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Il. Abstract

The fast progress in the electronic industry regarding enhanced performance and miniaturisation leads
to an increased demand for new materials exhibiting superior electronic properties. Elongated nanos-
tructures of the well-known group IV element germanium stay in focus of intense research efforts due
to the high charge carrier mobility’s, achievable with this material. Usually, germanium nanowires are
grown via the gas-phase on substrates or in solution using a gold-assisted growth process. However,
the usage of gold as growth promoter leads to many drawbacks, such as decreasing semiconducting
properties due to incorporation of seed atoms into the nanowire material. Therefore, various metals
have been investigated as alternative growth promoters, nevertheless some interesting elements have

not been examined yet.

In the first part of this thesis, the application of lead as an alternative growth promoter for germanium
nanowires is investigated. Nanowire growth is conducted via liquid-seeded growth in the vapour phase
and under supercritical fluid conditions. Obtained single crystalline nanowires with approx. 15 nm in
diameter exhibit no seed material incorporation. Additionally, solid-seeded growth in the supercritical
regime is investigated. Therein, metal-amide precursors are used, to achieve sufficient thermolysis at
lower growth temperatures.

In another study, low temperature growth for germanium nanorods and nanowires is examined. Gal-
lium seeds, which induced nanowire growth, are generated in situ by the thermal decomposition of
pentamethylcyclopentadienyl gallium (1) in toluene. Gallium seeds seem to catalyse the decomposition
of the germanium precursor, which enables decreasing the growth temperature as low as 170 °C,
which is the lowest reported temperature for germanium nanowire grown via CVD. The obtained
nanostructures exhibited a high crystallinity, despite low growth temperatures. Elemental maps ob-
tained from STEM EDX measurements exhibit an incorporation of up to 3.6 % gallium into the
nanowire matrix. Ga incorporation in germanium is known to result in a p-doping effect of the mate-
rial. Electrical characterisation of single nanowires revealed a very high conductivity compared to

pristine germanium nanowires.

Lastly, the defect transfer from solid silver seeds to germanium nanowires is used to gain control over
the nanowires’ crystal structure. Silver bipyramids exhibiting a defined twin structure are synthesised
via the polyol-method and used to promote nanowire growth via a solid-seeded mechanism. Unfortu-
nately, nucleation as well as nanowire growth is strongly inhibited, which is related to the capping
agent, used for the polyol method. Large fractions of the obtained nanowires exhibit strong kinking or
diameters not matching to the synthesised silver seeds. Nevertheless, hints towards a successful defect

transfer are found.
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I1l. Kurzfassung

Schnell fortschreitende Entwicklungen in der Elektronikindustrie hinsichtlich erhdhter Leistung und
Miniaturisierung flhrt zu einer vergrolRerten Nachfrage nach neuen Materialien mit immer besseren
elektronischen Eigenschaften. Nanostrukturen des Gruppe-IV Elements Germanium sind in diesem
Zusammenhang von besonderem Interesse, da sie uberdurchschnittlich hohe Ladungstragermobilitéten
aufweisen. Fir gewdhnlich werden Germanium-Nanodrahte mittels Gold-unterstiitztem Wachstum
hergestellt. Diese Methode hat jedoch mehrere Nachteile. Zum Beispiel, dass in den Nanodraht einge-
baute Goldatome die Halbleitereigenschaften des Materials verschlechtern. Aus diesem Grund werden

alternative Materialien als Wachstumskeim fur elongierte Germanium-Nanostrukturen untersucht.

Im ersten Teil der Arbeit wird das Blei-unterstitzte Wachstum von Germanium-Nanodréhten be-
schrieben. Nanodrahte wurden mit Hilfe von fliissigen Bleikeimen auf Siliziumsubstraten, in tberkriti-
schem Losungsmittel, sowie mittels chemischer Gasphasenabscheidung synthetisiert. Die erhaltenen
einkristallinen Dréhte zeigten Durchmesser um 15 nm und wiesen keinen Einbau von Bleiatomen auf.
Des Weiteren wurde das Nanodrahtwachstum mittels festen Bleikeimen unter uberkritischen Bedin-
gungen untersucht. Zu diesem Zweck wurden Germanium- und Bleiamid Vorstufen eingesetzt, die

sich bei den vorherrschenden niedrigen Temperaturen bereits ausreichend zersetzen.

Ein weiterer Abschnitt der Dissertation befasst sich mit der Niedertemperatursynthese von Germanium
Nanostéabchen und Nanodrahten. Dazu wurden Keime aus Gallium in situ durch die Thermolyse von
Pentamethylcyclopentadienyl Gallium(l) in Toluol erzeugt, die das Nanodrahtwachstum initiieren. Die
Wachstumstemperatur der Nanostrukturen konnte auf Grund der katalysierten Zersetzung der Germa-
niumvorstufe durch die Galliumkeime auf bis zu 170 °C verringert werden, was zum heutigen Zeit-
punkt die niedrigste Temperatur fir Germanium-Nanodrahtwachstum mittels CVD darstellt. Die er-
haltenen Nanodrahte zeigten trotz der niedrigen Wachstumstemperatur eine sehr hohe Kristallinitat.
Des Weiteren konnte ein Einbau von bis zu 3.6 % Gallium in die Germaniumstrukturen beobachtet
werden. Eine elektrische Charakterisierung von Einzeldréhten ergab aus diesem Grund eine, im Ver-

gleich zu reinen Germaniumdrahten, stark erhohte Leitfahigkeit.

Im letzten Teil wird die Kontrolle Uber die Kristallstruktur von Germanium-Nanodrahten mit Hilfe
von Defekttransfer fester Silberkeime auf Germanium-Nanodrahte untersucht. Zu diesem Zweck wur-
den verzwillingte Silberbipyramiden mittels der Polyolmethode hergestellt und anschlieRend als
Wachstumskeime fir Germanium-Nanodréhte verwendet. Durch das in der Polyolmethode verwende-
te Tensid kam es zu einem stark erschwerten Wachstumsprozess, der sich in einer verschlechterten
Nukleation, sowie dem Auftreten von defektreichen Drahten, die viele Wechsel der Wachstumsrich-
tung aufweisen dullerte, was die Untersuchung des Defekttransfers stark erschwert. Trotzdem konnten

Indizien fiir einen erfolgten Defekttransfer gefunden werden.
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1. One-Dimensional Nanostructures

Over the last 25 years, nanotechnology has gained a massive upward trend evolving from a small re-
search niche to one of the most future-oriented topics. Many of nowadays inventions, such as new
methods for controlled drug delivery™, functional coatings®® or high performance electronic compo-
nents®™ had been induced by the investigation of nanoscopic objects exhibiting specific properties.
Usually, nanotechnology is referred to structures exhibiting at least one dimension which is sized be-
low 100 nm.

Nanostructures can be classified by their dimensionality.” Objects are described to be zero, one or
two dimensional. Needless to say that objects with a missing dimension do not exist in reality, it be-
came custom practice to categorize objects by the number of dimensions which are bigger than
100 nm. Therefore, clusters and particles with a particle diameter below 100 nm are denoted as zero
dimensional objects or quantum dots, while thin films and platelets exhibiting a thickness below
100 nm represent the group of two dimensional objects. One dimensional objects in contrast, show a
wider variety of possible morphologies. Nanowires (NWSs) or whiskers are anisotropic, solid objects
with an aspect ratio (i.e. the ratio between length and diameter) above 100. Nanorods (NRs) in con-
trast, show lower aspect ratios, usually up to ten. Nanotubes are hollow objects, which show anisot-
ropic dimensions similar to nanorods or NWs. They are very well-known for carbon and represent a
separate research topic in the group of 1D materials. Finally, nanobelts show an additional lateral ex-
pansion, making their cross-section rather rectangular than quadratic or circular. Examples for 1D-
nanostructures and their corresponding cross-sections are illustrated in Figure 1.

b) . Oy = D =

o | mo wmo
Figure 1: Nanostructures and corresponding cross-sections: a) nanorods, b) nanobelts,
c) nanowires and d) nanotubes.

Semiconducting properties are the most important material feature for a broad number of applications.

Electronic and photonic devices such as transistors®™, light emitting diodes'® or photovoltaic cells™ as
1



well as photocatalytic applications® like water splitting or carbon dioxide reduction require a semi-
conductor with distinct electronic properties. Many processes of the aforementioned fields of applica-
tion show only low or limited performance, when using a bulk semiconductor instead of a nanomate-
rial. Furthermore, the increase in performance of new electronic circuits generates an emerging de-
mand for nano-scaled materials, as they often enable features which cannot be obtained from the cor-

responding bulk materials. Inorganic semiconductors for instance, show interesting modulations of

their electronic properties, if their size decreases below a critical value.®

LUMO

bandgap bandgap

bulk material nahoscale molectle

Y HOMO

Figure 2: Band structure of various sized objects.

If a structure becomes diminished in size, the decreasing number of atoms and with it the decreasing
number of overlapping orbitals in the structure lead first to an increase of the bandgap. With further
decreasing size, the remaining orbitals are no longer sufficient to generate a continuous valence and
conduction band. As a result only a small number of discrete energetic states remain (quantum con-
finement). A comparison between the band structure of a bulk material, nanoscale object and molecule
is illustrated in Figure 2. This feature enables to alter the electronic properties directly by adjusting the
morphology of the nanostructure.™ Therefore, it should be at least possible in theory to create the
material exhibiting the “ideal” band structure for each purpose.



2. Synthesis Methods and Growth Mecha-

nisms for 1D-Nanostructures

Basically, every method applied to produce 1D-nanostructures is based either on a top-down or a bot-
tom-up growth strategy. A brief overview about distinct features, advantages and disadvantages for
each growth strategy and the underlying growth mechanisms should be given in the following chap-

ters.

2.1. Top-Down Approaches

Starting Material Product

Removal of
Excess Material

Figure 3: Scheme of the top-down approach.

In top-down approaches, the manufacturing process of nanostructures starts from a bulk material. The
desired structure is created by the successive removal of excess material (Figure 3). As the dimensions
of nanostructures are very small, conventional top-down techniques such as cutting, milling or drilling
are not feasible, hence mostly photolithography-based methods are applied. In a first step a resist is
applied onto the material, which is a light sensitive coating. The resist is than exposed to a pattern of
intensive light, which induces a chemical reaction in the resist molecules. The illuminated areas be-
come soluble (positive resist) or insoluble (negative resist) for the subsequently applied developer
solution, leaving only the desired structures covered by the resist. In the following etching step, the
non-covered material is removed using chemical or ion etching techniques.™™ The applied method
depends on the starting material and desired structure of the product. Finally the resist can be removed
from the remaining nanostructures. The basic sequence of a lithography-based synthesis process is
depicted in Figure 4. The major drawback of lithography-based manufacturing methods is that they
require multiple steps as well as specific equipment, especially if the desired structures have dimen-
sions near the wavelength of the light used during resist exposure. In this size regime, diffraction starts
to limit the resolution of the patterning process. Nevertheless, the lithographic approach is state of the
art in nowadays in semiconductor industry and therefore huge effort is expended to further improve
this technique. In June 2017 for instance, a research alliance around IBM, Samsung and Globalfoun-
dries demonstrated the potential of advanced lithography techniques by manufacturing a 5 nm nanos-

tructure using extreme ultraviolet lithography.™*?
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Figure 4: Basic scheme of a lithography-based process.

Another top-down approach, which makes use of site-selective etching is metal-assisted chemical
etching.*®) Noble metal particles such as silvert*, gold™!, platinum™ or a gold/palladium alloy™ are
deposited onto the substrate, mostly silicon. To conduct the etching process, the substrate is placed
into a solution containing variable amounts of HF, HNO;, H,0, and ethanol. Areas covered by the
noble metal are dissolved significantly faster, which leads to a selective removal of material. Depend-
ing on the process conditions, a porous layer, Si needles or NWs can be obtained. The dissolution
process occurs similar to an electrochemical reaction in a galvanic cell. Substrate, metal particles and
growth solution act as anode, cathode and electrolyte respectively. However, the details of the growth

mechanism are still under discussion.™**®

The last top down method which should be mentioned, is focused ion beam (FIB) milling. Thereby
material is removed by a beam of accelerated ions such as gallium™® %, helium™ or xenont® %!, |on
beams can be focused very well, which enables the production of very small structures including 1D
nanostructures. Shape as well as location of the desired structure can be controlled with a very high
accuracy, similar to an electron beam in a scanning electron microscope (SEM). However, FIB tech-
niques are very time consuming and therefore only rarely used to grow nanostructures. Nevertheless
the technique is well applied in electron microscopy, as it enables the production of thin lamellae or
cross-sections where electrons are capable to pass through.® %! Furthermore, a FIB can be used for
post-growth modification of nanostructures and bulk materials. For instance, the implantation of Ga
atoms into group IV semiconductors to alter the electronic properties can be achieved via a beam of

focused Ga ions.!*® %:27]



2.2. Bottom-Up Approaches

In bottom-up approaches, nanostructures are generated from atomic or molecular building blocks.
(Figure 5). Hence, an anisotropic growth is mandatory to ensure the formation of an elongated struc-
ture. Over the years, a huge variety of growth methods have been published, whereas the underlying
mechanisms can be assigned to three major strategies shaping and subsequent conversion, self-induced
and seeded growth. As this thesis is aimed on seeded growth methods using metal seeds to promote
the formation of elongated nanostructures, other approaches are just briefly discussed, whereas the
applied growth strategy will be discussed in more detail.

o o
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Figure 5: Scheme of the bottom-up approach.

Bottom-up approaches, especially seed-mediated growth require an elaborated supply of adatoms,
otherwise the growth process terminates or results in non-reproducible phenomena. While solvent-
based approaches are limited to the injection of a precursor solution or electrochemical techniques, a
wide variety of techniques had been developed for vapour phase-based approaches. Discussing all
techniques in detail would go beyond the scope of this introduction. Therefore, only chemical vapour
deposition (CVD) should be discussed in the following chapter, which was the applied method for the

vapour phase-based approach.

2.2.1. Chemical Vapour Deposition

Over the years a huge variety of techniques emerged facilitating the deposition of material onto sub-
strates, by using the vapour phase as transport medium. The majority of methods are based on physical
vapour deposition (PVD), which can be described as bringing the material from a condensed state into

the vapour phase and subsequent condensation of the vapour at the target substrate.

A completely different approach is CVD. In contrast to PVD, exhibits CVD a dissociation process or a
chemical reaction of a gaseous species at a thermally activated substrate. The first industrial applica-
tion of a CVD process dates back to the 1890s, where a patent had been applied, describing the deposi-
tion of tungsten onto filaments in light bulbs, by using WCls and H, as gaseous precursors.?® Over the
years, CVD emerged to one of the most important coating techniques, enabling the deposition of a vast
amount of materials, reaching from simple metals (Al, Pt, Rh, etc) over semiconductors (Si, Ge) as

well as compound semiconductors (I11-V, 1I-VI) to ceramics (oxides, nitrides, silicides, borides,



etc.).” Even the synthesis of synthetic diamonds via CVD had already become an applied process.?”
Needless to say, that the huge variety of materials cannot be obtained via one CVD process, hence
several modifications had been developed to meet specific requirements. Nevertheless, the basic steps
remain the same in all CVD methods:

A) Generation of a gaseous precursor and its transport into the CVD chamber.

B.1) Homogenous gas-phase reaction and subsequent formation of particles.

B.2.2) Diffusion through the boundary layer towards the substrates surface.

B.2.b)  Adsorption to the surface.

B.2.c) Heterogeneous decomposition to adatoms and byproducts.

B.2.d) Formation of a deposit due to nucleation.

B.2.e) Desorption and subsequent diffusion of by-products through the boundary layer.
C) Removal of the by-products from the CVD chamber.

A schematic view of a basic CVD process is depicted in Figure 6.

(B1) —> @+&D

_owa.z.a)

A

(B.2.b) o{EE-.2.L:) + {B.2.d)°+ E%’J}

Figure 6: Schematic illustration of the key steps in the CVD process. Redrawn in the style of
referencel®”.

(A)

Depending on the location of the precursor decomposition, two type of reaction take place. The het-
erogeneous reaction on top of the substrate leads to the formation of deposit directly at the substrate
(illustrated as B.2-path in Figure 6). Therefore, precursor molecules must diffuse through the boundary
layer, which describes the diffusion-controlled layer in close vicinity to the substrate surface. Homo-
geneous gas-phase reactions on the other hand, occur in the gas phase and lead to the formation of
particles. Growth processes making use of homogenous gas-phase reactions are often related to
chemical vapour synthesis (depicted as B.1-path in Figure 6). Process conditions are the main factors
determining whether heterogeneous or homogeneous gas-phase reactions take place. For the deposi-
tion of dense films or coatings, the CVD process is usually optimized to favour the heterogeneous

decomposition reaction.

As precursor decomposition is thermally induced, it is necessary to heat the area where deposition
should occur. Therefore, two different approaches have emerged. In the so-called hot-wall CVD, the

entire reaction chamber is heated to the growth temperature, whereas in cold-wall approaches exclu-

6



sively the deposition area is maintained at growth temperature. In hot-wall CVD, the precursor con-
centration is much more influenced by the reaction chamber as decomposition and the resulting loss of
precursor molecules can occur along the entire reaction chamber. Furthermore, the tendency to ho-
mogenous gas-phase reactions is much more pronounced. In cold-wall CVD the precursor concentra-
tion is not affected by the reactor sidewalls, as the area where deposition can occur is much smaller.
Nevertheless, a depletion of precursor along the substrate can occur, if flow conditions are unfavour-
able.

Another aspect which should be briefly discussed is the supply of precursor. Compounds which are
already gaseous under ambient conditions are usually introduced as gas mixture, using an inert gas
diluting the precursor to reasonable concentrations. Control over the gas flow can be easily maintained
via mass flow controllers or aerometers. For precursors exhibiting higher boiling points, the pressure
in the CVD system can be reduced, which is known as low pressure (LP)CVD. Nevertheless, LPCVD
is also used for precursors which are gaseous at ambient pressure to minimise effects induced by mass
transport and flow dynamics. Solid precursors, which cannot be evaporated by pressure reduction can
be also applied by using aerosol-assisted CVD.F!

From the process engineers view, growth temperature, pressure and precursor flow rate are the most
important process parameters in a CVD process, as they can be used to manipulate the morphology
and composition of the obtained product. Kinetics and thermodynamics of the growth process are
mainly controlled by the applied temperature. Figure 7 illustrates the temperature dependence of the
deposition rate for a simplified CVD process, which includes adsorption/desorption of molecules at
the substrate as well as deposit formation due to precursor thermolysis. Further effects such as a finite
precursor feed or the homogenous gas phase reaction are excluded. At lower deposition temperatures,
the deposition reaction appears to be the rate-limiting step of the entire process. Therefore, it is called
the kinetically controlled regime. For higher temperatures, the deposition reaction is accelerated until
diffusion becomes the rate limiting step, making the CVD process mass transport-controlled. In this
regime, the diffusion of precursor molecules through the boundary layer as well as surface diffusion of
adatoms on the substrate surface governs the deposition rate. Further temperature increase shifts the
process into the thermodynamically controlled regime. Desorption events are favoured at higher tem-
peratures, leading to a steady decrease of the deposition rate with increasing temperatures. An exo-
thermic reaction would further decrease the deposition rate, due to the temperature-dependence of the

Gibbs free energy.
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Figure 7: Temperature dependence of deposition rate and growth regimes. Redrawn in style of
referencel®..

Regarding metal-assisted NW growth using CVD, the entire growth process becomes more compli-
cated as it includes a lot more steps (discussed in chapter 2.2.6), all exhibiting their own Kinetics.
However, NW growth is usually conducted in the Kinetic regime, which implies that the precursor

decomposition reaction is the rate limiting step of the entire growth process.

2.2.2. Shaping and Subsequent Conversion into the Material

The first bottom-up strategy for the synthesis of elongated nanostructures, which should be discussed,
consists two growth steps to obtain the final structure. In the first part, the shape of the later structure

is directed, while during the second step the final material is obtained.

2.2.3. Electrospinning

Electrospinning is a common technique used for the synthesis of polymer fibres with diameters rang-
ing from few nanometers to several microns.*? However, it can be adapted for the growth of elon-
gated inorganic/organic hybrid materials as well as pure inorganic nanostructures by adding a conver-
sion step subsequent to the electrospinning process. The method makes use of electrostatic forces im-
pacting on polar liquids at very high electric field strengths. Therein, a solution containing an inor-
ganic component such as a precursor®*3® or nanoparticles and a polymer is provided through a hol-
low, conductive needle on which high voltage is applied. Due to the high electric field strength, a
hemispherical tip of the solution is pointing towards the metal sheet counter electrode. Further in-
crease of the voltage leads to a stream containing prealigned polymer molecules being pulled out of
the needle (taylor jet). As the solvent evaporates, the stream solidifies to nanoscale fibres, which can

be collected from the counter electrode. In the fibres, the inorganic component is embedded within the
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polymer matrix, resulting in an inorganic/organic hybrid material. In a subsequent thermal treatment
under oxygen, the hybrid material is converted into pure inorganic fibres by burning off the organic
matrix and/or converting the precursors to the desired material. The treatment is also the major draw-
back of this process, as it limits the process to oxide materials. Nevertheless a wide variety of ceramic
fibres could be produced via this method.*”

2.2.4. Growth via Templates
A growth strategy, which makes use of the basic idea of the lithography-based top-down approach is

the so-called growth via templates. Similar to the idea of lithography, the desired elongated shape of
the nanostructure is generated first, which functions like a mould in casting. Subsequently, the tem-
plate is filled with the desired material. Finally, the template is removed and the elongated structure
can be obtained. Essentially, all templates can be categorized in two types, called hard and soft tem-
plates. Hard templates such as anodised aluminium oxide or polycarbonate membranes provide prede-
fined pores. The pores can be either filled with the desired material or with the materials precursor,
which is then converted to the material in a subsequent step. The filling of these pores can be a chal-
lenging task, especially for membranes containing small pore diameters. Therefore, different ap-
proaches have been published, ranging from methods making use of high pressure injection®®, super-
critical fluid inclusion®®®, electrolysis®*® *Y or capillary force?. Hard templates can also act as struc-
ture directing component during metal-assisted growth (the metal-assisted growth process is discussed
in chapter 2.2.6), which enables the production of aligned NW arrays."**! Furthermore, the template-
assisted synthesis of hollow 1D nanostructures can be facilitated via two basic strategies. In the first
strategy, the pores of the template are coated instead of completely filled, resulting in hollow nanos-
tructures when the template is removed.”® *"! The second strategy makes use of a nanowire, which is
coated with the material of the final nanotube, yielding in an intermediate core-shell structure. Subse-
quently, the template, represented by the core, is removed by etching!*® or thermal annealing in an

oxidising atmosphere®¥ resulting in nanotubes.

Soft templates in contrast, are mesophasic structures such as micelles which are formed via self-
assembly above the critic micelle concentration. Material synthesis can be performed within such
structures, where size and morphology is governed by the micelles. This approach enables the possi-
bility to grow a wide variety of differently shaped nanostructures.® Growth systems using soft tem-
plates require a stable emulsion, where shape and size of the micelles can be efficiently controlled.
However, the formation of an elongated structure via soft templates is not only attributed to the shape
of the micelles. 1D growth can be also the result of irreversible fusion of micro emulsion droplets.!®!
In this case, anisotropic growth is the result of different exchange rates between the centre of the elon-
gated structure, where surfactant molecules are stronger bonded to the nanocrystal and its tips, where a

higher number of water-enriched domains is located between surfactant layer and nanostructure. The



surfactant as well as the compositions of the involved phases play a crucial role in this growth ap-

proach, limiting it to materials such as barium sulfate®® or calcium carbonate!®?.

2.2.5. Self-Induced-Growth

As mentioned before, the synthesis of an elongated nanostructure requires a process, which favours
anisotropic growth. Therefore, adatoms must preferentially attach to a certain site (also called growth
front), which can be for instance a crystallographic facet. From the thermodynamic point of view,
crystal growth can be seen as the result of the decrease in the chemical potential, if diffusing adatoms
are incorporated into a crystal lattice. The amount of energy, which can be gained from the incorpora-
tion process, depends on the type of facet where the atom is incorporated. Generally, the differences in
energies are extremely low, when compared to the total energy of the entire growth system. As a re-
sult, isotropic growth is much more likely, which leads to particles or thin films, rather than elongated
structures. Nevertheless, under certain growth conditions, a small number of materials exhibit prefer-
ential growth facets.®® A possibility to influence the energy of crystallographic facets is the addition
of surfactants. These can be either small molecules or polymers, which coordinate preferentially to a
specific facet. As a result, the facet is shielded stronger from the environment, meaning that the growth
of other facets becomes more favourable. Surfactants play a key role in the growth of metal NWs via
the polyol method®**® as well as in the hydrothermal synthesis of elongated ZnO nanostructures.®™ In
the latter case mentioned, anisotropic growth is not only induced by a surfactant. The crystal structure
of ZnO (wurzite) exhibits an elongated c-axis. Such an intrinsic feature of the crystal structure can also
be capable to induce 1D growth. However, only in a small number of materials such as Sef*®®, Tels!
as well as their alloys®® show growth of 1D structures exclusively by the feature of an elongated crys-

tal structure.

The growth front of the aforementioned self-induced growth processes always consists of a crystallo-
graphic facet. The smooth surface of such an ideal facet exhibits only a very limited of potential nu-
cleation centres making desorption events for diffusing adatoms very likely. Crystal growth can only
proceed in a slow layer-by-layer growth mode. In reality, a crystal surface is rather rough exhibiting
atomic steps and defects such as kinks or dislocations, which can act as potential binding sites for dif-
fusing adatoms. These features can induce site-selective nucleation and therefore mediate anisotropic
growth. The first report about such a defect-induced growth of an anisotropic material had been re-
ported by Sears in 1955.! He could demonstrate the formation of mercury whiskers during resubli-
mation at low supersaturation (amount of diffusing atoms). The small number of adatoms diffusing on
the substrate appeared to be insufficient to induce film growth. However, defects on the substrate
could mediate crystal nucleation at low supersaturation and therefore induce the formation of an elon-
gated structure. He supported his conclusion by an additional report describing the formation of nee-
dle-like structures of Zn, Cd, Ag and CdS at lower pressures (i.e. low supersaturation), whereas higher

pressures led to the expected film growth.!®"
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The growth method, which Sears conducted, is a so-called vapour transport growth. The source mate-
rial is evaporated in a hot area and transported via the vapour phase to a cooler substrate, where it de-
posits. The deposition via such a growth method can be seen as a simple resublimation process, where
parameters such as substrate type, temperature, gas-phase composition and pressure influence the
product morphology. Over the years, vapour transport growth has become a popular synthesis method

for a wide variety of oxide nanostructures.®

Another synthesis method where anisotropic growth is initiated without any external growth promoter
is the so-called oxide-assisted growth.® Similar to the vapour transport process, the material is pro-
vided via the vapour phase, though redox reactions are involved in the formation of the gaseous pre-
cursor species and its decomposition at the substrate. Thermal energy, which is applied to a mixture of
the desired material and its oxide leads to the formation of gaseous sub-oxide clusters. The clusters are
transported to a substrate, where a disproportion reaction takes place leading to the formation of NWs
with a pure material core and a thin oxide shell. The formation of an elongated structure is related to
the aspect that the growth front consists of highly reactive sub-oxide species, which act as nuclei that
absorb other sub-oxide clusters from the vapour phase and facilitate NW nucleation.”® Oxygen atoms
of the sub-oxide clusters are dispelled by atoms of the NW material and diffuse to the edges of the
growth front, where they form an inert oxide layer preventing lateral growth. The growth mechanism
was mainly investigated for the formation of Si®T" as well as Gel®® NWs and was supported by theo-
retical calculations.®! In the case of Si, the formation of pure Si in the NW core was explained by the
theoretically predicted preferential formation of Si-Si bonds instead of Si-O bonds during adsorption
of silicon sub-oxide clusters.”! Besides group IV NWs, the oxide-assisted growth mechanism had
been also proposed to be feasible for the growth of 111/1V compound NWs!®72 which is remarkable
as these materials exhibit distinct properties ranging from the crystallographic system to available sub-

oxide clusters. The conclusive proof for this assumption is still missing.

2.2.6. Seeded Growth

Compared to other methods, seeded growth enables the best control over the growth of elongated
nanostructures. This strategy makes use of a seed or growth promoter, which mediates the nucleation
event and facilitates the site-selective crystallisation of material to elongate the nanostructure. The
growth mechanism was first reported by Wagner and Ellis, who observed sub-micrometer sized silicon
whiskers emerging from a gold-decorated substrate during CVD using a mixture of SiCl, and H, as
precursor.[”® From their observations they proposed the vapour liquid solid (VLS) mechanism, which
has since been extensively studied. The mechanism explains the growth of an elongated nanostructure
(Solid) promoted by a liquid seed droplet (Liquid), where the NW material is provided via the gas
phase (Vapour). Figure 8 illustrates the VLS mechanism using the example of Si NWs grown via Au

seeds and the corresponding binary phase diagram. For the purpose of simplification, nanoscale ef-
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fects, kinetic phenomena as well as dissolution of the substrate material into the growth promoter are
neglected.

Weight Percent Silicon
L 2 3 bd 20 3 40 ) B0 BD IO

r
rertemar e

OO d - CO) "

%O Q CO)
°L L) "
Q

A1} (Si) —=
E ;; W - 1 T ¥ T T Ty
a 0 20 ] “ £ & ™ 8 0 100

Au Atomic Percent Silicon si

AU S
9

Temperature °C

Figure 8: Schematic illustration of Si NW growth via the VLS mechanism and the corresponding
binary phase diagram. Reprinted with permission from referencel™.

VLS growth is usually facilitated on a substrate decorated by a particulate growth promoter. Usually,
seeded growth is facilitated at elevated growth temperatures (I in Figure 8), though the growth pro-
moter does not necessarily have to be liquid at this stage. The Si precursor, which is provided via gas
phase, decomposes at the hot substrate and starts to alloy with the Au seeds. The growth promoter
starts to melt due to the lower melting point of the emerging Au/Si alloy. The Si concentration in the
seeds increases further due to continuing dissolution until the solubility limit is reached (Il in Figure
8). As a consequence, a solid Si layer starts to precipitate at the energetically most favoured position,
which is the interface between the droplet and the substrate. Due to further Si supply and the resulting
continuing precipitation, an elongated structure emerges consisting of an elongated Si crystal with an

Au/Si alloy droplet on its tip. Extension of the Si NWs can occur as long as Si atoms are provided.

The aforementioned growth mechanism is distinctly simplified, thus several aspects must be consid-
ered to obtain a more realistic model. Besides ensuring the precipitation of NW material at the growth
interface, the growth promoter must facilitate the adsorption of adatoms from the gas phase as well as
from the substrate surface. The growth promoter is often described as growth catalyst, i.e. it lowers the
activation energy for the decomposition reaction and enhances the NW growth rate in CVD. This as-
pect was already suggested by Wagner and Ellis™ and subsequently observed by several groups.™ ™
However, catalytically enhanced precursor decomposition at the growth promoter is not absolutely
necessary for metal-assisted NW growth. Whether a catalytic decomposition effect occurs or not and
how pronounced it is, depends on the reaction of the precursor thermolysis and is therefore depending

on the precursor and growth promoter.
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A synthesis, which exhibits a tremendously enhanced catalytic effect is the gold-seeded growth of GaP
NWs using trimethylgallium as Ga source.””! The partial decomposition of trimethylgallium on the Au
seeds leads to the formation of monomethylgallium, which is known to be relatively stable."® As a
consequence, partially decomposed precursor molecules can desorb from the surface and are removed
from the system. Reabsorbtion on neighbouring growth promoters however, leads to an increased
chance for complete thermolysis. The synergistic effect of neighbouring growth promoters resulted in
a correlation of wire spacing and growth length, where NWs with small spacing (many growth pro-
moters in the vicinity) exhibited increased growth rates than separate ones. An increased growth rate
was also observed for NWs grown in the proximity of thicker ones, as the larger growth promoter of
the thicker NW also provides the synergistic effect. Nevertheless, such a tremendously enhanced cata-
Iytic effect is limited to growth systems where a relatively stable intermediate can occur during the

precursor thermolysis.

The substrate-based NW growth process via VLS mechanism can be also seen as a deposition experi-
ment using a substrate contaminated with metal particles. Therefore, film growth would be the result,
which is expected at the first view. Actually, axial- (NW-) and lateral (film-) growth are competing
growth modes in metal-assisted growth processes, if the temperature is high enough to facilitate thin
film growth. Whether one or the other growth mode is prevalent depends on the diffusion length.
Process parameters such as temperature, precursor composition or substrate type can directly influence
the diffusion length of the resulting adatoms and with it the dominant growth mode.™ As long as
diffusing species are able to reach the growth promoter, they are going to contribute to axial growth. If
the diffusion length is too small, the atoms will contribute to lateral growth, which results in NWs
exhibiting a broader diameter at the base than at the tip, so-called tapering. The influence of surface
diffusion was investigated for InAs nanowires by lithographically prealigned gold seeds on
InAs(111)B substrates. Jensen et al. could show that up to 80% of the growth was resulting from dif-

fusion of In adatoms on the substrate surface to the growth promoter.®

Kinetic phenomena also play a significant role during the NW nucleation and growth process. Similar
to the nucleation of nanoparticles (the corresponding LaMer model® is discussed in chapter 5.2.2),
the crystallisation of an atomic layer in the NW is kinetically hindered and requires a certain amount
of activation energy. As a result, the precipitation does not immediately occur if the solubility limit,
i.e. the liquidus line, in the phase diagram is reached, which leads to a certain degree of supersatura-
tion in the seed. The achievable degree of supersaturation is depending on the surface free energies of
the involved phases. Therefore, the behaviour of the triple phase boundary (TPB) is eminently impor-
tant. A first kinetic model describing the VLS mechanism had been reported by Givargizov and Shef-
tal.[% 8 They provided also a model to describe essential steps in the gold-seeded growth of Si NWs,

such as the decomposition of precursor molecules at the particle surface, the formation of the Si/Au
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alloy, the diffusion of NW material through the catalyst and the nucleation of the NW at the cata-
lyst/substrate interface.

The opinion that NW growth proceeds in a layer-by-layer fashion, where the nucleation of the next
atomic step is initiated at the TPB emerged relatively early. However, a clear proof could not be given
before in situ transmission electron microscopy (TEM) became available. As such, Hofman et al. con-
clusively demonstrated layer-by-layer growth for Au-seeded Si NWs for the first time in 2008.1%"
They observed the advance of the NW/seed interface via recurring propagation of ledges due to phase
separation. Nevertheless, the nucleation front is not propagated from the TPB, rather from a spot lo-
cated inside the NW/seed interface, which is connected to the TPB via other facets.’® ® Gamalski et
al. observed similar behaviour of the growth front and proposed a model explaining the propagation of
new atom layers at the NW/seed interface as a cyclic process in NW growth® As illustrated in Figure
9, the NW growth cycle begins with the precipitation of Ge preferentially at the TPB, which results in
the formation of a rough facet(A). The emerging facet leads also to an increase of the wetting angle
(®contact) @nd an increasing supersaturation in the NW seed (B). The progressing increase of supersatu-
ration continues until the kinetic barrier for the bilayer formation is reached. At this point (C), the step
nucleation is initiated, which leads to a swift reduction of the supersaturation in the seed. As a result,
the emerging facet at the TPB is partially redissolved in the growth promoter (D). Subsequently, the
next growth cycle begins with the new precipitation of Ge at the TPB (E). Despite to the fact that Ga-
malski et al. proposed this mechanism for single element NWs such as Si or Ge, a similar growth be-

haviour was also observed for compound NWs such as GaAs'®® or sapphire.®
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Figure 9: Behaviour of the TPB during the NW step growth according to Gamalski et al..

The growth of single element nanostructures such as Si or Ge NWs in CVD can be well explained by
the discussed VLS mechanism, where nucleation of the NWSs occurs when the concentration of the
NW atoms exceeds the solubility limit in the growth seed. However, when trying to explain the metal-
assisted growth of compound NWs such as GaAs or InP, the growth and especially the nucleation
cannot be referred to a similar mechanism, since many of them do not form a ternary alloy with the
seed. Additionally, the requirement of multiple precursors as it is the case for many I11/V semiconduc-
tors shows that a typical alloying of both components might not be necessary. Regarding the growth of
14



GaAs for instance, the Ga/Au alloy is known, while a Ga/As alloy is not known to be stable. Neverthe-
less, gold promoted growth of GaAs NWs had been observed.’® Detailed explanation of the growth
mechanism suggests an interaction between the group V species and the Ga/Au compound and a re-
sulting incorporation at elevated temperatures, or a surface diffusion mechanism to the growth inter-
face, where the crystallisation occurs. In summary, the functionality of the growth promoter is highly
depending on the discussed system, albeit it always provides an energetically favourable interface,
where nucleation of the NW is facilitated.

Up to this point, the growth promoter for the metal-assisted growth mechanism was always considered
as a liquid droplet. However, a solid particle can also be a feasible growth seed. The so-called vapour-
solid-solid (VSS) mechanism describes the solid-seeded counterpart to the VLS mechanism and had
been reported for Si®, Gel™, as well as for GaAs™, GaNI! and ZnO®! NWs. Regarding the V/SS
mechanism, a first assumption on the feasibility of a growth promoter can be made from the binary
phase diagram of the seed and NW material. First, adatoms generated by the precursor decomposition
must be capable to diffuse through the solid seed, which is usually ensured, if the binary phase dia-
gram contains a pocket at the metal-rich side, i.e. the NW material has a certain degree of solubility in
the solid seed. Second, the melting point of the seed must be sufficiently high. This aspect becomes
even more important when aiming on NWs with very small diameters, as the Gibbs Thomson effect
tremendously influences the melting point of nanoscaled materials. The VSS mechanism exhibits
some features distinct to the corresponding VLS growth mode. Due to the fact that the transport of
adatoms towards the growth front mostly occurs via solid-state diffusion, VSS growth exhibits signifi-
cantly slower growth rates when being compared to the VLS mechanism.[”™ The reduced growth tem-
perature and the solid-state of the seed inhibit coalescence of the growth promoter, which helps main-
taining narrow diameter distributions.”™ Also the unintentional incorporation of seed material into the

NW might be reduced as the diffusivity and solubility is usually significantly lower in solid state.*

Besides vapour-based growth methods, metal-assisted NW growth can also be conducted in liquid
phase and in supercritical environment. As the VLS and VSS growth mechanisms occur in vapour
phase, solution-liquid-solid (SLS) and the solution-solid-solid (SSS) mechanism have been described
for the liquid phase.®® °! Furthermore, growth strategies in supercritical fluid have been denoted as
supercritical fluid-liquid-solid (SFLS) and supercritical fluid-solid-solid (SFSS) mechanism in litera-
ture. In contrast to vapour-phase approaches, mechanisms based on the liquid-phase do not necessarily
require a substrate. In such a substrate-free growth process, the NW nucleation occurs in a slightly
different manner, as the energetically favourable growth promoter/substrate interface is not available.
In addition, the required supersaturation to initiate NW nucleation is supposed to be different, since
the surface free energy is only determined by the seed/solvent interface. Substrate-free growth meth-
ods usually make use of a growth promoter, which is dispersed in an appropriate solvent. As the su-

persaturation in the growth promoter approaches the kinetic limit for NW nucleation, a small crystal of
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the nanowire material precipitates at the growth promoter generating a so-called heterodimer. This
species already provides a TPB and with it a liquid/solid interface, where further crystallisation of NW
atoms can take place.

Liquid-phase-based methods require an inert solvent, which should have a decomposition point high
enough to withstand thermolysis during NW growth. In the case of supercritical fluid approaches, the
critical point must be well below the achieved pressure and growth temperature. If growth is not con-
ducted on a substrate, the growth promoter must be dispersible in the solvent. In substrate-based
growth processes, the emerging NWs are bonded to the substrate and therefore immobilised. As a re-
sult, coalescence is limited to growth seeds before NW nucleation occurs. In substrate-free methods,
diffusion is significantly more pronounced as the nanostructures are capable to move freely through
the growth environment. To overcome this drawback, surfactants are often added, which form a shell
around the emerging nanostructures and protect them from fusing together. The molecules of the cap-
ping agent can be bonded to the NW- and growth seed and isolate the surface from the environment.
Usually, steric demanding, long chained amines® or thiols®® *® as well as organophosphorous com-
pounds such as trioctylphosphine oxide!™® and polymers like polyvinylpyrrolidone derivatesi*®? have
been reported to provide a feasible stabilisation. The capping function can be also assumed by the
solvent. Besides inhibiting agglomeration during the growth process, the added capping agent also
protects the emerging nanostructures against oxidation due to oxygen. However, capping agents do not
only provide beneficial effects. Considering the fact that capping molecules bond to surface atoms of
the nanostructure, they influence the electron distribution of them. As a greater part of atoms in nano-
scaled objects is located at the structures surface, the surface termination can influence optic and elec-

tronic properties of the material significantly.*%

2.2.7. Seed Formation

Metal-assisted growth processes require stable metal seeds to facilitate nucleation and growth of 1D
nanostructures. As the size of the seed determines the diameter of the emerging NW, control over the
particle size is required. Over the years, a huge variety of synthesis strategies for nanoparticles has
been reported, though the separate synthesis of seeds (the so-called ex situ approach) is not the only
strategy to obtain a feasible NW growth promoter. Over the years, three basic strategies for seed for-
mation have been developed. The approaches as well as their specific features are discussed in the

following chapters:

2.2.7.1. Vapour Deposition

Vapour deposition methods are the most common techniques used to prepare substrates for seeded
NW growth. Physical vapour deposition (PVD)™ as well as CVD™! enable the deposition of high
purity metal onto substrates. As in all non-epitactic coating processes, deposit formation occurs via

island growth mode™®, where the material starts to nucleate at specific sites and subsequently forms a
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closed layer as the islands grow larger. This growth mode is favourable for seed-formation as it pro-
vides separated metal islands. However, also a thin film can be converted into separate islands by a
subsequent annealing step if cohesion forces are larger than the adsorption onto the substrate.!
Therefore, it is required that the deposited film thickness is not too high. The formation of separated
islands is related to the minimisation of the surface energies in the system."® A second phenomenon,
which can be observed during thermal annealing, is that larger particles grow at the expense of smaller
ones. The so-called particle coalescence or Ostwald ripening had been extensively investigated by in
situ TEM experiment and molecular simulations.'” %! Both techniques showed that coalescence also
occurs due to the minimisation of surface energies.**"! Regarding the fact that annealing steps are of-
ten conducted at temperatures below the melting point of the seeds, surface diffusion phenomena are
expected to be the dominant mass transport mechanism in this regime.*? The amount of coalescence
is related to the particle density, where a higher density leads to an enhanced coalescence.***! This
aspect is very important due to the fact that NW diameters are highly depending on the size of the
growth seeds.™™ In conclusion, it can be said that vapour deposition methods enable growth promoter

preparation with the highest purity, albeit its application is limited to substrate-based growth.

2.2.7.2. In Situ Formation

The simplest way to obtain a growth promoter is its production directly in the growth solution. This
strategy does not require additional synthesis steps or equipment, as the formation of the growth pro-
moter as well as NW growth is facilitated in the same process. The in situ method is mainly used for
solvent-based growth processes. Usually, the precursors for growth promoter and NW are mixed with
the solvent and the reaction solution is heated to the desired growth temperature, but also an injection
into the preheated solvent is conceivable. Therefore, the precursor must be soluble in the solvent.
Growth processes making use of the in situ generation for the growth promoter require a defined se-
guence for precursor decomposition. To provide a growth promoter in time, its precursor has to de-
compose before the NW precursor. This requirement can be easily fulfilled when using a precursor
injection method, though in a batch process, the decomposition temperature of the precursor has to be
lower than the decomposition onset of the NW precursor. Additionally, there are requirements regard-
ing the chemistry of the entire process: First of all, the precursors must not react with each other to
yield indecomposable products, even at elevated temperatures. However, a reaction of the precursors
to an “active species” is conceivable and sometimes necessary.'*®® %1 By-products deriving from the

seed precursor decomposition must not react with the NW precursor or influence the growth process.

Another aspect which requires attention is the size control of the emerging structures. Decomposition
of precursor in an inert solvent is equivalent to an uncontrolled growth process. The size of the emerg-
ing particles is merely controlled by precursor concentration and reaction time. To overcome this
drawback, surfactants can be added. In some cases, NW growth with in situ generated growth pro-

moter does not require the addition of surfactants. Thereby, the emerging NW nucleus stabilises the
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growth promoter. The stabilisation is not facilitated in similar manner as surfactants do. The part of the
growth promoter where the NW nucleates is coated with NW material. As a consequence, the active
area where collisions with other seeds could result in coalescence is decreased. Needless to say that
such a stabilisation effect is less pronounced when being compared with surfactants, though it is some-
times sufficient to facilitate controlled growth.

2.2.7.3. Ex Situ Formation

This approach summarizes all methods where the growth promoter is produced via a separate reaction
step, enabling the possibility of choosing the desired nanoparticle synthesis and purification method
without influencing the growth process itself. Usually, nanoparticles are stored as dispersions in an
appropriate solvent. Therefore, they can be used for substrate-based as well as substrate-free growth

processes.

For NW growth on substrates, seeds are usually applied from dispersions via simple coating tech-
niques, such as drop-casting or spin-coating. The achieved seed density as well as the resulting NW
density is governed by the concentration of the applied dispersion. Matching in polarity of solvent and
substrate ensures good wetting behaviour, which is required to facilitate a homogenous particle density
on the substrate. Furthermore, seed agglomerates, which usually emerge during storage of nanoparticle
dispersions must be prevented. Therefore, dispersions are homogenised using an ultrasonic bath or
simple stirring. In the case of substrate-free NW growth processes, the seeds are simply dispersed in
the required solvent, which can be facilitated using solvent exchange methods.

As nanoparticles are usually stabilised using surfactants, it is necessary to consider their influence on
the NW growth process. As growth is usually conducted at higher temperatures, which is favourable
for desorption or degradation of surfactants, partially desorbed or decomposed species can still hinder
the incorporation of adatoms into the seeds. Also, a contamination of the substrate/seed interface can
be induced by the surfactants, which can inhibit or aggravate the crystallisation process. Therefore it is

necessary to choose growth seeds, whose surfactants are easily desorb- or decomposeable.

Since a part of this thesis investigates the growth of Ge NWSs using Ag bipyramids as growth seeds,
the synthesis of Ag nanoparticles should be discussed in the following paragraphs:

Silver Nanoparticles

Silver nanoparticles are among researchers interest for nearly 25 years. A vast amount of applications
gained benefits due to their unique properties, reaching from the application as a conductive material
for solar cells™® or printable electronics™™'” to health care applications in virtue of their anti-microbial
behaviour.® 1 |n addition, surface plasmons can be observed in silver nanostructures, making them

an interesting material for optical applications such as surface enhanced raman scattering. 2% 12!
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Over the years, a huge variety of synthesis methods for silver nanoparticles emerged, reaching form
non-polar to polar solvents. Basically, the components of a typical synthesis procedure are: the sol-
vent, a precursor and a reduction agent, which provide the necessary silver atoms and a capping agent
to prevent excessive growth. To obtain control over the resulting morphologies, a structure directing
agent is necessary, which stabilises a certain type of facets. For silver nanoparticles, the citric acid is
known to stabilise the <111> facets.'? 3 |n contrast to citrate, polyvinylpyrrolidone is a feasible
stabilisation agent for the <100> facets in a silver crystal.!?*

Obtaining shape-control is a demanding challenge; however, the group around Younan Xia at Berke-
ley reported a method for a shape-controlled synthesis of silver nanostructures in a modified polyol
process.™! The polyol process is one of the most common synthesis methods for silver nanoparticles.
Herein, silver nitrate is reduced in 1,2-ethanediol. Polyvinylpyrrolidone acts as capping agent sup-
pressing uncontrolled crystal growth. The nature of the reducing species was identified as glycolalde-
hyde, which is produced by the thermal oxidation of 1,2-ethanediol at reaction temperature. The prod-
uct of a standard polyol process consists of <100> facetted silver nanostructures, mainly cubes,
bipyramides, decahedrons and nanowires. Looking into the crystal structure of the obtained product,
single crystalline, single-twinned and multiple-twinned structures can be identified. Decahedrons for
instance, show a five-fold-twinned structure intersected by five <111> twin planes. They are consid-
ered as the preliminary structure of the observed nanowires, which show a similar cross section.?®!
The observed nanocubes are single-crystalline structures, while bipyramides exhibit a single <111>

twin plane.**"!

Shape control is facilitated by oxidative etching, which is facilitated by the addition of small amounts
of chloride and bromide ions to the reaction solution. In combination with oxygen, the halides facili-
tate the oxidation and dissolution of emerging nuclei containing defects such as twins or stacking
faults. Chloride ions are the stronger etching agent, shifting the product morphology to single crystal-
line structures,™! whereas the addition of bromide ions can result in single twinned morphologies.**”
As a consequence, the polyol process is very sensitive to solvent impurities such as salts. It is well
known that iron ions can suppress the adsorption of bromide and chloride onto silver facets and there-
fore hinder the oxidative etching.'! Therefore, it is necessary to work with high purity chemicals.

Oxidative etching can be enforced by bubbling oxygen through the reaction solution.™*
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Figure 10: Scheme of the reaction mechanism for the silver bipyramid synthesis using polyol
method and oxidative etching.

A reaction scheme for the synthesis of silver bipyramids via the polyol method is illustrated in Figure
10. Due to the fact, that the desired bipyramides contain only one twin plane, they are neither the ki-
netic product, which would be decahedrons or pentagonaly twinned NWSs, nor the thermodynamic
product, i.e. cubes. As a consequence, reduction rate, nucleation and etching rate have to be adjusted
to the point where the growth of single-twinned particles is favourable.™*"! At this point, the etch rate
is too small to dissolve single crystalline particles, which means a certain contamination of the final

product with nanocubes cannot be excluded.
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3. Germanium

Germanium, the third element in the group of tetrels has been discovered by the German chemist
Clemens Winkler in 1886.1*2 Similar to silicon, it crystallises preferentially in a cubic diamond lat-
tice, but also a hexagonal allotrope exhibiting different electronic and optic properties has been pre-
dicted.™® Bulk germanium shows intrinsic semiconducting properties with an indirect bandgap of
0.67 eV™*¥ and a direct bandgap of 0.8 eV!***] at room temperature. It was used for the first semicon-
ducting electronic devices such as diodes or transistors, before being replaced by silicon, which is the
most prevalent material in today’s electronic industry. Nevertheless, the upcoming demand for new
materials with enhanced properties makes Ge interesting again. The larger exciton bohr radius
(24.3 nm)™**! facilitates quantum confinement in much larger structures, when being compared with Si
(4.9 nm)™" and enables a direct influence on the materials band structure by adjusting the crystal

size.®® Additionally, the high intrinsic carrier mobility™® and density**"

promises faster switching
in high-frequency applications and the usage in components for power electronics. Furthermore, it
shows a good compatibility with 111/ compound semiconductors such as GaAs™*! and high dielectric
constant materials. Up to the present day, several research groups have reported the synthesis of elon-
gated Ge nanostructures such as rods and wires exhibiting polycrystalline as well as single crystalline

features. An overview over synthesis methods published is given in the following chapter.

3.1. Germanium Nanowire Growth

Vapour transport growth techniques enable an easy, scalable way to produce Ge NWs. They differ
from CVD techniques as they usually do not include a chemical reaction step at the substrate, hence
germanium powder or germanium oxide/graphite mixtures are used as source material.*? However,
oxide-assisted growth methods constitute an exception, since adatoms are obtained from the decompo-
sition of a gaseous germanium suboxide. NW growth via vapour transport processes can be achieved
seed-mediated*¥! using Au, Ag, In, Cu or Ni as well as via self-seeded growth processes on Si, silicon
oxide or Ge substrates.™**! Basically, the source material is evaporated by simply adding thermal en-
ergy. Gaseous Ge atoms are then transported to the substrate, which is usually held at lower tempera-
tures. This growth technique leads to crystalline NWs surrounded by a 1-3 nm thick amorphous oxide
shell.™**) When using pure GeO, powders as source material, a slightly different growth mechanism
occurs. GeO sublimates from the GeO, source and is transported to a substrate, which must contain
gold seeds as growth promoter. As germanium oxide approaches the substrate, oxygen atoms are re-
jected, predominantly at the surface of the gold-rich seeds, yielding in elemental Ge which is subse-
quently alloyed for growth via VLS mechanism. The obtained NWs are single crystalline and show
excellent structural and electric properties.*® Self-seeded growth of Ge NWs on Si substrates has
been reported by Li et al.** Either amorphous, poly- or single crystalline NW structures could be

obtained by controlling the evaporation rate and adjusting the substrate temperature between room
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temperature and 330°C. A subsequent rapid thermal annealing step under nitrogen atmosphere could
further alter the NW morphology and crystallinity.'**! Furthermore, the oxide shell can be removed
from the NWs by treating the product with HBr.!*4

Vapour transport growth becomes more controllable when using laser ablation to vaporise the source
material. Morales et al. reported the controlled growth of Si and Ge NWs with diameters ranging from
6 to 20 nm and 3 to 9 nm respectively, by using this growth technique.™" They used a pulsed, fre-
guency-doubled Nd-yttrium-aluminium garnet laser (wavelength: 532 nm) to ablate atoms from a
Feo.1Gep target inside a tube furnace. The vaporised Fe and Ge species condensate during cooling and
form supersaturated clusters, which subsequently grow into pure Ge NWs via the VLS mechanism.
Growth ceases as the NWs pass out the hot zone of the tube furnace. Analysis of the obtained product
showed crystalline Ge NWs growing in <111> direction with a tip containing FeGe,, which was ex-
pected due to the binary phase diagram of Ge and Fe. HRTEM analysis also exhibited twining along
the <111> plane for Ge NWs, which was not observed for the Si structures. The reported method con-
stitutes an exception as it is a vapour-based process, which does not require a substrate.

Mixtures containing pure Ge and germanium oxide have been reported to be also feasible for laser
ablation growth of Ge NWs without using a metal growth promoter.'®® Obtained NWs exhibited a core
shell structure, containing a pure Ge core and a germanium oxide shell. Also the growth direction dif-
fers, as the core wire shows growth in <211> direction with <111> facets on the core/shell interface.
During further investigation of the growth process, it was shown that the presence of germanium oxide
in the laser target was mandatory for 1D growth. Despite to the lack of a metal seed, growth could not
occur via the VLS mechanism. On basis of these findings, an oxide-assisted growth mechanism had

been proposed, which is discussed in chapter 2.2.5.

Despite the variety of vapour transport growth processes, the most popular synthesis strategy for Ge
NWs is based on CVD. CVD processes enable the usage of a wide variety of Ge sources. Decomposi-
tion temperatures of these compounds enable growth processes conducted at much lower temperatures.
To obtain sufficient control, Ge NW growth via CVD is usually facilitated via seed-mediated growth
processes, using either a liquid or solid growth promoter. Depending on the phase of the growth pro-
moter, NW growth occurs via the VLS or VSS mechanism. Basically, growth seeds can be classified

by their binary phase diagram with germanium:™*®!

A-type  Eutectic with more than 1 % Ge concentration. No germanide phases.
B-type  Eutectic with less than 1 % Ge concentration. No germanide phases.

C-type  Germanide phases present in the binary phase diagram.

Figure 11 illustrates the periodic table of elements with A-type seeds coloured in red, B-type seeds

green and C-type seeds grey. All three seed types are feasible to promote the NW growth process, as
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long as the corresponding binary phase diagram contains a non-horizontal phase boundary. In the case
of VLS, this is usually maintained by a v-shaped liquidus curve, whereas in solid-seeded growth mode
a limited solubility of Ge in the seed material must be given.

Si

1 o o
B o
. 1 o

Figure 11: Periodic table of elements with potential growth promoters for Ge NWs classified by
their phase diagrams. Redrawn in the style of reference %,

Similar to Si NWs, Au is the most frequently used seed to promote Ge NW growth. The binary phase
diagram of the Au-Ge system!™” (depicted in Figure 12) reveals the typical feature of an A-type

growth promoter with an eutectic point at 360 °C and ~28 % Ge concentration.
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Figure 12: The binary phase diagram of the Au-C[Be ]system reprinted with permission from ref-
150
erence"”.

Due to the fact that Ge precursors such as germane already decompose at lower temperatures, Au-
promoted growth can also occur in the subeutectic regime.™ The phase of the growth promoter and
the resulting growth mechanism during subeutectic growth have been extensively studied. On one
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hand, melting point depression due to the Gibbs Thomson effect leads to a melting temperature de-
crease and therefore to VLS growth occurring below the eutectic temperature.**! On the other hand,
liquid seeded growth had been also observed at ~50 °C below the eutectic point. This temperature is
too low to result from melting point depression due to nanoscopic effects. Particular investigation of
the process conditions led to the conclusion that the phase of the growth promoter is influenced by the
growth pressure, its thermal history,™ as well as by species trapped at the promoters surface.!**? %3
Especially the thermal history of the growth promoter is an important feature, as growth of high qual-
ity Ge NWs can be facilitated via a two-step growth process.">****! In the first step, the NW nucleation
is initiated at higher temperature, which improves the yield of the nucleation process and ensures a
proper NW orientation if an epitaxial growth is targeted." *** The subsequent elongation is facili-
tated at lower temperature, as the enhanced precursor decomposition during nucleation would lead to

tapering.!***

The popularity of gold as growth promoter poses the question why this metal is so extensively used?”
The first advantage of gold is related to practical reasons, as gold is one of the standard materials in
electronic industry and therefore widely available. The coating of a thin gold layer onto electric con-
tacts is a basic procedure and poses no major obstacle in this field. Furthermore, Au nanoparticles with
sizes ranging from 2 to several 100 nm are commercially available. The high chemical stability of gold
makes handling easy, as the growth promoter does not oxidise under ambient conditions. Also techni-
cal requirements for the growth process are lowered, especially regarding the maximum oxygen back-
ground pressure. Gold is also non-toxic and therefore no safety hazard. Besides practical reasons, the
binary phase diagram of the Au-Ge system also exhibits features, which are beneficial for the usage of
gold: First, the low vapour pressure of gold prevents loss of growth promoter during NW growth, even
under low pressure conditions.® Second, the relative high concentration of Ge in the eutectic indi-
cates that the energetic cost for dissolving Ge atoms in Au is rather low. Also the energetic cost to
achieve supersaturation seems to be relatively low (indicated by the low slope of the liquidus line).
Concluding from this, the precursor pressure which is necessary to achieve a supersaturated state for
NW growth must be low as well. However, the high Ge concentration in the eutectics of gold and
other A-type seeds can be also a drawback, when aiming on the synthesis of axial NW heterostruc-
tures. The high solubility of NW atoms in the growth seed results in a so-called tailing effect, which
describes the formation of a NW segment where the NW composition changes continuously from A to
B, instead of a sharp interface. Another serious disadvantage which emerges from Au seeds is the in-
compatibility of gold with current semiconductor production standards. During the metal-assisted
growth process, atoms of the seed can be incorporated into the NW material.'*"! As a result, the NW is
doped by the growth promoter. Gold is known to induce recombination centres into Ge, degrading its
semiconducting properties.'®® Additionally, the high chemical stability and low vapour pressure of
gold make a post-growth purification difficult. Therefore, huge efforts had been made to minimise

seed material.
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As discussed in chapter 2.2.6, one attempt to minimise the incorporation of growth promoter into the
NW matrix is to apply a solid-seeded mechanism, i.e. VSS growth. Usually, VSS growth is carried out
at lower temperatures. As a result, the diffusivity of atoms as well as the solid solubility is signifi-
cantly decreased, which results in less incorporation of seed material. A second attempt is to simply
replace gold by another growth promoter, which does not influence the electronic properties. Over the
years, a huge variety of different growth promoters have been reported, ranging from pure elements to
alloys. A summary of the reported growth promoters is given in the following:

Table 1:Growth promoters for Ge NW growth reported in literature.

Ag [149] Col15Y [r159] gpl160] AgAu [161]
AJl262] Cylis3] Mniel gpl164] AlAyLes!
Ay Feltee] Njl67] Fept[159

Bil16e] [y[L69] Pp!L70] MnPt,[15°]

Growth of Ge NWs can be also conducted in liquid media, enabling a highly flexible growth strategy
regarding the process parameters.*™" Similar to CVD-based approaches, metal-assisted growth is the
most popular growth strategy for liquid-based growth processes, but also self-seeded growth™"#*™ has
been reported. Growth is usually carried out in organic solvents, exhibiting a high boiling point, such
as squalane™™, 1-octadecene™™™® or trioctylphosphine!®. Furthermore, growth processes making use
of supercritical conditions captured researchers’ interests. The pressurised environment enabled the
usage of simple solvents such as pentane!””, cyclohexane!’” or toluene™*. Even growth in SC car-
bon dioxide had been conducted."" Due to the fact that processes making use of SCFs require a high
pressure, these synthesis methods are carried out in stainless steel or titanium vessels. While the intro-
duction of precursor can be easily facilitated via manual syringe injection at ambient pressures, SCF
methods require a high-pressure injection equipment such as a HPLC pump. Nevertheless, solvent-
based Ge NW synthesis can be also carried out in a closed system, i.e. the reaction solution including
precursors and growth promoter is completely prepared and the growth process is initiated by heating.
The liquid environment enables NW growth localised on substrates™™®! as well as in a colloidal man-
ner™™!, where the growth promoter is dispersed in the solvent. Especially latter mentioned enables the
usage of a growth promoter, which is generated in situ before NW growth.™% 18! Therefore, seed as

well as NW synthesis can be conducted with minimal effort in a one-step process.

A special growth technique which makes also use of a high boiling point solvent is the so-called sol-
vent vapour growth. In this substrate-based approach NW growth is conducted in the vapour phase of
a high boiling point solvent, which enables an extension of the temperature window of solvent-based
methods. Using the solvent vapour growth approach, Ge NWs!*®¥! as well as elongated Ge/Si het-

erostructures™®” were grown using tin seeds’® as well as via a self-induced growth mechanism on

25



copper substrates!®®. Another growth approach, which makes use of a similar process, has been re-
ported by Mullane et al.'® They describe the growth of Ge NWs via a simple thermolysis reaction by
dropping a precursor solution onto a heated substrate. The process reported appears to be a hybrid
between a solution and vapour-based growth strategy.

Another special strategy to obtain elongated Ge structures in a solution-based, metal-assisted process
is growth via the so-called electrochemical liquid-liquid-solid (ecLLS) mechanism. The special attrib-
ute of the ecLLS mechanism is that adatoms are not supplied via thermal decomposition of a molecu-
lar precursor species, rather than by the electrochemical reduction of Ge* ions in agqueous medium,
which derive from dissolved GeO,."® A potential more negative than 1.6 VV vs Ag/AgCl enables the
reduction of Ge ions according to eq. (1)!***]

HGeO3 (aq) + 4e~ + H,0 — Ge(s) + 50H™ )
The Ge atoms diffuse on the substrate and dissolve in the liquid growth promoter, which is deposited
on the substrates. Due to the agueous media conditions, the growth temperature is limited to 100 °C.
This aspect affects also the number of available growth promoters. As a result, growth had only been
reported by Hg"®!, Ga-1*® as well as InGa alloy*®®! seeds which exhibit liquid state in this tempera-
ture regime. Unfortunately, the reported structures were rather on the micrometer scale and suffered
from a high degree of seed material incorporation. Furthermore, diffusion effects appeared to hinder
the growth of structure with very high aspect ratio, as wires grown from Ga exhibited strong tapering

as well as kink formation after a defined length.™®!

The process parameter which has only been little discussed until now is the Ge precursor. Basically
the precursor must be capable of providing Ge atoms via its decomposition. Furthermore, by-products
which derive from the decomposition reaction should be easily to remove from the growth environ-
ment. Therefore, decomposition by-products should be volatile for vapour-based approaches or solu-
ble, if growth is conducted in a liquid medium. As mentioned before, processes based on vapour
transport growth do not involve a chemical reaction at the substrate (oxygen-assisted growth ex-
cluded). Therefore, source material is limited to pure germanium and germanium oxide which is re-

duced by carbon.

For Ge NWs, obtained via CVD, the precursor variety is much wider. First experiments were con-
ducted using GeCl,, which was evaporated in the presence of hydrogen gas. The germanium halide
was reduced at the heated substrate, leading to pure Ge and HCI. Over the years, simple germanes
such as mono- (GeH,)™®" 18 di- (Ge,Hq)™ and trigermane (GesHs)™™ have become very popular
precursors. Due to their gaseous nature at ambient temperature, they can be easily supplied as gas mix-
tures with hydrogen gas. As the Ge-H bond is rather labile, it can be easily decomposed via thermoly-
sis, leading to pure Ge deposits. Nevertheless, due to their pyrophoric nature and sensitivity towards

oxygen, stringend air-free handling and extended protective equipment is necessary. Therefore, less
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reactive germanes such as diphenyle germane (DPG) or tert. butyl germane (tBG) can be used. These
compounds are liquids at ambient conditions, but exhibit a significant vapour pressure, hence they can
be used for solution-based methods™*™ " as well as for LPCVD processes™® *™. Another precursor,
which is feasible for Ge NW growth via LPCVD is dicyclopentadienyl germanium. However, the
thermal decomposition of the cyclopentadienyl ring is more difficult, which leads to a significant con-
tamination of the NW surface.!*®!

Besides germanes also germanium amide precursors are feasible for solution-based growth methods.
Especially bis,bis hexamethyldisiliazane germanium (11) is frequently used for the growth of Ge
NWs™®Y as well as nanoparticles™? in amine solvents. However, the species which ultimately pro-
vides the Ge atoms from the decomposition step is more likely a Ge amido-/imido-cuban species,
which emerges from aminolysis due to the solvent.'*!

3.2. Defect Transfer

Planar defects, such as twin boundaries or stacking faults are often observed in 1l1-V and group IV
NWs."% However, control over the formation of such defects is still challenging and mainly obtained
for 111-V NWs.[* 21 For Ge NWs, twin boundaries can be introduced intentionally, when using solid
silver seeds as growth promoter.™® During NW growth, the crystal/defect structure of the seed acts as
template, transferring its lattice information to the emerging NW. During the layer-by-layer growth
process, the introduction of a new step occurs in heteroepitaxial manner. In a first assumption, the

growth seed must meet four major requirements to facilitate the defect transfer:

e Structure and lattice constant must be similar to the NW material, to enable heteroepi-
tactic growth.

e The absence of germanide phases, as its formation could lead to major changes in the
crystal structure.

e Solid solubility of NW material to ensure solid-seeded growth.

e High melting point to prevent liquid-seeded growth and recrystallisation.

Regarding the aforementioned requirements, silver and aluminium appear to be feasible seeds. How-
ever, due to the high energy required to form twins, aluminium was not pursued. In the reported pro-
cedure, Ag seeds were obtained from fusing small silver particles at ~400 °C."® This approach led to
the formation of multiple twinned silver particles, exhibiting an irregular twin structure. NW growth
has subsequently been conducted in supercritical toluene as well as via hot-wall CVD at ~400 °C
growth temperature (eutectic temperature of the Ag-Ge system: 640 °C*")). The temperature was
sufficiently high to ensure the decomposition of the Ge precursor DPG as well as the growth of
straight NWs. In addition, growth conditions did not induce a modification of the seeds crystal struc-
ture, for instance by recrystallisation. TEM investigation exhibited a large number of NWs with <111>

twin planes along the entire NW length. A large fraction of NWs with <111> twins grow in <112>
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direction, which is usually only an inferior growth direction for Au- and Ni-seeded Ge NWs in the
observed diameter range."® ***! TEM micrographs of the NW tips, exhibited that the twin structure of
the Ag seed had been transferred to the NW. However, fast fourier transformation (FFT) pattern re-
vealed a minor offset (~2.9°) of the orientation of the Ag seed, which was attributed to strain due to
lattice mismatch. The article reported by Barth et al. is the first publication describing a defect transfer
from growth promoter to NW.%1 However, the reported method suffers from a lack of control over
the defect density, as the crystal structure of the seeds could not be controlled.

A follow-up article described the manipulation of the defect density by using bimetallic seeds.™® The
influence on the defect density was attributed to different stacking fault and twinning energies, which
could be adjusted by tuning the Ag and Au content of the growth promoter. Nevertheless, an absolute
control could not be achieved via this method. Regarding the defect transfer mechanism, an absolute
control over the NW crystal structure can only be achieved, if the crystal structure of the growth pro-
moter is entirely under control. Therefore, a nanoparticle synthesis with sophisticated morphology
control is necessary. Such an approach is for instance the so-called polyol method (discussed in detail
in chapter 2.2.7.3), which enables the synthesis of Ag nanoparticles with controlled shapes and struc-

tures. 2%l

3.3. Doping of Germanium

The application of germanium in electronic devices requires the modification of its band structure.
Germanium itself already shows semiconducting properties and is therefore called an intrinsic (pure)
semiconductor. However, only by adjusting the electronic structure, the formation of interfaces such as
pn-junctions can be facilitated, which is mandatory for electronic devices such as diodes or transistors.
The modification of the materials band structure can be facilitated via the incorporation of foreign
atoms which is called doping. A semiconductor, which has been doped to alter its electronic properties
is called extrinsic semiconductor. In general, two types of doping —called p- and n-doping, are interest-

ing for electronic devices and therefore most common.

As illustrated in Figure 13, P-doping is achieved, if an element with less valence electrons than the
host element is introduced into the semiconductor lattice. For Ge, which exhibits four valence elec-
trons, elements of group 111 such as boron or aluminium can be incorporated to achieve p-doping. In
industrial applications, Ga emerged as standard p-dopant for Ge wafers.’?? Incorporation results in a
missing bond, which can be seen as a positively charged hole or electron acceptor state. These holes
are capable to move through the semiconductor lattice by attracting electrons of other bonds. Regard-
ing the band structure of the material, the introduced hole is related to an acceptor state, which is lo-

cated slightly above the valence band.

N-doping in contrast, is achieved by incorporating atoms with more valence electrons into the semi-

conductor lattice. For germanium this can be achieved by elements of the group V, i.e. phosphorus,
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arsenic and antimony. In industry, phosphorous as well as antimony emerged as standard n-dopants for
Ge wafers.™ The incorporation results in valence electrons, which are not required for binding.
Thermal energy at room temperature is sufficient to liberate the electron from its core. As a result, the
electron is capable to move freely through the lattice and carry current. Regarding the materials band
structure, n-doping results in the introduction of donor states, slightly below the conduction band,
which is also illustrated in Figure 13.
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Figure 13: Illustrations of an intrinsic, p-doped and n-doped germanium crystal segment and the
corresponding representation of energy bands (VB=valence band, CB=conduction band).

Donor- or acceptor states located near the band edges are also called shallow-level states. They are
called shallow, as thermal energy (KT) is sufficient to remove electrons or holes from this state into the
valence or conduction band. These states are favoured in electronics as they enable shifting of the band
edges. Deep-level states, often called trap states, in contrast, are undesirable states in electronics. They
are located further away from the band edges, so that thermal energy is no longer sufficient to remove
charge carriers from these states. Due to their location, they offer an alternative state for free charge
carriers and can act as recombination centres and therefore interfere with the operation of transistors or
optoelectronic devices. Elements, which generate deep level states in Ge are usually transition metals

such as gold, silver or nickel.!**®!

In intrinsic Ge, the number of electrons and holes is equal. Incorporation of a dopant leads to a change
in the number of electrons or holes and thus introduces charge carriers. An increase of charge carriers
also leads to an increase in conductivity. Therefore, wafers are often characterised by their sheet resis-

tance, rather than by doping levels. In general, dopant concentrations depend on the application, but
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are usually in the range of 10" to 10%* cm™. Ge substrates for epitaxial growth of GaAs as solar cells

for instance, require a high conductivity and are therefore highly doped 10"-10*%¢m.12%4

In general, there are three approaches to facilitate the introduction of dopants into Ge. The simplest
method is to add the dopant into the melt before crystal growth. During the subsequent growth proc-
ess, the emerging crystal obtains a homogenous dopant distribution.”® This technique is favoured for
substrate production, albeit it is not feasible to produce predefined areas with different dopant concen-

trations, as it is required for electronic components.

The second approach is based on thermally activated diffusion processes, where the substrate is
brought into contact with the dopant at elevated temperatures.?® This can be achieved via annealing
in an atmosphere containing dopant atoms in the vapour phase, or by a coating containing the dopant
and a subsequent thermal treatment. Dopant concentration as well as its penetration depth can be con-

trolled via temperature and exposure time.?%!

The most versatile, and dominant method to introduce a dopant is ion implantation.?®® 21 In this ap-
proach the substrate is exposed to a bombardment of accelerated ions. Due to their high Kinetic energy,
the ions enter the crystal lattice where they get stuck by collisions with atoms or electronic interac-
tions. As a result, the impurity atoms are mostly located on interstitials. In a subsequent thermal treat-
ment, the implanted atoms move towards lattice sites and induce the discussed shifts in the materials
band structure. Impurity distribution as well as concentration can be well controlled via kinetic energy
and dose, respectively. However, the method has one major drawback. The ion bombardment causes
the introduction of a sizeable amount of energy, which can cause major damage to the crystal lattice,
ranging from sputtering of atoms over crystallographic damage to amorphisation of the material.l**
Some amount of the introduced damage can be cured by the thermal treatment, though a number of

defects remains in the material.

Thermally activated diffusion as well as ion implantation techniques can be combined with litho-
graphic techniques to achieve area-selective doping, which is required for electronic devices. Both

doping techniques are used in today’s semiconductor industry.
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4. Motivation and Aim of the Thesis

Metal-assisted growth is a popular synthesis strategy for Ge NWs. Up to the present day, growth via a
vast variety of metals had been demonstrated, each exhibiting its distinct features. However, Ge NW
growth via lead seeds has not been demonstrated before. Therefore, procedures using liquid as well as
solid lead seeds should be developed. Furthermore, the obtained materials should be characterised by

various electron microscopy techniques as well as x-ray diffraction.

Gallium is also a potential growth promoter for Ge NWs. The metal exhibits interesting features, such
as the low eutectic temperature in the Ge-Ga system, which theoretically enables liquid-seeded NW
growth at body temperature. Moreover, Ga is a popular dopant for Ge, hence seed material incorpora-
tion potentially causes a p-doping effect on the material. Despite to these beneficial effects, Ga-
assisted growth remained rather unexplored. In consequence, the development of synthesis procedures
for Ga-seeded Ge NWs at temperatures below 200 °C was targeted. Furthermore, a potential incorpo-
ration of seed material in the NW matrix as well as its impact on the electrical properties, should be
investigated, using elemental mappings and electrical measurements of single NWs.

In the third part of the thesis, the controlled transfer of a silver seeds crystal structure to a Ge NW dur-
ing metal-assisted growth should be investigated. The procedure which has already been reported,
suffers from a lack of control, as the applied seeds exhibited random defect structures. To obtain a
growth promoter with a defined defect structure, the synthesis of single twinned silver bipyramids via
the polyol method is targeted. In further consequence, the obtained nanoparticles should be used to
promote the solid-seeded growth of Ge NWs via supercritical fluid as well and CVD techniques.
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5. Results and Discussion

5.1. Lead-supported Growth

Comparing the binary phase diagrams of group 1V elements and Ge reveals for Si that a growth of Ge
NWs via Si seeds is not possible, as Si and Ge are completely miscible.?® The addition of Ge atoms
to a Si seed would only lead to the formation of a SiGe alloy, while no nucleation of a NW occurs.
Regarding the binary phase diagram of Ge and its heavier homologue tin, a simple eutectic is present
containing 99.7 % tin. Therefore, tin is denoted as B-type growth promoter according to Schmidt et
al.™*¥. Tin-seeded Ge NWs have been reported to grow via solvent-vapour-growtht*™, via CVD™*¥ as
well as in solution!®® % 2% 212 ‘However, the low eutectic temperature of 231.9 °C#**! makes growth
via solid seeds difficult, as only a limited number of Ge precursors exhibits feasible decomposition
rates in this temperature regime. The binary phase diagram of Ge and Pb (illustrated in Figure 14) in
contrast, exhibits a significant higher eutectic temperature (T,=327.5 °C)**! which could enable
solid-seeding for a wider precursor variety.
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Figure 14: Ge-Pb binary phase diagram. Reprinted with permission from reference®',

As the binary phase diagram exhibits no germanide phases and the eutectic contains only 0.07 % Ge,

Pb can be also classified as type B growth promoter.!'® Therefore, only a negligible reservoir

effect™®! can be expected, which makes Sn as well as Pb promising seeds for axial NW heterostruc-

tures with sharp interfaces. The reservoir effect describes the continuous transition in composition

between two NW segments of axial heterostructures, which is facilitated by the solubility of NW ada-

toms atoms in the growth promoter. In more detail, adatoms for the previous segment, which had been
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already dissolved in the growth promoter, are incorporated, when growth of the next segment is initi-
ated. As a consequence, the composition of the next NW layers consists decreasing amounts of the
previous segments material. To keep the transition regions almost atomically abrupt , the concentra-
tion of NW material in the seeds must be as low as possible.

Another considerable feature of the Ge-Pb system is the immiscibility of Pb in solid Ge. The binary
phase diagram of Ge and Pb exhibits no solid solution at the Ge-rich site. Therefore, the incorporation
of seed atoms into the NW matrix during growth can be excluded, as long as growth is conducted un-
der thermodynamic conditions, which is required, since phase diagrams are only valid under these
conditions. In contrast to gold, incorporation of Pb atoms into Ge NWs would not result in the forma-
tion of deep-level trap states in the materials band structure.”*® Those trap states are unfavourable, as
they significantly alter the electronic properties of the NW.#® Incorporation of group IV metals in
contrast, results in an asymmetric decrease of the bandgap.™*?'*! The direct bandgap decreases faster
than the corresponding indirect bandgap, which could lead to a transformation to a direct bandgap
material. As direct band gap semiconductors are favoured for opto-electronic applications, these group
14 alloys have gained high interest over the last years. Despite to the beneficial effects mentioned,
literature concerning Pb-assisted growth of Ge NWs is limited to the result published from this

thesis™*® and a second article, describing the usage of Pb-seeded Ge NWs in lithium ion batteries?’!,

5.1.1. Growth via Liquid Seeds

Pb growth seeds were obtained from photolytic decomposition of Pb(HMDS), in clear glass vials.
Over a period of 14 days, a grey precipitate emerged in the glass vial, which could be isolated via mul-

tiple centrifugation and redispersion steps.

Ge NW growth was conducted via LP CVD using hot-wall and cold-wall setups, as well as in super-
critical toluene at ~290-320 bar pressure. Diphenyl germane was used as Ge source, which was often
reported to be used for NWs grown in solution™® 7> 8 sypercritical solvent™*** % as well as in va-
pour phase® 2?21 DPG is known to decompose at elevated pressures via a phenyl redistribution
mechanism, where monogermane is formed as an intermediate species.*’”™ As such a redistribution
reaction requires multiple collisions, which are maintained due to the short mean free path lengths at
elevated pressures, the mechanism is rather unlikely for low pressure growth processes such as in the
applied CVD method. Therefore, a simple thermal cleavage of the Ge-C and Ge-H bonds similar to the
decomposition of alkyl germanes such as methyl-??! and ethyl germane®* is more likely. According
to this reaction scheme, the thermal decomposition of DPG leads to pure germanium and an organic

by-product, most likely benzene.

Growth in the SCF led to the formation of NWs over a wide range of process parameters (precursor

amount, temperature, and duration), albeit growth via CVD was more sensitive. This aspect was re-

lated to the lower precursor concentration achieved in the gas phase of the LPCVD process. An effi-
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cient NW nucleation in CVD required a higher precursor concentration as it could be obtained from
evaporation in a dynamic vacuum of 6-10 mbar at room-temperature. Therefore, the precursor tem-
perature had been maintained at 35 °C using a water bath. Cold-wall experiments in contrast, which
were conducted under a vacuum <10”mbar did not show the formation of any NWs, even at 50 °C
precursor temperature. Samples obtained from successful growth reactions showed brown precipitates
on top of the substrates.

Figure 15: SEM image of Ge NWs grown via SFLS(a) and VLS(b) growth.

Figure 15 illustrates a typical SEM image of NWs obtained from the supercritical- and vapour-phase
growth process. Both samples showed similar straight NWSs, thus products obtained from the solution-
based process exhibited a significant higher NW density than samples obtained from CVD. This as-
pect was attributed to seed deactivation due to partial oxidation of the Pb particles. While the handling
of growth substrates could be maintained under exclusive inert condition in the case of the SF process,
the substrates in the CVD process must be transferred into the reaction chamber under ambient condi-

tions.

Figure 16: HRTEM images and corresponding FFTs of Ge NWs grown in SCF(a) and in vapour
phase(b).
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As shown in Figure 16, TEM investigation of the Pb-seeded NWs showed highly crystalline NWs with
NW diameters in the range of 10-20 nm. Fast fourier transformation pattern exhibit that the majority
of NWs (>90 %) grew along the <011> growth axis, which is common for group 14 NWs with diame-
ters below 20 nm.[*™* 225! However, a small fraction of NWs showed a <111> growth axis.

Figure 17: STEM EDX mapping of a Ge NW. The Scale bars are 50 nm.

In order to investigate the elemental distribution in the obtained NWSs, scanning transmission electron
microscopy-energy dispersive x-ray (STEM-EDX) mapping of a single NW had been carried out. As
shown in Figure 17, the Pb signal was exclusively located to the NW tips, while in the NW bodies the
signal dropped below the quantification limit of the measurement. Regarding the covalent radii of Ge
(120 pm)¥?*® and Pb (146 pm)®®!, the large mismatch of 26 pm would lead to a tremendous strain in
the crystal lattice, if Pb atoms are incorporated into the Ge matrix. The formation of such a metastable
phase cannot be explained via phase diagrams and require kinetically controlled low-temperature
growth processes,’??”) similar to the growth of GeSn-alloys. [ 18- 210- 282301 Aqdressing the incorpora-
tion of Pb into Ge, only a recently published article is known, which describes the incorporation of
maximum 0.2 % Pb into crystalline Ge thin films via pulsed laser epitaxy.®" Regarding the growth
conditions of the obtained Pb-seeded NWs, a kinetic process control can be excluded, as growth tem-
peratures were ~150 °C to high. However, a Pb-doping, therefore the incorporation of trace amounts
of Pb cannot be completely excluded, as detection limit for STEM-EDX (~0.5 %) is out of range for

very low concentrations.

5.1.2. Growth via Solid Seeds

As the eutectic temperature of the Pb-Ge system is 327.5 °C, growth via solid seeds must be realised at
temperatures significantly below this temperature. For the obtained nanostructure sizes, melting point
depression due to the Gibbs Thomson effect can be nearly neglected (~20°C for 10 nm Pb

particles).!”*? Based on a temperature of 300 °C necessary to maintain growth via solid seeds, the de-
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composition temperature for DPG is already at the lower edge. Additionally, the critical temperature
of toluene is 320 °C?*¥!, thus growth would no longer proceed in supercritical environment. To over-
come these obstacles and maintain a feasible precursor decomposition under SC conditions, the Ge
source had been changed to Ge(HMDS), and n-hexane (T¢=234 °C )***was chosen as alternative sol-
vent. Ge(HMDS), is a known precursor for Ge nanostructures grown at lower temperatures, 8 235 23
Additionally, Pb seeds had been generated in situ from the decomposition of Pb(HMDS),. With these
modifications, it was possible to obtain NWs at growth temperatures as low as 250 °C, which is

~80 °C below the eutectic temperature.

Figure 18: SEM image of Pb-seeded Ge NWs grown at 250 °C in solution.

Figure 18 illustrates a SEM micrograph of the product obtained from the low temperature growth
process. The substrates showed a much lower NW density and significant more kinking compared to

the NWs grown at higher temperatures.

The TEM micrograph in Figure 19 shows a growth seed of a NW grown via SFLS mechanism. It ex-
hibits a nearly perfect spherical shape, which is common for NWs grown from liquid growth promot-
ers. In contrast to this, tips of NWs grown via the SFSS mechanism showed facetted morphology. The
possibility to grow Ge NWs via solid as well as liquid seeds using the same growth promoter had al-
ready been reported for gold nanoparticles via simple temperature reduction during growth and obser-

vation in situ TEM experiments.!”™

36



Figure 19: Comparison of Ge NW tips grown via SFLS and SFSS mechanism.

Additionally the growth on Pb foil as alternative growth substrates had been investigated. Therefore a
Pb foil was placed into the reaction cell instead of the Si substrate. In this experiment, no growth seeds
or lead precursor was added. Figure 20 shows NWs grown from bulk substrates at 320 °C which is
close to the eutectic temperature. These NWs exhibited also a spherical seeds located on the NW tips.

Therefore it can be concluded that NW growth did also occur via a seeded mechanism.

Figure 20: SEM micrograph of Ge NWs grown on a Pb foil at 320 °C. Orange circles mark
spherical Pb droplets on NW tips

Such a self-induced growth mechanism had been demonstrated by various groups. Mathur et al. inves-
tigated such a growth mechanism on Fe substrates and proposed the formation of an intermetallic nu-
clei.® Similar findings were reported by Geaney et al., who observed CuGe in the Ge NW seeds as
well as on the Cu foil they used as substrate.™® Also for Si NWs, growth from bulk metals had been
reported and seed formation was most commonly attributed to the formation of intermetallic phases as

nuclei.[?”
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Figure 21: Scheme of the proposed seed formation mechanism by D¥inek et al..”*®

Regarding the Pb-Ge system the formation of intermetallic nuclei as growth promoter can be excluded
as there are no germanide phases existing in the binary phase diagram. Anyway, NW growth had oc-
curred via a seeded mechanism, as NW tips exhibited Pb particles. A seed-formation mechanism for
Ge-NWs grown from bulk metals which do not form intermetallic phases at growth conditions, had
been reported by Diinek et al..'”®® As shown in Figure 21, Ge adatoms are adsorbed at the bare sub-
strate, thus a slight mobility remains until the atoms stick to a specific site. The density of such stick-
ing sites on the substrate must be relatively low, as a too high number of sites would lead to thin film
growth. The nature of the sticking site is still unknown. Dfinek et al. propose that it can be a defect or
imperfection in the substrates surface such as a vacancy or grain boundary but also crystal edge or
facet as well a surface chemical group at which the atom can adhere via VVan der Waals interaction is

conceivable. The sticking site traps further Ge atoms until a nucleus is formed.

Unfortunately, the reported mechanism does not discuss how single atoms which stick to a specific
metal site are transformed into a metal nucleus on top of a Ge segment. Nevertheless, the observation
that NW nucleation is limited to specific sites, applies also to Ge NWs grown on Pb substrates. When
having a closer look at the Pb substrates, the surface is not comparable to an atomically flat facet of a
single crystal. Due to its exposure to air and moisture, the substrate forms a rough passivation layer
containing mostly lead oxide.!”*¥ Furthermore, the surface exhibits a high number of steps as well as
scratches and is contaminated with Pb particles exhibiting a similar passivation layer. When the sub-
strate is heated to growth temperature, the passivation layers sustain cracks due to thermal expansion,
enabling access of metallic Pb to the surface. Additionally, diffusion phenomena are significantly en-
hanced by the increased temperature, leading to a high mobility of Pb atoms and clusters on the sur-
face. This environment is beneficial for the formation of new Pb seeds due to coalescence or Ostwald
ripening. Furthermore, metallic Pb seeds might emerge from the reduction of the substrate by the Ge
precursor. The Interfaces of the protruding Pb structures and the substrate could than act as preferen-
tial nucleation sites for Ge atoms, which derive from the precursor decomposition. As a result, Ge
precipitates almost selectively at these interfaces, inducing the formation of a thin semiconductor layer

between the substrate and the seed, which subsequently broadens due to metal-promoted precipitation.
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5.2. Gallium-Seeding

Regarding group Il elements, the metal-assisted growth of elongated Ge nanostructures is mostly
investigated for aluminium and indium seeds. Literature about gallium-promoted growth is rather lim-
ited to Si NWs!™> 2% and the formation of elongated Ge structures via vapour transport growth® and
the so-called electrochemical liquid—liquid-solid mechanism!*82 & 18] | ast mentioned is a solution-
based electrodeposition method which is discussed in chapter 3.1.

The usage of gallium possesses some valuable advantages in contrast to other seeds. As illustrated in
Figure 22, the phase diagram of Ga and Ge exhibits a eutectic point at 0.006% Ge and no germanide
phases. Therefore, Ga can be denoted as a type-B seed.?”? When considering the elevated tempera-
tures necessary for sufficient precursor thermolysis, the gallium-germanium system is not limited by
the solidification temperature of the seed. Low temperature growth enables deposition on flexible
polymer substrates such as silicone or other plastics.
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Figure 22: Ga-Ge binary phase diagram. Reprinted with permission from referencel®*?.

To enable low-temperature growth, a Ge precursor must be found, which decomposes at temperatures
as low as possible. The usage of easily decomposable germanes such as di- or trigermane was avoided
due to the pyrophoric nature of this compounds and the resulting additional protective equipment
which is necessary when working with these chemicals. A less hazardous alternative is tBG, which is
liquid and stable at room-temperature. tBG had been reported as a germanium source feasible for thin
film growth of pure Ge,**! GeSn?** and GeSbTe** at low temperatures via CVD. The reported thin
films showed a high crystallinity and exhibited just small carbon contamination on the surface,

whereas no carbon was detected inside the material.
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5.2.1. Gallium Seeds

Besides the Ge source, a supply of suitable Ga seeds must be ensured. In a first attempt, seed genera-
tion should be conducted via an ex situ strategy. Therefore, the synthesis of Ga nanoparticles accord-
ing to He et al. had been conducted.®® In this hot-injection method, Ga-amide is formed in situ from

GacCl; and lithium dioctylamide, which is subsequently decomposed via thermolysis:

. ODE;250°C (||)
Oct,NH + nBuli + GaCl; ——— Ga NPs

Besides providing the amine group for Ge amide formation, the long-chained amine should stabilise
the emerging nanoparticles, which should inhibit uncontrolled growth, agglomeration as well as oxida-
tion. As a result, the obtained Ga particles are amine-terminated. The synthesis using dioctyl amine is
an alternative one-pot route, as the usual strategy for Ga particles makes use of presynthesised
tris(dimethylamido) gallium (111).2#"

Synthesis according to the aforementioned procedure led to a brownish- to grey-coloured precipitate,
which could be separated by centrifugation and redispersed in toluene. SEM micrographs as well as
EDX measurements revealed that the obtained precipitate contained rather organic compounds than
Ga nanoparticles. Also attempts to modify synthesis parameters such as temperature or the amount of
Ga did not lead to Ga nanoparticles. As a result, a different synthesis strategy towards Ga nanoparti-

cles was pursued.

In a second attempt, Ga particles were synthesised by irradiating the bulk metal using ultrasound. This
synthesis strategy had been reported for a wide variety of nanoparticles from metals®?*%*! including
Ga, ™! metal-alloys,™ as well as for various transition metal oxides™®". The irradiation of a solution
by ultrasound introduces a large amount of energy into a relative small volume, which could lead to
chemical reactions such as radical generation, oxidation or reductions, as well as to physical phenom-
ena such as friction, cavitation or micro jet generation.'”®® As Ga is already provided as bulk metal, a
sonochemical reaction is not required in the applied particle synthesis. The ultrasound irradiation
should only apply enough energy to comminute the bulk metal into nanoparticles. In a typical synthe-
sis ~20 mg of Ga metal were immersed in 15 mL toluene. To prevent aggregation of the particles do-
decylamine or polyvinylpyrrolidone hexadecyl copolymer was added as surfactant. To prevent oxida-
tion, synthesis had been conducted under argon atmosphere. The solutions turned instantly turbid as

they were irradiated with ultrasound and became grey-coloured after one minute of irradiation time.
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Figure 23: SEM micrograph of gallium particles obtained from the ultrasonic method.

SEM micrographs (Figure 23) of the purified products showed particles with diameters ranging from
~100 nm up to ~2 um. Contrary to expected, a longer irradiation time did not alter the size distribution
towards smaller diameters. Sudo et al. in contrast, had reported the synthesis of Ga nanoparticles with
diameters of about 20 nm, by a similar synthesis method.?**! However, an additional filtration step
using a 0.5 um PTFE filter was applied in the procedure reported, which explains the absence of parti-
cles with larger diameters in their product. Furthermore, the applied irradiation power/energy was not
reported, which makes a comparison difficult. In a different publication by Yamaguchi et al. a similar
product was obtained when applying ~100 W of irradiation power.”* With our setup, a maximum
irradiation power of 30 W could be achieved, which is three-times less. Therefore it must be con-
cluded that it was not possible to apply the amount of energy necessary to obtain particles with diame-
ters <100 nm efficiently. Another aspect could explain the observation of larger particles rather than
nanoparticles. Due to the liquid state of these particles at room temperature, they show a distinct ten-
dency for coalescence, if they are not sufficiently stabilised by surfactants.®*! Rough particle surfaces
as observed in SEM micrographs indicated at least a partial oxidation of the particles, as pure Ga par-
ticles usually show nearly perfect spherical shapes.’?*” %41 Whether surface oxidation occurred during
particle synthesis, storage or SEM sample preparation could not be clarified. However, the presence of
an oxide shell indicates an insufficient capping, which would also explain the assumed particle coales-

cence.

As both ex situ methods did not led to the desired products, the synthesis strategy was modified to-
wards an in situ method. Ga seeds were generated directly in the NW growth solution, using
pentamethyl cyclopentadienyl gallium (1) (GaCp*), a gallium (1) metallocene derivative.”* % Basi-
cally, the thermal decomposition of metallocenes leads to the formation of pure metal due to the cleav-

age of the metal-cyclopentadienyl bond and an organic by-product;™®® 2
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A similar decomposition route can be expected for the applied pentamethyl cyclopentadienyl complex.
As the Ga seeds are generated directly in the NW growth solution prior to the NW growth process, a
seed deactivation due to surface oxidation can be excluded, as the particles are not exposed to ambient
atmosphere. Additionally, no surfactant had been used to stabilise the emerging seeds, which can lead
to potential side reactions with the Ge precursor.

Preliminary experiments regarding the decomposition of GaCp* had been conducted in squalane using
microwave heating. After 15 minutes reaction time at 250 °C, a grey-coloured precipitate could be

isolated from the yellow reaction solution via centrifugation.

5.2.2. Nanorods

Thermal decomposition of tBG and GaCp* in toluene at temperatures between 170 °C and 230 °C
resulted in the formation of a greyish-brown precipitate, which could be easily separated via centrifu-
gation from the clear yellow supernatant. Only a clear yellow solution with no precipitate could be
obtained when a decomposition temperature was chosen below 170 °C, which indicated an insufficient
decomposition of the precursors. Successful growth experiments were conducted in closed steel ves-
sels heated in a tube furnace. Experiments conducted in glass vials heated by microwave radiation in
contrast, did only result in the formation of Ga particles with few heterodimer-like structures included.
This behaviour could be related to the microwave vials, which were sealed by a rubber plate retained
by a plastic ring. During heating to the growth temperature, the sealing started to leak, which resulted

in the loss of the Ge precursor.

Figure 24: SEM image of a representative Ge NR sample.
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As shown in Figure 24, SEM measurements revealed elongated nanostructures with a hemispherical
tip exhibiting a different Z-contrast. This shape is very common for 1D structures grown via a metal-
assisted growth process. The colour of the purified solids correlated with the length of the nanostruc-
tures determined from SEM images. Shorter rods or heterodimer-like structures showed a rather grey-
ish colour, while longer rods were brown. Also differences in the dispersibility and sedimentation
behaviour of the obtained products were observed. Smaller structures like the obtained heterodimers
sedimented significantly slower than larger rod-like structures, whereas they were easier to disperse in

toluene.
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Figure 25: Diameter distribution of Ge NR grown at 170 °C and 230 °C.

Figure 25 depicts the diameter distributions of nanorod samples grown at 170 °C and 230 °C. As there
was no stabilisation provided for the in situ generated Ga seeds, the diameter distribution of the seeds
and as a result of the nanorods was broader than it is known for synthesis methods making use of a
proper size control. Seeds as well as nanorods, grown at 230 °C exhibited a ~50 nm smaller mean
diameter, compared to nanorods grown at the lowest growth temperature (170 °C). When regarding
the seed formation- and the subsequent metal-assisted growth process, the diameters are influenced by

two major causes:

First, the size of the growth promoter is influenced by its nucleation process, which can be explained
by the LaMer model.®) A schematic of the concentration evolution during the nucleation process for a
lower (dotted) and higher (solid) growth temperature is shown in Figure 26. GaCp* starts to decom-
pose when a certain temperature is reached (t=0 and t=1). The decomposition leads to Ga atoms,
which diffuse through the reaction solution and form clusters when colliding with other Ga atoms (red

coloured lines). However, these temporary emerging clusters are not stable and dissolve very fast. Due
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to missing nucleation sites, the Ga concentration in the solution can be further increased by further
GaCp* decomposition and an oversaturation is reached. At a certain point a critic concentration (Ceitic)
is reached, where stable nuclei emerge due to self-nucleation (blue). The nucleation processes occur
very fast among the entire reaction solution. As a result, the supersaturation decreases rapidly until the
Ga concentration drops below the critic concentration, where no further nucleation occurs. The re-
maining supersaturation is further decreased to the solubility limit (Cs,) by diffusion of the remaining
atoms to the arisen particles (green).

A

concentration

time

Figure 26: The LaMer model for two different temperatures.

Regarding the applied growth process, where the assembled reaction vessels were placed into the pre-
heated tube furnace, a higher growth temperature led to a higher heating rate and thus to a faster pre-
cursor decomposition, which can be seen as the main influence on the obtained size distributions. The
fast precursor decomposition rate led to a fast increase in Ga concentration in the heated reaction solu-
tion. Due to limited amount of Ga precursor, almost all seed precursor had been depleted, when the
nucleation process stopped and growth due to diffusion of atoms could only occur over a short period.
In contrast to this, a lower growth temperature led to a later decomposition onset (t=1) and a slower
composition rate. Therefore, precursor depletion did not occur during or swiftly after the nucleation
phase. Diffusive growth could occur over a longer period as Ga atoms were generated longer by the
decomposition of remaining GaCp*. As a result a smaller number, but larger seeds emerged in the

reaction solution.

Second, the growth promoter increases in diameter due to agglomeration, induced by collisions with
other seeds in the reaction solution. As the applied growth process did not include an additional stabi-
lisation with capping molecules, seed agglomeration is very likely to occur. Only the emerging Ge
nucleus provides a small degree of stabilisation, as it covers a certain surface area of the seed. How-

ever, the Ge segment emerges not before the growth promoter is supersaturated with Ge, which de-
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pends on the decomposition rate and therefore on the growth temperature. As a lower growth tempera-
ture results in a longer period for enhanced agglomeration, seeds and nanorods grown at lower tem-

peratures exhibited a larger diameter.

A deeper insight into the growth dynamics of these nanorods is provided by a growth study. Therefore,
a fixed precursor ratio of Ge:Ga= 6:1 was decomposed at temperatures between 170 °C and 230 °C for
one to eighteen hours and the aspect ratio (i.e. length/diameter) of the obtained nanostructures is corre-
lated with the decomposition duration. The aspect ratio is a good possibility to measure the progres-
sive elongation of a 1D nanostructure, as it is not influenced by the diameter distribution of the seeds.
To ensure statistical significance, ~200 rods were measured for each sample.
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Figure 27: Aspect ratio of obtained Ge NRs correlated with growth durations for temperatures
between 170 °C and 230 °C.

Figure 27 illustrates the obtained results: Nanorods grown at 230 °C and 210 °C required an initiation
period of <1 h while experiments conducted at lower temperatures (190 °C and 170 °C) did not show
any product formation after this growth duration. While short nanorods had been observed after
3 hours at 190 °C, the first product for the lowest conducted growth temperature of 170 °C could be
isolated after six hours. During the initiation period the cell is heated to the desired growth tempera-
ture and the nucleation of the growth promoter occurs. The formation of Ga seeds showed to be man-

datory for the decomposition of tBG at low temperatures, as no decomposition of pure precursor in
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toluene had been observed at temperatures below 250 °C. CVD processes using tBG for thin film
growth (no metal as growth promoter involved), require minimum 275 °C to maintain a sufficient
precursor decomposition.*”! A period of progressive nanorod elongation occurred subsequently to the
initiation step. During this period, a constant growth rate is expected, as the precursor decomposition
rate could determine the elongation velocity."* Due to the limited amount of data points, this regime
is only clearly visible for the lowest temperature. However, the temperature-dependence of the growth
rates is clearly recognisable, as nanorods grown at higher temperatures showed higher growth rates.
Following to this growth period, a limitation regime had been reached, where nanorod elongation de-
celerated and finally stopped most likely due to the depletion of precursor in the growth solution. For
the highest temperature, this regime was reached between three and six hours, whereas the regime was

not reached for nanorods grown at 170 °C after 18 h.

Figure 28 illustrates a typical progress in nanorod evolution over time. For a better illustration, the
data points are linked to the corresponding SEM micrographs, showing the emerging of the nanostruc-
tures from heterodimer structures (yellow) to fully evolved nanorods.
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Figure 28: Evolution of the aspect ratio and corresponding SEM micrographs for Ge NRs grown
at 190 °C.

Figure 29 illustrates the XRD pattern of a nanorod sample grown at 210 °C for one hour. The observ-

able reflections mach well with the Ge reference and no amorphous background is visible, which is
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often the case for low temperature grown nanostructures.”® The definite shape of the reflections sug-
gests a high crystallinity of the nanorods. The <111> reflection is slightly more pronounced which is
the result of the elongated nanorod structure. The absence of Ga reflexes is expected due to its low
melting point and the size of the seed particles.
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Figure 29: XRD pattern of Ge NRs obtained from a synthesis at 210 °C for 1 hour.

TEM micrographs of the nanorod samples exhibited a high crystallinity, which was already expected
from XRD results. FFTs of the obtained high resolution images exhibited that nanorods grew mainly
in <111> direction, which is the favourable growth direction for elongated Ge nanostructures with
diameters above 20 nm.®®1 However, a small fraction had been observed which showed <211> or
<110> growth direction. TEM images exhibited also dark lines, which are related to diffraction con-
trast facilitated by twin planes in the nanostructure. These twin planes are supposed to be kinetically
induced during the growth process, due to fluctuations in the contact angle at the TPB.** %! Fluctua-
tions can be induced by minimal changes in the local temperature, precursor concentration, pressure or

mass transport.
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Figure 30: TEM and HRTEM micrograph with corresponding FFT of a Ge NR grown at 190 °C
for 16 hours.

For a potential application of the obtained material it is beneficial if the Ga growth promoter can be
removed from the NW tips. This can be maintained by treating the purified nanorods with 2% hydro-
fluoric acid. As shown in Figure 31, the acid-treatment removed the growth promoter while the ger-

manium structure remained unaffected.

Figure 31: TEM images of Ge NRs after the hydrofluoric acid treatment.

5.2.3. Nanowires

After obtaining nanorods from experiments using low Ge:Ga ratios, the precursor composition was
modified towards a higher Ge amount (30:1). Decomposition durations and growth temperatures were
chosen according to the results obtained from the nanorod growth study. Isolated products were dark
brown in toluene solution and showed a lighter brown colour when the solvent was evaporated. Com-
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pared with the nanorod synthesis, a higher amount of precipitate could be isolated from the reaction

solution and its redispersion during the purification was more difficult.

Figure 32: SEM micrographs of gallium-seeded Ge NWs grown at 210 °C for 18 hours.

SEM investigation of the obtained product (Figure 32) exhibited NWs with lengths up to 3 um. Some

NWs showed randomly distributed kinks. A slight tapering could be observed, especially for longer

NWs. The related XRD spectra of NWSs revealed a significantly more pronounced <111> reflex when

being compared with nanorod samples, which is the result of the elongated nanostructure. Similar to

the nanorod samples, no amorphous background was visible and the sharp reflex shape indicated a
high crystallinity of the product.
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Figure 33: X-ray diffractogram of Ga-seeded Ge NWs grown at 210 °C for 18 hours.
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NWs could be also obtained from a two step growth process. Step one included a simple nanorod
growth at 210 °C for 1 h, using a Ge:Ga ratio of 6:1. For the second step, the reaction cell was re-
moved from the furnace and opened in the glove box, where additional 18 Eq. of tBG were added. The
tightly sealed cell was placed again into the furnace, where it was left at 210 °C for 18 hours. A repre-
sentative SEM micrograph of the product is depicted in Figure 34. As shown in the inset the obtained
product exhibited NWs with two different segments. The slightly broader part of the NW can be at-
tributed to the first growth step, while the longer part exhibiting the growth promoter on its tip grew
during the elongation step.

Figure 34: SEM micrograph of Ge NWs grown via the two step growth method.

The low temperatures which could be achieved for NW growth enable the usage of flexible polymer
substrates such as silicone. However, polysiloxanes tend to swell when being exposed to toluene at
higher temperatures.® As a result it was necessary to adapt the growth process towards toluene-free
conditions. In order to overcome this aspect, growth via VLS mechanism in a hot wall reactor had
been investigated. Therefore, the steel cell acted as a hot-wall CVD reaction chamber, where the NWs
grew in a batch process. A silicone substrate was infiltrated with GaCp* and placed into the reaction
cell together with the Ge source. The tightly sealed cell was then placed into the furnace at 200 to
230 °C for 12-18 h. The reaction cell was allowed to cool down and opened to obtain a brown-
coloured substrate.

A typical SEM micrograph of NWs grown on a silicone substrate is shown in Figure 35. It exhibits
nanostructures with similar diameters as obtained from solvent-based approaches. However, the NWs
from CVD-based growth exhibited higher lengths and less kinking. In the inset, the flexibility of the
substrate after the NW growth process is demonstrated. The silicone substrates lost a certain degree of
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their flexibility during the growth. Nevertheless, the remaining flexibility was high enough to enable

bending, even at low radii.

S
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Figure 35: Ge NWSs grown via vapour phase on silicone. The inset depicts that the substrate is
still flexible after the growth process.

Although growth via VLS as well as SLS mechanism let to similar nanostructures, there are distinct
differences between growth in solution and via vapour phase. First, both processes have a different
growth environment. VLS growth is performed in a closed reactor, where the vapour phase contains
mainly argon. The pressure in the cell is mainly determined by the precursor vapour pressure, i.e. the
amount of precursor in the cell. The growth environment influences also the precursor diffusion,
which is significant higher in the vapour phase than in solution. As a result, structures grown via VLS
are less influenced by precursor fluctuations and grow therefore with less kinks and defects. The SLS
mechanism in contrast is performed in toluene. As growth temperatures are too low to generate a su-
percritical fluid, the pressure in the cells remains rather low when being compared to supercritical

fluid environments, but much higher than in the VLS growth.

Regarding the SLS mechanism, growth occurs via seeds being dispersed in a liquid phase. In contrast
to this, growth via VLS mechanism makes use of a growth promoter being attached to a substrate. In
the SLS mechanism, the nucleation of the Ge crystal occurs at the solution-liquid interface of the Ga
droplet and the surrounding solution. As the seed is almost a perfect sphere, the nucleation of the Ge
crystal occurs at a random position on the droplet surface. In VLS growth, the nucleation of the Ge
structure occurs preferentially at the interface between the Ga droplet and the substrate. The segrega-
tion of NW atoms at the substrate-seed interface is energetically favoured, compared to the seed-
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vapour interface and therefore the nucleation of the NW is located at the substrate seed interface.®®
267]

TEM investigation of the obtained NWs showed similar results to the nanorod samples, though the
observed structures showed higher aspect ratios. The NWs preferential growth direction agreed with
the NR samples, as no change in growth direction was expected and observed. As already observed in
the solvent-based growth methods, tapering occurred also in CVD-growth. As growth temperatures are
very low, tapering due to sidewall nucleation is very unlikely and can be therefore excluded.'*®! An-
other cause for tapering is the incorporation of seed atoms into the NW matrix.” The loss of seed
materials leads to a decreasing diameter of the growth promoter, which than alters the diameter of the
emerging NW.

Figure 36: TEM micrograph of a Ga-seeded Ge NW grown at 210 °C via VLS mechanism.

5.2.4. Elemental Mappings

To obtain an insight into the elemental distribution in the material, STEM EDX analysis had been
conducted. A representative mapping of an obtained nanorod is depicted in Figure 24. Gallium seeds
exhibit no measureable Ge concentration, which is also proposed by the phase diagram, as the concen-
tration of Ge at the eutectic point is 0.006 % and the solubility limit at growth temperature still
<1 %.2*3 |n contrast to this, nanorod bodies contain up to 3.6 % Gallium which is homogenously dis-
tributed along the entire nanorod body. No decoration of the surface with metallic Ga droplets could
be observed. Regarding the binary phase diagram of the Ga-Ge system, the solubility of Ga in solid Ge
is limited to ~1.1 % at 750 °C.”*?1 At room-temperature, the solubility decreases even to lower per
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mille-levels.”*® Therefore, the obtained germanium/gallium alloy can be denoted as a metastable solid

solution.

overlay

Figure 37: A) HAADF STEM and STEM EDX overlay; B) EDX mapping of pristine Ge NRs; C)
EDX mapping of HF-treated Ge NRs.

STEM EDX mappings of HF-treated nanorods showed similar results despite to the absence of the
seed. The Ga incorporation in the Ge matrix was not influenced by the HF-treatment. Nevertheless a
distinct difference in the Ga distribution is visible when comparing the mapping results of untreated
and treated nanorods. In the illustration, untreated nanorods seem to have no Ga incorporated. This
artefact is attributed to the limited intensity range available for graphical illustrations. As the tip con-
tains only pure Ga, the maximum achievable colour intensity is adjusted among this area. Nanorod
bodies in contrast contain ~3 % Ga, which is than correlated to ~3% of the tips colour intensity. Such

low colour intensities cannot be displayed properly.

STEM EDX mapping of single NWs grown via VLS mechanism (illustrated in Figure 38) as well as in
solution (depicted in Figure 39) showed similar results regarding the element distribution in the nanos-
tructures. NW tips contained almost pure gallium as the Ge concentration was below the quantification
limit. NW bodies in contrast, consisted of Ge alloyed with up to 3.6 % Ga atoms distributed homoge-

nously along the entire structure.

53



—200 Nm

—200 NM

——200 nm overlay

Figure 38: HAADF image of a Ga-seeds GE NW grown via VLS, illustrates the position of
STEM EDX mappings and corresponding elemental mappings.

The subsequent incorporation of Ga into the NW matrix leads to a loss of metal in the growth seeds.
As Ga is only provided once during the nucleation period the growth seed starts to shrink during the
entire NW growth. This effect is marginal for structures with a lower aspect-ratio such as NRs and
thereby not visible, but can be observed at structures with a higher aspect-ratio. The NW illustrated in
Figure 39 shows significant tapering over the entire length of ~10 um. While the amount of seed mate-
rial is steadily reduced and therefore the diameter shrinks, the Ga concentration in the NW body re-
mains the same. A diameter-dependence of the concentration had been reported for metastable alloy
NWs with high differences in atomic radii such as GeSn.!”*® Incorporation of atoms with different
radii leads to strain in the crystal lattice. The strain can relax via the NW surface, which prevents
phase segregation. As smaller structure have a higher specific surface, more lattice strain can be re-
laxed and therefore a higher concentration of foreign atoms can be incorporated. In the case of Ga-
seeding, the atomic radii differ only in 2 pm[®! thus, lattice stress can be neglected.
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Figure 39: HAADF micrograph of a ~10 pum long Ge NW grown in solution, illustrating the posi-
tions of mappings and corresponding STEM EDX mappings.

Further analysis of samples grown at different temperatures pointed out that the amount of incorpo-
rated Ga was not influenced by the growth temperature (170-230 °C). However, metal-assisted synthe-
sis of metastable alloys can be very temperature sensitive, as these systems tend to segregate, if the
environment allows the system to equilibrate. The achievable compositions of the aforementioned
GeSn system for instance, show a high temperature-dependency. Tin seeded growth at 430 °C did not
show any tin incorporation™®!, whereas growth conducted at lower temperatures (270-230 °C) led to
an incorporation of up to 28 % of seed material into the N\, 1% 180 2111

Similar to the Ge-Sn system, the binary phase diagram of Ge and Ga does not predict the incorporation
of high amounts of seed material into the NW. However, phase diagrams represent only the thermody-
namic behaviour of a bulk system, they are not feasible to quantify kinetic processes such as the metal-
assisted growth of nanoscaled objects. Surface effects, capillarity and related nanoscale stresses could
alter boundaries in phase diagrams and therefore shift solubility limits.”*'For instance, the pressure in
a seed droplet is depending on its curvature." According to Le Chateliere’s principle, a higher pres-
sure in the seed suggests an enhanced incorporation. However, the influence of these thermodynamic
effects is favourable for the incorporation of seed material, but too low to explain an incorporation

which is orders of magnitudes higher than in equilibrium.

As thermodynamic effects failed to explain the formation of metastable alloys in metal-assisted
growth, kinetic effects were considered. Supersaturated solids for instance, were obtained from so-
called “solute trapping” experiments, where a melt is ultra-rapidly cooled. When solidification begins,
it emerges from its origin like an interface, with very high velocity through the material. To inhibit
segregation in this process efficiently, the interface velocities must be in the range of meters per sec-
onds.#%?"2 Metal-assisted growth in contrast, is a step-growth process, which occurs via bilayer-
formation with growth rates of nm/s to nm/min. According to solute trapping models, such a slow
crystallisation velocity should lead to growth near thermodynamic equilibrium and therefore the for-
mation of a metastable phase should not occur. However, these models describe bulk systems, whereas
55



NWs are nanoscaled objects. In 2013, a quantitative model for the incorporation of seed atoms into
NWs had been reported by Moutanabbir et al.””) They investigated the incorporation of high
amounts Al atoms into Si NWs. Their model considers the step growth process with its incubation
period between the formation of bilayers at a finite growth front. The incubation period represents the
period where the supersaturation in the seed is increased until bilayer formation occurs. In contrast to
solute trapping models, atoms become trapped in the crystal during bilayer formation with one side
still exposed to the nanowire/seed interface, not just when the atom is covered by the next bilayer.
They also considered the reduction of seed atoms in the growth promoter, which means that the seed
supersaturation is faster reached and the incubation period decreases. With this model, it became pos-
sible to describe the formation of a metastable Si-Al phase via metal-assisted growth, hence it can be

adapted to other systems.

Literature concerning metastable Ge-Ga alloy NWs is very limited too few reports. NWs grown from
pure gallium seeds via electrodeposition, showed a significant seed incorporation.'® The growth
mechanism of these NWs is supposed to occur similar to the VLS mechanism via cyclical bilayer for-
mation."® Despite to reporting any quantity, the dissolution of seed material into the Ge matrix could
be already assumed by the high tapering of the investigated nanostructures.™®® Furthermore, electrical
measurements revealed a very high conductivity, which also suggests high concentrations of impuri-
ties, most likely due to incorporated seed material.[**® Germanium microwires grown via electrode-
position from InGa alloys exhibited Ga concentrations even up to 8.1 % while indium concentrations
remained below 0.1 %.". The significant lower indium concentration can be related to the larger
atomic radius of In (142 pm)®®! which inhibits the incorporation into the Ge lattice. As mentioned
before, the atomic radius of Ga in contrast, differs only 2 pm from Ge./?® The tremendous high Ga
concentration in electrodeposited Ge NWs can be related to the lower growth temperature of ~80 °C.
At such low temperatures, phase separation due to segregation can be neglected. However, when an-
nealing these NWs at 250 °C, which is slightly above our applied growth temperatures, Ga atoms
started to segregate and form metal islands on the NW surface. As a result, the Ga content in the NWs

is reduced to 3.3 %, which is similar to the Ga concentrations observed in our nanorods.

Germanium NWSs grown via plasma assisted vapour transport growth have not been investigated re-
garding the metal-incorporation. However, synthesis temperatures above 300 °C suggest a rather

thermodynamic-driven growth regime and therefore only a minor incorporation. !

Besides the incorporation of Ga from the growth promoter during the growth process, a subsequent
incorporation via focused ion beam had been reported.”® Focused ion beam technique enables control
over the implanted amount, thus the achievable Ga concentrations (~10™ cm™®) are well below the
concentrations obtained from SLS or VLS growth using Ga seeds(~10** cm™). Higher ion doses led

also to defect generation and amorphisation of the NWs due to beam damage. % 2
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5.2.5. Electrical Characterisation

The incorporation of gallium into the NW matrix leads to the formation of acceptor states near the
valence band and therefore to a p-doping of the material."*%"®! As the high amount of incorporated Ga
is supposed to alter the electronic properties of the NW, an electronic characterisation was performed.
Therefore, NWs were transferred onto a substrate using a dry-transfer technique. The NWs were con-
tacted via e-beam lithography using Al electrodes and I-V curves of single NWs were measured, via

two-point measuring method.

To ensure the understanding of the characterisation results, a short introduction into electrical charac-

terisation and the necessary metrics is given prior:

The transport of charge (Q) along a certain route can be quantified by the electric current per time
according to:

(11)

= aQ [coulomb

It ] = [ampere]

second

As we are going to investigate the charge carrier transport through a material having a finite geometry,

the electric current must be related to its cross section, which is ensured by the current density (J):

ampere] (V)

5
]:Z:[ area

To generate a current through a conductor, the charge carriers must be attracted or retracted by an
electric field, i.e. they must have a certain electric potential (V)

V=f§-ds=[volt] V)

Electric potential and current are linked according to Ohm’s law introducing a constant of proportion-

ality (R) also called resistance:

(V1)

R=—=

vV [ volt ]: (ohm]

ampere
Similar to the current density mentioned before, a relation to the geometry (cross section, length) of

the conductor must be given for the resistance, called resistivity (p):

p=R-—=[Q—| = [Q-cm]

A cm? (VI
l [ cm

Besides resistivity, the conductivity is often reported to describe the conducting behaviour of a mate-

rial. The conductivity is the reciprocal resistivity:

, - %z Q- em]-! (VI11)
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Figure 40 illustrates the J-V curves of five individual NWs with diameters between 75 nm and 120 nm
measured at room-temperature. The linear behaviour of the curve indicates ohmic contacts between
Al-electrodes and NW, which could be expected due to the fact that Ga should act as p-dopant and
metal contacts with p-type Ge should show ohmic behaviour independent from the metals work func-
tion.”””1 Regarding the slope of the curves, a specific resistivity including of ~1.2:10“ Qcm can be
calculated. The resistivity and corresponding concentration of Ga incorporated (~10% cm™) fit very
well to the fitted values of the resistivity/impurity-concentration curves reported by Cuttriss.’”®! How-
ever, due to the fact that the resistivity had been determined via 2-point measurement technique and
the NW resistivity is very low a slight uncertainty concerning contact resistance must be assumed.
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Figure 40: Single-wire electrical characterisation results of Ge NWs grown from Ga seeds via
VLS mechanism.

The measured specific resistivity is up to five orders of magnitude lower than the value reported gold-
seeded NWs (1.4:107 -30 Qcm?®#). The broad distribution of reported resistivity’s can be ex-
plained by the different growth methods and temperatures which were applied and led to incorporation
of different gold concentrations. Compared to Ga-seeded NWs, the reported gold-seeded NWs have
much lower amounts of seed material incorporated, but are not completely gold-free as the specific
resistivity of pure germanium is slightly higher (60 Qcm)® . Another aspect which must be consid-
ered is that the incorporation of gold does not lead to a p-doping similar to gallium and therefore to a
different electrical behaviour. Gold impurities usually create deep level trap states in the inner region

[158]

of the bandgap.

Electrical measurements of Ge NWs grown via electrodeposition from Ga seeds on n-type Ge sub-
strates did not show a similar ohmic behaviour. The reported 1-V curves showed attributes of a Schot-
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tky-junction, therefore a rectifying character. This aspect can be related to the applied measurement.
The nanostructures had been contacted via a Pt/Ir atomic force microscopy probe directly on the n-
doped growth substrate. Measurements of fractured NWs as well as of the substrate revealed that the
contribution of the NW to the overall resistance was negligible compared to the p-type-NW/n-type
substrate interfacial-resistance.

The electrical characterisation of Ge NWs doped with Ga via FIB revealed a decrease in resistivity of
three orders of magnitude compared to pristine NWs.”*®! Regarding the comparative lower amount of
incorporated Ga (2-10'%cm™), the reported resistivity (~10? Qcm) is well above values obtained for
Ga-seeded NWs. Attempts to incorporate higher amounts of Ga into the NWs, led to an increase of the
resistivity, which disagrees with the observed results. However, this aspect can be related to the in-
creased amount of defects and starting amorphisation of the NWs due to beam damage.

Four-point-probe measurements of Ge microwires grown from InGa alloys via electrodeposition
showed specific resistivity’s (1.5 Qcm) in the range of gold-seeded NW.' As no In was found in the
NWs via EDS analysis, the decrease in resistivity was completely related to incorporated Ga. How-
ever, regarding the equilibrium concentration of Ga in Ge at the applied growth temperatures,
(<0.1 %) the measured resistivity seems significantly too high.

For Ge NWs grown from pure In particles also grown via electrodeposition in contrast, a significant
lower resistivity(4-10° Qcm) was reported, whereas In concentration in the NW was as low as
0.14 %.1% However, the reported resistivity was calculated from the determination of the carrier den-
sity via the Moss-Burstein shift. This method requires the determination of the bandgap via an absorp-
tion measurement and has therefore a larger inaccuracy, when being compared with a direct electrical

characterisation.

The measured resistivity of Ga-seeded NWs grown via VLS show a significant higher value when
being compared with metal NWs such as aluminium (3-10°° Qcm)®®! or silver (1.3:10° Qcm)??® as
well as Ge-alloy NWs like CusGe (3.4-10° Qem)™™ which was expected as these materials also

lower bulk resistivity’s!?® 28,

Regarding the resistivity, the obtained Ga-seeded NWs can be denoted as degenerately p-doped semi-
conductor. However, the term “doping” is not fully appropriate for the material, as doping describes
the incorporation of trace amounts of impurities into a material. The term “trace amounts” is defined
by IUPAC as concentrations less than 100 ppm./®® Therefore, the material should be rather denoted as
a solid solution or Ga-Ge alloy than Ga-doped germanium. Usually Ge with high Ga concentrations is
produced via thermal diffusion from solid sources in sealed ampoules” or via ion implantation?”.
Also the production via thermal diffusion using spin-on dopants had been reported.™ Low resistivity
of these materials can be attributed to the high amount of Ga incorporated into the NW, which leads to

the introduction of acceptor states into the valence band. As a result, the amount of free charge carriers
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(holes) is drastically increased. Regarding the amount of Ga determined via STEM EDX a “dopant”
concentration of ~1-10% atoms/cm® can be calculated for the obtained NW, which is two orders of
magnitude higher than usually reported Ga-dopings in degenerative semiconductors.’”? Another idea
of the high conductivity of the material is given by the I-V curve in the inset of Figure 40. The graph
shows the increase of current when increasing the applied bias voltage until device failure occurs due
to excess joule heating. Regarding the NW diameter was 120 nm a peak current density of
9.4 MA/cm? can be calculated. Compared to a former investigations of gold-seeded Ge NWs!**! with
similar dimensions, this value is ~33-times higher which emphasizes the high conductivity of the Ga-
seeded NWs.
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5.3. Defect Transfer from Silver Seeds to Germanium Nanowires

5.3.1. Silver Bipyramid Synthesis

Silver bipyramids appear to be ideal growth promoters for VSS growth of bicrystalline Ge NWs. Dur-
ing growth, the single twin plane could be theoretically transferred to the emerging nanostructure,
which would result in the formation of NWs intersected by one twin plane. As the synthesis of this Ag
structure via the polyol method is very sensitive to trace impurities as well as growth conditions®®*!, it

was necessary to adapt the synthesis described by Wiley et al..[*?"!

Attempts to replicate the synthesis method published by Wiley et al.'*! did not lead to the desired Ag
bipyramids. As the precursor solutions were continuously added to the preheated glycol, the reaction
solution became almost instantly strong yellow-coloured, followed by a fast change to turbid, beige-
grey during a time period of 10-15 minutes. The described colour-fade due to oxidative etching during
the first minutes could not be observed in the conducted experiments. The fast colour evolution indi-
cated the formation of Ag nuclei which grew subsequently without shape-control. SEM micrographs
of the isolated products (depicted in Figure 41) revealed a mixture of Ag nanoparticles with different
shapes as well as the presence of a high fraction of NWSs, which proved the suspected absence of reac-

tion control using oxidative etching.

Figure 41: Representative SEM micrograph of a product obtained from a growth reaction ac-
cording to Wiley et al.'**, with insufficient oxidative etching.

In further experiments variations of the amount of AgNOj; as well as the increase of the NaBr content
were conducted to induce etching rates high enough to facilitate shape control. Additionally, PVP with
higher M,, had been used to enhance the capping of emerging Ag seeds, which should decrease the
growth rate. Even the obtained glycol was additionally purified via three-fold distillation. Neverthe-
less, the fast colour-change of the reaction solution due to insufficient oxidative etching remained the
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same. Only in cases of very low Ag precursor concentrations and the additionally purified EG, a de-

layed blurring of the reaction solution was observed after 50 minutes reaction time.

Regarding these results, the synthesis process was further modified towards an improved oxidative
etching. Therefore, the oxygen concentration of the reaction solution should be enhanced by bubbling
0O, (10 sccm) through the solution. This technique had been reported for the synthesis of single crystal-
line Ag nanocubes via the oxidative etching-assisted polyol method.'*”! Usually, Ag nanocubes are
synthesised via the polyol process using chloride ions as etchant. Chloride ions are the stronger etchant
compared to bromide, which results in an enhanced oxidative etching.”*® During the growth process,
chloride ions are capable to dissolve Ag nuclei with all kinds of defects incorporated. As a result only
perfect single crystalline nuclei remain, which grow in nanocubes. The addition of oxygen further
enhances the etching potential. In the case of bromide, the addition of oxygen could enhance the etch-
ing behaviour to obtain single crystalline nanocubes.!*” In the case of chloride, the addition of oxygen

results in a corrosion of the nanocubes corners, leading to truncated nanocubes. !

The modification led to a distinct change of the colour evolution during synthesis. Similar to the ob-
servations before, the reaction solution started to turn yellow during the addition of the precursors, but
the colour changed to completely colourless approx. ten minutes after the injection of the precursor
solutions had been completed. This behaviour could be related to the starting oxidative etching, which
dissolved the emerged Ag nuclei. In contrast to observations made before, the reaction solution re-
mained colourless still 8 hours after reaction start. As a result, no product could be isolated from the
reaction solution. Regarding the absence of any nanoparticles, it had been concluded that the process
of oxidative etching was enhanced too much by the increased oxygen concentration in the reaction
solution. To overcome this drawback, the oxygen flow rate was stepwise decreased until the lower
limit of the mass flow controller (0.8 sccm) was reached. At this point, still no formation of nanoparti-

cles occurred.

The oxygen saturation of the growth solution must be further decreased, which was facilitated by re-

placing pure oxygen by compressed air, dried through a drying unit containing P,Os.
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Figure 42: SEM micrograph of the obtained Ag bipyramids, using a gas flow of 2 sccm dry air
bubbled through the reaction solution.

With this modification, the desired Ag bipyramids could be obtained at an air flow rate of 2 sccm. At
this flow rate, the oxidative etching potential appeared sufficiently low to dissolve only multiple
twinned Ag seeds, whereas single twinned and single crystalline seeds remained unaffected. As a re-
sult, the product contained mainly bipyramids with a slight contamination of nanocubes. A SEM mi-
crograph of the obtained bipyramids is illustrated in Figure 42. An increase of the flow rate to ~4 sccm
yielded in the formation of exclusively nanocubes similar to the results reported by Taguchi et al..!*"!
A representative SEM micrograph of the obtained nanocubes is depicted in Figure 43.

Figure 43: SEM micrograph of obtained Ag nanocubes, formed by bubbling 4 sccm of dry air
through the reaction solution.

A decrease in flow rate below 2 sccm led to bipyramid formation, which were contaminated with

nanorods and NWs. A successful synthesis could be already recognised by the colour evolution of the
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growth solution. The injection of the precursor solutions led to a slight yellow colour of the solution,
which reached its maximum in intensity approx. 5 minutes after finished injection. Subsequently, the
colour started to fade until a colourless slightly turbid reaction solution was reached after ~25 minutes.
This colour remained constant for the next 2 hours, just the turbidity slightly increased. Synthesis with
one hour growth duration led to the formation of Ag bipyramids with approx. 180 nm diameters. As
this particle size was too large for an efficient NW growth, smaller bipyramids were required. A de-
crease of the growth duration to 40 minutes led to the formation of smaller bipyramids (~80-120 nm).
However these seed diameters appeared to be still on the upper limit to obtain straight NWs. A further
reduction of the growth duration did no longer lead to the desired bipyramids. The product isolated
from reaction solutions after 30 or 20 minutes reaction time showed almost spherical shaped particles.

Figure 44: TEM micrograph of Ag bipyramids.

TEM investigation of the obtained product (Figure 44) exhibited bipyramids <120 nm in diameter.
The twin plane is clearly visible at the mirror plane intersecting the pyramid halves. The surface of the
particles still showed contamination derived from PVP, even after ten purification cycles.

Figure 45 summarises the findings of the conducted Ag nanoparticle syntheses. Besides the optimisa-
tion of process parameters, such as air-flow and bromide concentration further aspects were mandatory
to facilitate a successful and reproducible bipyramid-growth. The used EG must be as pure as possible.
Even new purchased reagent grade (>99 %) EG should be distilled two times. Additionally, the con-
tamination of the growth solution with ions such as iron must be strictly avoided (injection via plastic
tubes instead of syringe needles, intact PTFE coatings of stir bars, etc.) It showed to be mandatory to
heat the EG to 160 °C for at least one hour before precursor injection. Wiley et al. attributed this fact
to the removal of trace amounts of water.'*”! However, regarding the fact that the mainly reductive
species is glycol aldehyde, which is formed due to thermal activated oxidation from EG™™® it can be
concluded that the pre-heating is also required to produce enough of this species. The temperature of
the reaction solution must be also maintained precisely, as oxidation and reduction kinetics appeared

to be highly temperature sensitive. Rycenga et al. for instance, reported that already a 5 °C tempera-

64



ture deviation of the growth solution led instantly to a change in the products morphology.™! There-
fore, a large silicone oil bath was used for heating the growth solution, which provided a large thermal
reservoir to smooth temperature fluctuations especially during the injection of the precursor solutions.
The air, which was bubbled through the reaction solution to increase the oxygen saturation, had to be
moisture-free and exactly dosed. Therefore, the obtained compressed air was dried using a P,Os tower
before being dosed via a mass flow controller. Deviations of 0.2 sccm led already to totally different
product morphologies, i.e. the contamination with NWs in the case of a lower flow rate and the pres-
ence of a higher number of cubes in the case of a too high flow rate. The injection of the precursors
had to be maintained in a controlled reproducible way with an injection rate of 45 mL/h. Therefore, the
injection was carried out using a modified syringe pump. Finally, purification of the obtained nanopar-
ticles required up to 10 centrifugation and redispersion steps, as excess PVP polymer tended to ag-
glomerate to the Ag nanostructures. Wiley et al. insinuated difficulties during particle purification, as

TEM sample preparation required an additional, extensive washing step using a gravity-feed flow cell

[127]

after drop-casting the particle solution onto the TEM grid.
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Figure 45: Growth conditions related to the obtained nanostructures for the synthesis of Ag
nanostructures via the polyol method.

5.3.2. Germanium Nanowire Growth using Solid Silver Seeds

As shown in Figure 46, the binary phase diagram of silver and germanium exhibits an eutectic point at
651 °C with 75.5 % Ag."®"! The ability to grow Ge NWs via solid Ag seeds is maintained by the
pocket at the silver rich site, which implies a solubility of Ge in the silver crystal. To ensure solid-
seeding as well as stability of the seeds crystal structure, the growth temperature must be maintained

significantly below the eutectic temperature.
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Figure 46: Ag-Ge binary phase diagram. Reprinted with permission.™"!

5.3.2.1. Cold-Wall Chemical Vapour Deposition

Several attempts were made to grow Ge NWSs from biscyclopentadienyl germanium(Il) (GeCp,) in a
cold-wall CVD setup. Germanocenes are reported to be Ge sources feasible for thin film growth®*? as
well as for NWs.'®! The decomposition of GeCp, had been investigated by Mathur et al..!**® Mass
spectrometry indicated that thermolysis induces the breakdown of the Ge-cyclopentadienyl bond,
which leads to pure Ge and organic by-products. GeCp, already decomposes sufficiently at 325 °C to
obtain NWs. However, the high carbon loading of these molecules can lead to deposits with a higher

carbon contamination compared to germanes.
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Figure 47: SEM micrograph of the deposit grown from GeCp, grown at 450 °C

Growth experiments were conducted at substrate temperatures between 350 °C and 500 °C with
~20 mg Ge precursor at pressures <10 mbar). Due to the high vapour pressure of GeCp, the precursor
was cooled using an ice/water bath. After approx. ten minutes a greyish/brown deposit became visible
on the substrate surface. SEM investigation of the obtained substrates showed spherical aggregates
with diameters between 500 nm and 5 um, grown at the areas where Ag particles were drop-casted and
some NWs, also contaminated with secondary deposit. However, the majority of substrates exhibited
spherical aggregates and no NWs visible.

Figure 48: SEM micrograph of Ge NWs derived from GeCp2 decomposition.

XRD analysis of the obtained deposit (depicted in Figure 49) identified its amorphous nature. The
morphology of the deposit was reproducible over the whole temperature range (350-500 °C). Even the
reduction of precursor flow by an intensified cooling of the precursor flask to -10 °C did not alter the

morphology towards NWSs. The morphology of the obtained deposit appeared similar to a deposit of
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amorphous Ge reported for an electroless deposition method using Ag nanoparticles and Gel,.?*® In
the reported method act silver nanoparticles as sacrificial templates, which are oxidised and dissolved,
whereas Ge-ions are reduced and grow as an amorphous phase around the Ag nanoparticles. The for-
mation of an amorphous phase was attributed to the low reaction temperature (200 °C), as an increase
of growth temperature to 350 °C showed already the formation of crystalline germanium. Neverthe-
less, a similar formation mechanism is rather unlikely. The electroless depositon reaction requires the
formation of Agl, which can be certainly excluded for the CVD process. Another aspect which be-
comes noticeable is that growth temperatures in the conducted CVD experiments were significantly
higher than the temperatures where Nolan et al. observed the formation of crystalline Ge. Neverthe-
less, CVD still resulted in the formation of an amorphous deposit. Therefore, an additional effect must
have supported the crystallisation during electroless deposition at 350 °C, which could be a template

effect induced by emerging cubic Agl, which is the stable structure at this temperature.?*’)
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Figure 49: XRD pattern of the obtained deposit. Reflexes marked with * derive from the Si sub-
strate.

Another aspect which should be discussed is the influence of the surface passivation of the silver
bipyramids on the crystallisation of Ge during NW growth. Growth strategies which do not use a sub-
strate for NW growth are less demanding regarding the NW nucleation. As long as Ge atoms which
derive from the decomposed precursor can reach the growth promoter, a subsequent incorporation into
the NW lattice and therefore NW growth should be possible. The defect transfer in contrast requires
additionally a clean interface between seed and substrate. Otherwise, adatoms would not be capable to
attach heteroepitactically at the interface. PVP which was used to stabilise the Ag bipyramids, could
have hindered emerging Ge atoms to reach the growth seeds. As a result, the crystallisation as well as
NW growth was inhibited, which would explain the formation of an amorphous deposit. Unfortu-
nately, PVP is necessary during the synthesis, as it selectively stabilises the required <100> facet and
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therefore enables bipyramid formation. Therefore, it could not be replaced by a capping agent which is
easier to remove or less shielding. Due to its sterically demanding, polymeric nature, including multi-
ple binding sites per molecule, an efficient removal or replacement is also difficult.

Besides GeCp,, growth experiments had been also conducted using diphenyl germane as Ge source.
The change in precursor required also an adjustment of some process parameters. Whereby growth
temperatures retained unchanged, the precursor concentration in the vapour phase must be increased,
as attempts conducted at a dynamic vacuum (<10 mbar) resulted in no deposit formation. An increase
of the precursor temperature to 40 °C resulted in a fast evaporation of the precursor, whereas the ex-
pected thin film formation due to the fast and tremendous increase in precursor concentration did not
occur. To overcome this drawback, growth had been conducted under static vacuum conditions.
Therefore, the growth chamber as well as the precursor flask was evacuated t010® mbar base pressure.
Next, the valves to vacuum pump as well as to the precursor flask were closed and the apparatus was
heated to 50-80 °C. During the time the system required to reach the desired temperature the substrate
was heated to growth temperature. When all components reached their desired temperatures, the valve
to the precursor flask was carefully opened. As a result, a slow increase of the pressure towards 10°
! mbar could be observed. The increase in pressure could be attributed to the evaporated precursor as
well as to minor leaks in the system. To terminate the growth process, the precursor valve was closed
and the system was fully evacuated. To ensure the complete removal of DPG from the reaction cham-
ber, the system remained for 15 minutes under dynamic vacuum, before the substrate was cooled to

room temperature.

Figure 50: SEM micrograph of a spot where Ge NWs grew from Ag bipyramids in cold-wall
CVD under static vacuum at 500 °C for 10 minutes.

Using the optimised growth procedure, a small number of Ge NWs could be obtained and the forma-

tion of an amorphous deposit was no longer observed. However, the majority of silver seeds remained
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inactive. NW growth did only occur at a small number of individual areas, especially where evapora-
tion marks due to the drop-casting process remained. A SEM micrograph of such an area where NW
growth occurred surrounded by a large number of inactive silver seeds is depicted in Figure 50. Simi-
lar to the results obtained from the cold-wall CVD using GeCp,, the PVP polymer seemed to inhibit
the NW nucleation. Only on spots where less PVP remained, NW nucleation could occur.

To improve NW nucleation it seemed mandatory to remove remaining PVP from the bipyramids and
substrate. As the dissolution of PVP in solvents such as water or ethanol is a rather time consuming
process and limited to the boiling points of the solvents, a cleaning step at elevated pressure using
supercritical toluene was implemented. Therefore, a bipyramid-coated substrate was placed into a high
pressure cell together with 4 mL toluene. The reaction vessel was tightly sealed and placed into a tube
furnace where it was heated to 400 °C. When the temperature was reached, the supercritical toluene
was purged via a valve. Remaining toluene was removed by blowing nitrogen through the reaction
vessel. Subsequently, the valves were closed and the cell was allowed to cool to room temperature.
The substrate was then removed and mounted on the susceptor for NW growth in the CVD chamber.
A significant difference in NW density could be observed, if a substrate decorated with crude bipyra-
mids and a substrate with bipyramids cleaned in supercritical toluene were compared. As depicted in
Figure 51, growth substrates which were treated with supercritical toluene showed dense NW growth,

whereas untreated substrates showed a rather low NW density.

Figure 51: SEM micrographs of Ge NWs grown at 470 °C on a SCF treated (a) and an untreated
(b) substrate.

The significant difference in NW density between a SCF-treated and a pristine growth substrate
proofed the negative influence of remaining PVP on the NW. Despite to the fact that PVP is almost
insoluble in toluene at room temperature, a significant solubility can be expected above the critical
point.B When the supercritical toluene was drained from the high pressure cell it took dissolved PV/P
along. The majority of bipyramids remained on the substrate as they are larger and are therefore not so

easy to be washed-away. SEM micrographs depicted in Figure 51 illustrate the influence of the SCF
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cleaning step. Both samples derived from the same growth experiment at 470 °C, thus sample (a) had
been treated with supercritical toluene before. On the substrate with SCF-treated bipyramids, a high
number of NWs is visible, whereas on the substrate with untreated bipyramids (b), no NW growth
occurred. The experiment confirmed the assumption that the capping polymer significantly inhibited
the NW nucleation.

Figure 52: Ge NWs grown via cold-wall CVD at 470 °C.

Further SEM investigation of the obtained Ge NWs revealed a broader diameter distribution than ex-
pected from silver bipyramid samples. The observable morphology depended on NW diameter and
growth temperature. The fraction of thinner NWs(~20 nm), which derived from irregular shaped
seeds, was almost always straight and showed no kinking over the entire investigated temperature
range (350-500 °C). Medium thick NWs (40-100 nm) which were suspected to derive from smaller
bipyramids, revealed curved growth and a higher number of kinks at lower temperatures. An increase
in growth temperature reduced this morphology significantly. NWs with diameters above 120 nm
showed always kinking and torturous growth, also at growth temperatures as high as 500 °C. Kinking
is a frequently observed phenomenon reported for Ge NWs grown from solid seeds such as Ni*% %
302 or Cu®® as well as for Si NWsP ! NW kinking at growth via solid seeds can be explained by
various effects. First, different diffusion velocities of Ge atoms within the seed and near the surface
cause different deposition rates along the growth interface. The inhomogenous mass flow through the
seed leads to spontaneous plastic deformation of the NW. Such a mechanism had been observed for
carbon nanotubes by Amelinckx et al.B%! but was also proposed for Si NWs by Arbiol et al..®® The
findings reported by Arbiol et al. (kinking occurs predominantly at NWs with longer diameter and at
lower growth temperatures) agree very well with the observed behaviour. A second explanation for
kinking was proposed by Tuan et al., who suggested that the polycrystallinity in NW seeds could
cause tortuous growth.B%®! Nevertheless, this explanation is rather unlikely for Ge NWs grown from

silver bipyramids, as these particles exhibit bicrystalline morphology rather than polycrystallinity. A
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third explanation had been reported by Thombare et al.*% They attributed the distinct kinking behav-
iour to the preferential <111> growth direction and the low energy, required for the introduction of
<111> stacking faults and twin boundaries. The formation of a twin leads to a new direction with a
different (111) growth facet. As the twin plane propagates, the NW can re-twin facing another (111)
growth facet and changing the growth direction again. This process occurs multiple times on several
sets of <111> planes resulting in torturous growth and kinking. Regarding Ge NWs grown from silver
seeds, a similar explanation is definitely possible, due to the fact that these NWs grow most likely in
<111> direction.

Besides NWs with diameters matching to the size of the bipyramids, a high number of NWs with
smaller diameters could be observed. However, Ag bipyramid samples did not show any contamina-
tion with smaller nanoparticles. Therefore, the small Ag seeds were supposed to emerge during heat-
ing to the NW growth temperature from remaining Ag-ions which coordinate to PVVP. During nanopar-
ticle synthesis, small amounts of Ag-ions are not reduced and remain bonded to lone pairs of the car-
boxyl-groups and nitrogen atom in the pyrrolidone rings.*® Potential coordination sites are illustrated
in Figure 53.

T,
O’
Figure 53: Chemical structure of the PVP repeating unit. Lone pairs for a potential coordination
to Ag-ions coloured in green.

During purification, only free or weakly bound polymer can be removed, whereas partially bound PVP
molecules with Ag-ions coordinated to free pyrrolidone rings remain in the product. During heating to
NW growth temperature the remaining Ag-ions could be reduced by PVP,E% to form small nanoparti-
cles, which could then off-course act also as NW growth promoter. Certainly, the nanoparticles which
emerged during the heating step did not show the single twinned bipyramid-shaped morphology, as
their growth took place without any shape control. Therefore, these small particles were not suitable
for the controlled defect transfer. Unfortunately, a removal of these nanoparticles was not possible,

hence the samples showed always contamination with a high fraction of small-diameter NWs.

SEM micrographs revealed also that NWs with smaller diameters grew faster, than thicker NWs. As a
result, the fraction of small diameter NWs appeared significantly larger. Higher growth rates for thin-
ner NWs had been reported for nickel-seeded Ge NWs,2%! whereas liquid-seeded growth revealed
higher growth rates for larger seed diameters.[" 82 3% 319 glower growth rates for thicker NWs grown

from solid seeds can be related to solid state diffusion of Ge atoms through the growth promoter. Lar-
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ger seeds require longer diffusion distances, which adatoms must travel to reach the growth front. This

effect is further increased, as diffusion rates are significantly lower in solid-state than in liquid phase.

TEM investigation of a single NW grown at 500 °C (depicted in Figure 54) exhibited multiple twins
instead of a single twin boundary along the NW growth axis. The seed exhibited a rather hemispheri-
cal than bipyramidal shape, which was expected due to the high temperature environment during
growth. The red arrow marks a single planar defect in the seed which exhibited an orientation similar
to the twins in the NW. This feature highly suggested a relation between the twin planes in the NW
and the planar defect in the growth seed. However, the presence of a ~100 nm segment between NW
exhibiting no planar defect structure interfered with this theory. Furthermore, a layer of remaining
PVP with smaller Ag particles incorporated could be observed at the growth seed. The origin of these
Ag particles had been discussed on the previous page.

Figure 54: TEM micrograph of the tip of a Ge NW grown via cold-wall CVD at 500 °C.

5.3.2.2. Hot-Wall Chemical Vapour Deposition

Besides growth via low pressure cold wall CVD, defect transfer experiments had been conducted in a
hot wall CVD setup under ambient pressure. The CVD process was carried out in stainless steel cells
heated by a tube furnace, which allowed the removal of excess capping polymer using supercritical
toluene before the NW growth process itself. As DPG is not volatile under ambient conditions, it was
introduced as toluene solution, using a syringe pump to control the precursor feed rate. The precursor
solution already evaporated in the hot tubing towards the chamber inlet and the toluene/DPG vapour
had been carried through the CVVD chamber with a nitrogen carrier gas flow, controlled by a mass flow
controller. To avoid premature decomposition inside the inlet tube, the feed line was insulated up to

~3 cm before the chamber inlet. However, temperatures in the insulated areas were already sufficiently
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high to enable the complete evaporation of toluene and DPG under ambient pressure. The chamber
outlet was also connected to a high pressure tube, which ended in a water bath to capture solvent and
decomposition products. Inlet as well as outlet could be manually opened and closed via needle valves
located outside the tube furnace. In a typical experiment the apparatus was assembled, filled with tolu-
ene and placed into the furnace. To maintain a good reproducibility, substrates were always placed at
the inlet side inside the CVD chamber. When the furnace was heated to the desired growth tempera-
ture (400-500 °C), the pressure inside the cell reached ~350 bar, which is far above the critical pres-
sure of toluene (Peiica=41.1 bar).?*¥! To drain toluene and dissolved capping polymer the outlet needle
valve was opened. Following this, the nitrogen flow (2-5 sccm) was established and the growth proc-
ess was initiated by the controlled injection of the precursor solution.

Substrates obtained from NW growth experiments looked slightly different compared to cold-wall
experiments. Usually deposits were only located on the side where Ag bipyramids were drop-coated
and deposited areas exhibited similar shapes as the Ag particle coating after solvent evaporation. In
minor cases, the substrates backside showed brown-coloured deposits as well, mainly located at the
end, which pointed towards chamber outlet. SEM investigation of these areas exhibited particles due
to secondary deposition. However, in some cases a small fraction of NWs could be also observed.
These NWSs were supposed to grow from particles which were washed to the substrate backside during

the supercritical cleaning step.

Figure 55: SEM micrographs of observed morphologies near the inlet (a), towards the centre (b)
and near the outlet (c).

For lower growth temperatures (400-450 °C) and durations (<30 minutes) a colour evolution along the
substrate length was visible. The deposit at the substrate area which pointed towards the chamber inlet
showed a greyish colour, which changed to a brown colour along the substrate length. Longer growth
durations (>30 minutes) and higher growth temperatures (>450 °C) led to homogenously looking
brown-coloured deposits. SEM investigation of the distinct areas exhibited different morphologies. As
depicted in Figure 55, the region near the chamber inlet (a) contained mainly particles or short nano-
rods. When moving towards substrate centre, the morphology of the deposit changed towards NWs
(b). NWs located closer to the chamber outlet exhibited a strong contamination with particles (c)
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which derive from the homogenous gas-phase reaction. The entire morphology evolution occurred
over a substrate length of ~4 cm and might be the result of temperature anisotropy. In the cold-wall
CVD, the substrate was mounted onto the susceptor using silver conductive ink, which ensured a good
thermal conductivity between susceptor and substrate. In the hot-wall setup in contrast, the flat silicon
substrate was placed into the cylindrical CVD chamber. Therefore, heat transfer was mainly main-
tained via the substrate edges. However, the overall thermal conductivity was rather poor compared to
the cold-wall CVD setup. The temperature of incoming precursor feed flow (N,, DPG- and toluene
vapour) was much cooler than the substrate temperature, which led to a local temperature decrease of
the substrate area near the inlet. As the gas flow temperature approached the growth temperature, the
cooling effect diminished and NWs could grow. The applied high growth temperatures led also to
precursor decomposition in the vapour phase, which could be observed as particles contaminating the

NW product at substrate regions farer away from the chamber inlet.

Another aspect which should be discussed is the precursor depletion in the vapour phase with increas-
ing distance from the chamber inlet. As the entire CVD chamber is heated in a hot-wall reactor a sig-
nificant precursor amount is decomposed on reactor side walls. As a result, the vapour phase depletes
steadily in precursor, when passing through the CVD chamber. Regarding the results obtained from
cold-wall CVD experiments, a certain precursor concentration in the vapour phase was necessary to
facilitate NW nucleation. Therefore, an inhibited NW growth at substrate areas further away from the
chamber inlet was expected. However, such areas were not observed during the conducted experi-

ments.

Figure 56: Representative SEM micrograph of straight and kinked Ge NWs obtained from hot-
wall CVD growth.
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A typical SEM micrograph of the obtained NWs is illustrated in Figure 56. Similar to the results ob-
tained from cold-wall CVD, the obtained NWs showed a much broader diameter distribution than
expected from the Ag seeds. NWs with diameters in the size of the Ag bipyramids exhibited strong
kinking, whereas NWs with smaller diameters had a rather straight morphology. The formation of the
small-diameter Ag seeds is discussed in chapter 5.3.2.1.

An increase of the growth temperature led to less kinking of the targeted NW fraction, however the
amount of particle contamination due to secondary decomposition as well as NW tapering increased
tremendously. The SEM micrograph in Figure 57 exhibits NW tapering due to secondary deposition
on the side walls at higher growth temperatures (500 °C). High growth temperatures (>480 °C) led
also to a change in the silver particle morphology. As a result, NW tips appeared spherically, which
indicated rather a VLS than a VSS growth. Regarding the binary phase diagram, the applied maximum
growth temperature (500 °C) is still 150 °C below the melting point of the Ge/Ag eutectic.'* There-
fore, classical melting of the Ag seeds and resulting VLS growth appears very unlikely, also because
melting point depression due to the Gibbs Thomson effect is negligible for particles with ~100 nm
diameter. However, binary phase diagrams describe only the thermodynamic behaviour of a bulk sys-
tem, thus they can be only limited applied to the NW growth process. For instance, the stability of
silver nanostructures is highly related to its size and morphology.®"! Gonzales et al. investigated the
correlation between morphology, size and stability and reported a temperature-stability chart for Ag
nanoparticles with different morphologies. B! According to his findings, the stability limit for a
30 nm bipyramid is 330 °C. Despite to the fact that the reported diameters of the stability chart are
significantly below the obtained bipyramids, the proposed stability limit suggests also a limited for the
utilised larger bipyramids. Regarding these findings, a destruction of the seeds crystal structure due to
the applied growth temperature and a resulting transformation to spherical or irregular-shaped seeds is

easily conceivable.
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Figure 57: SEM micrograph of Ge NWs grown via hot-wall CVD at 500 °C exhibiting tapering
and melted silver seeds.

Needless to say that for a controlled defect transfer the seeds crystal structure must remain stable dur-
ing the entire growth process. A change in the seeds crystal structure must be prevented under all cir-
cumstances. Similar to the results of the cold-wall CVD experiments, two major aspects prevented a
successful defect transfer. Low growth temperatures, which ensured the stability of the bipyramids
crystal structure led to a kinked NW morphology. Higher growth temperatures in contrast, ensured the
growth of straight NWs, but destroyed the seeds crystal structure. A growth temperature where only
minor kinking occurred and the silver seeds remained bipyramidal could not be found for hot-wall
CVD using DPG.

5.3.2.3. Nanowire Growth in Supercritical Toluene

Besides growth via CVD processes, the defect transfer was also investigated using a solvent-based
method. Therefore, NW growth had been conducted in high pressure cells using supercritical toluene
as solvent. Due to the closed system, the precursor concentration in the vapour phase can be varied
over a much larger range than in CVD. However, the closed system suffered from two big drawbacks.
Decomposition products could not be removed and remained in the system, which could affect the
proceeding growth process. Second, due to the lack of an injection system, the precursor must be
added during cell assembly. As a result, the growth process could not be initiated when the desired
growth temperature was reached. The growth process started rather, when the reaction cell reached the
decomposition temperature of DPG. Depending on the achievable heating rate and the duration from
precursor decomposition onset to NW nucleation, NW growth could already occur at lower tempera-
tures then at the targeted growth temperature. This fact becomes even more important as we observed
that the growth of Ag-seeded NWs with ~100 nm diameter required significant higher temperatures to
obtain kink-free morphologies.
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The SEM micrograph depicted in Figure 58 shows obtained Ge NWs grown in supercritical toluene at
400 °C. Similar to the results obtained from CVD experiments, a diameter deviation between applied
Ag bipyramids and obtained Ge NWs could be observed. While Ag bipyramids had diameters around
100-120 nm, the obtained NWs exhibited diameters mostly around 20-30 nm. Compared to CVD ex-
periments, the fraction of broader NWs, matching to the bipyramid diameters appeared significantly
less pronounced. This aspect had been attributed to the fact that supercritical growth experiments were
conducted using crude Ag bipyramids. As a result, seeds were heavily contaminated with PVP, which
included a significant amount of Ag” ions coordinated to pyrrolidone groups. During the growth ex-
periments, the Ag” ions are reduced and form small Ag nanoparticles, which were responsible for the
formation of thin Ge NWs.

Figure 58: SEM micrograph of Ge NWs grown at 400 °C in toluene under SC conditions.

In some cases, a granular contamination of the NWs was observed, which could be easily removed by
washing the extracted substrates with toluene. The contamination occurred intensified under higher
growth temperatures as well as when higher DPG concentrations had been applied. The particles de-
rived very likely from secondary decomposition of DPG in the SCF. If Ge atoms emerged too far
away from a Ag seed or a suitable surface which could facilitate adsorption, they nucleated as Ge par-
ticles in the growth solution.

Figure 59 depicts a SEM micrograph of Ge NWs whose growth was terminated briefly after
nucleation. The micrograph exhibits straight NWs with small diameter (~15nm), whereas thicker
NWs show heavy kinking. Similar to the results obtained from CVD experiments, kinking of thicker
NWs could be slightly reduced by an increase of the growth temperature.
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Figure 59: SEM of Ge NWs whose growth process had been terminated briefly after nucleation.

However, even at growth temperatures as high as 500 °C, thicker NWs remained significantly kinked.
The SEM micrograph illustrated in Figure 60 depicts Ge NWs grown at 500 °C growth temperature.
The thicker NWs which were likely seeded by Ag bipyramids exhibit multiple kinks, whereas thinner
NWs showed more often a straight morphology.

Figure 60: SEM micrograph of kinked Ge NWs obtained from growth in SCF environment.

As TEM investigation of CVD grown NWs at 500 °C revealed spherically shaped silver seeds and
therefore a liquid seeded growth, a TEM investigation of NWs grown in SCF at 460 °C had been con-
ducted. To prevent the formation of too long NWs which would have made TEM investigation diffi-
cult, growth was conducted for 25 minutes including ~18 minutes for heating to the desired tempera-
ture. In accordance to SEM investigation, TEM analysis revealed only a small number of NWSs with
the targeted diameter of ~100 nm. These NWs were heavily kinked and a successful defect transfer

was therefore excluded. However a NW with ~25 nm diameter appeared to have a Ag bipyramid lo-
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cated on its top. Figure 61 illustrates a TEM micrograph of the described NW. Despite to the low qual-
ity of the micrograph, the projection of the bipyramid can be clearly distinguished at the NW tip. De-
spite to the fact that SEM investigation of the applied seeds exhibited mainly bipyramids with ~80-
100 nm diameter, a fraction of smaller bipyramids similar to the observed 25 nm bipyramid was quite
conceivable. Also the intersecting twin plane, connecting both pyramids is slightly visible due to the
darker area in the centre region. In one half of the NW lattice planes can be observed, whereas in the
second half no planes are visible. This aspect could be attributed to different orientations of the NW
halves, which would suggest a bicrystalline NW intersected by a longitudinal twin. Regarding these
results, a successfully controlled defect transfer is conceivable. However, the TEM sample contained
mainly NWs with irregular or cubic shaped tips, than bipyramid-shaped.

Figure 61: TEM micrograph of a Ge NW grown via SFSS mechanism at 460 °C by a supposed
Ag bipyramid.

The HRTEM micrograph illustrated in Figure 62 exhibits a single crystalline silver seed on top of a Ge
NW, which was found in the same sample as the NW with the bipyramid tip. The sharp corners and
edges of the seed confirmed expected growth via SFSS mechanism. The insets to the right side illus-
trate FFT patterns of the marked regions in the micrograph. Basically, FFT pattern are a possibility to
illustrate the results of a fourier analysis executed on an image. The location of the spots in the FFT
pattern indicates in which orientation and distance periodicity occurs, hence it is a facile method to
investigate crystal structures by TEM micrographs. The aforementioned insets show same patterns
which are moreover similar oriented. Therefore, it can be concluded that the corresponding structures
exhibited same crystal structure and orientation, which indicates heteroepitaxy between NW and
growth promoter. Heteroepitaxy is a basic requirement for a successful defect transfer, as it ensures the
proper orientation of new atomic layers during NW growth.™*!
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Figure 62: HRTEM micrograph and corresponding FFT patterns of a Ge NW grown from a
silver seed via SFSS mechanism at 460 °C.
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5.4. Summary and Outlook

Lead-supported Growth

Lead seeds showed to be a feasible growth promoter for Ge NWs. Highly crystalline NWs were ob-
tained from growth in SC toluene via SFLS growth mechanism. Elemental maps revealed that the
NWs contained exclusively Ge, whereas the seeds contained only Pb, which is in good agreement with
the binary phase diagram./** To facilitate growth via solid Pb seeds, the growth temperature was low-
ered to 250 °C, which is ~80 °C below the eutectic temperature of the Ge-Pb system.”*) Ge NWs
grown at 250 °C appeared kinked rather than perfectly straight, which was attributed to the low growth
temperature. The NW tips appeared facetted in contrast to the nearly perfect hemispheres on the tips of
the NWs grown via liquid seeds, which is a good indication for a solid-seeded growth. Besides the
growth using Pb seed particles on Si substrates, NW growth could be also facilitated on Pb foil. In this

case, no additional growth promoter must be applied.

As Pb exhibits a very low solubility of Ge, it might be a feasible growth promoter for NW heterostruc-
tures with abrupt interfaces. Therefore Pb seeded Ge NWs might be a feasible material for NW elec-
tronics such as diodes or transistors. Further research could be done regarding an aimed incorporation
of Pb into the Ge NWSs. An incorporation of 1 % would already alter the intrinsic indirect bandgap to a
direct type?'® #°1 which makes the material favourable for optoelectronics such as LEDs or solar

cells.

Gallium-Seeding

The growth of elongated Ge nanostructures using Ga seeds exhibited a number of characteristic fea-
tures, which were investigated. Ga seed growth was attempted via different synthetic routes. Reduc-
tion of GaCl; using a hot-injection method as well as the synthesis strategy using ultrasound irradia-
tion on bulk Ga metal did not result in the formation of feasible Ga seeds. The formation of an oxide
shell, during handling had been supposed to passivate the surface of the growth promoter, which in-
hibited the subsequent growth process. Therefore, the strategy was modified towards an in situ ap-
proach, utilising the thermal decomposition of GaCp*. This synthesis strategy yielded in the formation
of Ga nanoparticles which enabled the subsequent metal-assisted growth. Along with tBG, a Ge source
which already decomposes at low temperatures, the metal-assisted growth of Ge nanostructures could
be demonstrated at growth temperatures as low as 170 °C. Growth experiments were conducted in
toluene as well as in vapour phase, directly in the solvent or on substrates such as silicone. To obtain
better insight into the growth process a growth study for a fixed Ge:Ga precursor ratio of 6:1 had been
conducted. As expected, temperature-depended growth rates could be observed as well as the termina-
tion of growth due to the depletion of Ge precursor. Also a temperature dependence of the obtained
nanorods could be observed. This aspect had been related to the different heating rates, which influ-

enced the diameter distribution of the emerging Ga seeds.
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TEM analysis of the obtained nanorods and wires exhibited a high crystallinity. Growth via a metal-
assisted process could be demonstrated as the nanostructures were terminated with a hemispherical tip.
Elemental analysis via STEM EDX mappings depicted results which could not be expected from the
binary phase diagram of the Ge-Ga system. According to thermodynamic limits, less than 1 % of Ga is
soluble in Ge at the applied growth temperatures. However, elemental mappings exhibited Ga concen-
trations up to 3.6 % which is far beyond the solubility limit. The amount incorporated was not affected
by the growth temperature over the investigated temperature range (170-250 °C). The high incorpora-
tion was attributed to a kinetic process which was facilitated due to the low growth temperatures. For
application in electronic devices the removal of the Ga tips is of interest. Therefore, the treatment of
the obtained nanostructures using diluted HF was applied. This method enabled the residue-less re-
moval of the growth promoter, whereas Ga atoms which were incorporated into the Ge matrix re-

mained unaffected.

As Ga is a well-known p-dopant for Ge, the electric properties of the obtained NW were investigated.
Therefore, -V curves of single NWs were measured. Measurements revealed that the material shows a
very high conductivity, which is ~five orders of magnitude higher than intrinsic Ge but still below the
conductivity values usually obtained for metal NWs. Therefore the material could be denoted as de-
generate semiconductor. The results matched very well with the values expected from the amount of

incorporated Ga.

In spite of the demonstrated growth of elongated Ge nanostructures using Ga seeds, there remains
space for further research on this topic. As this work was aimed to investigate Ga-seeded growth at the
lowest temperature possible, further investigations regarding higher growth temperatures should be
conducted. Especially, due to the fact that the incorporation of Ga was supposed to be kinetically
driven, which should enable control over the Ga concentration via the growth temperature. Further-
more, Ge NWs with gallium tips can act as potential substrates for NW heterostructures with gallium
arsenide or indium phosphide. Both materials can grow heteroepitactically on germanium
substrates.!**> 33 Additionally, in the case of GaAs, the Ga component is already supplied by the Ga
seed. This work demonstrated already successfully that a required two-step growth process using Ga

seeds is possible, as the growth promoter remains active during a second elongation step.

Defect Transfer

Silver bipyramids were successfully obtained from a modified polyol method using dry air to enhance
oxidative etching. The synthesis method reported by Wiley et al. did not lead to silver bipyramids,
thus a mixture of different shapes ranging from spherical particles to NWs had been obtained. This
aspect was related to insufficient oxidative etching due to contamination of the EG solvent, which
could not be removed by purification via distillation. The diameter of the obtained Ag bipyramids
could be decreased to 80-100 nm, however further reduction could not be maintained via a decrease in

reaction time. The surface of the particles was heavily coated with PVP, which could not be com-
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pletely removed via additional purification steps. As a result, the obtained Ag bipyramids which

should act as seeds for the subsequent controlled defect transfer were not ideal.

Ag-seeded growth of Ge NWs to facilitate the controlled defect transfer could be maintained via hot-
wall, cold-wall CVD as well as in SC toluene, using DPG as Ge source. The usage of GeCp, in cold-
wall experiments led only to amorphous decomposition products. A subsequent cleaning step with SC
toluene removed excessive capping polymer, which appeared to be mandatory to facilitate an efficient
NW nucleation. Straight NW morphologies were obtained mainly for NWs <30 nm diameter, thicker
NWs showed multiple kinks. An increase of the growth temperature reduced the kinking of thicker
NWs, thus NWs with 80-100 nm diameter remained kinked. Approaching 500 °C growth temperature,
effects such as tapering and particle-contamination increased tremendously, but NWs with diameters
around 100 nm still remained kinked. Furthermore, a high contamination with NWs exhibiting diame-
ters ~15 nm was apparent in all NW samples, thus seed particle solutions did not Ag particles with this
size. Small silver seeds emerged most likely during heating to growth temperature from silver ions,
which were coordinated to pyrrolidone groups of the PVP. As a result, the obtained samples contained
rather NWs with irregular shaped seeds than NWs with bipyramidal seeds exhibiting a successful con-
trolled defect transfer.

In order to maintain a controlled defect transfer, further work must be done/ challenges must be met:
The size of the bipyramids must be decreased at least below ~60 nm, which should ensure a kink-free
growth of the NWs. As a simple reduction of the growth duration for bipyramid growth appeared un-
rewarding, a modification of the silver precursor concentration seems a good possibility. However,
this modification is going to require also the adjustment of the bromide concentration and likely the
concentration of the capping polymer as the polyol method is a very sensitive growth process. Fur-
thermore, the purification of the bipyramids should be modified to ensure a good nucleation of the
NWs as well as remove silver ions, which could form irregular shaped silver seeds during the NW
growth process. From the today’s point of view, the implementation of the mentioned modifications

should lead to bipyramid-seeded Ge NWs and therefore to a successfully controlled defect transfer.
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6. Experimental

6.1. Synthesis

All chemicals were purchased from Sigma Aldrich, abcr or TCI Europe and used as received. Tert
buthyl germane was purchased from Gelest. Syntheses were carried out taking stringent precautions
against atmospheric moisture and oxygen using nitrogen or argon atmosphere in combination with
Schlenk techniques or a glove box. Solvents were dried with sodium/benzophenone and stored over

sodium wire if necessary.

6.1.1. Tetraphenylgermane

Br MgBr ©
4©+4Mg—>4 @ + Gecl, —#MgBrCl Ge©

15.9 g (653 mmol, 10 eq.) of magnesium chips were dispersed in a small amount of dry diethyl ether.
To start the gringard reaction 103 g (653 mmol, 10 eq.) of distilled bromobenzene were slowly added
via the dropping funnel. During the addition, the bromobenzene is diluted with further diethyl ether to
provide enough solvent in the reaction solution. Subsequently, the reaction was heated to reflux for 2.5
hours. After cooling to room temperature, 14 g (653 mmol, 1 eg.) germanium tetrachloride were added
dropwise. The reaction solution was refluxed two more hours and subsequently quenched with water
and diluted HCI. After phase separation the aqueous phase was washed with ether and the solvent of
the collected organic phases was removed. The product was purified via crystallisation from toluene.
Yield: 17.6 g, (71 %) of a colourless solid.

6.1.2. Diphenylgermane

Br
Br
; -2 @ \ @ - 2 LiAIH,Br
Ge@ 4Br, ——————> BF/GEC + 2 LiAlH, 3

> HzGe

Synthesis had been carried out by a modified procedure published by Johnson et al.*! 16.2g
(42.5 mmol, 1 eq.) tetraphenyl germane were dissolved in 80 mL dichloro ethane followed by the sub-
sequent addition of 15.0 g (188 mmol, 4.4eq.) bromine. The reaction was heated to reflux for three

hours. After cooling to room temperature, the volatile components were removed and the remaining
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brownish liquid was added to 3.60 g (95 mmol, 2.2 eq. ) of LiAlIH, dispersed in dry diethyl ether. The
obtained greyish viscous solution was heated to reflux for two hours. The solvent was replaced by
pure n-hexane and the solid precipitate was removed by filtration. Finally, the n-hexane was removed
and the product recondensed for purification. Yield: 8.15 g (83.8 %) of a colourless liquid.

6.1.3. Germaniumdichloride-Dioxane Complex

0 Cl
/ N\ /
2 GeCl, +>8i—0—Si + 2 [ j =2HClL,. 3 0  0*GeCl, +>8i—0—S;i
/ TN o _/ / Cll N

The germaniumdichloride-dioxane complex was prepared according to a synthesis procedure reported
by Roskamp et al..*™ 10 g (46 mmol, leq.) tetrachloro germane were diluted with 8.6 mL dry 1,4-
dioxane and 2.3 mL n-hexane in a 100 mL two-neck schlenk flask equipped with a condenser. There-
after, 4.4 mL (25 mmol, 0.54 eq.) 1,1,3,3 tetramethyl disiloxane were added dropwise via a nitrogen-
purged syringe over a period of 45 minutes. The reaction solution was heated to reflux over night.
After cooling to room temperature, the colourless precipitate was isolated via filtration and washed

three times with n-hexane. The product is dried under vacuum. Yield: 6.1 g, 57 % colourless crystals
6.1.4. Biscyclopentadienyl Germanium (11)

— -2Nacl {4}
2NaH + 2 @ﬂzm—@ + 0 0*Gecl, —DioXane,_ e

— v

Synthesis had been conducted according to a modified procedure reported by Grenz et al..B' 1.6 g
(65 mmol, 2.4 eq.) of sodium hydride were dispersed in 100 mL dry tetrahydrofurane and cooled using
an ice bath. To this dispersion, 14.7 g (72 mmol, 2.6 eq.) of freshly prepared cyclopentadiene were
added under vigorous stirring. The reaction solution was left stirring at room temperature for
~12 hours. Subsequently, the reaction solution was added to a solution containing 6.13 g (27.2 mmol,
1 eq.) germaniumdichloride-dioxane complex in 40 mL tetrahydrofurane. The reaction solution was
cooled to -78 °C during addition and the following two hours of stirring. The solid byproducts were
removed via filtration and the solvent was removed under vacuum. The obtained reddish-coloured
crude product was purified via sublimation at 610 mbar at room temperature. Yield: 1.2 g, 22 %

colourless solid.
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6.1.5. Bis(trimethylsilyl)amine)Lithium (1)

\
\Si/ /\Si— + L \/Si\N/S\‘“
/ ONH »
Li
Synthesis had been carried out according to a procedure reported by Golloch et al..®* 30 mL
(0.144 mol, 1.1 eqg.) hexamethyldisilazane were frozen in a 250 mL flask equipped with a sublimation
tube using liquid nitrogen. Subsequently, 51.5 mL (0.129 mol, 1 eq.) n-buthyl lithium (2.5 M in n-
hexane) were added and frozen as well. The solid was allowed to melt and carefully heated until the
reaction solution turned from turbid to clear. After two hours, the volatile components were removed
by applying vacuum. The resulting colourless crude product was purified via sublimation under vac-
uum (0.34 mbar) at 100 °C. Yield: 20.8 g, 96 % colourless solid.

6.1.6. Bis(bis(trimethylsilyl)amine) Germanium (1)

~/
l Sl\
— ./ L oo g
0 0*GeClL, 4 2 Si /Sl‘ -Dioxane / \G
REPATS ne e
s/ Y \
L1 /Si"’N\ /
Si
/N

The synthesis had been conducted according to a modified procedure reported by Lappert et al..*®l A
solution of 5.61 g (33 mmol, 1.9 eq.) bis(trimethylsilyl)amine) lithium (I) in 15 mL n-hexane and 20
mL tetrahydrofuran was added to a solution containing 4 g (17 mmol, 1 eq.) germanium dichloride
dioxane complex in 30 mL dry tetrahydrofuran. The reaction solution was heated to 60 °C for 12
hours. Thereafter, the solvent was replaced by pure n-hexane, a colourless precipitate removed and the
solvent entirely removed by vacuum. The obtained orange crude product was purified by vacuum dis-
tillation at 65 °C at 6.8-10 mbar. Yield: 5.9 g, 88 % orange liquid.

6.1.7. Bis(bis(trimethylsilyl)amine) Lead (I1)

~
\ VAN
~ L —Si—N_
e, 4+ 2 S o2 \ P
Li _Si—N__ /
| s
/N
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Similar to Ge(HMDS),, a slightly modified procedure of the synthesis reported by Lappert et al. had
been used.*® A solution of 5.61 g (33 mmol, 1.9 eq.) bis(trimethylsilyl)amine) lithium (1) in 15 mL n-
hexane and 20 mL tetrahydrofuran was added to a solution containing 4.45 g (16 mmol, 1 eq.) lead
dichloride in 30 mL dry tetrahydrofuran. The reaction solution was heated to 60 °C for 12 hours. The
solvent was replaced by pure n-hexane and a colourless precipitate removed. After the n-hexane was
removed by vacuum the obtained orange crude product is purified by vacuum distillation resulting in a
yellow liquid. No yield had been determined.

6.2. Lead-supported Growth

6.2.1. Pb-Particle Synthesis and Substrate Preparation

Lead particles were obtained via photolytic decomposition of Pb(N(Si(CHs)s),), for 14 days in a clear
glass vial under inert atmosphere. The particles were separated from the reaction solution and washed
with dry toluene. To deposit them onto Si substrates, the particles were dispersed in dry toluene and
drop-casted in an Ar-filled glovebox.

6.2.2. Hot-Wall CVD

nitrogen inle tube furnace

vacuum-valve ”

vacuum pump
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valve

substrate

cooling trap
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Figure 63: Scheme of the hot-wall CVD reactor used to grow Ge NWs from Pb seeds.

Lead-seeded germanium NWSs were grown in a horizontal hot-wall reactor. A scheme of the apparatus
is illustrated in Figure 63. Silicon substrates coated with lead particles were placed inside the reactor
tube and the evacuated setup (6-10 mbar) was heated to the desired growth temperature (400-430 °C).
The precursor reservoir containing 75 mg diphenylgermane could be separated from the growth cham-
ber by a cut-off valve. A slightly raised precursor temperature (35 °C) during deposition was main-
tained by a water bath. The reactor exhaust was connected to a vacuum system containing a liquid

nitrogen cooling trap and a rotary pump. Deposition times ranged from 30 minutes to one hour.
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6.2.3. Growth in Supercritical Fluid

Ge NWs have been grown via a batch process in stainless steel high-pressure cells with a volume of
5mL in toluene (Tc=318 °C). To maintain oxygen- and water-free conditions, assembly was per-
formed in an Ar-filled glove box. The cell was loaded with a particle-coated growth substrate, 3 mL
dry toluene and 50 mg diphenylgermane. After sealing, the cell was transferred into a pre-heated tube
furnace. Additional temperature control was maintained via a thermocouple connected directly to the
cell. Growth temperatures were chosen between 340-420 °C, which leads to a calculated pressure of
~290-320 bar. Growth durations were selected between 40-100 min. The cell was then removed from
the furnace and allowed to cool to room temperature. The substrates were removed after draining the

growth solution and rinsed with toluene before further characterisation.

Supercritical hexane (T¢c=234 °C) was used as solvent for low temperature growth. Pb(HMDS), and
Ge(HMDS) (Ge:Pb=1:6) were thermally decomposed at 250°C in dry hexane containing small
amounts of dodecylamine. Similar to the NW growth in toluene, the cell was assembled and sealed in

an Ar-filled glove box and heated to 250 °C for 100 min in a preheated tube furnace.

6.3. Gallium-Seeding of Germanium Nanowires

6.3.1. Nanorod and Nanowire Growth in Solution

Ge NW growth was performed in stainless steel cells with 1.2 mL volume. In a typical growth reaction
0.8 mL dry toluene, 10 pL pentamethylcyclopentadienyl gallium(l) GaCp* and 50 yL tBG were filled
into the reaction vessel inside an Ar-filled glove box. The tightly sealed cells were placed into a pre-
heated furnace for 1-18 h. Growth temperatures were chosen between 170 to 230 °C. After reaching
the desired growth time, the cells where put into cold water and allowed to cool to room temperature.
The reaction solution was diluted with toluene and the product obtained and purified via multiple cen-

trifugation and dissolution in toluene.

6.3.2. Nanowire Growth on Substrates

Ge NWs were grown on substrates such as <100> oriented Si or silicone in stainless steel vessels with
5 mL volume. To ensure an oxygen and water-free environment, the reaction vessels were assembled
in an Ar-filled glove box. The substrate was incubated with GeCp* and placed into the reaction vessel
together with 20 pL tBG and 1 mL of dry toluene. The vessel was tightly sealed and placed into a
preheated tube furnace where it was kept for 12 to 18 hours. The cell was then removed from the fur-
nace and cooled to room temperature using a water bath. The cell was opened and the substrate re-

moved.
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6.3.3. Growth Promoter Removal

The purified nanorods were two times washed with ethanol to remove the solvent. The nanorod pre-
cipitate was than dispersed in 2 % hydrofluoric acid for 3 minutes, using an ultrasonic bath. Subse-
quently, the nanorods were separated from the solution via centrifugation and washed with water,

ethanol and tetrahydrofurane. Finally, the solvent was replaced by toluene.

6.4. Defect Transfer

6.4.1. Silver Bipyramide Synthesis

In a 25 mL three-neck-flask equipped with condenser and gas inlet 5 mL distilled 1,2-ethanediol were
heated to 160 °C. With the gas inlet, 2 sccm of dry air (compressed air dried with phosphorous pentox-
ide) was bubbled through the reaction solution. Two precursor solutions were prepared one containing
80 mg AgNO; and 5 mL 1,2-ethanediol, the other 80 mg polyvinylpyrrolidone, a 20 uL drop of
10 mM NaBr solution and 5 mL 1,2-ethanediol. Shortly before reaction start, a 30 uL drop of a 10 mM
NaBr solution was added to the preheated glycol. The reaction was started by the simultaneous injec-
tion of 3 mL from each precursor solution with an injection rate of 45 mL/h. After one to two hours,
the reaction was stopped by removing the oil bath. Nanoparticles were isolated from the reaction solu-
tion by adding acetone and subsequent centrifugation. Purification was done by a number of centrifu-
gation and redispersion in iso-propanol.

6.4.2. Germanium Nanowire Growth via Cold-Wall CVD using GeCp,

hitrogen inlet furnace
vacuum-valve : _ :
|.H- : HF-coll :
L N ] .
susceptoriin :
. ss e -
: precursor-valve
vacuumpump : .
coolingtrap : precursor- :
: reservoir :

Figure 64: Cold-wall CVD setup used to grow Ge NWs from Ag bipyramids.

Silicon <100> substrates were cleaned in an ultrasonic bath using 2-propanol. Ag bipyramids were
coated by dispersing them in 2-propanol and drop-casting the solution onto the cleaned substrates. The
substrates were mounted on the top site of a cylindrical graphite susceptor (diame-
ter x length=20x50 mm) using silver conductive paint. The susceptor was placed into a glass tube
(~22 mm diameter) inside the coil of the HF-generator and the system was heated to 110 °C under

vacuum for one hour to remove moisture. A scheme of the entire CVD apparatus is depicted in Figure
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64. The growth process was initiated by heating the susceptor to the desired growth temperature (350-
500 °C) and the opening of the valve to the precursor flask, which contained 20-30 mg GeCp,. During
the entire growth process, a dynamic vacuum <10 mbar was applied. The growth process was termi-
nated by closing the precursor valve and cooling the susceptor to room temperature.

6.4.3. Germanium Nanowire Growth via Hot-Wall CVD using DPG

insulation
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Figure 65: Scheme of the hot-wall CVD setup used to grow Ge NWs from Ag bipyramids.

The nanowire growth process was performed in a custom-made hot-wall CVD setup. A Si substrate
with Ag bipyramids (substrate preparation is described in chapter6.4.2) was placed into a stainless
steel cell with 5 mL reaction volume. The cell as well as valves and tubing was heated to 120 °C over
night and then transferred into a load lock, where it was left to cool to room temperature under vac-
uum. Further assembly was performed in an Ar-filled glovebox. The reaction cell was filled with 3 mL
dry toluene and connected to the tubing. The inlet was sealed with a three-way valve, whereas the
outlet was sealed with a simple cut-off valve. The apparatus was placed into a tube furnace with the
valves outside and an insulating jacket at the inlet tubing. Subsequently, the furnace was heated to
480 °C and let equilibrate for approx. 15 minutes. Then, the toluene was drained from the reaction
chamber via the cut-off valve and a stream of dry nitrogen (2 sccm) through the reaction apparatus was
enabled. NW growth was initialized via the injection of 20 pL diphenylgermane in 5 mL toluene with
a rate of approx. 3.2 mL/h. To terminate the growth reaction, the precursor injection was stopped and
the gas flow was maintained for additional 15 minutes. Afterwards, the reaction cell was cooled to

room temperature, opened and the substrate extracted for analysis.

6.4.4. Germanium Nanowire Growth via Cold-Wall CVD using DPG

Silicon substrates were prepared as mentioned in chapter 6.4.2. To remove excess capping polymer,
the Ag-decorated substrates were cleaned using supercritical toluene. Therefore the substrate and 3 mL
toluene were placed into a stainless steel cell connected to a purge valve. The tightly sealed cells were
placed into a tube furnace and heated to 450 °C. After thermal equilibration of the cell, the solvent was
purged and the cell removed from the furnace. At room-temperature, the substrates were transferred to
a graphite susceptor, which was then placed into the CVD reactor. A scheme of the CVD setup is de-
picted in Figure 64. To remove moisture from the CVD chamber, the apparatus was heated to 110 °C
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under vacuum for at least one hour. The apparatus was primed for NW growth by heating the suscep-
tor to 400-500 °C and the CVD chamber as well as the precursor supply to 60-80 °C. A static vacuum
of <10° mbar was applied. To initiate the growth process the precursor valve was carefully opened,
which connected the CVD chamber to the precursor flask containing 50 mg DPG. During the growth
process the chamber pressure increased to >5-10™" mbar. To terminate NW growth, the precursor valve
was closed and the CVVD chamber was evacuated once again. After ten minutes hold, the susceptor

was cooled to room-temperature.

6.4.5. Germanium Nanowire Growth in Supercritical Toluene

To avoid moisture and oxygen, cell assembly had been carried out in an Ar-filled glove box. A Si sub-
strate coated with Ag bipyramids (preparation described in chapter6.4.2)6.4.3 was placed into a dry
high pressure stainless steel cell (1.2 mL volume). The cell was filled with 600 pL of toluene as well
as 10 pL diphenyl germane, tightly sealed and placed into a preheated tube furnace. NW growth was
maintained between 350-450 °C for 15 to 20 minutes. Thereafter the cell was removed from furnace
swiftly cooled to room temperature using a water bath. To remove any contamination, the extracted

substrate was carefully rinsed with toluene.

6.5. Material Analysis

6.5.1. X-Ray Diffraction
X-ray diffraction analysis was carried out using a PANalytical X-Pert PRO PW 3050/60 in Bragg-

Brentano geometry using Cu-Ka radiation and a X’Celerator detector. Samples were placed onto Si
wafers cut in (711) direction and analysis parameters (step size, time per step) were chosen individu-

ally to obtain good signal to noise ratio. Data analysis was carried out using HighScore Plus software.

6.5.2. Scanning Electron Microscopy Analysis

SEM analysis has been carried out using a FEI Quanta 200 FEG field emission gun microscope at

acceleration voltages between 2 and 20 kV. Dispersions were drop cast onto silicon wafers.

6.5.3. Transmission Electron Microscopy Analysis

TEM analysis has been carried out with a FEI Tecnai F20 field emission microscope. Samples were
dispersed in an appropriate solvent such as toluene or iso-propanol and dropcast onto carbon coated

copper grids.

6.5.4. Electrical Characterisation of Single Nanowires

The electrical characterisation of single NWs had been conducted at the Institute of solid State Elec-
tronics, TU Vienna. Therefore NWs were coated onto sample holders using a dry-transfer technique.

Single NWs were contacted by Al electrodes in two-point measurement configuration using an elec-
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tron beam lithography technique. For additional information, the interested reader might refer to litera-

ture
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