEM micrograph of the disordered section
close to the tip of the NW. d SAED pattern of the pure WZ section at the tip of the NW. e HR-TEM micrograph of the very tip of the NW
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NWI1-NW3 are shown in Fig. 6b—d, respectively. The
Si(111) and ZB GaAs(111) reflections are clearly seen
in all of the spectra, disregarding spectrum of sample
NW4 which has too small NWs to gain adequate in-
tensity from GaAs(111) reflection. The GaAs(111) re-
flections in Fig. 6a show some degree of broadening
towards low omega-2theta direction which can be at-
tributed to the presence of short period polytypism
[40] at the lower part of the NWs as well as in the
upper part of samples NW2 and NW3. In addition to the
GaAs(111) reflection, a weak peak can be observed in the
smaller omega-2theta side of the GaAs(111) reflection in
the spectra of samples NW2 and NW3 (Fig. 6a). The
existence of this reflection is confirmed by the RSMs of
samples with crystallized Ga catalyst droplets (NW2 and
NW3 in Fig. 6¢, d), and it is attributed to WZ GaAs(0002)
reflection. Because the phase pure WZ segments in NW
sections formed during droplet crystallization are 150 nm
long, the WZ reflection is assumed to be strain-free which
enables determination of WZ GaAs lattice constant c¢. We
have obtained a WZ GaAs lattice constant ¢ = 6.5689 A by
comparing the WZ GaAs(0002) reflection with the Si(111)
reflection in RSM in Fig. 6b where WZ peak is most pro-
nounced. This value is consistent with WZ GaAs lattice
constant measured from Au-catalyzed WZ GaAs NWs
using asymmetric RSMs 6.5701 A [41]. As a test of the
accuracy of the method, we determined also the ZB GaAs
lattice constant and obtained value of 5.6524 A which

deviates from the literature value [42] by only 0.015%.
These observations demonstrate that HR-XRD is a valu-
able tool for NW characterization providing complemen-
tary statistical information for TEM analysis performed
for a small number of NWs per sample.

Furthermore, the optical properties of the NWs were
studied using low-temperature micro-PL in order to
correlate them with the crystalline structure. Power-
dependent micro-PL spectra of samples NW1-NW3 are
shown in Fig. 7. The peak wavelength is between 840
and 855 nm, which is significantly redshifted with
respect to bulk GaAs band edge emission (816 nm) at
10 K. The spectra are broadened to longer wavelength
side and the amount of fine structure in the spectra seems
to increase as the NWs get smaller (from Fig. 6a—c).
Possible reasons for the redshift are unintentional Si dop-
ing solute into the Ga catalyst droplet from the substrate
[43], carbon, or other impurities [44] or band bending due
to NW surface oxidation [45, 46]. The fine structure emis-
sion is most probably related to indirect and localized
transitions at sections with polytypism and stacking faults
[47, 48]. The spectra obtained from sample NW1 shows
the least fine structure as it consists mostly of defect-free
ZB except for the short disordered section at the bottom
of the NW and the few twin planes in the upper part of
the NWs. Furthermore, samples NW2 and NW3 have
equally long polytypic sections at their bottom and top
parts, but sample NW2 has a 1.5-ym longer pure ZB
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Fig. 7 Micro-photoluminescence spectra of samples NW1-NW3 in a—c, respectively. The used excitation power densities vary from 0.1 to
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section. Hence, the fine structure emission becomes more
prominent when the relative amount of stacking faults
increases in shorter NWs, or in other words, the pure ZB
segments become shorter in relation to the charge carrier
diffusion length. Thus, we are able to associate the charac-
teristics of the micro-PL spectra to the crystal structure of
the NWs.

Conclusions

Based on the structural and optical analysis presented
in this work, we have shown that the lithography-free
oxide patterns provide a suitable template for growth
of high-quality GaAs NWs by Ga-catalyzed technique.
The sub-Poissonian length distribution of our NWs is
a demonstration of their remarkable uniformity, which
is attributed to the uniformity of the nucleation sites, lack
of secondary nucleation, and self-regulated growth mode.
However, further experiments are required for forming a
complete understanding of the sub-Poissonian nature of
the GaAs NWs grown on lithography-free oxide patterns.
Furthermore, the HR-TEM and HR-XRD studies revealed
that the GaAs NWs grown on lithography-free oxide pat-
terns exhibit high crystalline quality characterized by up
to 2-um long defect-free ZB segments. The WZ segments
formed during Ga catalyst droplet crystallization were
used for the determination of lattice constant ¢ = 6.5689 A
which corroborates the previously presented value ob-
tained for phase pure WZ NWs. The micro-PL results
correlated with the NW crystal structure so that the
amount of fine structure PL emission relates to the pro-
portion of disordered sections in the NWs. More generally
speaking, our observations show that the non-destructive
micro-PL and HR-XRD techniques are valuable tools for
the characterization of NW crystal structure and, in par-
ticular, provide complementary statistically significant data
to support the TEM results.
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ABSTRACT: Herein, we present experimental data on the
record length uniformity within the ensembles of semi-
conductor nanowires. The length distributions of Ga-catalyzed
GaAs nanowires obtained by cost-effective lithography-free
technique on silicon substrates systematically feature a
pronounced sub-Poissonian character. For example, nanowires
with the mean length (L) of 2480 nm show a length
distribution variance of only 367 nm? which is more than twice
smaller than the Poisson variance h(L) of 808 nm? for this
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mean length (with & = 0.326 nm as the height of GaAs monolayer). For $125 nm mean length, the measured variance is 1200
nm? against 1671 nm? for Poisson distribution. A supporting model to explain the experimental findings is proposed. We
speculate that the fluctuation-induced broadening of the length distribution is suppressed by nucleation antibunching, the effect
which is commonly observed in individual vapor—liquid—solid nanowires but has never been seen for their ensembles. Without
kinetic fluctuations, the two remaining effects contributing to the length distribution width are the nucleation randomness for
nanowires emerging from the substrate and the shadowing effect on long enough nanowires. This explains an interesting time
evolution of the variance that saturates after a short incubation stage but then starts increasing again due to shadowing,
remaining, however, smaller than the Poisson value for a sufficiently long time.

KEYWORDS: Self-catalyzed VLS growth, molecular beam epitaxy, III—V nanowires, growth kinetics, size distribution

S emiconductor nanowires (NWs) are widely considered as
one of the most promising building blocks for nanoscience
and nanotechnology.' Size uniformity within the NW
ensembles in terms of both diameter and length is crucial for
many applications and interesting from a fundamental view-
point.” Particularly for III-V NWs, the self-catalyzed vapor—
liquid—solid (VLS) method>* enables Au-free growth of high
quality NWs with a good vertical yield and high degree of
spatial uniformity.>~” Unfortunately, however, most ensembles
of VLS NWs (not only self-catalyzed III-V NWs, but in
general) are not as uniform in length as they may look. It is
common to compare the measured length distributions (LDs)
to the Poisson distribution, which rapidly converges to a
symmetric Gaussian with the variance scaling as h(L), where
(L) is the mean length over the ensemble and / is the height of
a NW monolayer in the growth direction.” While the diameter
distributions of self-catalyzed III—V can be made remarkably
narrow under the appropriate growth conditions (as shown
theoretically in refs 8 and 9 and confirmed experimentally for
Ga-catalyzed GaAs NWs in ref 9), the measured LDs of Au-
catalyzed'®"" and In-catalyzed'' InAs NWs and Ga-catalyzed
GaAs NWs'> appear disappointingly broad, in fact, much
broader than Poissonian in most cases. There are five main
reasons for that: (i) nucleation randomness of NWs emerging
from the substrate (meaning that different NWs start at

v ACS Publications © 2017 American Chemical Society
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different times and the initial length dispersion becomes larger
for longer nucleation step''™"), (ii) fluctuation-induced
broadening due to random character of growth,"'™'* (i)
diffusion-induced contributions into the NW elongation rate in
the case of Au-catalyzed growth,'”"® (iv) nucleation of
secondary group I1I droplets in the self-catalyzed approach,'"'>
and (v) possible collective effects in the NW ensemble such as
shadowing'® in directional molecular beam epitaxy (MBE)
growth.

Au-catalyzed InAs NWs growing by surface diffusion under
group V rich conditions'® showed broad LDs with variance ¢
scaling with the mean length (L) as (L)? Self-catalyzed InAs""!
and GaAs'> NWs exhibited very broad LDs with a pronounced
asymmetry toward a much longer left tail due to continuous
nucleation of secondary In or Ga droplets. Au-catalyzed VLS
InAs NWs described in ref 11 showed broad and asymmetrical
LDs due to difficult nucleation of NWs from colloidal Au
nanoparticles that were buried deep into the substrate in the
annealing step. The measured Poissonian LDs with variance
h(L) were reported only once in the case of Au-catalyzed InAs
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Figure 1. Description of the NW growth process. Steps 1 and 2: formation of GaAs nanocrystals on oxide-free Si(111) by droplet epitaxy. Step 3:
spontaneous oxidation of the Si surface by air exposure. Step 4: removal of the GaAs nanocrystals by annealing. Steps 5 and 6: formation of Ga
droplets inside the oxide-free holes and subsequent evaporation of the Ga droplets by annealing. Step 7: Ga-catalyzed NW growth.

Figure 2. Cross-sectional SEM images of NWs grown for 3 (a), 6 (b), 20 (c), 40 (d), SO (e), and 80 min (f). The scale bar is 1 ym.

NWs grown from thermally dewetted Au droplets."' Narrow
LDs of Ga-catalyzed GaAs NWs were also obtained by a two-
step MBE growth approach in ref 16 and by using growth on
chemical oxide-covered Si substrates in ref 17. These LDs look
close to the Poissonian shapes; however, no direct comparison
with the Poissonian expectation was given. Until recently,
Poisson distribution was therefore the narrowest NW LD
observed experimentally. Our recent observations'® revealed
slightly sub-Poissonian LD only for one growth time
corresponding to the longest Ga-catalyzed GaAs NWs studied
in the work (with (L) = 4100 nm), where the measured
variance of 1020 nm? was smaller than the Poisson value p” of
1336 nm”* at h = 0.326 nm for (111)-oriented GaAs NWs.
Here, we for the first time demonstrate pronounced sub-
Poissonian LDs and study the evolution of LD and NW
dimensions during Ga-catalyzed growth of GaAs NWs
fabricated on lithography-free Si/SiOx patterns. This NW
fabrication technique provides control of the NW density by
adjusting the density of the nucleation sites'® and enables
growth of NW ensembles having a remarkable size
uniformity."®'® The size uniformity reveals new insight into
the details of LD evolution, which are typically hidden by
predominant broadening mechanisms, such as secondary
nucleation. This allows us to theoretically separate the effects
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of different LD broadening mechanisms during the NW
growth.

The NW samples were prepared on p-Si(111) wafers using a
growth process, which is presented step-by-step in Figure 1.
Before the first growth step, the Si wafers were dipped in HF in
order to remove the native oxide and immediately transferred
in vacuum where they were first annealed at 275 °C for 1 h and
then at 700 °C for 10 min. Then GaAs nanocrystals were
grown by droplet epitaxy;*° (1) Ga droplets were first formed
by depositing 0.3 monolayers (ML) of Ga at 550 °C and then
(2) crystallized into GaAs by a 10 min As, exposure. The
sample temperature in step 1 is a critical parameter that defines
the density of the nucleation sites. Next, (3) the sample was
removed from vacuum and exposed to air for 18 h in order to
form an oxide layer on the Si(111) surface.”” In the following
step, (4) the sample was transferred back to vacuum where it
was annealed at 660 °C for 30 min in order to remove the
GaAs nanocrystals and reveal oxide free nucleation sites. In the
final surface preparation steps, (S) Ga droplets were formed in
the nucleation sites by depositing Ga for 60 s at 640 °C using a
growth rate of 0.3 ML/s and (6) subsequently removed by
annealing at 660 °C for 10 min. The purpose of steps 5 and 6 is
to prepare the nucleation sites for subsequent NW growth. By
infby eliminating the Ga predeposition step at the beginning
oftroducing these additional steps to the process presented
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before,'” we obtain high vertical yield of 70% from all
nucleation, without having to use Ga predeposition in the
beginning of the NW growth. Finally, in step (7) the NW
growth was initiated by simultaneously opening the Ga shutter
and As valve and using sample temperature of 640 °C. The Ga
growth rate was 0.3 ML/s, and the As,/Ga beam equivalent
pressure ratio was 9. Altogether six NW samples were grown
using different growth durations: 3, 6, 20, 40, 50, and 80 min.
The NW growth was terminated by switching off simulta-
neously the Ga and As supplies and rapidly ramping down the
sample temperature. The 50 min sample was grown on a
template having nucleation site density of 2 X 10* cm™, while a
slightly higher density of 4 X 10° cm™ was used for the other
samples, resulting in NW densities of 0.7 X 10% and 1.5 X 10°
cm™?, respectively.

Figure 2 shows cross-sectional scanning electron microscope
(SEM) images of the NWss after different growth durations. It is
evident from the SEM images that the NWs obtained by our
method remain remarkably uniform throughout the growth
process from 3 min up to 80 min growth duration. The NW
length was investigated quantitatively by measuring more than
100 NWs per sample using cross-sectional SEM. The diameter
statistics were collected similarly by measuring more than 30
NWs per sample. The evolution of the length and diameter
during growth are presented in Figure 3, which shows linear
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Figure 3. Mean values of the NW length and diameter presented with

their standard deviations. Best linear fit to the mean length versus time
yields a time-independent mean axial growth rate V of 62.8 nm/min.

time-dependence for the NW length. The NW diameter
increases first linearly and then saturates as the NW length
increases. This might be a sign of flux shadowing in directional
MBE growth.'® Furthermore, the standard deviation of the NW
length in Figure 3 suggests extremely narrow LD, which will be
discussed in detail in the following.

Theoretically, the Poisson LD is the best case regarding the
length uniformity without one specific effect, which will be
discussed later on. Indeed, in the absence of NW nucleation
delays or secondary nucleation of catalyst droplets, the LD of
NWs that grow by directly impinging the growth species from
vapor is described by the Gaussian Green’s function'*

_ 1 @)
FL W) = Zrr exp[ 2! ] W
with the Poisson variance
0,7 = (L) @

5352

The measured LDs of our NWs after different growth times
remain surprisingly narrow as shown in Figure 4, particularly

40 T T T T T
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B 6 min
304 B 20 min
B 40 min
" [ 50 min
= 204 80 min |
=1
o
O
10 1
0 v —— T v
0 1000 2000 3000 4000 5000

Length (nm)

Figure 4. Measured length histograms of Ga-catalyzed GaAs NWs at t
=3, 6, 20, 40, 50, and 80 min.

for longer growth times. Figure 3 confirms that the mean NW
length scales linearly with the growth time ¢, as it should be in
Ga-catalyzed GaAs NWs whose axial growth rate is propor-
tional to the As flux.>**' In our case, (L) = Vt with V = 62.8
nm/min as the effective influx of As atoms into the droplet. The
measured LDs after 40, 50, and 80 min of growth are essentially
sub-Poissonian, as shown in Figure S. For example, the variance

2500 T T T T T T T
& ® Measured variance .
g 2000 =™ Poissonian variance ,’
- 1 =— Model fit L T
8 = = = Poissonian + shadowing »
— 1500 ’
[0]
<
=
‘S 1000
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2
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G
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Time (min)

Figure 5. Measured variance of the GaAs NW LDs versus the growth
time (symbols). Solid straight line shows the corresponding Poisson
variance o> = h(L) = hVt, with V = 62.8 nm/min from Figure 3. The
red line shows a theoretical fit by the model that includes the
shadowing effect, and the dashed blue line corresponds to the
Poissonian growth with shadowing as explained later.

of 2480 nm long NWs obtained after 40 min of growth is only
367 nm?, which is more than twice smaller than the Poisson
variance of 808 nm? for this mean length. This variance is also
significantly smaller than the slightly sub-Poissonian value we
reported in ref 18. We attribute the improved length uniformity
to the modified growth process in which the incubation time
before the first nucleation is shortened from 68 to 57 s. There is
also a clear difference in the NW diameter during the early
stage of growth, which appears smaller here than in ref 18,
confirming that the NWs nucleate faster in the modified
procedure.

Very importantly for our analysis, the measured variance in
Figure S exhibits nonmonotonic time dependence. It increases
faster than the Poissonian variance in the initial growth step
(for 3 and 6 min growth times), then saturates to an almost
time-independent value of ~350 nm? for 20 and 40 min growth
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times and starts increasing again after that. However, it remains
smaller than Poissonian also for S0 and 80 min growth times. In
our technique for growing Ga-catalyzed GaAs NWs, the
formation of secondary Ga droplets is safely avoided. The
axial growth rate is limited by the impinging As species, as
demonstrated by the linear time dependence of the mean
length in Figure 3. Therefore, factors such as (iii) diffusion-
induced effects on the NW growth rate and (iv) formation of
secondary droplets for broadening are suppressed, and our LDs
are influenced only by (i) nucleation randomness for NWs, (i)
Poissonian broadening, and (v) shadowing.

We will now try to understand the remarkable length
uniformity that corresponds to the sub-Poissonian LDs after 20
min of growth. Qualitatively, the duration of the initial
nucleation step for NWs is expected to determine the
nucleation width of the LD,*** which stays constant in the
follow-up growth stage. Poissonian broadening of the LD is due
to kinetic fluctuations'*** and may be suppressed by the so-
called nucleation antibunching in individual 11—V NWs>
whereby mononuclear growth of a NW ML empties the droplet
with its As, and the next nucleation becomes improbable until
the droplet is refilled from vapor. Periodically changing
supersaturation in the catalyst also leads to oscillations of
truncated growth interfaces.”** Glas®® and Sibirev’” showed
that the nucleation statistics in individual NWs (which is related
to Green’s function of the LDs for the NW ensemble®®)
becomes sub-Poissonian in any NWs growing with nucleation
antibunching.

The measure of the antibunching effect is given by the
p'arexrn(ate1r23'26_28
. 3Qq, . 6A,ui @) h

Qo (B) " 05, TG R

®)

Here, Qg, = 0.02 nm’ is the elementary volume of liquid
gallium, Qg = 0.0452 nm® is the elementary volume of solid
GaAs, Ty, is the average concentration of As in the droplet
(corresponding to the mean growth rate), dAu/dc,, is the
derivative of the chemical potential in the liquid phase with
respect to the As concentration at Ty, i,(Cy,) is the number of
GaAs pairs in the critical nucleus at ¢, f(8) = (1 — cos f)(2 +
cos f)/[(1 + cos P)sin f] is the geometrical function relating
the volume of spherical cap droplet to the cube of its base
having the NW radius R through the contact angle 4. Whenever
the effect of nucleation antibunching is present (that is, for any
positive ), the variance of Green’s function saturates with time
rather than growing infinitely as in the Poissonian case.”® **
The & parameter controls the value of the variance at saturation
(which equals h2/(2¢) for small & < 1)*”*® as well as the rate
of saturation. We speculate that for large enough times, actually
starting already from ~6 min of growth in our case, sub-
Poissonian LD narrowing by nucleation antibunching yields the
time-independent variance instead of the Poisson value h(L).
This discussion is limited to a simplified case of zero As
evaporation from the catalyst. However, Sibirev and co-
authors® showed that a similar convergence of the LDs to a
time-independent shape is observed when the evaporation is
included. We will therefore proceed with the model without
evaporation for further estimates, which is acceptable because
the contribution into the saturated variance due to antibunch-
ing appears negligible anyway.

Quasi-saturation of the variance is seen for our GaAs NWs
for intermediate growth times (from 6 to 40 min in Figure S).
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Taking for the estimate the mean value of the measured contact
angle of 133° and the mean radius at 5 min of 25.5 nm, eq 3 at
Tp0Ap/0cy = 1 and Ty = 0.02 yields € = 0.0885 X i,
corresponding to a very small h*/(2¢) ~ 0.15 nm* even for a
small i, of four GaAs pairs (corresponding to a small & = 0.35).
Therefore, the variance due to nucleation antibunching is much
smaller than the saturated variance (reaching ~300 nm?) and
can be neglected in the analysis of the observed LD width. Of
course, our NWs grow radially with time, and hence, the &
parameter is a slow function of time. We speculate, however,
that the suppression of kinetic fluctuations occurs in the initial
stage with almost time-independent NW radii and once the LD
is rendered into the self-regulated regime, there is no reason for
its further Poissonian broadening.

Figure S shows that the measured variance starts to increase
again after t = 40 min. We attribute this additional broadening
to the shadowing effect'® for As. In directional MBE growth,
shorter NWs receive less As flux from vapor (including a large
contribution of re-emitted species®®) because they are blocked
by the neighboring NWs that are longer. The observed
broadening of the LDs for long NWs is the opposite of the self-
regulation mechanism due to the cooperative effect of interwire
exchange with the growth species, described in ref 31 in the
case of Ga-limited non-VLS growth of GaN NWs. This effect
leads, however, to bimodal LDs that are not seen in our
experiments. Furthermore, the LDs of GaN NWs given in ref
31 are still much broader than Poissonian.

In order to quantify the statistical properties of the LDs
shown in Figure S, we use the rate equations for the normalized
(Xssof = 1) probabilities f,(£) to observe a NW with the length
of s = L/h monolayers at time t, given by'®'"'31428

4%
:—pof;)’

=S = s>1

by S

dt dt - ©)
For the growth rates p, we use the model of the form
p=v+uls=(s)), s20 (s)

Here, v = V/h gives the length-independent average axial
growth rate in MLs per min. The second term stands for the
shadow effect in the linear approximation, with shorter NWs
(with s < (s)) growing slower and longer NWs (with s < (s))
growing faster than the NWs having the mean length (s) = (L)/
h. The parameter u describes the strength of the shadow effect.
The mean length and variance in terms of the s variable are

defined as

=

()= Yo,

s=1

ol = () = (s = Y — ()

s=1

Differentiating eq 6 for the mean length with respect to time
and using eq 4, we obtain d(s)/dt = v, and hence, (s) = vt. As
expected, the shadow effect does not affect the expectation (s),
which remains a linear function of time. Doing the same
procedure with the variance, after some simple manipulations
we find the exact result

2
do,

=v+ 2140;2
dt

@)

Therefore, the variance of the LD exponentially increases
with respect to the Poisson value (s) = vt due to the shadow
effect. Of course, this property pertains only in the linear
approximation for the instability and hence is valid only over a
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limited range of the growth times. Integrating this and
returning to the dimensional variance 6> = h’c?, we obtain

1) (8)

with (L) = Vt as the mean length and L, = hv/(2u) = V/(2u) as
the characteristic length describing the shadow effect.

The variance given by Eq. 8 is reduced to the Poissonian
value sz = (L) at {L)/Ly — 0. We can rewrite it as 6> = h{L)
+ hLo[exp({L)/Ly) — 1 — (L)/L,], where the Poisson variance
due to kinetic fluctuations is extracted explicitly in the linear
term. According to our previous analysis, this term should be
completely suppressed by nucleation antibunching (which does
not change the mean len§th much?®72®). However, the initial
nucleation randomness'>** is not taken into account in eq 4,
which applies uniformly for all lengths starting from s = 0 for
free droplets. To access the nucleation-induced broadening of
the LDs, clearly seen in Figure S, we introduce the additional
term that saturates to the nucleation variance ¢? in the initial
growth step, as in ref 19. As a result, our model expression for
the variance takes the form

o’ = hLO(e<L>/L° -

6% =, (1 — ey 4 pp (50 — 1 = (L)/L,)

©)

This equation shows that, in the absence of Poissonian
broadening, the length variation is determined by the two
factors: the initial nucleation randomness of the NWs emerging
from the substrate (leading asymptotically to a time-
independent variance o> with the characteristic saturation
length L,) and the additional broadening due to the shadow
effect (which becomes important for long NWs having the
mean length on the order of the shadowing length L,). The line
in Figure 5 demonstrates the excellent fit to the measured
variance obtained from eq 9 with 6% = 250 nm? L, = 200 nm,
and L, = 6000 nm. The dotted line in Figure 5 corresponds to
eq 8, that is, the Poissonian growth influenced by the shadow
effect, with the same L, of 6000 nm and shows that the LDs
without nucleation antibunching would be even broader than
Poissonian in this case. Saturation of the variance in the
intermediate growth stage requires that the nucleation step is
fast (a short L,) and that the shadowing length L, is large. We
note that the value of L, = 6000 nm obtained from the fit is
larger than the trivial geometrical shadowing length for the
direct flux Acotana (with A as the average distance between the
neighboring NWs and « as the incident angle of the As beam),
which is on the order of 1000 nm for our A = 546 nm and a =
35°. This indicates weaker shadowing compared to the
geometrical approach. The actual picture is much more
complex as it includes re-emitted As species,”**™>* so the
obtained L, is entirely possible. A more detailed investigation
and modeling of the shadowing effect for different NW
densities and growth conditions are underway. The nucleation
variance o2 depends on the preparation technique used for Ga
droplets, the type of the substrate/oxide, and the nucleation
rate of stable NWs emerging from Ga droplets, which may be
changed by the As flux. In comparison to our previous work,"
by eliminating the Ga predeposition step at the beginning of
the NW growth we were able to reduce the incubation time and
significantly reduce the saturation level of the variance.
Furthermore, the strength of the shadow effect for the long
NWs could be reduced by increasing the nearest neighbor
distance.
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In summary, we have demonstrated for the first time the NW
LDs that are narrower than Poissonian. Our Ga-catalyzed GaAs
NWs grow with a time-independent elongation rate and reach
the mean length of 5100 nm in 80 min. The variance of the
LDs saturates to a time-independent value after the initial
nucleation step due to suppression of the Poissonian
broadening by nucleation antibunching. This effect was
known for individual NWs but never seen in their ensembles.
The saturated variance of less than 400 nm? is more than twice
smaller than Poissonian (800 nm?) for ~2500 nm mean length.
Further increase of the variance has been attributed to the
shadow effect due to which shorter NWs receive smaller arsenic
flux as they are surrounded by longer NWs. Overall, the LD
widths remain smaller than Poissonian for growth times from
40 to 80 min, corresponding to the length from 2500 to 5100
nm. The obtained values of the relative LD widths 6/(L) of
0.00773, 0.00845, and 0.00676 for 40, 50, and 80 min growth
times show record length homogeneity within the NW
ensembles and may be further improved by optimizing the
initial nucleation step and reducing the NW density.
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ABSTRACT: The typical vapor—liquid—solid growth of

nanowires is restricted to a vertical one-dimensional geometry,
while there is a broad interest for more complex structures in
the context of electronics and photonics applications.
Controllable switching of the nanowire growth direction
opens up new horizons in the bottom-up engineering of self-
assembled nanostructures, for example, to fabricate inter-
connected nanowires used for quantum transport measure-
ments. In this work, we demonstrate a robust and highly
controllable method for deterministic switching of the growth
direction of self-catalyzed GaAs nanowires. The method is

Self-catalyzed
NW growth

Horizontal growth

In-situ
ealing

based on the modification of the droplet—nanowire interface in the annealing stage without any fluxes and subsequent growth in
the horizontal direction by a twin-mediated mechanism with indications of a novel type of interface oscillations. A 100% yield of
switching the nanowire growth direction from vertical to horizontal is achieved by systematically optimizing the growth
parameters. A kinetic model describing the competition of different interface structures is introduced to explain the switching
mechanism and the related nanowire geometries. The model also predicts that the growth of similar structures is possible for all
vapor—liquid—solid nanowires with commonly observed truncated facets at the growth interface.

KEYWORDS: Self-catalyzed GaAs nanowires, growth direction, crystal facets, surface energetics

P recise shaping of III—V semiconductor nanowires (NWs)
is paramount for their functionalization into electronic
and photonic devices. In particular, GaAs/AlGaAs NW-based
lasers integrated on silicon waveguicles,1 monolithic LEDs,>?
and functional NW array solar cells* have been important
milestones in this development. All of these achievements have
relied on the axial or radial heterostructures within one-
dimensional (1D) NWs. Extension of the NW growth beyond
1D geometry provides a suitable template for delicate quantum
transport measurements.”® Several approaches have previously
been used to form a versatility of three-dimensional NW-based
structures. In particular, Au-catalyzed NW crosses have been
grown on a (100) substrate producing rather random InAs
NW meshes,® and in a more controllable way on a
prepatterned substrate.” A ridged template covered by oxide
with predetermined nucleation sites has provided another
approach to grow more regular InAs®® and InSb®> NW crosses.
Interconnected NWs can also be produced by switching the
NW growth direction with respect to the typical <111> [or
<0001> in the case of wurtzite (WZ) NWs] direction of the
substrate normal. The most convenient 90° switching of the
growth direction has been demonstrated for Au-catalyzed WZ

v ACS Publications © 2018 American Chemical Society

82

InAs NWs’ and catalyst-free InAs(Sb) NWs.'® In optics and
photonics, possible applications of such structures include
circular dichroism in the optical response of chiral nanostruc-
tures,"" exploiting the waveguiding properties of semi-
conductor NWs.'>"® This effect further increases the interest
in controlling the NW growth direction. To date, the yield of
bent NWs has always been less than 100% within the
framework of the self-catalyzed approach. Furthermore, not
all of the horizontal growths start in the same horizontal plane,
which is unfavorable for further contacting the NWs.

The simplest mechanism for switching the NW growth
direction is driven by a catalyst droplet wetting one of the NW
side facets.”'®'* After that, more complex growth effects may
occur, including the formation of new facets or twin planes
separating different facets. Using these effects, even reversible
switching of the growth direction has been demonstrated in
Au-catalyzed InP NWs."* In addition, twinning is known to
facilitate the formation of kinks and other kinds of structures
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such as nanomembranes,'® flags,"* and sails."” Very important
information on the kinetics of kinking in Au-catalyzed NWs is
provided by in situ transmission electron microscopy (TEM),
as descried previously."®'” Despite the significant progress in
understanding and controlling the NW growth direction by
different methods, a simple and robust procedure for achieving
100% vyield of horizontal self-catalyzed NW growth in one
horizontal plane is still lacking. Consequently, this work
reports a method to grow very regular ensembles of 90° bent
GaAs NWs on silicon in the self-catalyzed approach.

By using lithography-free SiO, patterns as templates for the
self-catalyzed vapor—liquid—solid (VLS) growth, we have been
able to obtain GaAs NWs with the controllable number
density, high-quality zincblende (ZB) crystal structure, and
remarkable sub-Poissonian length uniformity.”°">* Here, we
show that this growth method can be extremely suitable to
induce bent NW structures with horizontal growth. The
deterministic switching of the growth direction occurs in the
same horizontal plane due to the narrow length distribution of
the initial NWs. This is highly desirable for fabrication of
interconnected NWs. A 100% yield of regularly bent NWs is
achieved simply by a growth interruption, which determines a
transition from vertical to horizontal growth. We investigate in
detail the previously unknown growth mechanism in different
stages and show that the NW morphology is generally sensitive
to the duration of the growth interruption, the local V/III ratio,
and the NW diameter. A longer growth interruption is found
to deterministically switch the NW growth direction by 90°
with a 100% yield. We develop a model, which describes the
observed reshaping of the growth interface and shows that the
deterministic transition from vertical to horizontal growth
upon the growth interrupt must be a general phenomenon for
all self-catalyzed III-V NWs under the appropriate conditions.
Thus, the insights presented here may help to either avoid the
unwanted kinking during the NW growth or deterministically
switch the NW growth direction when required for particular
applications.

The self-catalyzed GaAs NWs were grown by solid source
molecular beam epitaxy (MBE) on lithography-free oxide
pattern templates fabricated on p-Si(111) substrates via
droplet epitaxy. The lithography-free templates are fabricated
on HF etched, oxide-free Si substrates, by depositing Ga
droplets on the substrate and crystallizing the droplets into
GaAs under the As flux. After that, the templates are oxidized
in air and loaded back into the MBE chamber, where the GaAs
mounds are evaporated to form the lithography-free oxide
patterns, on which the NWs are in situ grown, as described in
refs 20 and 22. The NWs were grown on four different
templates with the nucleation site densities varying from 5 X
10”7 em™ to § X 10° ecm™. The vertical NW growth was
initiated with a 40 s predeposition of Ga droplets, re-
evaporation of the droplets, and simultaneously opening the
Ga and As, fluxes. The NW growth was conducted at 640 °C,
as determined by a pyrometer, the Ga deposition rate was 0.3
um/h, as calibrated for (100) GaAs growth, and the V/III
beam equivalent pressure (BEP) ratio was 9. The vertical NW
growth time was 20 min, except for three samples with variable
diameters, for which the growth durations from 20 to 30 min
were used. More details on the template fabrication and the
NW growth method can be found in refs 20—22. After growth
of the vertical part, the NWs were annealed for 20—70 s at the
growth temperature without any fluxes in order to reshape the
droplet—NW interface. After the annealing, the NW growth
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was resumed by simultaneously providing the Ga and As fluxes.
The V/III BEP ratio for the horizontal growth was varied from
7 to 11. After growth, the samples were rapidly cooled down.
Additional samples with vertical NWs grown for 20 min and
rapidly cooled down (template density 5 X 10° cm™) and
NWs gone through 45 s annealing (template densities 2 X 10°
em™ 5 X 10° cm™ and 5 X 10" cm™* and growth durations
from 20 to 30 min) were also fabricated as the references to
study the droplet—NW interface and the NW dimensions
before the growth continuation.

The NW morphologies were studied using scanning electron
microscopy (SEM). A typical NW sample after 20 min of
vertical growth and immediate cool down without any fluxes is
shown in Figures la,d. It is clearly seen that the Ga droplets

(a) Self-catalyzed NW
growth

Figure 1. Growth of bent GaAs NWs. (a, d) Vertical NWs grown for
20 min and rapidly cooled down. (b, ¢) NWs annealed at the growth
temperature for 4S s prior to cool down. (c) NWs grown for S min
after 45 s annealing. Side- and top-view images of (f) type 1 horizontal
and (g) type 2 downward growth. Scale bars in low-magnification 30°
tilted images are 1 ym in parts a—c and 100 nm in parts d—g.

remain stationary on the NW tips just after growth. In contrast,
the sample that was annealed for 45 s at the growth
temperature prior to cool down [Figure 1b,e] exhibits 100%
yield of droplets falling toward one of the (110) side facets.
When the growth is resumed after annealing by simultaneously
opening the Ga shutter and As valve, the NWs continue their
growth perpendicular to their initial growth direction [Figures
1cf], or slightly downward [Figure 1lc,g]. Perpendicularly
grown horizontal sections are referred to as type 1 and
downward pointing sections as type 2. The azimuthal direction
of the bent NW part is toward one of the <112> directions
associated with the corners of the (110) sidewalls, in contrast
to the droplet position after the annealing [see the top-view
images in Figure le—g].

To further understand the formation mechanism of these
structures, the postannealing droplet—NW interfaces were
analyzed by SEM and high-resolution transmission electron
microscopy (HR-TEM) [JEOL JEM-2200FS operated at 200
kV and FEI Tecnai G2-F20 operated at 200 kV for Figure 4b].
Two different droplet—NW interface shapes with respect to
the [110] zone axis (ZA) were found by TEM, as shown in
Figure 2a,b. The first shape is dominated by the A-polar (1—
1—1) facet and the second type by the (0—10) facet. The third
low index facet is the B-polar (—111) facet forming below the
(0—10) one, as shown in Figure 2b. Otherwise, the structures
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Figure 2. (a—c) TEM micrographs of three NWs annealed for 45 s at
the growth temperature prior to cool down. The ZAs marked in the
micrographs are also marked in the SEM image of the droplet-free
NW top facet in part d and sketches e, g, and h. The SEM image (d)
and top-view sketch (e) are aligned with respect to each other. The
complementary SEM analysis of part d is presented in the Supporting
Information.

compose of minor higher index facets. The facets are identified
based on the assumption that the NW top facet is (—1—1—1)
and the NW sidewalls are (110). The growth direction is
identified as <111>B because it is the common growth
direction of self-catalyzed GaAs NWs,>>** while A-polar GaAs
NWs are rarely achieved and mainly use Au-catalyzed VLS
growth.”>* It should also be noted that the radial symmetry of
the NW is 3-fold. This symmetry yields three possible sets of
[110] ZA that give equivalent results for the facet
identification. The one presented here is an arbitrarily chosen
example showing the droplet—NW interface of a particular
NWw.

Both dominating reshaped facets are inclined toward one of
the <112> corner directions of the NW sidewalls, perpendic-
ular to the [110] ZA used for imaging. However, back-view
TEM [Figure 2c] and top-view SEM [Figure le] show that the
droplets are tilted symmetrically toward one of the (110) side
facets. The shape of the NW growth interface was imaged by
SEM after removing the Ga droplets by HCI etching. SEM
analysis revealed the pentagonal shape of the top facet marked
by the dashed line in Figure 2d and that two of the sidewall
corners are hidden under the reshaped facets. Based on these
results, the interface configurations shown in Figure 2a,b are
interpreted as different views of a similar structure, illustrated
in the sketches in Figure 2e—h. More details on the SEM
analysis of the droplet—NW interface are given in the
Supporting Information.

Results of the TEM analysis of a type 1 NW structure,
shown in Figure 3a,b, reveal a pure ZB structure throughout
the whole NW, with a single twin plane extending along the
horizontal section. HR-TEM images in Figure 3c—e are aligned
in such a way that the top side of the horizontal section is
facing upward. These images show two different interface
configurations existing during growth of type 1 horizontal
sections. Both configurations are dominated by a flat (111)
plane on one side of the twin plane and feature a combination
of smaller facets on the other. For the NW imaged in Figure
3¢, the dominating flat (111) plane is B-polar as it is situated
above the twin plane. For the NW in Figure 3d, the
dominating (111) plane is A-polar and lies below the twin
plane. This (111)A facet corresponds to the (1—1—1) plane
marked in Figure 2a. The HR magnification shown in Figure
3e confirms that the (111) planes exist on both sides of the
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Figure 3. HR-TEM analysis of type 1 bent GaAs NWs. The low-
magnification image in part a and selective area diffraction (SAED)
patterns in part b reveal the excellent crystal purity in the ZB phase
and a single twin plane present in the horizontal section. Two
different droplet—NW interfaces are dominated by a flat (111)B plane
in part c and (111)A plane in part d. Periodic faceting of the top of
the horizontal NW section can clearly be seen in parts ¢ and d. (e)
HR magnification of the twin section that features both (111)A and
(111)B facets.

twin plane. It should be noted that the defect-free ZB structure
without twin planes was observed at the tip of all investigated
NWs before and after the annealing step, as shown in the
Supporting Information and Figure 2, respectively. On the
basis of these observations, we conclude that type 1 growth is
initiated by nucleation of the twin plane, which forms the
(111)B plane to oppose the initial (1—1—1) plane seen in
Figure 2a. The two (111)B and (111)A opposing facets pin the
droplet to sustain the horizontal growth.

TEM analysis conducted on a type 2 NW structure reveals
some similarities with type 1 growth. In particular, Figure 4a
shows that type 2 downward growth occurs on a NW, where a
single twin is present, as we saw earlier for type 1. However, in
this case, the twin is found in the vertical part, above the
downward type 2 growth [Figure 4a, SAED pattern 1], and is
most likely formed when the growth is resumed. The
downward growth continues directly along the <111> B
direction [Figure 4b], pointing 109° away from the original
NW growth direction. This is the direction of the (—111) facet
marked in Figure 2b. Thus, type 2 downward growth is
interpreted to start with nucleation of a single twin plane and
the droplet sliding down from the (0—10) facet wetting the
(=111) facet marked in Figure 2b, where the growth
continues. During the downward growth, the (—111) facet
remains flat and no microfacetting in the droplet—NW
interface is witnessed [Figure 4b and Supporting Information].

The NW shown in Figure 4a is aligned to a [110] ZA, which
is rotated by 60° around the NW axis from the direct side view
[Figure 1g]. In this case, possible twinning of the downward
part cannot be seen because a twin in that growth direction
rotates the zone axis away from the [110]. Hence, only one set
of the diffraction points would be seen in the SAED pattern
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Figure 4. Type 2 downward growth of a GaAs NW. (a) The [110]
ZA image of a type 2 structure with a downward section grown for 20
min shows the defect-free vertical section, with a single twin in the tip
of the NW (SAED 1). (b) In the [117] ZA image of a structure with a
20 min downward growth, periodic twinning of the horizontal section
is witnessed, corresponding to SAED 4. The evolution of type 2
structures during the downward growth is described in more detail in
the Supporting Information.

even if the downward section were twinned. Therefore, an
additional TEM analysis in a side-view configuration aligned to
[117] ZA is shown in Figure 4b, demonstrating that the
downward section is dominated by periodic twinning. The
twinning is clearly seen as a contrast difference in Figure 4b
and is also observable as roughness of the downward section in
Figure 4a.

As type 1 structures grow precisely in the same horizontal
plane (see the Supporting Information) and exhibit only a
single twin plane, whereas type 2 structures consist of a
periodic twinning superlattice, we carefully optimized the yield
of higher quality type 1 structures. We studied the effects of the
NW density, annealing time, V/III BEP ratio during the
resumed growth, and NW diameter on the populations of type
1 and 2 NWs. For the annealing time, V/III BEP ratio, and
NW density, all horizontal sections were grown on similar
vertical NWs. The effect of each growth parameter was studied
independently using the intermediate values of the other two
parameters (the NW density = 3 X 107 cm™ the annealing
time = 45 s, the V/III BEP ratio = 9). For the diameter series,
the vertical growth time was varied in order to tune the size of
the initial NWs (at a fixed V/III BEP ratio). The populations
were characterized by analyzing top-view SEM images as
described in more detail in the Supporting Information.

According to Figure Sa, increasing the NW surface density
from 2.4 X 107 cm ™ to 2.5 X 10° cm™ allowed us to increase
the yield of type 1 structures from 20 to 100% . The effect of
the annealing time is shown in Figure Sb. Very importantly, a
99% vyield of type 1 structures was obtained with the longest
annealing time of 70 s. For the shortest annealing time of 20 s,
the horizontal growth was mostly suppressed by the formation
of arbitrarily shaped bulges, showing that 20 s is not an
adequate time for the deterministic switching of the NW
growth direction. Figure Sc shows that altering the V/III ratio
as the growth is resumed after the annealing step also had a
significant effect on the yield of type 1 structures. For the
lowest V/III ratio, all horizontal sections nucleated as type 1
structures. However, for 35% of these structures, the droplets
wetted the horizontal NW sidewalls, terminating the original
type 1 growth. The formation of these structures, referred to as
type 1b in Figure Se, is explained in the Supporting
Information, where the top facets of such structures are
analyzed in more detail based on SEM images. A higher V/III
ratio of 11 produced up to 70% yield of type 1 structures.
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Figure S. Effect of the growth parameter tuning on the yield of type 1 structures. (a) NW density, (b) annealing time, (c) V/III BEP ratio, and (d)
NW diameter. Note that the intermediate data in histograms a—c are from the same sample. The inset in part b shows the typical random bulge
formed when the annealing time is too short. The 30° tilted view SEM images in part e show type 1b and 2b structures as described in the text and
Supporting Information. The scale bars are 100 nm. (f) The 30° tilted SEM image of the high-density sample with 100% yield of type 1 structures.
(g) The NW diameter dependence of the type 1 and 2 populations at a fixed annealing time of 45 s (with a lower density of surface structures of
1.26 X 10° cm™ and a higher density of 1.91 X 10° cm™), fitted by the model described below.
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However, many droplets started shrinking during the
subsequent horizontal growth, implying that such growth
would eventually be terminated due to the droplet
consumption. Furthermore, 40% of type 2 structures obtained
with V/III = 11 exhibited growth directly downward along the
sidewalls of vertical NWs. These structures have nucleated
similarly to type 2 NWs and are referred to as type 2b in Figure
Se. The SEM analysis of these structures is given in the
Supporting Information. No droplets were observed on top of
type 2b structures.

Figure Sd shows the effect of the NW diameter on the yield
of type 1 structures. For the narrowest NWs with the diameters
of 75 nm, more than 99% yield of type 1 structures is achieved.
Increasing the NW diameter leads to a rapid decrease of the
type 1 population. For 84 nm diameter NWs, the type 1 yield
becomes only 17.4% and drops below 10% for 91 nm diameter
NWs. The additional data point for 90 nm diameter NWs but
with the annealing time increased from 45 to 70 s
demonstrates that the type 1 yield increases from less than
10% to S55% despite the large NW diameter. Therefore,
increasing the annealing time has a similar effect as decreasing
the NW diameter, both leading to a higher yield of type 1
structures. This will be important in what follows. Figure Sf
shows an SEM image of the high-density sample with 100%
yield of type 1 NWs.

We now compare these results with the previously published
data. The droplet—NW interface reshaping shown in Figure le
and analyzed in Figure 2 was observed in our previous work.>>
However, as these samples were immediately cooled down
after the NW growth, the effect was not reproducible until the
annealing step was introduced to achieve the deterministic
switching of the NW growth direction as described above. A
similar effect of the growth interface reshaping has previously
been reported for Be-doped self-catalyzed GaAs NWs in ref 27,
where Be was thought to lower the droplet surface energy and
to cause a partial wetting of the NW sidewalls. In ref 28, the Ga
flux was provided for 20—60 s after termination of the As input
in order to inflate the droplet and let it wet the NW side facets.
The multiple (111) facets observed in ref 27 form a similar
structure to the one shown in Figure 2a. Similarly in ref 28, the
(111)A facet dominated the reshaped droplet—NW interface,
even though a few twin planes were formed above the droplets,
one of which extended to the droplet—NW interface. This
extended twin plane is likely to represent the very first steps of
nucleation toward the type 1 structure. Thus, prior
observations support the repeatability and generality of the
(111)-dominated droplet—NW interface reshaping upon the
growth interruption.

In addition to the reshaped (111)A [(1—1—1) in Figure 2a]
facet, our NWs comprise a (100) facet, below which we always
observe a (111)B facet [such as the (0—10) and (—111) facets
in Figure 2b]. The reshaped (100) facet and the (111)B facet
below it were not observed in refs 27 and 28. On the basis of
the droplets tilting symmetrically in between the (1—1—1) and
(0—10) facets [away from the (—110) NW side facet in Figure
2c] and taking into account the interface configuration
observed on the NWs with the droplets removed, we conclude
that the reshaped droplet—NW interface consists of a
combination of the (111)A and (100) facets, as illustrated in
Figure 2 e—h. According to this view, type 1 and type 2
structures nucleate from NWs having very similar droplet—NW
interfaces. However, higher quality horizontal type 1 structures
are dominated by the (111)A facets. Lower quality downward
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type 2 structures are dominated by the (100) facets and grow
perpendicular to the (111)B facet situated below the (100)
one. The difference between type 1 and 2 structures should
then be explained by the fine-tuning of the interface geometry,
namely, the probabilities of forming the (111)A and (100)
reshaped facets. The reshaping of the growth interface should
be due to an interplay of the surface energetics and kinetics,
supported by the fact that the populations of type 1 and 2
structures can be tuned by the growth parameters and the NW
diameters as shown in Figure S.

We now present a model to explain and quantify the
switching mechanism. According to refs 29 and 30, <111>B-
aligned self-catalyzed GaAs NWs and even Au-catalyzed GaAs
NWs grown under Ga-rich conditions exhibit a truncated
growth interface with an inward tapered facet wetted by a
catalyst droplet. Such truncated NWs have a pure ZB crystal
phase because nucleation occurs away from the triple phase
line where solid, liquid, and vapor phases meet.”*"3*
Unfortunately, in sita TEM measurements™"*" cannot identify
the exact orientation of the small truncated facet due to the
complex structure of the truncation and its fast oscillations.
However, it seems reasonable that the low index (111)A and
(100) can both be present in the initially truncated vertical
NWs as well as in NWs reshaping under annealing.

According to the model of Tersoff,*! the free energy change
of forming an inclined facet making the angle &, to the vertical,
of height y and length L, is given by

Ay tan 6,
b+ A2 ’}vz

AG =1L
Q, 2

—ay +

1

This expression presents the free energy relative to the
vertical facet and planar growth interface. Here, —a; is the
surface energy change upon forming the inclined facet, which
becomes negative at large enough contact angles of the droplet
P (f = 133° in our vertical NWs), Ay is the chemical potential
difference per GaAs pair in liquid and solid, Q35 = 0.0452 nm?*
is the elementary volume of GaAs pairs in solid, and b, is a
positive constant, which determines the facet size when Ay =
0. The energetically preferred facet height 34 that minimizes
AG; is given by y@ = a;/[2b(1 + a;Ap)], with @; = tan 6,/
(2€455b;). According to our assumption, a; > 0 for both (111)A
and (100) facets, with the probability of their occurrence
determining the populations of type 1 (i = 1) or 2 (i = 2) bent
NW structures. We should now compare the probabilities of
forming type 1 or 2 facets at a varying chemical potential Ay,
which decreases in the annealing stage upon the growth
interrupt.

The minimum free energy values at y = y¢ are given by

aL

AGP = ——
* 4b(1 + aAp)

()

The probability p, of forming type 1 structure can generally
be put as

exp(—AG; /kpT)
exp(—AG, /ksT) + exp(—AG; /kyT)

b 3)

with T as the growth temperature and kg as the Boltzmann
constant. As shown in the Supporting Information, chemical
potential decreases with the annealing time t approximately as
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with Ay, as the initial chemical potential value at t = 0. The
constant @ determines the rate of chemical potential decrease,
with Q; = 0.02 nm® as the elementary volume of liquid Ga, h =
0.326 nm as the height of the GaAs monolayer, f() = (1—cos
P)(2 + cos B)/[(1 + cos B)sin ff] as the geometrical function
of the droplet contact angle S, ks as the crystallization rate of
GaAs pairs, and R as the NW radius (which equals the radius
of the droplet base). The chemical potential decreases linearly
with , while for a given ¢ it is higher for a larger R because
larger droplets deplete more slowly with their As. Using eqs
2—4, the yield of type 1 structures is obtained in the form

1

1 u
I+ eXPI:F<1+a2A,u0(1—mr) - 1+(1‘A/A0(1—(nt))] (5)

with T = [a3/(4b,)](L/ksT) and u = a?b,/(a3b,).

Using the plausible parameters of self-catalyzed growth of
GaAs NWs (Apy = 0.2 eV, kys = 165 57! corresponding to
the mean axial growth rate of our vertical NWs of 1.06 nm/ 5,22
and /3 = 133°), we obtain the @ values on the order of 1 min™"
for R ~ 50 nm, showing that chemical potential tends to zero
after ~1 min of annealing. According to Figure Sb,d, an almost
100% yield of type 1 NW structures is obtained after 70 s
annealing and even after 45 s annealing for a smaller NW
diameter of 75 nm. Shorter annealing times or larger NW
diameters favor type 2 structures, which become predominant
(more than 90%) for the largest NW diameters of 90—91 nm.
According to the above analysis, smaller diameters or longer
annealing times bring the VLS system closer to the quasi-
equilibrium state at Ay = 0, corresponding to @t = 1 in eq S.
On the other hand, a higher Ay favors type 2 structures. While
the @; and u parameters entering eq S are unknown, a higher
yield of type 2 structures at Ay = Ay, (and therefore the
preference of the (100) truncation in vertical NWs)
transitioning to an almost 100% yield of type 1 structures at
Ap = 0 requires that

p =

1+ o, Ap,
—u

u>1, <1

1+ aAp, (6)
implying that a; > @,. These two inequalities are essential for
describing the observed trends in the two competing NW
structures under annealing.

Using eq 6, we can quantify the yield of type 1 structures
versus the NW diameter at a fixed t of 45 s. The facet length L
entering the I" parameter should be proportional to R. We can
then write I' = R/R; and @t = Ry/R according to eq S. This
gives

1

1+ R 1 _ u
Pl R\ T+ adug(L=Ro/R) 1+ ahug(1-Ro/R)

p(R) =

™)

Figure Sg shows a good fit to the data by eq 7 with R} = 1.5
nm, Ry = 32.5 nm, u = 2, a,Apy = 1, and a; Ay, = 7. It is seen
that the transition from less than 10% to almost 100% of type 1
structures is very sharp and occurs for a relatively small
diameter change from 90 to 75 nm.

87

Very importantly, all of the statistical data on type 1 versus
type 2 NW structures shown in Figure Sa—d are qualitatively
explained within our model. As discussed above, longer
annealing times and smaller NW sizes decrease chemical
potential and hence favor type 1 structures. Higher density
NWs are ~100 nm longer and thinner (71 nm in diameter)
than the sparse ones (82 nm in diameter). Therefore, the NW
density effect is the same as for the diameter series. Due to a
higher fraction of re-emitted As species,33 the local V/III flux
ratio should be higher for denser NWs. A higher As flux is
known to increase the axial NW growth rate and simulta-
neously shrink the Ga droplets, yielding thinner NWs.**™’
Lower V/III BEP ratios lead to a steeper decrease of chemical
potential in the gallium droplets**** and hence favor a faster
formation of type 1 structures when the growth is resumed
after annealing. The only exception from this trend is the case
of the highest V/III BEP ratio of 11 [see Figure Sc], where the
population of type 1 structures increases even though a higher
Ap is expected. This may be associated with shorter incubation
times, where more energetically preferred structures are
formed over a given period of time. It should also be noted
that nucleating the horizontal growth with an optimized V/III
BEP ratio for each density (for example, V/III = 7 for the
intermediate NW density) and then tuning the V/III ratio back
to 9 could produce 100% yield of type 1 structures. This gives
additional versatility of the growth parameters that can
individually be tuned to maximize the deterministic nucleation
of type 1 structures.

Based on the structural analysis of the reshaped droplet—
NW interfaces and type 1 structures shown in Figures 2 and 3,
type 1 structures nucleate on the (1—1—1) facet marked in
Figure 2a. Simultaneously, a twin plane forms, creating a (111)
B facet to oppose the (1—1—1) one. Because this twin plane is
observed in both types of structures, it is most likely initiated
by the triple phase line nucleation at the droplet edge opposing
the reshaped (1—1—1) and (0—10) facets, where the droplet
contact angle is less than 90°.>**% In type 1 structures, the twin
plane between the (111)A and (111)B facets pins the droplet,
allowing the growth to propagate in the <112> direction. Such
mechanism is known as the twin-mediated growth, observed
previously for Ge ingots and Au-catalyzed Ge and GalnP
NWs.3¥~* However, our growth mode is different from
previous observations. In our case, two different interface
configurations are observed, where the flat facet dominating
the droplet—NW interface may be either the upper B-polar
[Figure 3c] or the lower A-polar facet [Figure 3d], and the
other (111) facet is replaced by several smaller microfacets.
These two morphologies present different phases of a novel
type of twin-mediated growth where the flat facet dominating
the growth varies periodically. Oscillations between the flat
(111)A and (111)B facets during growth is supported by the
periodically changing morphology of the top parts of
horizontal NWs, where one half period is almost parallel to
the twin plane and the other has a downward slope with
respect to the twin. This fine structure can readily be seen in
SEM images shown in Figure 1f and in the Supporting
Information, and in more detail in the side-view TEM in
Figure 3c,d. The sustainability of this oscillating twin-mediated
growth mode for long horizontal sections is demonstrated in
the Supporting Information by analyzing the horizontal growth
rate for a V/III BEP ratio of 9. The growth rate remains
constant for at least 20 min and equals the axial growth rate of
vertical NWs (1.06 nm/s).
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In relation to the surface energetics of horizontal growth, we
speculated that the (111)A facets are energetically preferred to
all other types of facets at low enough chemical potentials,
which is why they are most representative in the reshaped
droplet—NW interface. On the other hand, it is known that the
(111)B plane of GaAs has a lower energy than the (111)A one
(0.69 J/m* against 0.82 J/m”® in contact with As-rich vapors
according to ref 43). The same property should pertain when
these facets are in contact with the Ga liquid, consistent with
the fact that the usual NW growth direction is <111>B.** Our
type 1 structures nucleate on a (111)A facet, which is inward
tapered for vertical NWs and has a lower effective surface
energy with respect to the outward tapered (111)B facet.*
The situation changes after nucleation of a horizontal NW
section, where the energetically preferred facet to introduce is
the (111)B one, which allows for the stable horizontal growth
of type 1 NWs. This explains the unique growth mode,
whereby the horizontal growth direction is maintained by
alternating the (111)A and (111)B facet and should work
equally well for other III-V NWs.

In conclusion, we have demonstrated a high level of control
over the growth direction of self-catalyzed GaAs NWs and
found a novel type of twin-mediated growth mode, where the
growth interface oscillates between the two flat (111) facets
with a different polarity. By controlling the NW density,
annealing time, V/III ratio during the horizontal growth, and
NW diameter, we are able to obtain 100% yield of regular 90°
bent NW structures, in which all of the horizontal sections start
at the predetermined height. Our model describes an
interesting interplay between the surface energetics and growth
kinetics, whereby the horizontal growth is preferred at low
chemical potentials achieved in the annealing stage. It explains
all of the observed data and predicts that such morphology
should be achievable for any VLS III-V NWs whose growth
front is initially truncated. Detailed structural investigations
reveal a high crystal quality of the obtained structures, which
makes them extremely promising for quantum electronic and
photonic applications.
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S1: SEM analysis of the NW top faceting

GaAs NWs grown for 20 min and annealed at the growth temperature for 45 s prior to cooldown
without any fluxes were analyzed by SEM. Ga catalyst droplets were removed from the NWs by etching
for 30 sin 10% HCl in IPA and rinsing in IPA. An in-lens detector was used to analyze the general shape
of the top-facets with the highest possible resolution [Figure S1 (a)]. Based on this image it is evident
that two out of six corners between NW (111)B top facet and <112> sidewall corners are reshaped
during the annealing. Orientation of the facets was investigated using secondary electron (SE)
detector. Images S1 (b) are taken using a low (few volts) collector bias, to increase the contribution of
the backscattered electrons and brighten the facets which are tilted toward the detector. Images S1
(c) to (e) are taken using 150 V repulsive detector bias to deflect all secondary electrons and only
detect the backscattered electrons. This procedure further enhances the topographical information.
Image S1 f) is taken using standard 250 V collecting detector bias. Images (d) to (f) are from the same
NW: (d) shows a single facet but as the contrast is increased for image (e), another facet becomes
visible. Image (f) shows the full shape of the NW tip. This morphology is a clear sign of the three facets
at the NW top, illustrated in the sketch in Fig. 2 (e) to (h) of the main text.

(e)
100 nm
()
100 nm 100 nm

Figure S1: SEM analysis of NW top facets, with the droplets removed by HCl etching

(a) image taken with in-lens detector showing the general shape of the NW tip. (b) image taken with
low (few Volt) SE detector bias (c)—(e) images taken with SE detector under repulsive bias revealing
bright facets that backscatter electrons towards the detector and the shaded ones scattering electrons
away from the detector. (d)—(f) analysis of a single NW with different contrasts achieved by different
detector biases.

$2: Analysis of type 1 and 2 populations

The statistics were always collected from equivalent locations on different samples to avoid the effect
of temperature inhomogeneity over the substrate surface. Figure S2 shows typical SEM images used



for statistical analysis. The insets more detailed views of type 1 and 2 structures. At least two similar
images were analyzed from each sample representing about 100 NWs.

2.4E7 3.2E7 2.5E8

NW density

V/III BEP ratio

Annealing time

Diameter

Figure S2: Analysis of type 1 and 2 populations

SEM images used to acquire statistical data for the different NW structures with the growth
parameters indicated for each image. Note that the images in the center column of the three top rows
are the same as they represent the intermediate data point for all the parameters investigated. Higher
magnification images show the individual type 1 and type 2 NWs. Scale bars in overview images are 1
um in the images of the NW arrays and 200 nm in the images of individual NWs.



S3: Different structures from top-view

Different types of structures found on the high-density sample with 100 % yield of growth direction
switching are shown in Figure (S3). The structure labeled 1 is formed, when two type 1 bent NWs
merge during the growth The structure labeled 2 is a type 1 NW, 3 is a tilted NW which has also
switched the growth direction, while 4 is a parasitic growth.

Figure S3: Different structures from top-view

Structures marked in 30° tilted view SEM images with magnifications from the same images. In the
bottom row, similar types of structures are found in the top-view images used for the statistical
analysis (S2). All scale bars in high magnification images are 200 nm.



S4: Type 1 horizontal growth rate

The horizontal growth rate was analyzed from top-view SEM images by measuring the length of the
horizontal part and subtracting the NW diameter as measured from cross-sectional images below the
tapered part. A linear fit to the time-dependent length in horizontal growths gives a growth rate of
3.8 um/h, which is identical to the vertical growth rate determined for a growth time series from 3 to
80 min in our previous work [1]. Incubation time of 38 s was determined for the horizontal growth
based on the same linear fit. Based on the linearity of the horizontal growth and the stable morphology
of the NW after 20 min of horizontal growth, it can be reasonably assumed that the twin mediated
oscillating growth mode is stable and can be sustained for even longer time periods if needed.

a)Eb) ‘ |
AT

Figure S4: Analysis of type 1 horizontal growth rate
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(a-c) Bent type 1 NWs after 5 (a), 10 (b), and 20 (c) min of horizontal growth; (d) Linearity of the
horizontal length versus time. The mean NW diameter was subtracted from the horizontal length data
after the measurements.

S5: Evolution of type 2 downward growth

Time evolution of a type 2 structure during the growth was analyzed from the same samples as in S4.
The analysis further clarifies the downward nature of type 2 growth. As the growth proceeds the top
of the downward section evolves faster than the original top of the vertical NW and eventually reaches
it as demonstrated in Figure S5 (c).

El

Figure S5: Analysis of type 2 downward growth

Type 2 structures after 5 (a), 10 (b) and 20 (c) min of downward growth. The scale bars are 200 nm.



S6: Additional SEM analysis of the droplet-NW interface

Droplets were removed from bent NWs with horizontal growth time ranging from 5 to 20 min similarly
to S1. Type 1 NWs reveal two different morphologies of the growth interface as expected from the
TEM analysis presented in Figure 3 of the main text. Type 1 NWs on the left side of Figure S5 [(a),(c),(e)]
represent the facet morphology dominated by a flat B-polar (111)B facet above, and microfacetting
below the twin plane. Type 1 NWs on the right side [Figure S5 (b),(d),(f)] represent morphology
dominated by a flat (111)A below and microfacetting above the twin plane. Type 2 NWs in Figure S5
(g)—(h) show consistently a flat end facet.

Figure S6: Facets dominating the horizontal or downward growth.

Type 1 NWs grown for 5, 10 and 20 min in (a,b), (c,d) and (e,f), respectively. Type 2 NWs in (g) and (h)
with 20 min downward growth duration.

S7: Exceptions from sustainable type 1 and 2 growth

While optimizing the horizontal growth conditions for type 1 yield, several mechanism limiting the
growth window for type 1 and 2 structures were found. The shortest annealing time of 20 s was found
to produce a poor control of switching of the growth direction, in agreement with the model. Too
short annealing leads to the formation of bulges which are shown in Figure S7 (a). Figure S7 (b) shows
different stages of type 1b formation under a low V/Ill BEP ratio of 7. The droplets swell and start to
wet the sidewalls of the horizontal NW. At a certain stage, they completely slip onto the sidewalls,
terminating controlled horizontal growth. An excessive As flux with V/IIl BEP ratio of 11 is also
problematic for sustaining the resumed growth. 40% of type 2 NWs, identified based on their
characteristic shape of the top facet, eventually lose their droplets as they crystallize along the NW
sidewall forming type 2b NWs as witnessed in Figure S7 (c). Simultaneously, type 1 NWs exhibit a
strong tapering due to continuous shrinking of the droplet size.
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Figure S7: Loosing the stability of resumed growth

(a) NWs annealed for 20 s at the growth temperature and with 5 min resumed growth. (b) different
stages of type 1b formation are illustrated. (c) NWs grown with V/IIl BEP ratio of 11 showing type 2b
structures and continuous shrinking of the Ga droplets in type 1 structures.

$8: TEM analysis of NWs prior to annealing

A single NW from the sample without post-growth annealing was rotated from [110] ZA to [112] ZA,
as shown in the SAED patterns in Figure S7. The analysis shows a pure ZB structure and minor
truncation at the droplet-NW interface.

Figure S8: NWs prior to annealing



TEM images taken from the same NW in [110] and [112] ZA revealing the pure ZB structure of the
NWs.

S9: Same plane of horizontal growth

All horizontal growth of type 1 occurs on the same height with respect to the substrate. This is
demonstrated by the 5 min and 20 min grown horizontal sections in Fig. S9 (a) and (b), respectively.

Figure S9: Same Plane of horizontal growth

Side-view SEM images of type 1 structures after 5 (a) and 20 (b) min growth of horizontal sections.
The images show that the horizontal growth occurs within a constant distance from the substrate
surface, i.e. in the same horizontal plane. The scale bars are 1 um.

$10: Derivation of time-dependent chemical potential in the annealing stage

Transition from vertical to horizontal growth is induced by annealing the NWs at a growth temperature
of 640 °C without any fluxes. Chemical potential in self-catalyzed growth of GaAs NWs is determined

by the atomic concentration of As atoms in the Ga droplet ¢, [2]. Due to a low solubility of As in liquid

Ga (cs <<1), a good approximation for chemical potential writes down as
Apt = const + k,T'ln ¢, (S1)

This ¢, can be approximated as
cs=—, (S2)
where N, is the total number of As atoms in the droplet and N, = const is the total number of Ga

atoms. Assuming that N, decreases with time mainly due to crystallization of GaAs pairs, we can write

2 2
dc]{\f = —ﬂg;hkﬁcgcs = —ﬁé;hkﬁcs, (s3)
35 35

with R as the NW radius (which equals the radius of the droplet base), 4 as the height of GaAs
monolayer (ML), €;;as the elementary volume of solid GaAs, and k,sas the crystallization rate of
GaAs pairs in ML/s. The last expression in (S3) is valid because the gallium concentration
c;=1-c;=lat ¢y <<1.

Using



N, LB

S4
0 (s4)

with . as the elementary volume of liquid Ga and /() as the geometrical function of the contact

angle A given in the main text, we can re-write Eq. (S3) in the closed form

des 39,
d Qi f(B)

Solving this with the initial condition ¢;(f = 0) = ¢;(0), we obtain

h
k35 ECS = _WCS . (55)

cs(t) = cs(0)e™”". (s6)
Using Eq. (S6) in Eq. (S1), we find
Ap(t) = Apty — kg TWt = Apgy (1 - o), (57)

with @ given in Eq. (4) of the main text.
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Abstract

Effective and controllable doping is instrumental for enabling the use of I111-V semiconductor
nanowires in practical electronics and optoelectronics applications. To this end, dopants are
incorporated during self-catalyzed growth via vapour-liquid-solid mechanism through the catalyst
droplet or by vapour-solid mechanism of the sidewall growth. The interplay of these mechanisms
together with the competition between axial elongation and radial growth of nanowires can result in
dopant concentration gradients along the nanowire axis. Here, we report an investigation of Be-doped
p-type GaAs nanowires grown by the self-catalyzed method on lithography-free Si/SiOx templates. The
influence of dopant incorporation on the structural properties of the nanowires is analysed by scanning
and transmission electron microscopy. By combining spatially resolved Raman spectroscopy and
transport characterization, we are able to estimate the carrier concentration, mobility and resistivity on
single nanowire level. We show that Be dopants are incorporated predominantly by vapour-solid
mechanism for low Be flux, while the relative contribution of vapour-liquid-solid incorporation is
increased for higher Be flux, resulting in axial dopant gradients that depend on the nominal doping

level.

1. Introduction

Semiconductor I11-V nanowires (NWs) have emerged due to their unique properties and development
opportunities they render possible to a wide range of optoelectronics devices [1,2], such as LEDs [3,4],
solar cells [5,6], and photodetectors [7]. The one-dimensional NW geometry brings specific advantages
including the possibility to combine different semiconductor alloys as radial and axial heterostructures,
and relaxes the lattice matching requirements; in turn, this enables 111-V semiconductor NW growth on
dissimilar substrates such as Si [1] which is widely used in electronics. Going into more details of the
fabrication of such NWs, the self-catalyzed growth [8,9] has been adopted for direct epitaxial
integration because it avoids the use of foreign catalyst metals such as Au, which is known to form deep
traps in Si and therefore degenerate device performance [10]. Substantial progress has been made

recently in self-catalyzed growth of GaAs NWs with high control of the size distributions and crystalline



structure [11-16]. Moreover, the ability to achieve an effective and controllable doping is essential
for bringing these nanostructures to the realm of practical applications, for example enabling
formation of p-n junctions without compromising the material quality of the NWs. It should be
emphasized that the knowledge of the dopant incorporation in traditional thin film epitaxy cannot be
directly applied to NW growth. Therefore, significant effort has been dedicated to investigate the dopant
incorporation mechanisms in NW growth [17]. The dopants are incorporated in NWs either via vapor-
liquid-solid (VLS) mechanism through the catalyst droplet, or via vapor-solid (VS) mechanism during
the sidewall growth. The incorporation of p-type dopant Be into GaAs NWs during self-catalyzed
growth has been investigated by several groups and different incorporation mechanisms have been
reported. Casadei et al. reported a preferential VS Be incorporation via the NWs sidewalls [18]. Zhang
et al. proposed a predominance of Be incorporation through the Ga catalyst droplets [19] and in the
work of Dastjerdi et al. it was determined that Be dopants incorporated through truncated facets under
the Ga droplet followed by diffusion into the core of the NWs [20]. These previous studies suggest that

the Be incorporation strongly depends on the growth conditions.

Here, we report an investigation of Be-doped self-catalyzed GaAs NWSs grown on lithography-free
Si/SiOx templates fabricated by droplet epitaxy and spontaneous oxidation of Si substrates [11,12]. We
examine the microstructural changes caused by Be dopant incorporation and, in particular, assess the
dopant concentration and its axial variations by single-NW Raman and electrical characterization
techniques, respectively. We show that different axial gradients of Be concentration are formed for
different Be fluxes. Our results suggest that the predominant Be incorporation mechanism is VLS for

high Be flux and VS for low Be flux.

2. Experimental Methods

The self-catalyzed GaAs NWs were grown by solid-source molecular beam epitaxy (MBE) on
lithography-free oxide patterns fabricated on p-Si(111) substrates by droplet epitaxy and spontaneous
oxidation. GaAs droplet epitaxy was performed on oxide-free HF-etched substrates. After the droplet

epitaxy, the wafers were removed from the MBE reactor, oxidized in air and loaded back to the MBE.



Prior to NW growth, the samples were annealed for 30 min at 655 °C, as determined by pyrometer, in
order to evaporate the GaAs mounds and to reveal oxide-free holes for NW nucleation as described in
detail in Ref. [12]. The nucleation site density of the templates used was 2x108 cm. The annealing
was followed by a 60 s Ga pre-deposition at the NW growth temperature of 640 °C with Ga flux
corresponding to planar 0.3 um/h growth rate on GaAs(100). The NW growth was then initiated by
providing As, corresponding to a V/I11 beam equivalent pressure ratio (BEP) of 9. The NWs were grown
for 60 min and the growth was terminated by switching off all fluxes simultaneously and rapidly cooling
down the sample. The NWs were doped with Be fluxes corresponding to a nominal p-type dopant
concentrations of 2.0x10® c¢cm™ and 2.0x10'° cm™® for samples hereafter named Bel and Be2,
respectively. The doping levels were calibrated based on Hall measurements of three planar Be-doped
GaAs(100) samples grown on semi-insulating GaAs substrates. The thin film (TF) samples were later
used for comparing the carrier concentration and mobility values obtained from Raman spectroscopy
and Hall measurements, and will be from now on named TF1, TF2 and TF3, in the order of increasing

Be flux used during the growth.

The structural properties of NWs were characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM characterization was performed to collect dimensional
data and to obtain images of the NWs used for Raman spectroscopy and transport characterization after
the measurements were carried out. TEM was used to analyze the microstructure of single NWs
harvested from the as-grown samples to a carbon film of a Cu TEM grid; for the analyses we used a

FEI Tecnai G2-F20 operating at 200 kV.

Room temperature Raman spectra of single NWs were obtained on backscattering geometry. The
NWs were transferred to a Si substrate with a 200 nm SiO, thermal oxide layer. The excitation
wavelength was 532 nm and a 50x magnification lens with NA=0.82 was used to obtain a spot size of
<1 pm in diameter. Raman spectra with varying excitation power were first collected from test NWs to
select the optimal power density that would not result in any shifts or broadening of Raman peaks due
to laser-induced heating. The linear polarization of both excitation laser and scattered light were

adjusted perpendicular to the NW growth axis. The TF samples were also investigated by Raman



spectroscopy with equivalent configuration of linear polarizations of excitation and detection to
evaluate the methodology adopted on analysis of the Raman spectra for assessing the free carrier

concentration and mobility.

For single-NW transport characterization, the NWs were first drop-casted on a p-GaAs substrate
covered by a 200 nm SiO- layer with pre-patterned gold pads. The position of representative NWs on
the substrate were identified by SEM imaging and electron beam lithography was used to fabricate
electrical contacts on individual NWSs. After resist development, the sample was dipped in 1:10
HCI:H2O solution for 10 s to remove the native oxide, followed by 15% ammonium polysulfide
(NH.)2Sx diluted in H,O for chemical passivation (45 °C, 3 min) of the exposed contact area of the
NWs. After chemical treatments of the surface, the NWs were immediately taken to an electron beam
metal evaporation equipment and a Pt/Ti/Pt/Au (5/10/10/200 nm) metallic multilayer was deposited on
the sample. After lift-off of the resist, a rapid thermal annealing at 400 °C for 30 s was performed to
reduce the contacts resistance. Current-voltage (IV) measurements were carried using an Agilent

Source-Meter Unit.

3. Results and discussion

3.1 Structural properties

TEM and HR-TEM images from selected areas of undoped and Be-doped GaAs NWs were obtained to
evaluate the influence of Be incorporation on the microstructural properties of the NWSs. The results are
summarized in figures. 1(a)-(d) for undoped NWs, in figures 1(e)-(h) for Bel NWs, and in figures 1(i)-
(1) for Be2 NWs. The bright-field (BF) TEM image of undoped NW in figure 1(a) shows that the twin
plane density increases towards the NW/droplet interface, region at which the contact angle between
the Ga droplet and NW tip decreases due to lateral growth favoring the twin plane formation [12]. HR-
TEM imaging of the root region in figure 1(d) shows a 100 nm long section of stacking faults and
polytypism, followed by a 2 um long center region of pure zincblend (ZB) GaAs, as shown in figure
1(c). A short wurtzite (W2Z) section (~5 nm) was formed at the interface of the Ga droplet and the NW

body (figure 1(b)), which is commonly observed in self-catalyzed growth of GaAs NWs due to rapid



changes in the growth conditions after switching off the Ga and As fluxes and subsequent ramp down

of the sample temperature [12].

The BF images of Bel and Be2 NWs are shown figures 1(e) and 1(i), respectively. The twin plane
density at the center-tip regions is smaller than in the undoped sample shown in figure 1(a), which has
been previously reported for self-catalyzed Be-doped GaAs NWs [19]. The root regions of Bel and
Be2 NWs, shown in figures 1(h) and 1(l), are composed of ZB structure with twin planes and stacking
faults due to instabilities related to early-stages of the epitaxial growth, such as Ga droplet composition.
It is evident that the incorporation of Be suppresses the twin plane formation in the center [figures 1(g)
1(k)] and NW-droplet interface [figures 1(f) and 1(j)] regions when compared to the undoped sample.
The formation of twin planes and WZ segments in self-catalyzed GaAs NWs is commonly attributed to
the droplet contact angle [9,21,22]. However, the post growth analysis of the distributions of droplet
contact angles reveals no significant difference between the Be doped and undoped NWs (See Fig. S1
in the Supplementary Data). The mean values of contact angles and the standard deviations for Bel,
Be2, and undoped NWs are 123.5° + 4.6°, 126.4° + 6.2° and 127.8° + 5.3°, respectively. Furthermore,
Be has been reported to suppresses the formation of WZ segments during Ga droplet crystallization
[23], which is another indication that the influence of Be on the ZB crystal phase purity cannot be
explained merely by a change of droplet contact angle. Therefore, the reduction of twinning and WZ
stacking probability in the Be-doped NWs is most likely related to a more complex change of energetics
in the VLS system, leading to an increase of ZB nucleation probability over WZ stacking and twin
formation. Furthermore, the NWs grown with high Be flux [Be2 in figure 1(k)] exhibit roughening of
the (110) sidewall planes along the whole NW length. The selected area electron diffraction (SAED)
patterns corresponding to the HR-TEM images of the bottom, center and tip regions of undoped, Bel

and Be2 NWs can be found in figure S2 in the Supplementary Data.



Figure 1. HR-TEM images of (a)-(d) undoped, (e)-(h) Bel, and (i)-(I) Be2 NWs. The red circles in (a), (€) and

(i) indicate the different positions corresponding to the higher magnification images in (b)-(d), (f)-(h) and (j)-(1).

The scale bars are 1 um in (a), (e) and (i). The other scale bars sizes are indicated on each figure.

3.2 Raman spectroscopy

Single-NW Raman spectroscopy with microscopic resolution allows to investigate the effect of Be
doping in different regions of the NW. Figure 2 shows Raman spectra of undoped, and two samples of
Be-doped NWs (namely Bel and Be2) collected from three different positions along the NW axes. The
decomposition of the experimental data in Lorentzian peaks of undoped NWs in figure 2(a) reveals the
transversal optical (TO), the surface optical (SO) and the longitudinal optical (LO) vibration modes of
ZB GaAs centered at 268, 272 and 288 cm, respectively. The SO modes are commonly observed in
nanostructures with high surface-to-volume ratio. Its frequency depends on the surrounding medium

[24] and density of defects, such as twin planes [25]. It was also reported that doping does not affect



SO mode frequency and linewidth [25]. It is worth mentioning that LO is a forbidden mode in Raman
backscattering from (110) surface of ZB crystals [26], but this selection rule is relaxed to some extent
for NWs due to finite size effects and hexagonal geometry of the cross section [24]. This allows to
analyze the screening of the LO mode due to the presence of free carriers caused by Be incorporation

on the NWs lattice [27].

In doped polar semiconductors, such as GaAs, the LO mode can couple to collective oscillations of
free carriers producing a coupled-phonon-plasmon mode (CPPM) [28]. The line shape analysis of the
CPPM can be used to estimate the free carriers concentrations and holes mobility for p-type GaAs
epilayers [28,29] and NWSs [18,27,30,31]. The Raman scattering intensity of the CPPM can be described

by [32]:
I(w) = AwTpwplwfo(1+ C) — w?]?/D @

With:
D = [} — w?) - wi(why — 0?) + Y07 + [Lw(wi — 0) +yo(wi - o?)]” @)

In this formulation, mto and w o are the TO and LO wavenumbers of an undoped reference sample
respectively, A is a frequency independent parameter, C = -0.49 is the Faust-Henry coefficient for GaAs
at room temperature for 532 nm laser excitation [33] and y is the natural LO mode damping constant.
The hole mobility u, can be calculated from the plasmon-damping constant I', = e/u,my, and the free
carrier concentration p is obtained from the plasma oscillation frequency of the free carriers
wf, = pez/eoewm;;. The remaining symbols have the usual meanings: e is the elementary electron
charge, my* is the hole effective mass, €. is the high-frequency dielectric constant for GaAs and & iS

the vacuum permittivity.

Figures 2(b) and 2(c) show Raman spectra measured at three different positions of representative
Bel and Be2 NWs respectively. The figures include the spectral components related to TO, SO and

CPPM modes that best fit the experimental data. On the right side are the corresponding SEM images



indicating the region of the NW from where Raman spectra were measured. The TO peak positions and
linewidths are consistent with the undoped sample and the SO position is in accordance to the NW
diameters and stacking faults/twin plane densities [24,25] observed in the HR-TEM images. The
spectral position and linewidth of the CPPM mode is dependent on the carrier concentration and
mobility [28]. The Raman peak at 256 cm™ observed at the root section (P1) of Be2 NW in figure 2(c)
corresponds to E; TO mode of WZ phase of GaAs [34] which is consistent with the results from the

HR-TEM in figure 1(1).
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Figure 2. Raman spectra of (a) undoped, (b) Bel, (c) Be2 GaAs NWs, and (d) Be-doped GaAs TF samples.
The spectra P1, P2, and P3 were collected from the regions indicated in the SEM pictures of the right sides of (a)-

(c). The scale bars in the SEM pictures are 1 pum.



In order to evaluate the fit method applied to the Bel and Be2 NWs, we analyzed the Raman spectra
of TF samples considering the contribution of CPPM calculated through Eq. (1) and comparing the
results with the Hall Effect data. The results are summarized in figure 3 for the carrier concentration
(figure 3(a)) and the hole mobility (figure 3(b)). The carrier concentrations obtained from Raman and
Hall Effect experiments in figure 3(a) are in good agreement, whereas the hole mobilities in figure 3(b)
are clearly underestimated by Raman spectroscopy when compared with the Hall effect data. Similar
results were previously reported for Zn-implanted GaAs [28] and p-type GaP [35]. In Ref. [35] the
differences between values of hole mobility estimated by Raman and Hall effect are attributed to the
contributions of several other factors that may cause an apparent decrease in the hole mobility at room
temperature estimated by Raman spectroscopy, such as non-polar optical and acoustic phonons, polar

optical phonons and ionized impurities [35,36].
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Figure 3. (a) Carrier concentration and (b) Hole mobility comparison between Hall effect data and fit of CPPM
peak from Raman spectra of TF samples. The symbols represent the fit results and the solid lines, indicating one-

to-one relation between Hall and Raman values, are for illustrational purposes.

By applying the same fitting procedure to the spectra in figures 2(b) and 2(c), we calculated the
charge carrier concentrations and the hole mobilities of three representative NWs of each nominal
doping level. The results of carrier concentration and hole mobility are presented in figures 4(a) and
4(b), respectively. The Raman spectra of the additional NWs from Bel and Be2 samples are included

in figure S3 in the Supplementary Data. The dashed lines in figure 4(a) represent the nominal doping



level of Bel and Be2 samples. The hole concentrations from the NWs in figure 4(a) ranges from 8x10%’
to 1.6x10* cm for Bel NWs (nominal 2x10® cm™3) and from 3.4x10%8 to 1.1x10%° cm for Be2 NWs
(nominal 2x10% cm?3). There is no consistent spatial dependence of Be concentration that would
suggest a doping profile along the NW axis, but the variation of values obtained for different axial
positions are rather large for all investigated NWs. Some uncertainty of the fitting results is expected
due to overlapping of TO, SO and CPPM. As the dopant concentration increases, the CPPM mode gets
broader and shifts to frequencies closer to the TO mode of ZB GaAs [28], which increases the
uncertainty of the line shape analysis in which Eq. (1) is used as a component for spectral
decomposition. Nevertheless, the fitting results were consistent with the same methodology applied to

the thin film samples supported by Hall Effect measurements in figure 3.

a)

"E 4o A a

(&}

S— .

= 8

S A o

e &

% 10" l . ||

O A A

8 m P1

% ® P2

T Be1 Be2 A P3
17 M M M M " 1
10 W1 W2 NW3 NW1 NWZ Nwa

b)

ottt

> te =

g °

5 .

Py

3 | °

S 10'} $ =

£ ° A

Q

(@]

T Be1 Be2

NW1  NW2 NW3 NW1 NW2 NW3

Figure 4. (a) Hole concentration and (b) hole mobility, obtained from the fit of CPPM lineshape to the Raman
spectra for three different NWs extracted from Bel and Be2 samples. The NW1 data points in (a) and (b)

corresponds to the spectra presented in figures 2(b) and (c), respectively. The spectra corresponding to the NW2



and NW3 data points are shown in figure S3. The symbols represent the different positions of the NWs from
which the Raman spectrum was measured: bottom region (P1), center region (P2) and tip region (P3). The grey

dashed lines (a) represent the nominal Be concentration of each sample.

The carrier concentrations of Bel and Be2 NWs are shown in figure 4(a) and are compared with the
nominal dopant concentrations, which are indicated by the dashed grey lines. On average, the carrier
concentration of Bel NW is 60% from the nominal doping whereas Be2 NW present 35% of the
nominal doping level. Similar incorporation efficiency of Be dopant in self-catalyzed GaAs NWs has
been reported [30]. It is important to highlight that the Be fluxes used for nominal doping of the NWs
are based on Hall Effect data obtained from the (100) oriented GaAs epilayers and the Be incorporation
rates are expected to be different for VS incorporation at the (110) oriented NW sidewalls and for the
VLS mechanism through the droplet [18-20]. Moreover, the results from Bel and Be2 NWs suggest a
reduction of the incorporation efficiency at higher Be flux. On the other hand, the hole mobilities [figure
4(b)] obtained for Be1 NW are similar to the values from Raman spectroscopy of the TF samples having
similar carrier concentration. However, the values obtained for the mobility of Be2 NWs were
significantly lower than what is expected for similar dopant concentration of bulk Be-doped GaAs at
room temperature. Similar result was also observed in Be-doped GaAs NWs and ascribed to scattering
at the surface [27] that would considerably decrease the mean free path of the carriers. It should be
noted that the charge carriers in highly doped NWs are expected to be more affected by the surface due

to the small depletion layer width [18].

3.3 Transport properties

The spatial dependence of the transport properties of individual Be-doped NWs was investigated by
manufacturing evenly spaced contacts and analyzing the IV characteristics of each channel along the
NWs. Figure 5(a) shows representative IV curves from Bel sample and the corresponding SEM image
of the device in figure 5(b). The asymmetric IV indicate a Schottky-like behavior of the metal-
semiconductor contacts. The current values in different positions along the Bel NW in figure 5(a)

indicate an increase in the values of the Schottky barrier heights in the contacts from the bottom (AB



channel) to tip (CD channel) of the NW. This behavior can be associated to a dopant concentration
profile which decreases from the root toward the tip of the NW. Such behavior was observed
consistently for all investigated Bel NWs, as shown in figures S4(a) and S4(e) in the Supplementary
Data. It should be noted that most of the Ga droplets were removed in the contact fabrication process,
unlike in the case of the NW shown in figure 5. In those cases, the bottom end of the NW was identified
from the specific off-cut shape formed when the NWs were harvested from the substrate. The insets in
figure 5(b) show higher magnification SEM pictures of the bottom (contact A) end with the off-cut

shape and tip end (contact D) of the NW. More details can be found in figures S4, S5 and S6 in the

Supplementary Data.
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Figure 5. (a) 1V characteristics of different channels along Be1l NW. (b) An SEM image of measured device. Each
channel in (a) corresponds to a pair of contacts as indicated in (b), with A being at the bottom and D at the tip

region of the NW. The scale bar in (b) is 1 um. The insets in (b) show higher magnification SEM pictures of the

bottom (contact A) and tip (contact D) of the NW.

Figure 6 shows similar IV curves for Be2 NWs. In contrast to Bel, the IV curves are linear and
exhibit smaller differences in the current values between different channels. This also confirms that the
surface passivation by ammonium polysulfide and the choice of the metal layers used for device
processing were successful in achieving ohmic contacts to p-GaAs NWs. The bottom (channel AB) and
tip (channel CD) parts of the NW without the Ga droplet in figure 6(b) were identified by the same

method previously described. The insets in figure 6(b) show higher magnification SEM pictures of the



bottom (contact A) end with the off-cut shape and tip end (contact D) of the NW. The slope in the IV
curve depends on both contact resistance and semiconductor resistivity. Therefore, in the following we

present another transport experiment for distinguishing these two values.
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Figure 6. a) IV characteristics of different channels along Be2 NW. (b) SEM image of measured device. Each
channel in (a) corresponds to a pair of contacts as indicated in (b), with A being at the bottom and D at the tip
region of the NW. The scale bar in (b) is 1 um. The insets in (b) show higher magnification SEM pictures of the

bottom (contact A) and tip (contact D) of the NW.

The ohmic character of the IVs from Be2 NWs allowed us to estimate simultaneously the contact
specific resistance and the semiconductor resistivity by fabricating five electrical contacts with
increasing channel length along the NW axial direction, also known as transmission line model (TLM)
geometry [37]. In this configuration, the total resistance Ry of each channel was obtained from the slope
of the IV curves and plotted as a function of channel length, the NW resistivity ps and transfer length

L+ were then obtained by fitting the pairs (Rr, L) using the relation [37,38]:

Rp(L) = 2 (2LTcoth(‘2’—TC) +1) 3)

nr

Where Wc is the contact width and r is the NW radius obtained by SEM imaging of the devices after

transport measurements. This equation format was chosen over a linear fit of the experimental points to



account for the reduced contacts width used in our devices due to NW length limitations [37]. The

specific contact resistance pc can be obtained from the equation:
3 ps
pe =571 (4)

Where the pre-factor 3/2 accounts for the fact the metal contact layer is not covering the whole NW
surface [37]. The specific contact resistance obtained from TLM devices allowed us to calculate the

nanowire resistivity of the devices similar to presented in figure 6(a) by using equation (5):
L
Rr = ps— + 2Rc ®)
Where A is the hexagonal cross-section area of the NW.

Figure 7(a) shows the IV of different channel lengths of Be2 NW in the TLM geometry, the inset
shows the SEM picture of the device obtained after transport measurements. The total resistance of the
longer channel (L = 1.10 um) was unexpectedly smaller than the shorter center channels most likely as
a result of the contact overlap with one of the ends of the NW, resulting in smaller contact resistance.
Therefore, this data point is omitted from the fitting procedure. The fitting to the experimental data in

figure 6(b) resulted in nanowire resistivity of p =0.027 Q-cm and specific contact resistance of
pC=4.5X10_6 Q-cm?, the transfer length resulting from the best-fit values was Lt = 230 nm. Based on
the values of p . obtained, the total contact resistance for each channel is 18 k2 on average. Comparable

results of contact resistance were previously reported for Zn-implanted p-type GaAs NWSs with similar

metal contact multilayer [39] and Be-doped GaAs thin films [40].
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Figure 7. () IV characteristics of Be2 NW measured in TLM geometry. The inset shows an SEM image of the
measured device. The scale bar is 500 nm. (b) Total resistances of individual channels as a function of channel
length. The square points are obtained from the linear fit to the IV curves in (a) and the red dashed line is the fit

result using equation (3).

With the specific contact resistance value now determined, we are able to calculate the semiconductor
resistivity for each channel of the evenly spaced contacts shown in figure 6 (NW1) and other NWs from
the same sample (NW2 and NW3, figure S5 of Supplementary Data) using equation (6). The NW
diameters were measured by SEM images obtained after transport measurements and a hexagonal cross-
section area was considered. Figure 8 shows the resistivity from channels AB (bottom region), BC
(center region) and CD (tip region) of NW1, NW2 and NW3. The NW resistivity obtained from TLM
is represented by the dashed line for comparison. The resistivity values range from 0.023 Q-cm to
0.033 Q-cm. It should be noted that the TLM calculations are based on nanowires with circular cross-
sections [37] whereas the resistivity was calculated assuming more realistic hexagonal cross section for
the devices with evenly spaced contacts. This explains slight deviation of the resistivity values obtained
from the two methods, as can be seen from figure 8. Nevertheless, the resistivity calculated for the
evenly spaced contacts allows us to investigate the Be concentration gradient in the axial direction for
Be2 NWs. While there is some NW-to-NW variation in the resistivity values, we consistently observe
lower resistivity for the upper part than for the lower part of the NW, indicating axial Be concentration

gradient which increases towards the tip, which is contrary to what was observed for Bel.
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Figure 8. Nanowire resistivity of Be2 NWs from devices similar to presented in figure 6(a). The experimental
points were calculated using equation (5) for each channel along the NW length, with A being at the bottom and

D at the tip region of the NW. The dashed line indicates the NW resistivity value obtained by TLM.

From the IV analysis of the NW devices in figures 5(a), 6(a) and 8 it is clear that the Be dopant
gradient is opposite in Bel and Be2 samples grown with lower and higher Be flux, respectively. The
IV data of Bel indicates a dopant gradient with decreasing concentration from bottom to tip. The
thickness of the VS grown shell is larger at the bottom than at the tip region of the NW, as the NWs
grow constantly in thickness but are not tapered [13,41]. Thus, in sample Bel, the Be dopants
incorporate predominantly through the NW sidewalls via VS growth, as reported in [18]. Predominant
Be incorporation via VLS mechanism through the Ga droplet would result in a dopant gradient which
increases from bottom to tip [19,20], as the thickness of the VLS grown core increases from bottom to
tip [41]. This is indeed what we observe for Be2. Therefore, we conclude that the predominant dopant
incorporation pathway depends on the Be flux so that lower Be fluxes favorably incorporate via VS
growth and higher fluxes via VLS growth. In case of the lower Be flux, the VLS incorporation can be
limited by capture of Be atoms only by direct impingement to the Ga droplet, while the axial VLS
growth rate is more than 10-times larger than the nominal growth rate of 0.3 um/h for which the nominal
doping level is calibrated, thus leading the predominant VS incorporation. As for the high Be flux, it
should be noted that, according to the Raman results shown in figure 4(a), the total incorporation
efficiency decreases when the Be flux is increased. Therefore, the difference between the dopant

gradients of Bel and Be2 NWs is more likely due to a reduction of the VS incorporation than an increase



of the VLS incorporation when the Be flux is increased. Such saturation of the VS incorporation can be
attributed to the onset of Be segregation on the GaAs surface. In the planar VS growth of Be-doped
GaAs, the segregation at high Be fluxes causes an increase of surface roughness [42—44], which is
indeed observed in figure 1(k) in the TEM micrographs of the NWs grown with high Be flux. When
planar layers are grown by VS with typical 1 um/h growth rates, the segregation effects are expected at
high doping levels in the 101%-10%° cm-3 range. However, the radial growth rate on the NW sidewalls by
the VS mechanism is significantly lower and, according to the thermodynamic model presented in
Ref. [43], low growth rates lead to an onset of segregation at lower doping levels. The same model also
predicts that the onset of Be segregation depends on the As flux and growth temperature, which further
emphasizes the influence of growth conditions on the Be incorporation in self-catalyzed GaAs NW

growth.

4. Conclusions

We have investigated the effect of Be-dopant incorporation in self-catalyzed GaAs NWs using a
lithography-free fabrication technique of Si/SiOx templates. The presence of Be impurities was found
to suppress the formation of twin planes and stacking faults in the NWs. Using spatially resolved single-
NW Raman spectroscopy and transport characterization, we were able to assess the dopant
incorporation and axial dopant gradients formed in NWs grown with higher and lower Be fluxes. We
have shown that with low Be flux the dopant concentration decreases towards the NW tip, while for
high Be flux the gradient is opposite. These results suggest that the Be dopants incorporate
predominantly via VS growth at the NW sidewalls with low Be flux, while the relative contribution of

the VLS mechanism becomes more significant when the Be flux is increased.

Acknowledgements

M.R.P. acknowledges CAPES/CNPqg process 88887.100549/2015-00, H.V.A.G. and Y.G.G.
acknowledge FAPESP grants 18/01808-5, 16/10668-7 and 14/50513-7. M.R.P, E.K, T.H, and M.G.
acknowledge financial support from the Academy of Finland Project NESP (decision number 294630),

and NanoLight (decision number 310985) and the Vilho, Yrj6 and Kalle Vaiséla Foundation of the



Finnish Academy of Science and Letters. This work made use of Tampere Microscopy Center facilities

at Tampere University.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Joyce H J et al 2011 I11-V semiconductor nanowires for optoelectronic device applications

Prog. Quantum Electron. 35 23-75

Zhang A, Zheng G and M. Lieber C 2016 Nanowires: Building Blocks for Nanoscience and

Nanotechnology (New York: Springer International Publishing)

Dimakis E et al 2014 Coaxial Multishell (In,Ga)As/GaAs Nanowires for Near-Infrared

Emission on Si Substrates Nano Lett. 14 2604-9

Svensson C P T, Martensson T, Tragardh J, Larsson C, Rask M, Hessman D, Samuelson L and
Ohlsson J 2008 Monolithic GaAs/InGaP nanowire light emitting diodes on silicon

Nanotechnology 19 305201

Aberg | et al 2016 A GaAs Nanowire Array Solar Cell With 15.3% Efficiency at 1 Sun IEEE

J. Photovoltaics 6 185-90

van Dam D, van Hoof N J J, Cui Y, van Veldhoven P J, Bakkers E P A M, Gomez Rivas J and
Haverkort J E M 2016 High-Efficiency Nanowire Solar Cells with Omnidirectionally Enhanced

Absorption Due to Self-Aligned Indium-Tin-Oxide Mie Scatterers ACS Nano 10 11414-9

Thompson M D et al 2016 Low Leakage-Current InAsSb Nanowire Photodetectors on Silicon

Nano Lett. 16 1827

Colombo C, Spirkoska D, Frimmer M, Abstreiter G and Fontcuberta i Morral A 2008 Ga-
assisted catalyst-free growth mechanism of GaAs nanowires by molecular beam epitaxy Phys.

Rev. B 77 155326

Cirlin G E et al 2010 Self-catalyzed, pure zincblende GaAs nanowires grown on Si(111) by



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

molecular beam epitaxy Phys. Rev. B 82 035302

Bullis W M 1966 Properties of gold in silicon Solid. State. Electron. 9 143-68

Hakkarainen T V., Schramm A, Makel& J, Laukkanen P and Guina M 2015 Lithography-free
oxide patterns as templates for self-catalyzed growth of highly uniform GaAs nanowires on

Si(111) Nanotechnology 26 275301

Koivusalo E, Hakkarainen T and Guina M 2017 Structural Investigation of Uniform Ensembles
of Self-Catalyzed GaAs Nanowires Fabricated by a Lithography-Free Technique Nanoscale Res.

Lett. 12 192

Koivusalo E S, Hakkarainen T V., Guina M D and Dubrovskii V G 2017 Sub-Poissonian
Narrowing of Length Distributions Realized in Ga-Catalyzed GaAs Nanowires Nano Lett. 17

5350-5

Tauchnitz T, Nurmamytov T, Hubner R, Engler M, Facsko S, Schneider H, Helm M and
Dimakis E 2017 Decoupling the Two Roles of Ga Droplets in the Self-Catalyzed Growth of

GaAs Nanowires on SiO x /Si(111) Substrates Cryst. Growth Des. 17 5276-82

Tan S L, Genuist Y, den Hertog M |, Bellet-Amalric E, Mariette H and Pelekanos N T 2017
Highly uniform zinc blende GaAs nanowires on Si(111) using a controlled chemical oxide

template Nanotechnology 28 255602

Kipers H, Bastiman F, Luna E, Somaschini C and Geelhaar L 2017 Ga predeposition for the
Ga-assisted growth of GaAs nanowire ensembles with low number density and homogeneous

length J. Cryst. Growth 459 43-9

Dayeh S A, Chen R, Ro Y G and Sim J 2017 Progress in doping semiconductor nanowires

during growth Mater. Sci. Semicond. Process. 62 135-55

Casadei A et al 2013 Doping incorporation paths in catalyst-free Be-doped GaAs nanowires



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Appl. Phys. Lett. 102 013117

Zhang Y et al 2018 Doping of Self-Catalyzed Nanowires under the Influence of Droplets Nano

Lett. 18 81-7

Dastjerdi M H T, Fiordaliso E M, Leshchenko E D, Akhtari-Zavareh A, Kasama T, Aagesen
M, Dubrovskii V G and LaPierre R R 2017 Three-fold Symmetric Doping Mechanism in GaAs

Nanowires Nano Lett. 17 5875-82

Krogstrup P, Curiotto S, Johnson E, Aagesen M, Nygard J and Chatain D 2011 Impact of the

liquid phase shape on the structure of 111-V nanowires Phys. Rev. Lett. 106 1-4

Jacobsson D, Panciera F, Tersoff J, Reuter M C, Lehmann S, Hofmann S, Dick K A and Ross
F M 2016 Interface dynamics and crystal phase switching in GaAs nanowires Nature 531 317—

22

Zhang Y et al 2017 Growth of pure zinc-blende GaAs(P) core-shell nanowires with highly

regular morphology Nano Lett. 17 4946-50

Spirkoska D, Abstreiter G and Fontcuberta i Morral A 2008 Size and environment dependence
of surface phonon modes of gallium arsenide nanowires as measured by Raman spectroscopy

Nanotechnology 19 435704

Venkatesan S, Mancabelli T, Krogstrup P, Hartschuh A, Dehm G and Scheu C 2017 Surface

optical phonon propagation in defect modulated nanowires J. Appl. Phys. 121 085702

Steele J A, Puech P and Lewis R A 2016 Polarized Raman backscattering selection rules for (

hhl )-oriented diamond- and zincblende-type crystals J. Appl. Phys. 120 055701

Ketterer B, Uccelli E and Fontcuberta i Morral A 2012 Mobility and carrier density in p-type

GaAs nanowires measured by transmission Raman spectroscopy Nanoscale 4 1789

Irmer G, Wenzel M and Monecke J 1997 Light scattering by a multicomponent plasma coupled



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

with longitudinal-optical phonons: Raman spectra of p-type GaAs:Zn Phys. Rev. B 56 952438

Mlayah A, Carles R, Landa G, Bedel E and Mufioz-Yagiie A 1991 Raman study of longitudinal
optical phonon-plasmon coupling and disorder effects in heavily Be-doped GaAs J. Appl. Phys.

69 4064-70

Goktas N |, Fiordaliso E M and LaPierre R R 2018 Doping assessment in GaAs nanowires

Nanotechnology 29 234001

Amaduzzi F et al 2016 Tuning the response of non-allowed Raman modes in GaAs nanowires

J. Phys. D. Appl. Phys. 49 095103

Mlayah A, Carles R, Landa G, Bedel E and Mufioz-Yagiie A 1991 Raman study of longitudinal
optical phonon-plasmon coupling and disorder effects in heavily Be-doped GaAs J. Appl. Phys.

69 4064-70

Zekeng S, Prevot B and Schwab C 1988 Raman Determination of the Faust-Henry Coefficient
of GaAs in the 1.9 to 2.7 eV Range at Ordinary and Low Temperatures Phys. status solidi 150

65-72

Zardo |, Conesa-Boj S, Peiro F, Morante J R, Arbiol J, Uccelli E, Abstreiter G and Fontcuberta
i Morral A 2009 Raman spectroscopy of wurtzite and zinc-blende GaAs nanowires: Polarization

dependence, selection rules, and strain effects Phys. Rev. B 80 245324

Irmer G et al 1991 Determination of the hole concentration and mobility of p-GaP by hall and

by raman measurements Semicond. Sci. Technol. 6 1072-8

Wenzel M, Irmer G, Monecke J and Siegel W 1997 Hole mobilities and the effective Hall factor

in p-type GaAs J. Appl. Phys. 81 7810-6

Mohney S E, Wang Y, Cabassi M A, Lew K K, Dey S, Redwing J M and Mayer T S 2005

Measuring the specific contact resistance of contacts to semiconductor nanowires Solid. State.



[38]

[39]

[40]

[41]

[42]

[43]

[44]

Electron. 49 227-32

Park H, Beresford R, Hong S and Xu J 2010 Geometry- and size-dependence of electrical

properties of metal contacts on semiconducting nanowires J. Appl. Phys. 108 094308

Gutsche C, Regolin I, Blekker K, Lysov A, Prost W and Tegude F J 2009 Controllable p -type

doping of GaAs nanowires during vapor-liquid-solid growth J. Appl. Phys. 105

Stareev G 1993 Formation of extremely low resistance Ti/Pt/Au ohmic contacts to p -GaAs

Appl. Phys. Lett. 62 2801-3

Kipers H, Lewis R B, Tahraoui A, Matalla M, Kruger O, Bastiman F, Riechert H and Geelhaar
L 2018 Diameter evolution of selective area grown Ga-assisted GaAs nanowires Nano Res. 11

2885-93

Xu J, Towe E, Yuan Q and Hull R 1999 Beryllium doping and silicon amphotericity in (110)

GaAs-based heterostructures: structural and optical properties J. Cryst. Growth 196 26-32

Ivanov S V, Kop’ev P S and Ledentsov N N 1991 Interplay of beryllium segregation and
diffusion in heavily doped GaAs and AIlGaAs grown by molecular beam epitaxy

(thermodynamic analysis) J. Cryst. Growth 108 661-9

Pao Y C, Franklin J and Harris J S 1989 Influence of As4/Ga flux ratio on Be incorporation in

heavily doped GaAs grown by molecular beam epitaxy J. Cryst. Growth 95 301-4



Be-dopant gradients in self-catalyzed GaAs

nanowires

Supplementary Data

Marcelo Rizzo Piton'?, Eero Koivusalo?, Teemu Hakkarainen?, Helder V. A. Galeti®,
Ariano D. Rodrigues?, Soile Talmila?, Sergio Souto*, Donald Lupo®, Yara Galvao Gobato®®

and Mircea Guina?
! Physics Department, Federal University of Sdo Carlos, Sdo Carlos-SP, Brazil
2 Optoelectronics Research Centre, Physics Unit, Tampere University, Tampere, Finland

3 Electrical Engineering Department, Federal University of Sdo Carlos, Sdo Carlos-SP,

Brazil
4 FZEAJ/ZAB, University of Sdo Paulo, Pirassununga-SP, Brazil
® Electronics and Communications Engineering, Tampere University, Tampere, Finland

® High Field Magnetic Laboratory, Radboud University, The Netherlands

E-mail: marcelo.rizzopiton@tuni.fi



mailto:marcelo.rizzopiton@tuni.fi

1. Nanowire-droplet contact angle statistics

Figure S1 shows the post growth Ga droplet contact angle statistics analysis of undoped, Bel and
Be2 NWs. The contact angles were measured from SEM images of the lateral view of 50-70 NWs from
each sample. All the SEM images were obtained using the same electron acceleration voltage, working
distance and magnification. The NWs were oriented in such way that the (110) facets were facing
towards the in lens detector of the SEM. The mean values of contact angles and the standard deviations

for undoped, Bel, and Be2 NWs are 127.8°+5.3°, 123.5°+4.6° and 126.4°+6.2° respectively.
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Figure S1: Droplet contact angle statistics of (a) undoped, (b) Bel and (c) Be2 NWs. The insets show SEM
images of representative NWs from each sample and the scale bars correspond to 100 nm.

2. Transmission Electron Microscopy

Figure S2 shows the selected area electron diffraction patterns (SAED) from the same position from
of the HR-TEM images of undoped, Bel and Be2 NWs in figure 1 of the main text. The SAED in
figures S2(d), S2(h) and S2(I) show the high disorder of the bottom region of undoped, Bel and Be2
NW respectively. The SAED of the center and tip regions of Bel and Be2 NWs further confirm the

lower density of twinned ZB GaAs in comparison to the undoped reference NW.




Figure S2: Low magnification HR-TEM images and SAED patterns of (a)-(d) undoped, (e)-(h) Bel and (i)-(I)
Be2 NWs. The red circles in (a), (e) and (i) indicate the position in the NW from where the SAED patterns in (b)-
(d), (f)-(h) and (j)-(I) were obtained.

3. Raman spectroscopy

Figure S3 shows additional Raman data of similar Be-doped NWs. The SEM images on the right side
of the spectra indicate the axial position of each NW from where the spectra were measured. The plasma
frequency and damping constant obtained from the fit of the CPPM peak of each position in figure S3
were used to calculate the carrier concentrations and hole mobilities presented in figures 4(a) and 4(b)

respectively.
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Figure S3: Raman spectra from three different axial positions of Be-doped NWs. (a) Be1 NW2, (b) Be1l NW3,

(c) Be2 NW2 and (d) Be2 NW3. The spectra P1, P2, and P3 were collected from the regions indicated in the SEM

pictures of the right sides of (a)-(d). The scale bars in the SEM pictures are 1 pm.



4. Transport properties

Figures S4 and S5 show additional 1V and SEM data from devices with four evenly spaced contacts
for NW samples Bel and Be2, respectively. The 1Vs from Bel NW2 and NW3 in figures S4(a) and
S4(e) exhibit similar trend to the data presented in figure 5: asymmetric IV and different current values
in different positions along the NWSs. This behavior is associated to an increase in the values of the
Schottky barrier heights in the metal-semiconductor contacts from bottom (AB channels) to tip (CD
channels) of the NWs. Figures S5(a) and S5(e) show IV for Be2 NW2 and NW3 respectively. For these
devices, the resistivity of the AB, BC, and CD channels were obtained from equation (5) and presented

in figure 8.

As was discussed in Section 3.3, the Ga droplets were removed from some of the NWs during the
contact fabrication process. The bottom and tip ends of the NWs in the devices shown in figures S4(b),
S4(f), S5(b) and S5(f) were identified by the off-cut shape formed at the bottom end of the NWSs, which
was a consistent characteristic of the undoped and Be-doped NWs. This characteristic feature was
observed in the TEM micrographs as well as in the SEM images of NWs used for Raman spectroscopy.
Higher magnification SEM of the bottom region of the NWs are shown in figures S4(c), S4(g), S5(c),
S5(g) and the tip region in figures S4(d), S4(h), S5(d) and S5(h). This trend in the NWs allowed us to
identify with confidence the bottom and tip ends of the NWSs, thus corroborating the results indicating

different Be-dopant incorporation mechanisms discussed in the main text.
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Figure S4: IV from Bel NW2 (a) and NW3 (e) and the corresponding SEM images from the measured devices
in (b) and (f). The A contact is close to the bottom and D contact close to the tip of the NW. The higher
magnification SEM images of the NW ends were used to identify the bottom region of the NWs in (c),(g) and the
tip region in (d) and (h). The scale bars are 1 um in (b) and (f) and 250 nm in (c), (d), (g) and (h).
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Figure S5: IV from Be2 NW2 (a) and NW3 (e) and the corresponding SEM images from the measured devices
in (b) and (f). The A contact is close to the bottom and D contact close to the tip of the NW. The higher
magnification SEM images of the NW ends were used to identify the bottom region of the NWs in (c),(g) and the
tip region in (d) and (h). The scale bars are 1 um in (b) and (f) and 250 nm in (c), (d), (g) and (h).



Since the off-cut at the bottom end of Be2 NW?2 in figure S5(c) is not as evident as for the other NWs
presented in figures S4 and S5, we show additional SEM images of Be2 NW2 from different
perspectives in order to further confirm the bottom and top ends of the NW. Figures S6(a)-(d) show 30°
tilted SEM pictures from a perspective perpendicular to the NW axis, obtained by properly aligning the
NW in respect to the SEM detector and tilting the sample holder. From this perspective, we are able to
identify the off-cut in figures S6(a) and (b) from the A contact in figure S5(b), which was ascribed to
the bottom end of the NW. In contrast, figures S6(c) and (d) from D contact exhibit a flat surface at the
end of the NW with residues of the Ga droplet, similar to observed in figure S5(h) from Be2 NW3,
giving further confirmation that it was correctly ascribed to the top end of the NW. Figures S6(e)-(g)
show additional SEM images of the bottom end (A contact), obtained by aligning the NW in a 45° in
relation to the SEM detector and tilting the sample holder by 30°. The evidenced off-cut in figure S6(g)

gives the necessary confirmation that the contact A indeed corresponds to the bottom end of the NW.



Figure S6: High magnification SEM images of NW end morphologies close to the A and D contacts of Be2
NW?2 in figure S4 (a)-(d). The images were obtained from different perspectives by properly aligning the NW axis
in respect to the SEM detector and tilting the sample holder by 30°. A perspective perpendicular to the NW axis
is shown for the bottom region (A contact) in (a) and (b) and for the tip region (D contact) in (c) and (d). Additional
perspectives on the A contact obtained by aligning the NW in a 45° angle in relation to the SEM detector and
tilting the sample holder stage by 30° are shown in (e)-(g). The scale bars correspond to 100 nm.









