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Abstract

In this thesis, the growth and structural properties of III-V semiconductor nanowires and
nanowire heterostructures are studied. These nanowires represent structures suitable for both
fundamental physics and applications in electronic devices such as (tunnel) field effect transist-
ors. The III-V nanowires are grown with molecular beam epitaxy, high κ dielectric layers are
deposited conformally around the nanowires by atomic layer deposition. The morphological and
structural characteristics of the obtained structures are analyzed by scanning and transmission
electron microscopy as well as x-ray diffraction.
InAs nanowires are grown via two different growth mechanisms on both GaAs and Si (111)
substrates. The growth proceeds either in the vapor-liquid-solid mechanism involving a liquid
In droplet or via the vapor-solid growth mechanism without the use of any catalyst particle. A
thorough analyzes of the impact of the substrate preparation on the nanowire growth is con-
ducted and optimal parameters for the in situ and ex situ substrate preparations are identified.
The vapor-solid grown InAs NWs exhibit a high density of stacking defects while the growth
via the vapor-liquid-solid mechanism results in zinc blende twinning super lattices with a short
wurtzite segment below the catalyzing In droplet. This wurtzite segment is attributed to a
nucleation at the triple phase line between the vapor, the liquid droplet and the solid crystal.
After developing a kinetic model for the presence of the wurtzite phase below the droplet, it
becomes possible to include wurtzite segments of various lengths in GaAs and InAs nanowires
grown via the vapor-liquid-solid mechanism.
The growth of InAs and GaAs nanowires is successfully transferred to Si (100) substrates apply-
ing a texturing process to the Si substrate. This produces pyramids bound by {111} facets. An
alignment of the pyramids with respect to the effusion cells allows us to control the nanowire
growth direction and to study the impact of the growth parameters within a single growth ex-
periment. Furthermore, the textured substrates enable a simultaneous integration of GaAs and
InAs nanowires on the very same sample.
Nanowire heterostructures are investigated by means of almost lattice matched combinations
(InAs, GaSb and AlSb) as well as highly lattice mismatched heterostructures (GaAs/InAs and
GaAs/InSb). The latter exhibit a lattice mismatch of 7% and 14%, respectively, resulting in the
presence of misfit dislocations already for very thin shells. For zinc blende core-shell nanowires,
three types of dislocations are identified: perfect dislocation, Frank partial dislocations and
Shockley partial dislocations. Contrary, for the wurtzite core-shell segments only Frank partial
dislocations are observed. GaAs/InAs core-shell NWs exhibit a pronounced morphological char-
acteristic at the nanowire tip: the absence of the growth of the InAs shell. This is correlated with
the presence of the wurtzite crystal phase. In combination with the control of the crystal phases
in GaAs nanowires, we study the growth of the InAs shell in the vicinity of the wurtzite segment.
A model is developed to describe the absence of the InAs shell on wurtzite GaAs and the impact
of stacking faults and twin boundaries on the growth. GaAs/InSb heterostructure nanowires
exhibit two growth regimes: an axial growth at high substrate temperatures and a radial growth
at low temperatures. The axial growth is governed by the nucleation of an In droplet on the
flat top facet of a GaAs nanowire stem. The radial growth evidences an additional mechanism
of strain relaxation via tiled lattice planes. For both GaAs/InSb heterostructures, geometric
phase analyzes reveal an abrupt and complete strain relaxation. Core-shell nanowires composed
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Abstract

of InAs, GaSb and AlSb are free of misfit dislocations, the shell thicknesses significantly exceed
the critical thicknesses of planar heterostructures.
InAs nanowire junctions based on the combination of several individual nanowires are obtained
via the growth on Si (100) substrates with V-grooves. Three basic junctions are identified:
L-shaped, T-shaped and X-shaped. In the junctions, the crystal structure is modified from a
stacking fault rich structure to a zinc blende crystal structure via a solid phase transformation
involving Shockley partial dislocations.
A passivation of the nanowires is obtained by depositing Al2O3 and HfO2 high κ dielectrics by
atomic layer deposition. The mismatch in thermal expansion coefficients between the semicon-
ductor and the Al2O3 induces a compressive strain in the III-V nanowire. HfO2 covering InAs
nanowires contain significant amounts of crystalline phases which are expected to influence the
dielectric properties. The presence of crystalline phases is suppressed by laminate structures
based on Al2O3 and HfO2.
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Kurzfassung

In dieser Arbeit werden das Wachstum und die strukturellen Eigenschaften von III-V Halb-
leiternanodrähten und Nanodrahtheterostrukturen untersucht. Bei diesen Nanodrähten handelt
es sich um Strukturen, die sowohl für fundamentale Physik als auch elektronische Bauelemente,
wie (Tunnel-)Feldeffekttransistoren, geeignet sind. Die III-V Nanodrähte sind mittels Molekular-
strahlepitaxie gewachsen, dielektrische Schichten sind per Atomlagenabscheidung konform um
die Nanodrähte deponiert. Die morphologischen und strukturellen Eigenschaften der Strukturen
werden mit Raster- und Transmissionselektronenmikroskopie sowie Röntgenbeugung untersucht.
InAs Nanodrähte werden über zwei verschiedene Wachstumsmechanismen auf GaAs und Si (111)
Substraten hergestellt. Das Wachstum erfolgt entweder über einen Gas-Flüssig-Fest Mechanis-
mus mit einem flüssigen In-Tropfen oder über einen Gas-Fest Wachstumsmechanismus ohne
einen Katalysator. Eine gründliche Untersuchung des Einflusses der Substratvorbereitung wird
durchgeführt und die optimalen Parameter für die in situ und die ex situ Substratvorbereitung
werden bestimmt. Die InAs Nanodrähte, die per Gas-Fest-Mechanismus gewachsen sind, haben
eine hohe Dichte an Stapelfehlern während das Wachstum per Gas-Flüssig-Fest-Mechanismus
in einer Überstruktur aus Zinkblendezwillingen sowie einem kurzen Wurtzitsegment unter dem
Tropfen führt. Dieses Wurtzitsegment wird auf die Nukleation an der Dreiphasengrenze zwi-
schen dem Gas (Vakuum), dem flüssigen Tropfen und dem Kristall zurückgeführt. Nachdem ein
kinetisches Modell für das Vorhandensein der wurtzitischen Phase unter dem Tropfen entwickelt
ist, können Wurtzitsegmente mit variabler Länge in GaAs und InAs Nanodrähten eingebaut
werden.
Das Wachstum von InAs und GaAs Nanodrähten wird erfolgreich auf Si (100) Substrate durch
Anwendung einer Substrattexturierung transferiert. Diese Texturierung erzeugt Pyramiden, die
von {111} Facetten begrenzt sind. Eine Ausrichtung der Pyramiden zu den Effusionszellen er-
möglicht eine Kontrolle der Wachstumsrichtung der Nanodrähte und eine Untersuchung des
Einflusses der Wachstumsparameter in einem Experiment. Zusätzlich ermöglichen die texturier-
ten Substrate die simultane Integration von GaAs und InAs Nanodrähten auf der selben Probe.
Nanodrahtheterostrukturen werden in Form der nahezu gitterangepassten Kombination aus In-
As, GaSb und AlSb und Heterostrukturen mit Gitterfehlpassung (GaAs/InAs und GaAs/InSb)
untersucht. Letztere haben Gitterfehlpassungen von 7% und 14%, diese erzeugen Versetzun-
gen bereits für dünne Hüllen. In Zinkblende Kern-Hülle Nanodrähten werden drei verschiedene
Versetzungen erkannt: Perfekte Versetzungen sowie Frank und Shockley Partialversetzungen.
In Wurtzit Kern-Hülle Nanodrähten sind hingegen nur Frank Partialversetzungen vorhanden.
GaAs/InAs Kern-Hülle Nanodrähte zeigen eine auffällige morphologische Charakteristik an der
Drahtspitze: das Nichtvorhandensein der InAs Hülle. Dies ist korreliert mit der wurtzitischen
Kristallstruktur. In Kombination mit der Kontrolle der Kristallphasen der GaAs Nanodrähte
wird das Wachstum der InAs Hülle in der Umgebung der Wurtzitsegmente untersucht. Ein
Modell wird entwickelt um das Nichtvorhandensein der InAs Hülle auf Wurtzit-GaAs und den
Einfluss von Stapelfehlern und Zwillingsgrenzen auf das Wachstum zu beschreiben. Zwei Wachs-
tumsregime für GaAs/InSb Heterostrukturnanodrähte sind vorhanden: axiales Wachstum bei
hohen Temperaturen und radiales Wachstum bei niedrigen Temperaturen. Das axiale Wachstum
erfolgt durch die Nukleation einen In-Tropfens auf der flachen Topfacette des GaAs Nanodrahts.
Das radiale Wachstum zeigt einen zusätzlichen Mechanismus der Verspannungsrelaxation durch
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verkippte Gitterebenen. Geometrische Phasenanalyse verdeutlicht eine abrupte und komplette
Verspannungsrelaxation für beide GaAs/InSb Heterostrukturen. Kern-Hülle Nanodrähte aus In-
As, GaSb und AlSb sind versetzungsfrei. Die Hüllendicke übersteigt die kritische Schichtdicke
in planaren Heterostrukturen.
InAs Nanodrahtverbindungen, basierend auf der Kombination von mehreren individuellen Nan-
odrähten, werden über das Wachstum auf Si (100) Substraten mit V-Gräben erreicht. Drei
grundlegende Verbindungen sind vorhanden: die L-Form, die T-Form und die X-Form. Die Kris-
tallstruktur in den Verbindungen ist über einen Festphasenmechanismus mit Shockley Partial-
versetzungen von einer stapelfehlerreichen zu einer Zinkblende-Struktur modifiziert.
Eine Passivierung der Nanodrähte erfolgt durch die Abscheidung von Al2O3 und HfO2 Dielektri-
ka mittels Atomlagenabscheidung. Die unterschiedlichen thermischen Ausdehnungskoeffizienten
des Halbleiters und des Al2O3 induzieren eine kompressive Verspannung im III-V Nanodraht.
HfO2 Hüllen um InAs Nanodrähte haben signifikante Anteile an kristallinen Phasen, welche die
dielektrischen Eigenschaften beeinflussen. Die kristallinen Phasen werden durch Schichtstruktu-
ren basierend auf Al2O3 und HfO2 unterdrückt.
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1
Chapter 1.

Introduction

As a consequence of the on going demand for high speed and low power consumption electronic
equipment such as mobile phones, notebooks and tablet computers, semiconductor devices have
to become smaller and more efficient. Therefore, not only the lateral dimensions of the struc-
tures need to be shrinked, in the same time also material properties such as the carrier mobility
and gate dielectric constant need to be improved. In the Si technology, this can be achieved by
using strained Si [236] and replacing the SiO2 with alternative gate oxides such as Al2O3 and
HfO2 [172]. Although long postponed, at some point, the active Si regions need to be exchanged
with a different material, e.g. SiGe [331], GeSn [333] or III-V semiconductors. The last offer a
large variety of materials with suitable properties for electronic and optoelectronic devices: very
high electron mobilites (e.g. ∼ 40000 cm2/Vs for InAs and ∼ 77000 cm2/Vs for InSb), direct band
gaps and the formation of high quality heterostructures. Integrating these materials on low cost
Si substrates is mandatory, ideally on Si (100) substrates. This integration requires the growth
of high quality structures on Si substrates, but only GaP and AlP are nearly lattice matched
with Si. The other III-V semiconductors have significantly larger lattice constants, resulting
finally in three dimensional growth (quantum dots) or dislocations [93, 294, 320]. Additionally,
the binary III-V semiconductors can form anti-phase domains when grown on Si [11]. Both, dis-
locations and anti-phase domains can be avoided using nanostructures instead of layers. III-V
nanowires (NWs) are known to grow preferentially along the [111]B direction (As-terminated)
and, due to the small lateral dimensions, dislocations can be suppressed. This makes them ideal
candidates for an integration of III-V semiconductors on Si substrates. NW growth was first
demonstrated by Wagner and Ellis for the growth of Si NWs using Au catalysts [321]. Au is,
however, not compatible with Si technology as it introduces deep level defects [35] and may be
either incorporated during NW growth [14] or decorate the side facets of the NWs [34, 60]. This
is the point where the Au-free growth mechanisms that are used in this thesis become important.
The self-assisted NW growth has been demonstrated by Fontcuberta i Morral et al. for GaAs
NWs [90] and Koblmüller et al. for InAs NWs [177]. Commonly, (111) oriented substrates are
used for the NW growth. This is not the standard orientation in Si technology and apparently,
growing NWs on Si (100) substrates is preferable. The NWs should then grow either along the
[100] direction or along one specific and defined 〈111〉 direction.

Although the growth of foreign catalyst free III-V NWs dates back to 2008 [90], deep know-
ledge about the growth mechanism, the formation of the different crystal structures and, apart
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from the GaAs/AlGaAs core-shell configuration, NW heterostructures is missing.

Several aspects regarding the growth mechanism, the NW nucleation, the effective growth
front, the impact of adatom diffusion and the role of liquid group III particles on top of the
NWs are under debate. Thin oxide layers providing pinholes as nucleation sites and different
sticking coefficients on the oxide and the semiconductor are generally considered to be essen-
tial [90, 177, 202], but NWs grown on oxide-free surfaces have been reported as well [80]. Since the
axial NW growth rate is significantly higher than the equivalent planar growth rate [55, 80, 177],
the adatom migration to the NW tip represents an important contribution to the NW growth.
Group III atoms have reasonable sticking coefficients (close to unity) and are typically regarded
to be very mobile, the sticking coefficient of group V atoms (especially As) is low resulting
in a negligible contribution of diffusion [103, 186]. The high axial growth rate of NWs is ob-
tained not only by direct impingement and diffusion, but secondary adsorption of group III and
group V atoms [103, 186, 259, 275]. Finally, the role of liquid Ga or In droplets on the top
of GaAs or InAs NWs and their impact on the crystal structure is under investigation and is
discussed by many groups. While some groups report the presence of droplets catalyzing the
growth [90, 205], others report the absence of droplets during the entire growth [128, 270] or
its presence only during NW nucleation [24, 80]. A droplet being present would represent the
liquid sink for adatoms and covers the growth front of the NW. Consequently, it should not
only determine the composition of ternary or quaternary alloys [125] and the incorporation of
dopants [44, 85, 168] but also the crystal structure [182]. The crystal structure is one of the
most studied properties of NWs since two or even more crystal structures are often present
within a single NW [3, 73, 106, 134, 204, 235]. These crystal structures are zinc blende (ZB,
.. ABCABC.. stacking sequence; the thermodynamic stable crystal structure of most III-V
semiconductors), wurtzite (WZ, ..ABABAB.. stacking sequence; the high pressure phase) and
more complex stacking sequences such as 4H (..ABCBABCB..) and 6H. The crystal structures
differ e.g. in lattice constants and band gap [10, 167, 189, 235, 300]. Stacking faults and twins
can act as scattering centers [300] or form quantum wells with different emission energies [292].
Having knowledge about the existence and composition of the droplet and its role in defining
the crystal structure is essential to fabricate phase-pure NWs or to switch between the crystal
structures in a controlled manner. Crystal phase control, i.e. pure ZB NWs, was demonstrated
for GaAs NWs grown from a Ga droplet [186] while the crystal structure of InAs NWs grown
without a droplet remained almost unaffected by any changes of the growth parameters [283].

Figure 1.1.: Schematic illustration of the three different types of band alignment in semiconductor het-
erostructures: straddling gap (type I), staggered gap (type II) and broken gap (type III)
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CHAPTER 1. Introduction

Combining different semiconductors into heterostructures enlarge the area of possible applic-
ations for NWs, but also make the growth more complex. Unlike planar structures, the NW
geometry allows two different configurations of heterostructures: axial heterostructures where
different semiconductors are stacked on top of each other or radial heterostructures. In the
latter, one or multiple shells cover the initial NW (i.e. the NW core). Such heterostructures
have already been used to demonstrate different electronic and optoelecctronic nanodevices e.g.
lasers [210], solar cells [184, 341], tunneling field effect transistors (TFETs) [72], circular two
dimensional electron gases [30, 284, 293] and single photon emitters [254]. In these heterostruc-
tures two properties are important: the band alignment and the strain induced by the lattice
mismatch between the semiconductors. Three different band alignments are possible: the type
I straddling gap, the type II staggered gap and the type III broken gap. These band alignments
are displayed schematically in Fig. 1.1. The type I alignment is found for example between
GaAs and AlxGa1−xAs [16] as well as GaAs and InAs [28, 228]. It results in the confinement of
both carriers, electrons and holes, in the semiconductor with the smaller band gap. Accordingly,
AlxGa1−xAs is used to passivate GaAs NWs and avoid non-radiative recombination at the surface
of the GaAs [68]. The photoluminescence intensity is increased significantly by the presence of
the AlxGa1−xAs shell [68, 210]. If an InAs NW is covered by GaAs, the carriers are also confined
in the core and surface effects may be circumvented [164]. Embedding a small band gap semicon-
ductor in another semiconductor with larger band gap (maintaining the type I band alignment,
e.g. InAsP in InP) a quantum dot can be positioned into a NW wave guide. This configuration
is used as single photon sources [254]. The staggered band gap alignment (type II) is frequently
observed in NWs since it is present between the ZB and WZ crystal phases e.g. in GaAs [292] and
InAs [300]. Accordingly, crystal phase control is important in order to obtain a high electron mo-
bility in InAs NWs [300] or a clean light emission in GaAs NWs [1, 95, 123, 292]. A combination
of InAs and AlxGa1−xSb with x ≥ 0.4 can produce high electron mobilities since electrons are
confined in the InAs [17, 18, 198, 310]. Moreover, InAs/AlxGa1−xSb NW heterostructures rep-
resent an interesting combination for TFETs [176]. For InAs/AlxGa1−xSb heterostructures with
x ≤ 0.4 as well as pure InAs/GaSb heterostructures, the band alignment is of type III which en-
ables efficient band to band tunneling from the InAs conduction band to the AlxGa1−xSb valence
band. TFETs are promising as future ultra low power FETs allowing a subthreshold slope below
the thermal limit of 60 mV/dec [61, 146]. The InAs/AlxGa1−xSb combination is of additional
high interest due its low lattice mismatch in the range between 0.6% and 1.2%. According to
the classical theory for the critical thickness tc developed by Matthews and Blakeslee [208] and
People and Bean [240], tc is ∼ 20 nm for planar InAs/GaSb heterostructures and ∼ 10 nm for
InAs/AlSb. For low dimensional structures, the critical thickness is enhanced significantly since
the strain accommodation is more efficient [137] and plastic deformation e.g. by a roughening
of the surface can take place [2, 58, 163, 234]. The critical dimensions for single [104, 342]
and double [100] axial heterostructure NWs as well as core-shell NWs [116, 252, 253] have been
predicted and several NW heterostructures were investigated. These have mostly been limited
to almost lattice matched systems such as GaAs/AlxGa1−xAs core-shell NWs [124, 210]. Self-
seeded NWs with axial heterostructures were restricted to the GaAs/InxGa1−xAs system with
low In contents (≤ 4 %) [125] and GaAs/GaAs1−xSbx heterostructures with Sb contents below
30% [68, 220, 244]. These represent structures with relatively small lattice mismatches and usu-
ally exhibit graded changes in the composition. Such graded changes in the composition are also
often observed in Au-catalyzed NW heterostructures [233] and are correlated with the droplet
acting as a reservoir [74]. However, abrupt axial heterostructures with larger lattice mismatches
have been reported in Au-catalyzed NWs as well [65, 74]. When the NW dimensions exceed
the critical dimensions for coherent growth, the strain is relaxed plastically by the introduction
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1.1 Scope of this work

of misfit dislocations [163]. Information about the formation of dislocations in axial and radial
heterostructures are reported only rarely [2, 64, 163].

When aimed for an integration in future devices, the electrical and optical properties of the
NWs need to be reproducible and constant during operation. As shown by Blömers et al. [27],
the conductivity of InAs NWs changes in time when stored in air or after an exposure to an
electron beam. This was attributed to changes on the surfaces of the NWs such as absorbents
or an increased oxidation. To avoid this, the NWs need to be passivated either with another
semiconductor (e.g. GaAs NWs passivated with an AlxGa1−xAs shell [68]) or an oxide layer.
This oxide layer can then act simultaneously as a passivation and gate dielectric in FETs. Oxide
layers can be deposited by atomic layer deposition (ALD). The deposition conditions strongly
influence their properties (leakage current, dielectric constant ...) and may also affect the semi-
conductor.

The passivation of NWs is one of the main aspects for the integration of NWs in industry.
Another two are the growth on (100) Si substrates and the possibility to obtain NWs of dif-
ferent composition on the same sample, e.g. GaAs NWs as well as InAs NWs. The growth
on (100)-oriented substrates was reported only in few publications, either by using Au catalyst
particles [323] or a nanotube template [160]. NWs from different materials on the same sample
have not yet been produced.
Finally, to explore new possible applications for NWs [9] or investigate novel physical phenom-
ena [7], the NW morphology needs to be modified towards more complex structures based on
several NWs forming junctions. Such complex structures are often called “nanotrees“ and
were obtained by depositing Au droplets on existing NWs [75, 296]. Recently, NW junctions
were grown by merging two or more Au-catalyzed NWs during the growth [41, 157, 246]. NW
junctions or nanotrees without the use of foreign catalyst particles have not been investigated.

1.1. Scope of this work

The objective of this thesis is to evaluate the molecular beam epitaxial growth and the structural
and morphological properties of self-assisted NWs, NW heterostructures and NW junctions.
This includes the preparation of silicon (111) and (100) substrates prior to the growth, the
exploration of the growth parameters as well as the control of the crystal structure in the NWs.
Special emphasis is given to the critical dimensions and strain relaxation in core-shell NWs
composed of almost lattice matched as well as highly lattice mismatched III-V semiconductors.
An additional focus lies on the deposition of high κ dielectrics, namely Al2O3 and HfO2, by
atomic layer deposition on III-V NWs.

Although the detailed analyzes of the impact of the growth parameters and the search for
the appropriate ones is one of the most important challenges in the growth of NWs, the thesis
mainly focuses on the morphological and structural characteristics of the obtained NWs. An
overview of the growth parameters and substrate preparations is given in the Appendix A.1.
The thesis is structured as follows:

• The growth, deposition and characterization techniques used in this thesis are shortly
described in Chapter 2.

• Chapter 3 discusses the critical thickness in planar structures and shows critical thick-
ness maps for core-shell NWs of the semiconductor combinations used in this thesis:
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GaAs/InAs, InAs/GaSb, InAs/AlSb and GaAs/InSb. The results are based on the model
of Raychaudhuri and Yu [252, 253].

• In Chapter 4, the growth and structural characteristics of GaAs and InAs NWs are presen-
ted, including the vapor solid growth of InAs NWs on GaAs (111)B substrates, the in-
vestigation of necessary substrate preparations to achieve the growth of InAs NWs on Si
substrates and the role of group III liquid droplets in determining the crystal structure.

• Chapter 5 is dedicated to core-shell NWs which are entirely based on group III-As ma-
terials. It presents the structural properties of lattice mismatched GaAs/InAs core-shell
NWs and InAs nanotubes. Furthermore, the growth of InAs on the WZ phase of GaAs is
described.

• Chapter 6 refers to heterostructure NWs containing antimony. These heterostructures are
either based on InAs/AlxGa1−xSb or GaAs/InSb. For the first case, only radial hetero-
structures are taken into account while the second material combination is discussed for
both radial and axial heterostructures.

• In Chapter 7, the growth of InAs and GaAs NWs on faceted Si (100) substrates is presented.
InAs and GaAs NWs grown on textured Si substrates enable determining the impact of
the fluxes on the NW density and growth rate and allow the growth of NWs from different
semiconductors on the same substrate. Using V-grooves, branched InAs NWs are produced
and their structural and electrical characteristics are investigated.

• High κ dielectrics covering III-V NWs are investigated in Chapter 8, focusing on the impact
of the thermal mismatch between Al2O3 and GaAs and the structure of HfO2 on InAs NWs.

• A summary of the achieved results together with an outlook for future work is given in
Chapter 9.
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2
Chapter 2.

Growth and characterization techniques

In order to grow the NWs, deposit the high κ dielectrics as well as to analyze the morphological
and structural characteristics of the structures, different techniques have been used. In the
following, the most relevant methods are briefly described. These are molecular beam epitaxy
(MBE) for the growth of the III-V semiconductors, atomic layer deposition (ALD) for high
κ dielectrics and transmission electron microscopy (TEM) used for the analyzes of the NWs.
Apart from the techniques described below, mainly scanning electron microscopy (SEM) and
X-ray diffraction (XRD) have been used.

2.1. Molecular beam epitaxy

The NWs presented in this thesis have been grown by molecular beam epitaxy. For the MBE
growth, a growth chamber is evacuated to ultra high vacuum (UHV) and a substrate and several
source materials are heated. The high purity of the sources materials in combination with the
UHV results in a high purity and quality of the grown layers. An additional advantage is the
low growth rate of about 1 µm/h giving the opportunity to control the thickness on the atomic
layer or even below. In order to maintain the UHV conditions, the chamber is pumped using
a cryo pump, an ion getter pump as well as a cryo shield. The cryo shield not only acts as a
pump but also serves as a thermal isolation of the effusion cells.
For the work presented in this thesis, two MBE systems have been used. The first one, MBE1, is
a Varian GenII MBE equipped with an As cracker, two Ga effusion cells, one In effusion cell, one
Al effusion cell as wells as Si and Be cells for doping. The other system, MBE2, is also a Varian
GenII MBE which is equipped with one As and one Sb cracker as well as Ga, In and Al effusion
cells and Si and C doping cells. Both system are connected to each other via a buffer chamber
having two load locks. MBE1 was used for the growth of the NWs presented in Chapters 4,
5, 7 and 8. The NWs discussed in Chapter 6 have been grown in MBE2. Ga, Al and In
deposition rates are given as the planar growth rates under As rich growth conditions on GaAs
(100) substrates. As and Sb fluxes correspond to the beam equivalent pressures measured at the
position of the substrate. Substrate temperatures above 400◦C are measured with a pyrometer
while temperatures below 400◦C are taken from the thermocouple.
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2.2 Atomic layer deposition

2.2. Atomic layer deposition

To deposit very thin layers a modified chemical vapor deposition system can be used. The
precursor gases are not supplied simultaneously but separately. Thus, for the deposition of a
layer of composition AnBm, first only the precursor for the A element is provided, followed by
an evacuation of the deposition chamber. Subsequently, the precursor containing the B element
is offered and again the system is pumped. This sequence, the “deposition cycle“, corresponds
to the deposition of one layer of AnBm. The thickness of the deposited material is controlled by
the number of repetitions of the deposition cycle. This deposition method is named atomic layer
deposition (ALD). ALD is a commonly used technique to deposit high κ films such as Al2O3

and HfO2 but also single elements like tungsten [174] or nickel [271] can be deposited. For the
work presented in this thesis, a SVTA NorthStar ALD with trimethylaluminum (TMA), tet-
rakis(dimethylamino)hafnium (TDMAH), tetrakis(ethylmethylamino)hafnium (TEMAH) and
ozone precursors was used.

Figure 2.1.: NW alignment with respect to the electron beam in the TEM. (a) Typical shape of the NWs.
(b) Alignment to the 〈110〉 zone axis. (c) Alignment to the 〈211〉 zone axis. The direction of the electron
beam is indicated by

⊗

.

2.3. Transmission electron microscopy

Analyzes of the crystal structure, structural defects (dislocations, stacking faults), NW mor-
phology and chemical composition was performed by transmission electron microscopy. A FEI
Tecnai G2F20 located at the “Ernst Ruska Centre for Microscopy and Spectroscopy with Elec-
trons“ was used. The acceleration voltage was kept constant at 200 kV for all investigations.
For the analyzes, the NWs are mechanically transferred to copper TEM grids with holey carbon
films. Different modes of operation have been used: bright field imaging, selective area electron
diffraction and scanning transmission electron microscopy (STEM). In the latter, high angle
annular dark field (HAADF) images were acquired and energy dispersive x-ray spectroscopy
(EDX) serves for the detection of the chemical composition. Selective area electron diffraction
was performed on regions as small as 200 nm in diameter1. In general, the NWs were aligned to
the 〈110〉 zone axis or the the 〈211〉 zone axis of the ZB structure2. Figure 2.1a schematically
displays a NW with a hexagonal cross section and {110} side facets, the NW growth direction is
[111]B. The NWs presented in this thesis have similar side facets and the same growth direction.
The two different alignments of the NW, in the 〈110〉 zone axis or the the 〈211〉 zone axis, are
displayed in Fig. 2.1b,c, respectively. The directions differ by a rotation of 30◦ around the [111]B

1The smallest diffraction aperture has a diameter of 200 nm.
2The corresponding zone axes in hexagonal notation are: 〈2110〉 (equivalent to the cubic 〈110〉 zone axis) and

〈1100〉 (equivalent to the cubic 〈211〉 zone axis).
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NW growth axis.

Figure 2.2.: General procedure to obtain FFT-filtered TEM micrographs. (a) HRTEM micrograph. (b)
FFT of the HRTEM micrograph depicted in (a). Red circles denote the (111) lattice planes. (c) Mask
applied to the FFT shown in (b). Only the (111) reflections are maintained. (d) Inverse FFT of (c) only
displaying the (111) lattice planes.

In several cases, high resolution (HR) TEM micrographs undergo a post processing as de-
scribed below.

FFT-filtered TEM images Distinct lattice planes are extracted by applying a filter to the fast
Fourier transform (FFT) of the original image. The procedure is exemplary depicted in Fig. 2.2.
The HRTEM image is displayed in (a). The image is taken from an InAs NW containing both
crystal phases, i.e. WZ and ZB, and several stacking faults (see Sec. 4.1). The zone axis is 〈110〉.
The FFT of the image evidences diffraction spots and streaks (Fig. 2.2(b)). The diffraction
spots belonging to the (111) (ZB notation) or (0001) (WZ notation) lattice planes are marked
by red circles. Applying a mask maintaining only these spots generates the image displayed
in Fig. 2.2(c). The inverse FFT of this filtered image produces an image only containing the
(111) / (0001) lattice planes, it is the FFT-filtered TEM micrograph shown in Fig. 2.2(d). The
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2.3 Transmission electron microscopy

technique is also often referred to as “Bragg filtering“. In these images, misfit dislocation are
easily identified as terminating lattice planes. The scale bar of the HRTEM image is always also
valid for the FFT-filtered image.

Figure 2.3.: Procedure to perform the geometric phase analyses. (a) HRTEM micrograph of an InSb
island on a WZ section in a GaAs NW. The red rectangle refers to the reference region of unstrained
material. (b) FFT of the HRTEM image. Red circle denote the WZ (1100) (x) and (0002) (y) reflections.
(c) Phase image.(d) ǫyy strain map. White arrows in (a) and (d) indicate the interface from the GaAs
to the InSb.

Geometric phase analyses Dislocations as well as variations in the lattice constants can be
identified by a technique referred to as “geometric phase analyses“ (GPA). This method was
developed by Hÿtch et al. [142, 143]. An image of a perfect crystal can be described as a Fourier
sum:

I(−→r ) =
∑

g

Hg exp{2π−→g · −→r } (2.1)

I(−→r ) refers to the intensity at the position −→r , −→g corresponds to the Bragg reflection of a
reference lattice. The Fourier coefficients Hg are given by Hg = Ag exp{iPg}. Here, Ag is the
amplitude of the lattice fringe −→g and Pg is the phase. In real images, Hg can be a function of
the position −→r , that is

Hg(−→r ) = Ag(−→r ) exp{iPg(−→r )} (2.2)
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The intensity I(−→r ) is then described by

I(−→r ) = A0 +
∑

g>0

2Ag(−→r ) cos{2π−→g · −→r + Pg(−→r )} (2.3)

A particular set of Bragg fringes is given by

Bg(−→r ) = 2Ag(−→r ) cos{2π−→g · −→r + Pg(−→r )} (2.4)

With a displacement field −→u (−→r ), Eq. 2.4 is changed to

Bg(−→r ) = 2Ag(−→r ) cos{2π−→g · −→r − 2π−→g · −→u } (2.5)

Accordingly,

Pg(−→r ) = −2π−→g · −→u (−→r ) (2.6)

Pg(−→r ) is the phase shift. Figure 2.3(a) displays a HRTEM micrograph of an InSb island grown
on the WZ section of a GaAs NW. The white arrows indicate the interface between both semi-
conductors. The red rectangle marks the reference region in the GaAs. The FFT of the HRTEM
image is depicted in Fig. 2.3(b). The Bragg reflections −→g corresponding to the (0002) and (1100)
lattice planes are encircled, that are the y and x directions. The resulting phase images is shown
in Fig. 2.3(c). The uniform gradient (or a uniform color) in the reference region indicates that
the lattice is not distorted. Phase jumps are either caused by lattice distortions (strain, dislo-
cations), regions being slightly tilted away from the zone axis or thicker regions.

Strain maps are the derivative of the displacement field ui along i (x- or y-direction), that is
ǫij = δui

δj
[142].

Figure 2.3(d) depicts the ǫyy strain map. The image displays the strain with respect to the
reference region. Dislocations are identified as point-like changes of the color. In this particular
case, six dislocations are present. Color changes at the right part of this image are caused by the
a slight misalignment of the NW with respect to the electron beam and the corresponding phase
jumps seen in the phase image (see Fig. 2.3c). The GPA is performed using the “FRWRtools
plugin“ for Digital Micrograph™ provided by the Electron and Ion Microscopy group at Ulm
University. The scale bar of the HRTEM image is always also valid for the phase and strain
maps.
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3
Chapter 3.

Critical thickness in semiconductor
heterostructures

By combining semiconductors with different band gaps into heterostructures, efficient devices
can be fabricated. However, due to the fact that the different materials have different lattice
constants, strain develops in the structure. When the strain exceeds a certain value, the struc-
ture relaxes by the formation of dislocations [92]. This critical strain value corresponds to a
critical thickness tc: below this critical thickness coherent growth is possible. Apart from strain
relaxation by the formation of dislocations, roughening of the surface can reduce the strain.
In this case, a Stranski-Krastanov or Volmer-Weber growth takes place. These growth modes
typically result in self-assembled quantum dots.
In this chapter, first two models for the critical thickness in layered structures are presented
and the possible dislocations in zinc blende and wurtzite materials are introduced. The model
to determine coherency limits in core-shell NWs developed by Raychaudhuri and Yu is shortly
described [252, 253]. Finally, the model is applied to the different material combinations used
in this thesis.

3.1. Critical thickness

The critical thickness tc was firstly introduced by Frank and van der Merwe as the thickness
beyond which it is energetically favorable to form a dislocation [92]. Below tc, the layers are
coherently strained and pseudomorphic growth takes place as displayed in the schematic in
Fig. 3.1 a. Once the critical thickness is reached, dislocations form in order to relax the strain
(see Fig. 3.1a).
Several models were developed in order to calculate the critical thickness, the first one developed

Figure 3.1: Schematic illustration of
the combination of two materials with
different lattice constants, either the
epitaxial layer is strained (a) or relaxed
by the inclusion of misfit dislocations
(b).

13



3.2 Dislocations in zinc blende and wurtzite lattices

Figure 3.2: Critical thickness as a function of
the lattice mismatch. The critical thicknesses
were calculated using the model by Matthews
and Blakeslee (MB, filled symbols) [208] and
People-Bean (PB, open symbols) [240].
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by van der Merwe [318]. Applying this model, almost no agreement between the theory and ex-
periments was observed. Consequently, a more accurate model based on mechanical-equilibrium
theory was developed by Matthews and Blakeslee [208]. The critical thickness tc is given by

tc
∼= b

f

1
4π(1 − ν)

[

ln
(

tc

b

)

+ 1
]

(3.1)

Here, b is the Burgers vector of the dislocation, f is the lattice mismatch and ν Poission’s ratio
(ν ≈ 0.3). The model overestimated the critical thickness for large lattice mismatches while
it underestimated it for low mismatches [240]. People-Bean improved the model by an energy
balance approach, resulting in [240]:

tc
∼= 1 − ν

1 + ν

1

16π
√

2

[

b2

a

]

[

1
f2

ln
(

tc

b

)]

(3.2)

With this model, People and Bean obtained a good agreement with experiments [240]. Com-
paring the models developed by Matthews-Blakeslee and People-Bean one can see that the
critical thickness scales with 1/f and 1/f2, respectively. Figure 3.2 shows the critical thickness
for different combinations of III-V semiconductors. Most of these combinations are used in this
thesis.
All these models assumed a thin film grown on an infinite thick substrate. Huang investigated
the impact of the substrate thickness, demonstrating an increase in the critical thickness when
the substrate thickness decreased [137]. In fact, this situation is already comparable to core-shell
nanowires where a thin NW core acts as the substrate for the shell.

3.2. Dislocations in zinc blende and wurtzite lattices

A dislocation is characterized by its line vector l, its Burgers vector b and the glide plane.
The line vector can vary on a dislocation whereas the Burgers vector is constant for a given
dislocation. If the Burgers vector is a translation vector of the lattice, the dislocation is called
“perfect dislocation“, otherwise it is a “partial dislocation“. Table 3.1 lists Burgers vectors and
corresponding glide planes of dislocations in ZB and WZ lattices. The energy of a dislocation is
proportional to b2, thus when a perfect dislocation splits into partial ones, the energy decreases.
However, these partial dislocations modify the stacking sequence and therefore create a stacking
fault. The energy of this stacking fault has to be taken into account as well. The Burgers vector
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CHAPTER 3. Critical thickness in semiconductor heterostructures

zinc blende wurtzite

perfect

1/3
〈

112̄0
〉

{0001}
1/2〈110〉{111} 1/3

〈

112̄0
〉

{1010}
1/2 〈100〉 {100} 〈0001〉 {1010}

〈0001〉 {1120}
Shockley 1/6 〈112〉 {111} 1/3

〈

101̄0
〉

{0001}
Frank 1/3 〈111〉 1/2 〈0001〉

Frank-Shockley 1/6
〈

202̄3
〉

Table 3.1.: Burgers vectors and corresponding glide planes in zinc blende and wurtzite lattices [179, 229,
230, 315].

of the Shockley partial dislocation lies in the plane of the fault, thus the dislocation is glissile.
Contrary, the Frank partial dislocation is sessile and can only climb.

Considering axial strain relaxation in core-shell NWs, the Burgers vector b of the dislocation
needs to have a component in the ZB

[

1̄1̄1̄
]

or in the WZ
[

0001̄
]

direction. In a ZB lattice,
this can be achieved by perfect dislocations with Burgers vector b = a/2〈110〉, Frank partial
dislocations with b = a/3〈111〉 or Shockley partials with b = a/6〈112〉.

In WZ lattices, the axial strain can also be relaxed by perfect dislocations with b = c〈0001〉
or Frank partial dislocations with b = c/2〈0001〉. The Frank partial dislocation again creates a
stacking fault.

3.3. Core-shell nanowire model

Raychaudhuri and Yu published a model to predict the critical dimensions in core-shell NWs,
both for ZB and WZ structures [253, 252]. The NW growth axis is the

[

111
]

B direction in the
ZB system and the

[

0001
]

B in the WZ case. The model assumes cylindrical NWs without any
faceting. It is based on an energetic approach considering on the one hand the strain energy in
the NW and on the other hand the energy associated with dislocations. For certain dimensions
(core radius and shell thickness) it becomes energetically favorable to form dislocations.
The model is shortly described in the Appendix A.2. Details about the model can be found in
Refs. [252] and [253].

3.4. Application to GaAs/InAs, InAs/AlxGa1−xSb and GaAs/InSb
core-shell nanowires

In the following, the model to predict the critical thickness of core-shell NWs is applied to the
different material combinations used in this work. These are the highly lattice mismatched sys-
tems GaAs/InAs (∼ 7% lattice mismatch) and GaAs/InSb (∼ 14% lattice mismatch) as well
as InAs/GaSb and InAs/AlSb having low lattice mismatches (∼ 0.6% and ∼ 1.2% lattice mis-
match).

Figure 3.3 shows the critical dimensions maps of the highly lattice mismatched materials
GaAs/InAs and GaAs/InSb for the ZB lattices. As seen, the predicted critical shell thicknesses
are in the order of just a few atomic layers and almost independent on the core radius. Only
core radii of ∼ 1 nm would result in coherent growth of a thick shell. Such thin III-V NWs have
not yet been reported. Considering the different types of dislocations (Frank partial dislocations
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3.4 Application to GaAs/InAs, InAs/AlxGa1−xSb and GaAs/InSb core-shell nanowires
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Figure 3.3.: Critical dimension maps of (a) GaAs/InAs and (b) GaAs/InSb core-shell NWs. The black
lines indicate the critical dimension for shell stacking faults, red line for core stacking faults and blue
lines for perfect dislocations. The grey regions corresponding to misfit dislocation free structure.

and perfect dislocations), it is seen that Frank partial dislocations producing a stacking fault in
the shell are the energetically preferred type, followed by perfect dislocations.

InAs cores with shells of either GaSb or AlSb have significantly lower lattice mismatches,
0.6% and 1.2% respectively. Therefore, larger critical dimensions are expected. Figure 3.4a,b
show the critical thickness maps for ZB and WZ InAs/GaSb core-shell NWs. Coherent growth
is theoretically expected within a range of core radii below 40 nm or shell thicknesses below 35
nm. In a certain window of NW dimensions, Frank partial dislocations with a stacking fault
in the core are the theoretically preferred type of dislocations. Such dislocations have not yet
been observed experimentally, only stacking faults in the shell were found [164, 165, 247]. The
formation of a stacking fault in the core requires an additional energy since existing atoms
need to be shifted. Accordingly, especially the critical dimensions line defined by “core stacking
fault“ is regarded as a lower boundary. Considering the critical dimensions defined by “core
stacking fault“ no major difference between ZB and WZ core-shell NWs is observed. Neglecting
this type of dislocation, coherent WZ InAs/GaSb core-shell NWs with infinite shell thickness
are expected for core radii up to 70 nm while the critical core radius is only ∼ 60 nm for ZB
wires. For this particular system, WZ InAs/GaSb core-shell NWs may accommodate the strain
slightly better than ZB ones. It should be mentioned that neither the elastic constants nor the
lattice parameters of WZ InAs or GaSb are know and are only taken from theory [206, 235].
Replacing GaSb with AlSb, the lattice mismatch increases to 1.2 % and the critical dimensions
decrease roughly by a factor of 2-4, as seen in Fig. 3.4c. For thin cores, Frank partial dislocations
with a stacking fault located in the core are again expected to be the preferred type. Neglecting
this type, ZB core-shell NWs with thin core radii of about 26 nm give rise to coherent growth
independent on the shell thickness.
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Figure 3.4.: Critical dimension maps of (a) ZB InAs/GaSb, (b) WZ InAs/GaSb, (c) ZB InAs/AlSb and
(d) ZB GaSb/AlSb core-shell NWs. The black lines indicate the critical dimension for shell stacking faults,
red line for core stacking faults and blue lines for perfect dislocations. The grey regions corresponding to
misfit dislocation free structure.
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4
Chapter 4.

Group III-Arsenide nanowires

In this chapter, the growth of group III-As NWs is discussed. If the NW growth via Au cata-
lyst particles should be avoided, two growth schemes are possible: a vapor-liquid-solid (VLS)
mechanism with the group III element acting as a liquid catalyst (self-catalyzed growth) and a
vapor-solid (VS) growth mechanism which does not require any catalyst. In 2008, Fontcuberta
et al. demonstrated the growth of GaAs NWs via the VLS mechanism using GaAs substrates
covered by a thin layer of silicon oxide [90]. Subsequently, this technique was adopted by several
groups and transferred to Si substrates, e.g. in Refs. [244, 273]. Details about this growth are
e.g. found in Refs. [55]. A similar mechanism for the growth of InAs NWs was reported by our
group [109], whereas others reported only about the growth of VS InAs NWs [80, 177, 202]. The
growth conditions for both differ strongly and reported substrates for the growth are different
as well. For the VLS growth the substrate is GaAs with a thin oxide layer [109, 205] whereas it
is Si with an oxide layer for the VS growth [177, 202]. The first part of this chapter discusses
the growth of InAs NWs on both GaAs and Si substrates and in doing so, explains the different
growth modes and substrate preparations in the VLS and VS case.
In the second part of this chapter, the advantage of a good control of the crystal structure in
VLS grown NWs is used to include short WZ segments within the (twinned) ZB crystal structure
of GaAs and InAs NWs.
Several results presented in this chapter have been published in Refs. [256, 261, 264].

4.1. Vapor-solid InAs nanowire growth on GaAs (111)B substrates

Compared to the VLS mechanism, doping as well as the growth of ternary alloys are expected
to be more simple when a droplet is not involved in the NW growth. In general, the presence
of a catalyzing droplet results in the formation of a core-shell system: the composition grown
from the droplet, defined by the concentration in the droplet, differs from the composition
grown radially by direct impingement [85]. Using a VS growth mechanism, the formation of
an unintentionally grown core-shell NW is expected to be reduced. Studying the growth of
such VS InAs NWs is therefore e.g. especially interesting for NW heterostructures, ternary
materials and doped NWs. Basic growth parameters were already evaluated in Ref. [255]. There
it was shown that especially the silicon oxide on the substrate has a major influence on the
NW growth. Very thin oxides favored the growth of high density, vertical NWs while thicker
oxides resulted in significant lower NW densities as well as a high number of tilted NWs. This
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4.1 Vapor-solid InAs nanowire growth on GaAs (111)B substrates

standard value varied range

As4 flux [Torr] 2 · 10−5 0.5 · 10−5 − 3.5 · 10−5

In rate [µm/h] 0.1 0.001 − 0.3
Substrate temperature [◦C] 490 450 − 530

growth time [min] 60 0.5 − 120

Table 4.1.: Standard growth parameters and varied range for the VS growth of InAs NWs on GaAs
substrates

Figure 4.1: SEM micrographs of va-
por solid InAs NWs grown on GaAs
(111)B substrates. (a) InAs NWs on
GaAs (111)B substrates with a 4 nm
thick SiOx layer. (b) InAs NWs on
GaAs (111)B substrates with a 6 nm
thick SiOx layer. (c) Top of the
InAs NWs showing the round or faceted
shape. (d) Low density NWs obtained
by reducing the In flux.

is also seen in Fig. 4.1a,b. Consequently, GaAs (111)B substrate were covered by a very thin
layer of SiOx. The SiOx was obtained by spin-coating a hydrogen silsesquioxane (HSQ) : methyl
isobutyl ketone (MIBK) solution at 6000 rpm on the wafer and a subsequent annealing at 300◦C.
The HSQ:MIBK dilution was 1:40 resulting in a SiOx thickness of about 4 nm, as measured by
ellipsometry.
In the following, the influence of the different growth parameters on the NW growth is described,
finally also giving the limitations of this growth mechanism. Apart from the NW dimensions,
two further parameters are important for future devices: the ability to tailor the conductivity
as well as the crystal structure. Thus, the impact of an additional Si flux on the NW growth is
described and the crystal structure of the NWs is discussed.

4.1.1. Impact of the growth parameters on the nanowire growth

A thorough study of the impact of the growth parameters, namely the In rate, the As flux, the
substrate temperature and the growth time, was performed. The standard growth conditions
are listed in Tab. 4.1. For each investigated condition, the mean and maximal NW length, the
NW diameter, the NW density and the overall substrate coverage were determined by analyzing
SEM micrographs. The coverage is a good indicator for the number of crystallites since even
extraordinary high NW densities (40 NWs/µm2) of rather thick NWs (∼ 100 nm) result only
in a coverage of about 25%. As it will be shown later, the NW diameters in this study are
usually below 100 nm and the NW density does not exceed 40 NWs/µm2. Accordingly, the
substrate coverage is dominated by the amount of crystallites. Figure 4.1a,c,d show exemplary
(60◦ tilted view and top view) SEM micrographs of samples grown with the standard growth
conditions (a,c) as well as a low In rate of 0.005 µm/h (d). The NW density and their diameter
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CHAPTER 4. Group III-Arsenide nanowires

are strongly reduced by decreasing the In flux. The NWs have a hexagonal morphology with side
facets belonging to the {110} family. The top of the NWs is characterized by a rounded, rough
shape which is seen in Fig. 4.1c. Similar observations were made by Hertenberger et al. for the
growth of self-seeded InAs NWs on Si substrates [128] whereas Dimakis et al. [80] observed flat
top facets of InAs NWs grown on bare Si substrates. The round shape on top of the NWs is
the growth front of the NW and will therefore determine the crystal structure as well as the
abruptness and shape of axial heterostructures. A more detailed description of the top region
is given in Section 4.1.3.
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Figure 4.2.: InAs NW length (average �, maximum  ), diameter  , density N and coverage ◮ depending
on the As flux, the In rate, the substrate temperature and the growth time. The dashed vertical lines
represent the standard growth parameters.

The results of the variation of the growth parameters are plotted in Fig. 4.2. Two regimes
for the influence of the As4 flux were identified. Below 1.5 · 10−5 Torr, the NW length increases
linearly with the As4 flux, above it saturates. The NW diameter decreases until 1.5 · 10−5 Torr
and is constant above. The NW density increases by a factor of 2 up to 25 NWs/µm2 between
As4 fluxes of 1.5 · 10−5 and 2 · 10−5 Torr while the coverage, i.e. the number of crystallites,
decreases. In general, As4 fluxes above 2 · 10−5 Torr do not change the NW morphology and
density: the growth is limited by the arrival of In atoms. As seen by the coverage, In rich growth
conditions, that are low As fluxes, favor the formation of crystallites in between the NWs.
Similarly to the As4 flux, two regimes for the influence of the In rate are identified. When the
In rate is below 0.1 µm/h, both NW length and diameter show almost no dependence on the
In rate. Only at very low rates of 0.005 and 0.001 µm/h both decrease slightly. Above In rates
of 0.1 µm/h, the NW length and diameter increase nearly linearly. From 0.1 µm/h to 0.3 µm/h
the diameter is doubled, while the NW length is increased at maximum only by about 50%. In
contrast to the diameter, the NW length decreases for In rates above 0.25 µm/h. In order to fully
understand the growth phenomena, the NW density and coverage have to be taken into account.
The NW density first increases from ∼ 1 NWs/µm2 up to ∼ 30 NWs/µm2 with an increase of
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4.1 Vapor-solid InAs nanowire growth on GaAs (111)B substrates

Figure 4.3: (a)-(c): SEM micro-
graphs showing the early stages of NW
growth. The images in (a), (b) and (c)
are taken after 30 s, 1 min and 5 min
of growth, respectively. (d)-(f): SEM
micrographs showing the origin of NW
density reduction with the growth time.
(d) and (e) show coalesced NWs and in
(e) and (f) NWs being buried by crys-
tallites are seen.

the In rate, while it decreases when the In rate is above 0.15 µm/h. The coverage simultaneously
increases monotonically up to almost 100%. As already described, In rich conditions favor the
growth of crystallites rather than NWs. Thus, the reduced length at the highest In rate is due
to a strong competition for the adatoms between the crystallites and the NW. The constant
NW length and diameter below 0.1 µm/h are accompanied by the increasing NW density and
coverage. Accordingly, the additional In atoms nucleate further NWs and crystallites rather than
increase the dimensions of the existing ones. Above 0.1 µm/h, both NW density and coverage
are already very high resulting in a strong competition for the adatoms between the structures.
This is evident by the large error bars of the NW length and diameter. Additionally supplied
In does not anymore nucleate further NWs but grows on crystallites and existing NWs.
The substrate temperature plays a minor role during the NW growth as seen in Fig. 4.2. Between
470◦C and 510◦C there is almost no influence on the NW length, diameter, density and coverage.
The lower limit for the growth of vertical NWs was found to be 450◦C: many NWs are tilted
and the NW density strongly decreases while the coverage increases. Thus, the temperature
is too low to nucleate the NWs. The upper limit was found to be 530◦C. This is the temper-
ature were VLS InAs NWs are grown on oxide covered GaAs substrates by much smaller As4

fluxes [109]. Using high As4 fluxes, only few short and thick InAs stems are found. However,
recently Hertenberger et al. reported that the temperature regime for VS InAs NWs can be
increased significantly by increasing the As4 flux [126].

The mean NW length was found to increase sublinear with the growth time, although the
maximal NW length increases linear. After two hours of growth, the maximal length is around
6.5 µm giving a growth rate of 3.2 µm/h whereas the mean NW length is only 3 µm corresponding
to a growth rate of 1.5 µm/h. The strong fluctuation in NW length, visible due to the increasing
error bars, can be attributed to shading effects being present despite of the substrate rotation:
short NWs receive less material due to shadowing while long ones collect In adatoms by direct
impingement, diffusion and reabsorption. Consequently, the short NWs grow slower which finally
increases the spread in NW length. Additionally, due to the high NW and crystallite density, the
competition between NWs and crystallites for adatoms is high. Compared to the NW length, the
diameter distribution is narrower but even there it is visible that the spread increases with the
growth time. The NW density has a maximum after 15 min growth, subsequently decreasing by
50% to 15-20 NWs/µm2. The coverage increases monotonically and saturates at about 60%. The
increase of the coverage is explained by a lateral expansion of both NWs and crystallites. After
a certain growth time and NW length, the substrate is shadowed and only very few atoms can
contribute to the expansion of the crystallites. To understand the maximum in NW density after
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CHAPTER 4. Group III-Arsenide nanowires

Figure 4.4.: InAs NW length and diameter as a function of the Si cell temperature for NWs grown with
three different In rate of � 0.1 µm/h,  0.05 µm/h and N 0.005 µm/h.

15 min, SEM micrographs taken after short growth times as well as detailed micrographs after
long growth times are depicted in Fig. 4.3. The NW density increases rapidly between 0.5 and
5 min (see Figs. 4.3a-c), the number of crystallites being small. After 5 minutes, the NW density
is already in the range of 25-30 NW/µm2. After 15 min of growth, the NW density is further
increased to 35 NW/µm2. When the growth time is prolonged, the NW density decreases due
to two effects. First, short NWs are buried by the parasitic growth of crystallites. Typical SEM
micrographs of such buried NWs are shown in Fig. 4.3e,f. Second, neighboring NWs coalesce
resulting in non-hexagonal NWs. Here, two additional situations can be distinguished. In the
first one, the neighboring NWs are completely coalesced (Fig. 4.3e). In the second situation, a
part at the NW bottom remains non coalesced (Fig. 4.3d). Due to the coalescence and burying
of NWs, the measured NW density decreases. A similar decrease of the NW density was also
observed in other system where the NW density is very high [38].

4.1.2. Impact of Si doping on the nanowire dimensions

For any future devices, NW doping and therefore a control of the conductivity is essential.
Consequently, the impact of Si doping on the growth of InAs was investigated. InAs NWs
with different Si fluxes have been grown for 1h. Three different In rates were used in order to
understand whether the absolute Si flux or the Si flux relative to the In flux influence the growth.
In Fig. 4.4a,b the NW lengths and diameters are plotted as a function of the temperature of the
Si cell. Si cell temperatures of 1210◦C, 1297◦C and 1395◦C correspond to dopant concentrations
of 5 · 1016, 5 · 1017 and 5 · 1018 cm−3 in (100) GaAs layers, respectively. A Si cell temperature
of 200◦C represents the undoped NWs. As seen in Fig. 4.4, high Si fluxes reduce the NW
lengths and increase their diameters, independent on the supplied In rate. The NW side facets
roughen (see inset in Fig. 4.4a) and clear flat top facets develop (see inset in Fig. 4.4b) being
in contrast to undoped NWs. The Si dopant atoms reduce the diffusion length of both In
and Ga adatoms [62, 81, 82], explaining the increasing NW diameter and decreasing length.
Consequently, diffusion of adatoms from the NW side facets to the top represents one of the
major contributions to the axial growth. If this adatom diffusion is decreased, the axial growth
rate decreases and the radial one increases. The roughening of the side facets can be caused
by an enhanced nucleation on the side facets being induced by the reduced diffusion length.
The flat top facet may develop due to a reduced axial growth rate. Recently, Dimakis et al.
confirmed the incorporation of Si in VS grown InAs NWs by Raman scattering and showed that
it is incorporated only on the In lattice sites, thus as an n-dopant [81]. Transport in Si-doped
Au-free InAs NWs was investigated by Wirths et al. for MOVPE grown NWs [334]. This study
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4.1 Vapor-solid InAs nanowire growth on GaAs (111)B substrates

Figure 4.5.: TEM micrographs of InAs NWs grown via the VS method showing the bottom (a,b), the
middle part (c) and the top part (d). Colored dots in (b) and (c) indicate the different layers A  , B  

and C  .

also verified the NWs to be n-type with an increasing donor concentration for increasing Si
supplies. Both authors observed similar changes of the NW morphology by the addition of Si
to the growth. Thus, the results demonstrate that high Si fluxes strongly influence the growth
of InAs NWs by decreasing their aspect ratio. This limits the possibilities for InAs NWs doped
with Si to rather short and thick devices.

4.1.3. Crystal structure

Figure 4.5 shows exemplary TEM micrographs of a VS InAs NW. The images are taken at the
bottom of the NW (a,b), in the center (c) as well as at the top (d). Colored circles shown as
an overlay in (b) and (c) indicate the different stacking position A, B and C. The stacking is
arbitrary without any preference of the ZB crystal structure, WZ crystal structure or another
polytype (4H, 6H ...). Only at the bottom of the NW, a short segment of ZB phase followed
by about 20 nm of WZ is found. Similar results are obtained for all growth conditions. The
change of the crystal structure at the bottom may indicate different growth process being in-
volved. Dimakis et al. suggested that the nucleation takes place by locally In-rich conditions,
most likely In droplets [80]. These In-rich conditions subsequently turn into As-rich conditions
favoring the axial growth. For VLS grown InAs it was shown that the crystal structure is peri-
odically twinned ZB with a WZ top being attributed to a nucleation at the triple phase line
vapor-droplet-solid induced by the consumption of the In droplet [109, 345]. Our TEM results,
in fact, support the nucleation model assumed by Dimakis et al. [80]: In droplets form on the
substrate and are consumed rapidly resulting in a pure crystal structure without stacking faults.
Subsequently, the growth takes place without a droplet, as demonstrated by Hertenberger et
al. [128].
The arbitrary stacking is a typical characteristic of VS grown InAs NWs: Sladek investigated
the growth of InAs NWs using SA-MOVPE and performed a thorough study on the influence of
growth parameters on the crystal structure [283]. There, it was found that the V/III ratio has
a small impact on the structure, meaning that the relative amount of ZB or WZ increases but
without having a pure crystal structure.
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CHAPTER 4. Group III-Arsenide nanowires

Figure 4.6.: TEM micrographs of the faceted top region of VS InAs NWs viewed from the 〈110〉 (a,b)
and 〈211〉 (c,d) zone axes. The width of the uppermost layer is given in (b) and (c).

Typically, the defective structure of NWs is explained by the supersaturation of the catalyzing
droplet and improvements in the crystal structure are achieved by modifying the supersatura-
tion [83]. In case of VS grown NWs, no droplet is involved in the NW growth and therefore
this explanation is not applicable. By drastically reducing the lateral dimensions of the NWs,
the WZ structure should become stable due to the lower energy of the side facets compared to
the ZB structure [3, 97]. The critical radius/diameter is in the order of ∼ 5 – 15 nm and thus,
much smaller than the NWs shown here. However, as already shown in the SEM micrographs in
Fig. 4.1c, the top region of the NWs is tapered and faceted. In order to further analyze whether
the dimensions at the top are small enough to enable the formation of both crystal structures,
the top part was analyzed more detailed by HRTEM and HAADF images. Figure 4.6 shows
the top layers of a VS InAs NW. The mean NW diameter is around 80 nm, while the diameter
continuously decreases to less than 15 nm at the top, being close to the critical diameter for
the transition from ZB to WZ. In fact, the upper layers being the effective axial growth front
of the NW may be even smaller but are not clearly seen due to oxidation. From the HRTEM
micrographs these upper layers can be approximated to ∼ 7 nm along the 〈211〉 direction (b,
〈110〉 zone axis) and ∼ 6 nm along the 〈110〉 direction (d, 〈211〉 zone axis). A faceting of the
top region is investigated by HAADF images. Figure 4.7a and d show HAADF images of the
top region taken from the 〈110〉 and 〈211〉 zone axes, respectively. The intensity in a HAADF
image depends on square of the atomic number Z of the element as well as the thickness. Since
the image contains only InAs, Z is constant. Hence, changes in the intensity are caused by
variations in the thickness and in a first approximation, the intensity increases linearly with the
thickness [317]. Lehmann et al. demonstrated a method to identify NW facets using intensity
profiles perpendicular to the NW growth axis [194]. By combining the 〈110〉 and 〈211〉 zone
axes, a quasi three-dimensional structure is reconstructed. Figure 4.7b shows intensity profiles
taken from the main, untapered part of the NW. The facets are identified to be {110} type
facets, similar as expected from SEM analyses. In Fig. 4.7c, e, f intensity profiles taken from
the tapered top region are plotted. As seen, the profiles changed significantly, indicating the
presence of additional facets. Especially in the last profile taken at the uppermost possible
position no clear evidence of {110} is found. The profile matches roughly with the existence of
higher index facets like the {211} facets. Consequently, the effective growth front of the NWs is
strongly different from its mean diameter and stable 〈110〉 side facets.

Recently, it was shown that the crystal structure of MBE-grown VS InAs NWs switches
to twinned ZB when adding small amounts of Sb, resulting in InAsSb NWs with about 7%
Sb [288, 353]. This Sb concentration is almost independent on the Sb flux. The Sb flux influenced
the growth by decreasing the aspect ratio of the NWs. The electron mobility was significantly
enhanced.
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4.2 Vapor-solid and vapor-liquid-solid growth of InAs nanowires on Si substrates

Figure 4.7.: HAADF images of the top region of InAs NWs from the (a) 〈110〉 zone axis (ZA), (d) the
〈211〉 zone axis (ZA). HAADF profiles taken at different positions as indicated in the HAADF images:
(b) central part of the NW, (c) lower part of the faceted region, (e) mid part of the faceted regions and
(f) upper part of the faceted region

4.2. Vapor-solid and vapor-liquid-solid growth of InAs nanowires on

Si substrates

Self-catalyzed GaAs NWs are usually grown on Si substrates which do not receive any special
treatment prior to the growth of the NWs [231, 244, 273]. Thus, the substrates are covered
with a thin native silicon oxide. This native oxide layer typically has a thickness in the range
7 – 20 Å [202, 214, 216, 244, 249, 335]. For the growth of self-assisted InAs NWs on Si substrates,
oxides with a thickness in the range of ∼ 1 nm are required [202] and certainly the way to
obtain these thin oxide layers needs to be reproducible. Commonly, these thin oxides were
created by wet chemical thinning of a thicker layer [177] or by a Ga-assisted deoxidation at high
temperatures [202]. The latter suffers from the high thermal budget as well as a temperature
gradient and corresponding gradient of the oxide thickness along the wafer. The first method
requires both a precise deposition of the initial oxide layer as well as a controlled etching.
Building up a new, thin layer of SiOx at low temperatures is the preferential method. This
possibility is evaluated first. The second section is dedicated to the VLS growth of InAs NWs
on Si (111) substrates which has not yet been reported. The origin of the absence of the VLS
growth of InAs NWs on Si substrates is investigated and it is overcome by an in situ etching of
the surface.

4.2.1. Hydrogen-peroxide assisted reoxidation of Si substrates for the vapor solid
growth of InAs nanowires1

Madsen et al. reported about an optimal silicon oxide thickness of 9 Å for the growth of InAs
NWs on Si (111) substrates [202]. This thickness was achieved by a Ga-assisted deoxidation
at high temperatures, resulting in an oxide thickness profile along the wafer being caused by a

1Most of the results of this section have been published in T. Rieger, D. Grützmacher, and M. I. Lepsa. Si
substrate preparation for the VS and VLS growth of InAs nanowires. physica status solidi (RRL) - Rapid
Research Letters, 7(10):840-844, 2013. Ref. [256]
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CHAPTER 4. Group III-Arsenide nanowires

Figure 4.8.: (a)-(f) SEM micrographs of VS InAs NWs grown on Si substrates with different substrate
preparations: (a) after 1 day oxidation in air, (b) only HF cleaned, in (c)-(f), the substrates were HF
cleaned and subsequently stored in H2O2 for durations of 30 min (c), 5 min (d), 1 min (e), 30 s (f). The
samples were tilted by 60◦ relative to the substrate normal. Published in [256].

temperature gradient from the center of the wafer to its edge [202]. Koblmüller et al. have used
an etched SiOx layer of 2.5 - 6 nm thickness [177]. The native silicon oxide has a thickness in
the range of 20 Å, depending on the storing atmosphere and time [202, 214, 216, 244, 249, 335].
Accordingly, the native silicon oxide in principle has a thickness which is in the same range as
the above listed values. Growing InAs on such native oxide covered Si substrates results in NWs.
However, as seen in Fig. 4.8a, these are of low density and not well aligned. They grow with
a random orientation and are therefore not suitable for a future integration into devices. The
upper mentioned top-down methods for obtaining a suitable oxide thickness have the drawback
of low reproducibility and high temperature treatment of the sample. Both these drawbacks
can be circumvented when the oxide is build-up from a clean, H-terminated Si surface. Neuwald
et al. have reported a wet chemical oxidation of Si (111) surfaces using hydrogen peroxide
(H2O2) [222]. Silicon oxides with very low thicknesses were prepared due to significant different
oxidation rates for the first and second Si bilayers. A 10 min reoxidation of the hydrogen pas-
sivated Si surface created a silicon oxide of about 5 Å thickness. After rather long reoxidation
times, the oxide thickness saturated at a thickness corresponding to 2 Si bilayers. We adopted
this method for obtaining well controlled SiO2 thicknesses and have cleaned Si (111) samples
using piranha solution and HF. After rinsing the sample in DI water, it was placed in H2O2

for a certain time treox. Subsequently, it was rinsed again in DI water and loaded immediately
into the loadlock of the MBE system. The reoxidation time treox was varied between 30s and
24h. For comparison, one sample was prepared without the reoxidation step, thus a bare Si
(111) surface, and a second one with one day reoxidation in ambient air. The samples were
degased at 600◦C for 10 minutes prior to the growth. After cool down to 490 ◦C, the growth
of the NWs was initiated by opening the As and In shutters. The In rate and the As4 flux
were set to 0.035 µm/h and 2 · 10−5 Torr, respectively. The growth time was 1 h. As described
in Section 4.1.1, these growth conditions give rise to a droplet-free growth mechanism of InAs
NWs: the growth proceeds in the vapor-solid growth mode. The low In flux is expected to result
in a reasonable NW density in the range of 10 NWs/µm2 (see Sec. 4.1.1).
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Figure 4.9.: (a) Density of vertical NWs � and crystallites  and (b) NW diameter N and length  as a
function of the H2O2 reoxidation time. The optimum reoxidation time is 1 min and is marked by a dashed
grey line. Labels in (a) refer to the corresponding SEM micrographs in Fig. 4.8. Published in [256].

In Fig. 4.8a-f, SEM micrographs from samples with different reoxidation times are shown.
The density of vertical NWs and crystallites as well as the diameter and length of the NWs
were determined from the SEM images and are plotted as a function of the reoxidation time in
Fig. 4.9a and b. Native oxides result in a low density of NWs, most of them being tilted (see
Fig. 4.8a). The observed NWs were long and thin. However, many crystallites in-between the
NWs were observed. Without any oxide, NWs grow perpendicular to the substrate and their
density decreases (see Fig. 4.8b and 4.9a). These NWs are short and the diameter is significantly
larger than that of the previous ones (see Fig. 4.9b). A significant improvement of the NW
growth is observed when the substrate is treated with H2O2 prior to the growth. In Fig. 4.8c-f,
the storing times in H2O2 continuously decrease from 30 min to 30 s. After a one day storage in
H2O2 and subsequent growth, almost no NWs are found on the sample, indicating that the oxide
layer is too thick. Also the number of crystallites is very low. A reduction of the storage time to
30 min enhances both the number of crystallites and NWs, being comparable with the substrate
covered by a native oxide (see Fig. 4.8c and 4.9a). However, the NWs grow mainly tilted. An
substantial improvement is observed when the reoxidation time is below 10 min. Figure 4.8d
and e show SEM micrographs taken from samples where the H2O2 reoxidation times are 5 min
and 1 min, respectively. The yield of vertical NWs is high and their diameter is in the range of
50 nm with a mean length of about 1.5–2 µm. The 1 min reoxidized sample is superior to the 5
min one due to a higher density of vertical NWs and less tilted NWs. The NW density is in the
range of 7 NWs/µm2, being comparable to VS grown InAs NWs on GaAs substrates. A further
decrease to about 30 s reoxidation time does not improve the growth quality. Contrary, the
NW density decreases drastically, though almost all NWs are vertical. The crystallite density
increases as well (Fig. 4.8f).
These results demonstrate that a simple chemical treatment using H2O2 can be used to obtain
the silicon oxide thickness required for the growth of VS InAs NWs. The growth of the VS NWs
is believed to depend strongly on the substrate area being covered with an oxide. This means
that short reoxidation times or no reoxidation at all result in very narrow oxide covered areas
and, consequently, not much growth selectivity. An optimal reoxidation procedure provides an
oxide layer with small pinholes which then enable the NW growth. An even longer reoxidation
will form almost compact oxide layers. On these layers, the NWs cannot or only hardly nucleate.
NWs obtained via this optimized substrate preparation represent the basis for several structures
discussed in the following chapters.
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CHAPTER 4. Group III-Arsenide nanowires

4.2.2. Ga droplet induced etching of Si substrates for the vapor liquid solid growth
of InAs nanowires2

The crystal structure of VS grown InAs NWs is rather poor, meaning that they contain a high
density of stacking faults. Contrary, it was shown in Ref. [109] that VLS InAs NWs have a
twinning superlattice with a periodicity of 5 – 6 nm. The growth of these VLS InAs NWs has
been reported only rarely and, in each case, only on III-V substrates (GaAs, InAs, InP) covered
by a thin layer of SiOx [109, 205]. Applying the same growth conditions to Si substrates covered
by a native oxide, large In droplets form on the surface but no NWs or crystallites are obtained
(Fig. 4.10a). Similar results are achieved when the substrate is cleaned with HF prior to the
growth (oxide-free surface) or reoxidizied in H2O2 as in the previous section. Also a change of
the growth parameters does not result in the growth of NWs. Accordingly, the substrate itself is
believed to play an important role in the initiation of InAs NW growth, not only the fluxes and
the oxide layer. The major difference between Si and III-V substrates is the presence of atomic
species with low melting points, such as Ga and In. Additionally, As or P evaporating from the
substrate may also play a role. It is believed that pinholes in the oxide are required to act as
nucleation site for the NW growth [90, 177]. A native oxide covering the Si substrate does not
have such pinholes and the solubility of Si in liquid In is too low to etch these pinholes at the
beginning of the growth [166]. Since the solubility of Si in liquid Ga is significantly higher, here,
a Ga predeposition technique is applied to create pinholes. The basic principle is depicted in
Fig. 4.11. The substrate is heated to a temperature T Ga

sub for the deposition of liquid Ga. At
this temperature Ga is deposited with a rate R for a duration tdep. Subsequently, the substrate
is kept for 5 min at the same temperature in absence of any flux. This process is repeated N
times. At the end of the entire Ga pretreatment, the sample is kept another 15 min at the same
temperature. During this time, the Ga desorbs completely from the substrate. In the absence of
an As flux, Ga forms droplets which completely evaporate at high temperatures if no additional
Ga is supplied [129]. Accordingly, the As shutter and valve are closed during the entire Ga
pretreatment. After the Ga pretreatment, the substrate temperature is decreased to 530◦C and
an As flux and an In rate of 1.6 · 10−6 Torr and 0.05 µm/h, respectively, are provided to grow
the NWs. Grap et al. have determined these fluxes and temperatures to be ideal for the VLS
growth of InAs NWs on GaAs substrates [109].

Standard values for T Ga
sub, R, tdep and N during the Ga pretreatment of the surface were

chosen to 600◦C, 0.08 µm/h, 90s and 5, respectively. A substrate temperature T Ga
sub of 600◦C

in combination with a Ga rate R of 0.08 µm/h is known to promote the growth of GaAs NWs
on Si substrates and therefore to be suitable to etch pinholes into silicon oxide. In Fig. 4.10b,
a SEM micrograph of a sample using this pretreatment and the above given growth conditions
is shown. The InAs growth time was 3 h. NWs and crystallites have formed on the substrate.
The NWs are catalyzed by an In droplet, as seen in the close up in Fig. 4.10c. The presence of
the droplet is a clear demonstration for a droplet-assisted growth mechanism. This is further
supported by the low V/III flux ratio (∼ 7). Figure 4.10h shows InAs NWs and crystallites
grown for 1 h after the substrate underwent the above described pretreatment. A high density
of crystallites and short NWs is observed. In order to distinguish them, the NWs are colored
in blue and are additionally identified by the presence of the In droplet. The NW density is
around 2 – 3 NWs/µm2. They have a mean length of about 150 nm and a diameter of ∼ 80
nm. After a growth time of 3 h, their length and diameter increased to ∼ 2 µm and ∼ 200 nm,
respectively. It is expected that both length and diameter increase linearly in time as in the case

2Most of the results of this section have been published in T. Rieger, D. Grützmacher, and M. I. Lepsa. Si
substrate preparation for the VS and VLS growth of InAs nanowires. physica status solidi (RRL) - Rapid
Research Letters, 7(10):840-844, 2013. Ref. [256]
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Figure 4.10.: VLS grown InAs NWs using different Ga predeposition techniques. (a) Si substrate without
any pretreatment. (b) Standard Ga predeposition as described in the text and a growth time of 3 h. (c)
A zoom-in to the NW top. (d)-(l) SEM images of samples with different predeposition conditions and
for 1 h growth time; the central image (h) shows the standard conditions. (d) N = 1, (e) N = 10, (f)
tdep = 30s, (i) tdep = 150s, (g) R = 0.04µm/h, (j) R = 0.12µm/h, (k) T = 530◦C and (l) T = 640◦C.
Blue color in (d)-(k) highlights NWs (identified by their length or the droplet on top), while the red color
in (d) and (h) marks planar structures with rectangular cross sections. The samples were tilted by 60◦

relative to the substrate normal. Published in [256].
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Figure 4.11: Schematic diagram showing
the Ga pretreatment of Si substrates for the
VLS growth of InAs NWs. T Ga

sub is the sub-
strate temperature during the pretreatment,
T InAs

sub the substrate temperature during the
NW growth. The blue area represents the
time Ga is supplied, green and red areas in-
dicate the supply of As and In, respectively.

Figure 4.12: Schematic model of the
VLS growth of InAs NWs on Si sub-
strates induced by Ga predeposition.
(a) Ga droplet formation and sub-
sequent alloying with Si oxide. (b) Pin-
hole formation. (c) Ga re-evaporation.
(d) Pinhole in the oxide. (e) In droplet
formed over the pinhole. (f) NW
growth from the In droplet. Published
in [256].

of the VLS growth of GaAs and InAs NWs on GaAs substrates [109, 259]. Similarly, also in this
case, a certain incubation time is required until the In droplet forms at a pinhole. To evaluate
the impact of the Ga predeposition, each predeposition parameter is varied individually keeping
the other parameters constant. Figures 4.10d and e show SEM images where the number of Ga
deposition cycles N are 1 and 10, respectively. A small N (Fig. 4.10d) results in a low density
of NWs and crystallites. Additionally, many In droplets not catalyzing NWs are seen. Higher
N (Fig. 4.10e) give almost the same NW density as shown in Fig. 4.10h but with an increase
of the the amount of crystallites. The Ga predeposition time tdep influences the NW growth: a
reduction of tdep to 30 s does not promote any NW growth (Fig. 4.10f) while an increase to 150 s
enhances the growth of crystallites with only few short NWs in-between (see Fig. 4.10i). Most
of these NWs are already partially connected to crystallites. By varying the Ga rate R, similar
dependencies are found: a low Ga rate of around 0.04 µm/h does not promote the growth of any
crystalline material while a higher Ga rate (0.12 µm/h) results in many crystallites and only
few NWs (Fig. 4.10j). Finally, by changing the Ga predeposition temperature to either 530◦C
or 640◦C, as shown in Fig. 4.10k and l, respectively, mainly crystallites or no growth at all is
observed.

Taking the above described results into consideration, it is clear that all predeposition para-
meters strongly influence the subsequent NW growth. Consequently, it is essential to chose the
correct set of parameters. A simple picture of the predeposition process and resulting NW growth
is described as follows. First, Ga droplets form on the surface (Fig. 4.12a). Subsequently, these
droplets alloy with Si from the oxide and the droplets penetrate through the oxide (Fig. 4.12b).
Parts of the Si surface are then in direct connection to the Ga droplet. When the Ga supply
is switched off, the high substrate temperature causes a re-evaporation of Ga from the droplet
(Fig. 4.12c) forming pinholes in the oxide layer (Fig. 4.12d). A subsequent supply of In results
in the formation of In droplets in these pinholes (Fig. 4.12e). The supersaturation of the In
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Figure 4.13: TEM micro-
graphs of a FIB-prepared
lamella with VLS grown
InAs NWs on Si substrates.
(a) TEM cross-section of
a NW similar to those in
Fig. 4.10h. (b) High resol-
ution image of the InAs/Si
interface. The inset shows
the FFT of the interface.
Dr. Elmar Neumann pre-
pared the FIB lamella. Pub-
lished in [256].

droplets with As gives rise in the growth of InAs between the droplet and the Si surface, form-
ing a NW (Fig. 4.12f).

The formation of the crystallites formation may be described in a similar way; having also
an epitaxial relation to the Si substrate. Two different kinds of parasitic growth in-between
the NWs are observed: irregular shaped crystallites and elongated structures with a rectangular
cross-section (see Fig. 4.10d and h). Both are observed only when the Ga pretreatment took
place. Therefore, the formation of the parasitic growth should also take place in openings in the
oxide, i.e. pinholes or larger exposed areas. The number of crystallites increases as the amount
of predeposited Ga is increased. The Ga etches the Si oxide, as described above, and not only
pinholes but also larger areas may be exposed, e.g. due to a coalescence of Ga droplets or the
existence of several droplets in close vicinity. Crystallites may grow preferentially on these larger
areas while NWs are grown from pinholes in the oxide.

To obtain more information on the nucleation process of the NWs, cross-sectional TEM micro-
graphs were acquired. For this purpose, the as-grown sample was first covered by an amorphous
material and subsequently, focused ion beam (FIB) was used to prepare a TEM lamella. Fig-
ure 4.13 displays TEM micrographs from this lamella. The NW has a conical shape at the
bottom indicating that it emerges from a significantly smaller nucleation site (see Fig. 4.13a).
The In droplet on top is clearly seen and proves the VLS growth mechanism. The NW itself has
only few stacking faults close to the droplet, being in agreement with previous reports about
the existence of a pure ZB phase at the bottom [109]. This pure ZB phase at the NW bottom
is seen in the HRTEM image of the Si-InAs interfacial region depicted in Fig. 4.13b. The InAs
NW exactly adopts the stacking sequence of the Si substrate, no stacking fault or twin is formed
at the interface. The inset in Fig. 4.13b shows a FFT of the interfacial region. Two groups of
spots corresponding to the Si substrate and the InAs NWs are observed. The spots from the
InAs belong to a ZB crystal structure and are rotated by a small angle with respect to the Si
lattice. This indicates a slight tilt of the NW with respect to the substrate. This tilt is not
necessarily present in all NWs. The difference between the diffraction spots belonging to Si
and InAs agrees well with the expected value, reflecting the lattice mismatch and indicating a
complete strain relaxation. Due to the Ga pretreatment of the substrate, residual Ga on the
surface may influence the NW growth and nucleation. In principle, residual Ga can be located
at two different positions within the NW: either it is stored in the droplet (i.e. not incorporated
into the NW) or it is incorporated at the NW base during the nucleation process (with a gradual
decrease of the Ga concentration along the growth axis). Figure 4.14a shows a TEM micrograph
with superimposed EDX line scan of the tip of a long NW including the In droplet. The droplet
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Figure 4.14: EDX profiles
of As N, In  and Ga
� superimposed onto TEM
images of VLS grown InAs
NWs grown on Si substrates.
(a) NW top with In droplet.
(b) NW bottom. Published
in [256].

is pure In and the Ga and As signals are below the detection limit. The NW base and the
corresponding EDX line scan are shown in Fig. 4.14b. Also there, the Ga signal is below the
detection limit. Thus, no evidence of Ga participating in the NW growth or nucleation is found.

HRTEM images of a VLS grown InAs NW are depicted in Fig. 4.15. The NW has a uniform
diameter with no evidence of tapering, as seen in the overview image in Fig. 4.15a. The droplet
on top of the NW is clearly identified. In Fig. 4.15b, the upper part of the NW including the
interface to the In droplet is depicted. Immediately below the droplet, the NW diameter slightly
shrinks and the crystal structure is WZ. This WZ segment has a length of about 15 nm. Beneath
the WZ phase, the crystal structure switches into ZB phase with twins. These twins have a very
uniform spacing of about 3 nm (∼ 8 − 9 atomic layers), thus a periodicity of 6 nm. In fact, this
twinning superlattice is found almost along the entire length of the NW (see Fig. 4.15c). Only
at the bottom and at the top the crystal structure changes. At the bottom, it is typically ZB
with only few twins. The identical crystal structure of VLS grown InAs NWs was also found
previously when grown on GaAs substrates [109]. Consequently, this reflects that by applying
the Ga pretreatment, the growth of In catalyzed III-V NWs can be transferred from GaAs to Si
substrates without affecting the properties of the NWs.

At this point, the remaining question is why VLS grown InAs NWs on Si substrates are
achieved only via the Ga predeposition technique while they are grown on III-V substrates
without a surface pretreatment. In the case of III-V substrates, a Ga oxide or In oxide layer is
present between the substrate and the SiOx layer. Existing pinholes in this SiOx layer (obtained
by etching or due to the porosity of annealed HSQ films) can reach the substrate and the Ga
oxide or In oxide can be thermally removed. On Si substrates, on the other hand, pinholes have
to be etched into the oxide layer in situ since they would reoxidize in air. This in situ pinhole
etching is achieved more easily by Ga than by In since the solubility of Si is significantly larger
in liquid Ga than in liquid In [166].
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Figure 4.15: (HR)TEM images of an InAs NW
grown on Si substrates. (a) overview image of
the entire NW with two marked regions from which
HRTEM images are shown in (b) and (c). (b) Crys-
tal structure at the interface NW/droplet. Immedi-
ately below the droplet, the crystal structure is WZ
whereas it is regularly twinned ZB for the rest of the
NW. (c) Twinning superlattice observed along the
main part of the NW. The white lines in (b) and
(c) indicate the stacking sequence.

Figure 4.16: SEM micrographs show-
ing the Ga droplet at different con-
sumption stages (a-c) and (e-f). (a)
represents the unintentionally con-
sumed Ga droplet after the NW growth.
Consumption durations are (b) 15 min,
(c) 20 min, (e) 22.5 min and (f) 25
min. Models in (d) and (g) illustrate
the different facets in (c) and (f), re-
spectively. Published in [261].

4.3. Wurtzite inclusions in vapor-liquid-solid grown III-V nanowires3

In III-V NWs, polytypism with the coexistence of the ZB and WZ crystal phases within the
same NW is often observed [3, 73, 106, 134, 204, 235]. Usually, investigations are aiming for
pure crystal phases e.g. in order to increase the conductivity by decreasing the amount of scat-
tering centers [300]. Having control of the crystal structure also includes to study NWs with
pure WZ crystal structures and therefore working e.g. with effects that are not observed in bulk
materials such as the direct band gap of WZ GaP [10]. On the other hand, controlling the crystal
structure also includes the control of defects such as twins and stacking faults, thus including
these defects at a certain position or even switching in a controlled manner between both pos-
sible crystal structures. Using the latter, crystal phase quantum dots can be created [4, 292].
This possibility of crystal phase control is discussed and described in the following sections.

As it was shown e.g. in Refs. [259] and [54] as well as Sec. 4.2.2, self-catalyzed III-V NWs
have the WZ crystal structure just below the droplet while the main part has the ZB struc-
ture. This WZ structure is related to the partial consumption of the droplet at the end of the

3Most of the results of this section have been published in T. Rieger, M. I. Lepsa, T. Schäpers, and D.
Grützmacher. Controlled wurtzite inclusions in self-catalyzed zinc blende III-V semiconductor nanowires.
Journal of Crystal Growth, 378:506-510, 2013. Ref. [261] and T. Rieger, T. Schäpers, D. Grützmacher, and
M. I. Lepsa. Crystal Phase Selective Growth in GaAs/InAs Core-Shell Nanowires. Crystal Growth & Design,
14(3):1167-1174, 2014. Ref. [264]
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growth when the group III supply is stopped while the As supply is still maintained. Here,
consumption refers to the decreasing size of the Ga (In) droplet due to the growth of GaAs
(InAs) while the supply of Ga (In) is interrupted. In order to use this consumption to include
short WZ segments in the NWs, the consumption mechanism has to be investigated i.e. the
vanishing of the droplet when no group III element is supplied. Exemplary, the consumption
mechanism is studied using GaAs NWs. Figure 4.16 shows SEM micrographs of the GaAs NW
top at different stages of the droplet consumption. For this analyzes, GaAs NWs were grown
for 2h at 600◦C with a Ga rate of 0.1 µm/h and an As4 flux of 10−6 Torr. Subsequently, the
Ga supply was stopped for a certain duration while the As supply was maintained. During this
stage, the droplet is (partially) consumed by the As: the droplet volume decreases due to the
growth of GaAs. The times for the exclusive supply of As, i.e. the droplet consumption times,
were varied between 2.5 and 25 min. In Fig. 4.16a, the initial stage is shown, thus without an
intentional droplet consumption. The contact angle β is ∼ 137◦. The consumption duration in
b, c, e and f are 15 min, 20 min, 22.5 min and 25 min, respectively. The droplet consumption
can be divided into two stages. In the first stage, the droplet diameter and the contact angle
decrease while the NW diameter just beneath the droplet is constant (Fig. 4.16b). This stage
is usually present when the substrate is cooled down after the growth. The crystal structure
is WZ as confirmed by post-growth TEM analyzes [259]. When the contact angle reaches 90◦,
the situation changes. The contact angle remains constant and both the droplet diameter and
the NW diameter decrease (Fig. 4.16c). In this second stage, new facets are created. These
are {110} , {001} and {211}B facets as schematically shown in Fig. 4.16d. The latter two facets
disappear again during further droplet consumption (Fig. 4.16e,f). Only the stable {110} facets
remain (see Fig. 4.16g). The top pyramidal part has a threefold symmetry which is clear proof
that it has a ZB crystal structure. The consumption stages shown in Fig. 4.16c-e are observed
only within a short interval of time. During this time, the complete consumption is no longer
determined by the material incorporation from the Ga droplet into the NW but by the growth
of the most stable {110} facets resulting in a much faster vanishing of the droplet than expected
from a consumption by incorporation from the Ga droplet. The Ga from the droplet evaporates,
it is incorporated below the droplet or on the {211}B and {001} facets. These then change into
the stable {110} facets due to adatom migration from the droplet to the side facets [130].

Summarizing, the evolution of the crystal structure of GaAs NWs can be described by three
stages:

1. NW growth: Ga and As are supplied and the contact angle β is constant at about 137◦,
β = 137◦. The droplet radius is either constant or slightly increases in time (drdroplet

dt
≥ 0).

Similarly, also the NW diameter increases in time (drNW

dt
≥ 0). The crystal structure is

ZB with twins.

2. First stage of droplet consumption: Only As is supplied and the contact angle decreases
(dβ

dt
< 0 ∧ β > 90◦) while the NW diameter remains constant (drNW

dt
= 0). The crystal

structure switches to WZ.

3. Second stage of droplet consumption: Only As is supplied, the contact angle remains at 90◦

and the top diameter of the NW shrinks (drNW

dt
≤ 0). At this stage, the crystal structure

again switches to ZB.

Especially the last stage seems to depend strongly on the growth conditions since both {110}
faceted top regions as well as flat surfaces with a {111}B type top were observed in the literat-
ure [82, 248]. Only the first stage of droplet consumption is required to include WZ segments

35



4.3 Wurtzite inclusions in vapor-liquid-solid grown III-V nanowires

0 5 10 15 20 25 30 35 40 45
90

100

110

120

130

140

600 700 800 900 1000
1E-9
1E-8
1E-7
1E-6
1E-5
1E-4
1E-3
0.01
0.1
1

10
100

 10nm
 50nm
 80nm
 100nm
 experimental 

         data (r=80nm)
 80nm incl. Ga 

         desorption (~ 1 at/(nm²s))

NW radius

co
nt

ac
t a

ng
le

 
 [°

]

droplet consumption time [min]

(a)                                                                       (b)

de
so

rb
in

g 
G

a 
at

om
s 

[n
m

-2
s-1

]

substrate temperature [K]

 E
D
 = 2.35eV

 E
D
 = 2.8eV

 E
D
 = 2.5eV

Figure 4.17.: (a) Calculated contact angle of the Ga droplet as a function of the consumption time
for different NW radii and the experimental data (NW radius 80 nm). The As4 flux is 10−6 Torr.
(b) Calculated flux of desorbing Ga atoms from the droplet as a function of the temperature. The grey
area shows the temperature range for the growth of GaAs NWs and the corresponding desorbing Ga flux
considering 2.35 eV≤ ED ≤2.5eV. Published in [261].

into GaAs NWs. To fully understand the droplet consumption as well as the limitations in the
formation of WZ segments, a kinetic model was developed.

4.3.1. Theoretical description and limitations

The first stage of droplet consumption can be modeled as follows: A droplet of given radius rd

is on top of a NW with radius rNW , the contact angle is β. For Ga droplets catalyzing GaAs
NWs, this contact angle is 137◦. The droplet volume is defined by

Vdroplet =
π · r3

NW

3
· (1 − cos β)2 · 2 + cos β

sin3 β
(4.1)

and its relevant surface area by

Adroplet = A⊥ · cos (32◦) + A|| · sin(32◦) (4.2)

Here, Adroplet already takes into account that the adatom fluxes impinge under an angle α = 32◦

on the substrate, i.e. it is subdivided into one component parallel (A|| · sin(32◦)) and another
one perpendicular (A⊥ · cos (32◦)) to the surface of the substrate. Consumption of Ga from the
droplet proceeds via impinging As atoms on the droplet. Diffusion of As on the NW side facets
is negligible [250, 185, 102, 103]. Thus, the droplet consumption rate and, consequently, the WZ
growth rate are proportional to the directly impinging As flux FAs. The proportionality factor
depends on the shape of the droplet and the geometry of the MBE system. The total number
of As atoms impinging on the droplet is given by

NAs = FAs · Adroplet (4.3)

The growth rate R is then given by NAs and rNW via R = NAs·ΩGaAs

πr2

NW

. ΩGaAs refers to the

volume occupied by one GaAs molecule in the crystal. Consequently, the droplet diameter and
contact angle are decreased with each impinging As atom and therefore also Adroplet and NAs

decrease. Figure 4.17a shows calculated contact angles as a function of the consumption time
for different NW radii. The As4 flux was set to 1 · 10−6 Torr, which results in a GaAs NW
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Figure 4.18.: Expected length (a) and growth rate (b) of the WZ segment as a function of the droplet
consumption duration for different initial NW radii. The initial contact angle is 137◦ and the As4 flux
10−6 Torr. The grey area in (a) indicates the WZ lengths that can be obtained.

growth rate of about 1.7 µm/h. Experimentally determined contact angles for different droplet
consumption times are shown in the same graph. There, the NW radius was 80 nm and the As4

flux was 1 · 10−6 Torr. A strong disagreement between the calculated curve for 80 nm radius
and the experimental data is present. However, the general shape of the curve is identical.
The difference between the experimental and calculated data is explained by an additional Ga
consumption mechanism which was not taken into account above, i.e. Ga desorption. According
to Heyn [129] the Ga desorption rate Rd can be calculated using

Rd = ν · exp

(

− Ed

kBT

)

(4.4)

where ν = 2kbT
h

is the vibrational frequency of the Ga atoms. Reported values of the activation
energy Ed for the desorption of Ga from a Ga droplet vary between 2.35 and 2.8 eV [129, 326,
352]. Using these values, the Ga desorption rate is calculated and plotted as a function of the
temperature in Fig. 4.17b. Assuming Ed in the range of 2.35 to 2.5 eV, a desorption rate in
the range of 1 to 20 atoms nm−2s−1 at a temperature of about 600◦C is expected. Using even
the lower boundary, i.e. 1 atom nm−2s−1, as an additional Ga consumption mechanism, the
experimental data can be well fitted as seen in Fig. 4.17a. Here, Ga desorption occurs via the
total surface area of the droplet, which is given by

Ades = 2π
rNW

β

2

(1 + | cos β|) (4.5)

Thus, Ga desorption from the droplet represents a non-negligible mechanism of Ga consumption.

Based on these calculations, the WZ length that is grown when only As is supplied can be
estimated. The results are plotted in Fig. 4.18a showing that the length increases sublinear
with the growth time, being caused by the continuously decreasing contact angle. This becomes
clearer when the first derivative, i.e. the growth rate, is calculated: The growth rate decreases in
time and is significantly steeper for thin NWs. Thus, the actual length grown during the As-only
supply depends on both the consumption time and the initial NW diameter. The NW diameter
typically varies slightly on the sample. However, as shown by the shaded area in Fig. 4.18a, the
length can be estimated within a certain window even without knowledge of the NW diameter.
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Figure 4.19: Maximal WZ length as a function of
the initial contact angle. The maximal WZ length is
given by the factor α being the length normalized to
the NW radius.
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Figure 4.20.: Schematic illustration of the program to include WZ segments into GaAs NWs using a
partial droplet consumption. Published in [261]

For future structures, several of these WZ segments need to be placed inside a NW either
as barriers for crystal phase quantum dots or to modify the electronic transport. In this case,
the crystal structure needs to switch back from WZ to ZB and the entire process needs to be
repeated several times. For the latter, the droplet contact angle first has to increase again.
However, especially for a short supply of both Ga and As the contact angle will not increase
back to 137◦. The maximal WZ length of the subsequent Ga supply interruption depends on
the initial contact angle and not the equilibrium one. Consequently, similar calculations have
been repeated for various contact angles between 90◦ and 180◦. The overall conclusion is that
the maximal length grown during the consumption Lcon is proportional to the NW radius r
via a factor α (Lcon = α · r). α depends on the (initial) contact angle. Figure 4.19 shows the
maximal WZ length (normalized to the NW radius), i.e. the factor α, as a function of the initial
contact angle. For an initial contact angle of 137◦, the maximal WZ length is roughly 10 times
the NW radius. Since Ga desorption occurs, α depends on the actual NW growth rate, i.e. the
As flux. Increasing the supplied As flux moves the real curve (with Ga desorption) towards the
ideal one (without Ga desorption) due to the decreased contribution of Ga desorption, thus a
faster droplet consumption results in less desorption. The switching back from WZ to ZB has
to be demonstrated experimentally.

4.3.2. Wurtzite inclusions in GaAs nanowires

In order to experimentally confirm the above shown calculations, GaAs NWs with several Ga
supply interruptions were grown. First, GaAs was grown for 50 minutes followed by eleven
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CHAPTER 4. Group III-Arsenide nanowires

Figure 4.21.: SEM (a) and TEM (b) micrographs of GaAs NWs with WZ inclusions as given by the
growth sequence in Fig. 4.20. Red lines indicate the position of WZ segments, black those of long ZB
segments. The blue lines show the length between two WZ neighboring segments.

Ga supply interruptions increasing from 30s to 10 minutes. Each interruption ended with a
short supply of Ga in order to refill the droplet. Subsequently, GaAs was grown again for
15-20 minutes. During the interruption, the contact angle of the Ga droplet decreases due to
consumption of Ga by the As whereas the pure Ga pulse is used to increase the droplet fast.
The decrease of the contact angle gives rise to a nucleation at the triple phase line between the
vapor phase, the liquid droplet and the solid NW [345]. The growth sequence is schematically
depicted in Fig. 4.20. Different durations of GaAs growth between two subsequent Ga supply
interruptions act as markers for the further analyses. A SEM micrograph of a complete NW is
shown in Fig. 4.21a. As obvious, the droplet is present on top of the wire, being an indication
for a successful growth sequence maintaining the droplet. The corresponding TEM micrograph
is shown in Fig. 4.21b. Several contrast changes along the NW indicate changes in the crystal
structure. By means of HRTEM these changes in the crystalline structure can be identified,
thus the WZ and ZB crystal phases can be clearly distinguished. Black rectangles next to the
TEM micrograph mark long pure ZB parts while red rectangles mark WZ regions. The blue
rectangles mark the regions between two adjacent WZ segments. In between the long ZB and
WZ regions, the density of stacking faults and twins is high. The lengths of the WZ segments
(red rectangles) increase along the NW axis, being in agreement with the growth sequence from
Fig. 4.20. Correlating each individual WZ segment with the corresponding duration of the Ga
supply interruptions reveals a growth rate of about 1.8-2 µm/h. Similarly, the lengths of the
ZB segments in between two adjacent WZ segments correspond to growth rates of ∼ 2 µm/h.
Both growth rates agree well with previously determined growth rates using similar growth
conditions [259]. Interestingly, in general we have observed only eight WZ segments embedded
between two ZB parts while the growth sequence has eleven Ga supply interruptions. Con-
sequently, the three shortest Ga supply interruptions being 30 s, 1 min and 2 min were not
found to have an impact on the crystal structure of the NWs. Nonetheless, it can be concluded
that the Ga supply interruptions longer than 2 min lead to WZ segments and by supplying
again both elements, the crystal structure changes back to the ZB phase. However, as seen in
the TEM image, the transitions from the long ZB segments to the WZ segments are not abrupt
but characterized by a transition region. The length of the transition region is different when
switching from ZB to WZ than reverse, additional it depends on the growth history. This means
that the transition length is short for an early interruption and considerably longer for a later
one. In Tab. 4.2, the lengths of the transition regions as well as the corresponding WZ segment
length are listed for several interruption.

HRTEM micrographs of several WZ segments including the transition regions from the NW
displayed in Fig. 4.21b are shown in Fig. 4.22, exemplary the interruptions corresponding to a
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WZ length length number of WZ number of WZ
interruption segment transition transition segments in segments in

duration length region region transition transition
ZB-WZ WZ-ZB region ZB-WZ region ZB-WZ

30 s - - - - -
1 min - - - - -
2 min - - - - -
3 min 15-20 nm 25 nm 10 nm 0 0
4 min 50 nm 20 nm 40 nm 3 4
5 min 70 nm 25 nm 45 nm 4 5
6 min 90 nm 40 nm 60 nm 4 6
7 min 180 nm 80 nm 150 nm 6 11
8 min 250 nm 100 nm 200 nm 7 13
9 min 350 nm 200 nm ≥350 nm many many
10 min 400 nm 250 nm ≥400 nm many many

Table 4.2.: Lengths of the WZ segments depending of the Ga supply interruption duration.

Ga supply interruptions of 3 min, 4 min, 6 min and 8 min are chosen. As obvious for all images,
the crystal structure changes from ZB to WZ and backwards and the length of the WZ segment
increases with the Ga supply interruption duration. The interface contains mostly twinned ZB
with a high density of twins. Some thin WZ segments are found in the transition regions, being
indicated by either arrows or blue overlays. Similar as the length of the transition region, also
the number of WZ segments within it depends on the growth history. The later the interruption
occurs in the growth sequence, the more WZ segments are present in the transition region. In
general, more WZ segments are present in the transition regions from WZ to ZB than from ZB
to WZ. The number of WZ segments in the transition regions is also given in Tab. 4.2.

The shortest WZ segment found has a length of about 15 – 20 nm and is depicted in Fig. 4.22a.
The crystal structure changes from ZB to WZ within ∼ 25nm, while it changes back within only
∼ 10 nm. A longer Ga supply interruption is shown in Fig. 4.22b. Here, the behavior at the
interface changes: The switching from ZB to WZ is more abrupt than vice versa. This is also
the case for all further supply interruptions. Both interfaces have only small amounts of the
WZ phase. A further increase of the Ga supply interruption duration results in even longer WZ
segments (Fig. 4.22c). The interfaces have significant amounts of the WZ phase but more WZ
segments are found in the interface from WZ to ZB than reverse. For the longest WZ segment
depicted in Fig. 4.22d (Ga supply interruption of 8 min), the interface from ZB to WZ has a
length of about 100 nm while it is twice as high when the crystal structure switches back from
WZ to ZB. The high resolution images in Fig. 4.22e and f display the interface regions from ZB
to WZ and from WZ to ZB, respectively. Black arrows point to WZ segments within these in-
terface regions. Here, it is clearly seen that the interface from WZ to ZB has substantially more
short WZ segments than the interface ZB to WZ. The different lengths of the transition regions
along the growth axis may be attributed to the size of the droplet. Both the NW diameter and
the droplet diameter increase almost linearly with the growth time [55, 259]. Since the volume
of the droplet is ∝ r3

droplet while its surface is only ∝ r2
droplet, a larger droplet needs longer to

reach the conditions leading to the formation of the WZ phase.

Certainly, it is important to choose the correct Ga supply interruptions since too short times
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Figure 4.22.: HRTEM micrographs of WZ inclusions in ZB GaAs NWs. The Ga supply interruption
times were (a) 3 min, (b) 4 min, (c) 6 min and (d) 8 min. (e) and (f) show HRTEM images of the
interfaces from (e) ZB to WZ and (f) WZ to ZB of the interruption shown in (d). Blue overlays in
(a)-(c) mark WZ segments whereas they are highlighted by small arrows in (e) and (f). Arrows in (a)-(d)
indicate the NW growth direction. Published in [264].
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Figure 4.23: (a) Bulge on top of GaAs NWs.
(b) Ga droplet instability after refilling. Published
in [261]

do not modify the crystal structures and too long supply interruptions consume the droplet
either completely or result in the formation of a bulge. Such a bulge is shown in Fig. 4.23a and
is believed to occur when the consumption leads to a contact of 90◦ and a decrease of the top
diameter. The subsequent refilling of the droplet then results in the formation of the bulge as
already pointed out by Krogstrup et al. [183]. A similar effect is observed when the Ga refilling
pulse is too strong, thus the diameter of the droplet increases rapidly. In this situation, the Ga
droplet becomes unstable and starts to move on the NW top facet. This is evident by the SEM
image shown in Fig. 4.23b where the Ga droplet is located on a tilted facet and the top part of
the GaAs NW has a non-hexagonal shape with several facets.

To summarize, WZ segments with lengths ranging from a few tens of nanometers to several
hundreds of nanometers can be inserted in normally ZB GaAs NWs by partially consuming and
restoring the Ga droplet. The switching of the crystal structures is not abrupt but characterized
by a transition region. This transition region mostly contains the ZB crystal structure with
twins but also short WZ segments.

4.3.3. Wurtzite inclusions in InAs nanowires

As shown by Grap et al. [109] and in Sec. 4.2.2, also VLS InAs NWs have a short WZ segment
beneath the In droplet whereas the main part of the NWs have a twinning ZB superlattice (see
Section 4.2.2). The contact angle between the In droplet and the InAs NW is close to 90◦,
i.e. much smaller than for GaAs NWs. According to Fig. 4.19 such low contact angles allow
only rather short WZ segments. Consequently, only three short In supply interruptions of 1, 2
and 3 minutes were applied. To avoid any droplet instability or droplet movement, In refilling
pulses after the supply interruptions were not used. The InAs NWs were grown on GaAs (111)B
substrates covered by a thin layer of SiOx. The substrate temperature, In rate and As flux were
530◦C, 0.05 µm/h and 1.8 · 10−6 Torr, respectively. First, InAs was grown for 1.5h followed by
the three interruptions. Between two adjacent interruptions, InAs was grown for 20 min. After
the last interruption, InAs was grown for 15 min and subsequently the substrate temperature
was ramped down.

Figure 4.24a displays a SEM micrograph of the InAs NW with three growth interruptions.
Unlike GaAs NWs, the InAs NWs show a direct morphological change due to the interruptions,
i.e. a reduction in NW diameter. These morphological changes are caused by the In supply
interruption of (b) 2 and (c) 3 min. The In supply interruption of 1 min was not found to have
an impact on the crystal structure. In the upper part of the NW, a bulge formed. This bulge is
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Figure 4.24.: InAs NW with two WZ segments. (a) SEM micrograph. (b) TEM micrograph of the first
WZ segment together with FFTs of the marked areas. (c) TEM micrograph of the second WZ segment
together with FFTs of the marked areas. Rectangles in (a) denote the position of the TEM micrographs
in (b) and (c).

similar to observations on GaAs NWs when the Ga supply interruption duration was too long
(see Fig. 4.23a). Below the bulge, the diameter of the NW decreases as well.

The TEM micrograph and three corresponding FFTs shown in Fig. 4.24b clearly prove that
the crystal structure at the position of the reduced diameter is WZ, being embedded in the
twinned ZB superlattice. The transition region from the twinned ZB superlattice to the WZ
segment is narrow. The WZ segment has a length of about 25 nm being caused by the In supply
interruption of 2 min. As described in the previous section, GaAs NWs do not show a reduction
of the NW diameter when the crystal structure switches from ZB to WZ. The reduced diameter
for the InAs NWs may have two reasons. Firstly, during the partial consumption of the droplet,
the diameter of the droplet might decrease while the contact angle remains constant. The dia-
meter of the NW will decrease as well. Once the In is reintroduced, the droplet recovers and
the NW diameter is the same as before.
The second possibility is that the radial growth rate on the WZ phase is slower than on the
ZB phase. Several groups have already observed that the radial growth rates on the ZB and
the WZ phases in core-shell NWs differ strongly, mostly with a reduced growth rate on the WZ
phase [101, 107]. In general, this was attributed to the lower surface energy of the WZ phase
compared to the ZB phase [97, 338]. However, the surface energy of the WZ crystal phase is
lower for both materials GaAs and InAs than the energy of the ZB phase, only the absolute
value for InAs is lower than for GaAs [97].
In Fig. 4.24c the upper part of the NW with the bulge is shown. The crystal structure changes
from twinned ZB to WZ to ZB at the top. The switching from twinned ZB to WZ is again
associated with a reduction of the NW diameter. Here, the WZ segment has a length of about
60 nm, being longer than the expected length for an In supply interruption of 3 min. The crystal
structure of the bulge is ZB without a twinning superlattice (see Fig. 4.24c), being different than
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the usual crystal structure of VLS grown InAs NWs. Similar as for the GaAs NWs, the bulge is
expected to be formed after the group III supply interruption, i.e. when the group III element
is reintroduced and the droplet becomes unstable resulting in a movement of the droplet. In
fact, in some cases the bulges have twins perpendicular to 〈111〉 directions not being the NW
growth direction (not shown).

4.4. Conclusions

In this chapter, a thorough investigation of the growth of InAs and GaAs NWs was performed.
The growth conditions for the vapor solid growth of InAs NWs on GaAs (111)B substrates
were evaluated, demonstrating that the NW density and dimensions can be tailored over a wide
range. The crystal structure of the vapor solid InAs NWs was found to contain a high number
of stacking faults. These were correlated with the significantly smaller dimensions of the NW
tip than of the mean NW diameter. Subsequently, this InAs NW growth method was adapted
for the growth on Si substrates. The necessity of a thin silicon oxide covering the substrate was
proven. A chemical reoxidation by hydrogen peroxide was evaluated to be an optimal procedure
to obtain the required silicon oxide thickness.
For the following investigations, the focus was set to the vapor liquid solid growth of InAs
and GaAs NWs. Pinholes in the silicon oxide were found to be essential for the vapor liquid
solid growth of InAs NWs on Si substrates. These pinholes were created via an in situ etching
of the silicon oxide using Ga droplets. The vapor liquid solid InAs NWs exhibit a twinning
superlattice with a short WZ region beneath the droplet. The latter was correlated with the
partial consumption of the droplet during the cool down process resulting in a nucleation at
the triple phase line. GaAs NWs showed a rather comparable crystal structure having a WZ
segment at the top. The occurrence of this WZ segment was described theoretically and a
model to estimate the maximal length of it was developed. This model gave evidence that
Ga desorption from the droplet limits the maximal WZ length. Making use of the model, it
was shown that the crystal structure of vapor liquid solid grown GaAs and InAs NWs can be
switched from the ZB to the WZ phase and vice versa.
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5
Chapter 5.

Lattice mismatched group III-Arsenide
heterostructure nanowires

Semiconductor heterostructures are of particular interest due to the different band alignments
introduced in Chapter 1. A straddling gap band alignment in core-shell NWs results in an in-
creased electron mobility in InAs/InP core-shell NWs [151, 319] or enhanced photoluminescence
intensity in GaAs/AlGaAs core-shell NWs [68, 210]. In these structures, the semiconductor with
the smaller band gap is located in the core, the shell passivates the surface of the core. In the
reverse arrangement with the small band gap semiconductor as the shell, the carriers are located
in the shell and radial quantum heterostructures are obtained [28, 91, 122]. A combination of
different III-V semiconductors is not straightforward since they usually differ in lattice constants.
In this chapter, lattice mismatched GaAs/InAs core-shell NWs and associated structured are
investigated. The lattice constants between GaAs and InAs differ by ∼ 7%, which results in
considerable strain as well as the formation of misfit dislocations.
Results presented in this chapter have been published in Refs. [25, 262, 264, 329].

5.1. GaAs/InAs core-shell nanowires

GaAs/InAs core-shell NWs benefit from a type I (straddling gap) band alignment with an insu-
lating GaAs core and a highly conductive InAs shell. This confines the electrons into the shell
and consequently, tubular conductor are produced [28]. To obtain these structures, GaAs NW
cores are grown at a temperature of about 600◦C using the self-catalyzed growth mechanism
followed by the complete consumption of the Ga droplet. The growth of the InAs shell takes
place at 490◦C with an In rate of 0.1 µm/h and As4 flux of 10−6 Torr. The growth of the shell
is initiated by the formation of separated islands which coalesce during growth of the shell. An
extensive discussion of the growth of these core-shell NWs can be found in [255] and [262].
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5.1 GaAs/InAs core-shell nanowires

Figure 5.1: TEM micrographs of
a GaAs/InAs core-shell NW from
the 〈110〉 (a) and the 〈211〉 (b)
zone axes. The insets show the
corresponding electron diffraction
patterns (inverted colors) exhibit-
ing a splitting of the diffraction
spots.

5.1.1. Dislocations and strain relaxation1

The lattice mismatch of about 7% between GaAs and InAs typically either results in the forma-
tion of islands via the Stranski-Krastanov mechanism or dislocations are formed almost immedi-
ately to relax the strain. The type of strain relaxation depends on the orientation of the substrate
with a (100) orientation favoring the formation of three dimensional islands [324] and (110) and
(111) substrate orientations resulting in misfit dislocations [53, 328, 348]. The GaAs NWs are
bound by six {110} facets. Consequently, the formation of misfit dislocations is expected. Con-
sidering the core-shell NW model developed by Raychaudhuri and Yu [252, 253] being introduced
in Section 3.3, dislocations in GaAs/InAs core-shell NWs should occur for almost all dimensions.

Figure 5.1a,b show low resolution TEM micrographs of GaAs/InAs core-shell NWs from the
〈110〉 and the 〈211〉 zone axes, respectively. From both zone axes Moiré fringes are seen, being
an indication for strain relaxation. Certainly, the fringes are observed only within the inner
part of the core-shell NW while the outer part is free of a Moiré pattern. In the inner part,
the electron beam travels though both the InAs shell and the GaAs core. The presence of the
Moiré pattern demonstrates that two lattices with different lattice constants are present, i.e.
that strain relaxation takes place. In the outer part of the NW, only the InAs shell is present.
The absence of the Moiré pattern proves that the shell has a homogeneous lattice constant. The
relaxed strain is further evidenced by the diffraction patterns depicted as insets in Fig. 5.1. All
diffraction spots show a splitting, i.e. discrete spots from GaAs and InAs are observed. The
lattices are not rotated with respect to each other, i.e. the InAs shell is grown epitaxially on the
GaAs NW. Since the spot splitting is observed for all of the diffraction spots, the strain is re-
laxed both axially and radially. For InAs/GaAs core-shell NWs it was shown that the (residual)
strain in the axial and radial direction differ [164]. Axial strain relaxation was found to take
place earlier than the radial one. The axial strain relaxation increased with the shell thickness
while the radial strain relaxation was either zero (for thin shells) or above 90% [164].

1Results of this section have been published in A. Biermanns, T. Rieger, G. Bussone, U. Pietsch, D. Grützmacher,
and M. Ion Lepsa. Axial strain in GaAs/InAs core-shell nanowires. Applied Physics Letters, 102(4):043109,
2013. Ref. [25] and T. Rieger, M. Luysberg, T. Schäpers, D. Grützmacher, and M. I. Lepsa. Molecular
beam epitaxy growth of GaAs/InAs core-shell nanowires and fabrication of InAs nanotubes. Nano letters,
12(11):5559-64, 2012. Ref. [262]. XRD measurements and FEM simulations were performed by Dr. Andreas
Biermanns in the group of Prof. Pietsch at the University of Siegen.
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Figure 5.2: Degree of axial strain re-
laxation in GaAs/InAs core-shell NWs
determined from the Moiré fringes.
The GaAs NW cores have diameters of
� 30 nm, � 70 nm, � 95 nm and �

110 nm. The dashed line is a guide to
the eye. Published in [262].

Since the lattices of the core and the shell are not rotated with respect to each other, the
degree of axial strain relaxation can be estimated from the Moiré fringes, where its period D de-
pends on the lattice constants of the two layers. D is given by D = d2d1/(d2 −d1). d1 and d2 are
the distances of the (111) planes of GaAs and InAs, respectively. Assuming an unstrained GaAs
core, i.e. d1 being the value for bulk GaAs, and therefore d2 being the lattice plane distance of
the InAs, the strain relaxation in the InAs shell can be calculated. The degree of axial strain
relaxation as a function of the ratio of shell thickness over core radius is depicted in Fig. 5.2.
As seen, the InAs shell is strongly strained for thin shells while it relaxes more when the shell
thickness increases. The strain relaxation is found to saturate at about 80%, being comparable
to findings in InAs/GaAs core-shell NWs [164] as well as InAs layers grown on (111)A oriented
GaAs [336]. However, it suggests that the InAs shells are always strained, independent on their
thickness. When calculating the spacing of the (111) planes of the InAs shell from the Moiré
fringes, it was assumed that the GaAs core is unstrained. Since the dimensions of the core
and the shell are in a similar range, this assumption is not reasonable. Rather, the strain is
expected to be shared between the core and the shell. This can only hardly be included in the
analyses of the Moiré fringes. Consequently, an alternative technique is required to probe the
lattice parameters of the core and the shell individually. This can be achieved by XRD measure-
ments with synchrotron radiation2. In Fig. 5.3a-d the reciprocal space maps around the GaAs
(111) (upper row) and InAs (111) (lower row) reflections are shown. The grey lines indicate
the qz values of unstrained ZB GaAs and InAs. For each shell thickness, a sharp Bragg peak
corresponding to unstrained GaAs is observed. This is due to the GaAs (111)B substrate used
for the NW growth. Apart from the sharp Bragg peak, an elongated peak in the qx direction
changing its position in the qz direction is observed. This is attributed to the GaAs core NWs
with small lateral dimensions as well as a small random tilt. In Fig. 5.3a, an additional weak
peak shifted -0.5% along qz is found. It belongs to the WZ phase of GaAs which has a larger
lattice parameter along the NW growth direction than the ZB phase [23, 178, 235].

An increase of the InAs shell thickness results in a shift of the signal from the GaAs core
towards smaller qz values, i.e. larger lattice parameters. For the thickest shell of about 35 nm,
the GaAs core signal is no longer observed, possibly due to the high coverage of the sample
surface by parasitic crystallites. Regarding the InAs signal, two distinct peaks at different qz

values are found. The first peak is located at the position of bulk ZB InAs whereas the second
peak is shifted to larger qz values and moves towards the bulk ZB value with increasing the InAs
shell thickness. The first peak has its origin in parasitic InAs crystallites grown in-between the

2Performed by Dr. Andreas Biermanns at the P08 beamline of the PETRA III synchrotron source at the DESY
Hamburg.
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Figure 5.3: XRD reciprocal
space maps around the GaAs
and InAs (111) reflections for
GaAs/InAs core-shell NWs with
different shell thicknesses: (a)
bare GaAs NWs, (b) 12 nm InAs
shell thickness, (c) 20 nm InAs
shell thickness, (d) 35 nm InAs
shell thickness. (e) SEM micro-
graph displaying the GaAs/InAs
core-shell NW and the InAs crys-
tallites. [Data courtesy of Dr.
Andreas Biermanns] Published
in [25].

NWs. These crystallites are seen in the SEM micrograph displayed in Fig. 5.3e.
Compared to the previous investigation using the Moiré fringes, it is evident that not only the
lattice parameters of the InAs shell change with increasing shell thickness, but also the GaAs core
changes its lattice parameter. Thus, while the InAs shell relaxes with increasing shell thickness,
the strain in the GaAs core is enhanced. In consequence of this, calculating the strain relaxation
via the Moiré fringes assuming a constant lattice parameter within the GaAs core does not give
the correct value. The analyses by means of XRD results in a more precise measurement of
the strain in the core and shell. This is depicted in Fig. 5.4. The strain in the core increases
while the strain in the shell decreases with the shell thickness. In order to understand the
strain in core and shell with varying shell thickness, two different models were used. A finite
element method (FEM) with a constant residual mismatch of 1.5% was used as the first model,
details can be found in Refs. [22] and [25]. Especially for thick shells, the absolute values of the
strain in the core and shell obtained from the FEM simulation are in a good agreement with
the XRD measurements. For thin shells, the deviation between the FEM simulation and the
XRD measurement increases and also the general shape of the curve of the experimental data
is not well fitted. These differences may be caused by the assumption of a constant residual
mismatch at the interface and the fact that only axial strain relaxation was considered. Apart
from this, elastic constants can vary for small dimensions [5, 46, 195, 238, 327]. The second
model to estimate the strain in the core and in the shell is based on the critical thickness model
developed by Raychaudhuri and Yu [252, 253], see Section 3.3 and Appendix A.2. The results
are displayed in Fig. 5.4 by the solid lines. The residual strain in the shell is well fitted while
the curve representing the strain in core is shifted upwards about 0.8% with respect to the
experimental data points. The deviation between the experimental and calculated data may be
caused by the same uncertainties as for the FEM-based simulations. Additionally, the model
by Raychaudhuri and Yu considers cylindrical NWs while the real cross-section of the NWs is
hexagonal.

The presence of Moiré fringes as well as distinct diffraction spots of InAs and GaAs in both
the diffraction pattern and the XRD measurement implies the necessity of dislocations relaxing
the strain. The large lattice mismatch of about 7% between GaAs and InAs should result in
the formation of misfit dislocations already for very thin layers (see Sec. 3.3). Different types of
dislocations will have a different impact on the NW, e.g. the strain relaxation and scattering cen-
ters for the electronic transport. Accordingly, Fig. 5.5a shows a HRTEM image of a GaAs/InAs
core-shell NW with a shell growth time of only 1 min: the shell did not form a complete layer
but consists of separated InAs islands. Three dislocations are found in the image, as highlighted
by the red lines. The FFT-filtered image in Fig. 5.5b, depicting only the (111) planes of the
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Figure 5.4: Residual strain in GaAs/InAs
core-shell NWs measured by XRD as a func-
tion of the shell thickness (� strain in the
core, � strain in the shell). Open sym-
bols represent the residual strain obtained
from FEM simulations (� strain in the core,
� strain in the shell), solid lines are ob-
tained by the core-shell model developed by
Raychaudhuri and Yu [252, 253], presented
in Sec. 3.3 and Appendix A.2. FEM simula-
tions were performed by Dr. Andreas Bier-
manns.

Figure 5.5: (a) HRTEM image of a
GaAs/InAs core-shell NW with a shell
growth time of 1 min. Three dislocation of
two different types can be identified: the dis-
location labeled 1 is a perfect dislocation with
Burgers vector b = a/2〈110〉, the dislocation
labeled 2 is a Frank partial dislocation with
b = a/3〈111〉 and is evident by the forma-
tion of a stacking fault in the shell. Pub-
lished in [262]. (b) FFT-filtered image of
(a) evidencing the three misfit dislocations
as terminating lattice planes (red arrows).

crystal, clearly demonstrates the misfit dislocations by terminating (111) planes (see arrows).
The dislocations can be assigned to two different types: (1) perfect dislocation and (2) Frank
partial dislocation. Both types have been verified by Burgers circuits. The perfect dislocation
(upper dislocation, label (1)) has a Burgers vector of b = a/2〈110〉 and leaves a perfect crystal
around the dislocation. Only the dislocation core as well as the associated strain field are expec-
ted to influence the electronic transport. This type of dislocation can glide, which means that its
position can change according to the increasing shell thickness during growth. The dislocation
labeled (2) is a Frank partial dislocation which has a Burgers vector of b = a/3〈111〉, thus it
purely relaxes the axial strain. The partial dislocation forms a stacking fault in the shell which
can, in addition to the dislocation itself, act as a scattering center. According to the model by
Raychaudhuri and Yu [252, 253] where its results have been shown in Sec. 3.3, the Frank partial
dislocation is the energetically favorable dislocation.

Assuming a uniform spacing between dislocations, the average distance s between them is
given by s = b

f−|e| with b being the magnitude of the Burgers vector, the lattice mismatch
f and the residual strain e. The highest dislocation density is achieved when the strain is
entirely relaxed, i.e. e = 0. With b = a/3〈111〉 the distance between dislocation is in the
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5.1 GaAs/InAs core-shell nanowires

Figure 5.6: HRTEM images showing
arrays of dislocations in GaAs/InAs
core-shell NWs. (a) Array of Frank
partial dislocations, (b) array of perfect
dislocations. The arrows are pointing
to the dislocations.

range of 4.6 – 5 nm. For a residual strain in the core or shell, the average spacing between
adjacent dislocation increases. Similarly, the spacing is slightly larger when perfect dislocations
relax the strain. The dislocations visible in Fig. 5.5a have a distance of ∼ 5 nm and ∼ 8 nm,
which means that the measured distances are above the calculated ones. This agrees with the
incomplete strain relaxation observed by XRD and Moiré fringes. However, the shell thickness is
rather small and no uniform shell is formed. Such small shell thicknesses and incomplete shells
are technological not relevant since the resistivity is too high [27]. Consequently, the average
distance between adjacent dislocations was investigated in NW with thicker shells. This allows
to estimate the number of dislocations and therefore the number of scattering centers in a device.
Figure 5.6a,b show HRTEM micrographs of a GaAs/InAs core-shell NW with ∼ 10 nm shell
thickness. An array of Frank partial dislocations is seen in Fig. 5.6a while Fig. 5.6b shows an
array of perfect dislocations. In general, the different dislocation types are distributed equally
along the NW. The distance between adjacent dislocations is not uniform, thus the residual
strain can vary locally. In agreement with the above presented discussion of the strain in the
core and shell, the distance between dislocations is typically larger than 5 nm meaning that the
strain induced by the 7% lattice mismatch is not completely relaxed.

A close look to Fig. 5.1a already reveals the presence of additional defects. These defects are
seen as lines not being perpendicular to the growth direction, thus these are neither twins nor
stacking faults arising from the growth of the NW core nor Frank partial dislocation associated
stacking faults. Figure 5.7a depicts another low resolution TEM image with these defects (red
arrows), but here they are aligned in two different directions separated by a twin boundary (blue
arrows). The angle between the defects marked by the red arrows and the twin boundary is
∼ 70◦, being the angle between two {111} planes. This is seen more clearly in the HRTEM
micrograph in Fig. 5.7b. A stacking fault drawing an angle of 20◦ with the NW growth direction
is found. This stacking fault is bounded by Shockley partial dislocations with b = a/6〈211〉 and
may be created by a splitting of a perfect dislocation into two partial dislocation. The initial
splitting of a perfect dislocation into two Shockley partial dislocations is associated with a gain
in energy and creates the observed stacking fault [139]. Strain can increase the distance between
the partial dislocations and the length of the stacking fault.

Although the diffraction pattern in Fig. 5.1 already indicated radial strain relaxation, the
HRTEM micrographs certainly only revealed dislocations relaxing the axial strain. In order to
analyze whether radial strain relaxation occurs, the NW cross section has to be examined. For
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Figure 5.7: Shockley partial disloca-
tions in GaAs/InAs core-shell NWs.
(a) Overview TEM microgaph with
three Shockley partial dislocations (red
arrows) and a twin boundary (blue ar-
rows), (b) HRTEM micrograph of a
single Shockley partial dislocation.

this purpose, GaAs/InAs core-shell NWs were transferred on Si/SiO2 substrates and a protective
layer of Al2O3 was deposited. FIB was used to cut a lamella out of this structure. This lamella
contains the NW cross section. Figure 5.8a shows the HAADF STEM image of the cross section;
a clear contrast from the core and the shell as well as the hexagonal morphology is seen. The
EDX maps of As, Ga and In shown in Fig. 5.8a further prove the core-shell structure with a low
interdiffusion.
Figure 5.8b depicts a bright field TEM micrograph which again has a clear contrast between
the GaAs core (bright) and the InAs shell (dark). Additionally, the SiO2 substrate, the Al2O3

protection layer as well as Pt from the FIB are seen. A higher magnified image is shown in
Fig. 5.8c. The interface between GaAs and InAs is not smooth but has a roughness in the
range of ∼ 1 nm. This roughness is visible by the dark clouds at the interface between the core
and the shell. Similar observations were made on coherent GaAs/InGaAs core-shell NWs [108].
The FFT of this image is displayed in Fig. 5.8d and has distinct reflections for GaAs and InAs,
demonstrating the presence of lattices with two different lattice constants. The reflections are
belonging to the {220} lattice planes and its separation as well as reciprocal lengths agree well
with the expected values for GaAs and InAs. This means that unlike the axial strain relaxation,
the radial strain relaxation is very efficient with almost bulk GaAs and InAs lattice constants.
Similar observations were made for InAs/GaAs core-shell NWs [164].
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Figure 5.8.: GaAs/InAs core-shell NW cross section. (a) HAADF STEM image and As (blue), Ga
(green) and In (red) EDX maps confirming the core-shell morphology and hexagonal cross section of the
core and the shell. (b) Bright field TEM micrograph with clear contrast from the core and the shell. (c)
HRTEM image evidencing interfacial roughness due to the presence of dark clouds. (d) FFT of (c) with
a splitting of the diffraction spots. The inset shows a detailed part of the FFT, clearly proving the splitted
spots belonging to InAs (red) and GaAs (green). The FIB lamella was prepared by Dr. Elmar Neumann.
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5.2. Crystal phase selective growth in GaAs/InAs core-shell
nanowires3

The GaAs/InAs core-shell NWs typically show a prominent morphological characteristic close
to the top. There, the diameter of the NW decreases towards that of the bare GaAs core [262].
This is displayed in Fig. 5.9a,b showing an overview SEM image as well as a detailed micrograph
of the top region. The exact shape of the upper part strongly depends on the growth conditions
of the core and the growth time of the shell, indicating that adatom diffusion does not influence
this shape. Therefore a different mechanism has to be the origin. A possible reason is displayed
in Fig. 5.9, depicting a stitched TEM micrograph of the GaAs core. The catalyzing Ga droplet
was consumed completely. As seen in the HRTEM micrographs and the corresponding FFTs,
the crystal structure at the lower part is ZB with a low density of twins. Moving further towards
the top, the density of twins increases and subsequently becomes WZ. Finally, the small trian-
gular top has again ZB crystal structure. This structure of the GaAs NW was already proposed
in Sec. 4.3 and can cause the inhomogeneous growth of the InAs shell: growth of the InAs shell
takes place on the ZB phase of GaAs while the growth is hindered on the WZ phase.

In order to prove this assumption, several WZ segments were placed in the GaAs core as it
was demonstrated in Section 4.3.2. Different durations of GaAs growth between two subsequent
Ga supply interruptions act as markers for the further analyses by SEM and TEM. To grow the
InAs shell, the Ga droplet was consumed completely and the substrate temperature was ramped
down to 490◦C. The InAs shell was grown for 10 min with an In rate of 0.1 µm/h and the same
As4 flux as the GaAs core, i.e. 10−6 Torr. The complete growth sequence with the substrate
temperature as well as the state of the As, Ga and In shutters is depicted in Fig. 5.10. Grey
colored regions correspond to WZ segments grown intentionally during the Ga supply interrup-
tion.

After the InAs has been grown, the NWs do not exhibit a conformal shell as displayed in
Fig. 5.11. Rather, the NW contains several regions where the diameter is reduced, being evident
from the overview image in Fig. 5.11a. At these constrictions, it seems that the shell did not
grow at all or it grew with a significant smaller growth rate. With the marker technique de-
scribed above (different durations of GaAs growth between two Ga supply interruptions), a clear
correlation between the constrictions and the growth sequence is given. The distance between
two adjacent constrictions reflects the GaAs NW growth rate, i.e. 1.8 – 2 µm/h. The length
of the constrictions increases along the NW axis. This is once again in agreement with the
growth sequence and the investigation of the pure GaAs NW shown in Sec. 4.3.2. Overall, based
on the SEM images and the marker technique it is concluded that the constrictions have the
WZ crystal structure while InAs shells are grown over the GaAs core having the ZB phase. Fig-
ure 5.11 shows that the lengths of the constrictions vary from few to several hundred nanometers.

The SEM micrographs taken at larger magnification are displayed in Fig. 5.11b-f. Apparently,
the InAs coverage does not end abruptly but forms tongue-like shapes, indicating that the shell
thickness slowly decreases. Also the lateral dimensions of the InAs shell on the side facets, i.e.
the size in the 〈211〉 directions, decrease. The tongues are more pronounced in the NW growth
direction than in the reverse direction. To study the correlation between the growth sequence

3Most of the results of this section have been published in T. Rieger, T. Schäpers, D. Grützmacher, and M.
I. Lepsa. Crystal Phase Selective Growth in GaAs/InAs Core-Shell Nanowires. Crystal Growth & Design,
14(3):1167-1174, 2014. Ref. [264]
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Figure 5.9.: (a) SEM overview image of GaAs/InAs core-shell NWs evidencing a reduced diameter at
the top of all NWs. (b) Higher magnification image of the upper part. (c) TEM micrograph of a GaAs
NW after complete Ga droplet consumption. HRTEM and FFTs are acquired from the marked regions.
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Figure 5.10.: Growth sequence showing the Ga supply interruptions and the temperature curve for core
and shell growth. Grey colored areas indicate intentionally placed WZ segment in the GaAs core. Published
in [264].
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Figure 5.11.: SEM micrographs of a core-shell NW with the core having several WZ segments as given by
the growth sequence shown in Fig. 5.10. (a) Overview of the NW, (b)-(e) higher magnifications depicting
all visible interruptions from the top to the bottom of the NW. (f) High magnification image of a single
interruption; on the right side, the different materials are color-coded (red: InAs; blue: GaAs). The
materials and the shape are identified by the contrast of the SEM micrograph. Published in [264].

and the appearance of the constrictions in detail, the NWs were examined by TEM. The analyzes
clearly show that the crystal structure of the GaAs core corresponding to the constrictions is
WZ, being embedded in stacking fault-rich parts. Exemplary TEM micrographs are presented in
Fig. 5.12. The complete NW from Fig. 5.12a has several constrictions of different lengths. These
are observed by changes of the contrast of the NW as well as changes of the NW diameter. Veri-
fication of the suppression of InAs growth on the WZ segments is achieved by EDX line scans.
In Fig. 5.12b, four EDX line scans acquired on or near a constriction are superimposed over a
HAADF image. The green and red dots denote Ga and In species, respectively. The horizontal
scans show that a GaAs/InAs core-shell structure is present in the upper and lower profile, while
no In was found in the middle profile. This situation has been confirmed by an additional scan
in the vertical direction. In is detected only in the upper and lower part of the constriction while
the middle is free of In. Consequently, the constriction clearly represents a gap in the InAs shell.
It has a length of about 100 nm. A shorter gap of only ∼ 50 nm length is displayed in Fig. 5.12c.
Again, EDX is used to confirm the absence of In. In order to detect the shape of the In profile
more clearly the In signal is multiplied by a factor of 5, displayed by the blue triangles. The
slope of the line is steeper at the upper than at the lower end of the gap. This demonstrates that
the shell profile is more abrupt when changing from WZ to ZB than vice versa. This is inverse
than the switching of the crystal structure in the core, where it was already shown in Sec. 4.3.2
that the change from pure ZB to pure WZ is more abrupt than from WZ to ZB. Most important
for the transition regions presented here shall be the exact crystal structure, especially any WZ
segments. This is described in detail later. The information about the shell abruptness at the
gap obtained using the EDX profiles is in qualitative agreement with the results obtained from
the SEM micrographs shown in Fig. 5.11. Different shapes are observed at the lower and upper
end of the gap (see Fig. 5.11f). A simple sketch of the shell gap based on the results obtained
from TEM, EDX and SEM is displayed in Fig. 5.12d. Figure 5.12e depicts the gap shown in
c by a low resolution TEM micrograph. The presence of the gap is obviously demonstrated by
the absence of Moiré fringes and the decrease of the diameter. At the upper and lower end of
the gap, stacking faults and twins are seen in the InAs shell. These are correlated with a similar
crystal structure of the GaAs core. As already observed in Fig. 5.11f and shown schematically
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Figure 5.12.: TEM micrographs demonstrating the growth of InAs on GaAs NWs with WZ segments.
(a) Bright field TEM micrograph of a complete NW, in which several gaps in the shell are observed. (b,c)
HAADF images with superimposed EDX line scans showing � Ga,  In and N the In signal multiplied
by 5. (d) Schematic illustration of a shell gap. (e) Low resolution TEM micrograph of a single shell
gap, similar as in (c). (f,g) HRTEM images demonstrating that the shell growth is also affected by the
presence of stacking faults or twins. The red bar in (f) indicates a region with high twinning density
while the green arrows point to WZ segments. The red arrow in (g) points at the twin boundary and the
associated reduction of the shell thickness, while the green arrow points at the (inclined) stacking fault in
the shell. Growth direction is from the bottom to the top. Published in [264].

in Fig. 5.12d, the InAs originating from the upper boundary of the gap covers less of the WZ
GaAs core than that one starting from the lower boundary.

The results presented show that the growth of InAs on the WZ phase of the GaAs core is
hindered. However, the presence of the tongue-like profile demonstrates that the growth is not
suppressed completely. For the entire investigated shell growth durations, no direct nucleation
of InAs on WZ GaAs takes place. In fact, InAs does not grow directly on the WZ GaAs core
but it advances from the ZB regions. The tongues grow slowly on the WZ {2110} facets in
[0001]/[0001] direction. The growth on the WZ {2110} facets in 〈1100〉 direction is even slower
which explains the tongue like profiles of the InAs shell at the gaps. This situation is illustrated
in Fig. 5.13 by SEM micrographs for short Ga supply interruption, i.e. small gaps in the shell.
The length of the gap decreases from left to right. Accordingly, the gap between the two InAs
shells is the highest on (a) and vanished on (c). To approximate the shell growth on the WZ
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Figure 5.13: SEM micrographs of in-
terruptions with different lengths. The
lengths decrease from (a) to (c). This
series also reflects the time-dependent
coalescence of InAs grown on WZ GaAs
(see the text), with the shell growth
time increasing from left to right.

phase, the different gap lengths can be interpreted as different shell growth times. These indic-
ate the growth kinetics and the coalescence of the InAs tongues. In Fig. 5.13a, a gap between
the two InAs segments is obvious. The bottom segment has a tongue-like profile while the top
segment ends relative abrupt. At the edges of the hexagonal cross-section of the NW, the InAs
shell is rough and/or incomplete. Continuing the InAs growth or decreasing the WZ length in
the GaAs core (see Fig. 5.13b), the InAs tongues almost touch each other on the center of the
side facets of the NW. The edges are still rough or free of grown InAs. In an even shorter WZ
segment, Fig. 5.13c, the InAs tongues coalesced on the NW side facets while InAs growth at the
edges of the NW is still incomplete. Rather 〈1100〉 facets are formed at the edges which then
vanish after further growth due to the lateral growth of the {2110} facets.

The shape of the InAs shell on the WZ segments of the GaAs core described above can be
correlated with the crystal structure of the transition regions in the GaAs core. The most
dominant impact on the growth is due to the WZ phase but stacking faults and twins from
these regions may also have an influence. Consequently, twins and stacking faults are analyzed
in detail by HRTEM. Figure 5.12f and g show HRTEM micrographs from regions exhibiting a
slight roughness of the shell. This uneven shell is associated with stacking defects in the core.
In Fig. 5.12f, a reduction of the shell thickness is observed at two positions. In the first case
(indicated by the red bar), this is due to a high density of twin planes. The second reduction of
the shell thickness (green arrows) is due to the occurrence of WZ segments in the core. However,
not only high defect densities or long WZ segments can have an impact on the shell growth, but
even a single twin boundary, as shown in Fig. 5.12g. The thickness reduction at this point is
correlated with a single twin separating two ZB regions (red arrow). The GaAs NW core always
has smooth side facets, independent on twin boundaries or stacking faults (see TEM images
in Sec. 4.3.2). No twin-induced roughening of the GaAs side facets is observed. The thickness
reduction is therefore not due to morphological changes in the core but due to growth dynamics
induced by crystallographic defects. Apart from the thickness reduction, an inclined stacking
fault is found in the shell (green arrow in Fig. 5.12g). This inclined stacking fault is only present
in the shell and not in the core. Most likely, it occurs due to Shockley partial dislocations at
the GaAs/InAs interface. These have already been observed in Sec. 5.1.1.

Although even single or few crystal defects such as twins influence the growth of the InAs shell
slightly, longer WZ segments have the strongest impact. Accordingly, the growth of the InAs
shell in the vicinity of a long WZ segment in the GaAs core is analyzed in detail in Fig. 5.14.
Figure 5.14a displays the growth of InAs on the transition region from the ZB to the WZ phase.
FFTs were calculated on different parts along the transition, indicated by the colored frames.
The FFTs are plotted as insets. The crystal structure on the left side is twinned ZB (Inset I) and
a core-shell structure with smooth side facets is formed. On the right side, the crystal structure
is WZ (Inset VI) without a grown shell. In-between, both crystal structures are observed (Insets
II - V), but it is mostly ZB with a high density of twins. The shell thickness is found to decrease
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5.2 Crystal phase selective growth in GaAs/InAs core-shell nanowires

Figure 5.14.: (a) HRTEM image of the InAs shell grown on the transition region from ZB to WZ of the
GaAs core. Insets are FFTs taken from the framed areas. (b) HRTEM image of the InAs shell grown on
the opposite transition region from WZ to ZB. Again, FFTs shown in the insets correspond to the framed
areas. Published in [264].

stepwise, each step ends with a WZ segment (Insets III and V). The short WZ segments within
the transition region are pointed out by black arrows. As described in Sec. 4.3.2, the number of
WZ segments is small when switching from ZB to WZ. This means that the growth is hindered
only in few positions. Due to this small number of barriers, the growth front reaches the long
WZ segment relatively fast. Once it does, InAs continues to grow slowly on the WZ phase (Inset
V). The reverse situation, i.e. when changing from WZ to ZB, is shown in Fig. 5.14b. Again,
several FFTs were calculated and are marked by colored frames. The structure changes from a
pure WZ core without an InAs shell (Inset I) to a ZB core-shell structure (Inset VI). In-between,
both crystal phases are found (Insets II - V). The transition region is characterized by several
steps, each ends (in the direction towards the long WZ regions) with a thin WZ segment (Inset
IV). The number of WZ segments within the transition region is higher when changing from WZ
to ZB than vice versa, identical as in the GaAs core (see Sec. 4.3.2). Since each WZ segment
acts as a barrier for the growth of the InAs, the shell grows slower towards the NW bottom than
towards the top. The corresponding transition region in the shell (WZ to ZB) is more abrupt
than that from ZB to WZ, having a smaller extension of the InAs shell on the WZ GaAs. The
same was observed also in the EDX line scans from Fig. 5.12c. This is attributed to the differ-
ent amounts of WZ segments in the transition region. Comparing the results from GaAs/InAs
core-shell NWs (Fig. 5.14) and pure GaAs NW (see Sec. 4.3.2), it is evident that the crystal
structure of the shell repeats that one of the core, including all stacking faults, twins and WZ
segments.
Several growth conditions for the InAs shell were investigated. A direct growth of the InAs on
the WZ GaAs was never observed. Even a decrease of the substrate temperature for the shell
growth by 100◦C which decreases the adatom mobility did not change the growth behavior.

In the following, the fact that InAs grows on ZB GaAs but growth on WZ GaAs is hindered
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ac aZB cZB aW Z cW Z

GaAs 5.6536 3.9977 9.7923 3.988 6.562
InAs 6.0583 4.2839 10.4933 4.2742 7.0252

lattice mismatch ∆ai, ∆ci 0.0715 0.0715 0.0718 0.0705

Table 5.1.: Experimental ZB and WZ lattice parameters for GaAs [201, 298] and InAs [180, 201] and
the corresponding lattice mismatch. The ZB lattice parameters are converted into a hexagonal system
using aZB = ac/

√
2 and cZB = ac

√
3. All values are in Å.

is named “crystal phase selective growth“ and an explanation is presented.
The WZ side facets ({2110}) have a lower surface energy than the cubic ones ({110}) [97, 338]
and in general the facet energies of InAs are lower than those of GaAs. Taking this into consid-
eration, growth of InAs on both facets ({110} and {2110}) is expected since it leads to a gain
in energy compared to the GaAs side facets. However, the bulk energy is lower for the cubic
phase [3]. This lower bulk energy of the ZB phase can act as an explanation for the observed
crystal phase selective growth: the growth of InAs occurs on the crystal phase where the total
energy of the nanoscale system, i.e. the core-shell NW, will be the lowest. The total energy will
be dominated by the bulk energy of the GaAs core, due to the relatively large NW diameters,
as well as the energy associated with the dislocations formed at the interface. The energy of
the side facets plays a minor role. However, the difference in bulk energy between ZB and WZ
InAs is small [3], making the observed strong discrepancy in the growth hard to understand.
Additionally, a pure explanation in terms of bulk energies does not explain why existing stacking
faults and twins in the core have an impact on the growth of the shell.

A more likely possibility is related to different lattice mismatches in the ZB and WZ crystal
structures. The cubic ZB lattice with the lattice constant ac can be converted into an equivalent
hexagonal structure with the lattice constants aZB = ac/

√
2 and cZB = ac

√
3 along the cubic

[110] and [111] directions, respectively. Table 5.1 shows experimentally determined values of the
hexagonal ZB and WZ lattice parameters for GaAs and InAs. As seen, cZB/pZB < cW Z/pW Z

(with pZB = 3 and pW Z = 2, the number of bilayers along the c-axis within the unit cell) and
aZB > aW Z . The distance of the (111) planes in the ZB lattice is shorter than the distance
between the (0002) planes in the WZ lattice. Along the a-axis, the atoms are more close
in the WZ structure. Calculating the lattice mismatches between GaAs and InAs along the
a- and c-directions for both crystal structures, ∆ai = (aInAs,i − aGaAs,i)/aGaAs,i and ∆ci =
(cInAs,i − cGaAs,i)/cGaAs,i, where i stands for ZB or WZ, reveals that the lattice mismatch along
the a-direction is slightly smaller in the ZB lattice than in the WZ one while along the c-direction
this is larger in the ZB structure than in the WZ structure (see Table 5.1). Certainly, there is a
large uncertainty in the exact lattice mismatch caused by variations in the reported values for
WZ GaAs and InAs [23, 59, 178, 180, 298, 347]. Nonetheless, the general tendency is clear: in
the cubic lattice the mismatch is identical in all directions while in the WZ lattice this differs
being smaller in the c- than in the a-direction. As shown before by SEM and TEM micrographs,
the growth of InAs on WZ GaAs occurs, but it grows much slower than on ZB GaAs and it
always develops from the ZB phases. The InAs shell adopts the crystal structure of the GaAs
core, i.e. WZ InAs grows on the WZ phase of the GaAs core. The growth of the InAs on the WZ
phase proceeds via “tongues“, having a small growth front and being laterally confined. This
demonstrates that the growth rate along the c-direction is higher than along the a-direction.
This was also shown in Fig. 5.13 displaying almost closed shells on WZ core segments, only the
edges being still uncovered. Consequently, the growth along the a-direction is the restricting
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5.2 Crystal phase selective growth in GaAs/InAs core-shell nanowires

Figure 5.15.: (a) and (b) show models of the non-reconstructed NW side facets for ZB and WZ GaAs
phases, respectively. Large circles denote atoms at the most outer position, while small circles are for the
layer behind. The blue circle shows the next incorporated In atom. Blue lines around the In atom indicate
the second nearest neighbor atoms. (c) and (d): NW surface with the complete coordination polyhedron
(second nearest neighbors) for ZB and WZ structures, respectively. A cut along the grey plan gives the
same nearest neighbors as in (a) and (b). Labels next to the coordination polyhedron refer to the layers
within it. The central atom (in layer 2) corresponds to the blue In atom in (a) and (b). (c) and (d) were
created using VESTA [215]. Published in [264].

factor, hindering the growth on the WZ phase. This is further supported by the fact that
the lattice mismatch along the a-direction is larger in the WZ phase than in the ZB one (see
Table 5.1).

The impact of the lattice mismatch in the a-direction is even enhanced by taking into ac-
count the local environment for each new incorporated atom. Figures 5.15a and b display
non-reconstructed {110} and {2110} GaAs surfaces corresponding to the ZB and WZ phases,
respectively. A reconstruction of the {110} surface changes the positions of As and Ga in the up-
per layer only slightly: As is shifted upwards while Ga atoms are shifted downwards [156, 305].
The general shape of the surface (viewed along the [110] direction) is not modified. In fact,
recent publications have demonstrated that the ZB {110} and WZ {2110} surfaces of MBE
and MOVPE grown GaAs NWs do not exhibit a reconstruction [40, 135]. Consequently, non-
reconstructed surface are assumed for both cases. In the bulk, each group III atom is surrounded
by 4 group V atoms forming a tetrahedron. The second nearest neighbors are again of group III
with a coordination number of 12. They form a cuboctahedron and anti-cuboctahedron in ZB
and WZ crystal lattices, respectively. The cuboctahedron (see Fig. 5.15c) is characterized by
the inversion symmetry. This is not the case for the anti-cuboctahedron (see Fig. 5.15d). These
different symmetries become important when lattice mismatched materials are grown onto each
other. The blue circles in Fig. 5.15a and b indicate a new In atom, being incorporated on the
side facets to form a nucleus for a new layer. Each surrounding Ga atom (located on layer 1 in
the polyhedron) acts with a repulsive force on this new In atom. In the ZB case, these forces
cancel each other out along the [111] and the [121] directions, regardless of the placement of the
In atom (see Fig. 5.15a). In the WZ arrangement, the distribution of existing Ga atoms around a
new In atom is not homogeneous. As seen in the drawing shown in Fig. 5.15b, an In atom (blue)
placed on an A-layer of the stacking sequence (layer 2 in the polyhedron) has three neighboring
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Figure 5.16: SEM micrograph
of an interruption where the
two InAs shells are almost co-
alesced.

Ga atoms located on the left side (in layer 1 of the polyhedron) while only one is on the right
side of the In atom. This arrangement shifts the new In atom slightly to the right in order to
minimize its energy and balance the repulsive forces. On the B-layer the situation is inverted
and the new In atom is shifted to the left. Consequently, the distance between neighboring In
atoms is decreased which, in turn, increases the strain in the InAs. This makes the nucleation
and growth of InAs on WZ GaAs non-preferred. The increased strain is not only present in the
first layer (labeled number 2 in the polyhedron) of InAs on WZ GaAs but also in the subsequent
ones since the overall strain relaxation occurs gradually. Accordingly, the growth of InAs on
the initially strained InAs shell is hindered as well which then decreases the growth rate. An In
atom on the A-layer also adds a force on surrounding In atoms on the B-layers. Certainly, this
force can partially compensate that one induced by the Ga atoms underneath. On edges the
forces will always be unbalanced, hindering the lateral growth of a nucleus.
This model does not only give a rough explanation for the the suppressed direct nucleation of
InAs on WZ GaAs, but also provides an explanation for the influence of stacking faults and
twins on the growth of InAs: each stacking fault or twin is a single layer of WZ, making growth
unfavorable at this position.
Differences in the growth of core-shell structures depending on the crystal structure have already
been reported in literature, for example when growing InP shells around InAs NWs [107] or
GaAsSb shells around GaAs NWs [101]. In each case, the growth rate on the WZ phase was
found to be lower than on the ZB phase and even differences in the growth rate along different
ZB directions were observed. This difference has been explained by a higher nucleation prob-
ability on the ZB phase compared to the WZ one. Nonetheless, direct growth on both crystal
structures was observed in both cases. This is the most dominant difference to the situation dis-
cussed here. Although the nucleation probability on the ZB and WZ phase may also be strongly
different in our case (due to the above mentioned reasons of the local environment and strain),
a model only based on the nucleation probability and growth rate cannot explain the observed
impact of twins and WZ segments. Further investigation in pure WZ NWs shall contribute to a
deep understanding of the crystal phase selective growth.

The presented growth mechanism provides new insights in understanding the differences
between the crystal structures and can represent the base for novel devices. For example, the
position of InAs quantum dots on GaAs NWs [313, 339] may be controlled by controlling the
crystal structure of the core. Several devices can be stacked onto each other, being separated
by the insulating GaAs core. Additionally, InAs shell segments forming constrictions or having
point contacts to neighboring segments can be fabricated. For the latter, Fig. 5.16 shows a
SEM micrograph with two almost coalesced “tongues“, which are be considered as a specific
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point contact. Their dimensions can then be controlled by the NW diameter and the InAs shell
growth time.

5.3. InAs nanotubes4

It was described in the previous section that the WZ segment at the top of the GaAs NW core
results in an absence of InAs shell growth. Thus, the GaAs core is exposed and can be removed
from the GaAs/InAs core-shell NWs using a wet chemical etchant based on NH3(aq) and H2O2.
The etch selectivity between GaAs and InAs using this etchant is high [131, 232, 337], result-
ing in the formation of InAs nanotubes. This process is displayed in Fig. 5.17a-d showing the
GaAs/InAs core-shell NWs before the wet chemical etching (a,b) as well as after the etching
(c,d). The NH3(aq):H2O2 based etchant attacks the GaAs core at the exposed part and etches
it completely. The InAs shell is not affected by the etchant as visible in the corresponding
SEM micrographs (Fig. 5.17c,d). Figure 5.18 shows a HAADF image of an etched GaAs/InAs
core-shell NW, an EDX line scan is superimposed. Strong signals originating from As and In
are observed whereas the Ga signal is weak. As seen by the brightness of the HAADF micro-
graph, the In and As EDX signals follow the HAADF intensity and therefore reproduce the
local thickness. This means that a hollow ring, i.e. a nanotube, is formed. The presence of
the weak Ga signal, observed only in the inner part of the nanotube, may either result from
an incomplete etching or an interfacial alloying/roughness. The latter was already assumed in
the GaAs/InAs core-shell NW cross section depicted in Fig. 5.8. The etch selectivity between
GaAs and InxGa1−xAs is high already for low amounts x of In [131]. Therefore, even an alloyed
interface acts as an etch stop. As it is seen in the cross sectional TEM micrograph depicted in
Fig. 5.8, the interfacial area between the GaAs and InAs has a thickness of a few nanometers only.

InAs nanotubes obtained from GaAs/InAs core-shell NWs are interesting structures due to
two reasons: (1) the removal of the GaAs core allows to investigate the crystalline properties of
the InAs shell only and (2) the increased surface area of the nanotube compared to the core-shell
NW should significantly affect the transport properties.
Regarding the first opportunity, Fig. 5.17e-g displays (HR)TEM micrographs of an InAs nan-
otube. Figure 5.17e shows a low resolution image evidencing contrast changes along the NW.
The contrast arises from the twins and stacking faults as well as residual strain in the nanotube.
The etching certainly may affect the strain in the shell, since it removes the GaAs core which
strains the shell compressively. Nonetheless, strain in the InAs can still be present after the
removal of the GaAs core. For example, the strain can be induced by the remaining InGaAs
at the inner part of the tube as well as residual dislocations. An increase of the magnification
clearly proves the existence of stacking faults and twins in the shell (see Fig. 5.17f). These
are not only arranged perpendicular to the growth axis of the NW, as it is normal during NW
growth, but also perpendicular to other 〈111〉 directions. Such stacking faults have already been
observed in GaAs/InAs core-shell NWs (see Fig. 5.7g) and are seen even better in the HRTEM
image shown in Fig. 5.17g. The white lines indicate the stacking sequences. The image displays
a twin perpendicular to the growth direction and some stacking faults perpendicular to other
〈111〉 directions. The blue circle and inset highlights a Shockley partial dislocation being the
origin of the stacking fault. A similar Shockley partial dislocation is found at the other end of

4Results presented in this section have been published in T. Wenz, M. Rosien, F. Haas, T. Rieger, N. Demarina,
M. I. Lepsa, H. Lüth, D. Grützmacher, and T. Schäpers. Phase coherent transport in hollow InAs nanowires.
Applied Physics Letters, 105(11):113111, 2014. Ref. [329]. Electrical measurements were performed by Marion
Rosien, analyzes of the data by Tobias Wenz and Marion Rosien.
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Figure 5.17.: SEM and (HR)TEM micrographs of InAs nanotubes. (a,b) SEM micrographs of
GaAs/InAs core-shell NWs prior to wet chemical etching of the GaAs core and (c,d) SEM micrographs
of etched GaAs/InAs core-shell NWs forming InAs nanotubes. (e) Low resolution TEM image. (f) TEM
image evidencing twin planes and stacking faults in several 〈111〉 directions. (g) HRTEM image showing
several defects in the InAs nanotube. The insets show threading dislocations (red) as well as a Shockley
partial dislocations (blue).
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Figure 5.18: HAADF image of an
InAs nanotube with superimposed EDX
linescan showing the presence of As �,
Ga � and In  . Published in [262].

Figure 5.19: SEM micrographs of a contac-
ted GaAs/InAs core-shell NW (a) and con-
tacted InAs nanotubes (b,c). The inset in
(c) clearly proves the hexagonal morphology
of the inner and outer part of the nanotube.

the stacking fault. The red circles and the red inset point to dislocations in the InAs nanotube.
These dislocations are not at the (former) interface. Rather, the TEM micrograph represents
a plan-view image of the grown InAs surface with a {110} growth front. The dislocations seen
in the red circles are consequently threading dislocations which originate from the high lattice
mismatch between GaAs and InAs or the initial growth mechanism based on islands and their
coalescence.
To conclude, the InAs nanotubes allow to investigate the crystalline structure of the InAs shell
in detail without any impact from the GaAs core. In GaAs/InAs core-shell NWs, the different
lattice constants in combination with the fast strain relaxation result in Moiré fringes making a
detailed investigation difficult.

Concerning the transport properties of InAs nanotubes in comparison to GaAs/InAs core-
shell NWs, Fig. 5.19 displays SEM micrographs of a contacted GaAs/InAs core-shell NW (a)
and contacted InAs nanotubes (b,c). Contacts to the NWs were made in a similar way as
described for earlier studies of NWs [289] employing Ar+ sputtering before evaporating Ti and
Au. The nanotubes were obtained by selectively etching the GaAs out of contacted core-shell
NWs using a NH3(aq):H2O2:H2O 1:1:30 etchant for 3 min. This is necessary since the nanotubes
are rather fragile and do not withstand the processing during contacting. As seen in the SEM
micrographs in Fig. 5.19b,c the GaAs core is etched completely and the hexagonal morphology
of the inner and the outer surface are maintained, further demonstrating the high etch selectivity
between GaAs and InAs. Etching the core after contacting the NW also allows to compare the
electrical properties of core-shell NWs and nanotubes directly, thus on the very same device.
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Figure 5.20: Resistivity map of GaAs/InAs
core-shell NWs and InAs nanotubes. The
resistivity of GaAs/InAs core-shell NWs ρcs

is obtained before wet chemical etching, the
resistivity of the nanotubes ρNT is meas-
ured on the same devices after etching. InAs
shells have thicknesses of � 15 nm and  
25 nm. Published in [329]. [Data courtesy
of Marion Rosien and Tobias Wenz]

I-V curves were measured before and after etching the GaAs core and were found to be linear
for both systems. The contact resistance can be neglected due to the use of Ar+ sputtering [289].
In Fig. 5.20 the resistivities before and after etching, i.e. of the GaAs/InAs core-shell NWs and
of the InAs nanotubes, are plotted. NWs with shell thicknesses of 15 nm and 25 nm were used
for the study, the core diameters are ∼ 50 nm and ∼ 100 nm, respectively. On average, the
resistivity decreases by a factor of about two (2.8 for 15 nm shell thickness and 2.3 for 25 nm shell
thickness) after etching, agreeing with the expected increase in electron concentration. Only in
three cases an increase of the resistivity is found which may be attributed to damaging the InAs
shell during the etching process.

The enhancement of the conductivity can be explained by the increase of the surface to volume
ratio. In a rough estimation the surface area is doubled after etching the core. InAs has a surface
accumulation layer, i.e. a high density of donor states at the surface [200]. Electrons contributing
to the transport are either bulk carriers or are present due to the surface accumulation layer. For
thin structures, the average electron concentration is dominated by the surface area, the bulk
carriers have a minor contribution. The surface area of the nanotubes is almost doubled with
respect to the core-shell NWs and therefore also the average electron concentration is roughly
twice as high as for core-shell NWs. The wet chemical etching may also influence the mobility,
e.g. by a removal of dislocations (increase of the mobility) or the formation of the additional
surface (surface scattering, decrease of the mobility). A precise measurement of the electron
concentration and mobility in NWs is difficult due to surface states [26] which may change
during the etching process.

5.4. Conclusions

This chapter was devoted to GaAs/InAs core-shell NWs. The axial strain relaxation in these
core-shell NWs was monitored ex situ using Moiré fringes and X-ray diffraction. It was demon-
strated that the lattice mismatch results in strain in both the GaAs core and the InAs shell.
While the strain in the shell was found to decrease with increasing shell thickness, the strain
in the GaAs core was simultaneously enhanced. HRTEM investigations revealed that the strain
was released by perfect dislocations, Frank partial dislocations and Shockley partial dislocations.
An overgrowth of GaAs NWs containing both crystal phases, which are ZB and WZ, with InAs
gave evidence that the growth on the ZB phase is preferred compared to the growth on the
WZ phase. A detailed analyses was conducted demonstrating that the growth of InAs on the
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5.4 Conclusions

WZ phase of GaAs originates from neighboring ZB regions. Each WZ segment in the core was
found to have an impact on the growth of the shell. A model taking into account the effective
lattice mismatches on the NW side facets was developed and served as an explanation for the
crystal phase selective growth. The absence of the growth of the InAs shell on the WZ phase of
the GaAs core allowed to fabricate and analyze InAs nanotubes. The nanotubes were obtained
by a wet chemical etching of the core. Structural analyzes of the nanotubes confirmed the de-
fect rich structure of the InAs, even proving the existence of threading dislocations. Electrical
measurements demonstrated that the resistivity decreases for the nanotubes compared to the
core-shell counterparts. This was explained by an increase of the electron concentration due to
the enhanced surface to volume ratio.
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6
Chapter 6.

Antimony containing heterostructure
nanowires

Sb-based semiconductors and semiconductor heterostructures are promising for studies of fun-
damental physics [218] as well as devices suitable to extend Moore’s law, e.g. TFETs [61, 146].
InAs, GaSb and AlSb belong to the “6.1 Å family“, i.e. they have lattice constants in the
range of 6.1 Å [181]. Consequently, the lattice mismatch between these semiconductors is small.
Core-shell NWs containing InAs and GaSb benefit from a broken gap band alignment where
the conduction band of the InAs is below the valence band of the GaSb. This band alignment
gives rise to band-to-band tunneling allowing subthreshold slopes below 60 mV/dec. AlSb shells
covering InAs NWs may be used to prevent electron scattering at the surface of the InAs res-
ulting in InAs NW devices with high mobilities. InSb has the highest electron mobility among
the III-V semiconductors and gains from a high spin-orbit coupling [145, 221] making it of high
interest for spin-based devices.
The use of antimony during the growth requires significantly reduced growth temperatures, e.g.
InSb is often grown at temperatures between 340◦C and 420◦C [227, 285, 306]. Low substrate
temperatures reduce the adatom mobility and enhance the sticking coefficient.
This chapter aims to evaluate the growth of Sb-based NW heterostructures. Some results presen-
ted in this chapter have been published in Refs. [258] and [257].

6.1. InAs/AlxGa1−xSb core-shell nanowires

A core-shell system consisting of InAs and GaSb is of particular interest due to its unique type
III band alignment [173]. This allows the fabrication of TFETs with high on/off ratios and
sub-threshold slopes below the thermodynamic limit of 60 mV/dec [61, 146]. In core-shell NWs,
the interface area between an InAs core and a GaSb shell is very high while the NW volume is
small, as displayed in Fig. 6.1, with an abrupt interface not suffering from graded compositions
typically observed in axial heterostructure NWs [74, 233]. The graded compositions in axial
heterostructures are ascribed to the “reservoir effect“ of the droplet [74] while no droplet is
involved in the radial growth. The large interface area being present in core-shell NWs can
carry high tunneling currents. NW (T)FETs with a GaSb core and an InAs(Sb) shell have
already been investigated and show promising characteristics [72, 99]. By adding Al to the
GaSb shell, the band alignment changes from the broken gap (type III) to the staggered gap
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Figure 6.1: Sketch of a core-shell NW
demonstrating the high interfacial area.

Figure 6.2: Band alignment of
InAs/AlxGa1−xSb heterostruc-
tures as a function of the Al
content x. Ev is the valence
band, Ec the conduction band. A
transition from type III to type II
is seen.
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(type II). The band alignment as a function of the Al content in the AlxGa1−xSb is depicted in
Fig. 6.2. The band gap of AlxGa1−xSb at 300 K is given by Eg(x) = 0.73+1.57x+0.47x(x−1) [6],
the conduction band offset varies linearly from GaSb to AlSb [8]. The change from the broken
to the staggered gap occurs at Al contents of about 36%. So far, staggered gap InAs/AlGaSb
TFETs have been limited to planar structures [196, 197]. However, Knoch and Appenzeller
showed that the staggered band alignment with an Al content of about 60% should result in
an optimal performance [176]. Considering InAs NWs embedded in shell with high Al contents,
the large electron barrier of up to 1.35 eV can significantly enhance the electron mobility due to
reduced surface scattering [71, 181, 310]. Consequently, an in situ passivation of InAs NWs with
an almost defect-free shell is of particular interest for high-mobility devices. Apart from this, a
core-shell system with a broken gap band alignment can be used to transfer recently observed
phenomena in two dimensional topological insulators [175] into the NW geometry.

The lattice constants of InAs, GaSb and AlSb are 6.0583 Å, 6.09593 Å and 6.1355 Å, respect-
ively [201]. Considering these lattice constants, the lattice mismatches vary between 0.6 and
1.2%. As already introduced in Chapter 3, the critical thicknesses in planar InAs/GaSb and
InAs/AlSb heterostructures are in the range of 20 and 10 nm, respectively. Transforming the
structure into a core-shell NW system significantly increases the critical thickness [252, 253].
Accordingly, an InAs NW core with a radius of about 40 nm is expected to be misfit dislocation
free despite of the thickness of the GaSb shell. For a GaSb shell thickness of about 40 nm the
InAs NW core can have a radius of more than 200 nm (see Fig. 3.4 in Sec. 3.4).

6.1.1. GaSb shells1

InAs/GaSb core-shell NWs were grown on Si (111) substrates with both As and Sb valved crack-
ers. The substrate preparation and InAs core NW growth was as described in Sec. 4.2.1 with an

1Most results of this section have been published in T. Rieger, D. Grützmacher, and M. I. Lepsa. Misfit
dislocation free InAs/GaSb core-shell nanowires grown by molecular beam epitaxy. Nanoscale, 7(1):356-64,
2015. Ref. [258]. Wet chemical etching of the core-shell NWs was performed by Franz Josef Hackemüller [118].
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Figure 6.3.: Bird’s eye view SEM micrographs of InAs and InAs/GaSb core-shell NWs: (a) bare InAs
NWs, (b)-(e) InAs/GaSb core-shell NWs with shell growth temperatures T sub

GaSb of 490◦C (b), 400◦C (c),
360◦C (d) and 300◦C (e). (f) Higher magnification image of a NW with GaSb shell growth temperature
of 300◦C showing a sidewall roughness. The inset in (d) shows a top-view image of a single core-shell
NW clearly exhibiting a three-fold symmetry. Published in [258].

In rate of 0.035 µm/h and an As4 flux of 1 ·10−5 mbar. Subsequently, the substrate temperature
was lowered to T sub

GaSb and the GaSb shell was grown with a Ga rate of 0.1 µm/h and a Sb flux
FSb varying between 2 · 10−7 and 2 · 10−6 mbar. The growth of the GaSb shell was initiated by
providing Sb for 2 min before opening the Ga shutter. This shutter sequence should create an
InSb-like interface and remove As from the chamber before the GaSb is grown. The GaSb shell
growth time tGaSb was varied between 5 and 90 minutes.

A typical SEM micrograph of bare InAs NWs is shown in Fig. 6.3a. The NWs have a length of
about 1.5 µm and a mean diameter of ∼ 100 nm. They do not show any tapering except for the
upper ∼ 100 nm where the diameter decreases. The NW density is in the range of 1 NW/µm2,
thus relatively low. Low density NWs are ideal for core-shell structures since shadowing effects
of neighboring NWs [269] as well as competition for adatoms between them [127] are reduced.
As described in Sec. 4.1 the InAs NWs have a hexagonal prism morphology with side facets
belonging to the 〈110〉 family. The InAs NWs contain a high density of stacking faults which
have been shown in Sec. 4.1.3.
The growth of planar GaSb layers on InAs substrates is carried out at temperatures of about
∼ 400◦C [15, 120, 226, 266], whereas GaSb is grown on GaAs substrates at about 500◦C [138,
148, 225]. Accordingly, GaSb shells were grown in the temperature range T sub

GaSb from 300◦C to
490◦C with a Sb flux of 8·10−7 mbar. Representative SEM images after a shell growth time tGaSb

of 90 min are displayed in Fig. 6.3b-e. A parasitic GaSb layer is grown on the Si (111) substrate
in-between the NWs under all growth conditions, it is rather smooth but it roughens for the
lowest growth temperature. The parasitic layer indicates a low diffusion and high sticking coeffi-
cient of the adatoms. The NW morphology is strongly influenced by the growth temperature of
the GaSb. Substrate temperatures of 400◦C and above result in a strong tapering of the GaSb
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Figure 6.4: TEM micro-
graphs of InAs/GaSb core-
shell NWs with shell growth
at 360◦C (a) and 490◦C
(b). EDX profiles are plotted
right next to the TEM im-
ages, red lines on the images
indicate the positions of the
profiles. dc is the core dia-
meter, dcs the diameter of
the core-shell NW. Published
in [258].

shell with a thinner shell at the bottom than at the top, i.e. an inverse tapering (Fig. 6.3b and
c). A reduction of the substrate temperature to 360◦C results in NWs with uniform diameters
as well as smooth facets (Fig. 6.3d). Further decreasing the substrate temperature increases the
roughness of the GaSb shell as displayed in the higher magnified image in Fig. 6.3f. After the
growth of the GaSb shell, the NWs typically exhibit a flat top facet. This is in contrast to the
faceted tip of the bare InAs NWs. For temperatures around 350 – 400◦C and long shell growth
times, this flat top is in conjunction with a radial growth at the top forming a platform (see
Fig. 6.3c and d). This platform is described later.

To confirm the core-shell structure, NWs with shells grown at 360◦C and 490◦C were examined
by TEM and EDX. The corresponding TEM images and EDX profiles are depicted in Fig. 6.4a
and b, respectively. The low shell growth temperature of 360◦C gives rise to a uniform and
conformal GaSb shell as seen by the EDX profiles taken at the upper and lower part of the
NW displayed in Fig. 6.4a. The shell has a thickness of about 35 nm, being in good agreement
with the expected thickness considering the Ga rate, growth time as well as geometry of the
MBE system. At these low growth temperatures, the majority of Ga adatoms contributing to
radial growth are due to direct impingement, diffusion from or to the substrate has a minor
effect. Apart from the GaSb shell, axial growth of GaSb on the NW takes place which develops
the platform at the top. The height of the axially grown GaSb is ∼ 140 nm, being in good
agreement with the expected thickness of a GaSb layer grown on a planar substrate. This once
more indicates the low diffusivity of Ga adatoms on the NW facets.

When the substrate temperature is increased, the diffusivity of the adatoms is changed. At
490◦C, the InAs/GaSb NWs exhibit a strong inverse tapering with a larger diameter dcs at the
top than at the bottom dc (see Figs. 6.3b,c and Fig. 6.4b). EDX profiles acquired at different
positions along the NW axis demonstrate the absence of a GaSb shell at the lower part of the
NW while a 40 nm thick GaSb shell is found at the upper part of the NW (see Fig. 6.4b). The
shell thickness gradually decreases from the top to the bottom. Here, shadowing effects do not
play a role since the NW density is low, i.e. ∼ 1 NW/µm2, and comparable for both samples
grown at 490◦C and 360◦. Rather adatom diffusion along the NW leads to the evolution of
the tapered shells. Dimakis et al. showed for Si-doped GaAs shells grown around GaAs NWs
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Figure 6.5.: Schematic cross-sections of core-shell NWs with three different shell thicknesses. The core
is colored red, the shell blue. The grey dotted line represents the difference in thickness between shell and
core. Published in the Supporting Information of [258].

that low substrate temperatures and a corresponding low diffusivity of adatoms are required to
grow homogeneous shells [82]. Similar to the results shown here, higher temperatures resulted in
tapered shells. Temperature differences along the NW [105, 186], different facets at the top part
and the main part of the NW, smaller facets at the top (cf Sec. 4.1.3) as well as changes in the
effective V/III ratio can be explanations for such a preferred migration of adatoms to the top.
All of them may have an effect on the local chemical potential [84, 239, 299, 309, 324]. In general,
a homogeneous, non-tapered shell is required but a tapered shell is advantageous for some ap-
plications. For example, in a radial TFET, the tapered core-shell morphology allows contacting
the InAs as well as the GaSb parts individually without an etching of the GaSb. For the further
discussion, a substrate temperature of 360◦C is regarded as the optimal temperature for the shell
growth since it provides smooth surfaces as well as a uniform shell thickness along the entire NW.

To contact the core and shell of the conformal InAs/GaSb core-shell NWs individually, a se-
lective etching is required. The typical etchant for InAs is citric acid [70, 78] but preliminary
investigations2 showed that the GaSb shell is also strongly affected. The etch rate of the InAs
core was surprisingly low, possibly due to the (111) lattice planes being the effective plane being
etched. The GaSb shell can be etched using developers based on TMAH (tetramethylammonium
hydroxide), e.g. MF™319 and AZ®326MIF [344, 203]. The InAs core was not affected by the
etchants.

Typically, the 〈110〉 zone axis is used for the analyses of the crystal structure and defects
in NWs. This zone axis has the advantage that the crystal structure and especially potential
defects such as twins and stacking faults can be identified. The hexagonal shape of the NW with
{110} side facets results in a gradual decrease of the local NW thickness towards its edges. This
is displayed in the upper row of Fig. 6.5. This gradual decrease of the thickness prohibits an
abrupt change of the contrast between the core and the shell in TEM images. Performing EDX

2performed by Franz Josef Hackemüller [118]
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6.1 InAs/AlxGa1−xSb core-shell nanowires

Figure 6.6.: (a) HAADF profiles of InAs and InAs/GaSb core-shell NWs taken from the 〈110〉 zone
axis. The profiles indicate the cross-sectional shape of the NWs. InAs NWs are bound by six {110} side
facets while InAs/GaSb core-shell NWs are bound by twelve side facets belonging to the {110} and {211}
family. Dashed lines are guides to the eye. (b) SEM image of the lower part of a core-shell NW showing
the presence of multiple side facets. (c) Schematic of the cross-section of InAs/GaSb core-shell NWs.
Published in [258]

analyses from the 〈110〉 zone axis produces profiles schematically depicted in Fig. 6.5 (upper
images, grey dotted lines). Its exact shape depends on the dimensions of the core and the shell
and especially thin shell thicknesses are difficult to measure due to the limited spatial resolution
of EDX. Consequently, both techniques, TEM and EDX, have a high uncertainty regarding the
evaluation of the shell thickness. Rotating the NW by 30◦ around the [111]B growth axis, thus
towards the 〈211〉 zone axis (see Fig. 2.1), the crystal structure and planar defects can no longer
be analyzed [63, 152]. 〈110〉 side facets are now parallel to the electron beam and therefore, an
abrupt change between the core and the shell can be observed. This situation is schematically
drawn in Fig. 6.5 (lower images). This abrupt change allows measuring the shell thickness and
native oxide thickness precisely. The interface between the core and the shell is observed from
the 〈211〉 zone axis with less overlapping effects than from the 〈110〉 zone axis. In the following
both the 〈211〉 and the 〈110〉 zone axes are used for a detailed analyzes of the crystal structure,
shell and oxide thickness as well potential defects at the interface.

Using the optimized shell growth conditions, i.e. a shell growth temperature of 360◦C, the
growth time tGaSb was varied between 5 and 90 minutes. The shell thickness was measured
by aligning the NWs to the 〈211〉 zone axis in the TEM. As described above, this zone axis
provides a strong contrast between the core and the shell. The shell thickness plotted against
the shell growth time is shown in Fig. 6.7. A linear dependence with a shell growth rate of
about ∼23 nm/h is observed. This corresponds well with the supplied Ga rate of 100 nm/h
considering the NW and MBE geometry as well as the substrate rotation. Within the studied
regime, the Sb flux FSb does not have an impact on the growth rate of the GaSb shell.

During the overgrowth of the InAs core with GaSb, the morphology of the NW is modi-
fied. The morphology of NWs can be monitored by HAADF profiles, demonstrated already in
Sec 4.1.3 and Ref. [194]. The InAs core has six side facets belonging to the {110} family as seen
by the HAADF signal from the 〈110〉 zone axis plotted in Fig. 6.6a and already described in
Sec. 4.1. The intensity of the HAADF signal depends on the thickness t as well as on the atomic
number Z. In a first approximation, the intensity I scales linearly with t and with Z to the
power of γ (I ∝ Zγ). Certainly, usually HAADF profiles cannot be used to determine the facets
in core-shell structures since both Z and t vary across the NW diameter. In the case of InAs and
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Figure 6.7: GaSb shell thickness versus
shell growth time. The dashed line is a
guide to eye. The shell thickness has been
measured by TEM from the 〈211〉 zone
axis and shows a linear dependence on the
growth time with a growth rate of about ∼
23 nm/h. Published in [258]

GaSb which have almost identical lattice constants, masses and average Z (In: 49, As: 33, InAs:
82; Ga: 31, Sb: 51, GaSb: 82), the materials can only hardly be distinguished by HAADF.
Only HR-HAADF images resolve the individual atoms. At lower magnifications, the HAADF
profiles still give reasonable information about the NW shape. Accordingly, Fig. 6.6a shows a
HAADF profile of an InAs/GaSb core-shell NW plotted together with the profile of a pure InAs
NW. The profile of the InAs/GaSb core-shell NW does not exhibit clear large facets but several
short linear regions are observed (dashed lines) in the profile indicating a faceted cross-section
rather than a round one. Figure 6.6b displays a SEM micrograph of the bottom of a core-shell
NW with a 40 nm thick GaSb shell. The viewing direction is [121]. Facets perpendicular to the
viewing direction can be identified, these being of {211} type. Apart from these facets, another
set of facets rotated by 30◦ is seen, these are of {110} type. Consequently, the HAADF profile
agrees with the SEM micrograph demonstrating core-shell NWs with multiple facets. This is
schematically depicted in Fig. 6.6c: the InAs NW core with six side facets of {110} type is
surrounded by a GaSb shell with a dodecagonal outer shape being bound by {110} and {211}
side facets. A detailed investigation reveals that the cross sectional shape changes along the
NW axis: at the very bottom of the NW it is hexagonal with {211} side facets. A similar cross
sectional shape is present just below the GaSb platform at the top. Taking a profile just slightly
above the bottom or below the top modifies the cross-sectional shape strongly. It changes to
the dodecagonal shape with a combination of {110} and {211} side facets. This dodecagonal
shape is maintained along the major part of the NW. It develops already early during the shell
growth and is maintained up to the longest investigated shell growth time of 90 min. Treu et
al. observed a similar change of the cross sectional shape while overgrowing InAs NWs with
InP [307]. It can be concluded that the growth rates and therefore the chemical potentials for
adatoms at the GaSb {110} and the {211} facets are similar.

6.1.1.1. Crystal structure analyzes

It was shown in Sec. 3.1 that the low lattice mismatch of about 0.6% between InAs and GaSb
results in a critical thickness of about 20 nm for layered systems before strain relaxation takes
place. In NWs these critical dimensions are significantly enhanced due to the low dimensions
and efficient strain accommodation, see Sec. 3.4. Coherent growth of InAs/GaSb core-shell NWs
is expected within a wide area. According to Fig. 3.4, InAs/GaSb core-shell NWs with either the
core radius or the shell thickness being below 40 nm are coherently strained (dislocation free),
independent on the other dimension (shell thickness or core radius). This is almost identical for
both crystal structures.

73



6.1 InAs/AlxGa1−xSb core-shell nanowires

The presence of dislocations and other defects is investigated by means of (HR)TEM and
electron diffraction. For TEM analyzes, NWs with different shell thicknesses are aligned to the
〈110〉 and 〈211〉 zone axes. In GaAs/InAs (refer to Sec. 5.1.1) and InAs/GaAs [247] core-shell
NWs with a lattice mismatch of about 7%, dislocations are often identified by the presence of
additional stacking faults caused by Frank partial dislocations. The high density of stacking
faults in the InAs core NWs makes it difficult to find such partial dislocations within the NW.
Figure 6.8a shows a TEM image acquired from the 〈110〉 zone axis exhibiting clear contrast
between the core and the shell. The shell thickness is in the range of 10 nm. The gradual
decrease of the local thickness of the InAs core in the 〈211〉 directions (due to the hexagonal
morphology with {110} facets, see Fig. 6.6) makes it difficult to determine the interface and
thus to gain information about the shell thickness or the interface abruptness. The high num-
ber of twins and stacking faults being typical for VS InAs NWs is seen. Each of these defects
penetrates from the InAs core to the shell indicating an epitaxial growth of the GaSb shell.
An electron diffraction pattern of this NW is depicted in Fig. 6.8b, neither spots in the axial
nor in the radial direction are splitted suggesting coherent growth. The low lattice mismatch
should causes only a slight separation of the diffraction spots which is hard to evaluate. As
an additional approach to investigate the growth of the shell, FFT-filtered images maintaining
only the (111) lattice planes are produced. The inverse FFT displaying only the {111} planes
is depicted in Fig. 6.8c. Each of the {111} planes continues perfectly from the core to the shell,
no terminating {111} planes at the interface, in the GaSb shell or in the InAs core are found.
Thus, no misfit dislocations are seen over a length of ∼100 nm.
The identical NW is shown in Fig. 6.8d from the 〈211〉 zone axis. In this orientation the stacking
faults and twins cannot be detected [63, 152]. However, as mentioned before, this zone axis typ-
ically provides clear contrast between the core and the shell and enables a precise measurement
of the shell thickness. The dark line corresponding to the interface is straight and does not ex-
hibit any roughness. Accordingly, an abrupt interface is expected. An analysis of the interface
abruptness by means of EDX is difficult since the signals belonging to In and Sb strongly overlap
in the region of 3 – 4 keV. Similar as in the case of the 〈110〉 zone axis, the diffraction pattern
taken from the 〈211〉 zone axis shown in Fig. 6.8e does not exhibit any splitting of diffraction
spots.
Assuming loop dislocation with Burgers vectors b either being parallel to the growth axis
(b = a/3〈111〉, Frank partial dislocation) or b = a/2〈110〉 (perfect dislocation), a TEM ana-
lysis from the 〈211〉 zone axis resolves these defects as terminating lattice planes. Determining
the type of dislocations is not possible from this zone axis. Figure 6.8f depicts the FFT-filtered
HRTEM image from Fig. 6.8d. Identically to the former analyses, no dislocations are observed.

A GaSb shell thickness in the range of 10 nm is far below the critical thickness for InAs/GaSb
core-shell NWs and therefore expected to be misfit dislocation free. For GaSb layer thicknesses
exceeding 20 nm, strain relaxation is known to take place in planar films [12]. Accordingly, TEM
analyses of core-shell NWs with shells of about 40 nm thickness are shown in Fig. 6.8g-l. The
low resolution micrograph in Fig. 6g clearly demonstrates the conformal core-shell morphology
with relatively smooth side facets. Stacking faults are penetrating from the core to the shell.
No Moiré fringes are seen in the image, indicating a pseudomorphic growth of the GaSb shell.
The smooth side facets are clearly seen in the higher magnified image in Fig. 6.8h. Identical
as for thin GaSb shells, the electron diffraction pattern (Fig. 6.8i) does not exhibit a splitting
of the diffraction spots, neither in axial nor in radial direction. Figure 6.8j displays a TEM
micrograph from the 〈211〉 zone axis of a core-shell NW with a 40 nm thick shell. Again, no
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Figure 6.8.: (HR)TEM and electron diffraction analyses of InAs/GaSb core-shell NWs with (a-f) 10
nm and (g-l) ∼40 nm thick GaSb shells from the 〈110〉 and 〈211〉 zone axes. A HRTEM image of a 10
nm thick shell from the 〈110〉 zone axis is shown in (a), a corresponding electron diffraction pattern and
FFT filtered image in (b) and (c), respectively. (d)-(f) show similar images from the 〈211〉 zone axis. (g)
displays a low resolution TEM image of an InAs/GaSb core-shell NW with ∼ 40 nm thick shell from the
〈110〉 zone axis, (h) HRTEM image from the 〈110〉 zone axis, (i) electron diffraction pattern. (j)-(l) TEM
images and FFT filtered images of a ∼ 40 nm thick shell from the 〈211〉 zone axis. Colored overlays in
(c), (f) and (l) indicate the different materials InAs (blue) and GaSb (red). Published in [258].
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Figure 6.9.: Origin of the platform formation on top of InAs/GaSb core-shell NWs. (a) TEM micrograph
of the upper part of the core/shell NW clearly showing the stacking fault rich part induced by the InAs core
as well as an axially grown part with less stacking faults being pure GaSb. In the upper part, additional
stacking faults non-perpendicular to the growth direction are found. An electron diffraction pattern of
this region is shown in (b), a higher magnification image of the marked region in (a) demonstrating the
stacking faults in different directions is displayed in (c). (d) shows a TEM micrograph of a GaSb platform
additionally exhibiting twins in the axial direction. The higher resolution image is shown in (e). The
lower insets display FFTS of (e) and the colored areas in (e). Published in [258].

Moiré fringes are visible and smooth side facets are present. The combination of the 〈110〉 and
〈211〉 zone axes displays both side facets, {211} and {110}, of the core-shell NW, that is a three
dimensional view. Both side facets exhibit only a slight roughness.
A HRTEM image of this NW acquired from the 〈211〉 zone axis is displayed in Fig. 6.8k, its
FFT-filtered image in Fig. 6.8l. The abrupt contrast change from the core to the shell evidences
that a high interfacial quality is present even for thick shells and long shell growth durations.
Both the HRTEM and the FFT-filtered image demonstrate dislocation free shells of 40 nm thick-
ness, which is above the critical thickness for planar systems. The results perfectly match with
the calculations presented in Fig. 3.4: an InAs NW core of 50 nm radius can be covered with a
GaSb shell of 40 nm thickness without the formation of misfit dislocations.

The TEM analyzes clearly proves that semiconductors with small lattice mismatches can be
combined to core-shell NWs without the formation of misfit dislocations. The critical dimen-
sions exceed those of planar systems. Certainly, if the GaSb shell is grown even thicker, the
strain induced by the lattice mismatch may relax by misfit dislocations as also expected by the
calculations shown in Sec. 3.
The TEM investigation additionally evidences a rather thick native oxide of the GaSb shell. It
has a thickness in the range of ∼ 4 nm. For comparison, the native oxides covering the InAs
and GaAs NWs presented earlier have a thickness in the range of 2 nm.
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6.1.1.2. Structure of the GaSb platform

Finally, the formation and structure of the GaSb platform with larger diameter than the core-
shell NW itself is discussed. A TEM micrograph of the upper part of an InAs/GaSb core-shell
NW is shown in Fig. 6.9a. The image reveals that the NW tip can be separated into two regions:
the lower one being the InAs/GaSb core-shell system and the upper one being pure GaSb. The
first one has a high density of stacking faults originating from the InAs core. The InAs core is
clearly identified by the change in the contrast. The upper part of the NW exhibits a significantly
smaller number of stacking faults in the axial direction. In this upper part, only GaSb is grown
(see EDX scan from Fig. 6.4b). The axially grown GaSb (in [111]B direction) has ZB crystal
structure with a low density of stacking faults, WZ segments are not found in this NW section.
This is in agreement with the large energy difference between the ZB and WZ crystal structure
for GaSb favoring the ZB structure [3]. However, additional stacking faults and twins are present
in the radial direction. These occur when the GaSb is grown radially on the ZB GaSb at the
top. This radial growth creates the platform at the top of the NWs. The diffraction pattern in
Fig. 6.9b reveals two streaky pattern rotated by 70◦, representing stacking faults and twins in
two 〈111〉 directions. These twins and stacking faults are also observed in the HRTEM image in
Fig. 6.9c. Also the radial growth of GaSb at the top has the ZB crystal structure but it exhibits
significantly more stacking faults and twins. However, the two discussed 〈111〉 directions are not
equivalent. The axial growth takes place in [111]B direction while the radial growth of GaSb on
GaSb with higher stacking fault/twin density is in the [111]A direction. Radial growth of GaSb
on GaSb in [111]B direction takes place as well but is slower than in the [111]A direction. It
can be concluded that the twin formation probability is higher in the [111]A than in the [111]B
direction. Gorji Ghalamestani et al. observed similar characteristics when growing InP shells
around InAs NWs having twinning superlattices and {111}-type side facets [107]. In that study,
a significantly higher growth rate in the [111]A than in the in the [111]B direction was observed.
The same peculiarities are observed for the InAs/GaSb heterostructures shown here. The lengths
of the arrows displayed in Fig. 6.9a indicate the average growth rates along the [111]B (axial)
and [111]A (radial) directions. Concerning the radial growth in [111]B direction, no growth
rate could be determined. The growth rate in [111]A (radial) direction is larger than in [111]B
(radial) direction while the growth rate in [111]B (axial) direction is even higher. However, the
adatom impingement differs for the growth in radial and axial direction with a higher rate of
impinging adatoms at the top than at the side facet. This explains the higher growth rate in
the axial direction. For identical adatom impingement, the growth rate in the [111]A direction
is higher than in the [111]B direction. Fast growing facets typically vanish during the growth
while the slowly growing ones remain. In Fig. 6.9a it is observed that the size of the {111}A
facet continuously decreases. The {111}B facet remains its dimensions and is flat (refer to the
TEM image in Fig. 6.9a as well as in the SEM micrographs in Fig. 6.3). The different growth
rates along the 〈111〉A and 〈111〉B directions in conjunction with the different densities of twins
also explain the three-fold symmetry seen in the inset of Fig. 6.3d. The four 〈111〉A directions
form a tetrahedron and the [111]A direction is directed into the substrate. Accordingly, top
view analyzes show that the remaining 〈111〉A directions have a three-fold symmetry.

As mentioned above, the axial growth of GaSb in [111]B direction does not result in a pure
ZB crystal structure but also produces twin boundaries. These are of a lower density than in
the 〈111〉A directions. At these twin boundaries, the GaSb crystal is rotated by 180◦ around
the [111]B direction. Consequently, also the 〈111〉 directions are rotated by 180◦. The three-fold
symmetry induced by the higher growth rate in the 〈111〉A directions develops into a quasi six-
fold symmetry, being also observed experimentally (Fig. 6.3c). In this situation, slowly growing
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Figure 6.10: FFT-filtered HRTEM image from
Fig. 6.9e showing dislocations located in the GaSb
platform not originating from the lattice mismatch
between InAs and GaSb. Insets display higher magni-
fication images clearly proving the dislocations. Pub-
lished in [258].

〈111〉B facets are in close neighborhood to the fast growing 〈111〉A facets. These two growth
fronts can then coalesce. The corresponding HRTEM image evidences the presence of twins in
all 〈111〉 directions (Fig. 6.9d,e). The FFT of the image reveals streaks in three orientations.
One of the orientations is assigned to the [111]B direction (blue), another one to the [111]Aa

direction (red) and the last one to its twinned counterpart [111]Bb (green). Here, the subscripts
a and b denote the two ZB twins. This multiple direction-twinned ZB GaSb may induce defects.
These are present only in the upper pure GaSb region with ZB crystal structure. The defects
are caused by the growth mechanism of GaSb on twinned ZB GaSb rather than by the lattice
mismatch between InAs and GaSb. In order to make the defects visible, Fig. 6.10 displays a
FFT-filtered HRTEM image of Fig. 6.9e. Some dislocations are visible, two of them are magnified
in the insets. These dislocations are located at the connection point of the 〈111〉A and 〈111〉B
directions.
It should be pointed out that the dislocations in the upper pure GaSb region are observed only
for relatively thick shells and are located only in small region at the top. The core-shell region
itself, especially the interface between the InAs and the GaSb, is free of dislocations as discussed
in detail. Consequently, the defects should not affect the band-to-band tunneling in TFETs.
The transport in the GaSb shell itself may be affected e.g. by the strain field of the defects. For
NW heterostructures with multiple shells, the formation and structure of the platform affects
the growth of additional shells and results in inhomogeneous thicknesses close to the top (see
Sec. A.3). Accordingly, the platform represents a morphological characteristic which is not
beneficial for NW heterostructures based on multiple shells.

6.1.2. AlGaSb shells3

AlxGa1−xSb shells are grown around InAs NWs at substrate temperatures of 360◦C, being op-
timal for conformal GaSb shells as described in the previous section. The Sb flux is set to
8 · 10−7 mbar and the total flux of the group III elements is kept constant at a planer growth
rate of 0.1 µm/h. If not mentioned differently, the growth duration of the shell is 60 min resulting
in shell thicknesses of ∼ 20-25 nm. Considering planar growth, the critical thickness according to
the Matthews-Blakeslee theory is 20 nm for GaSb and decreases to 10 nm for AlSb (see Sec. 3.1).

Figure 6.11 shows overview SEM micrographs of InAs/AlxGa1−xSb core-shell NWs with x
ranging from 0 to 1 in steps of 0.2. For all Al contents, the NWs have uniform dimensions, no

3Most results of this section have been published inT. Rieger, D. Grützmacher, and M. I. Lepsa. InAs nanowires
with AlxGa1−xSb shells for band alignment engineering. Journal of Crystal Growth, 425:80-84, 2015. Ref. [257]
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Figure 6.11.: SEM micrographs of InAs/AlxGa1−xSb core-shell NWs with Al contents of (a) 0, (b) 0.2,
(c) 0.4, (d) 0.6, (e) 0.8 and (f) 1. Published in [257].

clustering of the AlxGa1−xSb or tapering is observed. The only remarkable difference found is
located at the top of the NWs. For pure GaSb shells, a platform develops at the top. This
has a flat facet as well as a diameter expansion compared to the rest of the NW as already
pointed out in the previous section. By increasing the Al content, the platform slowly van-
ishes and the flat top facet transforms into a rounded and faceted top similar to that of the
pure InAs NW. The transition from a flat to a tapered shell occurs roughly in the region of
40 – 60% Al. It may, however, also depend on the growth time of the shell. The flat top facet
of GaSb shells was attributed to a low growth rate of the {111}B facet, the diameter expansion
to radial growth occurring on ZB GaSb inducing additional twins (see previous section). When
pure AlSb shells are grown, the growth rate of the {111}B facet is higher than that of the
{110} and {211} facets. Using TEM micrographs the length of the axially grown GaSb after
60 minutes of growth was measured to be ∼ 0 nm while it increased to ∼ 50 nm, ∼ 80 nm
and ∼ 95 nm for for AlxGa1−xSb shells with x = 0.2, 0.6 and 1, respectively. Considering axial
growth solely be caused by direct impingement, an axially grown AlGaSb segment of ∼ 100 nm
is expected, being in good agreement with the length of the AlSb on top of the InAs. Thus, the
presence of Al reduces the adatom mobility and therefore favors the axial growth of AlxGa1−xSb.

The successful and homogeneous incorporation of Al into the shells was confirmed by EDX
line scans. Two exemplary scans are shown in Fig. 6.12 together with bright field TEM images.
Figures 6.12a and b are taken from a core-shell NW with a nominal Al content of 20 %. The Al
signal in the EDX line scan is very weak, but it was clearly identified in the spectra. The TEM
image, acquired from the 〈211〉 zone axis, exhibits smooth surfaces and interfaces. No evidences
of a phase separation or an inhomogeneous alloy are found. The thickness of the native oxide of
the Al0.2Ga0.8Sb shell is in the same range as that of pure GaSb shells, i.e. 3-4 nm. An increase
of the Al content in the shell to 60 % significantly increases the thickness of the native oxide. It
is then in the range of 8-10 nm (not shown). This is a direct evidence for the incorporation of
a higher amount of Al which has a stronger tendency to the formation of a native oxide layer.
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Figure 6.12: TEM micrographs ac-
quired from the 〈211〉 zone axis
of (a) InAs/Al0.2Ga0.8Sb and (c)
InAs/Al0.6Ga0.4Sb core-shell NWs. EDX
profiles shown in (b) and (d) demon-
strate the incorporation of Al into the
shell as well as a GaSb cap layer on the
InAs/Al0.6Ga0.4Sb core-shell NW. Published
in [257].

Figure 6.13: (a) TEM image and (b) HAADF
image of an InAs/Al0.6Ga0.4Sb core-shell NW,
(c) EDX profile taken along the NW axis with
Ga and Al intensity normalized to the Sb in-
tensity. The EDX profile demonstrates a uni-
form shell composition along the NW. The ho-
mogeneous shell thickness is evident from the
HAADF image. Published in [257].

Consequently, an additional thin GaSb cap layer was grown around InAs/AlxGa1−xSb core-shell
NWs with Al contents above 20 %. Figures 6.12c and d display the TEM micrograph and the
corresponding EDX profile of an InAs/Al0.6Ga0.4Sb/GaSb core-shell NW. The thickness of the
native oxide is again in the order of ∼ 4 nm and a corresponding delayed onset of the Al signal
in the EDX profile is observed. The Al to Ga ratio is significantly higher than in Fig. 6.12b.
Accordingly, the amount of incorporated Al in the shell increased. The interfaces and surfaces
of all layers are found to be smooth. This not only proves that the thin GaSb shell prevents ox-
idation of the underlying AlGaSb, it is also a first demonstration of a multiple core-shell system
based on arsenides and antimonides.

Although the incorporation of Al into the shell is proven, the actual composition of the AlGaSb
shell along the growth axis may vary due a temperature gradient along the NW axis [105, 186]
or different adatom diffusion lengths for Ga and Al. Consequently, EDX spectra were acquired
at different positions along the NW axis of a core-shell NW with an Al0.6Ga0.4 shell. In order to
compensate for thickness variations and sample drift, the intensities of Ga and Al were normal-
ized to that one of Sb. The TEM micrograph, the HAADF image as well as the corresponding
EDX profile displayed in Fig. 6.13 indicate a uniform shell thickness along the NW axis as well
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Figure 6.14: HAADF and
TEM images of InAs/AlSb and
InAs/AlSb/GaSb core-shell NWs
proving the absence of strong
oxidation in InAs/AlSb/GaSb
core-shell NWs. (a) HAADF
image with super imposed EDX
linescan of an InAs/AlSb core-
shell NW. (b) TEM micrograph
of the same NW showing the
thick oxidized shell. (c) HAADF
image with super imposed EDX
linescan of an InAs/AlSb/GaSb
core-shell NW. No evidence of
oxygen in the AlSb is seen.

as a relatively uniform composition. Slight variations should rather be caused by the limited
time used to acquire the spectra than by a temperature gradient or differences in the adatom
mobilities. Accordingly, the substrate temperature of 360◦C is low enough that adatom diffusion
does not influence the composition of the shell.

When pure AlSb shells are grown, the necessity of a GaSb cap preventing oxidation becomes
even more evident. A pure, nominally 20 nm thick AlSb shell oxidizes completely in ambient air
if not protected by a GaSb cap. Figure 6.14a displays the HAADF image and superimposed EDX
profile of an oxidized AlSb shell covering an InAs NW. A strong signal corresponding to Oxygen
is detected in the EDX profile. TEM analyses prove that the shell is entirely amorphous while the
InAs core is still crystalline (see Fig. 6.14b). Due to the addition of oxygen, the thickness of the
shell increases significantly to around ∼ 40 nm. No peel-off of the shell is observed which allows
to use the oxidized shell as a passivation of the NW or as a gate dielectric. The addition of thin
GaSb shell around the AlSb shell circumvents the oxidation of the AlSb. The HAADF profile
and the superimposed EDX profile shown in Fig. 6.14c demonstrate both the absence of Oxygen
in the AlSb as well as the absence of a thick amorphous layer. At the NW edges, intensity peaks
belonging to Ga and Oxygen are observed, both having similar extents. Hereafter, the Oxygen
signal in the EDX spectra decreases drastically, indicating that only a thin oxide is covering the
NW. The thickness of the GaSb cap after (partial) oxidation can be approximated both from
the EDX profile as well as the HAADF image (bright edges) to about 4-5 nm. The absence
of an oxidized AlSb shell is further evidenced by the TEM image depicted in Fig. 6.15a. The
crystalline structure of the InAs NW with stacking faults and twins continues into the shell
having a thin native oxide layer only. The contrast allows to estimate the AlSb shell thickness
to be in the range of 25-30 nm, i.e. more than twice as thick as the critical thickness in planar
systems. Due to the high density of stacking faults and twins, the analyses of misfit dislocations
becomes difficult when evaluated from the 〈110〉 zone axis. By aligning the NWs to the 〈211〉
zone axis, contrast arising from stacking faults and twins disappears but misfit dislocation, i.e.
extra or missing (111) planes, are still visible. Consequently, Fig. 6.15b and c depict HRTEM
images from NWs with 10 and 25 nm thick AlSb shells from the 〈211〉 zone axis. Considering
planar structures, 10 nm represents the critical thickness for coherent growth of AlSb on InAs.
Figure 6.15b displays a TEM micrograph of a NW with a 10 nm thick AlSb shell, contrast arising
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Figure 6.15.: TEM images of InAs/AlSb/GaSb core-shell NWs. (a) 25 – 30 nm thick AlSb shell with a
GaSb cap seen from the 〈110〉 zone axis. (b) 10 nm thick AlSb shell with a GaSb cap seen from the 〈211〉
zone axis. (c) Detailed image of an InAs/AlSb/GaSb core-shell NW with a 25 – 30 nm thick AlSb shell
with a GaSb cap seen from the 〈211〉 zone axis. (d) FFT-filtered image of (c). White lines in (c) and (d)
indicate the interface InAs-AlSb.

from the core and shell is clearly observed. The interface appears to be smooth. A native oxide
with a thickness of about 4 – 5 nm is present. This is limited to the additional GaSb shell. As
expected due to the low lattice mismatch as well as the thin thickness, no misfit dislocation are
detected. However, even for an increase of the shell thickness to ∼ 25 nm, a thorough analysis
of TEM images did not reveal any misfit dislocations. Exemplary, a HRTEM image is shown
in Fig. 6.15c, the interface from InAs to AlSb is marked by the white line. Also after long shell
growth times, the interface appears to be smooth, indicating only a low temperature-induced
intermixing. A FFT-filtered image of Fig. 6.15c showing only the {111} planes is displayed
in Fig. 6.15d. Following each of the {111} planes from the InAs core into the AlSb shell and
searching for terminating planes allows to identify possible misfit dislocations. Similar as in
the image in Fig. 6.15b, no terminating planes and therefore no misfit dislocations were found.
In conclusion, coherent growth of InAs/AlSb core-shell NWs is achieved with shell thicknesses
exceeding the critical thickness of planar structures significantly. Similar as for the InAs/GaSb
core-shell NWs shown in the previous section, the critical thickness in the NW geometry is at
least twice as high as for planar systems. It should be mentioned that this is even the case for
relatively thick NWs. The core-shell NW depicted in Fig. 6.14c has a core diameter of about
175 – 200 nm and no misfit dislocations are observed in the NW. This further demonstrates the
excellent suitability of core-shell NWs of various dimensions for the dislocation-free integration
of lattice mismatched material systems.
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Figure 6.16.: Preliminary results of InAs/AlGaxSb1−x core-multiple shell NWs. (a) Low resolution
TEM image of an InAs/GaSb/InAs core-shell NW from the 〈211〉 zone axis. (b) High resolution TEM
image of an InAs/GaSb/InAs core-shell NW from the 〈211〉 zone axis. (c) High resolution TEM image
of an InAs/AlSb/InAs core-shell NW from the 〈110〉 zone axis. (d) High resolution TEM image of an
InAs/AlSb/InAs core-shell NW from the 〈211〉 zone axis. (e) TEM image of an InAs/AlSb/GaSb/InAs
core-shell NW from the 〈211〉 zone axis. (f) TEM image of an InAs/AlSb/InAs/AlSb/GaSb core-shell
NW forming a radial InAs quantum well from the 〈211〉 zone axis. Red overlays indicate InAs, blue and
green overlays represent GaSb and AlSb, respectively.

6.1.3. Future structures based on the InAs/AlxGa1−xSb core-shell nanowires

The InAs/AlxGa1−xSb core-shell NWs presented in the previous sections already represent very
promising structures for future low power consumption devices (such as TFETs) or high mobility
structures (capping of InAs NWs with AlSb). More complex core-shell structures can, however,
further enhance the possible applications. In the following, different structures are shortly
described and preliminary growth results are discussed. Detailed descriptions including SEM
and TEM data are given in the Appendix A.3.

• InAs/AlxGa1−xSb/InAs core-shell NWs: Covering InAs/AlxGa1−xSb core-shell NWs
with an additional shell of InAs can e.g. form two interfaces where band-to-band tunnel-
ing takes place (InAs/GaSb/InAs core-shell NWs) or misfit dislocation free InAs tubes
(InAs/AlSb/InAs core-shell NWs). In the latter, the InAs shell is separated from the
InAs core by the AlSb shell. The InAs core may be doped to high values to act as an
“internal“ gate having a very uniform influence on the carrier concentration in the InAs
shell. InAs/GaSb/InAs core-shell NWs are found to grow with smooth interfaces and free
of misfit dislocations, as evident from the TEM micrographs displayed in Fig. 6.16a,b. In
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absence of the platform, the NWs exhibit a uniform morphology with smooth side facets
and without tapering (Fig. 6.16a,b). A platform at the top of the InAs/GaSb core-shell
NW has a strong effect on the growth of the additional InAs shell (see Appendix). If
the InAs/GaSb NWs contain the GaSb platform and the associated twinning at the top,
the additional InAs shell is found to induce an inverse tapering, i.e. a larger diameter at
the top than at the bottom. Correspondingly, the InAs shell is thicker at the top than
at the bottom. InAs/AlSb/InAs core-shell NWs exhibit smooth interfaces from the InAs
core to the AlSb shell but rough, saw tooth-like interfaces with {111} as well as {001}
(ZB notation)/{1011} (WZ notation) facets from the AlSb shell to the InAs shell (see
Fig. 6.16c,d). This roughness is observed from both zone axes used for the NW analysis,
i.e. the 〈110〉 zone axis (Fig. 6.16c) and the 〈211〉 zone axis (Fig. 6.16d). The InAs shell
was grown at the same temperature as the AlSb and GaSb shells, In and As fluxes were
similar to those used for the growth of InAs shells around GaAs cores (see Sec. 5.1). A
slight change of the substrate temperature for the growth of the InAs shell does not result
in an improvement of the interface. The interface from an AlSb shell to a GaSb shell is
smooth (see Sec. 6.1.2). Consequently, the rough interface is attributed to the growth of
the InAs shell. Replacing the AlSb shell with an Al0.6Ga0.4Sb shell again results in smooth
interfaces.

• InAs/AlSb/InAs/GaSb and InAs/AlSb/GaSb/InAs core-shell NWs: In TFET
devices, the relatively thick InAs core may result in high parasitic currents and an in-
efficient gate coupling to the core. Accordingly, the active broken gap heterostructure
is placed close to the surface with very thin shells of InAs and GaSb. This is obtained
by an InAs/AlSb core. The InAs core solely acts as a host material, AlSb is an isol-
ation layer. InAs/AlSb/GaSb/InAs core-shell NWs have always smooth interfaces (see
Fig. 6.16e) while InAs/AlSb/InAs/GaSb core-shell NWs suffer from the rough interfaces
observed in InAs/AlSb/InAs core-shell NWs.

• Radial InAs quantum wells: Dislocation free tubular conductors based on InAs can
be obtained by InAs/AlSb/InAs core-shell NWs as described above. These structures still
suffer from scattering of the carriers at the surface of the InAs shell. This scattering
may be avoided by an additional AlSb shell as well as a protective GaSb capping layer.
This structure forms a radial InAs quantum well. Identical to the previous structures, the
interface from the first AlSb shell to the InAs shell is rough while the interfaces from InAs
to AlSb are always smooth. Similarly, the GaSb cap has a smooth interface to the AlSb
shell. Figure 6.16f displays a TEM micrograph of this particular structure. Also here, a
highly doped InAs core may act as an internal gate. Additionally, a modulation doping
can be obtained by Te doping in the AlSb [330] or a remote InAs(Si) doping [19].

Certainly, most of these structure still suffer from the rough AlSb/InAs interfaces. Nonethe-
less, the obtained results already indicate the potential of these heterostructures.

6.2. Temperature induced transition from axial to radial growth in

GaAs/InSb heterostructure nanowires

InSb represents a highly interesting semiconductor: the band gap is very small (∼ 0.17 eV) with
a high electron mobility (∼ 77000 cm2/Vs), small electron mass (0.014m0) and a high g-factor
(∼ 50) [145, 147]. This combination of semiconductor properties is especially beneficial for high
mobility structures [67, 113, 213] and investigations of spin-based devices [13, 221, 224, 316].
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Figure 6.17.: Temperature dependence of GaAs/InSb heterostructure NWs. Growth temperature of the
InSb are (a) 460◦C, (b) 380◦C and (c) 300◦C.

Additionally, InSb NWs are ideal for the search for Majorana fermions [69, 218]. The growth
of InSb NWs without the use of an external catalyst has only been demonstrated by Mandl
et al. by MOVPE [204]. The obtained NWs were rather short and thick. For Au-catalyzed
NWs, typically a stem of InAs or InP is used in order to lift the catalyst particle away from the
substrate [42, 43, 86, 245].
In our case, heterostructures based on a combination of GaAs and InSb are used. The lattice
mismatch between both semiconductors is ∼ 14%, thus very high. Such high lattice mismatches
result in critical thicknesses of only few Å. For core-shell NWs this is demonstrated in Sec. 3.4.
Considering axial heterostructures, Glas [104] as well as Ye and Yu [342] analyzed the critical
dimensions for various lattice mismatches. The results are similar: very thin bottom segments
or short axially grown parts are required to achieve dislocation free structures. The band align-
ment between GaAs and InSb was yet not well investigated, possibly due to the high lattice
mismatch and the strong impact of the strain. In planar structures, the alignment should be of
type I [209, 280], i.e. similar as for GaAs/InAs. In heterostructure NWs, the alignment is expec-
ted to depend strongly on the NW dimensions [242, 243]. A short InSb segment placed axially
between GaAs should be a semimetal while the conventional type I alignment is expected be
present for longer InSb segments [243]. In a core-shell NW, the GaAs core has to have a negative
band gap for thick InSb shells whereas for thinner InSb shells a broken gap heterostructure is
expected [242]. While GaAs and GaSb [114, 149, 274] as well as InAs and InSb [42, 43, 86, 245]
have frequently been combined in NWs, NW heterostructures based on GaAs and InSb have not
yet been investigated.

For the GaAs/InSb heterostructures, GaAs NWs were grown using a substrate temperature
of ∼ 600◦C, a Ga rate of 0.1 µm/h and an As4 flux of 2.5·10−6 mbar. The catalyzing Ga
droplet was consumed, identical as for GaAs/InAs core-shell NWs. Using these slightly different
growth conditions than in Sec. 4.3, the GaAs NWs exhibit a flat top facet as shown exemplary
in the Appendix A.4. After reducing the substrate temperature to the temperature desired for
the growth of InSb, the As shutter was closed and after a pause of 2 min, the Sb shutter was
opened. Sb was provided for 30s before In was supplied. Both the substrate temperature and
the Sb flux were found to have an impact on the growth. Typically, high Sb fluxes resulted in the
formation of InSb particles at the top, similar to observations made in Ref. [245], or several InSb
nucleation spots along the NW. The most dominant effect arises from the substrate temperature,
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which was varied between ∼ 260◦C and ∼ 500◦C. Figure 6.17 demonstrates this effect of the
substrate temperature by SEM micrographs. At high temperatures of about 460◦C, a large
diameter “particle“ is found at the top of the NWs and a droplet seems to be present at the top
(see Fig. 6.17a). A decrease of the substrate temperature to ∼ 380◦C results in a nucleation
of InSb at several spots along the GaAs NW, as seen in Fig. 6.17b. In some cases, even In
droplets distributed along the NW axis are found. Rather similar morphological characteristics
have been observed in GaAs/InAs core-shell NWs [262] where conformal core-shell NWs were
obtained by further decreasing the substrate temperature. Consequently, Fig. 6.17c displays
GaAs/InSb heterostructure NWs with InSb growth at ∼ 300◦C. The NWs have rather smooth
surfaces.
This means that two interesting morphologies are observed: (1) GaAs/InSb heterostructure NWs
grown at high temperatures and (2) GaAs/InSb heterostructure NWs grown at low temperatures.
These two structures are discussed in detail in the following.

6.2.1. Axial nucleation of InSb on GaAs nanowires

As it is shown in Fig. 6.17a, a high growth temperature of the InSb provides an axially increased
NW diameter where a droplet seems to be present on top of the NW. A close up of a single
NW is displayed in Fig. 6.18a, clearly demonstrating two sections with different diameters. The
lower part has a diameter in the range of ∼ 100 nm while it is roughly doubled in the upper
short segment. The lower part is GaAs. The transition to the upper region is abrupt and is
shown in higher magnification in Fig 6.18b. This proves that the upper part can be further
separated into two regions, the lower being crystalline as obvious by the faceted shape. These
facets are mainly of {110} type, similar as the long and thin GaAs stem, but two smaller facets
are observed as well (see colored areas in Fig. 6.18b). On top of the large diameter section, a
hemispherical shape is found, indicating the presence of a droplet. This large diameter section
exactly follows the growth direction of the GaAs stem. This situation is observed in most cases,
but also other orientations are found. Three of them are depicted in Fig. 6.18c-e. These images
show that also upper segments tilted with respect to the stem (Fig. 6.18c,e) or even segments
growing downwards the stem (Fig. 6.18d) are found. A detailed analyses reveals that the InSb
growth always proceeds in one of the 〈111〉 directions, e.g. 〈111〉A or 〈111〉B. In each situ-
ation, a droplet is located at the end of the large diameter section. Interestingly, Au-catalyzed
GaAs/GaSb heterostructure NWs showed rather similar morphologies with a preferred growth
at the top [274]. In the following, only structures where the large diameter section has the same
macroscopic orientation as the GaAs stem are discussed. The GaAs stem typically exhibits a
slight roughness induced by the growth of InSb on the side facets of the GaAs (see Fig. 6.18b,c,e).

Pure GaAs NWs are usually straight and do not show any abrupt variation of the diameter (cf.
Sec. 4.3.2. Prior to the growth of InSb, the catalyzing Ga droplet was consumed. Accordingly,
the large diameter segment on top of the NWs should be InSb and the droplet should be composed
of In and, depending on its solubility, Sb. The composition of the entire NW was analyzed by
EDX. Figure 6.19a shows the HAADF image and elemental maps of Ga, As, In and Sb. The
NW was aligned to the 〈110〉 zone axis. The stem is composed of GaAs while the large diameter
section at the top contains InSb. No traces of Ga or As are detected within the InSb. The
droplet is made up of In. Any statement about the amount of Sb in the droplet is difficult,
the corresponding count rates are below the detection limit. The presence of the In droplet in
accordance with the absence of traces of Ga or As in the InSb suggests that the Ga droplet
was totally consumed before In and Sb were supplied. Therefore, an In droplet was rebuilt on
top of an existing GaAs NW, i.e. a GaAs NW serves as the stem for the axial growth. This
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Figure 6.18.: SEM micrographs of single GaAs/InSb heterostructure NWs focusing on the upper segment.
(a) Single NW with InSb growth following the growth direction of the GaAs stem. (b) Close up of the top
of (a) The two small facets are colored. (c)-(e) InSb growing in the 〈111〉 directions not being the growth
direction of the stem. The growth directions of the InSb are written in the corresponding images.

Figure 6.19.: HAADF images and elemental maps of Ga, As, In and Sb in an axial GaAs/InSb het-
erostructure. (a) Overview of the upper part including GaAs and the entire InSb. (b) Interface region
between both semiconductors.

growth method may create an abrupt heterostructure between the GaAs and the InSb. A more
detailed composition map around the interface GaAs/InSb is plotted in Fig. 6.19b. It evidences
a very abrupt transition from the GaAs to the InSb with only slight radial overgrowth of the
InSb covering the GaAs stem. This overgrowth takes place at the upper ∼ 20 – 30 nm of the
GaAs stem and forms a short parasitic core-shell segment.

A more detailed picture about the interfacial abruptness and composition of the droplet is
gained from Fig. 6.20. Figure 6.20a shows a TEM micrograph of a GaAs/InSb heterostructure
NW with about ∼ 300 nm InSb grown axially on the GaAs. An EDX line scan superimposed on
the image demonstrates that Sb is absent in the droplet, being different than observations made
by Mandl et al. for MOVPE grown self-seeded InSb NWs [204]. They found Sb concentrations
ranging from a few up to 20 % in the In droplet, being dependent on the growth time. Here,
careful investigations of GaAs/InSb heterostructure NWs grown for different durations and with
slightly different Sb fluxes do not exhibit any conditions where Sb was found to be present in
the droplet after the growth. According to the In-Sb phase diagram the solubility of Sb in solid
In is very low at room temperature [279]. At the growth temperature of ∼ 460◦C, the situation
is different. There, the solubility of Sb in liquid In is between 20 and 30 %. Due to the large
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Figure 6.20.: TEM images and EDX line scans of axial GaAs/InSb heterostructures. (a) TEM image
of 300 nm InSb grown on a GaAs stem with a superimposed EDX line scan. (b) Detailed EDX line scan
of the region marked in (a). (c) TEM image showing a short InSb segment. (d) EDX line scan of the
region marked in (c). The interfacial abruptness is a few nm.

difference in solubility at room temperature and growth temperature, the post-growth analyses
of the droplet does not provide reasonable information about the state of the droplet during the
growth. The slow cool down from the growth temperature to room temperature may result in
a continuous growth of InSb below the droplet. This growth reduces the concentration of Sb in
the droplet. Certainly, the decreasing Sb concentration during the cool down may also affect
the crystal structure of the InSb, as it will be discussed later. The high solubility of Sb in liquid
In around temperatures of ∼ 460◦C also serves as an explanation for the increased diameter of
the axially grown InSb compared to the GaAs stem. The In droplet nucleated at the top facet
of the GaAs stem may have initially the diameter of the stem. During the growth, it becomes
saturated with Sb which increases the size of the droplet, i.e. the diameter of the InSb.

The second interesting region is the interface between the GaAs and InSb. Figure 6.20b shows
the EDX line scan across the interface. A continuous decrease of the In and Sb signals and an
increase of the Ga and As signals in the region between 20 and 40 nm are observed. In the
remaining areas, the signals are constant. Consequently, the chemical composition is changed
over a distance of about 20 nm. This does not imply than an InGaAsSb alloy is formed in this
region, rather a core-shell system, that is a radial growth of InSb on the GaAs, is developed
as it is also evident from the EDX maps in Fig. 6.19b. The abruptness of the interface is
still high but two different interfaces are formed: one interface in the axial direction where the
switching occurs in the [111]B direction and another interface in the radial 〈110〉 directions.
The abruptness along the [111]B direction is analyzed in a sample with a short InSb growth
time of about 5 min shown in Fig. 6.20c. Contrast arising from the interface between GaAs and
InSb is clearly evident. The In droplet crystallized during cool down as obvious by the faceted
shape and Moiré fringes. An EDX line scan displaying the transition from the GaAs stem to
the axially grown InSb is depicted in Fig. 6.20d. Here, the interfacial abruptness is measured
to ∼ 2 – 5 nm, which is mainly limited by the resolution of the EDX analyses. Additionally,
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Figure 6.21.: (HR)TEM images of an axial GaAs/InSb heterostructure NW. (a) Overview image. (b)
Axial InSb section. (c) Lower part of the InSb with twinned ZB crystal structure. (d) Transition from
ZB to 4H to WZ. The stacking sequence is indicated by colored dots representing the  A,  B and  C
layers. (e) Transition from WZ to ZB immediately below the droplet.

little radial overgrowth of the GaAs stem with the axially nucleated InAs may still occur. This
analyzes indicates that the interface between both semiconductors is rather abrupt, despite the
fact that both are grown with a droplet and the InSb growth takes place at a temperature close
to its melting point (∼ 525◦C). This is even more surprising by considering that both the group
III and the group V elements are exchanged across the junction.

The group III droplet assisted growth of semiconductor NWs typically results in a crystal
structure containing only few stacking defects [109, 259]. Concerning the GaAs/InSb axial
heterostructure, Fig. 6.21 depicts bright field TEM images of the upper region of the NW
displaying the entire InSb part including the droplet as well as parts of the GaAs stem. The
low resolution image (Fig. 6.21a) proves that only few stacking defects are present in the InSb
section. The GaAs NW stem exhibits the commonly observed crystal structure containing twin
defects as well as the WZ phase close to the top (see Sec. 4.3). Figure 6.21b depicts the InSb
part in higher resolution. After nucleation of the InSb on the GaAs stem, the crystal structure
is uniform for about 150 nm, followed by some twin defects. The crystal structure is ZB as
evident from Fig. 6.21c. This crystal structure changes in the upper third of the InSb section.
When the diameter of the InSb starts to decrease, the crystal structure changes from ZB to
the 4H polytype (see Fig. 6.21d). This 4H polytype is characterized by a stacking sequence of
... ABCBABCBABCB .... The 4H structure represents a rather unusual crystal structure but
was already observed in NWs [73, 132] and also by Mandl et al. in self-seeded InSb NWs [204].
Similar as in the study by Mandl et al. [204], the 4H polytype is observed only in a small region
before it switches into the WZ crystal structure. The WZ structure is present over a length of
about 40 nm. Hereafter, it switches back into the ZB crystal structure just beneath the droplet.
By means of the hexagonality, the 4H structure is described as an intermediate state between
the ZB and the WZ structure [235]. The hexagonality represents the number of hexagonal layers
in the unit cell: ZB has a hexagonality of 0%, 4H 50% and WZ has a hexagonality of 100%.
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Figure 6.22.: (HR)TEM images of a long axially grown InSb segment on top of a GaAs stem. (a)
Overview image and (b-d) HRTEM images along different positions along the InSb. White lines in (c)
indicate the ZB stacking sequence with twins.

The small ionicity of InSb and the large energy difference between the ZB and the WZ favor
the the crystallization in the ZB phase [3, 235]. Mandl et al. correlated the change in crystal
structure of the InSb with a continuous increase of the Sb concentration in the droplet [204]. In
our case, the Sb concentration in the droplet could not be measured ex situ. The upper short
ZB segment may be caused by the partial consumption of the In droplet during the cool down
from the growth temperature.
Interestingly, the crystal structure is not identical on all NWs from the same growth run. In
some case,s a (twinned) ZB structure without the WZ or 4H phase is observed. This difference
in crystal structure suggests that the crystal structure of the In-assisted growth of InSb, i.e. the
presence of twins or other crystal phases except the ZB phase, is very sensitive to the actual
growth conditions, which may vary from NW to NW due to variations in the local environment.

This is evidenced by Fig. 6.22 displaying TEM micrographs of a GaAs/InSb heterostructure
NW with a rather long InSb growth time of ∼ 120 min. The droplet is consumed unintentionally
and the InSb segment is the longest obtained. It has a length l of about 700 nm and a diameter
d of ∼ 250 nm, the aspect ratio a = l/d is 2.8. Considering the long growth time, the InSb
section is rather short. In conjunction with the absence of the droplet, this suggests that the
droplet was consumed during the growth due to changes in the adatom migration. This reduces
the amount of In adatoms arriving at the droplet which leads to a consumption of the droplet
during the growth. Nonetheless, the NW displays a good representation of the crystal structure
of the InSb, since it has the longest growth time. The crystal structure starts with a long pure
ZB segment as seen in Fig. 6.22b. Subsequently, a section with twins in the InSb occurs. The
spacing between the twins is not constant but increases along the growth direction (Fig. 6.22c).
The upper 100 nm are again of pure ZB crystal structure (Fig. 6.22d), possibly being caused by
the consumption of the In droplet during the growth or the cool down. Vapor liquid solid grown
InAs NWs actually exhibit an analogous crystal structure of twinned ZB but with periodically
spaced twin planes [109]. The vapor liquid solid InAs NWs had a flat top facet, identical to the
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axially grown InSb in this study (see Fig. 6.22a,d).

The bulk lattice mismatch between the GaAs in the stem and the InSb grown axially is ∼ 14%.
Axial heterostructures are usually regarded to be optimal for an efficient combination of mis-
matched materials, since the interfacial area is small and strain can be relaxed in the radial
direction. Glas [104] as well as Ye and Yu [342] calculated the dimensions where pure elastic
strain relaxation takes place. For extremely high lattice mismatched such as in the GaAs/InSb
system, coherent growth is only possible for very thin NWs and/or very thin epitaxial lay-
ers. Previous studies e.g. on GaAs/GaSb and InAs/InSb axial heterostructures, both having a
nominal lattice mismatch of about 7%, showed the presence of misfit dislocations [65, 160]. Ac-
cordingly, strain relaxation via dislocations is also expected for the present study. Figure 6.23a
displays the interface between the GaAs stem and the axially grown InSb of the sample shown
in Fig. 6.20c. The NW is oriented along the 〈110〉 zone axis. The GaAs stem is characterized
by a long WZ segment at the top, followed by a short ZB region having an almost flat top facet.
A slight rounding towards the edges is observed, which is also observed in the EDX maps in
Fig. 6.19. The InSb adopts the ZB crystal structure and the stacking sequence of the GaAs, no
twins or stacking faults in the InSb near the interface are observed. A higher magnified image
of the interface is shown in Fig. 6.23b, the inset displays the corresponding FFT. The splitting
of the Bragg spots indicates that plastic relaxation takes place, both axially and radially. Ap-
plying a mask to the (111) reflections (encircled in red in the FFT) and calculating the inverse
FFT, produces the FFT-filtered image shown in Fig. 6.23c. It solely displays the (111) lattice
planes. Terminating lattice planes are frequently observed at the interface (indicated by the
purple arrows), proving the presence of misfit dislocations. No stacking faults associated with
the dislocations are observed, thus the dislocations are perfect dislocations. The presence of per-
fect dislocations was further confirmed by Burgers circuits. The average distance between the
dislocation is measured to 2.8 nm. Assuming complete strain relaxation, the expected distance
d between two dislocations is given by d = b/f , where b is the Burgers vector of the perfect
dislocation, b = a/2 · [110], and f is the lattice mismatch. The expected distance between the
dislocations is then in the range of 2.7 – 3 nm. Accordingly, the measured distance between
neighboring dislocations indicates that the axially grown InSb is completely relaxed.

Figure 6.23d displays the same interface from the 〈211〉 zone axis, thus the NW was rotated
by 30◦ around the growth axis. Both materials and the interface between them are clearly
distinguished. The FFT of the image is displayed as an inset. Identical to the FFT shown in
Fig. 6.23b, the FFT of the image from the 〈211〉 zone axis exhibits splitted Bragg spots for all
lattice planes. The inverse FFT calculated by applying a mask to the (022) spots (x-direction in
the FFT) is depicted in Fig. 6.23e. Similar to the inverse FFT of Fig. 6.23c, misfit dislocations
are found. They form a regular array with a distance between two adjacent dislocations of
∼ 1.4 nm, corresponding to ∼ 7 (022) planes. This agrees with the 14% lattice mismatch
between both semiconductors. The distance between the (022) planes in the GaAs and InSb
regions is measured to ∼ 1.97 Å and ∼ 2.27 Å, respectively. In bulk GaAs and InSb, these
distances are 2 Å and 2.29 Å. Comparing the measured and theoretical values, it is concluded
that both semiconductors are completely relaxed in the radial direction. The efficiency and
abruptness of the strain relaxation is further analyzed by means of geometric phase analyses
(GPA), which provides strain maps from HRTEM images (see Sec. 2.3 and Refs. [142, 143]).
Figures 6.23f and g display the ǫxx and ǫyy strain maps, respectively. In both strain maps
it is seen that the strain is relaxed immediately when the dislocations occur, no gradient is
observed. The dislocations are found within a sharp transition region from the GaAs to InSb.
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Figure 6.23.: HRTEM images, dislocations and strain relaxation at the interface between GaAs and
axially grown InSb. (a,b) Interfacial region (from the 〈110〉 zone axis) exhibiting clear contrast between
the semiconductors. Inset in (b) shows the FFT with a splitting of the spots. (c) Inverse FFT calculated
by masking the spots marked in the inset in (b). Terminating planes indicate misfit dislocations. (d)
HRTEM image of the interface acquired from the 〈211〉 zone axis. The inset shows the FFT. (e) Inverse
FFT showing the (022) lattice planes. (f,g) ǫxx and ǫyy strain maps of (d). (h) Inverse FFT showing the
(111) lattice planes. Purple arrows in (c), (e), (f) and (g) point at dislocations.

This indicates that the interface between GaAs and InSb is not alloyed and further evidences
the high abruptness of the heterostructure. The strain maps allow to measure the experimental
lattice mismatch in both directions, namely the radial 〈110〉 (ǫxx strain map) and the axial 〈111〉
(ǫyy strain map) directions. This experimental lattice mismatch is evaluated to 13.5 – 15 % for
both directions, that is a similar value as the lattice mismatch between the GaAs and InSb.
The inverse FFT obtained by considering only the (111) lattice planes of Fig. 6.23d is depicted
in Fig. 6.23h. The distance between the (111) planes in the GaAs is measured to ∼ 3.25 Å,
which agrees with the distance of 3.26 Å in bulk GaAs. For the InSb section in the NWs, the
distance between equivalent (111) lattice planes is ∼ 3.7 Å, matching well with the value of
3.74 Å in bulk InSb. Together with the strain maps and the inverse FFT from Fig. 6.23e, this
indicates that the strain is completely relaxed by the misfit dislocations at the interface. Defects
are found only at the interface, no extended defects such as threading dislocations are observed.

This study demonstrates the growth of self-assisted axial heterostructure NWs via a droplet-
renucleation at the top facet. Such a formation of a droplet on an existing NW was previously
described by Somaschini et al. [287] and Priante et al. [248]. In both investigations, a Ga droplet
was created at the flat top facet of a GaAs NW [248] or a GaAs island [287]. In 2014, Somaschini
et al. further presented axial GaAs/InAs heterostructure NWs based on GaAs islands [286]. No
In droplet was involved in the axial growth. The length of the axially grown InAs was very short
and typically, substantial radial growth of InAs on the GaAs occurred. Axial GaAs/GaAsSb
heterostructure NWs, i.e. heterostructures achieved by the addition of a second group V ele-
ment, strongly affected the crystal structure of the NWs: the GaAsSb sections had ZB crystal
structure and WZ GaAs was observed after the GaAsSb growth took place [162, 220, 244].
Conesa-Boj et al. observed pure ZB GaAsSb NWs [56]. The highest Sb content was found to be
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Figure 6.24.: Schematic of the growth of axial heterostructures in self-catalyzed NWs.

∼ 30 %. Axial heterostructures of self-catalyzed GaAs/InGaAs NWs had a maximal In content
of only ∼ 5% [125]. Apparently, the GaAs/InSb axial heterostructure NW presented here is the
first demonstration of an axial heterostructure in self-assisted NWs with a change of both the
group III and the group V components. The change in composition is very abrupt.
It should be mentioned that even Au-catalyzed InSb NWs are usually grown on top of stems.
Most often these are InAs stems [43, 42, 86, 245]. Accordingly, the self-catalyzed growth of InSb
NWs via a stem demonstrates a promising way towards Au-free InSb NW structures.

The growth mechanism presented here represents a suitable way to obtain abrupt axial het-
erostructures in self-assisted NWs. This method is schematically depicted in Fig. 6.24: The
NW growth is initiated with the growth of a self-assisted NW stem having a flat top facet after
droplet consumption. Using suitable growth conditions, a droplet is recreated on this facet. The
droplet catalyzes the growth of a NW on top of the existing one. Since the InSb section used
here provides a flat top facet after droplet consumption (see Fig. 6.22), a second axial segment
may be grown on top. This enables significantly more complex NW heterostructures.
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Figure 6.25.: SEM images of radial GaAs/InSb core-shell NWs with different growth times of the InSb
shells. Growth times of the InSb are (a) 2 min, (b,c) 5 min, (d) 15 min, (e,f) 45 min and (g) 90 min.

6.2.2. Radial growth of InSb

A significant decrease of the substrate temperature for the growth of the InSb from ∼ 460◦C
used for the axial growth down to 280◦C – 300◦C results in NWs with a rather uniform diameter
as it was shown in Fig. 6.17c. Figure 6.25 displays GaAs/InSb heterostructure NWs with vary-
ing growth durations of the InSb. The growth durations of the InSb are varied between 2 and
90 min and increase from left to right. For the shortest growth time of the InSb, the roughness
of the NW side facets is low due to the low amount of deposited material. An increase of the
growth time of the InSb to 5 min roughens the NW (Fig. 6.25b,c), indicating growth of InSb on
the side facets of the GaAs NWs. At this stage, separated InSb islands are found on the NW.
By further increasing the growth time, the NW surface first remains rather rough (Fig. 6.25d-f)
before it becomes relatively smooth (Fig. 6.25g). Consequently, radial growth of InSb on GaAs
takes place forming a core-shell NW. Similar growth characteristics were observed in GaAs/InAs
core-shell NWs [262] where a nucleation of InAs islands on the side facets of GaAs NWs was
followed by a coalescence of the islands. In case of the GaAs/InSb core-shell NWs investigated
here, the islands have a preferred orientation and shape as seen in Fig. 6.25c. The islands have
a V-shape which is also evident from the SEM images displaying the axial growth of GaAs/InSb
heterostructure NWs (see Fig. 6.18). No large nuclei on the WZ phase close to the top of the
GaAs core are observed. When coalescence of these V-shaped islands takes place, the surface
of the NWs has some similarity to overlapping roof tiles (see Fig. 6.25f). This morphology of
overlapping and not separated roof tiles is obtained after a growth time of about 30 – 45 min,
which corresponds to a shell thickness of about 10 – 15 nm. The (average) shell thickness in-
creases linearly with the growth time with a growth rate of about ∼ 20 – 25 nm/h. This agrees
with the supplied In flux (100 nm/h) after considering the NW alignment with respect to the
effusion cell and the substrate rotation. The good agreement between the supplied flux and the
shell growth rate indicates that diffusion from or to the substrate is marginal and also secondary
absorption processes can be neglected. The absence of both is caused by the very low growth
temperature of about 280◦C – 300◦C which is significantly lower than the growth temperature
used for InSb layers (∼ 340 – 420◦C) [227, 285, 306].

The core-shell morphology of the GaAs/InSb NWs is confirmed by the EDX map displayed
in Fig. 6.26. The InSb shell was grown for 2h. The figure shows the HAADF image of the
top segment (a) and roughly at the middle of the NW (b) together with the EDX maps of
Ga, As, In and Sb. The EDX analyses clearly proves the existence of the core-shell structure
along the entire NW. The shell thickness is ∼ 50 nm and is uniform along the NW axis. Apart
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Figure 6.26.: HAADF image and elemental maps of Ga, As, In and Sb in GaAs/InSb core-shell NWs
acquired at (a) the upper part and (b) the middle of the NW.

from the radial growth, substantial axial growth of InSb is observed. In contrast to the results
from the previous section, the axial growth of the InSb is due to a vapor solid growth where
no droplet is involved. The EDX maps do not indicate any alloying at the interface, neither in
the axial nor in the radial direction. This is in agreement with the study of axial GaAs/InSb
NW heterostructures shown in the previous section. The growth temperature used for the axial
GaAs/InSb heterostructures was significantly higher which should enhance any diffusion process.
Thus, it is concluded that core-shell heterostructures with rather abrupt interfaces are formed.

A bright field TEM image of a GaAs/InSb core-shell NW is shown in Fig. 6.27a. The image
can be divided into two sections. In the lower part, a slight contrast arising from the core-shell
structure is observed. This region contains only few stacking faults or twins, being in agreement
with the crystal structure of GaAs NWs [259]. These GaAs NWs typically have an almost pure
ZB crystal structure. The core-shell segment is shown in higher magnification in Fig. 6.27b,
evidencing a slight roughness of the shell. Interestingly, the roughness is higher on the left side
of the NW. This is discussed in detail later. The upper region, which is pure InSb according to
the EDX analyses shown in Fig. 6.26a, contains several planar defects. The diffraction pattern
of this region is shown in Fig. 6.27c. Diffraction spots from both ZB twins as well as streaks are
observed. A streaky pattern is characteristic for a high density of planar defects such as twins
and stacking faults. One ZB twin is dominant in the diffraction pattern, indicating that both
ZB orientations are not distributed equally in the axially grown InSb but a preferred orientation
is present. The HRTEM micrograph of the axially grown InSb is depicted in Fig. 6.27e. It con-
firms the high density of stacking faults/twins also observed in the diffraction pattern. Twin-free
ZB segments with lengths in the range of 5 – 10 nm are present, the WZ structure is typically
not found. Apparently, the vapor solid growth of InSb in [111] direction favors the twinned
ZB crystal structure with a high density of twins. The crystal structure is different compared
to the vapor liquid solid growth of InSb from an In droplet described in the previous section.
There, the crystal structure was typically ZB with long sections of one orientation before a twin
occurred.
The GaAs/InSb core-shell region seen in the lower part of Fig. 6.27a and in Fig. 6.27b has the
ZB crystal structure, as described above. The diffraction pattern of such a region is displayed
in Fig. 6.27d. It evidences a ZB diffraction pattern with streaks. These streaks may arise from
twins/stacking faults of the core or stacking faults induced by partial dislocations. No splitting
of the diffraction spots is observed. A splitting would be a clear proof of two crystal lattices with
different lattice constants as it was observed in the case of axial growth (see Fig. 6.23b,d). Inter-
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Figure 6.27: TEM micrographs and
diffraction patterns of GaAs/InSb core-
shell NWs. (a,b) Low resolution im-
ages of the upper segment and the cent-
ral part. (c,d) Diffraction patterns of
the regions marked in (a) (inverted col-
ors). (e) HRTEM images of the axial
InSb obtained via VS growth. (f) Inter-
facial area from the core-shell structure
to the axial region.

estingly, the diffraction pattern of the core-shell NWs reveals an additional diffraction pattern
around each diffraction spot. This phenomenon is known as “double diffraction“ [332]. Double
diffraction occurs when a diffracted beam gets diffracted either in the same crystal or when
passing through another crystal. Diffraction in the same crystal is excluded since the thickness
is identical as in Fig. 6.27c where double diffraction was not observed. Accordingly, the diffrac-
tion in both crystals, the GaAs core and the InSb shell, results in the double diffraction. The
second, small diffraction pattern reproduces the ZB pattern of the primary pattern, proving the
epitaxial relationship between the core and the shell. The primary diffraction pattern is due to
electron diffraction in the InSb shell, scattered electrons are then rediffracted in the GaAs core
and produce the small diffraction pattern around the primary diffraction spots. The presence of
two lattices with different lattice constants is further confirmed by the TEM micrograph shown
in Fig. 6.27f. A central region displaying Moiré fringes is observed, the surrounding does not
exhibit these fringes. Moiré fringes are observed when lattices with a different crystal lattice,
orientation or lattice constant are superimposed.

The TEM image in Fig. 6.27f further shows that the upper few nanometers are of the GaAs
core have ZB crystal structure which are adopted by the InSb shell. Below this ZB section, a
high density of stacking faults in the shell is observed. These may originate from Frank partial
dislocations occurring at the GaAs/InSb interface when the WZ crystal structure is present. It
is described later that only Frank partial dislocations are observed in the WZ core-shell NWs.
The WZ crystal structure is usually present close to the top of self-catalyzed GaAs NWs [259].
In contrast to the results obtained for GaAs/InAs core-shell NWs (see Chapter 5.1.1), growth
of InSb takes place on both crystal phases of the GaAs core. This may be due to the very low
growth temperature of the InSb shell and the corresponding low diffusivity of the InSb adatoms.
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Figure 6.28: TEM micrographs, inverse
FFT image and strain map of InSb grown
on top of GaAs via a vapor solid mechan-
ism. (a) Overview image. (b) HRTEM im-
age clearly showing the growth of InSb on
top of the GaAs. The natice oxide of the
InSb has a thickness of about 5 nm. Arrows
are pointing to stacking faults induced by
Frank partial dislocations. Black lines indic-
ate the stacking sequence with two stacking
faults. (c) Inverse FFT showing the (111)
lattice planes. Misfit dislocations with a reg-
ular spacing are seen. (d) ǫyy strain map
indicating the abrupt change in the strain,
i.e. abrupt strain relaxation. Arrows in (c)
and (d) point to dislocations.

In the following the structural defects present in the GaAs/InSb core-shell NWs are further
discussed. Figure 6.28a depicts a TEM micrograph of the upper section of GaAs/InSb core-
shell NW with a growth time for the InSb shell of 5 min. It shows the above mentioned WZ
structure close to the top of the GaAs core as well as the ZB structure at the top. The short
growth time of the InSb shell results in an incomplete shell growth. The native oxide of the
InSb shell is about ∼ 5 nm in thickness, which is significantly higher than the thickness of
the native oxides on GaAs and InAs and in a similar range as for GaSb (see Section 6.1.1.1).
Figure 6.28b displays the upper short ZB segment in higher resolution, evidencing axial growth
of InSb on GaAs. The InSb adopts the crystal structure and orientation of the underlying GaAs.
The large lattice mismatch of around 14 % is relaxed by the formation of misfit dislocations at
the interface. These are observed in the FFT-filtered image shown in Fig. 6.28c as well as
the ǫyy strain map in Fig. 6.28d. The FFT-filtered image displays terminating lattice planes,
i.e. dislocations. Some of these dislocations create stacking faults being perpendicular to the
growth axis (white arrows in Fig. 6.28b) while others are perfect dislocation not affecting the
surrounding crystal structure (see Fig. 6.28b). The stacking faults are created by dislocations
relaxing the axial strain. Certainly, these dislocations are present only at the rounded edge of
the NW. Dislocation mostly relaxing the radial strain component do not result in the formation
of stacking faults. The ǫyy strain map also shows the dislocations and demonstrates the abrupt
change in lattice parameters (evidenced by the abrupt change in strain). No gradient at the
interface is observed.
It is evident from the presented results that the mechanism of axial growth, either vapor-liquid-
solid or vapor-solid, influences the crystal structure but not the defects at the interface between
both semiconductors or the strain relaxation.

A HRTEM micrograph displaying the early stage of the growth on the WZ phase is seen in
Fig. 6.29a. The inset shows the corresponding FFT. The thick oxide layer being caused by the
InSb growth is clearly observed in the HRTEM micrograph. About 2 nm of crystalline InSb
are present. The inverse FFT obtained by masking the (0002) reflections shows six terminating
(0002) planes, i.e. six misfit dislocations. The distance between two neighboring dislocations
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Figure 6.29.: HRTEM image, inverse FFT and strain maps of InSb grown on WZ GaAs. (a) HRTEM
image with the FFT shown in the inset. (b) Inverse FFT showing the (0002) lattice planes with six misfit
dislocations (indicated by white arrows). (c) ǫxx strain map. (d) ǫyy strain map (white arrows point to
dislocations). The black arrows indicate the interface between the GaAs and the InSb.

varies between 7 and 8 layers, being in good agreement with the expected value of ∼ 7 layers4

Consequently, the axial strain is relaxed almost completely. This is also evident from the ǫyy

strain map displayed in Fig. 6.29d. The ǫyy strain map displays an abrupt change in the strain
as well as the six dislocation mentioned before. No gradient of the strain in the shell or in the
core is observed. The entire strain is relaxed at the interface. An interesting feature is observed
in the ǫyy strain map shown in Fig. 6.29c. A line with a high value of the strain is present just
at the position of the misfit dislocations. At this position, the strain (compared to the GaAs
core) is 14 – 15 % while the strain decreases to ∼ 6 % in the thin InSb island. Consequently,
the InSb island is relaxed along the 〈0001〉 direction but has a compressive strain in the 〈1100〉
direction. This compressive strain may be caused by the rather thick native oxide covering the
small InSb island.
All dislocations in the WZ core-shell section are Frank partial dislocations with Burgers vectors
of b = c/2[0001]. These dislocations produce stacking faults in the shell which can act as
additional scattering centers for the electronic transport. Perfect dislocation are not observed.
Similar observation were made in WZ InAs/GaAs core-shell NWs [247].

The nucleation of InSb on the {110} side facets of the ZB GaAs is displayed in Fig. 6.30a.
Similarly as for the growth on the WZ phase, the thickness of the InSb is in the range of a
few nanometers with a rather thick native oxide shell. The FFT-filtered image and the (111)
strain map are shown in Fig. 6.30b and c, respectively. Four dislocations with a rather uniform
distance are found. The distance agrees well with the distance between dislocation in the WZ
phase (see above), suggesting again an abrupt change of the lattice constant. This abrupt strain
relaxation is also obvious due the change of the color in the strain map (Fig. 6.30c). Contrary to
the dislocations observed in the WZ core-shell region, here not only Frank partial dislocations
but also perfect dislocations as well as Shockley partial dislocation are seen. All three types
are present in Fig. 6.30a: the red arrow points to a perfect dislocation, the blue arrow to
a stacking fault having its origin in a Frank partial dislocation and finally, the purple arrows
indicate stacking faults coming from a Shockley partial dislocation. These three dislocations have
already been observed in GaAs/InAs core-shell NWs with ZB crystal phases (see Chapter 5.1.1).
Comparing the results presented in the literature [164, 247] and this thesis for lattice mismatched
WZ and ZB core-shell NWs suggests that only Frank partial dislocations relaxing the axial
strain are observed in WZ core-shell NWs while three different dislocations are found in ZB
core-shell NWs. Most likely this is caused by differences in the magnitude of the Burgers

4The lattice mismatch between GaAs and InSb is about 14%, the magnitude of the Burgers vector is c/2 which
means that the average distance between two dislocations is 2.6 nm which corresponds to ∼ 7 layers.
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Figure 6.30.: HRTEM image, inverse FFT and strain maps of InSb grown on ZB GaAs. (a) HRTEM
image. The red arrow points to a perfect dislocation, the blue to a Frank partial dislocation and the
purple arrows to Shockley partial dislocations. (b) Inverse FFT showing the (111) lattice planes with the
misfit dislocations (white arrows). (c) ǫyy strain map with an abrupt change from the GaAs to the InSb,
dislocations are marked by white arrows. The black arrows indicate the interface between the GaAs and
the InSb.

vectors. For the WZ structure, the Burgers vector of the perfect dislocation is b = c[0001]
while it is b = c/2[0001] for a Frank partial dislocation. For the perfect dislocation, Frank
partial dislocation and Shockley partial dislocation in the ZB lattice, the Burgers vectors are
b = a/2〈110〉, b = a/3〈111〉 and b = a/6〈211〉, respectively. Thus, the Burgers vector of the
perfect dislocation in the WZ structure is largest. The energy of a dislocation Edis is proportional
to the square of the Burgers vector, i.e. Edis ∝ b2 [139]. The energy of a perfect dislocation in
the WZ lattice is four times the energy of a Frank partial dislocation. This difference in energy
favors the formation of Frank partial dislocations in WZ lattices.

Finally, two additional aspects are shortly discussed: (1) the roughness of the NWs and (2)
the growth of InSb on WZ GaAs. The roughness of the NWs was already observed in Fig. 6.25c,f
as well as in axial GaAs/InSb heterostructure NWs (see Fig. 6.18). In each situation, several
V-shaped structures grow on the side facets of the GaAs NW, the morphology is seen most
clearly in Fig. 6.18. The V-shapes are aligned in such way that the “arms“ are connected at the
corner of the hexagonal cross section. Increasing the shell thickness results in a coalescence of
the V-shaped structures. However, even for shell thicknesses of 50 nm, a certain roughness of
the shell remains (see Fig. 6.27a,b). The origin of the roughness is the nucleation via V-shaped
islands. HAADF images of GaAs/InSb core-shell NWs with shell thicknesses in the range of
15 – 20 nm clearly demonstrate the V-shaped nucleation basis. This is displayed in Fig. 6.31a.
The red arrow indicates the position of a twin boundary, the blue lines show the V-shapes. The
twin boundary changes the alignment of the V-shapes, suggesting an epitaxial relationship as
well as crystallographic preferred growth along certain directions. Indeed, the angle between
the [111] NW growth direction and the arm of the V-shape is ∼ 145◦ which corresponds to
the angle between the NW growth direction and the [011] direction. Accordingly, InSb grows
in the 〈110〉 direction, at least when grown on the {110} side facets of GaAs NWs. When the
shell thickness increases, the V-shapes are no longer observed. Instead, a high roughness of the
shell is observed. Figure 6.31b displays bright field TEM micrograph of a GaAs/InSb core-shell
NW with a ∼ 50 nm thick InSb shell exhibiting the rough InSb shell. The red arrow again
indicates the position of a twin boundary which is clearly observed in the HRTEM image shown
as an inset. Interestingly, the roughness is observed only on one side of the NW. Its orientation
switches at the twin boundary. The roughness exhibits a saw-tooth profile being bound by
(111)B and a mixture of (001) and (211)B type side facets.
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Figure 6.31: HAADF and TEM images
showing the roughness of GaAs/InSb core-
shell NWs. (a) HAADF image with a twin
boundary (red arrow) and evidence of V-
shaped structures (blue lines). (b) Bright
field TEM image showing the roughness,
changing at the twin boundary (red arrow).
The rough side facets are bound by (111)B
and a mixture of (001) and (211)B type fa-
cets.

The other aspect deals with the growth of InSb on the WZ phase of GaAs. As it was already
demonstrated in Fig. 6.29, the growth of InSb on the WZ phase of GaAs takes place and
dislocations are formed at the interface, relaxing the strain induced by the large lattice mismatch.
Figure 6.32a displays the upper part of a GaAs/InSb core-shell NW with a shell thickness in
the range of ∼ 10 nm. The shell thickness is identical on the ZB crystal structure (bottom)
and on the WZ structure except for a short region close to the top where the thickness of the
shell decreases. Higher magnified images of the WZ region are displayed in Fig. 6.32b,c and
evidence a slight tilt of the WZ InSb (0002) planes with respect to the (0002) lattice planes
of the GaAs core. The highest tilt angles are around 3◦ – 5◦. No tilt of the ZB (111) lattice
planes is observed. The density of stacking faults associated with Frank partial dislocations
in the WZ part is less than expected for a complete relaxation of the strain. This may be
caused by the tilted lattice planes which conserve the high lattice mismatch at the interface
but gradually relax the strain towards the surface as the distance between the (0002) planes
increases. Consequently, tilted lattice planes, i.e. a plastic deformation, represent an additional
mechanism for strain relaxation, but they can only occur when the structure is not confined in
all directions.

6.3. Conclusions

The growth parameters, morphology and structural properties of core-shell heterostructure NWs
based on the 6.1 Å family, i.e. InAs, GaSb and AlSb, have been investigated. Two distinct
growth regimes for GaSb shells covering InAs NW cores were observed. High growth temperat-
ures of about 490◦C resulted in inversely tapered GaSb shells with an exposed InAs core at the
bottom of the NWs. The tapered morphology was attributed to the diffusion of Ga adatoms
from the lower part of the NWs to the substrate. At substrate temperatures around 360◦C,
the InAs cores are covered homogeneously with the GaSb shells. Detailed analyses by means
of HRTEM revealed the absence of misfit dislocations. This was explained by the small lattice
mismatch between InAs and GaSb as well as the reduced dimensions of NWs, being a proof of
their efficient strain accommodation.
The replacement of the GaSb shell with AlxGa1−xSb influenced the morphology at the upper part
of the core-shell NWs. As a consequence of Al in the shell, the thickness of the native oxide was
found to increase. Pure AlSb shell were completely oxidized. An additional capping with GaSb
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CHAPTER 6. Antimony containing heterostructure nanowires

Figure 6.32.: TEM images showing tilted WZ (0002) lattice planes of the InSb with respect to the GaAs
core. (a) Low resolution image. (b,c) high resolution images clearly showing the tilted WZ (0002) lattice
planes of the shell. This tilt can reduce the density of misfit dislocations. Red lines in (b) and (c) indicate
the alignment of the (0002) planes and clearly demonstrate that the (0002) WZ lattice planes in the InSb
are tilted with respect to the GaAs core.

prevented the oxidation. Identical to the InAs/GaSb core-shell NWs, InAs/AlGaxSb1−x/GaSb
core-shell NWs were found to be free of misfit dislocations.

The second part of the chapter was dedicated to GaAs/InSb heterostructures with a lattice
mismatch of ∼ 14%. SEM and TEM micrographs indicated a temperature dependence of the
obtained morphology with an axial heterostructure observed at high growth temperatures while
lower growth temperatures resulted in core-shell NWs. The axial GaAs/InSb heterostructure
was found to be created by a renucleation of an In droplet on top of a GaAs NW stem. The
crystal structure of the axially grown InSb was ZB, partially containing also the 4H polytype
and the WZ crystal structure. The strain at the interface was released by perfect dislocations.
The core-shell NWs obtained at lower growth temperatures exhibited a significant roughness of
the shell. InSb growth took place on both crystal phases of the GaAs core. Strain relaxation on
the WZ phase occurred by Frank partial dislocations whereas perfect dislocations, Frank partial
dislocations and Shockley partial dislocations have been observed for the growth of InSb on the
ZB phase of GaAs. Additionally, plastic relaxation of InSb on WZ GaAs took place, evident as
tilted (0002) lattice planes.
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7
Chapter 7.

Nanowires on faceted Si (100) substrates

The semiconductor NWs described in the previous chapters represent suitable structures e.g.
for FETs, TFETs and high mobility devices. Similarly, LEDs [79] and lasers [210] on the basis
of GaAs NWs have already been obtained. The integration of these NWs in semiconductor
industry requires that the NWs are grown on Si (100) substrates. Different NWs (composition,
doping, dimension etc.) being present on predefined positions and on the same substrate are
beneficial in order to engineer the NW properties (e.g. the conductivity) locally or to obtain
both electronic and optic components on the same chip. The electronic parts can then e.g. be
(T)FETs on the basis of InAs NWs whereas GaAs-based NWs serve as laser for the data transfer
via optical fibers.
A connection of NWs to each other further enhances the range of applications e.g. to the
investigation of Majorana fermions [7], T-shaped FETs [9] and Hall measurements even on
very thin NWs. Such two- or even three-dimensional structures are often grown by a two-step
method involving the deposition of Au catalyst particles on existing NWs. This procedure results
in “nanotrees“ [75, 76, 77, 296]. Recently, the way to produce merged NWs changed. Individual
NWs were grown with an angle different from 0◦ relative to the substrate normal [41, 157, 246].
These individual NW formed junctions during the growth. The growth method was only applied
to Au-catalyzed NWs where Au may diffuse into the NW when they form the junction.
In this chapter, we demonstrate the possibility to integrate self-seeded NWs on Si (100) substrates
and to form crossed NWs using the Au-free growth method.
Results presented in this chapter have been published in Ref. [263].

7.1. Nanowires on textured Si (100) substrates1

To integrate NWs like those presented in the previous chapters as future building blocks for
(opto-)electronic devices, several requirements have to be fulfilled. The NW properties, e.g.
dimension and crystalline structure, should be controllable and reproducible. Controlling the
NW dimensions represents the most simple and most studied requirement, and the dimensions
of both InAs and GaAs NWs are controllable over a wide range, see Sec. 4.1 and Refs. [55,

1Results of this section have been published in T. Rieger, D. Rosenbach, G. Mussler, T. Schäpers, D.
Grützmacher, and M. I. Lepsa. Simultaneous Integration of Different Nanowires on Single Textured Si (100)
Substrates. Nano Letters, 15(3):1979-1986, 2015. Ref. [263]. XRD pole figures were measured by Dr. Gregor
Mussler. Most substrates were prepared by Daniel Rosenbach [267].
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7.1 Nanowires on textured Si (100) substrates

109, 127, 259]. The crystalline structure of VLS grown NWs is affected by the shape of the
droplet and its supersaturation (see Sec. 4.3 and Refs. [182, 183, 345]). InAs NWs grown via the
VS growth mechanism exhibit a change of the crystalline structure from a stacking fault rich
structure (refer to Sec. 4.1.3) to twinned ZB due to the addition of Sb [288, 353]. In any case, the
NWs should be grown on Si (100) substrates. III-V NWs are typically grown on (111) oriented
substrates resulting in NWs being perpendicular to the substrate surface. Recently, a method to
integrate NWs on (100) substrates using a SiO2-nanotube template was demonstrated [33, 160].
This growth requires substantial preprocessing of the substrate. Other approaches to integrate
NWs on (100) substrates make use of catalyst particles [89, 323], not being compatible with Si
industry. Different semiconductor NWs integrated on the same chip are suitable to obtain both
electronic and optic devices with engineered properties, e.g. high electron mobilities as well as
optical emission at certain wavelengths. Here, different NWs refers to their dimensions (density,
diameter or length), their doping (n- or p-type) or even different compositions, e.g. InAs for the
electronic (e.g. FET [297] or TFET [303]) and GaAs for the optic component (e.g. LEDs [79]
or lasers [210]). This requirement is in fact difficult to achieve.
In this section, the growth of self-assisted NWs on Si (100) substrates as well as the integration
of NWs of different dimensions or composition on the same chip are addressed.

7.1.1. Substrate preparation

N-doped Si (100) substrates are cleaned in piranha solution and hydrofluoric acid [47]. Sub-
sequently, the substrates are etched in solution based on potassium hydroxide (KOH), in order
to obtain a textured surface [219, 290]. The KOH solution has a concentration of 1 weight %
KOH and 10 vol % isopropanol alcohol. It is heated to 80◦C. Etching the sample for 40 minutes
in this solution produces pyramidal structures as depicted in Fig. 7.1a. The Si {100} planes are
etched about 100 times faster than the {111} planes due to the anisotropic etchant KOH [276].
If the KOH concentration is low, the anisotropic etching produces µm-sized pyramids. The pyr-
amids are bound by four {111} facets with a base width in the order of 5 – 10 µm and they are
positioned arbitrary on the substrates. The facets of the pyramids are not atomically flat but
exhibit a roughness with surface steps. The substrate can also be prepatterned using a silicon
oxide or silicon nitride mask producing regular array of pyramids [88, 282] or grooves (see next
section and Ref. [277]).

After the texturing process, the samples are wet chemically cleaned using piranha solution and
hydrofluoric acid. A thin silicon oxide layer is obtained by a reoxidation in hydrogen peroxide
(see Sec. 4.2.1). Subsequently, the samples are loaded into the MBE system. VLS GaAs and
VS InAs NWs are grown at substrate temperatures of 600◦C and 480◦C, respectively. For GaAs
NWs, the Ga rate is set to 0.1 µm/h with an As flux of 10−6 Torr. InAs NWs are grown with an
In rate and As flux of 0.05 µm/h and 10−5 Torr, respectively. The substrates are either rotated
or the rotation is stopped and the substrates are aligned to certain effusion cells as described in
the corresponding sections. The general geometry is as follows: The angle between the {111}
pyramidal side facets and the (100) substrate is 54.7◦, thus NWs grown perpendicular on the
side facets have an angle of 90◦-54.7◦ = 35.3◦ with respect to the substrate. In our MBE system,
the effusion cells are mounted such that they draw an angle of about 32◦ with the substrate
normal. The entire growth geometry taking into account the geometry of the MBE system as
well as the textured substrate is depicted in Fig. 7.1b. The In and As cells are mounted having
an angle of 90◦ between them, while the angles between the Ga effusion cell and the In and As
effusion cells are 45◦.
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CHAPTER 7. Nanowires on faceted Si (100) substrates

Figure 7.1.: (a) The substrate surface after texturing a Si (100) sample with a KOH solution of 1
wt% KOH and 10 vol% isopropanol alcohol. (b) Schematic drawing of the MBE system and substrate
considering the surface texturing process and the alignment of the effusion cell with respect to the substrate.
Without substrate rotation, atoms from the effusion cell impinge directly on one facet while another facet
of the pyramid is shadowed. Published in [263].

Figure 7.2.: Surface steps on KOH-etched pyramids (a) Pyramid with a small “double pyramid“ (red
area). (b) Surface step bound by {111} and {n11} planes. (c,d) Surface steps bound by {211} planes.
Published in the Supporting Information of [263].
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7.1 Nanowires on textured Si (100) substrates

Figure 7.3: SEM micrographs of InAs
NWs grown on (a) Si (111) and (b,c)
Si (100) substrates. On Si (111) sub-
strates, NWs grow vertically while they
are grown under an angle of 35.3◦ on
(100) substrates. InAs NWs grown on
the textured substrate are depicted in
(d) and (e). The substrate was rotated
during the growth. Published in [263].

As mentioned above, the KOH etching does not always produce smooth surfaces. The KOH
solution contains isopropanol alcohol in order to obtain surfaces as smooth as possible [354],
though some roughness cannot be avoided. The roughness is not arbitrary but clear surface
steps aligned along defined crystallographic directions are observed. In Fig. 7.2a, a surface step
being bound by {111} planes is seen, a “double pyramid“ is obtained. Figure 7.2b displays
surface steps being bound by {111} as well as {n11} planes. A low concentration of isopropanol
alcohol in the KOH solution leads to the formation of surface steps as observed in Fig. 7.2c,d.
The surface steps are bound by {211} planes.

The results presented in the following focus on the growth of InAs on the textured substrates.
Information about the growth of GaAs NWs are found in the Appendix A.5.

7.1.2. Growth of InAs nanowires on rotating textured substrates

Growing InAs NWs on (111)-oriented Si substrates results in a high density of vertically aligned
NWs, as shown by the SEM image in Fig. 7.3a. Replacing the (111) Si substrate with a (100)-
oriented one, the NW density is strongly reduced and the NWs are grown non-perpendicular
to the substrate (see Fig 7.3b,c). The NW growth direction is still the 〈111〉 direction, but the
NWs are distributed equally in all four 〈111〉 directions without any preferred orientation. When
growth takes place on Si (100) substrates patterned with holes, the NW growth vanishes and
instead, V-shaped membranes are obtained [57, 272]. Consequently, in order to integrate high
density, well aligned self-assisted InAs NWs on (100) substrates, a different substrate prepara-
tion scheme is required. At this point, the texturing process described above comes into play.
This exposes {111} facets on the (100) substrate.

A top view and a 60◦ tilted view SEM micrograph of InAs NWs grown on a textured Si
substrate are displayed in Fig. 7.3d,e. The NWs are found to grow perpendicular to the side
facets of the pyramids, i.e. along the 〈111〉 directions of the Si substrate. All facets are covered
equally with NWs. As evident from the schematic in Fig. 7.1b, the flux impinges directly on the
pyramid facet facing the effusion cell while the opposing facet is shadowed from the flux. The
remaining two facets are arranged in such way that the incoming flux has a gracing incidence.
A rotation of the sample with 10 rpm results in a homogeneous growth with equal NW densities
and dimensions on all pyramidal facets, as visible in Fig. 7.3d,e. This is additionally evidenced
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facet In adatoms As adatoms NW density [NWµm2]

A direct impingement grazing incidence 8.1 ± 1.9
B grazing incidence shadowed 6.9 ± 1.4
C shadowed grazing incidence ∼ 0
D grazing incidence direct impingement 6.5 ± 0.8

Table 7.1.: In and As adatom impingement and average NW densities on the different side facets of the
pyramids when oriented as in Fig. 7.4a,b.

by the XRD pole figure depicted in Fig. 7.4d displaying the InAs {111} Bragg peaks. The
intensities of all four {111} peaks are identically.

7.1.3. Control of the InAs nanowire growth direction

When the substrate rotation is stopped, the direct flux impinging on one facet and the shadowed
flux on another facet strongly affect the NW nucleation and growth. If the substrate is oriented
as depicted in Fig. 7.4a,b, direct, shadowed as well as gracing incidence impingement of In and
As atoms on the different facets are obtained as listed in Table 7.1. Different angles of adatom
impingement as well as four different combinations thereof are present, allowing to study the
impact of the adatom fluxes on the NW nucleation and growth within a single growth experiment.

SEM micrographs from the top as well as of all four pyramidal side facets are displayed in
Fig. 7.4c. The In effusion cell faced the facet labeled A during growth, while the As effusion
cell was oriented towards the facet D. As mentioned above, here, the substrate was not rotated
during the growth. Accordingly, the adatom impingement is not uniform. The top view image
already shows that NW growth takes place mainly on the facets A, B and D while growth seems
to be absent on the facet labeled C. On this facet, the impingement of In atoms is shadowed
while As atoms contribute via a grazing incidence. In some cases, single or few NWs are observed
on the facet C. In that situation, most likely, the NW nucleation took place due to In diffusion
on the Si substrate or secondary absorption processes [250, 259]. The adatom impingement is
exactly reverse on the facet labeled B, i.e. it is shadowed from the As flux while In adatoms
impinge with a grazing incidence. This configuration results in a high density of NWs on this
pyramid facet. Comparing the results from the two facets B and C gives insights into the role of
the adatoms in the nucleation process: a high flux of In atoms is required in order to nucleate
NWs while the impact of As atoms on the nucleation rate is low. This is also supported by
the pyramid facets A and D, having direct impingement of either In or As, respectively. The
NW density on facet A is higher than on facet D. Apparently, the increased In flux arising from
direct impingement results in an increase of the nucleation probability. Average NW densities
measured on the different facets are given in Table 7.1. Interestingly, the different amounts of In
and As atoms impinging on the substrate surface mainly influence the NW nucleation but not
the growth rate: NWs on all pyramidal facets have almost the same lengths. For NWs nucleated
on facets B and D, In adatom impingement is mainly on the side facets of the NWs while on
facet A the In adatoms impinge only under a small angle on the NW side facet as well as directly
on the top of the NWs. The diffusion length of In adatoms on the NW surface is in the order
of 3 – 6 µm. Consequently, all In adatoms impinging on the NW surface can contribute to the
axial growth [80, 202]. Due to a low In diffusion length on the silicon oxide [127], In adatoms
impinging on the pyramid surface have only a small contribution to the axial growth. Changes
arising from an increased shadowing of the silicon oxide surface can be neglected due to the
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Figure 7.4.: (a) Tilted view and (b) top-view schematic illustration of the pyramid alignment relative to
the effusion cells when a pyramid facet faces an effusion cell. (c) SEM micrographs of InAs NWs grown
on textured Si substrates without substrate rotation during growth. The sample was aligned as shown in
Fig. 7.4a,b. The top view image includes a schematic overlay with the four different pyramidal side facets
being color coded. Tilted view images of each side facets are shown and are framed by the corresponding
color. (d,e) XRD pole figures of InAs NWs grown on a rotated substrate (d) and a substrate as aligned in
Fig. 7.4a,b (e). Insets show the corresponding top view SEM micrographs. XRD measured were performed
by Gregor Mussler. Published in [263].
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facet In adatoms As adatoms NW density [NWµm2]

A direct impingement grazing incidence 5.1 ± 1
B grazing incidence grazing incidence 0.4 ± 0.2
C grazing incidence direct impingement 1.5 ± 0.4
D direct impingement direct impingement 3.7 ± 0.7

Table 7.2.: In and As adatom impingement and average NW densities on the different side facets of the
pyramids when oriented as in Fig. 7.5a,b.

small diffusion length. Thus, although the In adatom impingement on the NWs differ strongly,
the NW lengths are equal.

The selective growth on predefined pyramid facets is further confirmed by a large scale analysis
using XRD pole figure measurements depicted in Fig. 7.4d,e. The Bragg peaks corresponding
to the InAs {111} reflections have almost the same intensities in three orientations (51 cps for
90◦, 56 cps for 180◦ and 52 cps for 270◦) while it is significantly lower in the other direction (33
cps for 0◦). These different intensities can be correlated with the SEM micrograph depicted as
an inset. The remaining intensity at 0◦ is mainly caused by parasitic growth on (100) facets
in-between the pyramids and short ZB sections in the NWs. Pure ZB NWs would result in
uniform intensities for all (111) reflections, but the VS InAs NWs used here have a high density
of stacking faults, twin defects and WZ segments and therefore do not exhibit a pure ZB crystal
structure (see Sec. 4.1.3). Consequently, mainly reflections from lattice planes perpendicular to
the growth direction are observed, which are (111)B planes in the ZB crystal and (0002)B planes
in the WZ crystal structure. The symmetry observed in a perfect zinc blende crystal lattice is
vanished and the measured intensities indicate the amount of NWs grown on the corresponding
facet of the pyramid. Consequently, also the XRD analysis indicates that the NW density on
the facet with direct In impingement is higher than on those with grazing incidence.
The InAs NW growth is observed only on the pyramidal side facets and not on remaining Si
(100) surfaces. This allows to grow InAs NWs selectively only on the exposed {111} facets of
the Si substrate. Possibly, this difference in growth is caused by different Si oxide thicknesses
on (111) and (100) surfaces.

The angle of adatom impingement and consequently also the NW growth and nucleation are
changed by rotating the substrate by 45◦ with respect to the former investigation. In this align-
ment, one edge of the quadratic base of the pyramid is oriented towards the In effusion cell
as schematically depicted in Fig. 7.5a,b. An overview of the adatom impingements is given in
Table 7.2. A representative SEM micrograph from the top after NW growth is displayed in
Fig. 7.5c. The NW density again depends strongly on the initial orientation of the substrate
relative to the incoming fluxes and varies on all four pyramid facets. The NW lengths are still
equal. The NW density gradually decreases from facet A to D to C to B as evident from
Table 7.2. While the In flux impinges directly on the facets A and D, a grazing incidence of In
adatoms is observed for the facets B and C. Due to the direct impingement of In adatoms and
the corresponding higher In flux, the NW density increases as outlined before. The differences in
the NW densities on the facet A and D, both with a direct impingement of As adatoms, are con-
sequently correlated with the impingement of the As atoms: directly impinging As atoms result
in a decrease of the NW density (facet D) compared to the grazing incidence of As adatoms
(facet A). Thus, a too high As flux hinders the nucleation of NWs, probably due to a decrease
of the In adatom diffusion lengths. On the facets B and C, where the In adatoms contribute
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Figure 7.5: (a) Tilted view and (b)
top-view schematic illustration of the
pyramid alignment relative to the effu-
sion cells when a pyramid corner faces
an effusion cell. (c) SEM micrograph
of InAs NWs grown on a sample as
aligned in Fig. 7.5a,b. NW growth pro-
ceeds mainly on two facets of the pyr-
amid. (d) Schematic of the growth se-
quence used two obtain NWs of differ-
ent length: first, one pyramid facet is
aligned to the In cell and growth pro-
ceeds without substrate rotation. Sub-
sequently, substrate rotation is started
and growth continues. (e,f) Top view
and side view SEM images of InAs
NWs grown using the sequence shown
in (d). Red lines indicate the average
length of the NW on the side facets.
Published in [263].

via grazing incidence, the situation reverses: the NW density is higher for a direct impingement
of As atoms (facet C ) than a grazing incidence. Apparently, this indicates a complex interplay
between In and As adatoms during the NW nucleation where not only the absolute fluxes but
also the V/III influence the NW density.

Using the surface texturing process in combination with the directed fluxes available in the
MBE enables the integration of high density InAs NWs on Si (100) substrates and controlling
their growth direction as well as their local density as presented above. A combination of the NW
growth on non-rotating as well as rotating substrates even allows to obtain NWs with different
lengths on the different pyramidal facets. This is demonstrated by the SEM micrograph displayed
in Fig. 7.5e,f. The NW growth proceeds as shown schematically in Fig. 7.5d and was initiated by
orienting one pyramid side facet towards the In effusion cell. The opposing facet was shadowed
from the In flux. InAs was grown for 2.5h without rotating the substrate, resulting in NWs
grown on three pyramidal facets. Subsequently, the substrate rotation was started and growth
continued for another 2.5h. A rotation of the substrate distributes the In adatoms equally on all
pyramid facets and NW nucleation takes place on the previously shadowed facet. The already
existing NWs continue growing. Consequently, short NWs are expected on the initially shadowed
facet while they should be substantially longer on the other three facets. This is exactly the
situation shown in Fig. 7.5e,f as indicated by the red lines denoting the average NW lengths.
The NW lengths differ roughly by a factor of two, reflecting exactly the difference in growth
time. Varying not only the substrate rotation but also the growth parameters, this technique
opens the way to locally control the NW dimensions, i.e. both NW length and diameter.

Similar growth characteristics are also obtained by the VLS growth of self-catalyzed GaAs
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Figure 7.6.: Self-alignment of InAs NWs on pyramidal side facets. (a) Increased NW density at the
pyramid edges. NWs aligned along 〈111〉 directions/{211} planes (b) and 〈112〉 directions /{111} planes
(c) of the pyramid side facets. The red region in (a) marks the increased NW density close to the edge of
the facets. The red lines in (b) and (c) indicate the preferred alignment of NWs along certain directions
on the pyramid side facets. Published in [263].

NWs on textured Si substrates: Ga droplets and consequently also GaAs NWs are not present
when the pyramidal facet is shadowed from the Ga flux. The NW lengths differ on the pyramidal
side facets, being dependent on the angle of As impingement. This proves that the As flux
controls the GaAs NW growth rate, identical as reported in the literature [55, 250, 259]. The
NW diameter as well as the tapering are mainly defined by the Ga flux [55, 259]. When one
edge of the pyramid is aligned to the Ga effusion cell, the necessity of high As fluxes to obtain
a high yield of vertical GaAs NWs on Si 111 facets is obvious[273]. High Ga fluxes increase the
parasitic growth in-between the NWs. GaAs NWs grown with four different growth conditions
can be achieved on the very same sample within close vicinity, allowing to study their impact
in a single experiment. For the sake of completeness, the analyzes of the growth of GaAs NWs
on textured Si substrates is presented in detail in the Appendix A.5.
The presented results prove the capability of textured substrates to investigate the nucleation
and growth of nanostructures.

7.1.4. Nanowire self-alignment

The InAs NWs are found to grow at preferential nucleation sites on the pyramidal side facets.
The preferential alignment is seen in the SEM images in Fig. 7.6a-c. In Fig. 7.6a, a common
feature is observed: the NW density close to the edges of the side facets is higher than in the
center. Similar characteristics are also found in Fig. 7.3e and Fig. 7.4c. The increase of the NW
density is observed within an area about 1 µm from the edge. A possible explanation for the
observation is the diffusion of In adatoms on silicon oxide. Hertenberger et al. estimated the
diffusion length to be 750 nm at 480◦C [127], that is a similar range. Adatom diffusion towards
the edges increases the effective amount of In atoms which in turn increases the nucleation
probability as already described above. The assumption of In diffusion towards the edges requires
that the pyramid edges act as a sink for the In atoms. An alternative explanation is that the
surface properties of the pyramid near the edges are different favoring the nucleation of NWs.
Such differences may e.g. arise from the texturing or reoxidation process prior to the growth
and affect the roughness or oxide thickness. As shown in Secs. 4.1, 4.2.1 and Ref. [202], the
oxide thickness has a strong impact on the NW density.
The second type of preferred nucleation site is exemplary displayed in Fig. 7.6b,c. NWs are
aligned along certain directions/planes on the side faces of the pyramid. These are either the
〈112〉 directions/{111} planes or 〈111〉 directions/{211} planes. The alignment of NWs along
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Figure 7.7.: InAs NW junctions grown on textured Si (100) substrates. (a) L-shaped junction. (b)
T-shaped junction. (c) Π-shaped junction. (d) X-shaped junction.

these directions is not observed on all pyramidal facets. Consequently, the preferred nucleation
sites are expected to be caused by the texturing process. The KOH etching induces surface steps.
Exemplary SEM images showing such surface steps have been presented in Fig. 7.2. “Double
pyramids“ are easily created during the KOH etching process. These exhibit steps along the
{111} planes and result in an alignment similar as depicted in Fig. 7.6a. Steps along the {211}
planes are observed especially when only a low amount of isopropyl alcohol was added to the
KOH solution. Isopropyl alcohol improves the smoothness of the etched pyramidal facets [354].
Nonetheless, some surface steps may still be present on the pyramids. The preferred nucleation
of NWs along the certain directions of the Si pyramids is therefore caused by surface steps which
also represent edges. Consequently, the alignment of NWs along the 〈112〉 and 〈111〉 directions
is similar to the increased NW density at the pyramid edges discussed above.
The self-alignment of NWs at surface steps opens the way to an easy alignment procedure for
NWs making use of etched steps on the surface rather than any hole pattern in order to predefine
the nucleation sites.

7.1.5. Nanowire connections

When two NWs with different growth directions nucleate on opposing or neighboring facets
of the pyramids, they can coalesce during the axial or radial growth and form NW junctions.
Due to the arbitrary positioned pyramids the density of these junctions is low. A selection of
different NW junction geometries is shown in Fig. 7.7. Typically, three different structures are
observed, being an L-shaped NW junction (Fig. 7.7a), a T-shaped NW junction (Fig. 7.7b)
and an X-shaped NW junction (Fig. 7.7d). In the L-shaped structure, any NW tips are absent
resulting in the fact that the NW lengths do not increase anymore, rather the involved NWs
grow radially. In the T- and X-shaped junctions, the tips of one or both NWs remain, allowing
that the axial NW growth proceeds. Certainly, also more complex structures such as that one
shown in Fig. 7.7c develop. It has a Π-like shape where two NWs nucleated on the same pyramid
facet hit another NW.
The density of these NW junctions is too low for practical usage and they do not grow in a
controlled way. Both are optimized when prepatterned substrates e.g. with V-grooves are used.
This procedure is described in Section 7.2.
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CHAPTER 7. Nanowires on faceted Si (100) substrates

Figure 7.8.: (a,b) Schematic drawings for the growth of both GaAs (blue) and InAs (red) NWs on the
same sample. (a) Alignment of one pyramid facet towards the Ga effusion cell and growth of GaAs NWs.
(b) Subsequent rotation of the substrate such that the bare facet of the pyramid is oriented towards the In
effusion cell. (c,d) SEM micrographs and EDX maps from the top and from the side of the sample taken
after the growth of both GaAs and InAs NWs. Published in [263].

7.1.6. Simultaneous integration of different nanowires on one substrate

Using textured substrates, it was demonstrated that NW growth takes place preferentially on
{111} facets and that the NW growth direction is controlled by the usage of directed fluxes.
Furthermore, InAs NWs with different dimensions were grown on the same substrates. This
technique not only enables the integration of III-V semiconductor NWs on (100) Si substrates
but also provides a basis to study the impact of growth parameters within a single experiment.

The variability and potential of the growth on textured substrates is further demonstrated by
an experiment for the integration of different III-V NWs on a single textured sample. For this
experiment, a textured Si substrate is aligned with one pyramid facet facing the Ga effusion
cell. GaAs NWs are grown in a self-catalyzed manner for 45 min at 600◦C without rotating
the substrate. Due to the directed flux, GaAs NWs grow only on three facets of the pyramid
(see schematic in Fig. 7.8a). Subsequent to the consumption of the catalyzing Ga droplet, the
substrate temperature is decreased to 480◦C. The bare side of the pyramid is aligned to the In
effusion cell (see schematic in Fig. 7.8b) and InAs NW are grown for 30 min without rotating
the substrate. The directed flux of the group III atoms results in a growth on selected facets
only.
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Figure 7.8c,d shows SEM micrographs as well as EDX maps acquired in the SEM. Two different
types of NWs are identified: thick and low density GaAs NWs as well as a high density of
thin InAs NWs. As evident from the EDX maps, Ga is only found on three pyramid facets,
while one facet is entirely free of Ga. Indium is detected on all pyramid facets, but it is mainly
present on three facets. The lowest amount of In is found on the pyramid facet being shadowed
from the incident In flux. Detailed SEM and EDX analyses of this pyramid facet shows that
InAs is grown either in the form of crystallites or at the bottom of existing GaAs NWs. When
grown at the bottom of the NWs, associated defects shall hinder the device performance. Most
reasonable, the GaAs NWs collect some of the In adatoms. The GaAs NWs are not shadowed
from the incoming In flux due to the relatively low angle of the incident fluxes (∼ 32◦ relative
to the substrate normal). A MBE system with a larger angle of the incoming flux shall give rise
to shadowed GaAs NWs and allow the defect-free growth of both GaAs and InAs NWs on one
and the same sample. In fact, in the Omicron Pro100 MBE installed at the “Nanocluster“ the
angle of the incoming flux is 42◦ instead of 32◦.
As evident from the EDX maps in Fig. 7.8c,d, the presented growth sequence produces InAs
NWs on one pyramid facet as well as GaAs NWs on the opposing facet. On the remaining two
facets of the pyramid, both InAs NWs as well as GaAs NWs partially covered with InAs are
found. By optimizing the substrate preparation, i.e. producing V-grooves, only two opposing
{111} facets remain and therefore the presence of NWs composed of different alloys on the same
{111} facet should be avoided.
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CHAPTER 7. Nanowires on faceted Si (100) substrates

Figure 7.9.: Schematic of the substrate preparation for V-grooves on silicon (100) substrates including
the NW growth. (a) Si substrate covered by HSQ. (b) e-beam lithography. (c) Development and hard bake
of HSQ. (d,e) KOH etching. (f) NW growth.

7.2. Merged nanowires grown on V-grooves2

In the previous section, a texturing process of Si substrates was used for the growth of NWs on
(100) Si substrates but certainly, the pyramids were positioned arbitrary not allowing to control
the NW position on the substrate. Position controlled growth can be achieved by positioning
either pyramids or V-grooves in a controlled manner on the substrate [88, 277, 282].
When NWs are grown on such V-grooves, NWs nucleated on opposing facets can merge during
the growth forming junctions, similar as it was also shown in Sec. 7.1.5. Merged NWs are required
for the braiding of Majorana fermions [7] but can e.g. also be used for T-shaped transistors [9],
to determine the carrier concentration via the Hall effect or to form NW networks. Merged
NWs make Hall measurements on NWs easier since the required overlay accuracy for lateral
contacting decreases [26]. The morphology, growth mechanism and crystal structure of NW
junctions represents a very interesting aspect. Merged NWs reported in literature are grown via
Au catalyst particles and coalescence of two separate NWs [41, 157, 246]. An alternative way is
the growth of NW trees, i.e. the growth of Au cataylzed NWs on already existing NWs [75, 76].
Merged NWs and NW networks obtained without the use of external catalyst have not yet been
investigated.

7.2.1. Substrate preparation

The structuring of the Si substrate with V-grooves is schematically depicted in Fig. 7.9. (100)
oriented Si substrates are covered by a ∼ 200 nm thick hydrogen silsesquioxane (HSQ) layer. The
HSQ layer is deposited by spin coating and has two functions: first, it is used as a negative-tone
e-beam resist and secondly, as an etch mask. Lines and spaces of various dimensions are written
into the HSQ layer by electron beam lithography. Subsequently, the structure is developed
using MF™CD-26. Prior to the KOH etching, the samples are hard baked for 4h at 450◦C. This
thermal curing significantly enhances the etch resistance of the HSQ [52, 349] and is found to be
mandatory. If not hard baked, the HSQ layer is removed within a few seconds when placed in
the KOH etch solution. Following the hard bake, the samples are etched in a solution containing

2Electrical measurements were performed by Daniel Rosenbach and Sebastian Heedt. Sebastian Heedt and
Daniel Rosenbach assisted in the preparation of the V-grooves.
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Figure 7.10: SEM micrographs of the
textured substrate (a) prior to and (b-
e) after the NW growth. (a) displays a
tilted view SEM image o the V-grooves.
(b) shows a top view image of a field of
lines and spaces, in (c) the lower left
corner of the field is shown in higher
magnification. NWs are only grown on
the V-grooves while NW growth is ab-
sent on the remaining (100) facets. A
tilted view SEM micrograph is depicted
in (d), proving that the NWs grow only
perpendicular to the {111} side facets
of the V-grooves. (e) Cross-sectional
view of the V-groove pattern with InAs
NWs being grown on the {111} side fa-
cets of the grooves. The dark area in
the center of (b) is an artifact of the
image acquisition.

33 wt % KOH and 7 vol % IPA. The solution is heated to 40◦C, the etching time is 40 min.
The surface of the substrates after the etching is schematically depicted in Fig. 7.9d,e, a SEM
micrograph is shown in Fig. 7.10a. The anisotropic KOH etching produces V-grooves due to
a higher etch rate of the Si {100} facets than the Si {111} facets. The {111} side facets of
the grooves draw an angle of 54.7◦ with respect to the substrate. Residuals created during the
KOH etching are removed with diluted HCl and piranha solution [223]. For the final substrate
preparation before the NW growth, the native oxide is removed by diluted HF and H2O2 is used
to rebuild a thin silicon oxide.

After loading into the MBE system, InAs NWs are grown at a substrate temperature of 490◦C
via the VS growth mechanism with an In rate of 0.05 µm/h and an As4 flux of 10−5 Torr. These
are the parameters typically used for the vapor solid growth of InAs NWs, see Secs. 4.1 and 4.2.1
.

7.2.2. Nanowire growth on V-grooves

Figure 7.10b displays a top view SEM image of a field of lines and spaces after NW growth, a
higher resolution image of a corner of the field is displayed in Fig. 7.10c. A perfect alignment of
the NWs at the V-grooves is seen, thus the NWs align only in [011] and [011] directions, except
for the ends of the lines where the NWs also align in the [011] and [011] directions. The tilted
view SEM image shown in Fig. 7.10d demonstrates that the InAs NWs grow perpendicular to
the {111} side facets of the V-grooves, thus they follow the 〈111〉 directions of the Si substrate.
The NWs draw an angle of 35.3◦ with respect to the (100) surface, as evident from the cross
sectional image in Fig. 7.10e. NWs are only observed on the {111} facets while they are not
found on the remaining (100) facets. The same characteristic was also observed for the growth
of InAs NWs on textured substrates presented in the previous section. The NWs have a uniform
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CHAPTER 7. Nanowires on faceted Si (100) substrates

Figure 7.11.: SEM micrographs of NWs grown in V-grooves with varying pitch. The pitch varies between
200 nm and 10 µm. (a, f) top and tilted view image of the entire structure. (b-e) top view images of
higher magnification. (g-j) tilted view images of higher magnification. The pitch increases from b (g) to
e (j). The larger the pitch and the size of the {111} facets, the higher the NW density. The red overlays
indicate the dimensions of the grooves.

and good alignment, i.e. all NWs grow perpendicular to their particular Si {111} facet. On
etched (100) surfaces at the bottom of the grooves or formerly protected (100) surfaces at the
top of the V-grooves, only crystallites are observed.
In fact, this demonstrates that the NWs grown on textured substrates presented in the previous
section can be grown in a controlled manner on Si substrates by producing V-grooves. This opens
the way to a position controlled growth of different semiconductor NWs on Si (100) substrates.

From Fig. 7.10e it is already evident that NWs grown on opposing V-groove facets have a
certain probability to touch each other in the center of the groove. Due to the non-polar Si
substrate the alignment of the V-grooves is not crucial, thus it does not matter whether they
are bound by (111) and (111) facets or by (111) and (111) facets. NWs grow on all facets
similarly, since only the NW nucleus defines the 〈111〉B NW growth direction. This is different
for III-V substrates where V-grooves would either be bound by A-facets ((111) and (111)) or
B-facets ((111) and (111)). For a potential future integration of NWs grown on Si substrates,
this provides a higher degree of freedom in the growth of NWs and therefore the alignment of
devices. Concerning merged III-V NWs it is important that the NWs grow on opposing {111}
facets and not on neighboring ones ((111) and (111), e.g. in inverted pyramids). Growth on
opposing facets produces junctions with an angle of 109.47◦ between their nuclei, being the angle
between two 〈111〉B directions in a perfect ZB crystal. In the other case (growth on neighboring
facets, e.g. (111) and (111) facets), the angle between the nuclei is 70.53◦ which is the angle
between a 〈111〉B and a 〈111〉A direction in a perfect ZB lattice. Since the NW growth always
proceeds in 〈111〉B direction, this certainly produces an anti-phase boundary between the NWs.
In order to obtain a high yield of NW junctions, the probability that NWs grown on opposing
facets are facing each other needs to be high. This probability is partly influenced by the growth
parameters, allowing to tailor the NW density, but much more by the dimensions of the grooves.
The impact of the groove pattern is evident from the SEM micrographs depicted in Fig. 7.11.
Here, the width of the “spaces“ is varied between 200 nm and 10 µm with steps of 200 nm.
After the KOH etching, V-grooves are obtained for small “spaces“ while larger “spaces“ result
in incomplete V-grooves with residual (100) facets at the bottom. Accordingly, first the size of

117



7.2 Merged nanowires grown on V-grooves

Figure 7.12: NW junctions with two
(a) and three (d) arms. The junction
in (a) forms an L-shape and is caused
by the coalescence of two NW tips as
schematically depicted in (b) and (c).
Consequently this junction is a tip-to-
tip junction. The junction in (d) is cre-
ated when a NW tip coalesces with the
side facet of another NW, thus a tip-to-
side junction. It has a T-shape.

the {111} facets increases and subsequently, the size of the {111} facets remains constant but
their distance increases for fixed etching times. SEM micrographs from the top (a-e) as well as
acquired under an angle of 60◦ (f-j) are shown in Fig. 7.11. The width of the “spaces“ increases
from b-e and g-j, respectively. As seen, small spaces and corresponding small {111} facets
result only in a few NWs having the same lateral position inside the grooves. Accordingly, NW
junctions are not obtained. With increasing width of the spaces, the number of NWs obtained
per unit length increases. This is associated with the increase of the size of the {111} facets.
When the NW density per unit length increases, the probability of two NWs facing each other
increases and, apparently, also the number of NW junctions is enhanced. At this point, the
number of NW junctions is no longer limited by the number of NWs per unit length but by
the distance between the NW nuclei, i.e. the required lengths of the NWs to form a junction.
This necessary (mean) NW length depends on the width of the spaces and the etching depth.
The larger the width of the spaces and the lower the etching depth, the larger the required NW
length.
NWs grown on the opposing facet of the V-groove influence the NW growth due to shadowing
and competition. This is seen in the cross sectional image depicted in Fig. 7.10e. The NWs
grown on the right-most {111} facet, being the last {111} facet of the pattern, have a uniform
length. For the NWs on the other {111} facets this is different: the NWs have the highest length
when grown at the upper part of the groove while the length decreases by ∼ 50% for NWs at the
bottom of the groove. This non-uniformity is due to the NWs grown on the opposing facet, since
the NWs have uniform dimensions when grown without an opposing facet nearby. Actually, not
only the NW length decreases towards the bottom of the groove but also the NW diameter.
Consequently, it exists an optimal pattern to obtain a high density of NW junctions. Based on
experimental investigations, spaces with a width in the range from 1 – 5 µm and an etching
depth of about 2 – 3 µm result in high density NW junctions. V-grooves with a subsequently
produced SiO2 mask with holes shall significantly enhance the yield of NW junctions to about
100 %. However, this requires substantial more processing and NWs grown in such hole patterns
typically have a larger diameter, see Ref. [127].
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7.2.3. Formation of nanowire junctions

Three NW junctions in different shapes are found: L-shape (Fig. 7.12a), T-shape (Fig. 7.12d) X-
shape (Fig. 7.13a,b). Apart from these three basic structures, also more sophisticated structures
are observed which represent combinations of the basic structures. The three basic structures
are described in the following:

1. L-shaped junctions: The first shape of the NW junctions is shown in Fig. 7.12a. It has
roughly the shape of an “L“. The evolution of the NW junction is depicted schematically
in Fig. 7.12b,c. The NWs are nucleated on opposing {111} facets and the coalescence takes
place between the tips of both NWs. The growth fronts of both NWs vanish and further
growth is only a radial growth. The NWs do not elongate anymore. This junction can also
be called “tip-to-tip“ junction.

2. T-shaped junctions: If the tip of one NW touches the side facets of another NW and co-
alescence occurs, the NW junction has a T-shape. This situation is depicted in Fig. 7.12e,f.
In this configuration, the growth front of one NW vanishes due to the coalescence while
the growth front of the second NW remains. Thus, one NW continues growing axially.
The junction is a “tip-to-side“ junction.

3. X-shaped junctions: The last structure is obtained by the coalescence of neighboring
NWs due to radial growth. A detailed side view SEM micrograph of the junction is shown
in Fig. 7.13b. Its top view image is depicted in Fig. 7.13d. The NWs are slightly displaced
and radial growth took place at the connection point. The situation before coalescence is
displayed in Fig. 7.13c: two NWs initially grow slightly displaced to each other without
coalescence. A schematic model for the formation of X-shaped NW junctions is shown
in Fig. 7.13e,f. First, NWs grow slightly displaced on opposing side facets, neither the
tips coalesce during growth nor a tip coalesces with a NW side facet. Proceeding growth
of the NWs takes place both axially and radially. Subsequently, the two NWs coalesce
due to radial growth. As observed in the SEM images from the side and from the top,
the interface between both NWs seems to act as a sink for the adatoms, i.e. a preferred
place for the radial growth. Since this NW junction is formed by radial growth of the NW
side facets, it is called “side-to-side“ junction. Both NWs can expand axially after the
coalescence. This growth mechanism for X-shaped NW junctions is identical to that one
presented by Car et al. [41] where InSb-based NWs are grown by MOVPE on prepatterned
substrates. There, the pattern is made in such way that the catalyzing Au droplets are
slightly misaligned giving rise to two separate NWs in close proximity. Coalescence into
one X-shaped NW occurs due to radial growth.

For all three junctions, the angle between the arms are 109.47◦ which is the angle between
the 〈111〉B directions. The merged areas often shows an increased roughness or an increase of
the diameter, see Fig. 7.12b.
As obvious, the three different junctions can be classified into two groups. The first group
contains the L- and T-shaped junctions. For both junctions, at least one NW tip plays an active
role during the formation of the junction. The entire structures of the L- and T-shaped junctions
are in one plane. The X-shaped junctions form the second group. These NW junctions are not
perfectly in one plane, they do not lie absolutely flat on the substrate after transfer. This can
make the contacting of the structures difficult. To enhance the number of T-shaped junctions,
a growth sequence similar as presented in the previous section can be applied: the NW growth
is initiated without a substrate rotation which produces NWs on only one Si {111} facet of the
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Figure 7.13: SEM images and model
of X-shaped NW junctions. (a,b) Tilted
view SEM micrographs demonstrating
the three dimensional character. (c)
Top view image of two NWs close to
each other before coalescence. (d) Top
view image of two NWs after coales-
cence. (e,f) Schematic of the forma-
tion mechanism of X-shaped NW junc-
tions. First, two NWs grown on oppos-
ing facets of the V-grooves grow close
to each other without coalescence of the
tips (e). Subsequently, radial growth
takes place resulting in coalescence of
both NWs (f).

Figure 7.14: TEM micrographs
of an X-shaped NW junction. (a)
Low resolution image evidencing
an increased thickness around the
junction. The inset displays the
diffraction pattern of the NW (in-
verted colors). (b) High resolution
TEM image of the X-shaped junc-
tion. A Moiré pattern is observed,
indicating two crystal structures
with different orientations.

V-groove while the opposing facet of the V-groove is free of NWs. After starting the rotation of
the substrate, NWs also start to grow on the opposing facet. The difference in NW length then
increases the yield of T-shaped junctions.

7.2.4. Crystal structure of InAs nanowire junctions

The crystal structure of the NW junctions is expected to have an impact on the electrical and
optical properties since not only stacking faults and twins are present but also grain boundaries
may occur. Single crystalline NW junctions can only be obtained in ZB NWs since the ZB crystal
structure contains four equivalent 〈111〉B directions. In the WZ phase, the NW growth direction
is [0001]B. This direction is present only once in the WZ crystal. Consequently, NW junctions
from Au catalyzed WZ InAs NWs have the ZB crystal structure in the junction despite of the
WZ phase in the remaining NW [157]. VS grown InAs NWs typically contain a high density of
stacking faults and twins, as it was shown in Sec. 4.1.3. The relatively high growth temperature
of VS grown InAs NWs together with the completely different growth and formation mechanism
of the junctions may have a strong impact on the crystalline structure of NW junctions.
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Figure 7.15.: TEM images of an L-shaped NW junction. (a) Low resolution image. (b) High resolution
image of the central part of the junction having ZB crystal structure (red overlay). (c) High resolution
image of the outer part of the junction between both NWs. (d) Schematic illustration of the formation of
the junction.

Figure 7.14a depicts a low resolution TEM image of an X-shaped junction and its diffraction
pattern as an inset. The NWs exhibit an increased roughness in close proximity to the junction
as well as increased NW diameter. The diffraction pattern reveals two streaky patterns rotated
by ∼ 110◦, being close to the ideal value of 109.5◦ between two 〈111〉B directions. The streaky
patterns are a clear indication for a high density of stacking faults and twins, being typical for
VS growth of InAs NWs but they do not provide information about the crystal structure of the
junction. This is caused by the fact that an area of at least 200 nm in diameter is used to obtain
the diffraction pattern. The crystal structure of the junction is seen in the higher resolution
TEM image shown in Fig. 7.14b. The two arms of the NW junction contain several stacking
faults whereas the junction itself, i.e. the connection of both individual wires, is much darker.
This, first of all, indicates that this part of the NW junction is thicker, similar as it is expected
from the growth model depicted in Fig. 7.13. Secondly, a close look reveals the presence of
a Moiré pattern. Such Moiré patterns are an indication for the presence of two crystals with
either different lattice constants (e.g. in GaAs/InAs core-shell NWs, see Sec. 5.1.1) or different
crystal orientations. The latter is the situation in this case and produces a grain boundary. The
grain boundary preserves the polarity although the stacking fault and twin density is high. De
la Mata et al. demonstrated that the twins in NWs are orthotwins [66], also called rotational
twins, where the polarity is conserved and the crystal is only rotated by 180◦ around the growth
axis.

The X-shaped NW junction is grown in a completely different way than the L- and T-shaped
junctions, as discussed above. A pure radial growth creates the X-shaped NW junction while
the remaining two types are produced by an intersection containing at least one NW tip. It is
important to highlight that the InAs NWs used in this study are grown without any droplet,
being different to the study of Kang et al. who have used Au-catalyzed InAs NWs [157].

Figure 7.15a shows an L-shaped NW junction. At first sight, the junction only seems to con-
tain the high density of stacking faults expected in VS grown InAs NWs. A higher magnified
image of the central region of the junction (see red square in Fig. 7.15a) reveals a triangu-
lar shaped region with pure ZB crystal structure. The corresponding TEM image is shown in
Fig. 7.15b and the FFT of the triangular shaped region is displayed as an inset in the same
figure. On two sides the ZB triangle is bound by the {111} planes of the two NWs. These are
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Figure 7.16.: TEM images of the L-shaped elbow structure. (a) Overview image. (b) Low resolution
image of the elbow. (c, e) HRTEM images of different parts of the elbow showing the pure ZB elbow itself
(d) and the transition to the stacking fault rich NWs. Red overlays show the ZB crystal structure of the
elbow. (f) Schematic illustration of the formation of the junction.

the {111} planes representing the growth fronts of the NWs. The remaining side of the triangle
is bound by a {211} plane. Some of the ZB planes of the triangular region continue into the
disordered stacking sequence of the NW, as highlighted by the colored overlay. The outer parts
of the junction exhibit the expected border between the stacking fault rich NWs, as seen in
Fig. 7.15c. This is similar as for the X-shaped junction. Although the junction between the two
NWs is not perfect, the NWs exhibit a crystallographic connection which can be beneficial for
the electronic transport.

Another L-shaped NW junction is displayed in Fig. 7.16. Here, the crystal structure differs
since also the merging mechanism is slightly different. The NW junction shown in Fig. 7.15 is
created by a NW tip penetrating into the segment close to the tip of the other NW A schematic
illustration is displayed in Fig. 7.15d. In contrary, the junction depicted in Fig. 7.16 does not
show any evidence of a penetrating NW, rather it is a perfect tip-to-tip merging forming an elbow
structure (see schematic in Fig. 7.16f). The crystal structure in the elbow is ZB, connecting both
NWs (see Fig. 7.16b,d). About 50 – 100 nm away from the elbow, the crystal structure switches
back to the stacking fault rich one (see Fig. 7.16c,e). The two observed crystal structures in
the L-shape NW junctions (Fig. 7.15 and Fig. 7.16) differ due to the merging mechanism being
either a NW penetrating slightly into the tip of another NW or a pure merging of two NW tips.

A TEM analysis of the third possible NW junction, a T-shape, is displayed in Fig. 7.17. Dur-
ing the transfer of the NW junction from the as-grown substrate to the TEM grid, one branch of
the junction was broken off. This site of fracture is seen in Fig. 7.17a,b and demonstrates that
the junction it self is rather stable. The crystal structure of this particular junction is shown
in Fig. 7.17b,c; Fig. 7.17d depicts the diffraction pattern. The latter again exhibits two streaky
patterns rotated by about 110◦. The (HR)TEM images display the expected stacking fault rich
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Figure 7.17.: Low (a, b) and high (c) resolution TEM images of a T-shaped NW junction with pure
ZB phase at the junction. One arm of the junction was broken off during NW transfer to the TEM grid.
Red overlays in (a, b) denote the ZB phase at the junction. (d) Diffraction pattern of the NW (inverted
colors). (e) FFT of the red rectangle in c. The FFT demonstrates the pure ZB crystal structure.

Figure 7.18.: Low (a, b) and high (c, d) resolution TEM micrographs of a T-shaped NW junction having
two stacking defects in the ZB phase of the junction. The red overlay in (a) highlights the ZB crystal
structure in the junction.

InAs NWs and an exceptional large defect free region at the merging point of the NWs. This has
ZB crystal structure (see the FFT in Fig. 7.17e) and extends across the entire NW diameter.
In contrast to the work by Kang et al. [157], this defect free ZB region cannot be created by an
etching of a droplet into the NW modifying its crystal structure, since these InAs NWs are grown
without any droplets. Accordingly, the transformation of the crystal phase has to take place via
a solid phase mechanism. In order to investigate this solid phase transformation of the crystal
phase, additional tip-to-side NW junctions are investigated, displaying the transformation at
different stages.

Figures 7.18 and 7.20 show tip-to-side junctions with an incomplete ZB segment at the con-
nection point. In Fig. 7.18 a long ZB segment is found at the connection point of both NWs,
but at two positions within this ZB segment stacking faults not penetrating the entire NW dia-
meter are found. The lengths (in 〈211〉B direction) of the stacking defects are different while
their height (in [111] direction) is almost identical, being 6 – 8 atomic layers (see Fig. 7.18b-d).
The varying length of the stacking defects in the ZB region proves that they are caused by a
dynamic process rather than by the already existing crystal structure of the NWs. The stacking
faults in the ZB region may be bound by three Shockely partial dislocations, similar as in the
study by Zhen et al. [351]. These three Shockley dislocation would then have a total Burgers
vector of zero [351]. The stacking sequence around the defect is illustrated in Fig. 7.19: it shows
the FFT-filtered HRTEM image of Fig. 7.18d with superimposed stacking sequence denoted by
colored circles. A perfect ZB lattice is present on the right side of the image while some stacking
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Figure 7.19: FFT-filtered HRTEM image
of the defect shown in Fig. 7.18. Colored
circles denote the stacking layers  A,  B
and  C. White lines show the stacking se-
quence, being either ZB or having twins or
stacking faults. The yellow line indicates the
stacking of a perfect ZB lattice. White ar-
rows show the first and last stacking fault in
the defect.

Figure 7.20.: TEM micrographs of a T-shaped NW junction with a long ZB segment at the junction and
one defect at both sides of the pure crystal phase in the junction. (a,b) Low resolution images showing
the shape of the junction and the dimensions of the pure phase (red overlay) in the junction. (c) Defect
at the upper part of the pure phase. (d) Defect at the lower part of the junction.

defects are observed on the left side. The defective structure on the left part is not pure WZ
but contains stacking faults and twins. Interestingly, the stacking sequences of the perfect ZB
regions in the upper part of the image differ slightly. The upper sequence on the left part starts
with a stacking BACBACB while the stacking on right side begins with ACBACBA. Apparently,
the stacking sequence is shifted by one atomic layer. Such a shift of atoms in a layer can be
caused by Shockley partial dislocations.

Patriarche et al. [237] and Zheng et al. [351] demonstrated a phase transformation from in-
dividual WZ GaAs and InAs NWs into the ZB crystal structure, respectively. In the first
case, this was caused by an epitaxial burying of WZ GaAs NWs in a ZB GaAs matrix. The
transformation of the crystal structure in the second case occurred due to a remelting of the
catalyzing Au droplet at high temperatures, creating a small portion of ZB which then spreads
out laterally. For both situations, Shockley partial dislocations are believed to be responsible
for the phase transition. These dislocations can also explain the observed crystal structure and
the transformation in this investigation. However, it is important to mention that the pre-
vious studies by Patriarche et al. and Zheng et al. discuss the transformation of large, pure
WZ segments into ZB while here the original crystal structure is rich of stacking faults and twins.

In the present structure, the transition from the stacking fault rich structure to the ZB is not
only created by Shockley partial dislocations. This is seen by the (HR)TEM images in Fig. 7.20,
depicting another T-shaped NW junction. Here, the original NW decreased its diameter after
the junction. Possibly, the junction acts as a sink for the adatoms or the coalescence of the
NWs reduced the size of the NW tip. More importantly, higher resolution images show two
regions within the ZB structure that exhibit defects: one region close to the upper boundary
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CHAPTER 7. Nanowires on faceted Si (100) substrates

Figure 7.21: HRTEM (a) and
FFT-filtered (b) images of the de-
fect shown in Fig. 7.20c. Colored
circles in a denote stacking layers
 A,  B and  C and show the
existence of a stacking fault. The
FFT-filtered image clearly demon-
strates a dislocation.

Figure 7.22: T-shaped NW junc-
tion at the beginning of the phase
transformation into ZB. (a) Low
resolution TEM image. (b)
HRTEM micrograph. The red
area in (b) shows the ZB segment.

(see Fig. 7.20c) and the other one close the lower boundary (see Fig. 7.20d) in the image. The
latter is described in an identical way as it was done for Fig. 7.18, that is the existence of several
Shockley partial dislocations. The other defect shown in Fig. 7.20c is different, which is already
seen by the dark contrast around it. Such dark contrast typically arises from the strain field
around a dislocation core. The dislocation is displayed more clearly in the HRTEM and FFT-
filtered images depicted in Fig. 7.21a,b, respectively. The FFT-filtered image clearly shows the
presence of a dislocation, evident by the terminating lattice plane. The HRTEM image with a
colored overlay representing the atoms on the different layers shows how the stacking sequence is
modified by the dislocation. The perfect ZB stacking sequence ..ABCABCABCABCA.. on the
right side of the dislocation is changed into a ..ABCABCBCABCA.. stacking sequence on the
left side. Apparently, a stacking fault is created by the removal of an A plane. This dislocation
is a single Frank partial dislocation, which cannot glide but move by climbing only. Possibly
the dislocation is created by the fact that some of the NWs grow with a slight tilt, which means
that the growth directions of the two NWs did not match exactly.

The remaining question concerns the initial stage of the phase transformation. The exact
mechanism is hard to evaluate since it requires an in situ investigation. However, different
stages are observed on different NWs, as already pointed out above and in Figs. 7.17, 7.18
and 7.20. An early stage with only a short ZB segment is seen in Fig. 7.22a,b. A ZB segment of
about 4 nm thickness is observed close to the top of the hitting NW. This ZB crystal structure
already continues in the other NW, having a thickness of the ZB segment of about 3 nm. These
are the thinnest ZB segments observed at the NW junctions, but are already longer than the
usual thickness of pure crystal phases in VS grown InAs NWs. This suggests that a phase
transformation already started. When the tip of one NW hits the side facets of the other NW,
the local chemical potential may change, affecting the adatom diffusion and the local V/III ratio.
This may have a strong impact on the crystal structure in the upper few nm, favoring the ZB
crystal structure of the hitting NW at the junction.

Another interesting fact is given by the shape of the tip of the hitting NW penetrating into the
other NW. Figures 7.23a,b show two exemplary SEM images of this region. In both situations,
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Figure 7.23.: Morphological shape of the junction in T-type NW junctions. (a,b) TEM micrographs of
two exemplary NWs with lines indicating the shape of the interface between both NWs. White arrows
show the growth directions. (c) Schematic illustration of the orientation of both NWs and the top facets
of the hitting NW.

Figure 7.24.: X-shaped NW junction with ZB structure in the junction. (a) Overview image. (b) Higher
magnified image of the central region of the junction. (c-e) Diffraction patterns (inverted colors) of the
regions marked in (a,b).

the shape of the NW tip is not uniform but a faceted, penetrating part is observed with a small
flat (111)B top facet and two facets tilted by α =160◦ and β =125–145◦. These angles indicate
crystallographically defined facets, which cannot originate from a WZ structure since it would
require a sixfold symmetry. Rather the facets belonging to the angles α and β are assigned to the
ZB crystal structure with α coming from stepped {111}B and {011} facets and β belonging to
{010} facets. This is schematically depicted in Fig. 7.23c. Interestingly, these facets show a clear
pure ZB characteristic although the surrounding crystal structure contains a very high density
of stacking faults and twins. Both stacking faults and twins should result in a more uniform ar-
rangement of the penetrating facets. The orientation of the ZB crystal structure in the junction
agrees with the orientation of the facets belonging to the angles α and β. In all investigated NW
junctions, the orientation of the angles α and β is identical, which means that the angle α is
found in the inner part of the junction. This orientation allows a monocrystalline which is only
obtained if the junction has the same crystalline orientation as the substrate, as pointed out by
Car et al. [41]. Consequently, the growth direction of the NWs ({111}B) defines the orientation
of the ZB crystal structure in the junctions, independent of the existing stacking faults and twins.

As it has been mentioned above, the X-shaped NWs exhibit the stacking fault rich structure
also in the junction between the two NWs (see Moiré fringes in Fig. 7.14), which is different
than for the L- and T-shaped NW junctions. However, in one X-shaped NW junction a different
crystal structure is observed. Figure 7.24a shows this X-shaped junction. The circles denote the
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Figure 7.25: SEM micrograph of a T-shaped
InAs NW junction contacted by Ti/Au elec-
trodes. The contacts are labeled A, B and C.
[Data courtesy of Daniel Rosenbach and Se-
bastian Heedt]

positions where diffraction patters were acquired. A higher magnified image of the central region
is displayed in Fig. 7.24b, it does neither show Moiré fringes nor a high density of stacking faults.
Rather, a uniform brightness with only very few stacking faults is observed. The diffraction
pattern of this region is shown in Fig. 7.24c and exhibits ZB diffraction spots. Light streaks
caused by the few stacking faults are present as well. Moving the diffraction aperture slightly
out of the junction (see green and blue circles in Fig. 7.24a) shows the streaky pattern being
typical for VS grown InAs NWs. This structure was observed only in one out of seven X-
shaped NW junctions, the others exhibited the Moiré pattern discussed before. Nonetheless,
this crystal structure further demonstrates the surprising crystal phase transformation in the
junctions which should be beneficial for the transport due to the absence of grain boundaries or
additional stacking defects.

7.2.5. Electronic transport through InAs junctions

As outlined before, the junctions typically exhibit a ZB crystal structure while the NWs itself
have a high density of stacking faults. Consequently, the crystal structure of NW junctions is
not expected to have an impact on the resistivity. In order prove this assumption, Fig. 7.25
displays a contacted T-shaped InAs NW junction. The NW is placed on a Si/SiO2 substrate
and the Si substrate acts as a global back gate. Ohmic contacts are achieved by Ar+ sputtering
followed by the evaporation of Ti and Au. The angle between the arms is ∼ 110◦, being the
angle between two 〈111〉B directions in a ZB crystal.

Figure 7.26a shows the I-V curves for all contact combinations. The contacts are labeled as
shown in the SEM micrograph and each current path is additionally marked by a color (A-B:
blue, A-C: red, B-C: green). The I-V curves are obtained at room temperature in a two terminal
configuration and are linear for all combinations, thus no Schottky-contacts or barriers are
present. The slope varies slightly, which is attributed to the contact resistance, small variations
in the NW diameter and differences in the contact separation. The transfer characteristics are
displayed in Fig. 7.26b. The source drain voltage is set to 500 mV. The source drain current is
controlled by the back gate voltage, i.e. the NW is depleted at negative gate bias and electrons
are accumulated at positive bias. The curves are rather similar, suggesting that the junction does
not influence the transport strongly. The resistivites are approximated to ρAB = 6.5 · 10−2Ωcm,
ρAC = 5.5 · 10−2Ωcm and ρBC = 4.6 · 10−2Ωcm. Based upon the transfer characteristic, the
electron concentration and carrier mobility can be approximated and compared to values from
single NWs. In each case, the electron concentration is in the range of ∼ 5 · 1017 cm−3 with a
mobility of ∼ 600 cm2/Vs. Similar values for the electron concentration and mobility were also
observed in InAs NWs grown via selective area MOVPE [334]. This means that the junctions
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7.3 Conclusions

Figure 7.26: (a) I-V curve and
(b) transfer characteristic of a T-
shaped InAs NW junction. [Data
courtesy of Daniel Rosenbach and
Sebastian Heedt]
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do not induce additional scattering centers to the NWs.

7.3. Conclusions

The first section of the chapter was dedicated to the growth of NWs on textured Si (100)
substrates, that are substrates containing pyramids bound by {111} facets. It was shown that
the growth direction of the NWs is controlled by aligning the pyramids with respect to the
effusion cell of the group III element, i.e. growth of NWs on predefined facets of the pyramids
was demonstrated. The alignment with respect to the effusion cell was found to give rise to
different growth conditions on each of the pyramid facets, leading to different NW densities and
dimensions and allowing to study the NW growth by the four growth conditions in close vicinity.
Making use of the growth of NWs on predefined pyramidal facets, the simultaneous integration
of NWs with different compositions on the very same substrate and within close vicinity was
demonstrated.
The application of Si substrates patterned with V-grooves instead of pyramids enabled the
fabrication of InAs NW junctions. The optimal dimensions of the V-grooves for the growth
of NW junctions have been identified. Three basic shapes of NW junctions were obtained: L-
shaped, T-shaped and X-shaped junctions. Detailed TEM analyzes revealed a transformation
of the crystal phase via a solid phase mechanism, most probably induced by Shockley partials
dislocations. First electrical measurements conducted on T-shaped junctions indicated that the
junction does not influence the room temperature transport properties.
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8
Chapter 8.

III-V/high κ core-shell nanowires

The integration of III-V NWs in future electronic devices requires the use high κ dielectrics as
gate oxides or as a passivation of the NW surface. Certainly, these dielectrics need to be of high
quality. This is related to the interface from the high κ dielectric to the semiconductor, the
roughness of the dielectric as well as the dielectric properties (e.g. leakage current and dielectric
constant) itself. The latter can be affected by the stoichiometry of the films, its density as well
as the formation of crystalline phases in the amorphous layer. The deposition of dielectric layers
may also influence the semiconductor. Strain induced by the thermal mismatch between the
semiconductor and the dielectric film can have an impact on the carrier mobility.
High κ dielectrics deposited via an ALD process are ideal for the integration of high aspect ratio
structures in semiconductor devices due the highly conformal deposition. Dielectrics of both
Al2O3 and HfO2 deposited by ALD on III-V semiconductor surfaces benefit from a self-cleaning
effect. This depends on the precursor and oxidation state [49, 133, 191, 295, 301, 302].
In this chapter, the interaction between an amorphous Al2O3 shell covering a GaAs NW core
and the formation of crystalline HfO2 phases on InAs NWs are studied by HRTEM and XRD.
The high κ dielectric shells are deposited by ALD.
Some of the results presented in this chapter have been published in [260].

8.1. Strain in GaAs/Al2O3 core-shell nanowires1

In order to study a possible interaction between semiconductor nanostructures and amorphous
shells induced by the thermal mismatch, we have chosen GaAs and Al2O3 as a model system.
Among the III-V semiconductors, GaAs has one of the highest thermal expansion coefficient
αGaAs, the thermal expansion coefficient αAl2O3

of amorphous Al2O3 is slightly higher. Con-

1XRD measurements were performed by Andreas Biermanns in the group of Prof. Pietsch at the University of
Siegen. Torsten Jörres assisted in the preparation of the samples [154].

semiconductor α [K−1] high κ α [K−1]

GaAs 6.9 · 10−6 Al2O3 0.9 − 2 · 10−5

InAs 4.5 · 10−6 HfO2 2 · 10−5

GaSb 7.8 · 10−6 SiO2 5 · 10−7

InSb 5.4 · 10−6 Si3N4 3.2 · 10−7

Table 8.1.: Thermal expansion coefficients of several III-V semiconductors and high κ materials at
20◦C. [140, 153, 150, 145, 161, 314]
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8.1 Strain in GaAs/Al2O3 core-shell nanowires

Figure 8.1.: SEM and TEM micrographs of GaAs NWs without (a) and with (b,c) Al2O3 shells. The
TEM image clearly demonstrates the 30 nm thick amorphous Al2O3 shell, the inset evidences the ZB
crystal structure of the GaAs.

sequently, the difference in thermal expansion coefficients is small. In Tab. 8.1, the linear thermal
expansion coefficients of various semiconductors and high κ materials at 20◦C are shown. To
obtain a measurable strain in the GaAs NW, the temperature difference between the deposition
of the Al2O3 and the strain measurement taking place at room temperature should be high.
Additionally, a high volume ratio of the Al2O3 shell to the GaAs core is preferential. Both
conditions are in fact also reasonable: a high deposition temperature improves the quality of
the oxide layer while the volume ratio is high due to the small NW diameter in future electronic
devices.
Accordingly, GaAs NWs having a length of about 1 µm and a diameter of 80 nm were covered
by 30 nm Al2O3 deposited at a temperature of 315◦C. The GaAs NWs were grown on a GaAs
(111)B substrate. SEM micrographs before and after the Al2O3 deposition are shown in Fig. 8.1a
and b, respectively. Contrast changes due to the amorphous shell are clearly seen. Figure 8.1c
displays an exemplary HRTEM micrograph confirming the shell thickness to be 30 nm. Similar
micrographs taken at different positions along the NW axis confirm the homogeneous coverage.
The surface roughness determined from the TEM micrographs is very small. It is similar to the
roughness of a bare GaAs NW, indicating that the roughness of the shell only depends on that
of the underlying structure. In addition, no evidence of an interfacial layer is found. In any
case, the TMA precursor is known to provide a self-cleaning mechanism of the GaAs surface.
This partially removes the native Ga and As oxides [49, 133, 191].

In order to measure the elastic interaction between the GaAs core and the Al2O3 shell, high
resolution XRD measurements have been performed at the P08 beamline of the PETRA III
synchrotron source. Using a monochromatic, parallel x-ray beam with a photon energy of 10
keV and a size of 50µm × 100µm (vertical × horizontal), reciprocal space maps around the
symmetric (111) as well as the asymmetric (422) reflections of GaAs were recorded.
Figure 8.2 shows a comparison of the intensity distribution in the qx-qz plane around the sym-
metric (111) reflections of an uncovered GaAs NW reference sample (a) as well as the NWs
covered by the Al2O3 shells (b). The central part of Fig. 8.2a displays the intense Bragg reflec-
tion from the GaAs substrate (label: s). In addition, the reciprocal space map exhibits a weaker
signal being elongated along the qx direction (label: NW). This signal is characteristic for NW
ensembles. The high aspect ratio and a typically small random tilt along the growth direction
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CHAPTER 8. III-V/high κ core-shell nanowires

Figure 8.2: Reciprocal space maps around the GaAs
(111) reflection (s) of NWs without (a) and with (b)
Al2O3 shell. After the deposition of the shell, the
Bragg peak of the NWs shifts towards larger values
of qz, showing a compressive strain in the GaAs core.
(Logarithmic color scale) [Data courtesy of Dr. An-
dreas Biermanns]

leads to the broadening of the signal along qx. Within the experimental resolution (1 · 10−4),
the signal from the NWs is at the same qz as the substrate signal. This evidences that the NWs
and the substrate have the same lattice parameter, as expected for ZB type NWs and already
seen in Sec. 5.1.1.

The signal of the Al2O3 covered NWs is shifted by ∆qz = 8 ± 2 · 10−3 nm−1 towards larger qz

values. This shift indicates a compressive strain along the growth direction of the NWs with a
magnitude of ∆c/c = ∆qz/qz,0 ≈ (4 ± 1) · 10−4. Asymmetric (422) Bragg reflections displays a
compressive strain in the radial direction with the same magnitude. However, a smaller resolu-
tion in the corresponding direction in reciprocal space and a significant peak broadening due to
the small diameter of the NWs makes a more detailed evaluation of the radial strain component
not possible.
The strain present in the GaAs core is expected to be caused by the thermal mismatch between
GaAs and Al2O3. The linear thermal expansion coefficient of GaAs at room temperature is
around 6.9 · 10−6K−1 [153] while it is higher for amorphous Al2O3. Here, linear thermal
expansion coefficient of amorphous Al2O3 ranging from 0.9 − 2 · 10−5K−1 have been repor-
ted [140, 150, 161]. Crystalline Al2O3 has a linear thermal expansion coefficient of about
6.5 ·10−6K−1 [171]. The difference between GaAs and amorphous Al2O3 agree roughly with the
measured strain in the core assuming linear elasticity theory.
Certainly, the thickness of the Al2O3 is rather high compared to technological relevant ones [343]
but in future devices, the NWs will be thinner than in this study, i.e. thinner than 80 nm. The
volume ratio between the semiconductor, i.e the NW, and the gate dielectric is then in a similar
range as it is here (VNW /VAl2O3

≈ 0.5). Other III-V semiconductors such as InAs, InP and
InSb, all being highly interesting for electronic devices, as well as Si have lower thermal expan-
sion coefficients than GaAs [145]. The thermal mismatch between the III-V core and the Al2O3

shell and hence the induced strain in the core would be even larger for these semiconductors.
When the NWs are embedded in BCB (benzocyclobutene) for the fabrication of future vertical
devices, the thermal curing of the BCB results in an additional strain [36]. A metal layer used for
contacting the NW or as gate dielectric has an additional impact on the strain in the NW [87].
Consequently, many processing steps after the NW growth influences the strain in the NW.
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8.2 Formation of crystalline phase in InAs/HfO2 core-shell nanowires

8.2. Formation of crystalline phases in InAs/HfO2 core-shell

nanowires2

The high dielectric constant of HfO2 together with the large band gap [50] makes it super-
ior to Al2O3. The linear thermal expansion coefficient of HfO2 is in a similar range as that of
amorphous Al2O3 (see Tab. 8.1). Thick or high-temperature deposited layers of HfO2 tend to be
partially crystalline. This crystallinity is observed for layers above a certain thickness [188, 265]
or when deposited above a certain temperature [121, 187]. Post-deposition annealing transforms
amorphous HfO2 to crystalline HfO2 [29, 136]. However, in most of the investigations, Si wafers
were used as substrates, only very few investigations were done on other materials, e.g. Ge [291]
or III-V [37, 141, 158, 159, 169], and/or nanostructures [96, 278].
Five different crystal structures apart from the amorphous phase of HfO2 have been reported:
monoclinic (space group P21/c), two orthorhombic phases (space groups Pbca and Pnma), cubic
(space group Fm3m) and tetragonal (space group P42/nmc) [193, 350]. Amorphous, monoclinic
and orthorhombic HfO2 are reported to have dielectric constants of about 20 while it is ∼ 29
and ∼ 70 in the cubic and tetragonal phase, respectively [350]. Consequently, crystalline HfO2

phases may be advantageous for electronic applications. However, grain boundaries in the poly-
crystalline HfO2 are reported to be conductive, promoting leakage currents [20, 144, 211, 241].
Although HfO2 has already been widely used as a high-k gate dielectric for InAs NWs, its
quality has not been investigated. In several studies, the HfO2 was deposited at about 80-
120◦C [21, 31, 32, 98]. This is a rather low deposition temperature for HfO2. In some studies,
also aluminum was added and therefore AlHfO was used [304]. The reason for such a low de-
position temperature was the usage of a lift-off technique for the dielectric [21, 31, 32, 98]. A
low deposition temperature decreases the dielectric constant and increases the carbon content
in the HfO2 [199]. Apparently, a lift-off technique for the high κ dielectric only makes sense
when a structuring of the dielectric is not possible in another way.

In this study, the morphological and structural characteristics of HfO2 shells around InAs NWs
are investigated. InAs NWs grown via the vapor-solid mechanism presented in Section 4.2.1 were
grown on Si substrates and transferred into the ALD immediately after unloading from the MBE
system. In the ALD chamber the substrate was ramped to the deposition temperature Tdep under
a constant flow of Ar. For the deposition of HfO2, TDMAH and ozone were used as precursors.
Two series were grown: (1) a constant number of 100 deposition cycles at different substrate
temperatures Tdep and (2) different numbers of deposition cycles (n) at a constant substrate
temperature of 250◦C. In a third series, also TMA was used for the deposition of thin Al2O3

layers within HfO2: laminate structures have been produced. In these laminates, the following
sequence was deposited: 15 cycles HfO2 / x cycles Al2O3 / 30 cycles HfO2 / x cycles Al2O3 / 30
cycles HfO2 / x cycles Al2O3 / 15 cycles HfO2. The number of Al2O3 deposition cycles x was
varied from 1 to 10. In each case, the total thickness of the laminate structure is in the order of
10 nm. All samples are in the as-deposited state, they were not annealed after HfO2 deposition.
In separate experiments, HfO2 and Al2O3 deposition rates were determined on Si (100) substrates
at a constant temperature of 250◦C. Al2O3 was found to grow with a rate of 0.85 Å/cycle whereas
the deposition rate of HfO2 was found to be 1 Å/cycle.

2Results of this section have been published in T. Rieger, T. Jörres, J. Vogel, A. Biermanns, U. Pietsch, D.
Grützmacher, and M. I. Lepsa. Crystallization of HfO2 in InAs/HfO2 core-shell nanowires. Nanotechnology,
25(40):405701, 2014. Ref. [260]. Parts of the HfO2 depositions were done by Torsten Jörres. XRD measure-
ments have been performed by Jonas Vogel and Dr. Andreas Biermanns in the group of Prof. Pietsch at the
University of Siegen. Processing of the FETs and electrical measurements were done by Marion Rosien.
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Figure 8.3.: SEM micrographs of InAs/HfO2 core-shell NWs with 100 cycles of HfO2 deposited at 250◦C
(a) and 320◦C (b). Apart from NWs, InAs crystallites are seen on the samples. Insets display higher
magnification images of single NWs showing a temperature dependent roughness of the HfO2 shell. (c)-
(e) HAADF images of single InAs/HfO2 core-shell NWs with 100 cycles of HfO2 deposited at 175◦C (c),
250◦C (d) and 320◦C (e). Published in [260].

8.2.1. Morphology of HfO2 shells

Typical SEM micrographs of as grown InAs/HfO2 core-shell NWs are depicted in Fig. 8.3 a,b.
The NW density is high (5-10 NWs/µm2, see Sec. 4.2.1) and also InAs crystallites are found.
The NWs are covered conformal and homogenously using all deposition conditions despite of
the high NW densities as well as the high aspect ratio. This was verified by a detailed TEM
analyses. The thicknesses of the HfO2 at the top and bottom of the NWs are identical, no
morphological or structural differences in the HfO2 layers were found along the wire axis.
In Fig. 8.3 representative SEM and HAADF micrographs of samples from the first series with
increasing substrate temperatures for the HfO2 deposition are shown. The temperature Tdep

varied from 125◦C to 320◦C, the number of deposition cycles was constant at 100 corresponding
to a nominal thickness of 10 nm. Overview SEM images of samples with HfO2 shells deposited
at 250◦C and 320◦C are displayed together with higher magnification images of single NWs
(insets) in Fig. 8.3a and b. HAADF images of core-shell NWs with shells deposited at 175◦C,
250◦C and 320◦C are shown in Fig. 8.3c-e, respectively. HfO2 deposited at 125◦C results in
smooth NW surfaces without any irregularities in SEM images or HAADF images (not shown).
When the deposition temperature is increased to 175◦C smooth NW surfaces are obtained, but
a single bright spot in the HAADF image is seen (see Fig. 8.3c). Changes in the contrast of the
HAADF signal are due to a change in Z-contrast, the thickness and/or changes in the crystalline
orientation, e.g. a crystalline material in an amorphous matrix. HfO2 tends to form crystalline
phases which can result in an increased thickness of the HfO2 layer [121]. The InAs NWs have
smooth side facets and a single crystal orientation. Consequently, bright areas in HAADF images
indicate changes in the HfO2, namely crystalline phases. A further increase of the deposition
temperature to 250◦C results in small dot-like structures which are seen in the inset of Fig. 8.3a.
Additionally, they are identified by significantly more changes in the contrast in the HAADF
images shown in Fig. 8.3d. The dot-like structures on the NW side facets indicate an increase
of the surface roughness. This is correlated with the increased amount of crystalline HfO2 as it
is shown later. At the highest deposition temperature being 320◦C, the NW surface is rough as
obvious in both the SEM and the HAADF images (Fig. 8.3b,e).
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Figure 8.4: HRTEM micrographs of
InAs/HfO2 core-shell NWs with varying
shell deposition temperatures. (a)-(d)
HRTEM images with deposition temperat-
ures of 125◦C, 175◦C, 250◦C and 320◦C,
respectively. Insets in (b)-(d) show selective
area electron diffraction patterns (inverted
colors), displaying the streaks arising from
the InAs NW as well as Debye-Scherrer
rings from the crystalline HfO2. Arrows
in (a) and (b) point to small crystalline
regions of HfO2. Published in [260].

(HR)TEM micrographs of InAs/HfO2 core-shell NWs with varying deposition temperatures
are depicted in Fig. 8.4. As it was already seen in the SEM image in Fig. 8.3a, the HfO2 shell de-
posited at 250◦C is not smooth: it exhibits some roughness. The corresponding HRTEM image
is shown in Fig. 8.4c. Here, the origin of the roughness becomes clear: crystalline HfO2 formed.
This crystalline HfO2 has a higher growth rate than amorphous HfO2 [121]. The crystallinity
is clearly proven by the presence of lattice fringes. Similarly, TiO2 films grown by ALD show
an increase of the growth rate once the layer crystallizes [170]. The presence of Debye-Scherrer
rings in the diffraction pattern (inset in Fig. 8.4) shows that the growth of the HfO2 is not
in an epitaxial relation with the InAs NW. Debye-Scherrer rings are typical for polycrystalline
material. The streaks in the diffraction pattern are from the stacking fault rich NWs, typical
for the VS growth of InAs NWs as shown in Sec. 4.1.3 and Refs. [217, 288]. Due to conducting
grain boundaries [20, 144, 211, 241], polycrystalline HfO2 is not beneficial for gate dielectrics.
Inhomogeneous thicknesses locally modify the gate capacitance resulting in a nonuniform gate
influence. Consequently, smooth and amorphous layers are required. Figure 8.4a, b and d show
HRTEM images and diffraction patterns from NWs with HfO2 deposition at 125◦C, 175◦C and
320◦C, respectively. Similar as in the images shown in Fig. 8.3b,e the layer deposited at the
highest temperature is rough and seems to be completely crystalline, as evident by the Debye-
Scherrer rings. Additionally, EDX line scans acquired on these NWs indicate a thickness larger
than the expected 10 nm, namely 20-25 nm. This increased thickness agrees well with the
higher growth rate of crystalline HfO2 compared to amorphous HfO2 [121]. At low deposition
temperatures (125◦C and 175◦C) the HfO2 layers are smooth and exhibit only small crystalline
regions within the amorphous HfO2 matrix. In Fig. 8.4a and b, the crystalline HfO2 regions are
pointed out by arrows. Low deposition temperatures, however, are known to reduce the dielec-
tric constant of HfO2 [199], making a deposition around 250◦C preferable. As evident from the
correlation of SEM and TEM micrographs, crystalline regions showing an increased thickness
compared to the amorphous parts are observed by SEM while small crystalline parts are only
identified by TEM.

The different deposition temperatures and crystallinities result also in different wet etching
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Figure 8.5: TEM micrographs of
InAs/HfO2 core-shell NWs after wet
chemical etching in 0.5% HF for 30s. 100
cycles HfO2 were deposited at 125◦C (a)
and 250◦C (b). The inset in (a) depicts a
close-up showing no evidence of a residual
oxide layer on the NW. Published in [260].

Figure 8.6.: TEM micrographs of InAs nanowires with HfO2 shells of different thicknesses. Nominal
thicknesses are 3 nm, 5 nm and 20 nm in (a), (b) and (c), respectively. The deposition temperature is
250◦C. The inset in (a) depicts a small HfO2 crystallite (arrow). The inset in (c) displays an electron
diffraction pattern with pronounced Debye-Scherrer rings (inverted colors). Arrows in (a) and (b) point
to crystalline HfO2 phases. Published in [260].

kinetics. This is evident by exemplary TEM images shown in Fig. 8.5. NWs covered with 10 nm
HfO2 deposited at temperatures of 125◦C, 250◦C and 320◦C were etched for 30s in highly diluted
HF (0.5%). The HfO2 layer is completely removed when deposited at the lowest temperature
(Fig. 8.5a) whereas its thickness changed only marginally when deposited at 250◦C (Fig. 8.5b)
or above. For the 250◦C sample, the thickness of the amorphous HfO2 decreased only by about
1 – 2 nm. Due to the roughness of the shell, any information about the etch rate of crystalline
HfO2 cannot be derived. For the sample deposited at the highest deposition temperature, no
evidence of an etching is found. HF-based wet chemical etching of HfO2 strongly depends on
the deposition parameters and the post-deposition treatment: the higher the temperature for
the deposition or post-deposition annealing, the lower the etch rate [48, 94]. For both cases, this
is associated with the degree of crystallization of the HfO2 layer. However, even the etch rate
of amorphous HfO2 varies strongly with the deposition temperature, as observed on the 125◦C
and 250◦C samples.

To further understand the formation of the crystalline phases, the substrate temperature Tdep

was set to 250◦C and the number of deposition cycles n was varied between 30 and 200 (Series
2). Corresponding TEM images and diffraction pattern are shown in Fig. 8.6. First small
crystallites are already seen in the sample with a HfO2 thickness of only 3 (inset in Fig. 8.6a).
However, only few of these crystallites were found on each NW, most of the NW does not
contain any crystalline HfO2 (see Fig. 8.6a). The number and the size of the HfO2 crystallites
increase with increasing the thickness of the dielectric. 50 deposition cycles of HfO2 result in
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Figure 8.7: XRD measurements with a
constant incidence angle of 5◦ normal-
ized to the (111) InAs peak. (a) shows
the temperature-dependent series, (b) the
thickness-dependent series. Dashed curves
represent layer systems (Si (001)/HfO2) for
comparison. The bottom shows all possible
peak positions for Si, InAs and the five pos-
sible crystal structures of HfO2. [Data cour-
tesy of Jonas Vogel and Dr. Andreas Bier-
manns.] Published in [260].
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crystallites with diameters up to 5 nm (see Fig. 8.6b). The lateral size increases to ∼ 30 nm for
100 deposition cycles (cf. Fig. 2c). The sample with the highest thickness (200 cycles) has a
very rough surface and pronounced Debye-Scherrer-rings are obvious (Fig. 8.6c), being similar
as the sample grown at the highest temperature in series 1. Apparently, the formation of the
HfO2 crystallites proceeds as follows: the deposition starts with an amorphous structure and
turns to a crystalline structure with increasing thickness. Some of the HfO2 crystallites may
even be in contact with the InAs NW without an amorphous interface as seen in Fig. 8.4c.
Similar growth runs were performed on planar samples, i.e. Si/HfO2 structures were produced.
These do not show any evidence of crystalline phases or an increased surface roughening up to
a temperature of about 300◦C. Additionally, the impact of the crystalline structure of the InAs
NWs on the crystallization of the HfO2 was investigated: 1nm Al2O3 was first deposited on the
NWs followed by 10 nm HfO2. The Al2O3 is always amorphous when deposited by ALD, thus
the subsequent HfO2 grows on an amorphous layer. Crystalline HfO2 regions of similar amounts
and sizes were still observed, proving that the crystallinity of the substrate does not influence
the HfO2 deposition.
The strong tendency to the formation of crystalline HfO2 may be caused by the nanoscale
dimensions in combination with the faceted shape of the NWs. Alternative explanations like the
effective substrate material (InAs) or the high density and high aspect ratio structures (NWs)
should mostly affect the first deposition cycles or result in a slower pumping near the sample
surface giving rise to a local CVD-like process with higher deposition rate. No evidences for
these explanations are observed.

8.2.2. Crystal structure of the HfO2 crystallites

It has been mentioned above that several crystalline structures of HfO2 have been reported.
Each crystal structure has different dielectric properties. Accordingly, it is important to have
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Figure 8.8: Radii of Debye-Scherrer rings
as measured from diffraction pattern of
InAs/HfO2 core-shell NWs with a nominal
HfO2 thickness of 10nm. In the bottom of
the figure, the expected radii for the five pos-
sible crystal structures are plotted. Published
in [260].

knowledge about the crystal structures present in the HfO2 shells. The crystal structure of
the HfO2 shells was analyzed using two methods: XRD and electron diffraction in the TEM.
Figure 8.7 shows XRD scans of the different deposition series: in (a) the deposition temperature
Tdep is varied (series 1) while in (b) the deposited thickness (number of deposition cycles n) varies
(series 2). Reflections from the Si (111) substrates are not seen due to the constant incidence
condition of the x-ray beam. The XRD signal is composed of signals from to polycrystalline
HfO2 and the single crystal InAs NWs. The peak at ∼ 26◦ belongs to the (111) InAs planes.
Peaks at ∼ 24◦ and ∼ 27◦ are present for on all samples, even without HfO2 shells. Consequently,
they are attributed to the presence of parasitic InAs, grown in random orientation in between
the NWs.
The XRD patterns do not change much below a substrate temperature of 320◦C. No clear addi-
tional peaks are identified, but a broad peak is present in the region from ∼ 27◦ - 35◦. This broad
peak may be attributed to the nanocrystalline regions [136] found in the HRTEM images. Only
at the highest temperature, additional peaks are observed. These are ascribed to a combination
of the monoclinic phase as well as one additional phase. This is either the orthorhombic or the
tetragonal phase.
Similar observations were made for samples with different HfO2 thicknesses (series 2, see Fig. 8.7b).
The broad signal between 27◦ and 35◦ increases until peaks occur at a nominal thickness of 20
nm. The peak positions are identical with those of the 320◦C sample. Thus, the crystalline
structure is a combination of the monoclinic and orthorhombic or tetragonal phase.
Comparable XRD measurements were performed on planar Si(001)/HfO2 structures, i.e samples
without InAs NWs. Si substrates were selected since they represent the best studied substrate
for the deposition and crystallization of HfO2 and therefore allow to compare the results to
the literature. XRD measurements from a sample with 10 nm HfO2 deposited at 320◦C and a
sample with 20 nm HfO2 deposited at 250◦C on Si substrates are plotted in Fig. 8.7 together
with the results from the NWs. The measurements of the planar structures on Si do not show
any peaks. Only a broad signal in the range from 25 – 35◦ is observed. Depositing HfO2

with similar conditions on InAs NWs gives rise to clear peaks in the XRD measurements (see
Fig. 8.7a,b). Consequently, the formation probability of crystalline HfO2 is strongly enhanced
when deposited on InAs NWs compared to the deposition on planar Si samples.

The other method to determine the crystal structure of the HfO2 is given by the diffraction
patterns, i.e. measuring the radii of the Debye-Scherrer rings. This method has some advantages
and disadvantages compared to the XRD analyzes. Only crystalline regions on the NW are taken
into account when the diffraction patterns are analyzed whereas XRD also probes the substrate.
However, in the diffraction patterns only few or single NWs are analyzed and less material
contributes to the diffraction signals. This produces only weak diffraction spots or Debye-
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Figure 8.9: TEM micrographs of laminate struc-
tures with x = 1 (a), x = 3 (b), x = 6 (c) and
x = 10 (d). (e) shows a HAADF image of the lam-
inate structure with x = 10. The blue curve plots
the HAADF signal. Clear contrast from the Al2O3

layers is observed in both TEM and HAADF images
(see red arrows). Published in [260].

Scherrer rings making the identification of the crystal phases difficult. Accordingly, only samples
with clear Debye-Scherrer rings were analyzed. Figure 8.8 displays the radii of the Debye-
Scherrer rings obtained from the 10 nm thick HfO2 shells deposited at substrate temperatures
of 175◦C, 250◦C and 320◦C. At the bottom of the figure, the radii of Debye-Scherrer rings for
all five possible crystal structures of HfO2 are plotted. Most of the radii of Debye-Scherrer rings
can be indexed using the monoclinic phase of HfO2, being in agreement with the XRD analyses.
Some Debye-Scherrer radii (e.g. radii of 3.1nm−1, 3.4nm−1, 4.5nm−1, and 6.4nm−1) cannot be
associated with the monoclinic HfO2 phase, but with the orthorhombic and tetragonal phases.
Radii of 3.1nm−1 and 4.5nm−1 are only possible for the orthorhombic phases. Consequently,
HfO2 is present in the monoclinic phase as well as the orthorhombic phase. The presence of
tetragonal HfO2 cannot be excluded from the analyzes. Similar crystal structures are found to
be present in planar Si/HfO2 structures investigated in the literature, although in general for
thicker HfO2 films or grown at higher deposition temperatures [136, 308].

8.2.3. Laminate HfO2/Al2O3 structures to suppress crystallite formation

A possibility to avoid the formation of crystalline HfO2 are laminate structures with Al2O3 [39,
45, 51, 192, 340]. Such laminate structures increase the crystallization temperature [45, 192]
and modify the dielectric constant, leakage currents and hysteresis [39, 51, 340]. The laminate
structures investigated here consist of 15 cycles HfO2 / x cycles Al2O3 / 30 cycles HfO2 / x
cycles Al2O3 / 30 cycles HfO2 / x cycles Al2O3 / 15 cycles HfO2. The number x of Al2O3 cycles
in-between two adjacent HfO2 depositions was varied between 1 and 10. The thickness of the
laminate is in the order of 10 nm. InAs/HfO2 core-shell NWs with 10 nm thick HfO2 shells
exhibit large crystalline regions in the HfO2 (see Fig. 8.4c). Figure 8.9a-d show representative
TEM micrographs for x = 1, 3, 6 and 10, respectively. A single deposition cycle of Al2O3
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Figure 8.10: Contacted InAs/HfO2 core-
shell NW with a shell deposited at low tem-
perature. (a) top view SEM micrograph of
the source contact, (b) tilted view SEM mi-
crograph of the region between source and
gate. Schematic of the ideal (c) and real (d)
resist distribution.

is not sufficient to suppress the crystallization process as seen in Fig. 8.9a. Nonetheless, the
number of crystallites along each NW was already reduced significantly. By an increase of the
number of Al2O3 deposition cycles x to 3, the dielectric layer becomes completely amorphous
and also remains amorphous by further increasing the Al2O3 thickness (see Figs. 8.9b-d). The
Al2O3 interlayers provide clear contrast to the HfO2 layers (see red arrows in Fig. 8.9c,d).
This contrast indicates that intermixing between both materials is negligible at temperatures
of 250◦C. Additionally, the growth rate of the HfO2 on the NWs can be approximated by the
distance between the Al2O3 layers. Figure 8.9e shows a HAADF micrograph of the sample with
x = 10 Al2O3 deposition cycles. The blue curve displays the HAADF signal averaged over a
vertical distance of 2 nm. Three intensity peaks at both edges are observed, these are attributed
to the Al2O3 interlayers. The measured HfO2 deposition rate is equal to that on planar Si
substrates, i.e. 1 Å/cycle. To summarize, a single Al2O3 deposition cycle is not sufficient to
suppress the formation of HfO2 completely but already three Al2O3 deposition cycles, i.e. 2.3
Å, are. It is clearly evident that HfO2 crystallites are observed only when a certain thickness is
exceeded. This method does not only provide the possibility to obtain different thicknesses of
the HfO2-based dielectric layers but also to control its properties.

8.2.4. Structuring HfO2 shells for source/drain contacts

To use the InAs/HfO2 core-shell NWs for FETs, the HfO2 gate dielectric has to be removed
locally for the source-drain contacts. As it has been shown above, HfO2 shells deposited at low
temperatures can be etched with diluted HF while high temperature deposited HfO2 shells are
almost not affected at all. Consequently, at first sight, low temperature deposited shells are
regarded as the better choice. Figure 8.10 shows a top view (a) as well as a tilted view (b)
SEM micrograph of processed InAs/HfO2 FETs with a HfO2 shell deposited at a temperature
of 120◦C. The source contact is shown in Fig. 8.10a. A clear change in brightness along the NW
is observed, indicating changes in the surface morphology. The origin is seen in the tilted view
SEM micrograph (Fig. 8.10b): the HfO2 is also etched outside the source region. Interestingly,
the HfO2 is etched inhomogeneously with only slight etching on the upper facet and a much
stronger etching at the NW facet close to the substrate. This inhomogeneity indicates that the
smallest achievable separation between the source (drain) and the gate is defined by etch mask,
that is the PMMA. The etching time (30s) as well as well as the HF concentration (0.5%) are low,
thus the PMMA should be stable against the etching. Consequently, the etching inhomogeneity
is expected to be mainly caused by the interface between the PMMA and the NW. Figure 8.10c
displays the ideal distribution of the PMMA around the NW, while in Fig. 8.10d the expected
profile is depicted. In the latter case, the NW is not assumed to be covered completely by the
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Figure 8.11.: Etching of the HfO2 shell around InAs NWs using a combination of Ar+ bombardment
and HF etching. (a) SEM micrograph and (b) false color image (red: etched HfO2, green: remaining
HfO2). [Data courtesy of Marion Rosien [268]]

PMMA, rather small voids between the PMMA and some NW side facets are believed to remain.
These voids may act as etch channels causing the inhomogeneity of the HfO2 shell thickness.
Therefore, the possible applications of low temperature deposited HfO2 shells around NWs are
limited to structures with rather long distances between the source/drain contacts and the gate
metal.

HfO2 shells deposited at higher temperatures are etched only very slowly by HF (see above)
and, certainly, the voids between the PMMA and the NW should form similar structures as in
Fig. 8.10a,b. Additionally, PMMA does not withstand a long exposure to HF [119]. The laminate
HfO2/Al2O3 shells represent an alternative to pure HfO2 shells, but the different layers may be
etched differently making the etching more complicated. Consequently, the removal of pure
HfO2 deposited at high temperatures is investigated. Chen et al. demonstrated a technique to
significantly enhance the etch rate of HfO2 in HF by a bombardment of the HfO2 a priori with
Ar+ [48]. This Ar+ bombardment was found to induce an amorphization of the crystalline HfO2

which can then be etched easily with 5% HF.
An Ar+ bombardment of 15 s performed using a reactive ion etching tool with an Ar gas low
of 8 ml/min and a power of 80 W is not sufficient to turn the HfO2 amorphous. Increasing
the bombardment to 60s enables to etch the HfO2 in 5% HF. Figure 8.11a displays the SEM
micrograph of an InAs/HfO2 core-shell NW with 8 nm HfO2 shell thickness where the central
part was exposed to the Ar+ bombardment prior to the HF etching. The outer parts were
protected by a PMMA mask. After Ar+ bombardment, the sample was placed in 5 % HF for
60s. The HfO2 shell is removed only in the region exposed to the Ar+ ions. Additionally, only
the HfO2 at the upper half is removed (see false color image in Fig. 8.11b), indicating that the
lower part is protected from the Ar+ ions. This clearly demonstrates that the Ar+ bombardment
enhances the HF etch rate and allows a high control of the HfO2 etching using HF.

The complete removal of the HfO2 at exposed regions is further confirmed by preliminary
electrical measurements with top gates. InAs/HfO2 core-shell NWs with HfO2 shell thicknesses
of ∼ 4 nm and ∼ 9 nm are contacted via Ti/Au electrodes and have Ω-shaped top gates. The
top gates have a width of about 500 nm, the distance between the source and the drain is 1.5
µm. The Ohmic source-drain contacts are fabricated by a two step process. First, a PMMA
layer serves as etch mask. After etching, this PMMA mask is removed since it is damaged due
to the Ar+ bombardment, making a lift-off more complicated. In the second step, a new layer
of PMMA is spin coated and a mask for the source-drain contact metallization is written. This
mask has openings exactly at the exposed region of the NWs. Figure 8.12 shows the I-V curve
(inset) and the transfer characteristic at a source drain bias of 100 mV. The electronic transport
is controlled via a Ti/Au top gate. The I-V curves are linear, indicating Ohmic contacts after
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Figure 8.12: I-V curve (inset) and transfer char-
acteristic of InAs/HfO2 core-shell NWs with HfO2

thicknesses of 4 and 9 nm. The source-drain voltage
is 100 mV. [Data courtesy of Marion Rosien] [268]

etching the HfO2. The transfer characteristics show a clear dependence of the source drain
current on the top gate voltage. The thinner NW can be depleted almost completely at negative
gate voltages and the current saturates at positive top gate voltages. The thicker NW does not
reach the saturation and is not depleted completely at negative gate voltage. Certainly, for both
NWs the source drain currents are low being partly attributed to the large contact separation
length. Although the I-V characteristics are linear, the contact resistance may still be rather
high which increases the overall resistance of the device [289]. This high contact resistance can
be caused by residues of HfO2 or the native oxide of the InAs [289].
To conclude, high temperature deposited HfO2 layers can be removed from InAs NWs with a
high lateral control via a combination of Ar+ bombardment and wet chemical etching in HF.

8.3. Conclusions

Al2O3 dielectrics deposited by ALD on GaAs NWs induced a compressive strain in the semicon-
ductor. This strain was attributed to the different linear thermal expansion coefficients of the
III-V semiconductor and the high κ dielectric. HfO2 shells deposited around InAs NWs were
found to contain significant amounts of crystalline phases. The size and number of crystalline
HfO2 grains are a function of the deposited thickness and the substrate temperature. X-ray and
electron diffraction revealed that HfO2 crystallites with the monoclinic and the orthorhombic
crystal phases are present. Laminate structures based on Al2O3 and HfO2 avoid the formation
of crystalline HfO2 phases. A two-step process based on an initial Ar+ bombardment followed
by a wet chemical etching in diluted HF was found to be ideal for the structuring of the HfO2

shells deposited at high temperatures for source drain contacts.

141





9
Chapter 9.

Summary and Outlook

The aims of this thesis were the growth of various III-V NWs and NW heterostructures on
GaAs and Si substrates as well as the control over the crystal structure in NWs, focusing on the
exploration of the growth parameters, crystal defects, critical dimensions and strain relaxation.
The investigated NWs represent candidates for applications in electronic devices (e.g. FETs [297]
and TFETs [176]) as well as for the study of fundamental physics, such as the search for Majorana
fermions [7, 41] and magneto-conductance oscillations [111, 112]. In particular, the following
topics were addressed:

• The growth and crystal structure of InAs NWs on GaAs (111)B, Si (111) and Si (100)
substrates: These NWs are the building blocks of some heterostructures investigated in
the thesis and represent candidates for electronic devices.

• The growth of NWs with different compositions or dimensions on the very same substrate,
which allows to integrate optic and electronic components on the same sample and in the
same deposition run.

• The control over the crystal structure of vapor liquid solid grown InAs and GaAs NWs,
enabling to integrate barriers in the NWs and to study the conditions leading to the
formation of the WZ phase.

• The growth and structural characterization of various heterostructure NWs: These het-
erostructure NWs allow to investigate the critical dimensions and strain relaxation in low
dimensional structures and the possible applications benefit from the different types of
band alignments between the semiconductors, e.g. enabling band-to-band tunneling or
the formation of tubular conductors.

• The formation of NW junctions, which are 2- or even 3-dimensional structures composed
of individual quasi one dimensional NWs.

• The structure and impact of high κ films covering III-V NWs: The high κ shells can act
as both dielectrics for the gate electrode and NW passivations preventing the altering of
the NW properties.

In order to achieve these goals, MBE and ALD have been used to grow the III-V semiconductors
and deposit the high κ films, respectively. Analyzes of the structures were performed by SEM,
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TEM and XRD.

First, the growth of InAs NWs on GaAs (111)B and Si (111) substrates was investigated, fo-
cusing on the influence of the deposition parameters and of the required substrate preparations
on the orientation and dimensions of the NWs. InAs NWs grown via the vapor solid mechanism
were found to be rather dense with densities of up to 40 NWs/µm2. These high NW densities
resulted in a subsequent coalescence of neighboring NWs due to radial growth. The NW density
could be decreased significantly by a reduction of the supplied In rate, resulting in NW densities
being suitable for core-shell NWs. This reduction of the In rate had only a marginal effect on
the NW dimensions. NWs as thin as 30 nm in diameter have been observed. An in situ doping
with Si decreased the aspect ratio of the InAs NW being attributed to the reduction of the In
diffusion length. The crystal structure of the vapor solid grown InAs NWs was found to contain
numerous stacking faults, only the NW bottom being pure WZ. The latter indicated that condi-
tions leading to the nucleation differ from the axial extension of the NW itself. The nucleation
may be caused by an In droplet [24], while the axial growth is droplet free [128]. Indeed, the tip
of the NWs, defining the crystal structure during the axial growth, was observed to be faceted
with a combination of the {110} and {211} facets. The diameter of the tip was found to be in
the range of the expected transition from ZB to WZ, serving as an explanation for the presence
of the stacking faults.
The vapor solid growth mechanism of InAs NWs was transferred to Si (111) substrates employ-
ing an HF etching of the substrate followed by a reoxidation in hydrogen peroxide. The optimal
reoxidation time for a high density of vertical NWs was evaluated to be 1 min. The vapor-liquid-
solid growth of InAs NWs on Si substrates via catalyzing In droplets was achieved by applying
a Ga predeposition technique. This predeposition enabled the NW growth by etching pinholes
into the native silicon oxide. Detailed EDX analyzes revealed the absence of Ga in both the NW
and the catalyzing In droplet at the NW tip, confirming a complete reevaporation of the Ga after
the pinhole formation. The vapor liquid solid grown InAs NWs exhibited a zinc blende twinning
superlattice and short WZ segment below the droplet. The latter was attributed to nucleation
at the triple phase line. Apparently, an ex situ Si substrate preparation based on a wet chemical
treatment for the droplet-free growth of InAs NWs was identified while the necessity of an in
situ substrate preparation for the droplet assisted InAs NW growth was evaluated.
The vapor solid growth of InAs NWs was adapted to the technological important Si (100) sub-
strate by applying a texturing process exposing pyramids with {111} facets. In the absence of
a substrate rotation, the alignment of the pyramids with respect to the effusion cells allowed to
grow NWs selectively on predefined facets. In the same time, this technique made it possible
to investigate the impact of the growth parameters on the nucleation and subsequent growth
in close vicinity and within a single experiment. For example, the influences of the In and As
fluxes on the NW density and the role of the As flux on the growth rate of GaAs NWs were
proven. Making use of the selective growth on predefined facets, the growth of InAs NWs with
different dimensions as well as GaAs and InAs NWs on the very same substrate within close
vicinity was demonstrated. Such an integration of different NWs on the same sample allows to
obtain the optimal semiconductor for different devices, e.g. FETs and lasers, on the same chip.

A kinetic model was developed explaining the consumption mechanism of the catalyzing Ga
droplets on top of GaAs NWs in the presence of As. The model takes into account Ga evapor-
ation from the droplet with a rate of about 1 atom nm−2 s−1. This evaporation was found to
have a significant contribution to the decrease of the droplet volume. During the droplet con-
sumption the crystal structure switches from ZB to WZ [54, 109, 259]. Making use of the model,
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the length of the WZ was predicted. The application of a suitable growth sequence containing
group III supply interruptions allowed us to place WZ segments of variable lengths in both ZB
GaAs and InAs NWs. Detailed HRTEM investigations demonstrated that the switching from
ZB to WZ is not abrupt but an interfacial region between both crystal phases is present. The
lengths and structural characteristics of these interfacial regions were found to depend on the
growth history, which are any previous supply interruptions as well as the state of the droplet
(size, contact angle).

The growth and structural properties of almost lattice matched as well as lattice mismatched
NW heterostructures have been investigated. Within the investigated dimensions, core-shell
NW heterostructures based on the combination of InAs, GaSb and AlSb were found to be
free of misfit dislocations. This was attributed to the lattice mismatch being below 1.2 % as
well as the effective strain accommodation in nanostructures. From calculations based on the
model developed by Raychaudhuri and Yu [252, 253] it was expected that the critical thick-
ness in core-shell NWs is at least twice the critical thickness in planar systems. The structural
characterization performed on InAs/GaSb and InAs/AlxGa1−xSb core-shell NWs confirmed this
assumption. It was observed that two distinct regimes for the growth of the GaSb shell are
present in InAs/GaSb core-shell NWs: the low temperature growth resulted in conformal core-
shell NWs while inversely tapered shells were obtained by a growth at higher temperatures. The
different morphological characteristics were attributed to a decrease of the adatom diffusion
length with a reduction of the growth temperature. AlGaxSb1−x shells containing more than
20% Al were found to require a GaSb protective cap to prevent strong oxidation.
GaAs cores covered by an InAs shell, forming a conductive tube due to the type I band align-
ment, relaxed by the formation of misfit dislocations of three different types: perfect disloca-
tions with b = a/2〈110〉 and partial dislocations. These are either Frank partial dislocations
(b = a/3〈111〉) producing a stacking fault perpendicular to the growth direction or Shockley
partials (b = a/6〈211〉) having stacking faults along other 〈111〉 directions. Strain relaxation
in the shell was found to occur gradually, inducing simultaneously strain in the GaAs core.
The growth of the InAs shell was strongly influenced by the crystal structure of the underlying
GaAs core: WZ segments in the core resulted in the absence of InAs shell growth and even twin
boundaries were found to result in a roughening of the shell. This was investigated making use
of the previously obtained control of the crystal phase in the GaAs core. A phenomenological
model based on different lattice mismatches in WZ and ZB core-shell NWs as well as the impact
of neighboring group III atoms was developed to explain this crystal phase selective growth.
The absence of the InAs shell on the WZ phase allowed us to fabricate InAs nanotubes and to
study the electronic transport in these nanotubes. A decrease of the resistivity compared to the
core-shell NW counterparts was evaluate, which was attributed to a higher electron concentra-
tion in the nanotubes.
Two morphological different GaAs/InSb NW heterostructures have been obtained. The first one
is the demonstration of abrupt interfaces between two semiconductors in axial heterostructures
grown via the self-catalyzed growth mechanism as well as the first observation of self-catalyzed
InSb NW growth by MBE. This was achieved by the nucleation of an In droplet catalyzing the
growth of InSb on top of a GaAs NW stem. The interface between both materials was estimated
to be more abrupt than 4 nm. The diameter of the InSb was expanded with respect to the GaAs
NW stem. This was attributed to the high solubility of Sb in liquid In at temperatures of about
460◦C. The axial InSb segments were composed of the ZB crystal phase, partially also containing
the WZ phase and the 4H polytype. The occurrence of the 4H and WZ phase was expected to
be caused by variations in the droplet supersaturation, possibly during the cool down process
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after the growth.
A decrease of the substrate temperature was found to reduce the adatom mobility and increase
the sticking coefficient, promoting the radial growth of InSb on GaAs NWs. The radial growth of
InSb on GaAs took place on both crystal phases, i.e. ZB and WZ. Identical as for the GaAs/InAs
core-shell NWs, the lattice mismatch in the ZB parts in the axial direction was relaxed by per-
fect, Frank partial and Shockley partial dislocations. Dislocations in the WZ part were observed
to be Frank partial dislocations only. The preferred formation of Frank partial dislocations
in WZ core-shell NWs was explained by the reduced energy for these dislocations compared
to perfect dislocations. As an additional mechanism of strain relaxation, plastic deformation
of the InSb shell on the WZ phase of the GaAs core via tilted (0002) lattice planes was identified.

NW junctions, that are NW structures based on the coalescence of two or more individual
NWs, have been obtained by the growth of InAs NWs on Si (100) substrates patterned with
V-grooves. The optimal dimensions of the V-grooves for a high amount of NW junctions were
identified, being lines and spaces with widths in the range of 1 – 5 µm and depths of about
2 µm. Three different shapes of NW junctions were observed and their corresponding formation
mechanisms have been described: tip-to-tip (L-shape), tip-to-side (T-shape) and side-to-side
(X-shape) junctions. Detailed analyses of the crystal structure of these junctions revealed un-
expected ZB phases at the connection point between the NWs. The normally stacking fault
rich crystal structure of InAs NWs was transformed into the ZB phase at the tip-to-tip and tip-
to-side junctions. The crystal phase transformation was ascribed to a solid phase mechanism
involving Shockley partial dislocations. The side-to-side junctions either evidenced Moiré fringes
indicating the presence of two separated crystal structures or pure ZB junctions. Preliminary
room temperature transport in tip-to-side junctions showed no major difference compared to
normal InAs NWs.

Finally, the NWs and NW heterostructures described previously require the passivation of the
surface to prevent an altering of the NW properties and to act as a high κ dielectric for electronic
application. The deposition of Al2O3 around GaAs NWs was found to induce a small compress-
ive strain due to different thermal expansion coefficients of the semiconductor and the high κ
dielectric. Concerning HfO2 shells around InAs NWs, a preferential formation of crystalline
phases of the HfO2 was observed. The amount of crystalline HfO2 on the NWs was signific-
antly higher than on planar substrates. The tendency of the HfO2 to crystallize was found to
increase with both the thickness and the deposition temperature. Laminate structures based
on HfO2 and Al2O3 layers suppressed the crystalline phases. HfO2 shells deposited at higher
temperatures were found to be more resistant to HF-based wet etching than shells deposited at
lower temperatures. A combination of Ar+ bombardment with a subsequent diluted HF etching
removed the HfO2 shells with high lateral control. FET measurements confirmed the successful
local etching of the HfO2.

Certainly, more investigations are required to fully understand some of the aspects discussed
in this thesis. To completely reveal the hindered growth of InAs on WZ GaAs, GaAs NWs
with pure WZ crystal structure are required since ZB segments in close proximity can affect
the nucleation. Using the self-catalyzed growth mechanism, pure WZ GaAs NWs have not been
reported, only grown via the Au-assisted growth method [95, 155, 281]. Accordingly, additional
work is required to obtain phase pure self-assisted NWs.
The mechanism of the crystal phase transformation in the NW junctions should be studied in
more detail. The transformation of the crystal phases may be accelerated by thermal annealing
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in As atmosphere. Electronic transport at room as well as at low temperatures is expected to
provide further knowledge about the quality of the junctions, i.e. the presence of barriers such
as grain boundaries.
NW heterostructures composed of semiconductors belonging to the 6.1 Å family (InAs, GaSb
and AlSb) represent another promising structure. InAs/AlSb/InAs core-shell NWs are expec-
ted to exhibit a higher electron mobility compared to the GaAs/InAs core-shell NWs due to
the absence of misfit dislocations. In both structures, a conductive InAs shell is present. The
passivation of InAs with AlSb, either in the form of InAs/AlSb core-shell NWs or as radial
InAs quantum wells, should result in rather high electron mobilities due to the conduction
band offset of 1.35 eV, similar as for planar layers [181]. Although the growth of some of these
InAs-GaSb-AlSb heterostructures has already been addressed in this thesis, a more detailed
study of the growth and interfacial quality of InAs on AlSb is required. Additionally, the trans-
port properties of these structures have to be investigated. The passivation of NWs with a high
κ dielectric, represents another topic that should be examined thoroughly. Such a passivation is
expected to decrease the altering of the NW properties, like mobility and electron concentration,
and consequently decrease the spread of the NW resistivity.
The mentioned investigations will strongly benefit from the “nanocluster“, where MBE systems,
an ALD as well as sputtering tools are connected to each other. This allows the deposition of
semiconductors, high κ dielectrics and various metals without breaking the vacuum. The III-V
MBEs installed at the “nanocluster“have e.g. a higher angle of the incident flux compared to
the GENII system. This higher angle is expected to give rise to a complete shadowing during
the simultaneous integration of different NWs on the same sample.

Moreover, additional methods of analysis shall be used to enhance the knowledge e.g. about
the impact of stacking defects and dislocation on the electronic transport. Electron holography
represents a suitable technique to locate the positions of barriers inside the NWs and to measure
the electrostatic potential inside devices [212, 311]. Fabricating devices suitable for such meas-
urements is difficult since the NWs have to be contacted on an electron transparent membrane
which is still suitable for room and low temperature measurements. Hackemüller recently de-
veloped the technology to obtain such substrates [119].
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Appendix

A.1. Substrate preparation and growth parameters for the presented

nanowire structures

Substrate preparation:

• GaAs (111)B substrates for the VLS growth of GaAs and InAs NWs: Spin
coating a layer of HSQ diluted with MIBK 1:7 - 1:9 on the substrate, baking at 300◦C for
at least 10 min.

• GaAs (111)B substrates for the VS grown of InAs NWs: Spin coating a layer of
HSQ diluted with MIBK 1:40 on the substrate, baking at 300◦C for at least 10 min.

• Si (111) substrates for the VS growth of InAs NWs: Cleaning of the substrate with
piranha and removal of the native oxide by HF. Subsequently, building up a new oxide
layer with H2O2 (1 min).

• Si (111) substrates for the VLS growth of InAs NWs: Ga pretreatment of the sub-
strate (native oxide) in the MBE. Few layers of Ga (no As!) deposited at high temperature
(∼ 600◦C) etch the oxide and form pinholes. Thermal desorption of the Ga.

• Si (111) substrates for the VLS growth of GaAs NWs: Several substrate prepara-
tions can be used, e.g. native oxides (out of the box), cleaning with piranha and HF and
subsequent wet chemical oxide (H2O2) or oxidation in ambient air.

• Textured Si (100) substrates: Piranha and HF cleaning, etching in KOH solution of 1
wt% KOH and 7 vol% IPA at 80◦C for ∼ 40 min. Subsequently, cleaning in piranha and
HF and rebuilding a new oxide (H2O2).

• Si (100) substrates with V-grooves: spin coating 200 nm of HSQ, writing lines and
spaces by electron beam lithography, development in MF CD-26. Hard bake at 450◦C.
KOH etching in 33 wt% KOH with 7 vol% IPA at 40◦C for 40 min. Cleaning with diluted
HCl (supersonic), piranha and HF. Rebuilding a new oxide in H2O2.

Nanowire growth: Fi denotes the flux of the element i, Tsub the substrate temperature.
Pressures are valid for the GenII system.

• VLS GaAs nanowires: Tsub ≈ 600◦C, FGa = 0.05 – 0.3 µm/h, FAs = 0.5 – 10 · 10−6

Torr. Large variety of growth parameters, general rule: the higher the Ga flux, the higher
the As flux

a



APPENDIX

– WZ inclusions: Ga supply interruptions between 3 and ∼ 15 min depending on the
droplet diameter and contact angle (for an As flux of FAs = 1 · 10−6 Torr)

• VLS InAs nanowires: Tsub ≈ 530◦C, FIn = 0.05 – 0.1 µm/h, FAs = 1.2 – 2.5 · 10−6

Torr.

– WZ inclusions: In supply interruptions between 1 and ∼ 3 min depending on the
droplet diameter and contact angle (for an As flux of FAs = 1.2 · 10−6 Torr)

• VS InAs nanowires: Tsub ≈ 480◦C, FIn = 0.005 – 0.2 µm/h, FAs ≈ 0.8 – 3 · 10−5 Torr.
The higher the In flux, the higher the NW density.

• GaAs/InAs core-shell nanowires: GaAs nanowires as shown above, followed by Ga
droplet consumption. InAs shell: Tsub ≤ 490◦C, FIn = 0.1 - 0.2 µm/h, FAs = 1.2 –
2.5 · 10−6 Torr.

• InAs/GaSb core-shell nanowires: VS InAs nanowires as shown above. Tapered GaSb
shell: Tsub = 490◦C, FGa = 0.1 µm/h, FAs = 7 · 10−7 mbar. Conformal GaSb shell:
Tsub ≤ 360◦C, FGa = 0.1 µm/h, FAs = 7 · 10−7 mbar.

• InAs/AlxGa1−xSb core-shell nanowires: VS InAs nanowires as shown above. AlxGa1−xSb
shell: Tsub ≈ 360◦C, FGa + FAl = 0.1 µm/h, FAs = 7 · 10−7 mbar. 15 min GaSb cap
(Tsub ≈ 360◦C, FGa = 0.1 µm/h, FAs = 7 · 10−7 mbar) for shells with x ≥ 0.4

• GaAs/InSb axial nanowires: GaAs nanowires as shown above, followed by Ga droplet
consumption. Axial InSb segment: Tsub ≈ 460◦C, FIn = 0.1 µm/h, FSb = 2 – 4 · 10−7

mbar.

• GaAs/InSb core-shell nanowires: GaAs nanowires as shown above, followed by Ga
droplet consumption. InSb core: Tsub ≈ 280 – 300◦C, FIn = 0.1 µm/h, FSb = 2 · 10−7

mbar.

A.2. Critical thickness in core-shell nanowires

The calculation of the critical dimensions in core-shell NWs is based on the model developed by
Raychaudhuri and Yu [251, 252, 253]. In the following, this model is presented. Further details
of the model are found in the corresponding publications, i.e. Refs. [251], [252] and [253].

A.2.1. Zinc blende core-shell nanowires

The coherent strain energy in the core U c
zb and the shell U s

zb is given by

U c
zb =

Ac(f c
l )2 + Bcf c

l f c
t + Cc(f c

t )2

Dc
Lπr2 (A.1)

U s
zb =

As(f s
l )2 + Bsf s

l f s
t + Cs(f s

t )2

Ds
Lπ((r + h)2 − r2) (A.2)

Ai, Bi, Ci and Di are material dependent constants which are given by

Ai = ci
11

2 − 2ci
12

2
+ 40ci

12ci
44 + 16ci

44

2
+ ci

11(ci
12 + 26ci

44) (A.3)
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Bi = 4(ci
11 − 2ci

12 − 2ci
44)(ci

11 − ci
12 + 4ci

44) (A.4)

Ci = 4(ci
11 + 2ci

12 + ci
44)(ci

11 − ci
12 + 4ci

44) (A.5)

Di = 18(ci
11 + ci

12 + 2ci
44) (A.6)

ci
11, ci

12 and ci
44 are the elastic constants of the materials. The strain components in core and

shell are subdivided in tangential f i
t and longitudinal f i

l components, i.e.

f i
t =

a − ai

ai
(A.7)

f i
l =

a − ai

ai
(A.8)

ai represents the lattice constant of the core and shell, respectively. a is the equilibrium lattice
constant (without the presence of dislocations/strain relaxation):

a =
asac(asr2χc

zb + ach(h + 2r)χs
zb)

as2r2χc
zb + ac2h(h + 2r)χs

zb

(A.9)

χi
zb is given by

χi
zb =

(ci
11 + 2ci

12)(ci
11 − ci

12 + 6ci
44)

2(ci
11 + ci

12 + 2ci
44

(A.10)

If the strain is relaxed by misfit dislocations at the interface, the energy of these dislocations
has to be considered as well. The energy of a loop dislocation U loop

zb is given by

U loop
zb =

2πr

6
(cs

11 − cs
12 + 4cs

44)
b2

4π
· ln

[

32r

b
− 1

]

(A.11)

Depending on the type of dislocations, perfect or partial, an additional energy due to a stacking
fault exists. This is

USF = γASF (A.12)

where γ is the stacking fault energy (per unit area) and ASF is the area of the stacking fault.
The stacking fault can be located either in the core or in the shell.
When dislocations with a density n are present, the strain is relaxed. Consequently, the longit-
udinal strain components from Eq. A.8 are changed to

f c
l =

a − ac

ac
−

(

a − ac

|ac − as|

)

nb (A.13)

and

f s
l =

a − as

as
−

(

a − as

|ac − as|

)

nb (A.14)

Then, the total energy of the core-shell system is given by

Utotal = U c
zb + U s

zb + nL
(

U loop
zb + USF

)

(A.15)

Whether the core-shell system is coherent or relaxed is determined by the boundary given by

δUtotal

δn

∣

∣

∣

∣

∣

n=0

= 0 (A.16)
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semiconductor czb
11 czb

12 czb
44

AlAs 1.199 0.575 0.566
AlSb 0.894 0.443 0.416
GaAs 1.181 0.532 0.592
GaSb 0.884 0.403 0.432
InAs 0.833 0.453 0.396
InSb 0.667 0.365 0.302

Table A.1.: Elastic constants of zinc blende III-V semiconductors. All values are given in Mbar. [325]

A.2.2. Wurtzite core-shell nanowires

For WZ core-shell NWs, the calculations follow the same mechanism as for the ZB ones. The
coherent strain energies in the WZ core and shell are given by

U c
wz =

(cc
11f c

t )2 − (cc
12f c

t + cc
13f c

l )2 + cc
11f c

l (cc
13f c

t + cc
33f c

l )
2cc

11

· Lπr2 (A.17)

and

U s
wz =

(cs
11f s

t )2 − (cs
12f s

t + cs
13f s

l )2 + cs
11f s

l (cs
13f s

t + cs
33f s

l )
2cs

11

· Lπ((r + h)2 − r2 (A.18)

Here, ci
11, ci

12, ci
13 and ci

33 are the elastic constants of the semiconductors in the WZ phase. In
the coherent case, the tangential strain is

f i
t =

a − ai

ai
(A.19)

and the longitudinal strain is given by

f i
t =

c − ci

ci
(A.20)

The equilibrium lattice constants a and c are calculated in the same way as in Eq. A.9 with

χi
wz =

(ci
11)2 − (ci

12 + ci
13)2 + ci

11(2ci
13 + ci

33)
2ci

11

(A.21)

A.2.3. Elastic constants and Martin transformation

In order to calculate both the coherent strain energy and the dislocation energy, elastic constants
of the different materials have to be known. For ZB III-V semiconductors, the elastic constants
are known. These elastic constants are listed in Table A.1 for the III-V semiconductors used
here.

Experimentally determined values of the WZ elastic constants are not yet reported. However,
there are two ways to get access to the WZ elastic constants: first principle calculations and the
Martin transformation of the ZB values. Wang and Ye calculated the elastic constants of various
III-V semiconductors in the ZB and WZ crystal phases using first principle calculations [325].
The results are listed in Tab. A.2. An alternative approach is the Martin transformation presen-
ted in Eq. A.22 [190, 206, 207]. The first term is a rotation whereas the second term is a
correction for internal strain.

d
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semiconductor method cwz
11 cwz

12 cwz
13 cwz

33 cwz
44

AlAs
FPC 1.350 0.508 0.382 1.476 0.342
MT 1.447 0.496 0.406 1.538 0.392

AlSb
FPC 1.008 0.380 0.295 1.093 0.259
MT 1.080 0.384 0.316 1.148 0.285

GaAs
FPC 1.476 0.460 0.334 1.602 0.424
MT 1.442 0.449 0.354 1.538 0.408

GaSb
FPC 1.094 0.348 0.259 1.183 0.313
MT 1.071 0.344 0.275 1.139 0.301

InAs
FPC 1.103 0.428 0.321 1.209 0.273
MT 1.032 0.390 0.316 1.108 0.254

InSb
FPC 0.854 0.325 0.249 0.931 0.216
MT 0.814 0.319 0.264 0.868 0.198

Table A.2.: Elastic constants of wurtzite III-V semiconductors based on first principle calculations (FPC)
and Martin transformation (MT). All values are given in Mbar. [190, 206, 207, 325]
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with

∆ =
√

2/6
(

czb
11 − czb

12 − 2czb
44

)

(A.23)

c̄w
44z and c̄wz

66 are given by a pure rotation, thus

c̄wz
44 =

(

2czb
11 − 2czb

12 + 2czb
44

)

(A.24)

and

c̄wz
66 =

(

czb
11 − czb

12 + 4czb
44

)

(A.25)

The elastic constants obtained via Martin transformation are also given in Tab. A.2. As seen,
the values obtained by first principle calculations and by the Martin transformation are in a
good agreement.

A.3. InAs/AlxGa1−xSb based core-multiple shell nanowires

A.3.1. InAs/AlxGa1−xSb/InAs core-multiple shell nanowires

In Section 6.1, InAs/AlxGa1−xSb core-shell NWs have been described being of interest for e.g.
TFETs, 2D topological insulators or passivated NWs. Covering these NWs with another InAs
shell further enhances the device possibilities. InAs/GaSb/InAs systems actually have two in-
terfaces that should exhibit properties of two dimensional topological insulators. Electrical

e
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Figure A.1: InAs/GaSb/InAs
core-shell NWs. (a) schematic
illustration and (b,c) SEM im-
ages showing two different top
morphologies: a flat and a tapered
tip.

transport vertically trough the layered structured can show band to band tunneling at both
interfaces. InAs/GaSb superlattices are commonly regarded as optimal structures for mid in-
frared detectors or lasers. Transferring these superlattices into a quasi one dimensional NW
structure may e.g. enhance the sensitivity of the detectors. A NW with an InAs core covered
by an AlSb as well as an InAs shell can replace GaAs/InAs core-shell NWs whch have been
described in Section 5.1. The AlSb separates the conductive InAs core from the InAs shell, thus
the InAs core solely acts as the host material. InAs and AlSb are almost lattice matched and
it was shown in Sec. 6.1 that misfit dislocation free core-shell NWs can be obtained. While the
electron mobility is very low in GaAs/InAs core-shell NWs due to scattering at the dislocation,
these dislocation are not present in InAs/AlSb/InAs core-shell NWs.

Figure A.1a schematically shows the structure of InAs/GaSb/InAs core-shell NWs. The GaSb
shell was grown using the optimal conditions described above, the InAs shell was grown at the
same substrate temperature (∼ 360◦C) with an In rate of 0.1 µm/h and an As4 flux of 1.2 · 10−6

mbar. The As and In fluxes are taken from the growth on GaAs/InAs core-shell NWs. SEM
micrographs of the grown InAs/GaSb/InAs core-shell NWs are depicted in Fig. A.1b,c. Two
principle structures are observed: (1) a tapered top and (2) a flat top region. The origin as well
as the structural properties of these two different top regions are discussed in the following.

TEM micrographs of the first type having the tapered top are shown in Fig. A.2. In Fig. A.2a,b
the top region is shown from the 〈110〉 and the 〈211〉 zone axes, respectively. The 〈110〉 zone
axis reveals a high density of stacking faults in the lower part of the NW while the upper region
is almost free of stacking faults. As discussed in Sec. 4.1.3, the InAs core has a high density of
stacking faults. Consequently, the upper, almost defect free region is either caused by the growth
of the GaSb or the InAs shell. In Section 6.1 it was shown that the axial growth of GaSb occurs
with a very low density of twins or stacking faults. Often, the twins were not perpendicular to
the growth direction but to 〈111〉A directions. Such twins are also seen in Fig. A.2a, indicating
that axial growth of GaSb took place. This has also been confirmed by an EDX line scan, shown
superimposed on the TEM micrograph. Aligning the NW to the 〈211〉 zone axis (Fig. A.2b)
reveals the presence of multiple shells. In the upper part (axial growth of GaSb and InAs),
contrast not solely arising from the presence of the different layers is seen. Rather, it seems that
Moiré fringes are present (due to the twin boundaries seen in Fig. A.2a). The twins in 〈111〉A
directions in the GaSb platform may cause defects below the platform, which are seen as lines in
Fig. A.2a. These defects may either be anti-phase or grain boundaries. However, similar as for
InAs/GaSb core-shell NWs, the defects are located only in the short upper part of the NW, the
NW is free of such defects along the entire length of the InAs core. This is seen by the HRTEM
image in Fig, A.2c, acquired from the 〈211〉 zone axis. A clear contrast from the InAs core, the
AlSb shell as well as the InAs shell are observed, the interfaces are smooth. The FFT-filtered
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Figure A.2: InAs/GaSb/InAs
core-shell NWs of type I, i.e. a
tapered tip. (a) TEM image from
the 〈110〉 zone axis. (b) TEM
image from the 〈211〉 zone axis.
(c) HRTEM image from the 〈110〉
zone axis showing the different
layers. (d) FFT filtered image of
(c). Colored overlays denote the
different materials.

image in Fig. A.2d reveals no misfit dislocation.

The second type of InAs/GaSb/InAs core-shell NWs is shown detailed in Fig. A.3, in a,b from
the 〈110〉 and in c,d from the 〈211〉 zone axis. As it has already been seen in the SEM image
(Fig. A.1b,c), the top is flat. The TEM images (Fig. A.3a,c) display that only a slight axial
growth took place, without any twin in the 〈111〉A directions. The interfaces between GaSb
and InAs are relatively smooth, both from the 〈110〉 and 〈211〉 zone axes (Fig. A.3c,d). The
growth of both shells is epitaxial, as evident by the HRTEM image shown in Fig. A.3b where
all stacking faults and twins being present in the InAs core are adopted by both shells.

To summarize, InAs/GaSb/InAs core-shell NWs with smooth interfaces can be grown, but
the shape and crystalline quality of the upper part strongly depend on the growth of the GaSb.
Twins in 〈111〉A directions favor a tapered, defective tip. Based on these results, the growth of
radial InAs/GaSb superlattices was investigated. Five shells of each semiconductor were grown,
each one at a substrate temperature of 360◦C. In Fig. A.4a, a SEM micrograph of the as-grown
sample is displayed. The NWs have a uniform diameter, except for the top where a bulge is
formed, possibly due to twins in the 〈111〉A directions. The TEM micrographs depicted in
Fig. A.4c,d show smooth surfaces being in qualitative agreement with the SEM images. Al-
though the thick NW results in a low contrast, all ten shells as well as the InAs core are found.
These shells are seen more clearly in the EDX line scan in Fig. A.4b. As obvious from both TEM
and EDX, not all shells have the same thickness. According to the growth sequence, the growth
time for all InAs and GaSb shells were equal and, consequently, all shells should have almost the
same thickness. Especially the thicknesses of the InAs shells vary strongly. This may be caused
by the lower sticking coefficient of In adatoms compared to Ga adatoms, either resulting in a
lower growth rate (due to desorption) or a higher growth rate (due to secondary adsorption).
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Figure A.3: InAs/GaSb/InAs
core-shell NWs of type II, i.e. a
flat tip. (a) TEM image from
the 〈110〉 zone axis. (b) Detailed
TEM image from the 〈110〉 zone
axis. (c) TEM image from the
〈211〉 zone axis. (d) Detailed
TEM image from the 〈211〉 zone
axis. Colored overlays denote the
different materials.

Both can strongly depend on the surface of the NW and may change during the growth of the
radial superlattice. The high NW density seen in Fig. A.4a may have an additional impact
due to shadowing. Nonetheless, the interfaces between InAs and GaSb still seem to be rather
smooth without any interdiffusion. Substantial improvement regarding the homogeneity of the
shell thicknesses should be achieved by growing the NWs on predefined position with uniform
distances between neighboring NWs.

Replacing the GaSb shell with AlSb changes the band alignment as it has been described
above, i.e. a conductive InAs shell covers an insulating AlSb shell. The principle structure is
shown in Fig. A.5a. Analyzing these NWs by (HR)TEM reveals a surprisingly rough interface
between the AlSb shell and the InAs shell. The interface between the AlSb and the InAs core
is smooth as described in Sec. 6.1. Figure A.5b,c show TEM micrographs acquired from the
〈110〉 zone axis. Two interfaces are seen, the first one is present between the InAs core and the
AlSb shell and the second one between the AlSb shell and the InAs shell. The first interface
is smooth, while the second one exhibits a substantial roughness. This roughness often has the
shape of a saw tooth. The (111) planes represent one part of the saw tooth while the second part
draws an angle of about ∼ 50◦, possibly being the {001} (ZB) or {1011}B (WZ) facets. The
saw tooth profile has always the same arrangement. This suggests a choreographically defined
roughness being independent on the high density of stacking faults. Diffraction patterns from
the 〈110〉 and the 〈211〉 zone axes shown in Fig. A.5d,e do not display any splitting of diffraction
spots. First of all, this indicates a mistfit dislocation free core-shell NW. Secondly, the origin
of the roughness should not be an intermixing between the InAs and AlSb forming AlInAsSb
which may differ in lattice constant. From the 〈211〉 zone axis, the roughness between the AlSb
shell and the InAs shell is less pronounced but still visible. This is seen very well by both the
HAADF image (Fig. A.5f) and the bright field TEM micrographs (Fig. A.5g,h). The chemical
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Figure A.4: Radial InAs/GaSb
super lattice with five shells of
each semiconductor. (a) SEM mi-
crograph. (b) EDX line scan. (c)
TEM image from the 〈211〉 zone
axis. (d) Detailed TEM image
from the 〈211〉 zone axis. Colored
overlays denote the different ma-
terials.

Figure A.5.: InAs/AlSb/InAs core-shell NW. (a) Schematic illustration. (b,c) TEM image from the
〈110〉 zone axis. (d,e) Diffraction pattern from the 〈110〉 and 〈211〉 zone axes. (f) HAADF image from
the 〈211〉 zone axis. (g,h) TEM images from the 〈211〉 zone axis. (i) FFT filtered image of (h). Colored
overlays denote the different materials. All TEM images show the rough interface from the AlSb shell to
the InAs shell.
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Figure A.6.: InAs/AlGaSb/InAs core-shell NW with about 60% Al. (a) HAADF image from the 〈211〉
zone axis with superimposed EDX line scan. (b) TEM image from the 〈110〉 zone axis. (c,d) diffraction
pattern from the 〈110〉 and 〈211〉 zone axes. (e-g) TEM images from the 〈110〉 zone axis. Colored overlays
denote the different materials.

sensitivity of the HAADF image further proofs the absence of intermixing or phase separation.
The interface between the InAs core and the AlSb shell is smooth, similar as analyzed from
the 〈110〉 zone axis. As it was discussed before, the 〈211〉 zone axis is beneficial to analyze
core-shell NWs and since the roughness is still visible from this zone axis, it can also be used for
InAs/AlSb/InAs-based core-shell structures. The diffraction patterns already indicated the ab-
sence of misfit dislocations, however, due to the low lattice mismatch of ∼ 1.2% a second method
to prove this assumption is useful. Figure A.5i displays the FFT-filtered HRTEM micrograph of
Fig. A.5h. The absence of terminating lattice planes in the entire image demonstrates coherent
growth of both shells, independent on the interfacial roughness.

The origin of the roughness between the AlSb shell and the InAs shell is not yet understood.
The roughness between the InAs core and the AlSb shell, i.e. the same material combina-
tion but reverse growth order, is very small. Similarly also the roughness between the AlSb
shell and the GaSb discussed in Sec. 6.1 is small. Consequently, only the material combination
AlSb/InAs with this specific growth order seems to exhibit the interfacial roughness. To prove
this assumption, Fig. A.6 displays TEM micrographs of an InAs/AlGaSb/InAs core-shell NW
with about 60% Al. Figure A.6a shows the HAADF image acquired from the 〈211〉 zone axis
with superimposed EDX line scans. An outer InAs shell as well as an inner AlGaSb shell cov-
ering an InAs core NW is clearly detected. The roughness is low. In the HRTEM micrograph
in Fig. A.6b the presence of the two different shells is evident by the contrast changes. The
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roughness between the InAs core and the AlGaSb shell as well as between the two shells are
equally small. This very small roughness is also observed by rotating the NW by 30◦ to the
〈211〉 zone axis (Fig. A.6e,f,g). These images show uniform thicknesses of the AlGaSb and InAs
shells as well as smooth interfaces. In the HRTEM images (Fig. A.6f,g) no misfit dislocation
are found. In Fig. A.6g it seems that the interfaces exhibit a slight intermixing. This, how-
ever, is only caused by Fresnel fringes due to the fact that the image is not perfectly in focus.
The high crystalline quality is further evidenced by the diffraction patterns shown in Fig. A.6c,d.

To conclude, pure AlSb shells result in a roughening of the AlSb/InAs interface while AlGaSb
shells have smooth interfaces to InAs. Several attempts to obtain smoother interfaces between
AlSb and InAs by slightly changing the InAs growth temperature failed. Accordingly, neither
the In nor the As flux were varied and also the Sb/As exchange in the growth chamber was not
optimized.

A.3.2. InAs cores as host materials for radial structures

Already in the previous section the possibility to use the InAs NWs as pure host material for
a radial heterostructure forming an InAs tube was introduced. The fact that InAs, GaSb and
AlSb belong to the 6.1 Å family, however, also enables more complex structures. Two of these
structures are presented in the following.

A.3.2.1. InAs/GaSb tubes

Using an InAs/AlSb core-shell NW as the host material, two shells with a broken gap band
alignment can be grown. The shells are then InAs and GaSb, forming InAs/GaSb tubes. These
structures can either be used for TFETs or for two dimensional topological insulators. For both
applications, electronic transport will only take place in the two outer shells and especially for
two dimensional topological insulators, thin shells reduce the parasitic bulk transport.
Two possibilities exist to obtain such tubes: either InAs or GaSb represent the inner tube. The
latter is displayed schematically in Fig. A.7a. TEM micrographs from the 〈110〉 zone axis do not
clearly resolve the different shells (Fig. A.7b). Images acquired from the 〈211〉 zone axis shown in
Fig. A.7c,d evidence the three shells, namely AlSb, GaSb and InAs. The interfaces are smooth,
similar it has been also observed in the previous sections. HRTEM micrographs from both zone
axes do not exhibit any misfit dislocations (Fig. A.7b,d) and also the diffraction patterns are
either streaky (due stacking faults and twins seen from the 〈110〉 zone axis, inset in Fig. A.7b)
or spotty (〈211〉 zone axis, inset in Fig. A.7c). Neither a splitting nor an elongation of the spots
is observed, indicating coherent growth. Regarding two dimensional topological insulators, this
arrangement of the shells is advantageous since ohmic contacts to InAs are easily obtained.

For TFETs the reverse arrangement of the InAs and GaSb shells is preferable since both the
InAs and the GaSb need to be contacted. Thus, the outer shell, i.e. either InAs or GaSb, has to
be etched locally with a high selectivity to the other material. Typically, InAs is etched with a
solution based on citric acid while GaSb is etched with developers used for optical lithography,
e.g. MIF316. The etching component is TMAH. Citric acid, however, also etches the GaSb and
accordingly, the selectivity if too low. TMAH-based developers only attack the GaSb while InAs
is not affected. Apparently, the structure suitable for TFETs needs to be InAs/AlSb/InAs/GaSb,
schematically depicted in Fig. A.8a. EDX line scans were acquired from both zone axes and are
depicted in Fig. A.8b,c. In both cases, all three shells are clearly identified, indicating conformal
growth of all materials. Low resolution TEM and HAADF images acquired from the 〈110〉 are
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Figure A.7.: InAs/AlSb/GaSb/InAs core-shell NW. (a) Schematic illustration. (b) TEM image from the
〈110〉 zone axis. (c,d) TEM images from the 〈211〉 zone axis. Insets in (b) and (c) show the diffraction
pattern (inverted colors). Colored overlays denote the different materials.

shown in Fig. A.8d,e, respectively. The entire NW exhibits a slight roughness. In the bright field
image, the core is seen clearly, while the different shells do not exhibit a strong contrast. In the
HAADF image (Fig. A.8e), the AlSb is observed due to the lower mass of the AlSb compared to
InAs and GaSb. Similar as before, the interface between the InAs core and the AlSb is smooth
and abrupt while the interface from the AlSb shell to the InAs shell is rough. This roughness
has been discussed extensively in the previous section. The InAs and GaSb shells cannot be
distinguished by HAADF (see Sec. 6.1). In the HRTEM image (〈110〉 zone axis) depicted in
Fig. A.8f the InAs core and AlSb shell are seen, similar as the roughness between the AlSb and
InAs shell. Only a slight change in contrast between the InAs and GaSb is found, making it
difficult to identify the interface or its roughness. All interfaces as well as all three shells and the
core are seen more clearly when analyzed from the 〈211〉 zone axis, see Fig. A.8g. The interface
between the AlSb shell and the InAs shell exhibits a slight roughness while all other interfaces
are smooth.
In general, the InAs shell seems to be thinner when analyzed from the 〈110〉 zone axes than
from the 〈211〉 zone axis. In the first case, InAs grown in the 〈211〉 direction is seen while the
thickness in the 〈110〉 is measured when seen from the 〈211〉 zone axis. This non-uniformity
may either be caused by the NW cross-section making it hard to measure the shell thicknesses
from the 〈110〉 zone axis (see Sec. 6.1.1) or different growth rates of InAs in the 〈110〉 and 〈211〉
directions. The latter is reasonable as the presence of both {110} and {211} side facets was
clearly observed for InAs/GaSb core-shell NWs (see Sec. 6.1).

A.3.2.2. AlSb/InAs/AlSb radial quantum wells

The last presented possibility of 6.1Å-based core-shells NWs is an InAs quantum well. The
required structure is the following: an InAs core acts as the host material being covered by
AlSb. A subsequent InAs shell is again covered by AlSb and finally, a thin GaSb cap is used
to prevent oxidation of the AlSb. The conduction band of the AlSb is more than 1 eV above
that one of the InAs. Consequently, electrons are confined in the InAs shell. High mobility
InAs-based devices are typically InAs quantum wells embedded in AlSb [181]. The structure
is displayed schematically in Fig. A.9a, a typical SEM micrograph in Fig. A.9b. The NWs are
macroscopically smooth, HRTEM images from the 〈110〉 zone axis (Fig. A.9c) exhibit a slight
roughness either of the AlSb or the thin GaSb cap. No contrast from the different shells is seen.
The shells are identified only when viewed from the 〈211〉 zone axis, as seen in Fig. A.9d-g. No
tapering is observed, indicating growth temperatures low enough to limit adatom diffusion. The
presence of the four different shells is obvious from the HAADF image in Fig. A.9e where bright
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Figure A.8.: InAs/AlSb/InAs/GaSb core-shell NWs. (a) Schematic illustration. (b,c) EDX line scans
from the 〈110〉 and 〈211〉 zone axes. (d) Low magnification TEM image from the 〈110〉 zone axis. (e)
HAADF image from the 〈211〉 zone axis. (f) TEM image from the 〈110〉 zone axis. (g) TEM image from
the 〈211〉 zone axis. Colored overlays denote the different materials.

regions correspond to InAs or GaSb and darker areas to AlSb. Figure A.9f,g display bright
field TEM images from the 〈211〉 zone axis. The AlSb and InAs shells are uniform on both
sides of the NW, the AlSb is not oxidized. The interface from the first AlSb shell to the InAs
quantum well shows the expected roughness, whereas the interface between InAs and AlSb is
always smooth (Fig. A.9g). No misfit dislocations are detected along the entire heterostructure.
Here, the InAs core is only considered as the host material for the radial heterostructure, not
having a direct function. By doping the InAs to high values, i.e. having a highly conductive
core, it can be considered as metallic and may therefore act as an inner gate electrode. Then,
the AlSb shell not only confines the electrons into the InAs but also acts as a gate dielectric.
Such an inner gate cannot only be used for the InAs quantum wells but e.g. also for radial
TFETs.

A.4. GaAs nanowires with a flat top facet

Figure A.10 displays a GaAs NW with a rather flat (111)B top facet obtained by growing at a
substrate temperature of ∼ 600◦C, Ga rate of 0.1 µm/h and an As4 flux of 2.5·10−6 mbar. After
the growth, the Ga droplet was consumed.
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Figure A.9.: Radial InAs quantum wells. (a) Schematic illustration. (b) SEM image. (c) TEM image
from the 〈110〉 zone axis. (d) Low magnification TEM image from the 〈211〉 zone axis. (e) HAADF
image from the 〈211〉 zone axis. (f,g) TEM images from the 〈211〉 zone axis. Colored overlays denote the
different materials.

Figure A.10: TEM micrograph of a
GaAs NWs with a flat top facet. FFTs
obtained from the marked regions are
shown as insets and indicate the differ-
ent crystal structures at the NW top:
ZB (red), WZ (blue) and ZB (yellow).
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Figure A.11.: GaAs NWs grown rotated and textured Si (100) substrates. (a,b) top and side view
images of GaAs NWs on Si pyramids with strong parasitic growth. (c) top view image demonstrating
the preferred nucleation of GaAs NWs at the pyramids edges. (d) Optimized growth of GaAs NWs on
textured Si substrates with small, high density pyramids. (e) Ga droplet on top of the NW.

A.5. GaAs nanowires on textured substrates1

A.5.1. Growth on rotating textured substrates

Figure A.11 displays SEM micrographs of GaAs NWs grown on textured Si (100) substrates
being rotated during the growth. In Fig. A.11a and b, top and side view images are seen. Due
to non-optimized growth conditions, strong parasitic growth occurs. Nonetheless, GaAs NWs
grow mainly perpendicular to the pyramid side facets. In few cases, NW growth in non-〈111〉
directions of the substrate is observed [312]. Similar as for InAs NWs, a preferred nucleation of
GaAs NWs at the edges of the pyramids side facets occurs (see Fig. A.11c). Contrary to the
InAs NWs, GaAs NWs are found to grow also on remaining Si (100) surfaces. Optimized growth
on high density, small pyramids results in GaAs NWs as depicted in Fig. A.11d,e. A high density
of GaAs NWs is observed, only growing in the 〈111〉 directions of the substrate. The density of
parasitic crystallites is low. As seen in Fig. A.11e, the GaAs NW growth is catalyzed by a Ga
droplet.

A.5.2. Control of the GaAs nanowire growth direction

For the supply of Ga and As adatoms, the corresponding effusion cells are mounted differently
than for In and As. In the GEN II system, the In and As effusion cell are mounted with an
angle of 90◦ between them. For the Ga and As effusion cells, the angle is 45◦. Consequently, the
impingement types are different than for In and As. When the sample is aligned as depicted in
Fig. A.12a, the impingement types are as listed in Tab. A.3. A rotation of the sample by 45◦

changes the impingement types (see Fig. A.14a). The impingement types are then as given in

1Results of this part were published as Supporting Information in [263].
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facet Ga adatoms As adatoms

A direct impingement direct impingement
B grazing incidence grazing incidence
C shadowed facet grazing incidence
D direct impingement direct impingement

Table A.3.: Impingement types of Ga and As adatoms when the pyramids are aligned as shown in
Fig. A.12a

facet Ga adatoms As adatoms

A direct impingement grazing incidence
B grazing incidence shadowed facet
C grazing incidence grazing incidence
D direct impingement direct impingement

Table A.4.: Impingement types of Ga and As adatoms when the pyramids are aligned as shown in
Fig. A.14a

Tab. A.4.

The incoming Ga and As fluxes are partially shadowed when the substrate rotation is stopped.
Figure A.12a displays the schematic of the substrate alignment relative to the Ga and As ef-
fusion cells. Ga adatoms impinge directly on the A facet of the pyramid while the C facet is
shadowed from the incident Ga flux. As impinges directly on the A and D facets. An overview
image after GaAs NW growth is displayed in Fig. A.12b. Higher resolution images are plotted
in Fig. A.12c-e. The growth clearly occurs only on three facets while growth is absent on the
remaining shadowed facet (Facet C).

A top view image of the sample is displayed in Fig. A.13. The NW dimensions on the differ-
ent facets are different, reflecting the incoming fluxes. NWs grown on facet A have an average
length of about 1.5 ± 0.1 µm and exhibit only a small tapering. The NWs on facet D have the
same average length but have a significant tapering with a larger top than bottom diameter.
A similar tapering is found for the NWs on facet B, however, these NWs are shorter (∼ 1.1 ±
0.1 µm). These different NW dimensions are explained by the different impingement types of
Ga and As adatoms. The As flux controls the growth rate of VLS grown GaAs NWs. The As
impingement is identical on facets A and D (direct impingement) and therefore also the growth
rates are the same. On facet B, the impingement type is different resulting in a reduced As flux,
i.e. shorter NWs. The impingement of Ga adatoms is identical on the facets B and D. Once
the NWs nucleated, rather the impingement of Ga adatoms on the NWs than on the pyramids
facets is important. For NWs grown on the facet A, Ga adatoms mainly impinge on the droplet.
For the NWs on the facets B and D, the Ga adatoms also impinge on the side facets of the NWs
and can diffuse to the droplet. Consequently, the effective Ga flux arriving at the droplet is
higher on facets B and D than on facet A. The higher Ga flux gives rise to an increase of the
Ga droplet, i.e. a tapering.

A rotation of the substrate by 45◦ modifies the impingement of Ga and As atoms as shown
in Fig. A.14a and given in Table A.4. Figure A.14b displays a representative SEM top view
image. GaAs NWs are grown on all four pyramidal side facets. On facet B many tilted NWs
are found when the As flux is shadowed during the nucleation process, i.e. very low. Low V/III

p



APPENDIX

Figure A.12.: GaAs NWs grown on non-rotating textured Si (100) substrates. (a) Schematic of the
substrate alignment. (b) Overview tilted-view SEM image. (c-e) Detailed SEM images of the pyramid
apex and facet A and C.

Figure A.13: GaAs NWs grown on
non-rotating textured Si (100) sub-
strates. Top view SEM image of a
single pyramid with higher magnifica-
tion images of the facets A, B and D.
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Figure A.14: GaAs NWs grown on
non-rotating textured Si (100) sub-
strates. (a) Schematic of the substrate
alignment. (b) top view SEM image of
a single pyramid. (c) detailed SEM mi-
crographs of the four different pyram-
idal facets.

ratios result in three dimensional twinning during the NW nucleation process which causes tilted
NWs [273]. Grazing incidence of As atoms being present on facets A and C during the nucleation
results in a significant decrease of the number of tilted NWs. Finally, the number of tilted NWs
is lowest on facet D having the highest amount of As adatoms during the nucleation. As seen
by a comparison of facets A and C, parasitic growth is found to be increased with the Ga flux.
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