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Zusammenfassung
Halbleiter-Nanodrähte mit quasi-eindimensionaler Geometrie haben in den
letzten Jahrzehnten große Aufmerksamkeit erlangt. Die einzigartige Geome-
trie dieser Objekte trägt zu ihren unverwechselbaren optischen und elek-
trischen Eigenschaften mit vielversprechenden Möglichkeiten für neuartige
Bauelemente bei. Die Bandlücke der Nanodrähte hängt von ihren Kristallei-
genschaften wie den Kristallphasen und der Verspannung ab, die wiederum in
hohem Maße modifizierbar sind. Daher ist die Herstellung und das Studium
von Nanodrahtkristallen wesentlich für die Modifizierung und Kontrolle ihrer
Eigenschaften. In dieser Arbeit wird eine Molekularstrahlepitaxie-Kammer
zur Herstellung von GaAs-Nanodrähten verwendet und die Veränderungen
der Nanodraht-Kristallstruktur während des Wachstums als Funktion des
Abstands zwischen den benachbarten Nanodrähten untersucht. Die Untersu-
chung der Nanodrähte während des Wachstums in Arrays mit unterschied-
lichen Drahtdichten mittels zeitaufgelöste Röntgenbeugung zeigt eine starke
Abhängigkeit der Kristallstruktur vom Nanodrahtabstand. Diese Abhängig-
keit wird zum Teil auf den Abschattungseffekt der Materialflüsse zurückge-
führt, auf den sich der erste Teil dieser Studie konzentriert. Weiterhin wird
die Entwicklung der Gitterverspannung in den Nanodrähten während des
asymmetrischen Wachstums einer gitterfehlangepassten InxGa1−xAs-Schale
untersucht. Das asymmetrische Wachstum der Schale auf den Nanodrahtfa-
cetten führt zu einer asymmetrischen Variation der Gitterverspannung über
den Nanodrahtquerschnitt, die eine Biegung des Nanodrahtes hervorruft. Die
über den Nanodrahtquerschnitt variierende Gitterverspannung kann für die
Modifikation der Bandlücke sowie der optischen Eigenschaften des Nanodrah-
tes genutzt werden. Aus diesem Grund wird eine detaillierte Untersuchung
der Gitterverspannung und der Nanodrahtbiegung durchgeführt. Die Ent-
wicklung der Gitterverspannung und der Nanodrahtbiegung während des
Schalenwachstums wird mit Hilfe von zeitaufgelöste in-situ Röntgenbeugung
an einem einzelnen Nanodraht sowie an einem Nanodraht-Ensemble beob-
achtet. Diese Untersuchung offenbart eine nicht-lineare Abhängigkeit der
Gitterverspannung und der Nanodrahtbiegung von der Dauer des Schalen-
wachstums, was auf Veränderungen der Wachstumsdynamik hinweist. Zuletzt
wird der Abschattungseffekt der Materialflüsse durch die benachbarten Nan-
odrähte genutzt um die Verteilung des Schalenmaterials entlang der Wachs-
tumsachse der Nanodrähte zu steuern, was zu einem variierenden Verspan-
nungsfeld entlang der Wachstumsachse der Nanodrähte führt. Diese Methode
kann für die Modifikation von Verspannungsgradienten und für Bauteile auf
Nanodraht-Basis mit neuartigen Geometrien eingesetzt werden.



Abstract
Semiconductor nanowires with a quasi-one-dimensional geometry have gained
great attention during the past decades. The unique geometry of these ob-
jects contributes to their distinctive optical and electrical properties that
are promising for novel devices. The configuration of the band gap of the
nanowires depends on their crystal properties such as the crystal phase and
the strain which in turn are highly controllable. Therefore, the realization
and the study of the nanowire crystal are essential for tuning and controlling
their properties. In this work we use a molecular beam epitaxy chamber for
fabricating GaAs nanowires and we investigate the changes of the nanowire
crystal structure during growth as a function of the interspacing between the
neighboring nanowires. By means of time-resolved X-ray diffraction tech-
nique, monitoring the nanowires during growth at arrays with different den-
sities shows a high dependency of the crystal structure on the nanowire in-
terspacing. This dependency is partially attributed to the shadowing effect
of the growth material fluxes which we focus on in the first part of this study.
Further, we investigate the strain evolution in the nanowires during an asym-
metric growth of a lattice- mismatched InxGa1−xAs shell. The asymmetric
growth of the shell materials on the nanowire facets results in an asymmetric
strain variation across the nanowire cross-section, which induces nanowire
bending. The varying strain across the nanowire cross-section can be uti-
lized for engineering the band gap and the optical properties of the nanowire.
Therefore, we perform a detailed study of the strain and nanowire bending.
The evolution of the strain and nanowire bending during shell growth is ob-
served by means of time-resolved in-situ X-ray diffraction technique on a
single nanowire as well as on a nanowire ensemble. This investigation re-
vealed a non-linear dependency of the strain and nanowire bending to the
shell growth time, indicating changes of the growth dynamics. Lastly, we ex-
ploit the shadowing effect of material fluxes by the neighboring nanowires to
control the distribution of the shell material along the nanowire growth axis,
which results in a varying strain field along the nanowire growth axis. This
method can be employed for strain gradient engineering and nanowire-based
devices with novel geometries.
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Chapter 1

Introduction

“I don’t know how to do this on a small scale in a practical way, but I
do know that computing machines are very large; they fill rooms. Why can’t
we make them very small, make them of little wires, little elements, and by
little, I mean little?” - Richard Feynman

During the past decades, semiconductor nanowires (NWs) have been studied
intensively because of their wide range of potential applications in modern
and future electronics and optoelectronic devices [1–4]. Due to their small
lateral dimensions and high surface-to-volume ratio, the nanowire geometry
helps to efficiently collect the charge carriers, enhance light absorption and
minimize material consumption [5–10]. In addition to that, nanowires can
sustain strain more efficiently compared to their planar counterparts [11].
This strain can be utilized to modify the nanowire band-gap, and thus,
the optical properties of the device [12]. To fully benefit their potentials,
nanowires properties such as number density, volume, crystal structure and
the strain must be controlled. To realize the first three properties, se-
lective area growth (SAG) of nanowire patterns has always played a cen-
tral role [13–27]. Regular arrays of nanowires have been realized by vari-
ous methods ranging from top-down lithography to bottom-up epitaxy ap-
proaches [28]. Whereas the former approach is limited to homo-epitaxial or
lattice-matched hetero-epitaxial structures, the latter allows the epitaxial in-
tegration of nanowires onto dissimilar substrates opening a way for epitaxial
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integration of III-V nanostructures onto the cost-efficient Si platform [29–31].
The SAG enables control over nanowire position, number density, size and
shape which is beneficial, if not prerequisite, for nanowire device integration
and efficiency optimization [32–35]. So far, a high degree of control over
the nanowire vertical yield, and nanowire size and shape has been demon-
strated [14, 22, 26, 36–41]. In concert with experimental studies, substantial
efforts have been dedicated to the modeling of the growth process of regu-
lar nanowire arrays, since it has become evident that a high nanowire area
density affects the local availability of precursor species [16,21,26,42–46].
This availability may vary locally as a consequence of several phenomena that
are influenced by the nanowire interspacing (array pitch). In particular the
competition between neighboring nanowires for adatoms feeding growth by
surface diffusion and the shadowing of the material flux in case of molecular
beam epitaxy (MBE) growth. The later phenomenon may result in a local
change of the impinging material flux with growth time as the nanowires
elongate [26].
The above effects can limit both axial and radial nanowire growth rate and
eventually the nanowire volume and its elastic properties. Especially in
self-catalyzed vapor-liquid-solid VLS growth, the local availability of growth
species is even more crucial since it influences the chemical composition and
the shape of the liquid catalyst droplet. The profile of the liquid droplet, in
particular its volume, plays a key role in the VLS growth [47]. It is respon-
sible for the evolution of crystal shape (tapering) [40,41,48], and its wetting
angle determines the crystal structure (polytypism) [49–51].
Previously, the effect of nanowire area density on the local growth conditions
was investigated for self-catalyzed nanowires [44, 51]. So-far, the effect of
shadowing in ordered arrays of nanowires on their crystal structure as well
as the shell growth and strain along the nanowire in core-shell system is not
known. In this context, time-resolved in-situ X-ray diffraction (XRD) in-
vestigation of nanowires grown in arrays with different densities would grant
valuable insights into the effect of material-flux shadowing on the evolution of
crystal structure and strain distribution of core-shell nanowire. For the real-
ization of the strain in the nanowires, a conventional way is the combination
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of materials with different lattice parameters in the form of radial heterostruc-
tures [52–54]. In the radial heterostructure (i.e. core-shell nanowires), the
non-uniform distribution of a lattice-mismatched shell around the nanowire
results in inhomogeneous radial strain. In case of the growth of a shell with
larger unit cell, the tensile strain at the shell interface releases gradually
across the nanowire cross-section. As a consequence of the elastic release
of interface strain, thin nanowires bend if the heteroepitaxial shell is grown
inhomogeneously on their perimeter [55, 56]. The spatially varying strain
field by means of nanowire bending opens up new possibilities for band-gap
engineering, whereas, due to the continues changes of the inter-atomic spac-
ing, charge carriers drift to the tensile strained regions of the nanowires [57].
Additionally, nanowires that bend fully backwards to contact either neigh-
boring nanowires or the substrate, serve as a new way to form nanowire elec-
trical and optical interconnects [55]. The strain and the consequent bending
can be manipulated by controlling the volume ratio of the core and shell
or by controlling the composition of the ternary alloys. Furthermore, the
strain distribution along the nanowire can be controlled by the layout of the
patterned nanowire arrays and the layout of the MBE effusion cells. The
well-defined nanowire pattern with respect to the incident angle of the ma-
terial fluxes allows to exploit the shadowing of these fluxes by neighboring
nanowires to control the distribution of the shell material along the nanowire
and the resulting strain and the bending profile of the nanowire. Due to its
high sensitivity to the changes in the crystal structure, in− situ XRD mea-
surements of nanowire ensembles during the asymmetric growth of a lattice
mismatched shell give deep insight into the strain evolution as well as the
resulting nanowire bending.

This thesis is devoted to the understanding of the influence of the geo-
metrical alignment of the MBE cells and the shadowing effect of the material
fluxes on the axial distribution of the polytypism and the strain along the
nanowire in case of core and core-shell nanowires, respectively.
Following this introduction, in chapter 2, we introduce the experimental
methods that have been used in this work. At first, a brief introduction
to the the Ga-assisted MBE growth of GaAs nanowires by VLS growth tech-
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nique is given. Following this, we extend the discussion to the vapor-solid
(VS) growth mode of the InxGa1−xAs shell. Next, we discuss the crystal
structure of GaAs nanowires where we focus on the wurtzite (WZ) and zinc-
blende (ZB) polytype. Finally, we introduce the in-situ XRD method of
characterizing the nanowire crystal structure and the strain. At the end of
this chapter, the used portable MBE system is introduced.
In chapter 3, we investigate nanowires grown in arrays with pitches ranging
from p = 100 nm up to p = 1000 nm located on the same wafer, thus ensuring
identical global parameters for nanowire growth, to observe the correlation of
nanowire crystal structure and the array pitch p. By the time-resolved in-situ
XRD experiment, we identify the influence of the onset of Ga-flux shadow-
ing on the crystal structure at different arrays with different pitch p. The
impact of Ga-flux shadowing on the crystal structure is explained by Ga-flux
modeling considering specular reflection of Ga atoms and Ga-flux shadowing
that causes a deflation of the liquid Ga-droplet, emphasizing the important
role of the secondary reflected Ga-flux for patterned nanowire growth.
In chapter 4, we study nanowire bending in case of growing an InxGa1−xAs
shell with x nominal indium content onto GaAs cores without substrate ro-
tation. In this part we use GaAs nanowire templates grown on two types
of Si(111) substrates coated with naturally grown SiOx on one hand and
thermally grown SiOx on the other hand where the later is patterned by
electron beam lithography. Following this, statistical information extracted
from in-situ XRD measurements on nanowire arrays demonstrates that the
nanowire curvature as function of the shell thickness has nonlinear depen-
dency at the early stages of shell growth. We then extend our study with
in-situ XRD investigation of a single nanowire during asymmetric shell de-
position. This experiment allowed us to access and measure the strain and
the small nanowire bending induced by early stages of the shell growth.
In chapter 5, we report on GaAs nanowire growth on pre-patterned Si(111)
substrates followed by a lattice mismatched InxGa1−xAs shell growth with-
out substrate rotation. Benefiting from the prior knowledge of the nanowire
bending direction we exploit the shadowing of the material fluxes by neigh-
boring nanowires and consequently a varying strain distribution along the
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nanowire and different bending profiles are obtained. Our findings are ob-
served by in-situ XRD measurements performed at nanowire arrays with
different pitch size (i.e. different number density of the nanowires) during
shell growth.
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Chapter 2

Background

2.1 Fundamentals of MBE growth

Nanowires which are quasi one-dimensional crystals can be grown out of
many different materials, by means of different techniques. The growth of
nanowires was first introduced by Wagner and Ellis in 1964 [58] by using
chemical vapor deposition (CVD) to grow silicon nanowires. Since then, sev-
eral synthesis methods have been developed such as Molecular Beam Epitaxy,
Metal Organic Chemical Vapor Deposition (MOCVD), Chemical Beam Epi-
taxy. In general, epitaxy is the process of depositing a crystalline over-layer
onto a crystalline substrate where the deposited over-layer is in registry with
the substrate crystal. MBE is the technique of our choice to grow core and
core-shell nanowires under ultra-high-vacuum condition by mean of vapor-
liquid-solid (VLS) and vapor-solid growth mechanisms, respectively. The
VLS mechanism of epitaxial nanowire growth is one of the leading methods
for generating single crystalline nanowires with large numbers. However, the
growth process of GaAs-InxGa1−xAs core-shell nanowires via VLS and VS
mechanisms passes, mainly, through four steps :

• The deposition of Ga on the heated substrate leads to the nucleation
of Ga liquid droplets (figure 2.1(a) and 2.1(b)) that are the seeds of the
epitaxial growth of the nanowires.

• The simultaneous supply of As and Ga with a determined ratio (V/III
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2.1. FUNDAMENTALS OF MBE GROWTH

ratio) leads to a super saturation of the droplet and a crystallization of
GaAs at the droplet-substrate interface which initiate the axial growth
of the nanowire (figure 2.1(c)).

• The termination of the axial growth can be done by droplet consump-
tion (figure 2.1(d)) by continues supply of As while the Ga source is
closed till the complete crystallization of the droplet.

• The radial growth of InxGa1−xAs thin film (shell) around the nanowire
core can be done with the absence of the liquid droplet via vapor-solid
(VS) growth mechanism (figure 2.1(e))

2.1.1 Self-assisted VLS growth of nanowire

Under ultra-high vacuum conditions in the MBE chamber, the self-catalyzed
growth was first introduced by Fontcuberta i Morral [59]. This process has
always been linked to the existence of a plain or patterned oxide surface such
as SiOx [60–62].
In all steps of nanowire growth, the leading parameters are beam fluxes (i.e.
the amount of material supplied to the system) and the substrate tempera-
ture.

The deposition and the formation of Ga-droplets

For the synthesis of III–V semiconductor nanowires which is based on the
VLS mechanism, the catalyst droplets formed from group-III elements with
a quasi-uniform size act as seeds for the growth of the nanowires. A prefer-
able single crystalline substrate covered by a layer with a negligible sticking
coefficient of both group-III and group-V adatoms, such as an amorphous
oxide layer, is used. To form the catalyst droplets, the substrate surface
is first covered with a group-III metal element, (i.e. Ga in our case) that
has low melting point (figure 2.1(a)). The adsorbed adatoms incorporate
into liquid droplet where the formation of these droplets follows the classical
Volmer–Weber growth mode [63]. In our research, Si substrate with an ox-
ide layer (SiOx) is used for self-catalyzed single crystalline GaAs nanowires
growth. However, the thin oxide layer may have inhomogeneities and de-
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Figure 2.1: Core and core-shell nanowire growth steps. (a) Ga diffusion on
the substrate surface. (b) The nucleation of Ga droplet on the substrate sur-
face. (c) The axial VLS growth of the GaAs nanowire. (d) The consumption
of Ga-droplet on the nanowire tip. (e) Radial VS growth of the InxGa1−xAs
shell.

fects [64] that allow the condensed droplets to establish a contact with the
substrate surface. These defects are the key to droplet collection where the
density of nucleated Ga droplets on SiOx was observed to be correlated with
surface defects by orders of magnitude [65, 66]. The size of these droplets
depends on the amount of the supplied Ga to the substrate surface and the
substrate temperature. The influence of the substrate temperature on the
droplet size is double sided, it can cause inflation or deflation of the droplets.
High substrate temperature increases the diffusivity of the Ga adatoms on
the substrate surface which, eventually, increases the collection rate of the
Ga adatoms by the droplets. On the other hand, at high substrate temper-
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Figure 2.2: Droplet formation on substrates with (a) native oxide and (b)
patterned thermal oxide with exemplary top-view SEM images of Ga droplets
deposited on the corresponding substrate type. (Scale bars are 500 nm)

ature, the desorption rate of the Ga atoms increases which leads to droplets
deflation [67]. In addition to this, the substrate morphology influences the
droplet density. Therefore, the Ga flux and substrate temperature and mor-
phology must be considered to control the droplet size and density which in
turn plays an essential role in defining the number density, crystal phase and
the morphology of the nanowires. To facilitate the collection of Ga droplet
on the substrate surface and establish a contact with the Si crystals under-
neath the oxide layer, therefore enhance the yield of the epitaxial growth,
nanoholes can be drilled in the oxide layer by the following two methods:

• In case of thin oxide layer that can be natively grown, nanoholes can
be drilled by the desorption of Ga droplets by pre-growth annealing.
The droplets at high temperature re-evaporate while etching the thin
oxide layer performing self-organized nanoholes into Si surfaces. This
method was established by Tauchnitz et al. [68], where the nanoholes
which extend through the oxide layer down to the substrate crystal are
the key to the collection of a second deposition of the droplets with
facilitated contact with the single crystalline substrate (figure 2.2(a)).
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• Alternatively, advanced lithographic techniques can be used to pat-
tern the oxide layer with typical thickness of tens of nanometers (figure
2.2(b)). These techniques such as electron beam lithography (EBL)
allow drilling of nanoholes with well defined positions and diameters.
This method is advantageous for controlling the droplet size and den-
sity, which facilitate uniform growth of nanowire arrays with well define
positions [19,69–71].

GaAs nucleation and nanowire growth

By continues supply of group-V precursor, such as Arsine As with a constant
pressure, these species dissolve into the liquid Ga droplet that assembles on
top of a heated substrate (typically 500-600◦C which is below the tempera-
ture required to thermally deoxidize silicon). The droplet then exceeds the
equilibrium and becomes supersaturated and transforms to (Ga,As) liquid
phase. At critical supersaturation level, 2D island driven by the thermody-
namic forces start to form beneath the droplet and a crystalline mono-layer
islands nucleates epitaxially to the substrate at the liquid-solid interface [72].
However, the dynamical evolution of these islands which are wetted by the
droplet is complicated. But the kinetics of the crystallization by VLS growth
is generally understood to proceed via the expansion of the 2D islands at
the liquid-solid interface forming a thin mono-layer film. These mono-layers
fundamentally accumulate vertically where each new mono-layer forms an
upper facet of a growing nanowire. The formation of the epitaxial islands
limits the growth of each new mono-layer. That means the liquid droplet
must reach the critical supersaturation level, which in turn depends on the
flux of the supplied materials, before a new mono-layer growth. Therefore,
the rate of the axial growth depends on the wetting time of the successive
crystallized mono-layer [72–74]. Since the whole procedure occurs beneath
the liquid droplet, the morphology and the crystal structure of the nanowire
depends on the droplet shape, as demonstrated by Krogstrup et al. [72]. In
another words, the stability of the growth depends on the stability of the
chemical potentials of the droplet at the top facet which is determined by
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the supply of the growth species which are partially temperature-dependent.
The influence of vapor fluxes of the growth precursors and the substrate tem-
perature as growth parameters on the droplet shape and chemical stability
can be realized as following

• Ga-flux: Under a constant As pressure and substrate temperature,
increasing or decreasing Ga flux can progressively increase or decrease
the diameter of the liquid droplet which eventually increases or de-
creases the diameter of the nucleated 2D mono-layers and the final
nanowire diameter [72, 75]. Additional to the direct impingement of
Ga atoms from the vapor flux to the droplet, Ga atoms adsorbed at
the nanowire side-facets and substrate surfaces effectively diffuse to the
droplet as adatoms that feed the liquid droplet [19,76–78]. The diffused
Ga atoms on the nanowire side facets, however, may also form bonds
with the incident As atoms and nucleate on the nanowire side-walls
forming layers via vapor-solid mechanism that contribute to the evolu-
tion of the nanowire diameter during the VLS growth. However, this
growth on side facets is rather slow and the main contributor to the
nanowire diameter during the VLS growth is the droplet size.

• As-flux: At a constant Ga flux and substrate temperature, higher As
supply to the liquid droplet (i.e. higher V/III ratio) leads to faster
saturation of the droplet and consequently faster nucleation rate of the
2D mono-layers, and thus, faster nanowire axial growth. However, since
it has lower vapor pressure than Ga, As is rather volatile and can be
easily desorbed from the substrate surface at high temperature. Which
means the collection of the As atoms from the surface is a secondary
source of As supply to the liquid droplet while the major supply is
by the direct impingement from the As vapor flux [79]. Continuous
increasing or decreasing of As flux may decrease or increase the droplet
size which in turn contributes to the changes in supersaturation rate
as well as the top-layer nucleus crystal phase, respectively.

• Substrate temperature: As explained previously, the diffusion and
desorption of Ga and As on the substrate surface and the nanowire
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side-facets are temperature dependent. The changes in the substrate
temperature during the growth leads to varying the mentioned behavior
of both growth species thus, a variation of the adatoms ratio (V/III
ratio) of both materials. For instance, higher substrate temperature
leads to higher evaporation rate of As and higher diffusivity of Ga atoms
on the substrate surface and the nanowire side facets which increase
the supply rate of Ga adatoms to the liquid droplet [72].

Figure 2.3: Illustration of the nanowire growth mechanism of GaAs nanowire.
(a) The saturation of the catalyst droplet and the nucleation of an epitax-
ial mono-layer at the droplet-substrate interface. (b) The axial growth of
the nanowire and the possible dynamics of the incident growth materials
(desorption, surface diffusion and direct impingement).

The physical and chemical issues involved in the nucleation and growth of
nanowire such as direct impingement of Ga and As adatoms, surface diffusion
and desorption can be tuned by these three parameters. The precise consid-
eration of these parameters determine the nanowire characteristics such as
the size, shape, composition and crystalline structure. The nanowires resume
growing as long as the liquid droplet is presented while continues fed of the
growth materials vapor fluxes. The termination of the axial growth can be
done by crystallizing the liquid droplet, which allows the radial growth on
the nanowire facets by vapor-solid mechanism.
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2.1.2 Vapor-solid mechanism of (shell) growth

The radial growth of the nanowires can be done via the vapor-solid growth
mechanism, which is widely used for the MBE overgrowth of a shell around
the nanowire core. This growth mode can be used by providing the same
materials as the core nanowire (homoepitaxy) to increase the core diameter,
or different material than the core nanowire (heteroepitaxy) for fabricating
heterostructured nanowires [62,80]. However, this technique is different from
the VLS growth mechanism by the absence of the liquid phase while supply-
ing the growth species. In this technique, nanowire facets act as a substrate
where mono-layer films are deposited. The adatoms of the vapor flux that
land on the nanowire facets, are free to move on in all directions passing a
distance λ (referred as a diffusion in figure 2.4(a)) until colliding with an-
other adatom forming a stable nucleus and the formed nucleus is the seed of
a new island [81]. Another fate of the adatoms is to meet and stick to an
existing island that spreads accordingly to meet another island (figures 2.4(a)
and 2.4(b)). The stability of the nucleus is determined by the energy of the
diffused adatoms and the surface energy of the nanowire facets [81–83].
The diffusion coefficient DIII of group-III elements (Ga and In) which de-
pends on the temperature and defined by the number of jumps Γ in unit time
and the jumping step size (i.e. the lattice spacing (a)) is given by

DIII = Γa2 (2.1)

This coefficient determines the nucleation and the growth of the mono-layers
via the vapor-solid mechanism [84,85]. Higher island density can be achieved
by lowering the diffusion of the adatoms, since lower diffusion means higher
probability of the adatoms to collide and form nucleus. On the other hand, a
large diffusion coefficient means a high probability for an adatom to find an
existing island before another adatom is deposited in its vicinity to provide
chance for nucleation, leading to an overall lower island density. There-
fore, the competition between nucleation and growth is determined by the
adatom diffusion coefficient. However, the nucleated adatoms systematically
build up mono-layers epitaxially to the crystals of the nanowire side facets.
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Figure 2.4: Vapor-solid growth mechanism, (a) Illustration of the diffusion
of the incident atoms and the nucleation process. (b) The epitaxial growth
of a mono-layer. (c) Layer-by-layer growth regime of a multi-layers film. (d)
Step-flow growth regime.

This mode, (also known as Frank-van der Merwe mode [86]) requires lower
energy of the substrate surface comparing to surface energy of the wetting
mono-layer films. The wetting mono-layer reduces the surface energy of the
substrate to an equilibrium, and consequently, smooth layer-by-layer growth
regime occurs [82] (figure 2.4(c)). Therefore, for smooth layer-by-layer de-
position of shell materials around the nanowire, a lower diffusion coefficient
of group-III materials DIII is required which can be achieved by lowering
the substrate temperature and increasing the vapor pressure of group-V ma-
terials. At higher substrate temperature a higher spreading rate of the nu-
cleated islands leads to step-flow of a vertically stacked layers (also known
as Stranski-Krastanov mode [87,88])) that results in the formation of rough
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surface (figure 2.4(d)). However, the formation of a rough surface can be re-
sulted from changes in balance of forces due the strain in the growing layers
typically due to the high lattice-mismatch in case of heteroepitaxial growth
also known as Stranski–Krastanov growth. Surface roughness and the strain
in the growing layers reduce the diffusivity of the material which in turn re-
sults in the formation of mono-layer islands with small surface area that stack
on top of each-other forming quantum dots [89–92]. For the nanowires with
hexagonal cross-section, in addition to the dependency on the temperature
and fluxes ratios, the uniformity of the shell growth around the nanowire is
influenced by the crystal orientation of the side facets and strain difference
between the facets and the edges. Additional to this, in MBE systems the
arrangement of the material sources plays a critical role in the shell growth
mechanism [93] therefore, to compensate, a typical rotation of the nanowire
with respect to the flux directions is required to obtain a homogeneous shell
growth around the nanowire .

2.2 Crystallography of nanowires

2.2.1 Nanowire crystal structure and polytypism

GaAs along with all III-V semiconductors are featured with covalent bonds.
Three electrons provided by the outer shell of the group-III atom (Gallium
atom) are shared with five electrons provided by group-V atom (Arsenic
atom) to form four covalent bonds. Therefore, in GaAs each Ga atom has
four bonds to the nearest As atoms and vice versa, forming a tetrahedral
local atomic geometry of each Ga-As4 (or Ga4-As) polyhedron. At ambi-
ent conditions, the favorable crystal structure of the stoichiometric GaAs is
zincblende (ZB) that consists of two stacked face-centered cubic lattice sys-
tem, with equal basis vectors (a,b and c) that determine the unit cell [94].
All these vectors are equal to the lattice parameter (aZB) as demonstrated
in figure 2.5(a). However, during the self-assisted VLS growth, due to some
kinetic reasons which will be discussed later, GaAs nanowires grown epitax-
ially on Si(111) substrate can adopt the hexagonal wurtzite (WZ) crystal
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Figure 2.5: 3D schematic illustration of the nanowire crystal structure (ball
and stick model) of (a) zincblende (ZB) and (b) wurtzite (WZ) structures
with different rotations, the gray plane is the epitaxial growth plane of the
ZB(111) and the equivalent WZ(0001), and the direction of the growth with
respect to the lattice vectors is indicated by blue arrows at all rotations.

structure that can exist as segments with varied lengths along the nanowire.
Both structures are closely related, but the local tetrahedral coordinate of
the hexagonal WZ might have one Ga-As bond length that is slightly shorter
than the other three Ga-As bonds [95, 96] while the ZB structure has ideal
tetrahedral coordination. The slight variation of the bond length in the WZ
tetrahedral coordinates leads to different configuration of the bonds com-
pared to ZB structure and the cohesive binding energy of the WZ is higher
than the one of ZB (δE = EWZ − EZB ≈ 24meV/bond) [94]. Thus, the
unit cell of the WZ structure is determined by two lattice parameters (aWZ

and cWZ). The coexistence of both structures is referred as polytypism in
literature. The structure parameters of both crystals are listed in table 4.1.
Since the axial growth of the nanowires occurs in layer-by-layer regime, both
structures are characterized by their respective stacking sequence of planes
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decomposed of atomic bi-layers of Ga and As (parallel to the gray planes in
figure 2.5) on top of each other. For the ZB crystal, the stacked layers are
perpendicular to the [111] direction and follow an ABCABC... type of stack-
ing sequence while the WZ bi-layers that are perpendicular to [0001] direction
follow the ABAB...type of stacking sequence as depicted in figures 2.6(a) and
2.6(c), respectively. However, stacking faults and rotational twin segments
(corresponding to a 180◦ rotation of atomic positions of the non-twinned
structure around a twin axis) cause an interruption or reversion of the AB-
CABC... stacking sequence of the ZB. Stacking faults occur at the twin
boundaries, where the reversion of stacking sequence of the atomic layers take
place, generating local layer sequence such as "ABC(A,B,C|C,A,B)CBA".

Figure 2.6: 2D schematic illustration of the nanowire crystal structure (Ball
and stick model) of (a) Zincblende structure and the sequence ABCABC of its
bilayers along [111] direction. (b) Zincblence and twin-Zincblende sequence
of ABC-CBA and a stacking fault boundary at CB. (c) Wurtzite structures
the bilayers sequence of ABABAB along [0001] direction.

These stacking faults were associated with the defects of the optical and
electronic properties of the nanowires [97–99]. The valence and conduction
bands of the ZB and WZ structures are misaligned, so the small section of
one phase within the other results in charge carrier confinement and local
quantum-size effect. Therefore, fundamental understanding and governing
their formation is important for fabricating nanowires that are reliable for
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technological applications.

Table 2.1: Structure parameters of zincblende and wurtzite GaAs [95,96].

Structure zincblende (ZB) wurtzite (WZ)

Space group F-43m (216) P63mc (186)
Lattice 2 FCC sub-lattices 2 hexagonal sublattices
Basis Ga(0,0,0) Ga( 1

3 , 2
3 , 0)

As( 1
4 , 1

4 , 1
4 ) As( 1

3 , 2
3 , u = 0.373)

Bond lengths [Å] 2.448 (4 bonds) 2.448 (1 bond)
2.449 (3 bonds)

a=5.65359 a=3.989 ±0.001
Lattice parameters [Å] b=5.65359 b=3.989 ±0.001

c=5.65359 c=6.564 ±0.001
Lattice vector along [111] [0001]
growth direction
Inter-planar spacing [Å] d111 = 6.5282 d0001 = c
along growth direction
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2.2.2 Polytypism formation mechanism

Early explanation of the microscopic origin of the polytypism in III-V nanowires
was given by Akiyama et al. [100] by considering an empirical inter-atomic
potential, which incorporates electrostatic energy due to covalent-bond and
ionic charges. Their model suggests that the existence of WZ structure is
based on the minimized surface energies of the side-wall facets caused by
the lower number of dangling bonds for certain diameters ranging from 1-22
nm. Furthermore, the existence of both polytypes was reported to occur for
nanowires with diameters ranging from 12-32 nm. However, this model failed
to explain the experimental observation of stacking faults, twinning as well as
polytypism in nanowires with diameters of few hundred nanometers. As de-
scribed previously, the growth of the top facet mono-layer at the liquid-solid
interface is limited by the formation of a nucleus with a critical size that is
defined by the energy cost of replacing the top facet surface with the nucleus
top surface. The surface energy in turn depends on the chemical potential
of the liquid droplet. The orientation of the new nucleus with respect to the
preceding mono-layer will determine the orientation of the new mono-layer
to form whether ZB or WZ phase structure [101–104]. These processes make
it difficult to understand the formation of the polytypism based on purely
thermodynamic consideration. The kinetic model of formation mechanism
of the WZ phase in III-V semiconductor nanowires under ambient conditions
was first provided by Glas et al. [103] considering the case of gold-catalyzed
MBE growth of GaAs nanowires on GaAs substrate. This model suggests
that the mono-layer nucleus is in contact with the vapor phase at the edge
of the nanowire facet where the solid nanowire, liquid Au-droplet and the
vapor of the growth materials meet (referred as triple-phase-line TPL) as-
suming that the top facet at the liquid-solid interface is perfectly flat. But
the in-situ TEM experiments in [73,104–108] showed that in the steady-state
VLS growth mode the top facet can be truncated. This truncation increases
the stability of the droplet on the nanowire tip and the degree of the trunca-
tion depends on the droplet size [106] and the droplet supersaturation [73],
that might change during the growth. The nucleation, according to Wen et
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al. [73] at the point where the top facet meets the edge of the truncated
facet is favorable because extending the facet would require lower energy
than introducing a new step. The previously mentioned experimental and
theoretical studies express the imperative influence of the liquid droplet pro-
file on the crystal structure of the grown nanowires. Jacobsson et al. [107]
endorsed this by the direct observation of the nucleation events of the top
facet mono-layers during the MOVPE growth of Au-assisted GaAs nanowire
by means of in-situ TEM measurement. The in-situ TEM monitoring of the
crystal changes over a wide range of wetting angles (ϕ) of the droplet on the
nanowire top facet showed that the wetting angle (refereed there as contact
angle) is the sole parameter that determine the crystal structure of the grow-
ing top mono-layers. The size of the droplet in turn depends on material
supply as explained in the first section of this chapter. While tuning the
droplet size from large droplet (i.e. large wetting angle of > 130◦ on the tip
of a nanowire with ZB phase structure, Panciera et. al. [108] observed the
first transition from ZB to WZ at a wetting angle of ∼ 125◦ and the second
transition from WZ to ZB at wetting angle of ∼ 100◦. These transitions
are accompanied by a modification of growth fronts where at large wetting
angle of the droplet, the edges of the nanowire top facet get truncated and
the side facets changes from vertical to tapered (as depicted in figure 2.7).
The changes of these facets change the surface energy balance at the TPL,
which in turn determines the preferred crystal structure. The model that
was suggested in [108] to predict the morphology of the growth interface and
the preferred crystal structure as function of the wetting angle is rationalized
by presenting the difference of surface energies at the TPL. By considering
that the solid-vapor surface energies are phase dependent (k=ZB or WZ),
the difference of the top facet energy whether being tapered (t) or truncated
(tr) and the surface energy of the side walls which is inclined by θ is given
by the following equations

∆F k
t (θ, ϕ) = γkθV

cos θ − γ
k
0V − (γSL + γV L cos ϕ) tan θ (2.2)
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∆F k
t (α, ϕ) = γαL

cosα − γ
k
0V − γSL tan α + γLV sin ϕ (2.3)

where γSL and γLV are the surface energies of the solid-liquid (top facet) and
the liquid-vapor interfaces, respective; γαL is the solid-liquid interfaces of the
truncated edge of the top facet is inclined at the angle α to the vertical; γk0V
is the surface energy of the vertical sidewall facets (ZB(110) and WZ(1-100));
and γkθV is the surface energy of the tapered sidewall facet, inclined by θ to
the vertical (see figure 2.7(a)). This model provides three distinct regimes of
the polytypism formation during the growth as depicted in figure 2.7 can be
summarized as following:

Figure 2.7: The configuration of the droplet wetting angle and nanowire
morphology and crystal structure at different ranges. (a) Large droplet with
large wetting angle ϕ > 127◦ the top facet is truncated ZB and the sidewalls
facets are tapered. (b) Smaller wetting angle close to the transition from ZB
to WZ at 125◦ < ϕ < 127◦ the top facet is truncated ZB but the sidewalls
facets are vertical (i.e no tapering) (c) at wetting angle of 100◦ < ϕ < 125◦
the top facet is flat WZ and the sidewalls facets are vertical and (d) at small
wetting angles ϕ < 100◦ the top facet is flat ZB and the sidewalls facets are
inversely tapered.

• Large wetting angle (ϕ > 127◦)
The top-layer is truncated and the ZB phase occurs at these wetting
angles and the formation of each new top mono-layer is quasi-instant.
The truncated facet that oscillates within the growth cycles of the top
mono-layers is in contact with the TPL and the edge of this facet serves
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as an extra source of As for the rapid formation of the mono-layers. The
ZB phase adjusts the nanowire diameter to the changes in the wetting
angle and leads to outward tapering side facets (figure 2.7(a)). At the
lower limit of the this range (close to the transition from ZB to WZ
at 125◦ < ϕ < 127◦) the top facet truncation angle decreases and the
nanowire has vertical ZB(110) sidewalls (figure 2.7(b)).

• Intermediate wetting angle (100◦ < ϕ < 125◦)
The top facet is flat and WZ phase forms at this range of wetting an-
gles. The new mono-layer nucleates at the TPL and extends on the
top facet in slow step-flow. Krogstrup et al. [72] suggest that the nu-
cleation at the edge eliminate some of the liquid-vapor interface energy
by the creation of nucleus-vapor interface. Therefore, the energy of the
new nucleus that is partially in contact with the vapor is reduced and
the metastable WZ phase is favorable to compensate the energy reduc-
tion and preserves the equilibrium at the liquid-solid interface and the
nanowire maintains a constant diameter (figure 2.7(c)).

• Small wetting angle (ϕ < 100◦)
At smaller wetting angles, the ZB phase forms at the TPL and spread
in slower manner. In this case, when the droplet changes in size, the
system tends to maintain a larger wetting angle leading to changes of
the top mono-layer diameter and resulting in inclined side facets, i.e.
inverse tapering as depicted in figure 2.7(d)).

However, these angular ranges for the polytypism formation may differ for
different growth conditions such as the temperature, the growth rate and
the nanowire diameter. In these regimes (for flat or truncated top-facets)
the contact of the nucleus with the vapor face is dictated by the surface
energy of the droplet. As mentioned in the previous section, the ratio of
the supplied materials (V/III ratio) governs the droplet profile and thus the
crystal structure of the nanowire.
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2.2.3 Heterostructured nanowire and strain

Nanowires can be formed by radial or axial growth of dissimilar materials.
The quasi one-dimensional geometry of the nanowires and the high aspect
ratio are the foundation of fascinating structure property of the nanowire
which permit their high sustainability to the accommodated lattice mis-
match strain. The interaction of the low-dimensional components and their
interfaces can give rise to electronic and optoelectronic characteristics of the
semiconductor nanowires that are superior to the two-dimensional counter-
parts. In the case of the 2D planar systems, the strain that is induced
by the growth of lattice mismatched materials can relax through the intro-
duction of lattice imperfection such as dislocation, stacking fault and twin-
ning. Considering the growth of an epitaxial layer on lattice mismatched
substrates as depicted in figure 2.8(a), misfit dislocation might be the lead-
ing form of strain relaxation as illustrated in figure 2.8(b). In this case, when
the layer thickness increases and exceeds a critical value (critical thickness
tc) it costs too much energy to strain the additional grown layer to match
the crystal system of the substrates, thus, the strain relives by introducing
misfit dislocations [85, 109, 110]. However, the high elasticity of the thin
nanowires allows maintaining the lattice coherency across the interface be-
tween two lattice mismatched structures during heteroepitaxial growth. In
case of homogeneous radial heteroepitaxy (i.e. homogeneous shell growth)
around the nanowire core, to maintain the same in-plane dimensions the two
structures would share the same lattice parameter along the interface. In
this case, the engineer-able strain can be used to tune the nanowire prop-
erties such as their band gap and charge-carriers mobility. Therefore, the
pseudomorphically strained core-shell nanowires can be used to fabricate
novel heterostructure-based semiconductor devices for optoelectronic appli-
cations [12, 57,72,111,112].
In case of growing shell layers with larger unit-cell, on one hand the shell
lattice is subjected to a compressive axial strain that is parallel to the growth
direction. On the other hand, a tensile radial strain occurs perpendicular to
the growth direction in attempt to maintain the total lattice energy following
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Poisson’s ratio. At the same time, the nanowire core is subjected to a strain
with reversed configuration (i.e. a compressive radial strain and a tensile
axial strain). In figure 2.8(c) the Poisson effect is demonstrated by the red
and blue boxes for the shell and the core, respectively.

Figure 2.8: Fundamentals of heteroepitaxial strain. (a) Schematic of the
planar model of a lattice mismatched substrate and an epitaxial layer with
different unit cells. (b) Schematic of misfit dislocation that plastically re-
laxes the strain in case of quasi-infinite substrate thickness (bulk substrate).
(c) Schematic of the tensile and compressive strain induced by the lattice
mismatch between the nanowire core and shell with a demonstration of the
changes of thier lattice parameters on two directions (Poisson’s ratio). (d)
Schematic of gradient strain relaxation by nanowire bending in case of asym-
metric shell. (e) Typical changes in strain energy and epitaxial structure as
function of shell thickness. (f) Crystal orientation in case of nanowire growth
along [111] direction that is applicable to the nanowire schemes in (c) and
(d).

In case of shell deposition on one side of a thin lattice mismatched nanowire
core, the strain may partially relive by inducing nanowire bending (figure
2.8(d)). To maintain the same in-plane dimensions, the core-shell system
will be stretched axially, resulting in curvature of the nanowire which in turn
reduces the strain energy induced by the lattice mismatched shell. In the
case of InxGa1−xAs shell growth on GaAs nanowire core, the axial strain
relaxes gradually across the nanowire diameter from tensile at the interface
to compressive or totally relaxed on the other side. The experimental study
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of nanowire bending will be discussed in more details in chapter 4. The axial
growth direction in this demonstration is the same direction [111] in figure
2.8(f). However, for a lattice constant a1 of a thin epitaxial layer (shell) with
thickness t1 that grow on a substrate (nanowire core) with a lattice constant
a0 and thickness t0, the misfit strain ε in the shell in planar model is equal to
the misfit parameter f that is defined for a finite size by the equation [113]

ε = f = a1 − a0

a1
(2.4)

Due to the interactive stress at the core-shell interface, the lattice of the core
also shares the misfit strain. Therefore, the misfit strain that is perpendicular
to the growth direction (i.e. nanowire axial strain) in the core and the shell
can be estimated by

εcore = a0 − a||
a0

(2.5)

εshell = a1 − a||
a1

(2.6)

ε|| =
a1 G1 t1 + a0 G0 t0
G1 t1 +G0 t0

(2.7)

where a|| is the shared lattice constant by the core and shell layers, and G0

and G1 are the shear moduli of the core and the shell materials. In equations
2.6 and 2.7, the negative or positive values of ε indicate compressive or tensile
strain, respectively [113,114].
In case of GaAs-InxGa1−xAs core-shell nanowires grown along [111] direction,
the directional Poisson ratios of the crystals along the nanowire diameter on
(x ‖ [2-20]) and (y ‖ [22-4]) and along the nanowire growth axis (z ‖ [111])
are given by

νxy = 2(C11 + 5C12 − 2C44)
3(C11 + C12 + 2C44) = 0.61 (2.8)

νxz = 4(C11 + 2C12 − 2C44)
3(C11 + C12 + 2C44) = 0.49 (2.9)
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where Cij are the elastic constants for the GaAs(ZB) phase [115]. These
ratios mean that a tensile strain (εt) of the GaAs core along [111] direction
result in compressive strain (εc) along the perpendicular directions (i.e. [2-20]
and [22-4]) as depicted in figure 2.8(c).
The total strain energy (E) in the core-shell system can be estimated by

E = Ecore + Eshell = 2At0G0ε
2
core

1 + ν0

1− ν0
+ 2At1G1ε

2
shell

1 + ν1

1− ν1
(2.10)

where A is the interfacial area and ν0 and ν1 are the Poisson’s ratio of the
core and the shell, respectively. According to equation 2.10, the strain ac-
cumulates quickly as the shell thickness increases. However, the increase of
the strain as function of shell thickness is limited by the elasticity of the
core-shell materials.
The excess strain energy would release by a relaxation process at high shell
thickness where the shell growth is no more pseudomorphic (figure 2.8(e)).
In this case the heteroepitaxial core-shell system stabilize while the overall
Gibbs free energy is minimized [85].

The effect of misfit strain on epitaxial growth

As it was discussed in section 2.1.2, the epitaxial growth of the shell is gov-
erned by thermodynamical quantities, like, the free energy of the shell surface
and shell-core (film-substrate) interface. Also, the morphology of the grow-
ing shell is ruled, mainly, by the the kinetic quantities, such as the energy
barrier for the nucleus and the diffusivity of the growth materials. However,
in heteroepitaxy system the strain is involved, whereas, the lattice mismatch
strain alters the thermodynamic properties of the growing shell by intro-
ducing strain component into the free energy of the system. Therefore, the
activation energy for the nucleation changes accordingly. Additionally, since
the growing shell tends to adopt more and more to its bulk lattice constant as
it increases in thickness, the strain in the top layer decreases during growth.
Therefore, the strain influences the diffusivity of the growth materials and
the nucleation kinetics [117, 118]. For isotropically strained shell, the inter-

26



2.2. CRYSTALLOGRAPHY OF NANOWIRES

plane lattice constants vary accordingly which in turn changes the diffusion
coefficient DIII of the deposited shell materials (equation 2.1) which dictates
the surface morphology of the growing shell.
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2.3 Experimental Methods

2.3.1 X-ray scattering from nanowires

The crystal structure of the nanowires can be characterized by X-ray diffrac-
tion (XRD) technique. In this study, we use a monochromatic X-ray beam
with a wavelength in the range of Ångström that is comparable to the inter-
atomic spacing of the irradiated crystals. The interference of the X-ray with
the periodic lattice of the nanowire crystal results in Fourier transformation
that we consider to picture the crystal structure of the nanowire. When the
X-ray hits an atom, the electrons in the atomic shell absorb the energy of
the incident X-ray and start to oscillate. Since this energy do not exceed the
binding energy of the electrons it is released again in the form of spherical
wave (see figure 2.9(a)). For elastic scattering, (i.e. γ + e− → γ + e−),
the kinetic approach suggests that the amplitude of the incident beam wave
vector |ki| is conserved and |ki| = |kf | = 2π

λ
where |kf | is the amplitude of

the scattered X-ray and λ is the wave length. When the X-ray beam hits a
finite particle with electron density ρ(r), the scattering amplitude according
to [119] is given by

A0(r) ∝
∫
ρ(r) eikir dr (2.11)

where q = kf−ki is the scattering vector. This approximation is proportional
to Fourier transformation of the electron density (ρ) in a volume with the
radius r which determines the position of the scattering electrons from the
scattering center as sketched in figure 2.9(b). At large observation distance R
from the scattering center, the scattering amplitude is given by the coherent
superposition of all waves scattered by all electrons located at distance r
from the scattering center where the classical Thomson formula can be used
to give the scattering amplitude by

A(r, R) = E0 C rel

∫ eiq|R−r|

|R− r|
ρ(r) eikird3r (2.12)

Where rel is the Thomson scattering length and C is a polarization factor that
depends on the scattering geometry which is assumed constant. However, in
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Figure 2.9: X-ray scattering. (a) X-ray scatted at the electrons of the atomic
shells and the spherical X-ray waves sent out. (b) The scattering of the
incident X-ray beam with wave vector ki at to a particle with density ρ(r) at
different positions r. (c) Sketch of the X-ray diffraction geometry and Bragg
condition.

the experimental geometry, the observing detector is tens of centimeters far
from the scattering center (i.e. r � R) which means that Fraunhofer approx-
imation is valid. For a beam size that is sufficient to illuminate the crystals of
multiple nanowires, the scattering amplitude then becomes a function of the
nanowires electron density and the coherent summation over all scattering
waves is

A(q) = Const. e
ikR

R

∫
ρ(r)eiqr d3r (2.13)

In an infinite and perfect periodic lattice, the integral vanishes whenever q
is not equal to a certain value determined by the atomic spacing. At these
values, a constructive interference of the scattering X-rays occur and can be
described by Bragg’s law. However, taking into account that for crystals with
finite size, r may be given by the position of the unit cell in the crystal (rc),
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the position of the atom within the unit cell (ra) and the electron distribution
around this atom (r′

a), therefore

r = rc + ra + r
′

a (2.14)

Hence, the integral in equation 2.13 can be replaced by summation of all unit
cells and all atoms included in each cell, and the scattering amplitude is

A(q) =
∑
n

fne
iqrn

∑
cell

eiqrc (2.15)

where fn is the atomic form factor which gives the integral of the electron
density of the atom n in the unit cell. The first sum is the structure factor
and it determines the intensity of Bragg reflection and the second sum defines
the possible location of the allowed Bragg reflection in 3D space defined by
the wave vector components as will be described later.
Bragg’s law is a measure of the inter-planar distances (dhkl) where h,k
and l are the Miller indices of the lattice plane given by the intersection of
the plane with the crystal base vectors. A constructive interference of the
partially reflected X-rays from these planes take place only at a certain angle
of the incident beam as rationalized by Bragg’s law [120]

nλ = 2d sin(θ) (2.16)

where n is an integer number and θ is Bragg angle as sketched in figure
2.9(c). The inter-atomic spacing of the ZB and WZ crystal phase is different
as explained in section 2.2 of this chapter which leads to different diffraction
angle θ and different position in reciprocal space.
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Diffraction geometry and reciprocal space mapping

To study and characterize any set of the lattice planes, Bragg condition
must be fulfilled for the corresponding inter-planar spacing. In our study
we focus on characterizing the structure of the lattice planes along the
growth direction, i.e. GaAs(111) and GaAs(0001) lattice planes of ZB and
WZ as discussed in section 2.2, respectively. For this purpose, we define
a diffractometer-related geometry (i.e. lab geometry) which represents the
alignment of the nanowire lattice with respect to the incident and the diffracted
X-rays. In this geometry, z axis is set perpendicular to the substrate normal,
thus z is parallel to the nanowire growth axis, x axis is perpendicular to the
projection of the incident X-ray beam on the substrate surface and y axis is
parallel to this projection as shown in figure 2.10(a). For this geometry the
angles of the incident and diffracted beam (αi and αf , respectively) are taken
with respect to x (i.e. with respect to the substrate surface). This geome-
try is called "symmetric diffraction geometry" where the diffraction is at the
lattice planes that are parallel to the surface of the crystal. The other ge-
ometries called "asymmetric diffraction geometries" are of the inclined lattice
planes with respect to the surface (more details about these geometries can
be found in [121–123]). Once the incident X-ray hits the nanowire which has
a hexagonal cross-section, the Fourier transformation that occurs is recorded
by using a 2D pixel detector. The size of the detector and its position with
respect to the sample in lab geometer can define the azimuthal angle ν of
the diffracted X-rays.
The distribution of the X-ray signal can be recorded by rocking the lattice
planes in the vicinity of Bragg angle θB as demonstrated in figure 2.10(b)
that shows the star shape of the signal distribution (Fourier transformation
of the hexagonal nanowire cross-section). The collected 3D map that consist
out of multiple 2D images of the diffracted signal at different angles αi and
αf determines the angular distribution of the signal in lab geometry. The
angular range that is covered by the detector frame size can be measured by
knowing distance between the sample (scattering center) and the detector.
Accordingly, each frame taken at each angular step can be given by the
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Figure 2.10: X-ray diffraction geometry and reciprocal space mapping. (a)
Schematic illustration of XRD lab geometry. (b) Side-view demonstration
of the symmetric XRD scans of a single nanowire and the collection of 2D
frames at different angular steps. (c) Top and tilt view SEM image of the
measured nanowire showing its hexagonal shape. (d) The measured 3D RSM
of the XRD signal defined by the wave vector components. (e) 2D slice of
the RSM on QyQz plane showing the position of the XRD peak of ZB and
WZ polytypes on Qz. (f) 2D slice of the RSM on QxQy plane showing the
shifting from the origin of the RSM indicated by the red line.
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reciprocal space vectors q that can be decomposed by [119]

Qx = 2π
λ

sin(ν)

Qy = 2π
λ

(
cos(αf ). cos(ν)− cos(αi)

)
Qz = 2π

λ

(
sin(αi) + sin(αf ). cos(ν)

) (2.17)

The 3D RSM of the XRD signal of the measured single nanowire is shown
in figure 2.10(d). In our RSM geometry, the position of the XRD signal of
the Si(111) substrate is considered as a reference. However, in RSM, Qz

lays parallel to the normal of the measured lattice planes (it is also parallel
to the scattering vector q of the symmetric diffraction) and sensitive to the
changes in their lattice spacing. The other vectors Qx and Qy are parallel
to the measured lattice planes and determine their orientation. Therefore
the profile of the XRD signal in RSM indicates the profile of the crystal
structure of the measure sample. For instance, since the structure and the
lattice spacing of ZB and WZ crystals are different their diffraction signal
locate at two different position along Qz in RSM as shown in figure 2.10(e).
Also the orientation of the lattice planes along the growth direction (the
alignment of the nanowire on the substrate) is given by the position of the
XRD signal on Qx and Qy of the RSM. As demonstrated in figure 2.10(f),
the signal is shifted from the origin of Qx and Qy which implies that this wire
is tilted by an angle of 0.3◦ that can be easily measured. Therefore, Bragg
diffraction is a sufficient method to study the nanowire crystal properties
such as polytypism and strain as we be show in the following chapters.
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2.3.2 Portable MBE for In-situ X-ray diffraction

The growth of all nanowire samples in this work has been performed in a
special MBE system [124]. This system is designed for in-situ characteriza-
tion and growth experiments. It has a small and compact growth chamber
that makes it portable and suitable for heavy-load goniometer setup at the
synchrotron radiation facilities in term of weight and dimensions. Beside the
compact design, the portable MBE has two circular Beryllium windows which
are transparent for X-rays for the in-situ XRD experiments. Additionally,
this system is equipped by built-in setup for in-situ reflection high-energy
electron diffraction (RHEED) [125] for in-situ characterization of the crys-
talline materials surface during growth. Figure 2.11(a) shows a photograph of
the pMBE loaded on a goniometer at beamline P09 at the German Electron
Synchrotron facility (DESY). The layout of the pMBE system with respect
to the XRD geometry is sketched in figures 2.11(b) and 2.11(c) from side
and bottom-view, respectively. The pMBE chamber is equipped with solid
source effusion cells of Ga and In, and valved cracker cell supplying As4. All
cells are inclined to the substrate normal by Φ = 28◦. The azimuthal angles
(with respect to the substrate surface and the x,y plane of the lab-geometry)
are 60◦ between the Ga and the In cells and 120◦ between the Ga and the
As cells as illustrated in figure 2.11(b). The coordination of the XRD ex-
perimental geometry are indicated in figure 2.11 where the sample normal
points in the direction of the z-axis which coincides with the GaAs[111] di-
rection in our case. Due to the limitation of the Be windows that open an
angular range of ±23◦ for the incident and diffracted beams, the choice of
X-ray energy is limited for the given XRD geometries. In our case, we chose
the beam energy of E=15 keV (wavelength 0.8265 Å) where the Bragg angle
of the GaAs(111) is 7.2745◦ and all the required scans around it are covered
by the angular range of the Be windows. In the following chapters, we reveal
the influence of the geometrical alligment of the pMBE cells on the growth
dynamics of the self-assisted GaAs nanowire and the shell deposition of the
GaAs-InxGa1−xAs core-shell nanowire.
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Figure 2.11: The portable MBE system. (a) A photograph of the pMBE
setup on a heavy-load goniometer at beam-line P09 at DESY. (b) Side-view
sketch of the pMBE cells with respect to the lab-geometry and the incident
X-rays. (c) Bottom-view sketch of the pMBE.

2.3.3 MBE Growth of the GaAs-InxGa1−xAs core-shell
nanowires

In our study, we use tow types of n-doped Si(111) substrates covered by a
naturally grown silicon oxide (referred to as “native oxide” in the text) and35
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a thicker thermally grown oxide layer (referred to as “thermal oxide” in the
text) with patterns of drilled nano-holes. Before the growth procedures, the
two types of substrates require different sample treatments. The native ox-
ide substrates pass through regular solvent cleaning by two rounds of dipping
into acetone, isopropanol and ultra-pure water baths in ultrasonic cleaner, re-
spectively. The patterned substrates with thermal oxide require hydrofluoric
(HF) acid etching following the same regular solvent cleaning used for native
oxide substrates. The etching is done using 0.5% HF for 1 minute to reduce
the thickness of the naturally grown oxide on the substrate surface within the
nano-holes. After oxide etching, the thermal oxide substrates are dipped into
boiling ultra-pure water for 10 minutes for surface smoothing, this procedure
was reported to improve the vertical yield of the nanowires [126]. Afterwards,
the substrates are degassed under the ultra-high vacuum condition at 300◦C
for 30 min to get rid of solvent residuals before loading them into the MBE
growth chamber. Material fluxes of the MBE effusion cells are calibrated via
the respective layer-by-layer growth on epi-ready GaAs(001) substrate mon-
itored by RHEED. The readout of the substrate temperature is calibrated to
the temperature of the Ga-oxide removal of the same substrate.

Core-shell nanowire growth steps

We apply the growth procedure explained in 2.1.1 and 2.1.2, following the
steps depicted in figure 2.11(a) for the patterned thermal oxide substrates.

1. At first, the substrates are annealed at a substrate temperature of ap-
proximately Tsub = 800 °C in the MBE growth chamber for 30min to
get rid of any possible residuals from previous cleaning steps as further
preparation step.

2. Within the holes, Ga catalyst droplets are formed at T PD ≈ 600-630◦C
by depositing Ga for time tPD with an equivalent GaAs thickness of
50-55 monolayer (ML).

3. Epitaxial VLS growth of the GaAs nanowire cores are initiated by
supplying As and Ga simultaneously at TNWG ≈ 630◦C and using V/III
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Figure 2.12: Nanowire samples preparation (growth protocol). (a) On silicon
substrates coated with thermal oxide (thermal oxide substrate). (b) On
silicon substrates coated with native oxide (native oxide substrate)

ratio of 3 and a growth rate of 0.12 ML/s for time tNWG = 30, 45 and
60 minutes for the different samples in this study.
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4. The droplets are consumed by supplying As while stopping Ga supply
at TDC = TNWG for 15 minutes then cooling down to the shell growth
temperature T SG for another 15 minutes (i.e. the total tDC = 30
minutes).

5. For the shell growth, the substrate temperature and the material fluxes
were adjusted to the desired parameters. The reduced substrate tem-
perature TSG = 400◦C – 500◦C and the higher V/III ratio (V/III≈ 4
– 6 reduce the diffusion length of the group III-materials favoring VS
growth on the nanowire sidewalls. The shell growth time is tSG = 11-30
minutes for the different studies in chapters 4 and 5.

The growth on native oxide substrates are the same listed steps but preceded
by the surface modification procedure (SMP) explained in 2.1.1.

Patterned substrate layout

The Si substrates were covered by a 15-20 nm thick thermal oxide layer
and patterned with nano-hole arrays defined by electron-beam lithography
(EBL). These nano-holes act as nucleation sites for Ga catalyst droplets for
the epitaxial nanowire growth. The pattern consists of several equidistant
100 × 100 µm2 large arrays (see figure 2.13(a)) of nano-holes arranged in a
hexagonal grid as shown in figure 2.13(b). The separation between neigh-
boring holes (pitch p) differs for each array, ranging from p = 0.1 µm to
p = 10 µm. These ensembles have different nanowire density and the layout
of the substrate and can be navigated using X-ray diffraction microscopy.
By setting the incident angle of the X-ray beam at the Bragg condition of
GaAs, the substrate layout is defined by biaxial scanning along x and y of the
lab geometry and the positions of all arrays can be defined with respect to
the goniometer as shown in figure 2.13(b). Apart from the ensemble arrays,
single nano-holes with 10 µm separation are drilled along a 1 mm straight
line bordered by two etched markers to facilitate the illumination of a single
nanowire as shown in figures 2.13(a) and 2.13(d). More details about EBL
preparation of these samples can be found in [127]. As mentioned previously,
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Figure 2.13: Patterned substrate layout (a) Overview SEM image of the sub-
strate layout showing the nanowire arrays and the markers that border the
single nanowires. (b) Top-view SEM image of one of the nano-hole arrays
(with p =100 nm) and their hexagonal arrangement. (c) Scanning on the
substrate surface by X-ray diffraction microscopy showing the nanowire ar-
rays with different densities indicated by the variation of reflected X-rays
that is proportional to the total crystalline volume of the grown nanowires.
(d) single nano-hole drilled 10 µm away from the edge of an etched marker.
Scale bars correspond to 1 µm.

the sample layout enables the navigation on the substrate during the XRD
measurements facilitating access to nanowire arrays and single nanowires as
we will see in the following chapters of this work. The recipe to find a single
nanowire using this substrate layout can be found in [128].
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Chapter 3

Flux shadowing and nanowire
crystal structure (polytypism)

Abstract

In the following, we reveal the effect of Ga-flux shadowing on the evolution
of nanowire crystal structure by means of time-resolved XRD during MBE
growth of self-catalyzed GaAs nanowires grown on patterned Si(111). We
investigate nanowires grown in arrays with pitches ranging from p = 100 nm
up to p = 1000 nm located on the same wafer, thus ensuring identical global
parameters for nanowire growth, and observe strong correlation of nanowire
crystal structure and array pitch p. By our time-resolved experiment, we
identify a point of time during growth, depending on the respective array
pitch p, where the crystal structure suddenly starts to change, which we
attribute to the onset of Ga-flux shadowing. We explain our observations
by Ga-flux modeling considering specular reflection of Ga atoms and Ga-
flux shadowing that causes a deflation of the liquid Ga-droplet, leading to
the termination of nanowire axial growth in the extreme case, emphasizing
the important role of the secondary reflected Ga-flux for patterned nanowire
growth.
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3.1 Epitaxial nanowire growth at different den-
sities

The growth studied in this research follows the mentioned steps in 2.3.3 where
droplets form at T PD = 630 °C by depositing Ga with an equivalent GaAs
thickness of 55 monolayers (ML) and V/III ratio for the nanowire growth of
FV/III = 3, 2D growth rate of 0.12ML/s and tNWG = 30, 92.5 and 45 min
(sorted according to performed research). In this case we took special care,
that the substrate is oriented in such a way, that the incoming Ga-flux is
shadowed not by the nearest neighbor nanowire with distance p but by the
second nearest neighbor with distance

√
3 p.

As mentioned in 2.3.3, each array of the patterned substrate has a certain
hole diameter d and a pitch size p. The influence of the hole diameter and
pitch size on the formed Ga droplets can be seen in figure 3.1. For the
nanoholes with diameter d = 70 and 90 nm, it can be seen that more than
one droplet may nucleate in one hole due to the large collection area of Ga
atoms within each hole (as shown in figure 3.1(a)). For the quantitative
analysis of the droplet diameter at different arrays, we consider only the
nano-holes that contain solo droplet. At different nano-holes densities, the
SEM measurement reveal that the droplet size is independent of the pitch
size p for consistent hole diameter d as shown in figure 3.1(b). On the other
hand, at the same pitch size p, the droplets tend to have larger size at larger
nano-hole diameter as shown in figure 3.1(c) for the case of nano-holes with
pitch size p = 400 nm. This behavior can be attributed to the low sticking
coefficient of Ga on the thermal oxide of the silicon substrate, which means
that the contribution of Ga diffusion on the substrate surface to the nano-
holes is negligible. Therefore, the Ga droplets are formed mainly by the
direct impingement and the diffusion within the hole of the incident Ga flux.
The functions in figures 3.1(b) and 3.1(b) imply identical conditions for the
initial epitaxial growth of the nanowires for the arrays with the same nano-
hole diameter. After the growth, the nanowires in arrays with d = 40, 70
and 90 nm and p = 100, 200, 400, 700, 1000, 1500, 2000, and 3000 nm are
characterized by SEM. The number of investigated nanowires varies with the
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Figure 3.1: Droplet nucleation at different nano-hole arrays. (a) SEM images
with top view of droplet nucleation at nano-hole arrays with p = 100, 200,
400 and 700 nm and d = 40, 70 and 90 nm. The scale bar corresponds to
500 nm. (p) The droplet diameter as function of p at different nano-hole
diameter d. (c) Droplet diameter as function of nano-hole diameter d at the
nanowire arrays with p = 200 nm.

pitch from 275 nanowires for p = 100 nm to 35 nanowires for p = 3000 nm.
Overall, length and diameter of 845 nanowires are measured. Examplary
SEM images of pitches with p = 100, 200, and 700 nm are shown in figure
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3.2(a), evidencing the high vertical nanowire yield. The nanowire length
lNW as well as nanowire radius rNW are shown in figure 3.2(b) and 3.2(c),
respectively, in dependence on the pitch p for different hole diameters d.
As mentioned previously, the site-occupancy in case of d = 40 nm is one
and multiple nanowires in one hole are found for larger hole sizes. Only
cases of one nanowire per hole were considered for the above evaluation,
thus the large error-bars for d = 70 nm−90 nm. Both lNW and rNW show
a significant dependence on p for p ≤ 400 nm. In case of p ≥ 700 nm,
lNW and rNW seem to be independent of p. The observed dependency is
typically attributed to a material flux shadowing that prominently occurs in
dense nanowire arrays [21, 26, 46]. The nanowire shape is also affected by
p. Whereas, the nanowires grown at p = 100 nm are quasi non-tapered, the
nanowires gradually develop a slightly inverse-tapered shape as p increases.
In addition, we find a large variety of droplet shapes and droplet wetting
angles at p = 100 nm. The nanowire arrays left of the dotted vertical line in
figures 3.2(b) and 3.2(c) have been measured by XRD, whereas only SEM
has been recorded for the arrays with p ≥ 1500 nm. Overall, the vertical
nanowire yield for d = 40 nm is independent of p in our samples.
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Figure 3.2: (a) SEM images with a viewing angle of 30° of nanowire arrays
with p = 100, 200, and 700 nm. The scale bar is the same for all images. (b)
The average nanowire length lNW for arrays of pitch p as measured by SEM.
(c) Average nanowire radius rNW measured in the middle of the nanowire as
function of array pitch p. The red lines serve as guide for the eyes.

3.2 Ex-situ XRD measurement of nanowires
at different arrays

In order to characterize the crystal structure of the nanowires, we performed
X-ray diffraction experiments at the Resonant Scattering and Diffraction
beamline P09 [129] at PETRA III. We used a hexapod-mounted compound-
refractive lens focusing setup in order to achieve an X-ray beam with a size
of 2 µm (v)× 5 µm (h) at E = 15 keV photon energy. The X-ray spot-size
provided by the focusing setup is small enough to illuminate nanowires of one
individual array only, while being large enough to average over a meaningful
number of nanowires in the respective array which is particularly important
for the statistical significance of our results. In addition to ex-situ XRD, time-

44



3.2. EX-SITU XRD MEASUREMENT OF NANOWIRES AT
DIFFERENT ARRAYS

resolved in-situ XRD is a non-destructive way of structure characterization
during nanowire growth [41, 130–134], from which we can infer information
on the evolution of crystal structure of the nanowire arrays at the various
pitches p during growth, as will be shown later.

Figure 3.3: a) X-ray RSMs of the GaAs(111) Bragg reflection for nanowire
arrays with p = 100, 200, and 700 nm. Signals from WZ, ZB, as well as the
disordered M-phase (or 4H) are visible. Next to the CTR, SRs are observable
for p = 100 nm and p = 200 nm, indicating high-quality lateral ordering of
the GaAs nanowire array. b) qz-intensity profiles through the GaAs(111)
Bragg reflection. The reference positions qz(WZ), qz(M), and qz(ZB) are
indicated by the vertical solid lines. c) For giving an impression of the WZ
phase-fraction in the nanowires, the intensity profiles were normalized to ZB
peak intensity.

For each array, we recorded the 3D distribution of scattered X-ray intensity
- ex-situ - in vicinity of the symmetric Si(111) and GaAs(111) Bragg reflec-
tions, illustrated in reciprocal space maps (RSMs) as described in 2.3.1. Since
the (111) lattice-plane spacing of cubic zinc-blende (ZB) GaAs and hexagonal
wurtzite (WZ) GaAs differ [135,136], the scattering experiment is sensitive to
the average stacking sequence of polytypic segments along the nanowire [111]
growth axis [51, 132]. Moreover and due to the coherence properties of the
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X-ray beam, next to the Si crystal-truncation rod (CTR) that arises from the
truncation of the Si-crystal, the lateral periodicity p of the GaAs nanowires
gives rise to so-called superstructure rods (SR) next to the GaAs(111) Bragg
reflection. Representative results of these ex-situ XRD measurements (corre-
sponding to the SEM images in figure 3.2(a) are illustrated in figure 3.3(a).
The theoretical reference scattering values of the (111) Bragg reflection for
ZB GaAs is Qz(ZB) = 1.9251Å−1, whereas WZ with its about 0.65 % larger
lattice-plane spacing is located at Qz(WZ) = 1.9126Å−1. It is worth to note,
that the locations of the respective Bragg reflections for WZ and ZB GaAs in
experimental profiles strongly depend on actual phase purity and phase frac-
tion [132,137]. In addition to that, presence of higher-order polytypism (4H,
or M-phase [138]) may give rise to additional Bragg peaks located between
the ZB and WZ Bragg peaks, corresponding to their respective hexagonality.
Intensity profiles along Qz are shown in figure 3.3(b). It is evident, that the
strongest signal arises from the most densely grown array with p = 100 nm.
As the pitch increases, the number of illuminated nanowires decreases and
so does the overall intensity of the scattering signal. If we consider the in-
tensity distribution within a single RSM however, an interesting observation
can be made. It is obvious, that the strongest feature in the RSM of the
array with p = 100 nm is actually the WZ (00.2) Bragg reflection, indicating
a dominance of WZ over ZB segments in the crystal structure of the GaAs
nanowires. This is remarkable, since the crystal structure of self-catalyzed
GaAs nanowires is commonly ZB dominated [139, 140] and a result of the
pronounced equilibrium wetting angles ϕ >>90° as explained in 2.2.2. In
contrast to that, we evidence here that self-catalyzed GaAs nanowires in
predominantly WZ phase can be synthesized as well. As p increases fur-
ther, the intensity of the WZ signal decreases, until ZB becomes the most
intense feature of the RSM. In order to better illustrate this behavior, the
integrated intensity was normalized to the ZB peak intensity (figure 3.3(c)).
For p = 100 nm, the WZ peak intensity exceeds the ZB peak intensity by a
factor of 4. But already for a nanowire spacing of p = 200 nm ZB and WZ sig-
nals are equally intense. For p ≥ 400 nm the ZB GaAs peak is the strongest
signal of the scattering profile. Interestingly, the shapes of the normalized
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profiles of p = 700 nm and p = 1000 nm (figure 3.3(c)) are essentially identi-
cal, which is indicative for equal average polytype phase fraction and phase
purity, and points toward identical growth conditions for these nanowires.
This reflects well the saturation of nanowire axial and radial growth rates in
figures 3.2(b) and 3.2(c). At the same time, a photoluminiscence study of
Rudolph et al. [44] of a few individual patterned GaAs nanowires implies a
relation of array pitch p and crystal structure as well, where the authors ob-
serve a larger number of twin-related defects (i.e. ZB/TZB) for larger values
of p, although they do not clearly distinguish these fromWZ inclusions. How-
ever, in a previous ensemble investigations on non-patterned self-catalyzed
nanowires on Si(111) a similar trend of the nanowire mean crystal structure
with the nanowire mean area density as presented here was observed [51].
Still the question remains, which exact processes during growth are respon-
sible for the evolution of the differences of nanowire crystal structure in the
arrays with p ≤ 400 nm. In order to identify the material shadowing ef-
fect at different nanowire densities, we performed time-resolved in-situ XRD
investigation the nanowires during growth.

3.3 In-situ XRD measurement of nanowire
arrays during growth

In addition to the above ex-situ XRD experiment after nanowire growth,
we performed in-situ XRD during MBE growth of a second sample using
the portable MBE described in 2.3.2. Again, we benefit from the layout of
the pattern, that allows for sequential monitoring the nanowire growth in
different arrays by moving one array after the other into the micrometer-
sized X-ray beam, in an iterative procedure. In contrast to recording full
3D RSM as for the ex-situ study, we restrict the in-situ measurements to
fast 2D cuts of the reciprocal space close to the GaAs(111) Bragg reflection.
This way, we achieve an effective time-resolution of 1min per array. We used
similar growth parameters as above for the in-situ growth experiment, but
extended the growth time to tNWG = 92 min.
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The basic idea behind the in-situ experiment is simple: if the material
shadowing depends on p, the onset of the material shadowing effect and
its consequences for crystal structure evolution should appear for each p at
different nanowire lengths lNW and thus at different growth times tNWG.
Since we have already observed these consequences for the sample grown for
tNWG = 30min, and for arrays with p ≤ 400 nm, we should expect the onset
of shadowing happening at these arrays first. In addition, the saturation
of lNW , rNW (figures 3.2(b) and 3.2(c)), and the identical normalized Qz-
intensity profiles (figure 3.3(c)) after the same pitch value p ≥ 700 nm imply
that shadowing effects did not play a role for the growth of the nanowires in
these arrays, at least within tNWG = 30min.
However, before we discuss the in-situ X-ray results, let us first have a
look at the length distribution of the in-situ sample as extracted from SEM
images. In figure 3.4(a) we observe a non-trivial, quasi bi-modal length-
distribution for the nanowires grown in the arrays with p ≤ 400 nm. Based
on the axial growth rates extracted from figure 3.2(b), we would expect
the nanowires to have pitch-dependent lengths lpNW : l100nm

NW = 1700 nm,
l200nm
NW = 2025 nm, l400nm

NW = 2160 nm, l700nm
NW ≈ l1000nm

NW = 2260 nm after
a growth time of tNWG = 92min. These values correspond to the up-
per group of the nanowire length-distribution indicated by black arrows,
present for all pitches. The lower group (indicated by the red arrows) is
only present for p ≤ 400 nm. From the SEM images in figure 3.4(b), it is
evident that the in-situ sample exhibits inhomogenous growth. We explain
the length-distribution by shadowing of one group of most likely clustered
nanowires which must have stopped the axial elongation at some point dur-
ing growth, and another group of nanowires that were not shadowed, and
continued their axial elongation with the respective axial growth rate result-
ing in lpNW (92min). Moreover, the nanowires of these two groups seem to
have differently shaped Ga-droplets at their tip. Whereas the long nanowires
show pronounced Ga-droplets, the short nanowires seem to have small crys-
talline caps, or shallow droplets (if any) at their tip, which supports our
assumption, that the axial growth of the short nanowires was terminated at
tNWG < 92min during growth. Regarding the in-situ X-ray data, we ex-
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Figure 3.4: (a) nanowire length distribution for the various arrays of the
in-situ sample after tNWG = 92min of growth. Black arrows indicate ex-
pected nanowire length using growth rates derived from figure 3.2(b), red ar-
rows given by fit displayed in figure 3.4(c). (b) Corresponding SEM images,
demonstrating the inhomogeneous growth. Scale bar corresponds to 5µm. (c)
Time-evolution of the integrated WZ intensity during growth. The solid line
represents a fit to the data, the shaded area gives an impression of the error-
range. The colored arrows indicate the onset of shadowing at lNW +hdrop > lc
according to the model, red arrows indicate IpWZ(tpf ) = 0.99 · A as obtained
by the fit.

clusively focus on the time-evolution of the (00.2) WZ Bragg reflection. We
assume that the considerable parasitic growth on the substrate surface be-
tween the nanowires visible in figure 3.4(b) essentially crystallizes in the ZB
phase [135]. The WZ phase however, is indicative for nanowire growth at Ga-
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droplet wetting angles ϕ ≈ 90◦. Self-catalyzed GaAs nanowires commonly
show WZ insets especially at the bottom and the tip (formed during the
initial stages and the final stages of growth respectively). The WZ segments
below the droplet are commonly formed under residual As background after
the Ga-flux supply was stopped, or during intentional droplet consumption,
causing a shrinkage of the Ga-droplet and concomitant reduction of ϕ as
discussed in 2.1.1 and 2.2.2. Our results are shown in figure 3.4(c): each dat-
apoint corresponds to the area below the WZ peak (determined by a Gaussian
fit to the WZ signal in the Qz-intensity profiles such as shown in figure 3.3(b)
at a certain time of growth tNWG. It is evident, that the overall WZ intensity
inversely scales with p. Most interesting however, is the pronounced ’step’-
like behavior of the WZ intensity, in particular for the nanowires grown in
the three arrays with p ≤ 400 nm, which implies a drastic increase of WZ
growth after a certain time tpi and then a halt of WZ growth after a certain
time tpf . We note, that these times seem to differ for the nanowires grown in
different arrays. After tpf , the WZ intensity IpWZ seems to be stable, within
the error margins. The solid line is a fit to the data using a Fermi-function

IpWZ(tg) = A ·
(
1− 1

e(tg−th)/fw + 1
)
. (3.1)

where A is the amplitude, th is the time where IpWZ(th) = 0.5 · A, and fw

is the width or abruptness of the ’step’. The choice of the Fermi-function
is not motivated by physical considerations, but seems to be suitable for an
empirical description of our results. The red arrows in figure 3.4(c) indicate
IpWZ(tpf ) = 0.99 · A, which we consider to correspond to the end of axial
nanowire growth at tpf resulting in the group of short nanowires. The corre-
sponding nanowire length lpNW (tpf ) determined the actual position of the red
arrows in figure 3.4(a). In case of p = 700 nm, and p = 1000 nm, the length
lpNW (tpf ) would exceed lpNW (tNWG), and is not shown. For the three arrays
p ≤ 400 nm however, the length deduced from the fit of the time resolved
X-ray data lpNW (tpf ) is in good agreement with the lengths of the group of
short nanowires obtained from SEM. Summarizing, we found evidence for
our hypothesis, that the axial growth of the group of shorter nanowires was
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terminated during growth. We interpret the increase of WZ intensity as a
consequence of WZ growth below the Ga-droplet while the Ga-droplet shrinks
and reduces its wetting angle. Obviously, the Ga-droplet disappeared which
caused termination of the axial nanowire growth and the saturation of the
WZ intensity. Since any volume change of the Ga-droplet is a consequence
of an imbalance of the Ga-fluxes in and out of the droplet, we consider a
change of the Ga-flux into the droplet as a likely reason for our observations.

3.4 Modeling Ga-flux shadowing

We now propose a model for Ga-flux shadowing based on the following as-
sumptions. As reported by Oehler et al. [26], the interaction of Ga adatoms
with the thick thermal SiOx is very weak, therefore their re-evaporation can
be approximated by a specular reflection from the surface. This allows divid-
ing the Ga-flux into two contributions: (1) The nanowire can collect Ga via
direct impingement from the Ga-source, and (2) via reflection of Ga from the
surface. In order to contribute to the nanowire growth, the Ga atoms need
to hit either the nanowire side wall or directly the Ga droplet. These two
pathways are expressed by an effective collection area for Ga, which consists
of the nanowire cross-section

lc∫
0
rNW (x)dx (where the collection length lc is

the length of the nanowire receiving Ga-flux and rNW (x) the radius of the
nanowire depending on the distance x from the Ga droplet at the top of the
nanowire) and a circular droplet cross-section π r2

drop. As shown schematically
in figure 3.5(a),- c, the collection length lc is affected by shadowing. For Ga-
adatoms impinging on the nanowire side wall, their probability to reach the
Ga-droplet at the top of the nanowire decreases exponentially as PGa = e−

x
λ

with a diffusion length of Ga on the nanowire facet λ = 1200 nm [40]. In our
MBE system the Ga-flux impinges under an angle of θ =28° with respect
to the sample normal as illustrated in figure 2.11(c). The in-surface-plane
angle of φ = 30◦ was chosen to promote shadowing of second nearest neigh-
bor nanowires in the hexagonal array spaced by

√
3 p, as illustrated in figure

3.5(a). The collection length lc, and the direct as well as reflected Ga-fluxes
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Figure 3.5: Ga-flux shadowing model: (a) Top-view of hexagonal nanowire
array. (b) Side-view for early growth stage, no shadowing. The collection
length lc is constituted of a collection length projected on the substrate sur-
face which reflects the Ga-flux onto the nanowire, and the collection length
of the nanowire itself. During nanowire growth, lc increases. (c) The length
of the nanowire exceeds the value ls at which shadowing of the reflected flux
begins. It can be seen, that the reflected flux into the Ga droplet is shad-
owed first. lc is constant, because the collection length on the nanowire side
wall increases with the same rate as the collection length on the surface is
shadowed. (d) Ga collection area resulting from all contributions, V/III ratio
and droplet shape η in dependence on the nanowire length. Arrows indicate
the onset of shadowing for different pitches.

are shown in figure 3.5(b) for the case of small lNW where no shadowing
is occurring yet. As the nanowire increases in length, lc increases by two
components: the length at the surface from which reflected Ga atoms can

52



3.4. MODELING GA-FLUX SHADOWING

hit the nanowire, and by the nanowire length itself. In figure 3.5(c), the
nanowires have reached such a length that the cast shadow covers more than
half the distance to the second nearest neighbor nanowire. In this regime, lc
does not change anymore, since the contribution of reflected Ga-atoms de-
creases at the same rate, as the contribution of directly impinging material
increases (given that both nanowires have the same axial growth rate). As
nicely illustrated by this schematic, the reflected Ga-flux into the Ga-droplet
is shadowed first. When the surface between the nanowires is completely
shadowed, no Ga-flux is reflected anymore and the nanowire can collect Ga
only via direct impingement.

At the same time, the volatile As is considered to form a homogeneous
background pressure. Therefore the collection area of the droplet is that
of a spherical cap with an area Acap = π

(
r2
NW + h2

drop

)
, where hdrop is the

height of the Ga-droplet. Additionally, it has been reported [79] that the
As background pressure is increased for the case of nanowire arrays by a
factor of B ≈ 2.1, which is attributed to an As re-evaporation from the
nanowire facets. We consider this factor to play a role only at a later stage
of nanowire growth, where the nanowire length is in the order of the nanowire
pitch. Therefore, we described it as a bounded growth following the relation
B(l) = S − (S − B0) e−p·lNW , with the factors S = 2.1, B0 = 1, the pitch p
and the length of the nanowire lNW .

During growth of the nanowire, changes in the droplet shape η = hdrop/rNW

and the nanowire radius at the growth front rNW (x = 0) can be described
according to Tersoff et al. [141] by

dη = 2
1 + η2

ΩL

Ωx

1
ρ

[
F3

F5

(
1 + 1

(1 + η2)ρ

)
− 1

]
dξ (3.2)

and
dr = 2

η(1 + η2)
ΩL

Ωx

[
F3

F5

(
1 + λ

(1 + η2)rNW

)
− 1

]
dξ. (3.3)

Here, we use ΩL/Ωx ≈ 0.42 with ΩL the volume per atom in the liquid, Ωx

the volume per two-atom unit of the III-V crystal, F3 and F5 the fluxes of
the group III and the group V element, ρ = rNW/λ, and ξ = x/λ. It can be

53



3.4. MODELING GA-FLUX SHADOWING

seen that both η and rNW will respond according to changes of the fluxes F3

and F5.
The resulting collection area for Ga (d = 40 nm) and its impact on both

the V/III ratio and the droplet shape η are displayed in figure 3.5(d). An
approximate droplet radius rdrop(0) = 15 nm as determined by SEM from a
dedicated sample (see figure 3.1) was used as a starting value for both droplet
and nanowire radius. It becomes apparent, that the Ga collection area shows
a sudden drop at a certain nanowire length corresponding to the shadowing
of the reflected flux into the Ga-droplet. The sudden drop in Ga-flux for
the different pitches (indicated by arrows) is located at lNW + hdrop > lc

and represent the theoretical value for the onset of Ga-flux shadowing in the
respective array. Since this shadowing does not occur for the As flux, this
corresponds to a jump of the V/III ratio to a much higher value. Caused by
the relations expressed by equations 3.2 and 3.3, this leads to a shrinkage
of the Ga-droplet (η decreases) and during this shrinkage WZ formation is
favored. Subsequently to the sudden drop, the Ga collection area further
decreases at a lower rate due to shadowing of the reflected Ga-flux onto the
nanowire side wall and because of the decreasing size of the Ga-droplet. The
times tNWG corresponding to the predicted onset of shadowing during growth
of our in-situ sample are shown by the arrows (blue, green and gold) in Figure
3.4(c). In agreement with our model, we observe the steep increase in the
formation of WZ shortly after the respective theoretical onset of shadowing.
Within our model, the effect of the shadowing on the size of the droplet is not
as pronounced as it would be expected to achieve the complete consumption
of the Ga-droplets as seen by SEM. This could be attributed to additional
amplification factors which are not considered by model description: (1)
Referring again to Tersoff et al. [141], also the growth speed depends on
the droplet shape η, following the relation v = Ωx (1 + η2) F5. This means
that as soon as a nanowire is shadowed, it will grow slower and will be
shadowed even more, leading to a further reduction of lc and therefore to
a much stronger shrinkage of the Ga-droplet. In general, this might occur
due to the small fluctuations in the length of different nanowires. For arrays,
this will always be the case because the nanowires at the edge of the array
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do not experience any shadowing. In case of our in-situ sample, this effect
is further enhanced due to the inhomogeneous growth of nanowires (as seen
from broad length distribution shown in figure3.4(a). (2) Besides that, the
contributions to the Ga-flux within our model consists of two equal parts
– direct and reflected flux – assuming a fully specular reflection of the Ga-
adatoms. However, it is more likely that the re-evaporation does not happen
under such idealized conditions. As it was also shown by Oehler et al. [26], a
more uniform angular distribution of re-evaporated Ga-adatoms will lead to
a stronger contribution of the reflected flux stemming from other places on
the substrate. Since these contributions are subjected to shadowing effects
as well, this will further increase the V/III-ratio and also contribute to a
stronger shrinkage of the Ga-droplet. Ast is can be seen in figure 3.6(a) for
nanowire grown for 5 minutes and 3.6(a) for nanowires grown for 45 minutes,
the side-view SEM images confirm the higher variation of lNW for the arrays
with p < 700 nm (as well as the droplet size) where the shadowing take place.
In this figure we consider the adjacent nanowires within the focal length of
the microscope.

Figure 3.6: Side-view SEM images of the nanowires at (a) tNWG = 5 min and
(b) tNWG = 45 min shows the changes of the variation of nanowire length
and droplet size before and after nanowire shadowing at different nanowire
arrays.
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Finally, the consequences of shadowing in our case may be more pronounced
as compared to growth under substrate rotation, as we promote shadowing
by our choice of array orientation with respect to the impinging Ga-flux.
This choice however, allows us to pinpoint the exact time during growth
where shadowing becomes relevant. Our findings support the detailed shad-
owing model of Oehler et al. [26], mainly considering specular reflection of
the Ga-flux, and constitute the first direct experimental study revealing the
impact of the shadowing effect in self-catalyzed GaAs nanowire arrays on
their crystal structure. We observed an extreme case of the shadowing effect
manifested in the termination of the nanowire axial growth in our in-situ
experiment, which emphasizes the importance of the secondary reflected Ga-
flux for patterned nanowire growth. If the axial growth could be sustained
further, is most likely a question of the optimization of growth conditions
during the growth in order to remedy shadowing effects. Our study provides
an approach how the detrimental effects of Ga-flux shadowing could be com-
pensated, but moreover shows a way towards a targeted use of the shadowing
of the group III material flux. Therefore certain arrangements between array
and impinging fluxes could be chosen, by stopping substrate rotation during
growth. Such arrangements may open up new design capabilities for partial
or asymmetric core-shell heterostructures [142], since by an adept choice of
array pitch and nanowire length, a heteroepitaxial shell could be deposited
only onto the upper part of certain facets of the nanowire as will show later
in this work. In addition, by changing the in-plane angle of the substrate,
the shadowing-effect could be varied, selecting shadowing caused by nearest
neighbor or second nearest neighbor nanowires. Although our observations
were made on GaAs nanowire, our findings should as well be valid for VLS
grown III-V nanowires in general, such as GaP nanowire for example.
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3.5 Summery of chapter 3

We demonstrated that shadowing of the Ga-flux is affecting the evolution
of nanowire crystal structure and thus plays a crucial role in the growth of
regular GaAs nanowire arrays. In our case we found the WZ crystal struc-
ture to be the dominant phase in dense nanowire arrays, whereas for low
density arrays ZB is the general crystal phase. Our experimental results and
simulations reveal the origin of the pitch dependence of the crystal structure,
allow to pinpoint the onset of Ga-flux shadowing, and support the assump-
tion of specular reflection of the Ga-flux. This work moreover emphasizes the
importance of the secondary reflected Ga-flux for experimental and theoret-
ical aspects of patterned nanowire growth, and offers approaches to utilize
shadowing-effects for the design of novel nanowire hetero-structures.
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Chapter 4

In-situ analysis of strain and
bending evolution of core-shell
nanowires

Abstract

Misfit strain in core-shell nanowires can be elastically released by nanowire
bending in case of asymmetric shell growth around the nanowire core. In this
work, we investigate the bending of GaAs nanowires during the asymmetric
overgrowth by an InxGa1−xAs shell caused by avoiding substrate rotation.
We observe that the nanowire bending direction depends on the nature of
the substrate’s oxide layer, demonstrated by Si substrates covered by native
and thermal oxide layers. Further, we follow the bending evolution by time-
resolved in-situ X-ray diffraction measurements during the deposition of the
asymmetric shell. The XRD measurements give insight into the temporal
development of the strain as well as the bending evolution in the core-shell
nanowire.
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4.1 Experimental methods

4.1.1 Samples preparation and properties

The GaAs nanowire (core) templates were grown on n-doped Si(111) sub-
strates covered with thermal and native oxide following the substrate sample
preparation and the growth protocol explained in 2.3.3. We investigated
five samples in this study as listed in table 4.1 where the mean nanowire
length (lNW ) obtained by SEM measurements of reference GaAs nanowire
samples grown under identical growth conditions of the templates of the
studied samples. Additionally, the In concentration listed in table 4.1 were
approximated from the calibration method of the MBE effusion cells. (the
samples are numbered according to the performed study).

Table 4.1: List of the investigated samples and the main properties required
for this research.

Sample Oxide type Experimental Nanowire Shell growth In content
technique length(nm) time (minute) (%)

Sample 1 Native oxide SEM 1800 30 30
Sample 2 Thermal oxide SEM 1800 30 30
Sample 3 Native oxide XRD+SEM 1200 20 15
Sample 4 Thermal oxide XRD+SEM 1200 20 15
Sample 5 Thermal oxide XRD+SEM 1200 11 15

In figure 4.1, SEM images recorded with 30◦ tilt-view and top-view of the
studied nanowire samples listed in table 4.1. In samples 2, 4 and 5 GaAs
nanowire templates are prepared on Si substrates with patterned thermal
oxide. The substrate properties and the pattern layout were discussed and
explained in 2.3.3. We focus in this study on the arrays with pitch size p =
1000 nm to avoid any impact of flux shadowing for samples 2 and 4 (see
figures 4.1(c),4.1(d),4.1(g) and 4.1(h)). For sample 5 we focus our study on
the single nanowire that is shown in figures 4.1(i)-4.1(l).
The growth of the GaAs nanowires proceeded for tNWG = 45 minutes for
samples 1 and 2 and 30 minutes for samples 3, 4 and 5 resulting in different
mean nanowire lengths (lNW )(see table 4.1).
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Figure 4.1: (a)-(h) SEM images of the studied samples with top-view and
30◦ tilt-view. (i) Top-view SEM image of sample 5 shows a reference marker
and the position of the measured single nanowire. (j) Top view SEM images
of the measured single nanowire. (k) and (l) 30◦ tilt-view from two different
directions of the measured single nanowire. The arrows indicate the direction
of Ga flux (blue) and As flux (yellow). All scale bars correspond to 1 µm.

To initiate the VS shell growth for all samples, first the Ga droplets at the
nanowire apex were consumed to prevent any further axial VLS-growth. In
the case of self-catalyzed GaAs nanowires, this is done by terminating the
Ga supply while continuously supplying As at growth temperature. After-
wards, the substrate temperature and the material fluxes were adjusted to
the desired parameters. The reduced substrate temperature TSG = 400◦C
for samples 1-4 and 500◦C for sample 5 and the V/III ratio (V/III≈6 (for
samples 1-4) - 4 (for sample 5)) was chosen to reduce the diffusion length of
the group-III materials favoring VS growth on the nanowire sidewalls.
The shell growth rate was chosen to be 0.04 ML/s which is equivalent to
0.8 nm/min for samples 1-4 and 0.25 ML/s (0.5 nm/min) for sample 5. The
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shell growth time was 30 minutes for samples 1 and 2, 20 minutes for sample
3, 25 minutes for sample 4 and 11 minutes for sample 5. The resulting shell
thicknesses are approximated by SEM inspection, where the shell thickness
was evaluated in addition to the calibration method by comparing the final
nanowire diameter with the GaAs nanowire diameter of respective reference
samples.

4.1.2 X-ray diffraction from bent nanowires

XRD serves as an ideal technique to investigate nanowire bending due to
its high sensitivity to small changes in the crystal structure and orienta-
tion whereas these changes are indicated by the changes of the diffraction
signal profile. Therefore, in-situ XRD measurements were performed on
GaAs nanowires during In0.15Ga0.85As shell growth. The experiments were
carried out at the German Electron Synchrotron (DESY-Hamburg). The
in-situ XRD measurements on sample 2 and sample 5 were performed at the
Resonant Scattering and Diffraction beamline P09 [143] whereas the XRD
measurements on the nanowire arrays of sample 4 were performed at the
In-situ and Nano-X-ray diffraction beamline P23 [144]. Both beamlines are
equipped with a heavy load goniometer which can withstand the weight of
the pMBE. The beam was focused to a spot size of few microns (1.5 µm
horizontal × 5 µm vertical) by means of compound refractive lenses which
is essential to illuminate only the desired regions on the substrate. During
all in-situ XRD experiments, 2D pixel detectors were used for recording the
diffracted signals. We measured reciprocal space maps (RSMs) in the vicinity
of the GaAs(111) Bragg reflection in order to identify the bending direction
in addition to measuring the nanowire bending angle (thus nanowire curva-
ture) and the axial strain induced by the lattice-mismatched shell. Choosing
a beam energy of 15 keV, the incident and scattering angles of the X-ray
beam for the GaAs(111) Bragg reflection are 7.27◦ and 14.54◦, respectively.
These values are smaller than the maximum opening angle defined by the
size of pMBE beryllium windows.
For samples 2 and 4, the shell growth and the XRD measurements were done
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in multiple cycles. At the end of each shell growth run, a RSM of the full
3D GaAs(111) Bragg reflection was recorded to track the evolution of the
diffraction peaks caused by nanowire bending. For the single nanowire mea-
surement (sample 5), we considered only few selected 2D cuts through the
3D RSM to improve the time resolution of monitoring the XRD signal during
nanowire bending.
The samples measured by XRD were intended to show a smaller bending
compared to the samples inspected only by SEM because the diffraction sig-
nal could be followed only up to the maximum diffraction angle defined by
the size of the pMBE beryllium windows. Therefore, the XRD data refer
rather to the early stages of shell growth and nanowire bending.

Figure 4.2: A demonstration of the
3D distribution of the XRD sig-
nal in RSM and the corresponding
RSM vectors, in addition, a 2D cut
in RSM of the same signal on QQz

and a projection on QxQy.

The axial strain and bending can be dis-
tinguished by the changes of Bragg peak
profile in the RSMs (see figures 4.2 and
4.5) as follows:

• Nanowire bending results in con-
tinuous change in the orientation
of the GaAs(111) lattice planes
resembled by broadening of the
Bragg peak along a sphere in the
RSM.

• In case of no axial strain, the RSM
sphere has a radius equals to the
amplitude of Qz which gives the
inter-planar spacing (d111) of the
unstained nanowire crystal.

• When the axial strain is induced,
the radius of the RSM sphere
changes accordingly. In case of the
tensile strain in the nanowire core
(i.e. increment of d111 of GaAs crystal) the XRD signal shifts toward
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4.2. NANOWIRE BENDING DIRECTION

lower Qz value (thus smaller radius of the RSM sphere). The broad-
ening of the peak along Qz as highlighted with gray arcs in figure
4.5(b) results from continues changes of the lattice parameter across
the nanowire cross section (i.e. gradient strain).

To evaluate the spatial changes of the signal on the RSM sphere, we intro-
duce two new reciprocal space vectors Q and Qr which share the same origin
as Qx, Qy and Qz as demonstrated in figure 4.2. The first vector Q is defined
along the elongation of Bragg reflection as indicated by red arrow in figure
4.2. The amplitude of Q follows as Q = |Qy |

cos(δ) where δ = 56◦ is the angle
between the Bragg peak elongation direction (i.e. bending direction) and
Qy. The value of δ was extracted from the position of XRD peak center of
mass on Qx and Qx. The other vector Qr = Qz sin(β) is tilted from Qz by
the bending angle β of the nanowire as indicated by green arrow in figure 4.2.
Therefore, to measure the axial strain induced by the shell in the nanowire,
the XRD signal must be evaluated along Qr in the RSMs.

4.2 Nanowire bending direction

Since the substrate within the MBE during the growth is stationary (i.e. the
alignment of the nanowire templates with respect to the MBE cells is fixed),
the InxGa1−xAs shell materials are deposited mainly on the nanowire side
walls that face the material fluxes. The lattice parameters of the shell ma-
terial are larger than that ones of the core, therefore, the induced mismatch
axial strain (which is parallel to the nanowire axis ε||) causes the nanowire
to bend away from the side at which the shell is deposited. The orientation
of the material sources with respect to the Si substrate are shown in figure
4.3(a). For sample 1 (native oxide) we aligned the substrate in a way that a
defined substrate edge is parallel to the direction of As flux (figure 4.3(a)).
This edge is used as a reference for the later cleaving of the substrate (the
red line in figure 4.3(a) indicate the cleaving edge). On the other hand, the
thermal oxide substrate (sample 2) is aligned such that the cleaving edge
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4.2. NANOWIRE BENDING DIRECTION

directs to the Ga flux as shown in figure 4.3(b). This alignment enables a

Figure 4.3: Nanowire bending direction. (a) and (b) Photographs of the
geometrical arrangement of the growth material cells of the pMBE and the
orientation of the quarter-inch substrate with native oxide layer (sample 1)
and 1×1 cm patterned substrate with thermal oxide layer (sample 2), respec-
tively. (c) and (d) Top-view SEM images of the bent nanowires of sample 1
and sample 2, respectively (The scale bar corresponds to 1µm). (e) and (f)
Projection of GaAs(111) Bragg reflection on the (QxQy) plane of RSM of the
bent nanowires grown on substrate with native oxide layer (sample 3) and
substrate with thermal oxide layer (sample 4) recorded after shell growth,
respectively.

directional reference for the SEM inspection and side-view SEM evaluation
of nanowire curvature. In top-view SEM, the bent nanowires appear as elon-
gated objects and thus allow the extraction the bending direction, thanks to
our proper sample alignment in the chamber. As shown in figures 4.3(c) and
4.3(d) the bending direction differ for both samples 1 and 2, respectively.
In case of sample 1, the nanowires bend away from the As flux (yellow arrow
in figure 4.3(c)), whereas in case of sample 2, the nanowires bend away from
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4.2. NANOWIRE BENDING DIRECTION

the Ga flux (blue arrow in 4.3.d). This is an indication, that the position of
the InxGa1−xAs shell in case of the thermal oxide (sample 2) is given by the
position of the Ga-source, whereas it is given by the position of the As-source
in case of the native oxide (sample 1).
This behavior was observed in all samples we used in this study as shown in
figure 4.1, where the blue arrows indicate the direction of the Ga flux and
yellow arrows indicate the direction of the As flux. As it can be seen from
top-view SEM images in figures 4.1(b) and 4.1(f), the bending direction is in
the direction of the As flux for the nanowires grown on native oxide substrates
of sample 1 as well as sample 3. While for the nanowires grown on thermal
oxide substrates, it can be seen in figures 4.1(d), 4.1(h) and 4.1(l) that the
bending direction is in the same direction of the Ga flux.
Additionally, during the XRD measurements, several hundreds of nanowires
were illuminated at the same time giving their mean properties and mean
geometrical alignment. Using the same experimental conditions, the relative
orientation of the nanowires geometry with respect to the reciprocal space
geometry is consistent for all samples. Figures 4.3(e) and 4.3(f) show QxQy

projection of the 3D RSMs of the GaAs(111) reflection for samples 3 and
4. The elongation of the Bragg peak clearly evidences that the bending
directions are homogeneous within one substrate, but different for the two
oxide types.
The difference in bending direction is surprising and hard to explain as we
believe, that we can tell from literatures that for the core-shell nanowires,
the VS growth is independent from the substrate characteristics. Since the
nanowire side-walls act as substrates for the epitaxial VS growth, there was
no report in literatures on the influence of the substrate type on the shell
growth, to the extend of our knowledge.
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4.3. NANOWIRE CURVATURE PROFILE

4.3 Nanowire curvature profile

The careful alignment of the samples during growth made it possible to cleave
the samples along the marked cleaving edge in figure 4.3 in such a way that
side-view SEM investigations could be performed perpendicular to the bend-
ing directions. Figures 4.4(a) and 4.4(b) show side-view SEM images of bent
core-shell nanowires grown on native oxide (sample 1) and thermal oxide
(sample 2), respectively. The side-view images reveal that the curvature of

Figure 4.4: (a) and (b) side-view SEM images of bent nanowires grown on Si
substrate with native oxide (sample 1) and thermal oxide (sample 2), respec-
tively (The scale bar corresponds to 1µm). (c) Side-view SEM image of a se-
lected bent nanowire with extracted curvature profile and a circle fitting func-
tion for exemplary illustration of the SEM evaluation method of nanowires
curvature. (d) Comparison of the curvature profile of the nanowires of the
mentioned samples, where the shaded areas indicate the curvature variation
and the lines are their mean values.

the nanowires in sample 2 is more uniform than that of nanowires in sample
1. For quantitative analysis of the curvature, 47 nanowires from sample 1
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and 40 nanowires from sample 2 were analyzed. Several data points were
selected along the nanowire axis to obtain the bending profile. An exem-
plary visualization of this approach is demonstrated in figure 4.4(c). The
curvature κ of this nanowire is about 0.17 µm−1 which was determined by
fitting its profile using a circle function. In figure 4.4(d) the mean nanowire
bending profiles of both samples (i.e. samples 1 and 2) are plotted. Both
samples have the same mean curvature as shown in red and blue lines, re-
spectively. However, the local variation of the nanowire curvature is larger
in case of native oxide substrates as shown by red and blue shades in figure
4.4(d). This finding can be explained by the variation of the GaAs nanowire
diameters when grown on native oxide substrates comparing to the case of
nanowires grown on the patterned substrates. Additionally, the variation in
the bending direction of the nanowires grown on native oxide substrates was
observed to be higher as well which influence the side-view SEM inspection
of these nanowire. However, the overall evaluation proves the homogeneous
curvature along the nanowire full length, which implies axial-homogeneity of
shell deposition along the nanowire growth axis.

4.4 In-situ XRD measurements of nanowire
bending

The analysis of the temporal evolution of the bending process and the axial
strain was performed by in-situ XRD experiments.
In order to record the whole nanowire bending, one needs to scan a wider
range in reciprocal space compared to straight nanowires in order to cover
the full elongation of the Bragg peak. The polytypism of GaAs nanowires
can be utilized for a more accurate evaluation of the nanowire bending angle.
During the first stages of Ga-assisted GaAs nanowire growth, the Ga droplet
is unstable and small, resulting in the preferential growth of the WZ phase
at the bottom of the nanowire (denoted by WZBottom) and the inclusion of
stacking faults [145]. During subsequent growth, the ZB phase and its ro-
tational twin (TZB) are formed [75, 146]. To initiate radial VS growth, the
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axial VLS growth needs to be terminated by consuming the Ga catalyst as
explained in 2.2.2. The consumption of the droplet changes the growth con-
ditions and faulted ZB segments and WZ segments are formed on the top of
the nanowire (denoted by WZTop) [107, 147]. Notably, when measuring the
GaAs(111) Bragg reflection, ZB and its twin overlap at the same position in
reciprocal space, and therefore cannot be distinguished, whereas the WZ is
separated from the ZB signal. Figures 4.5(a) and 4.5(b) show QxQz projec-

Figure 4.5: (a) and (b) GaAs(111) Bragg’s reflection from nanowire en-
sembles on thermal oxide substrate (sample 4) projected on (QxQz) plane
of RSMs recorded before shell growth and after 20 minute of depositing
In0.15Ga0.85As shell (which corresponds to about 16 nm of thickness) , respec-
tively. (c) SEM images with 30o tilt-view of GaAs nanowire of a reference
sample grown under same growth condition. (d) SEM images with 30o tilt-
view of sample 4. (e) and (f) GaAs(111) Bragg’s reflection from nanowire
ensembles on native oxide substrate (sample 3) projected on (QxQz) plane.
(g) and (h) are the respective 30o tilt-view SEM images, where (g) is from a
reference sample and (h) from sample 3. (All scale bars correspond to 1µm).

tions of the GaAs(111) Bragg reflection of nanowires grown on the thermal
oxide substrate (sample 4) before and after shell growth, respectively, indi-
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cating nanowire bending. In both figures, the XRD peaks of ZB and WZ
are clearly discernible. Comparing figures 4.5(a) and 4.5(b), the WZ and ZB
peaks show significant changes, i.e. elongation of the ZB peak, and elon-
gation and splitting of the WZ peak. SEM images with 30◦ tilt-view of the
straight and bent nanowires are shown in figures 4.5(c) and 4.5(d), where the
straight GaAs nanowires are from a reference sample grown under identical
growth conditions of the studied sample. Similar in-situ XRD measurement
was performed on nanowires grown on native oxide substrate (sample 3). The
XRD signals of these wires before and after shell growth are shown in figures
4.5(e) and 4.5(f). The different elongation directions of the (111) Bragg peak
for nanowires grown on thermal oxide substrate of sample 4 (figure 4.5(b))
and native oxide substrates of sample 3 (figure 4.5(f)) confirm the depen-
dency of the bending direction on the oxide type. In further XRD study we
focus on the nanowires grown on thermal oxide substrates (i.e. samples 4
and 5). For nanowire that is straight and vertical to the substrate surface, all
ZB lattice planes are flat and parallel in real space, which results in a sharp
XRD peak at Q = 0 Å−1 in RSM as shown in the lowest panel in figure
4.6(a) where the width corresponds to the divergence of the probing X-ray
beam. As soon as the nanowire starts to bend, the orientation of the lattice
planes becomes a function of their position along the nanowire axis in real
space causing broadening of the XRD peak in RSM. Figure 4.6(a) shows the
changes of the XRD signal on QQz at different stages during shell growth
time. By estimating the integrated intensity ratio of the ZB peak to the total
signal, it is apparent that the ZB phase represents about 80% of the crystal
structure of the nanowire.

Figure 4.6(a) shows that the XRD signals of the WZ phase behave differently
from the signal of ZB due to their distribution along the nanowire where WZ
phase locates mainly at the bottom and the upper part of the nanowire. In
straight nanowires, the XRD peaks of the two WZ segments (i.e. WZBottom
andWZTop) are located at the same position at Q = 0 Å−1 in reciprocal space.
As soon as the nanowire starts to bend, the WZTop peak moves accordingly,
whereas the WZBottom peak changes by negligible amount which leads to peak
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Figure 4.6: (a) 2D cut in RSM along Q of the GaAs(111) XRD signal on
QQz of the NW arrays (sample 3) at different shell growth times. (b) The
integrated line profiles along Q of the WZ peaks, and (c) along Qr of the ZB
peaks.

splitting in reciprocal space as shown in figure 4.6(a) and 4.6(b). Therefore,
by knowing the mean length of the nanowires, the complete circular bending
of the nanowire can be extracted from the separation of the two WZ peaks
where this methods provide high accuracy. The integrated intensities of the
WZ and ZB XRD signal along Q and Qr during shell growth and the resulting
line profiles are shown in figures 4.6(b) and 4.6(c), respectively. The center
of ZB peak during shell growth is located in between the two WZ peaks
confirming the phase distribution along the nanowire.
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Nanowire curvature analysis

As the bending is found to be homogeneous, the curvature κ of the bent
nanowires can be described by a specific bending radius (r = κ−1) and the
bending angle β with respect to the normal of the substrate.

Figure 4.7: Illustration of the pa-
rameters used for calculating the
nanowire curvature combined with
side-view SEM image of a bent
nanowire in real space and the
XRD signal in RSM.

To evaluate and extract the nanowire
curvature values from the XRD signals
in RSM, first the WZ signal is integrated
on a circle along Q where the radius of
this circle is the peak center along Qr.
The integrated line profiles of this sig-
nal are plotted in figure 4.6(b) showing
that splitting and the slight broadening
of the WZ peak is developing as the shell
growth time is increasing. However, for
the case of nanowire curvature measure-
ment we consider the position of the
WZtop signal in RSM where the bend-
ing angle of this segment is the bend-
ing angle of the nanowire as illustrated
in figure 4.7. For the measurement of
the nanowire bending angle (β) we use
Gaussian function to fit the XRD peak
profile of WZtop and determine its posi-
tion on Q. The peak position on Q at
time t (Qt(WZ)) is extracted on the sur-
face of RSM sphere that has a radius Qt

r(WZ). The broadening of the WZ
peak at low Q values (i.e. WZBottom) as well as its higher intensity comparing
to WZTop signal demonstrate the difference in the length of these segments
along the nanowire as shown in figure 4.8(a). This observation confirms (in
a reversible argument) that nanowire bending may also be used to estimate
the axial distribution of ZB and WZ polytypes along the nanowire by XRD
measurement.The extracted peak positions of the respective polytypes are
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shown in figure 4.8(b). In this case the bending angle is

β = tan−1
(Qt(WZ)
Qt
r(WZ)

)
(4.1)

Therefore, the bending angle β of the nanowire and the nanowire curvature
κ by can be measured from the tilting angle of WZTop and the average length
of the nanowires lNW

κ = β

lNW
(4.2)

Figure 4.8: Profiling the XRD signals of sample 4. (a), (b) and (c) are
intensity profiles of the XRD signals of the respected polytypes at three
different growth stages integrated along Q. (d) The peak positions of ZB,
WZTop and WZBottom along Q plotted as function of shell growth time. (e)
Modeled phase stacking based on circular bending.
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The tilt angle of (WZTop) at the final stage (i.e. after 20 min of shell
growth which corresponds to 16 nm shell thickness) is β ≈ 3◦ considering the
measured average length of the nanowires of lNW = 1100 nm. In this case
the resulting final curvature is κ ≈ 0.047 µm−1. The distribution of both
polytypes along the nanowire as well as the calculated nanowire bending at
three selected growth stages by our model of circular bending are visualized
in figure 4.8(e). The evolution of nanowire curvature during shell growth is
plotted as function of shell growth time in figure 4.9(a). The curvature is
determined by considering the mean nanowire length from a reference sample
of straight nanowires shown in figure 4.9(b).

Axial strain analysis

For strain analysis, we consider only the strain induced in the GaAs(ZB)
phase, since it is the prominent structure along the nanowire.
The variation of the peak position along Qr was used to measure the average
axial strain ε||. By considering the position of GaAs(111) Bragg peak of the
unstrained nanowire (i.e. the GaAs nanowire signal before shell growth) as
a reference to measure the changes of inter-planar distance dt111 of GaAs(ZB)
at different shell growth times t as following

εt|| =
dt111 − d0

111
d0

111
(4.3)

where d0
111 is the inter-planar spacing of GaAs(ZB) before shell growth. These

parameters are measured from the values of the peak center on Qr at time t
which we denoted here as Qt

r

dt111 = 2π
Qt
r

(4.4)

Therefore, from equations 4.3 and 4.4, the axial strain is

εt|| =
Qt
r −Q0

r

Q0
r

(4.5)

The evolution of the axial strain as function of shell growth time is plotted
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in figure 4.8(c) where the broadening of the peaks along Qr was considered
to measure the strain variation across the nanowire as indicated by bars in
figures 4.9(c) and 4.9(d). In this case the standard deviation σtr of the signal
along Qr at time t is used to determine the strain variation as follows

∆(Qt
r) = (Qt

r − σtr) (4.6)

thus
∆εt|| =

∆(Qt
r)−∆(Q0

r)
∆(Q0

r)
(4.7)

In this case the peak broadening of the XRD signal of the unstrained nanowires
(i.e. ∆(Q0

r) is taken as a reference value to distinguish the contribution of
the normal distribution of the X-ray signal that results from the beam profile
and the vertical variation of the unstrained nanowires.
The evolution of the nanowire curvature and the strain are not linear with
the shell growth time as shown figures 4.9(a) and 4.9(c), respectively. Dur-
ing the early shell growth runs of up to around 5 minutes, minor curvature
and strain occur. Exceeding the growth time of 5 minutes, the changes in
nanowire curvature increases and reaches a value of about κ ≈ 0.05 µm−1

after 20 minute of shell growth where the axial strain reaches a value of
ε|| ≈ 0.003.
Nevertheless, the relation between the curvature and strain is linear as

shown in figure 4.9(d) which implies that the linear elasticity of the stud-
ied core-shell system is still valid. The non-linearity of relation between the
shell growth time and the evolution of the strain and the curvature may be
attributed to the changes of the growth dynamics during shell growth.
The axial lattice spacing (d111) of the unstrained ZB can be measured from
the diffraction peak on Qr by d111(GaAs(ZB)) = 2π

Qr(GaAs(ZB))
. The position

of the Bragg peak on Qr of the unstrained ZB at growth temperature is
Qr(GaAs(ZB)) = 1.9239 Å−1 therefore d111(GaAs(ZB)) = 3.2659 Å and the cor-
responding lattice parameter a(GaAs(ZB)) = 5.6566 Å.

Using Vegard’s law [148], the lattice parameter of the shell is a(In0.15Ga0.85As) =
5.7174 Å and which is the maximum allowed shared lattice parameter be-
tween the core and the shell, i.e., εmax|| = a(In0.15Ga0.85As) − a(GaAs)

a(GaAs)
= 0.01.
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Figure 4.9: (a) Evolution of nanowire curvature as function of shell growth
time. The curvature is measured by considering the nanowire length of a ref-
erence sample grown under identical growth conditions of the sample shown
in (b). (c) Strain evolution in the ZB polytype as function of shell growth
time. (d) Evolution of nanowire curvature as function of induced strain ex-
tracted from the in-situ XRD measurement of sample 4.

Therefore, considering the deduced linear relation between the strain and
the curvature (figure 4.9(d)), the maximum predicted curvature that occurs
at εmax|| will not exceed κ ≈ 0.25 µm−1 . For this prediction the associated
maximum effective shell growth time is ≈ 55 minute that generates the axial
strain and nanowire bending. However, this prediction holds only for the
given core-shell system and it may differ for different parameters such as
nanowire core diameter and In concentration as well as the inhomogeneity
degree of the shell distribution.
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4.4.1 Single nanowire measurement

To extend on our observations and get a deeper insight into the nanowire
bending and strain evolution at the early stages of shell growth, we performed
in-situ XRD measurement on a single nanowire during shell growth. In the
case of single nanowire, it was intended to observe the changes of the signal
with time resolution of 11 second that is sufficient to obtain enough signal
intensity in each frame. Therefore, 2D maps were taken and the data are
evaluated on Qx and Qz RSM vectors. Few 2D maps taken at different
shell growth times are shown in figure 4.10(a) and the extracted intensity
profiles along Qx and Qz of all maps are shown in figures 4.10(c) and 4.10(d)
respectively. After every seven scans, the Si(111) signal were recorded to be
used as a reference for the RSM evaluation.

Figure 4.10: (a) 2D cuts in RSM along Qx of the GaAs(111) XRD signal on
QxQz of the single nanowire (sample 5) at different shell growth times. (b)
The integrated line profiles along Qx of the entire nanowire signal, and (c)
along Qr of the ZB peaks.
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It can be seen in figure 4.10(a) that during the growth of the first few shell
layers, the ZB peak slightly shifts toward lower Qz values (a reference hori-
zontal line is plotted in figure 4.10). During further growth, the peak keeps
shifting toward lower Qz values and start to broaden toward higher Qx values
which corresponds to a progressive bending caused by the increasing amount
of strain induced by the growing shell.

Figure 4.11: (a) Evolution of the bending angle of the single nanowire during
shell growth. (b) Strain evolution in the ZB polytype of the single nanowire
during shell growth of sample 5. (c) Animation of the three phases of shell
growth indicating the axial strain of the core-shell nanowire and the resulting
changes of the lattice plane orientation and the nanowire bending.

The growth was terminated after 11 minutes of shell growth corresponding
to shell thickness of ≈ 5.5 nm. The position of Bragg peak on Qx which
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indicates nanowire bending and the induced strain are plotted as functions
of shell growth time in figures 4.11(a) and 4.11(b), respectively. It can be
seen in 4.11(a) and 4.11(b) that both quantities pass through three phases
during the early stages of shell growth can be explained as follows

• At phase-I, corresponding to about 2 minutes of shell growth time, no
clear bending and minor strain is observed. At this stage, the first
few monolayers of the growing shell (approximated to be with 1 nm in
thickness) are subjected to a compressive strain to match the GaAs lat-
tice and thus, these layers can scarcely influence the lattice parameter
of the nanowire core as illustrated in figure 4.11(c).

• At phase-II, up to 4 minutes of shell growth time, a clear increase of
the strain can be observed, while the nanowire bending angle slightly
fluctuates. This observation can be explained by a quasi-uniform shell
growth around the nanowire core facilitated by the smooth and un-
strained nanowire side-facets. In this case the nanowire surface allows
the shell material to diffuse freely and nucleate uniformly around the
nanowire which results in a symmetric axial strain (uniform strain) that
causes no nanowire bending as illustrated in figure 4.11(d).

• At phase-III, both bending angle and strain showed simultaneous in-
crease. At this stage, as the strain increases the diffusivity of the shell
material decreases accordingly. As a consequence of the decrement of
the shell material diffusivity, the growth rate becomes higher on the
nanowire facets that face the direct fluxes than the ones on the oppo-
site side. Therefore, a non-uniform shell thickness around the nanowire
results in varying strain across the nanowire cross section and thus
nanowire bending as illustrated in figure 4.11(e). In this case, because
of the induced asymmetric strain, the nanowire side that is subjected
to higher tensile strain becomes more favorable for the continues shell
growth than the other side of the nanowire which results in further
increment of the growth rate on the tensile strained side. The oppo-
site side of the nanowire, is subjected to two competitive sources of
strain, where a tensile strain results from the shell material that may
grow even with low growth rate and a compressive strain caused by
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nanowire bending. This regime may explain the non-linear increment
of the nanowire curvature and strain during shell growth as plotted in
figure 4.9(a) and 4.9(b), respectively.

These assumptions can be supported by the changes of the strain evolution
between phase-II and phase-III. It is clear that the increment of the strain
is higher at phase-II (indicated by red arrow in figure 4.11(b)) than phase-
III (blue arrow in figure 4.11(b)) where a certain amount of the strain is
released by the nanowire bending. The strain variation across the nanowire
cross-section is represented by the bars in figure 4.11(b). This variation was
estimated from the broadening of the XRD peak along Qz as it can be seen
by the line profile in figure 4.10(a).

4.5 Summery of chapter 4

As demonstrated in this research, uniform nanowire bending with control-
lable curvature along a definable bending direction can be achieved by avoid-
ing substrate rotation during MBE growth of a lattice-mismatched shell. In
this work, using Si substrates covered with native and thermal oxide, we ob-
served different preferable bending directions of GaAs-InxGa1−xAs core-shell
nanowires. The bending direction which implies the preferable nanowire side
facets for shell growth showed a clear dependency not only on the arrange-
ment of the material sources, but also on the type of the oxide covering the
substrates. For the given arrangement of the effusion cells in our MBE sys-
tem we observed that the nanowires bend away from the direction of the Ga
flux in case of using substrates covered with thermal oxide. On the other
hand, nanowires grown on substrates covered with native oxide bend away
from the direction of the As flux. This difference in the bending behavior
requires further investigation and justification. However, by means of sensi-
tive and non-destructive in-situ XRD measurements of the axial GaAs(111)
Bragg reflection, and benefiting from our previous knowledge of the crystal
phase distribution along the nanowire growth axis and the bending direction,
we obtained a deep insight into the evolution of the induced axial strain and
the resulting nanowire bending.
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The evolution of the strain and nanowire bending showed non-linear de-
pendency as function of shell shell growth time. The non-linearity of these
functions was attributed to the changes of the growth dynamics during shell
deposition due to the changes of the surface properties of the nanowire. The
performed in-situ XRD investigation on a single nanowire revealed that at
the early shell growth stages, first the strain increases while the nanowire
stays straight which suggests a uniform strain emerge from a homogeneous
distribution of the lattice-mismatches shell around the nanowire core. Af-
terward, as the shell growth proceed, nanowire bending starts to take place
alongside with the increasing strain indicating changes in the homogeneity
degree of the shell distribution around the nanowire. The induced asymmet-
ric strain results different growth rate at the opposite nanowire facets which
in turn increases as the shell growth proceed.
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Chapter 5

Shadowing effect on the strain
distribution along the nanowire
and the resulting nanowire
bending profile

Abstract

Here we report on non-uniform shell growth of InxGa1−xAs onto GaAs core
by molecular beam epitaxy (MBE) using pre-patterned silicon substrates
with pitch sizes (p) ranging from 0.1 µm to 10 µm as shown in chapter
3. Exploiting the knowledge we obtained in chapter 4 about the preferable
bending direction with respect to the MBE cells as well as the layout of
the substrate pattern we are able to tune the strain distribution along the
nanowire growth axis and the subsequent bending profile. At nanowire arrays
with high density, the obtained bending profile of the nanowires composed
of straight (barely-strained) and bent (strained) parts with different lengths
that depend on the pitch size. A precise control of the bent and straight
nanowire segment length provides a method that can be used for nanowire-
based devices with novel geometry as well as for strain gradient engineering.
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5.1 The fundamental idea and experimental
methods

The samples used in this study are samples 2 and 4 as labeled in 4.1.1. The
shell growth parameters were chosen in a way to have high nanowire bending
in order to demonstrate, using SEM, the effect of shadowing (sample 2) by
having a higher In content (x = 0.3) and a thicker shell (≈ 24 nm). During
shell growth, this sample was aligned in a way that the flux shadowing is
done by the neighboring nanowires (i.e. the distance between the nanowires
on the bending direction is p). Sample 4 was grown to monitor the evolution
of the strain and nanowire bending as function of p during shell deposition
by in − situ X-ray diffraction (XRD) experiment. Therefore, this sample
was grown with lower In content (x = 0.15) and less shell thickness (≈ 16
nm) resulting in a lower bending compared to the first sample offering the
chance to monitor the nanowires bending over the shell growth time. The
shadowing in this sample is done by the next neighboring nanowires (i.e. the
distance between the nanowires along the bending direction is

√
3 p). The

total shell growth time for sample 4 was 20 minutes and done in several in-
tervals as we deposited a certain shell thickness, followed by an interruption
of the growth in which the XRD experiment is performed as explained in
4.1.1. In a previous work, it was observed that the nanowire volume depends
on the number density of growing nanowires explained by the differences in
the local growth conditions [149]. Considering the substrate area around an
individual nanowire is acting as reservoir for nanowire growth, the decrement
of p associated with shadowing of the Ga-flux by neighboured nanowires re-
sults in the growth of shorter and thinner nanowires compared to the ones
with larger p (lower density) [69,96,150,151] as shown in chapter 3.
As explained in the previous chapter of this work, the pMBE chamber is
equipped with Ga and In effusion cells and an As4 valve cracker cell as ani-
mated in figure 5.1(a).An observed influence of the cells arrangement on the
bending direction of the nanowires was reported in chapter 4 of this work.
For nanowires grown on Si substrates with thick oxide layer, shell deposi-
tion takes place mainly on the nanowire side walls that are facing the Ga
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flux. Therefore, the shell material was deposited inhomogeneously onto the
nanowire side walls and caused nanowire bending toward the direction of the
Ga flux (i.e [11-2] direction in our case) as illustrated schematically in 5.1(a).
According to the previous study [55], the lattice mismatch between the core
and the shell results in strain that is parallel to nanowire axis ε‖ concentrates
at the core-shell interface and changes radially across the nanowire diameter
(illustrated in figure 4.11(e)).
The predetermination of the bending direction and the geometrical arrange-
ment of the pMBE effusion cells with respect to the nanowire arrays are
exploited to control the strain distribution and the bending profile of the
nanowires as demonstrated in figure 5.1(b). The nanowire arrays with high
number density (i.e. p = 100 nm) that originate prominent flux shadowing
have straight (shadowed) lower part and bent (exposed) upper part of the
nanowire (see figures 5.1(b) and 5.1(d)). The length ratio of the exposed
(lexposed) and the shadowed (lshadowed) nanowire segments can be controlled
by changing the flux angle (Φflux), nanowire length (l) and the distance (p)
as animated in figure 5.1(b). The length of the exposed nanowire segment
(lexposed) can be rationalized by

lexposed = p

tan(Φflux)
(5.1)

The diffusion of the shell materials on the nanowire surface from the exposed
part toward the shadowed part of the nanowire must be considered and the
length of the bent segment of the nanowire (lbent) can be calculated by

lbent = lexposed + lD (5.2)

where lD is the length of the nanowire segment at which shell growth takes
place only by the diffused material, i.e. no direct flux.
The length ld indicate the effective diffusivity of group-III materials on the
nanowire surface that accumulate and causes strain-induced nanowire bend-
ing. Figure 5.1(c) shows an exemplary 30° tilt view SEM images of a refer-
ence GaAs nanowires in arrays with p = 100, 200, 400 and 700 nm, evidencing
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Figure 5.1: (a) Illustration of the azimuthal arrangement of the MBE cells
and the pattern of the substrate. (b) An illustration of the materials flux
shadowing by neighboring nanowires. (c) 30° tilt view SEM images of refer-
ence GaAs nanowire arrays with different pitch size p. (d) 30° tilt view SEM
images of bent GaAs - In0.3Ga0.7As core - shell nanowires in arrays with dif-
ferent pitch size p (sample 2). (scale bars correspond to 500 nm)

high nanowire yield. In figure 5.1(d), 30° title view SEM images are taken
from four arrays of sample 4 with different p showing significant variation
of bending profiles along the nanowires which implies the variation of strain
distribution along these nanowires. For the nanowires at the arrays with p =
100 nm and p = 200 nm, the bending occurs only at the upper part that
appears thicker in diameter compared to the straight lower part due to the
shadowing effect on the later.
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XRD measurement

For deeper insight into evolution of strain magnitude and distribution along
the nanowires and statistically meaningful profiling of the nanowire bending
at the different nanowire arrays, we performed in − situ XRD experiment.
By scanning the sample across the X-ray beam while fulfilling the GaAs(111)
Bragg’s reflection, the micro-fields of nanowires were precisely located with
respect to the diffractometer geometry as explained in 2.3.3. The resulting
2D map of the micro-fields is displayed in figure 2.13(c) where the diffracted
intensity is proportional to the total volume of the illuminated crystals (i.e.
nanowire volume and density). The recorded 3D RSMs are represented by
the reciprocal space vectors explained in 4.1.2 and demonstrated in figure 4.2.
As discussed in chapter 4, thicker shell exerts a stronger bending force on the
nanowire core where the axial component of the lattice mismatch strain ε||

increases. However, for consistent In content we monitored the evolution of
nanowire bending as function of In0.15Ga0.85As shell growth time for sample
4. Figure 5.2(a) shows the 3D distribution of the GaAs(111) Bragg reflection
in RSM for the nanowire arrays with p = 100, 200 and 400 nm recorded
after different In0.15Ga0.85As shell growth rounds during the in − situ XRD
experiment. Additionally, in figure 5.2(a) highlighted 2D cross-sections of 3D
Bragg reflections on QQz component of the RSMs where Q is indicated by
blue arrow. The lower images in figure 5.2(a) are the Bragg peak of straight
and bare GaAs nanowire and the top images are that of GaAs nanowire cores
after 20 minutes of shell growth.

5.2 Bending distribution along the nanowire

The recorded signals in 5.2(a) show that for the arrays with p = 100 nm and
p = 200 nm the most intense part of the Bragg’s reflection remains around
Q=0 Å−1 with some broadening toward higher Q values. This diffraction
intensity distribution implies that large section of the illuminated nanowires
expected to be at the lower section remains straight and perpendicular to the
substrate surface, while the upper sections that exhibit bending contributes
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to the broadening of Bragg peak. While for the nanowire arrays p = 400 nm,
the peaks exhibit rather homogeneous broadening toward higher (Q) values
indicating that the entire nanowire exhibit bending at this nanowire array.

Figure 5.2: (a) 3D RSM of the GaAs(111) Bragg’s reflections after different
shell growth rounds stacked vertically for nanowire arrays with p = 100, 200
and 400 nm. (b) Integrated line profile of the intensity distribution of the
XRD signal along Q in RSM.

The integrated intensity profiles of Bragg peaks along Q are plotted in figure
4.5(b). As it can be seen, the intensity of the integrated line profiles depends
on the number density of the nanowires at the different arrays. The evolution
of the Bragg peak intensity distribution along Q can be clearly seen where
the peak maxima decreases and peak shape are changing as the shell growth
proceed results in tailing of Bragg peaks of nanowires at the arrays with
p = 100 nm and p = 200 nm . The increasing tailing of these peaks indicate
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the developing nanowire curvature.
To evaluate the signal profiles, first we calculate the symmetry factor S (also
known as tailing factor) of each Bragg peak along Q by

S = W0.05

2f0.05
(5.3)

where W0.05 is the peak width at the 5% peak height and f0.05 is the distance
from the leading edge of the peak at 5% peak height to the position of
the peak maxima on Q. The calculated S values for each Bragg peak of the
different nanowire arrays are plotted as function of shell growth time in figure
5.3(a). As it can be seen, the calculated S of the XRD peaks of the arrays
with p = 400 nm and p = 700 nm are close to S ≈ 1 indicating high peak
symmetry. The high peak symmetry in this case evidence that the entire
nanowire exhibited curvature. At the high density arrays with p = 100 nm
and p = 200 nm, the high values of S shown in figure 5.3(a) imply higher
tailing of Bragg peaks toward higher Q values which in turn results from the
varying nanowire curvature at these arrays.
Furthermore, as the nanowire curvature increases, the maximum intensity of
Bragg peak Ipmax(t) decreases due to the spreading of the diffracted signal
distribution along Q. Figure 5.3(b) shows the relative changes of the line
profile maxima of Bragg peak at different shell growth times. The maxima
of Bragg peak intensity profile of the bare GaAs nanowire arrays Ipmax(0)
with p =400 nm and p = 700 nm before shell growth drops to I400

max(20) =
0.2 × I400

max(0) and I700
max(20) ≈ 0.2 × I700

max(0). The maxima of Bragg peak
intensity profile of the nanowire arrays with p = 100 nm (which locates
around Q = 0Å−1) decreases to I100

max(20) ≈ 0.45× I100
max(0) which means that

≈ 45% of the diffracted signals from these nanowire arrays accumulate at
the same position in RSM. Therefore, approximately 45% of the nanowire
volume remained vertical to the substrate surface. The same approach is
applicable for the nanowire arrays with p = 200 nm where ≈ 25% of the
signal remains at the same position in RSM. To innervate this approach,
the Bragg peaks of the bent nanowire at these arrays were deconvoluted by
multiple-Gaussian fitting model as shown in figure 5.3(c). By integrating
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the area of each Gaussian curve, this model reveals that ≈ 45% and 25% of
the XRD signal from the arrays with p =100 nm and p = 200 nm remained
around the initial position of the peak Q = 0Å−1 in RSM (shaded with blue
in figure 5.3(c)), respectively.

Figure 5.3: (a) The calculated symmetry factor S of the line profiles of
the GaAs(111) nanowire Bragg peaks at different nanowire arrays integrated
along Q in RSM as function of shell growth time. (b) The relative changes
of maximum intensities of Bragg peaks of the nanowires at different arrays
as function of shell growth time. (c) Exemplary plots of the multi-Gaussian
fitting model used to deconvolute the integrated line profiles of the Bragg
peak of the nanowires at the arrays with p = 100 nm and p = 200 nm

These values imply that the average volume of the nanowire part that exhibit
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bending forms about 55% of the total volume of the nanowires at the arrays
with p = 100 nm while 45% remains rather-straight. For the nanowire arrays
with p = 200 nm, about 75% of the total volume of the nanowires are bent.
The average length of the nanowires, laverage at the arrays with p =100 nm
to p =1000 nm are listed in table 5.1. For p ≤ 700 nm, laverage increases
as p increases whereas for p ≥ 700 nm, laverage shows negligible variation.
Therefore, in the present research we focus on the nanowire arrays with
p ≤ 700 nm. The length of the exposed segment of the nanowire can be
calculated from equation 5.1 as listed in table 5.1 by considering the distance
between the nanowires in our case along the bending direction is

√
3 p.

Table 5.1: Measured average length laverage of the nanowires at different ar-
rays and the calculated length of the shell-material exposed segment lexposed.

Pitch size (p) [nm] laverage [nm] lexposed [nm]
100 850 ± 90 300
200 1035 ± 70 600
400 1120 ± 50 1120
700 1150 ± 50 1150
1000 1150 ± 50 1150

By considering lpaverage of the nanowires for the mentioned arrays, the length of
the bent part lpbent of the nanowire can be calculated by l100

bent = 0.55×l100
average =

468 and l200
bent = 0.75 × l200

average = 776 nm. The values of laverage, lbent and
lexposed are plotted in 5.4(4). From these values, one can estimate the length
of the nanowire segment lpD that is covered by the diffused materials by
l100
D = l100

bent − l100
exposed ≈ 142 nm and l200

D = l200
bent − l200

exposed ≈ 124 therefore
laverageD ≈ 135 nm. Therefore equation 5.2 may be given by

lbent = p

tan(Φflux)
+ 135 (5.4)

The length of lD segment however depends on the diffusivity of the shell
materials which in turn depends on the nanowire surface properties as well
as the system temperature and the V-III ratio (i.e. As pressure in our case) as
explained in 2.2.3. Therefore, the value of lD is valid for the given properties
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of our sample and the MBE growth condition and may be changed by tuning
the mentioned parameters.

Figure 5.4: (a) The estimated length of the nanowire segments that exhibited
bending extracted from the XRD peak profile and compared to the length
of the exposed segment indicating the length of the nanowire segment that
is covered by the diffused materials (lD). (b) The peak position of the XRD
signal of the lower part of the nanowire at the arrays with p = 100 nm and
p = 200 nm as function os shell growth time.

It is worth to mention that the signal from the shadowed part of the nanowire
showed minor shifting toward higher Q values as shown in figure 5.4(b) where
the position of the peak maxima of XRD signal of the arrays with p =
100 nm and p = 200 nm extracted from the fitting model are plotted as
function of shell growth time. It can be seen that the peak position exhibited
minor changes during the first 5 minutes of shell growth time indicating small
nanowire bending (≈ 0.025◦). The angular resolution of our measurement is
0.01◦ limited by the XRD goniometer resolution and the normal distribution
of the X-ray beam (i.e. the cross-sectional profile of the beam) that gives
the confidence interval of defining the Bragg peak position of the unstrained
nanowires in RSM. However, the minor changes of the peaks position during
the first 5 minutes of the shell growth times indicate developing strain in the
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entire nanowire and minor nanowire curvature at the early stages of shell
growth time which is in a logic consistency with our hypothesis in 4.4.1 by
considering the 2D diffusivity, i.e., the diffusion of the shell material along
the nanowire axis and around the nanowire perimeter. The diffusivity of the
shell material is high at the first during shell growth and may decrease as
the shell thickness increase and the strain on the nanowire surface increases.

5.3 Strain distribution along the nanowire

Benefiting from spatial distribution of the XRD signal in reciprocal space of
the bent nanowires, we are able to measure the average strain at different
parts of the nanowires during the shell growth. By profiling the XRD signal
along Qz and Qr at the position of Bragg peaks along Q extracted from the
multiple-Gaussian fitting model shown in figure 5.3(b) for the arrays with p =
100 nm and p = 200 nm. To extract the strain values from the nanowire lower
part for the nanowire arrays with p = 100 nm and p = 200 nm and nanowire
bottom for nanowire arrays with p = 400 nm and p = 700 nm we integrate
a line profile along Qz. These profiles along Qz are taken at the Bragg peak
position on Q ≈ 0Å−1 of the straight GaAs(111) nanowires at the different
arrays before shell growth (blue lines in figure 5.5(a)). This position in RSM
that the signal of the lowest part of the nanowire (i.e. nanowire bottom, we
denote it in the text by B) is expected to take place during shell growth.
Other line profile along Qr is taken for each Bragg peak during shell growth
at the center of the peak shouldering in case of the arrays with p = 100 nm
and p = 200 nm and at the peak center for the arrays with p = 400 nm and
p = 700 nm. At this position in RSM, the signal from the middle section
(denoted by M) of the bent nanowire segment take place as indicated by
black lines in figure 5.5(a). For extracting the strain values at the nanowire
top part (denoted by T), we integrate a line profile along Qr at the position
of the displaced WZ peak (WZtop) on Q for the signal of the nanowire arrays
with p = 400 nm and p = 700 nm and at the peak tail on Q for the signals
of the arrays with p = 100 nm and p = 200 nm as indicated by red lines in
figure 5.5(b).
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Figure 5.5: (a) 2D section of XRD peak of GaAs(111) in RSM on QQz of
the arrays with p = 100 nm and p = 700 nm of the bare nanowires and after
20 minutes of shell growth where the B,M and T labeled arrows indicate the
indicate the positions of the lines profiles along Qr used for strain calculation.
(b) The extracted average strain values and the strain variation at different
positions along the nanowire plotted as function of shell growth time of the
studied nanowire arrays. (c) Illustration of the strain distribution along
the nanowire and the corresponding positions of B,M and T as well as the
volume of the nanowire lower part and the volume of the segment that may
be included in the overlapping of the XRD when integrating a line profile at
B.

The obtained average strain values as well as strain variation at mentioned
positions B, M and T of the nanowires are plotted for the different arrays as
function of shell growth time in figures 5.5(c), (d) and (f). As it can be seen,
strain values changes as the shell growth time increases in different manners
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for the different parts of the nanowires at the different arrays. The different
manners of strain evolution can be sorted as following

• At the lower part B of the nanowire, the corresponding XRD
signal is close to Q = 0 Å−1 in RSM. The average strain εB,p|| in the
arrays with p = 100 nm increases and satiate at εB,100

|| =0.0007 after
16 minutes of shell growth while εB,200

|| increase in a polynomial fashion
and reaches a value εB,200

|| =0.001 after 20 minutes of shell growth as
shown in figure 5.5(c). This approach indicate the low strain magnitude
at the lower parts of the nanowires where the shadowing effect take
place. The fact that a slight strain built-up in shadowed part of the
nanowires of these arrays is in a logical consistency with the hypothesis
we presented in 4.4.1 to explain the strain and bending evolution of
the single nanowire case. The entire nanowire at the early stages of
shell growth is slightly strained due to the high diffusivity of the shell
material on the nanowire surface where this diffusivity decreases as
the strain increases. The same approach explains the satiated strain
variation (shaded with blue in figure 5.5(b)) and the slight shifting
of the peak position at the lower part of the nanowire as shown in
figure 5.4(b). Additionally, the overlapping of the signal in RSM of the
bent (strained) part of the nanowire with the lower (barely-strained)
part must be considered as a contributor to the strain curve plotted
in figure 5.5(b). The volume of overlapping segment of the bent part
of the nanowire with the lower part is demonstrated by the red box in
figure 5.5(c) and denoted by V2. As the nanowire curvature increases,
the signal spreading along Q in RSM increases therefore the overlapping
decreases, i.e., the volume V2 decreases and the ratio V2

V1
decreases where

V1 is the volume of the lower (barely-strained) part of the nanowire.
The ratio V2

V1
explains the relatively higher strain values at B of the

arrays with p = 200 nm comparing to the ones of arrays with p=100
nm, where V1 forms 25% of the nanowire volume at the array with p =
200 nm comparing to 45% for the ones with p = 100 nm as shown
previously. For the nanowire arrays with p = 400 nm and p = 700
nm, the average strain increases in the same manner for both nanowire
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arrays and reach a value of εB,400
|| = εB,700

|| = 0.0019 after 20 minutes of
shell growth. The strain variation of these arrays (shaded with green in
figure 5.5(b) for the arrays with p =700 nm) increase as the shell growth
proceed implying the progressive strain evolution and the increasing
asymmetry degree of shell growth around the nanowire as explained in
4.4.1.
However, it was reported in literatures that the strain magnitude at
the nanowire base near the wire-substrate interface is relatively low
comparing to the other parts of the nanowire [152, 153]. This feature
at the nanowire base explains the curve shape of the strain function of
the nanowire arrays at p = 400 nm and p = 700 nm plotted in 5.5(c)
as well as the high strain variation comparing to the other positions M
and T of the same nanowire arrays shaded in green in figures 5.5(d) and
(f) by the same concept of overlapping signals in RSMs, respectively.

• At the position M on the nanowire, that is exposed to the shell
material, the average strain magnitude of all nanowire arrays increases
to εM,200

|| = εM,400
|| = εM,700

|| = 0.0024 while εM,100
|| = 0.0022 as the shell

growth proceed as well as the strain variation.

• At the position T that is close to the nanowire tip, the strain
at this position increases as a quadratic function to the shell growth
time and reaches a higher value comparing to the strain at C where
εM,100
|| =0.0026, εM,200

|| = 0.003 and εM,400
|| = εM,700

|| = 0.0031. This in-
crement fashion of strain magnitude may be explained by the changes
of the local deposition geometry of the growth material along the
nanowire. As the nanowire curves, The angle of the incident flux
changes along the nanowire as demonstrated by [Spencer McDermott
and Ryan B. Lewis, 2021] which leads to inhomogeneous shell thickness
along the exposed segment of the nanowire. However, in our case, we
relate to the early stages of nanowire bending and the maximum bend-
ing angle doesn’t exceed 5◦ at the nanowire tip, therefore, the variation
of the strain magnitude at B, M and T would increase as the nanowire
bending increases.
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5.4. SUMMERY OF CHAPTER 5

5.4 Summery of chapter 5

In this work we employed the distance between the neighboring nanowires as
a parameter for controlling the shell material distribution along the nanowires
growth axis, thus the strain distribution and the subsequent bending profile
of the nanowire. At the arrays with high nanowire densities, the shell mate-
rials are deposited asymmetrically on nanowire part that is exposed to the
direct flux. The shell materials may diffuse toward the shadowed part of
the nanowire and the whole mechanism results in strained and bent upper
part of the nanowire while the lower part remains rather straight and barely
strained.
At the nanowire arrays with high nanowire densities where the shadowing
effect of the shell material take place, we could estimate the length of the
nanowire segment that is strained by the diffused shell materials by means
of X-ray diffraction technique. We observed that the shadowed part of the
nanowire exhibit low strain magnitude and minor bending during the early
stages of shell growth indicating high diffusivity of the shell materials at the
beginning. At the nanowire arrays with low densities where the shadow-
ing effect take no place, the shell materials cover the whole length of the
nanowire. At these arrays the entire nanowire exhibit bending but the XRD
measurement revealed that the strain magnitude is not homogeneous along
the nanowire indicating the variation of the local growth geometry along the
nanowire. These results provide recipes for controlling the nanowire geom-
etry with novel designs which might be used for nanowires interconnect as
well as tuning the strain distribution along the nanowire.
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Chapter 6

General summery

We used a specialized and portable MBE system that could be loaded on the
heavy-load goniometers of the beamlines at the synchrotron radiation facility
PETRA-III at DESY. This setup allowed performing different time-resolved
in-situ X-ray diffraction characterization of the nanowire crystal properties
during the growth of the nanowire core and the shell in GaAs-InxGa1−xAs
core-shell system.
By using a special designed Si(111) substrate coated with thermal oxide and
pattered by electron beam lithography to have patterns of the nucleation
sites of the nanowire growth with different inter-spacing we could realize the
influence of the nanowire interspacing (i.e. nanowire density) on the crystal
structure of the GaAs nanowire. In our case, we observed that the WZ crys-
tal structure is the dominant phase in dense nanowire arrays, whereas for
low density arrays ZB is the prominent crystal phase. However, the experi-
mental results of the time-resolved in-situ X-ray diffraction measurements of
the GaAs nanowire during the growth at different nanowire densities showed
that at a certain nanowire height during growth the intensity of the XRD
signal of the WZ phase increase whereas this height vary at the different
nanowire densities. Our simulation showed the density dependence of the
crystal structure and pinpointed the impact of the shadowing of Ga-flux on
the evolution of the nanowire crystal structure.
Further, we studied the evolution of the strain and nanowire bending in
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case of depositing lattice-mismatched shell material on the nanowire facets.
Uniform nanowire bending could be obtained by avoiding substrate rota-
tion during MBE growth. We used Si(111) substrates with tow different
characteristics of the oxide layer on the substrate surface. On one hand, a
substrate with a thick oxide layer that was grown thermally and patterned
using EBL technique, and on the other hand, a substrate with thin oxide layer
that grow naturally. We observed different preferable bending directions of
GaAs-InxGa1−xAs core-shell nanowires for the different substrate types. In
our MBE system, the nanowires bent away from the direction of the Ga-flux
in case of using substrates covered with the thermal oxide while the bending
was away from the direction of the As flux in case of using the substrates with
the native oxide. This observation implies that the preferable nanowire side
facets for shell growth depend not only on the arrangement of the material
sources, but also on the type of the oxide covering the substrates.
Following this observation, a study of the strain evolution in the core-shell
nanowires was done by means the time-resolved in-situ XRD measurements
of the axial GaAs(111) Bragg’s reflection in case of an ensemble of nanowire
arrays as well as single nanowire. This study showed that the strain and
nanowire bending have non-linear dependency as function of the shell growth
time. The non-linear relation between the strain and nanowire bending on
one hand and the shell growth time on the other hand was explained by the
changes of the growth dynamics during shell deposition due to the changes of
the surface properties of the nanowire. This investigation provide a deep in-
sight into the evolution of the induced axial strain and the resulting nanowire
bending.
Finally, the flux-shadowing effect of the shell material was exploited to con-
trol the axial distribution of the shell material along the nanowire growth axis
thanks to the prior knowledge about the preferred growth site for the shell
material on the nanowire facets. We used a patterned substrate in this case
and the angle of the incident flux with respect to the nanowire growth axis
and the distance between the neighboring nanowires are the parameters for
controlling the shell material distribution along the nanowires growth axis.
The strain distribution and the subsequent bending profile of the nanowire
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varied at the different nanowire arrays with different densities. At the high
density nanowire arrays, the shell materials were deposited asymmetrically
on the upper part of the nanowire that was exposed to the direct flux. Fur-
thermore, the diffusion of the shell material toward the shadowed part of the
nanowire was considered. The obtained nanowires in this case have strained
and bent upper parts while the lower parts are rather straight and barely
strained. The time-resolved in-situ XRD measurement allowed us to esti-
mate the length of the nanowire segment that is covered by the diffused shell
material as well as the strain evolution at different parts of the nanowire
during shell growth.
The studies and results presented in this work provide methodologies of con-
trolling the nanowire crystal phase and the nanowire geometry with novel
designs as well as the strain distribution along and across the nanowire.
Having nanowires with tune-able and controllable geometry as well as strain
profile can be beneficial for controlling the optical and electronic properties
of these wires.
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