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Abstract

Abstract

Nanoparticles span the gap between atoms and bulk materials and are therefore an in-
teresting and challenging field of research as their properties differ significantly from
the corresponding bulk properties. Especially wire-shaped nanostructures have poten-
tial usages in a large variety of fields, such as catalysis, optic or nanoeletronics. One
goal of investigating the properties of nanostructures is to replace expensive materials
such as palladium with cheaper ones like copper. As a consequence the characterisation
and investigation of thermally induced surface diffusion processes and the mobility on
substrates are of major interest.

A new and novel approach to the synthesis of nanoparticles is the helium droplet tech-
nique. This method uses superfluid helium droplets, which are used as completely inert
and interactionless environments for the synthesis of nanoparticles.

Within this thesis the surface diffusion and the corresponding thermal stability of metal-
lic nanowires is investigated. A large variety of metals such as palladium, gold, copper,
etc. is studied in order to make general statements about structure and stability. The
thesis can be divided into three major parts: The synthesis of nanowires with the helium
droplet technique, the analysis of thermally induced surface diffusion processes by using
of a FEI Titan transmission electron microscope, and the prediction of the observed pro-
cesses via a new algorithm, based on a cellular automaton. It is important to mention
that as a result of the high resolution of the FEI Titan in-situ observations of surface
diffusion processes of metallic nanowires were made for the first time.
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Kurzfassung

Kurztassung

Nanopartikel bilden die Briicke zwischen Atomen und Festkérpern und sind dahinge-
hend ein spannendes und herausforderndes Forschungsgebiet, da sich ihre Eigenschaften
deutlich von jenen des Festkorpers unterscheiden. Insbesondere elongierte /drahtformige
Nanostrukturen haben ein grofses Potential in diversen Forschungsgebieten wie der Katal-
yse, Optik oder der Nanoelektronik. Ziel der Untersuchung der Eigenschaften von Nanos-
trukturen ist mitunter auch, teurere Materialen wie Palladium durch deutlich giinstigere
Materialien wie Kupfer zu ersetzen. Dahingehend sind elementspezifische Untersuchun-
gen der thermischen Stabilitdat, der Mobilitat auf Substraten und der katalytischen Eigen-
schaften von besonders grofsem Interesse.

Ein neuartiger und innovativer Ansatz zur Erstellung von Nanopartikeln stellt die He-
liumtropfentechnik dar. Diese Methode nutzt superfluide Heliumtropfchen, welche als
hochreine und interaktionsfreie Trager des Syntheseprozesses von Nanopartikeln dienen.

Im Zuge dieser Arbeit wird die Oberflichendiffusion und die damit einhergehende
Stabilitat von metallischen Nanodridhten untersucht. Eine besonders grofte Auswahl an
Metallen wie Palladium, Gold, Kupfer, etc. wurde untersucht um allgemeine Aussagen
iber Struktur und Stabilitat treffen zu kénnen. Die Arbeit gliedert sich im Wesentlichen
in drei Bereiche: Der Erstellung von Nanowires mithilfe der Heliumtropfen Technik,
der Analyse der thermisch induzierten Oberflichendiffusion mithilfe eines FEI Titan
Transmission Elektronen Mikroskop und der Vorhersage dieser Prozesse durch einen,
wahrend dieser Arbeit entstandenen, zelluliren Automaten. Dazu sei zu erwihnen,
dass aufgrund des besonders leistungsstarken hochauflésenden Elektronen Mikroskop
FEI Titan allererste in-situ Beobachtungen von Diffusionsprozessen von metallischen
Nanodrihten beobachten werden konnten.
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Introduction

Chapter 1

Introduction

Over million years, nature has improved and perfected biological devices at the nanoscale,
for example DNA strands. Mankind have utilized the unique properties of nano parti-
cles for centuries, i.e. ancient Romans have used gold nanoparticles to create glittering
effects on vases. However, only within the last few decades and years scientists have
started to investigate and understand these unique properties. The ongoing interest can
be measured by the amount of publications with nano-prefixed terms in their title. In
fact, the amount of papers related to nano technology has more than quadrupled during
the last twenty years[§].

Nanoparticles, especially wire-shaped nanostructures have attracted recent attention
due to their potential usage in circuits and nanodevices|28] 54|, biosensors|I] [7, 69],
waveguides|73], membranes|33], transparent electrodes[49] or antennae for photochem-
istry applications|[52]. For diameters in the range of a few nanometres a whole series
of unusual properties emerges: Ferromagnetism|74], negative magnetoresistance[3] or
quantum conductance have been reported|11], making smallest nanowires potential com-
ponents particularly interesting for miniature electronic circuits. [39]

The first studies related to this work have been carried out by the Ernst group, starting
with the Rayleigh breakup of Ag nanowires[65], exploiting superfluid He nanodroplets
(Hex) as nanolabs for the production of one-dimensional metallic structures|37, [56].
The dotation of Hey with particles is well established in spectroscopy|6} 59} 60], and has
recently been adapted for the controlled production and structure preserving soft depo-
sition of metal clusters|9, 40} [43], 57, 67]. For the creation of metallic nanowires we take
advantage of a vortex formation, a quantum effect[14], [47] occurring for larger droplets
with diameters of a few um. As was originally observed in bulk superfluid helium (He
I0)[4, [70] [72], these vortices attract dopants immersed in the helium due to a pressure
gradient around the vortex core, causing a preference for one-dimensional growth, which
leads to the formation of nanowires.

The experimentally challenging technique offers the benefit of complete inertness during
wire production, deposition and measurement. Typically, nanowires in the sub 10nm
diameter range are stabilized by templates[12, 25 [41], which introduce a large bias in
stability measurements.
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Introduction

This thesis aims to deepen the understanding of thermally induced surface diffusion
processes with regard to material-specific constants. In order to do this, a combined
approach involving theory and experiment is performed.
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Theoretical Background

Chapter 2

Theoretical Background

In this first section, the basic concepts and the theoretical background of cluster synthesis
inside a liquid helium droplet environment is presented. This chapter describes the
physical concepts behind clusters and why a liquid helium droplet with a temperature of
~ 0.4 K provides an ideal and unique environment for the formation process of clusters.

2.1 Clusters

Clusters have attracted recent attention due to their potential usage in numerous fields
(i.e. circuits and nanodevices [28] [54]), because they fill the gap between single atoms
or molecules and bulk material. A cluster is per definition a package of atoms or
molecules with a number of 3 to ~ 10° atoms. For diameters in the range of a few
nanometers a whole series of unusual properties emerges: Ferromagnetism|74], neg-
ative magnetoresistance[3] or quantum conductance have been reported|[I1], making
smallest nanowires potential components particularly interesting for miniature electronic
circuits[39).

Their properties show unusual behaviour, as surface size effects become present in this
regime. A possible classification of clusters can be taken as

e Small clusters: 3 to 12 atoms. The concepts of atomic- and molecular physics are
still valid for low enough temperatures and all atoms are located on the surface of
the cluster.

e Medium clusters: 12 to 10 atoms. Molecular concepts are no longer capable
of predicting the properties. Rapid changes in properties occur with increasing
cluster size.

e Large clusters: 10? to 10 atoms. A gradual change from atomic properties to solid
properties occur, e.g. the change of the lattice structure from fcc Cr to bee Cr.

e Microcrystal: 103 to 10° atoms: Surface size effects gradual decrease. However,
small deviations from bulk properties are still observable.
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Theoretical Background

2.2 Helium and Helium Droplets

Helium is an outstanding element due to its unique properties in comparison with other
elements. For example, He has no triple point (point where solid, liquid and gaseous
phase coexists) and can never reach its solid phase at normal pressure and it has the
highest ionisation energy at 24.6 eV. However, the most prominent feature is its super
fluid phase, that occurs at temperatures below 2.17 K (see Figure .
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Figure 2.1: Phase diagram of liquid *He. The two phases He I and He II indicate the
liquid phase (He I) and the super fluid phase (He II). Isentropes (dashed
lines) for the subsonic and supersonic nozzle expansion can be seen (Taken
from [46].)

Superfluidity is due to the thermal de Broglie wavelength of He II, which becomes
larger than the interatomic distance between the single He atoms:

h
)\thermal = W > dHe ~ 5A (2]—)
As a result the He atoms lose their particle character and can be treated as a collective
via a macroscopic wave function. In this wave like state, He II becomes an ideal thermal
conductor, and the inner friction diminish.
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Theoretical Background

Those properties of He IT are used to create nearly ideal environments for cluster synthe-
sis, as metal atoms can form clusters in an almost frictionless, ultracold He matrix. The
standard method for creating He droplets is via an adiabatic supersonic expansion of
highly purified He (usually grade 6 He = 99.9999 % He) under a stagnation temperature
(Teg = 4...20 K) and pressure (pg. = 5...60 bar) into vacuum (psc & 107% mbar). Due
to the adiabatic expansion process, the droplet cools down even further and can reach
final temperatures of T opier ~ 0.4 K.
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Figure 2.2: Mean number of He atoms N of one He droplet, respectively its diameter Dp
as a function of the nozzle temperature 7j and the stagnition pressure p, for
a b pm nozzle. Three different droplet regimes are highlighted (Green: large
droplets (N = 10'°) synthesized via Rayleigh break-up of the liquid jet. Red:
average sized droplets (N ~ 10%...101°) which result from the fragmentation
of a liquid jet. Blue: small droplets (N ~ 10'...10%)). Reprinted from [60]

The droplet size distribution depends on the stagnation temperature (also referred as
the cold head temperature Ty ), which determines the droplet formation regime. Three
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Theoretical Background

different regimes have been found so far (see also Figure

e Sub-critical regime [59](blue region in Figure 2.2): The size distribution is de-
scribed by a log-normal distribution with N ~ 10'...10* atoms. The formation of
droplets are due to the condensation out of the gas phase.

e Supercritical regime [32] (red region in Fig2.2): The droplet size is exponentially
distributed with NV ~ 10%...10'° atoms. Droplets are fragmented out of a liquid He
jet.

e Rayleigh breakup regime [23] (green region in Fig[2.2): Droplets are bimodal dis-
tributed with N ~ 10'° atoms. In this region, the so called Rayleigh break-up of
the liquid jet occurs.

2.3 Doping of He Droplets

In addition of being superfluid, the droplets are capable of picking up atoms of for-
eign species within the droplets cross section during their flight time. Inside the nearly
viscous-less environment the foreign atoms can move (almost) freely (see next chapter),
collide and also coagulate inside the droplet [22]. When such a coagulation process hap-
pens the binding energy of the foreign atoms is released and as a consequence this energy
is dissipated by the droplet which results in an evaporation of He atoms that overcome
their binding energy Epepona. As the binding energy of He (Enepona = 0.62 meV [51])
is much smaller than the binding energy released by metal atoms (i.e. Eaypona = 3.81
eV), one bond of i.e. Au atoms results in the dissipation of roughly 6000 He atoms. This
gives an upper limit for the possible cluster size.

Additionally, quantised vortices are formed within the droplet at sufficiently low stagna-
tion temperatures (Tcy < 6 K [60]) as a result of the manifestation of angular momentum
which has to be conserved even in He II. The angular momentum in this regime is due
to the contact of the droplets with the nozzle wall during expansion which induces an
angular momentum. After He undergoes a phase transition due to the adiabatic super-
sonic expansion, this angular momentum is transferred into quantised vortices. Gomez
et al. |[I8] have shown that impurities inside the droplet will, migrate to the quantised
center of rotation and form elongated clusters, so-called nanowires, at these spots. This
is a result of a pressure gradient pointing towards the vortices.
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Experimental Setup

Chapter 3

Experimental Setup

In this chapter, the basic principles and mechanism of the apparatus, required for
nanoparticle synthesis in helium droplets (short: HelENA - Helium Environment for
Nanoparticle Assembly), will be presented. The apparatus stems from Prof. Christof
Woll department at the Universitidt Bochum and was transformed and extended at the
Technische Universitdt Graz by Philipp Thaler, Johannes Steurer and Alexander Volk
during their diploma and doctoral thesis (PT: doctoral thesis [55], JS: master thesis
[51], AV: doctoral thesis [64]) starting with the construction phase in 2011. During
the construction phase(s), several crucial features for the apparatus, such as a time-
of-flight mass spectrometer (TOF-MS) for in-situ observation of metal clusters, and a
manipulator for the deposition of nano particles on electron microscopy grids for ez-situ
observations were added. In order to avoid rewriting a complete description with all
details the author decided to keep the description in a nutshell and refers the reader to
use [55],[64],[51] if further reading is required.
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Experimental Setup

3.1 General Apparatus Structure
The whole setup consists of three separable vacuum chambers:
1. Source chamber: Production of liquid He droplets.

2. Pickup chamber: Doping of He droplets with metal atoms, which arrange them-
selves to clusters inside the droplet.

3. Main chamber: Diagnostic chamber to characterise the droplets either ez-situ or
in-situ with external devices after deposition on i.e. an electron microscopy grid.

An illustration of the whole setup is shown in Figure [3.1] below.

TOF  Main Chamber

Source Chamber Pickup Chamber DPS 2 T EMLGrid

Teg =3.5..20K Evaporation Cells 1&2 Quadrupole MS

po = 20 bar I¢ I
] 0
Lo/ 0 A Y T i)
R B BE Rt RN N N
= / 4
A Ei ﬂ —10 laseness - Micro Balance
1075 mbar 10-7 mbar | 107" mbar
\ \ | 100 /s \ /'_
12000 I/s 1000 s 1500 Is

Figure 3.1: Schematic image of the experimental apparatus used for the production of
metal clusters inside liquid He droplets. The setup consists of three separable
chambers (source- (SC), pickup- (PC) and main chamber (MC)). In the SC,
the liquid He droplet beam is produced by the cooled nozzle of the cold head
(usually with temperatures between 3.5 and 20 K and at He pressures of
mostly 20 bar) and tailored when passing through the skimmer. The droplet
is then doped inside the PC with up to two metal species, that form clusters
during their time of flight from the PC through a differential pumping stage
(DPS) to the MC. Inside the MC, a TOF-MS is used for the in-situ analysis
of the cluster size either by electron impact ionisation (implemented) or
via laser induced photo-ionisation. A quartz-crystal micro balance scale is
used for the determination of the total transferred metal cluster mass and
a quadrupole mass spectrometer is essential for the determination of the
remaining residual gas, mainly to determine the amount/size of He droplets.
Finally, a manipulator for the deposition on mounted electron microscopy
grids is implemented.
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Experimental Setup

3.2 Source Chamber

In the first chamber, liquid He II droplets of high purity He (grade 6 He = 99.9999%
pure He) are produced by a closed-cycle refrigerator (Sumitomo, RDK-408D2). The He
enters the nozzle-setup at high pressures of py. = 20bar and is then cooled via a Gifford
McMahon process [51]. After the second cooling stage, He can reach temperatures even
below 4 K, He enters the nozzle, in which it expands through a 5 pum nozzle plate in
an adiabatically supersonically way into the SC and cools down even further (= 0.4 K).
This two staged cold head (CH) is capable of providing a cooling power of 1 W at 4 K
(see[55]) which is necessary to enable the production of He droplets within the Rayleigh
breakup regime.

According to adiabatic expansion the final temperature is far below the He temperature
inside the cold head in the range of a few hundred mK. The colder the temperature
of the cold head Ty gets, the bigger the created droplets get according to Gomez et
al[T7], who summarised the droplet size as a function of the nozzle temperature. It is
essential for the later experiments to know the droplet size as a function of the nozzle
temperature Ty because the size of the droplet describes the pick-up cross-section for
dopant’s [51].

Table 3.1: He droplet size as a function of the nozzle temperature Ty found by Gomez
et al.[17| at a nozzle pressure of pcy = 20 bar.

’ Nozzle temperature Toy /| K \ Average number of He atoms Ny, ‘

5.4 1.68 - 10"
5.7 1.43-10°
6.0 3.08 - 10%
6.5 3.50 - 107
7.0 2.20 - 107
8.0 5.60 - 10°
9.0 1.82 - 106
9.5 3.25 - 10°
10.0 6.39 - 10*
11.0 1.50 - 10*
12.0 1.20 - 10*
13.0 8.00 - 10°

Finally, the free jet He beam passes through a skimmer (see Figure where the
He intensity is lost to create a coherent beam of droplets. As a consequence, a huge
throughoutput/pumping rate of an oil diffusion pump of 12000 /s is necessary to keep
the pressure inside the chamber as low as psc ~ 10~ °mbar.
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Experimental Setup

3.3 Pickup Chamber

After passing the skimmer, the coherent He droplet beam enters the pickup chamber
(PC), where the droplets are doped with metal atoms of the desired species (within
this thesis a large variety of metals such as Pd, Au, Ni, Cu, Ag, Bi, Al and Cr are
investigated). For the pickup event to take place the desired species have to be heated
up to their corresponding vapour pressures. An exemplary metallic vapour pressure
graph can be seen in the figure below:

0

10

-10

p/Pa

-20

0 500 1000 1500 2000
T/K

Figure 3.2: Vapour pressure curve for nickel as a function of its temperature. The metal
temperature has to be increased till a sufficiently high vapour pressure is
reached to start evaporating metal particles. They are then picked up by
bypassing He droplets and form clusters inside the droplet. In addition, it
should be considered that the vapour pressure curves for metals in liquid and
solid phase may have a rather large deviation (material specific parameters
taken from [24]).

The chamber consists of two separate evaporation cells. Both of them consist of two
crucibles, where the first is located at the bottom below the beam and the second one is
placed above the beam to keep the gaseous metal atoms in the desired region between
the two crucibles and thereby the loss of metal particles is reduced. In addition, the
crucibles are covered with a water cooled heat shield to protect other components inside
the chamber. The droplets enter the crucibles at a 90° angle and picked up particles
which are inside the droplet cross section. Optionally, a liquid nitrogen cooled cooling
trap is used to condense residual gas, mainly water molecules, at its surface in order to
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reduce the pressure in He pickup chamber. However, it is only necessary to use the cool-
ing trap in cases where only small intensities are measured by the diagnostic apparatus.

As illustrated in Figure the evaporation cell temperature has to be raised to increase
the amount of metal atoms inside the He droplets cross section. It is highly impor-
tant to find the appropriate relation between droplet size and the amount of picked up
cluster atoms. Along the droplet’s flight path He evaporates when flying through the
chamber and picking up metal atoms. This is a result of the cluster formation process
inside the droplet during the flight time, during which the binding energy from metal
atoms is released when two atoms 'find’ each other inside the droplet (see also chapter 1).

In addition, the cluster aggregation processes change inside big droplets (N > 10°
atoms) from single- to multi-center growth (see also [51],[55],[64]). This phenomenon
is called multi-center aggregation. Therefore the main goal of the cluster production
process is to create clusters with a desired average size by varying the droplet size (via
variation of Toy) and the temperature of crucibles (via variation of Tge).

To guarantee a stable, reproduceable temperature of the evaporation cell(s) an electric
resistance method is used to measure and determine the temperature via measuring the
electrical resistance of the heating wire of the crucible, which is temperature dependent.
[55]

Rr = Ragoc [1 + a (T[°C] — 20°C)] (3.1)

with a = 0.0044 K for tungsten and Rypec being the resistance of the heating wire
determined at 20°C.

In addition, the temperature can be measured via a thermocouple Type C, which is
placed inside the chamber, preferably directly inside the crucible. However, differences
between the determined and measured temperature of more than 100 °C' are observed
(see also [48]), which is due to the impossibility of measuring exact temperatures inside
the metal species and due to heat losses resulting from the thermal contact between
the the covering husk and the watercooled shield. On the other hand, the temperature
measurement via the resistance of the crucible is not exact either, because not only
the voltage drop across the crucible but also the entire setup is measured. As a result,
temperature values have to be treated with caution, taking into account that both
temperature measurements have significant sources of possible errors.

3.4 Differential Pumping Stage

After the doping process is finished, the droplets pass through another skimmer, with a
diameter of 3 mm and enter the differential pumping stage (DPS). The main purpose of
this chamber is to decrease the pressure gradient between the PC (ppc ~ 1077 mbar) and
the MC (pyrc ~ 10719 mbar). As the volume of this chamber is rather small, pressures
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in the range of ppps ~ 1072 mbar can be reached, which guarantee a collisionless flight
of the droplets till they reach the MC.

3.5 Main Chamber

The last chamber consists of the main diagnostic tools to measure the properties, such
as mass, size, reactivity and composition of the generated clusters. Therefore a very
good and oil free ultra high vacuum (UHV) is crucial to avoid contamination of the
droplets/clusters. However, oil steaming from the SC can reach the MC, in which oil
peaks are visible in the mass spectrum (m = 203 u,m = 276 u and m = 390 u). As
illustrated in Figure the MC contains several diagnostic features such as:

o Time-of-flight mass spectrometer (TOF-MS) for the determination of the cluster
and droplet size distribution and their composition.

e Moveable sample holder with mounted TEM grids for the preparation of TEM
grids for electron microscopy.

e UHV-Transfer-System for the deposition of clusters at substrates like glass plates
and for the transport of higher reactive clusters to avoid contact with ambient air.

e Quartz crystal microbalance to determine the mass deposition rate.

e Quadrupole mass spectrometer to monitor the residual gas inside the chamber.

In the following subsections these tools are described in more detail.

Time-of-Flight Mass Spectrometer

As illustrated in Figure the TOF-MS with a reflectron (Stefan Kaesdorf RFT50) is
installed in the first section of the MC. As the name suggests the TOF-MS measures the
flight time of ionized particles until they impact, and converts this time of flight into
a mass spectrum, as one flight time can be directly linked to the corresponding parti-
cle/cluster mass via the relation & = eUt/m. The ionisation process of particles/clusters
can be either realized via implemented electron impact ionisation or via laser induced
ionisation. In addition this TOF-MS is designed to detect especially heavy particles with
m > 20000 amu in order to serve properly as a control instrument for the nanoparticle
synthesis.

Quartz Crystal Scale/Micro Balance

For the determination of the total mass deposition rate dm/dt of clusters deposited,
a quartz crystal scale (also referred as micro balance) is installed. The micro balance
can measure the amount of deposited mass on a quartz crystal. The basic mechanism is
simple, the quartz crystal is stimulated via an electric circuit to oscillate at its resonance
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frequency fy. According to the Sauerbrey equation this resonance frequency fo will
decrease when mass is deposited on the crystal (similar to the phenomenon when adding
mass on a vibrating spring). The change in frequency can be written as [63]:

m

v/ Poto

The change of frequency is thereby proportional to the deposited mass and dependent
on device constants such as the density of the quartz pg, its shear modulus py and the
resonance frequency fj.

Af =—2f2 (3.2)

Quadrupole Mass Spectrometer

The last detector in the MC is the quadrupole partial pressure analyser (also referred
as quadrupole mass spectrometer). It is capable of detecting masses between 0 and 200
amu, which is the reason why this sensor is basically used for the detection of residual
gas. The QMS is on the one hand used to determine the amount of residual gas, such
as O, Ny, HyO, CO, etc. to determine the vacuum quality, respectively to determine if
the chamber has a leak. On the other hand it is used to measure the amount of He; and
He, inside the MC, which is proportional to the He flux. From this measurements also
the amount of evaporated He during the cluster formation process can be determined,
as the partial pressure of He decrease, when the droplets shrink inside the PC and the
DPS due to the cluster formation process.

Moveable Sample Holder

In order to deposit clusters on substrates (e.g. TEM grids), a surface deposition unit,
which is mounted on a six-axis manipulator, is installed. During the experiments, af-
ter the desired settings for cluster deposition are found, the grids can easily be swung
into the He beam and up to two different TEM grids can be deposited with the desired
amount of the requested clusters (see Figure . The big advantage of this system
is, that it takes only one to two seconds till a grid can be placed into the Hey beam
and when venting the MC with dry nitrogen the exposure to ambient air can also be
minimized.

One of the main advantages is, that the sample holder could either be cooled with
liquid nitrogen or heated via a bulb. This allows to change the deposition temperature
between Tyeposition =~ —150°C' (not exactly T, i, due to heat losses) and Tyeposition =
130°C'. The higher temperatures are used to reduce the amount of contamination on the
grids before deposition and the lower temperatures are used to create clusters/nanowires
which are only stable at temperatures below the room temperature.
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Figure 3.3: Tllustration of the moveable sample holder which is capable of being equipped
with up to two TEM grids. The position between the two grids can easily
be changed, when rotating the holder around the manipulator axis.

3.6 Transmission Electron Microscopy Grids

For the sake of investigating structures on the nanoscale, those structures have to be
deposited on ultra thin layers in order to analyse them via transmission electron mi-
croscopy (see also Figure . Within this thesis two different types of carbon grids
(typical thickness of the substrate carbon layer ~ 5 nm), either a heatable substrate
(DENSsolutions Nano-Chip XT carbon) or an amorphous carbon grid (Ted Pella, Inc.,
Prod. No. 01824) are used. The big advantage of carbon in contrast to other substrate
layers is its high transmissivity, additionally it provides fine grains and low contrast and
it shows low interaction with the deposited structures. In addition it seems, that differ-
ent substrate materials, like silicon nitride, tend to offer a much higher surface mobility
for clusters, especially for lighter materials [42]. However, silicon nitride is capable of
supporting higher grid temperatures (up to 1000°C') and offers a higher chemical in-
ertness in comparison with amorphous carbon grids (up to 800°C) [27]. The reason
why a supporting bottom structure of amorphous carbon is required, is that clusters
and nanowires in the range of a few nanometer mostly do not have a ’self-supporting’
structure.

In order to be able to study thermally induced surface diffusion processes of clusters
and nanowires, which is the main goal of this thesis, it is crucial to be able to enable
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Figure 3.4: Overview of the two different transmission electron microscopy (TEM) grids
used within this thesis. Two different kinds are use, on the one hand a heat-
able carbon TEM grid (1) (DENSsolutions Nano-Chip XT carbon) which is
able to provide a temperature range between room temperature and 1300°C.
The carbon windows are embedded inside a heatable filament. The second
grid (2) is an amorphous carbon grid used for cryogenic experiments, ranging
from —150°C" up to room temperature. A close up view of the two differ-
ent carbon windows can be seen in the upper two figures (1la and 1b). It is
easy to identify the difference between the larger, but less numerous windows
of the heatable grid and the amorphous carbon grid, which consists out of
several smaller windows. (Note: Figure 1b is taken from [27])
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an in-situ measurement inside a transmission electron microscope. Both types of grids
are used to cover in total a wide temperature range for in-situ observations. As already
previously mentioned, cryogenic experiments are carried out to investigate surface diffu-
sion processes between —150°C and 20°C'. For the low temperature regime non-heatable
amorphous carbon grids are used (Ted Pella) and the heat up process is a result of the
heat transfer inside the electron microscopy. To investigate structures which are stable
at room temperature a heatable carbon grid (DENSsolutions) is used, which is capable
of inducing an electric current into the chip and as a result regulating the temperature.
This four point resistive contacting method (see Figure is able to cover a temper-
ature range from room temperature up to 1300°C', with an average temperature error
below 5% and offering a very high maximum heating rate of 200°C'/ms |27]. However,
due to the heat up process a sample drift of roughly 1 nm per minute [27] is not avoid-
able. Nevertheless even with sample drifts a minimal resolution smaller than A can be
achieved.

3.7 FEI Titan Transmission Electron Microscope

For the investigation of deposited clusters and nanowires and their thermally induced
surface diffusion processes, a scanning transmission electron microscope (STEM), more
precisely an image corrected FEI Titan3 G2 60-300 is used. The goal is to perform in-
situ observations with atomic resolution to investigate the very nature of these processes.

The basic principle behind a STEM is rather straight forward. It consists of an electron
emission source, electromagnetic lenses and an electron detector. A very thin sam-
ple/grid is implemented in between the electron gun and the electron detector. Elec-
trons are emitted by an electron gun, they are then accelerated, collimated by the sample
lenses and then pass through the sample. As a result of the interaction processes of elec-
trons with the sample, the beam is modified and can therefore give information about
the structure of the sample. In the scanning mode (STEM) the beam is focused on one
point of the sample and is then scanned over the hole region of interest in order to create
a profile structure.

However, in order to increase the signal collection efficiency and to get a material contrast
(Z-contrast) a high-angle annular dark-field imaging (HAADF) is used. This technique
collects the scattered electrons, which are on the one hand more numerous than the
small angle scattered electrons and one the other hand allows the main beam to pass
through the sample to an electron-energy loss-spectrometer (EELS). HAADF is highly
sensitive to changes in the specimens’thickness stacked above each other, which can give
informations about the three-dimensional shape of the sample. EELS is used to analyse
the loss of energy of the electron beam, caused by inelastic scattering, steaming from
photon excitation, inter band transitions, plasmon excitations, etc.. This technique is
used to identify specimen atoms with rather low atomic numbers, as the excitation edges
tend to be rather small in this range. EELS is often combined with energy-dispersive
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EELS Ni L

Figure 3.5: A comparison between the high-angular annular dark-field technique
(HAADF) and the electron energy loss spectroscopy method (EELS). All
three images are taken from the same region on a heatable carbon TEM
substrate, where two nickel nanoclusters are deposited. In the left image the
HAADF signal is illustrated, where a material contrast and also a Z-contrast
is clearly visible. This is caused by different amounts of layers stacked above
each other. When using EELS, it is possible to separate nickel and its cov-
ering oxide layer, as the energy lost by the low angle scattered electrons is
highly sensitive to changes in the atomic number for small Z. As there are
material specific energy bands for EELS a separation of the elements can
easily be done.

x-ray spectroscopy (EDX), which uses the generated x-ray excitations of the specimen to
create a chemical characterization of the sample. EDX is used to investigate materials
with larger atomic numbers, complementary to EELS. In Figure [3.5] a small illustration
is drawn to compare HAADF with EELS signals.

The big advantage of an image corrected FEI Titan3 G2 60-300 is its comparably large
electron emission stability (changes of less than one % during one week). The system is
protected with an acoustic, thermal and elctro-magnetically isolated support box, which
reduces the exterior influences to a minimum [26]. With this microscope it is possible
to cover a wide range of acceleration voltages ranging from 6 to 300 kV, which enables
the investigation of a large amount of different materials and compounds of specimen.
The resolution is limit with 70 pm and with an energy resolution of 0.15 eV. As a result
the microscope can detect even single atoms [26]. The microscope is equipped with a
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Gatan Quantum energy filter for electron energy loss spectroscopy and a four-quadrant
energy-dispersive X-ray spectroscopy detector (FEI Super-X), for the determination of
material compositions.
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Chapter 4

Experimental Procedure

The aim of this chapter is to act as an introductory guide to fully understand the sym-
biosis of several measurement tools and the underling mechanism behind the synthesis
of clusters and nanowires. Therefore, this chapter will give a guideline how to generate
clusters, nanowires and core-shell particles with the desired pairing of metal species and
with a desired size and shape.

4.1 Synthesis of Monometallic Nanowires

4.1.1 Creation of He Droplets

In order to synthesis monometallic clusters and nanowires, the temperature of the cold
head Toy has to be reduced significantly low in order to generate droplets large enough
for the formation of nanostructures inside the He environment. This is realized when
using temperatures between Toy = 4...20 K (see also chapter one Figure and chapter
three Table . As already previously mentioned Ty not only determines how many
clusters can be picked up, but it also determines the elongation of the clusters. For small
temperatures (Tcy = 9...20 K) a single center aggregation inside the droplet determines
the growth process for small metal clusters. When decreasing the temperature below
Ten = 9 K more than Ny, ~ 10° atoms are within one droplet and therefore a multi
center aggregation can occur [40]. However, when increasing the doping rate, this phe-
nomenon can be suppressed, as the droplet shrinks as a result of the release of binding
energy from the doped foreign atoms. Nevertheless, this leads to elongated clusters for
Tog = 6...7 K as in this temperature regime the initial multiple centers will form larger
spherical clusters which will then attach in a short wire-like structure to each other. For
temperatures below Ty = 6 K [60] the formation of vortices leads to the agglomeration
of metal particles at these quantized vortices, leading to the formation of nanowires.

4.1.2 Doping of the He Droplet

When the droplets reach the pickup chamber (PC), they can pick up metal atoms within
their cross section, which are brought into gas phase via two evaporation cells. The
amount of metal atoms which are in gas phase is determined via their temperature and
vapour pressure. In Figure [4.1] a variety of different vapour pressure curves for different
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materials used within this thesis, is drawn. The vapour pressure corresponds to the
pressure of a vapour above the liquid/solid. In other words - it describes how likely
particles can reach gas phase. Alcock et.al. have found a general relation between the
temperature of metallic elements and their vapour pressure [2]

B D
log(p/Pa) = 5.006 + A + = + C - log(T) + 75

This equation uses four different material specific parameters (A, B, C and D) and is
able to predict the vapour pressure within an accuracy of 5% [24].

(4.1)

sol
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Figure 4.1: Vapour pressure curves for a nearly all materials (Cu, Ni, Al on the left
hand side and Au, Pd, Ag and Cr shown on the right hand side) used within
this thesis. For each meaterial (exepct Cr) vapour pressure curves for both
phases, liquid (- -) and solid (-) are drawn. For all depicted materials, the
liquid vapour pressure is higher than the solid vapour pressure. In green the
typical pressure within the pickup chamber is indicated. The curves follow
the relation described in equation 1.1 The material specific parameters are
taken from [24].

The main challenge of the doping process is the liquid-solid phase transition, as the
liquid vapour pressure is higher than the solid one (see Figure [{.1). As a result when
trying to dope the helium droplet with a larger amount of metal atoms, it is very likely
that the metal can reach the phase transition temperature and a large jump in the dop-
ing rate is visible (decrease of the He signal in the quadrupole MS, higher deposition
rate at the quartz crystal micro balance and a raise of the PC chamber pressure can
be observed). In order to handle this problem the material inside the evaporation cells
should be first melted and then the temperature should be decreased in small steps again
to undercool the liquid and reach the desired deposition rate.
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One other challenge occurs when dealing with materials, which tend to oxides. This
can lead for some materials (e.g. Al and Al-oxide) to a covering layer of metal-oxide
which has a higher melting point than the pure metal. There will be a liquid layer with
a high vapour pressure underneath a solid metal-oxide layer and the pickup rate is quasi
zero. However, when melting the oxide layer a large amount of liquid material can go
into gaseous phase, as the pure metal vapour pressure is drastically higher than the
metal-oxide one. This makes it rather difficult to deal with oxidable materials, as it is
important to drastically increase the materials temperature and immediately decrease
the temperature again when the oxide layer is liquified, in order to reach the desired
pickup rate.

4.1.3 TOF Mass Spectrometry

The amount of picked up metal particles, their size distribution and the composition of
multi-metal species can be analysed via the TOF-MS. Before doping the helium droplet,
a continuous mass spectrum of peaks, which are separated by 4 a.m.u. is visible. At
first glance this seems to be counter-intuitive, as the helium droplets should be much
larger, than a few tenth or hundreds of helium atoms. However, this behaviour is a
result of the electron impact ionization process, where an electron with an energy of 89
eV, much larger than the helium binding energy, is used to ionize the the particles. As a
result of this high electron energy a fragmentation process of the droplet occurs and only
the fragmented mass becomes visible within the TOF mass spectrum (see exponentially
decaying helium background signal in Figure [4.4] and Fig[d.2)).

When doping the droplet with metal clusters, the vapour pressure has to be increased till
the probability for a pickup from the helium droplet is large enough. As the temperature
of the evaporation cell, respectively of the corresponding dopant metal, becomes larger,
also the amount of metal clusters which are measured increases. In addition the average
cluster size becomes larger, if the evaporation cell temperature is increased, as a result
of a bigger pickup (see Figure for the effect of an increasing doping rate). With
the pickup of larger structures the same problem as for larger helium droplets occur.
As most metals do not only have one stable isotope, but rather a couple of different
isotopes, a metaly cluster can have a large set of isotope compositions. Therefore the
mass of a cluster with a given amount of metal atoms N is multinomially distributed.
The goal to determine the probability p(N,M|p,7) to find a cluster with a total mass
M and having N atoms is discussed in more detail in the appendix section |8l With the
knowledge how the cluster size p(N = const, M |p)77) is distributed it can be estimated
up to which N, two different cluster sizes N and N + 1 can be separated by 95%
significance level, equivalent when the two maxima of N and N + 1 are separated by
four standard deviations o..;. In the following table the critical values for separability
are drawn.
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Table 4.1: Critical values for the separability of clusters with a number N and N + 1 of

atoms.

The values for the limiting N4, M. and o..;; with a significance

level of 95% are drawn for five different elements used within this thesis.

] Element \ N, it \ My / amu \ Oerit /amu ‘

Ni 145 8514 14.69
Pd 202 21550 26.63
Cu 296 18862 15.90
Cr 470 24466 13.01
Ag 729 78758 26.99

It is visible in Table that the more isotopes an element has (Ni has 6 stable
abundances in comparison to two stable Ag isotopes), the smaller N,.; is. In addition,
the closer the isotope masses are, the higher N..;; becomes, as the standard deviation
o stays rather small. N..; should however only be seen as a maximum upper limit, as
possible contaminations with water or multiple species mixing brings in additional mass

peaks which overlap with the pure isotope distribution.

T=9K
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Figure 4.2: Mass spectra for copper analysed by a constant Ty as a function of T,.
Two copper peaks and the helium background signal are indicated.
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A typical mass spectrum for a constant droplet size (Tog = const) is illustrated in
the following Figure [4.2] Tt is visible, that with increasing evaporation cell temperature
the amount of metal atoms in one helium droplet increases, which is manifested in the
total amount of metal clusters detected. In addition to the increase in pickup mass also
the average size of one cluster increases. So the higher the evaporation cell temperature
Trc becomes, the more mass is picked up, but not only the amount, also the cluster
size becomes larger. However, when a certain T is reached too many atoms are picked
up by one droplet, which leads to the total evaporation of helium, resulting in no mass
transfer into the MC. How the clusters with more atoms increase and decrease again is
illustrated in Figure 4.3
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Figure 4.3: Copper N clusters abundances as a function of the evaporation cell temper-
ature Tg,. The counts in a.u. for a copper cluster with N = {1,3,5,7,8 10}
are recorded at a constant helium droplet size with Ty = 9 K. For high T¢,
the helium signal diminishes due to the large amount of evaporated helium
atoms as a result of the release of the metal bond energy release.

The second parameter which affects the cluster size distribution is the helium droplet
size, which is controlled via the cold head temperature Togy. When performing a mea-
surement at a constant evaporation rate, regulated via the evaporation cell temperature,
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the droplets first have to become large enough in order to sustain the release of a few
bond energies, so that the release does not completely evaporate the droplet. When Ty
becomes smaller, the droplet size increases, consequently the droplets’ cross section in-
creases and more metal atoms can be picked up. This increases then the average cluster
size. Especially for large droplets Toy < 7 K the average cluster can have even more
than a few thousands of atoms, so the maximum peak height decreases, as the size has
a larger standard mass deviation o,;.

In Figure the effect of doping the helium droplet with a constant amount of metal
atoms is studied as a function of the cold head temperature Txy. During this experi-
ments a constant helium pressure of py. = 20 bar and a constant evaporation cell (filled
with copper) temperature T, = 1060°C' is used, while Ty is varied between 8 to 11 K.

All in all the TOF offers the possibility of a very exact characterisation of the clus-
ter composition. However, the analysis is limited to clusters with average sizes within
N ~ 10°...10%. Larger structures have very large mass deviations due to size variations
of a couple of N’s and additional deviations from their multiple isotopes occur, which
flatten out the signal over a large bandwidth of mass channels. Nevertheless the TOF is
a crucial tool to create any cluster structure, as it serves as an analysation tool, which
can determine possible contaminations inside the evaporation cells and determine/proof
the purity of the used metals.

4.2 Deposition on TEM Grids

In order to prepare TEM grids, the cluster/nanowire size has to be predefined and the
mass deposition rate obtained via the droplet mass transfer capability be taken into
account.

For the creation of nanowires, the droplet sizes have to be large, so that every droplet
can pick up a few thousand up to ten thousand dopant atoms, which are required for
the formation of elongated structures. In addition the droplet should be synthesized
within the Rayleigh breakup regime, so that vortices inside the droplet can be formed.
Alongside these vortices the metal atoms agglomerate, which results in the formation
of elongated structures/nanowires. This phenomenon has been detected within the last
years by Gomez et.al. and Gordon et.al., which were the first who predicted the possi-
ble capability, that helium droplets can form metallic nanowires along their quantized
vortices [18],[20].

Nearly all nanowires described within this thesis are synthesized with droplets at a
cold head temperature of Ty = 5.4 K. This temperature ensures that droplets are syn-
thesized via the Rayleigh breakup regime, but the droplets are not too large, so that a
multi center aggregation occurs, which limits the maximum length of the agglomerated
nanowires. In contrast to other techniques, this method can produce ultrathin nanowires
with only a few nm thickness.
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Figure 4.4: Mass spectra for copper analysed for a constant evaporation cell temperature
Tew = 1000°C as a function of the helium droplet size/cold head temperature
Ton. For small Ty only very small clusters can be transported into the MC
(overlapping helium and copper signal). The larger the droplets become the
larger also the average cluster size N becomes, as well as the mass deviation
om (visible in the decaying Cu signal for small Toy). As a result, there are
fewer peaks at small masses, but a broad bandwidth of masses with small
counts for each specific mass.

Before depositing the nanowires on a TEM grid the amount of helium droplets which
reach the MC is recorded using the quadrupole mass spectrometer. The quadrupole MS
records an initial helium current 1Y, inside the MC, which represents how large the he-
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lium flux into the MC is. Afterwards the evaporation cell temperature Tg¢ is increased
and the reduction of 1%, to I}, is recorded (I}, < I%,). The extinction (0 < a < 1)
of the helium droplet is defined by the ratio between I, and 1%, (o = 1 — I}, /1%,
this definition is taken from Volk et. al. [66]). The evaporation cell temperature T),eral
has to be rather large in order to obtain a large enough a. Typical values for gold at
Tong = 5.4 K are:

1. a=0.25 at Ty, = 1450°C
2. a=0.75 at T4, = 1560°C
3. a=0.90 at Ty, = 1600°C

The nanowire structure strongly depends on «. For very large a(~ 0.9) the helium
droplet shrinks, which forces the wire to grow more in thickness, as the available droplet
volume is only 10% of its initial value. The smaller o becomes also the larger structures
are obtained. However, for very small extinction rates (o < 0.25%), the risk of multi-
center aggregation increases. Optimal sizes with a very small fragmentation of the wire
due to multicenter aggregation is found for a = 0.75. However, these values should only
be seen as a rule of thumb, because a detailed study of the nanowire structure versus
several extinction rates would require a rather large study of TEM observations.

After choosing an extinction rate, the deposition rate 7 at the micro balance has to
be determined. The resolution in mass deposition is limited by the apparatus accuracy
of the micro balance Am,,;, = 1073ug/cm?. As a result, the smallest possible deposition
rate Mg, is between high 107 and small 10~°ug/cm?s. For large nanowires the mass
deposition rate 7 is usually within the range of 1..10 - 10~*ug/cm?s. However, smaller
structures achieve a very small deposition rate of only a few 107°ug/cm?s, close to the
resolution of the micro balance. From the deposition rate on the micro balance it is
possible to approximate the coverage on a TEM grid, after a deposition time 7Tyeposition.-
TEM observations have shown, that a total deposited mass Mgeposition in the the order
of a few 1072pg/cm? is ideal, as wires are easy detectable (no large empty spaces in be-
tween the single wires), but the coverage is not so large, that an overlap of the nanowires
is likely /detectable. The coverage of TEM grids is discussed in more detail within the
following section(s).

A typical measurement of the deposition rate with simultaneously recording the he-
lium signal I, is drawn in Figure [£.5] The decrease in the amount of helium reaching
the MC, represented via the extinction factor a, can be directly linked to an increase of
the mass deposition rate . After decreasing the evaporation cell temperature again,
the helium signal reaches again I%_ and the deposition rate diminishes.

After the desired settings have been chosen, the micro balance is removed out of the

helium beam and the TEM grid can be placed into the helium beam for a predetermined
deposition time Tgeposition Via the manipulator. During Tgeposition the mass deposition rate
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Figure 4.5: Deposition experiment of Au nanowires. The original amount of helium is

recorded via the quadrupole mass spectrometer in form of a partial pressure
current I%,. When increasing the evaporation cell temperature Ty, the he-
lium signal decreases to I}, as well as the mass deposition rate 7 increases.

m is kept constant, which is indirectly monitored via the helium partial pressure Ig.,
recorded by the quadrupole mass spectrometer, as the helium beam hits the TEM grid
instead of the micro balance.
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4.2.1 Deposition under Cryogenic Conditions

As already mentioned previously not all metallic nanowires are stable at room temper-
ature (e.g. silver). The helium droplet provides an ideal ultracold environment for the
synthesis of nanowires inside the helium droplet. However, when the nanowires are de-
posited on a substrate, they are heated up to the substrates temperature, so structures
which are stable at T, , ~ 0.4 K might not be detectable at the substrates/room
temperature, as surface diffusion processes can begin to start at lower temperatures. In
order to investigate less temperature stable elements the TEM grid has to be cooled to
enable less "hot’ landing conditions.

This task is realized when cooling the TEM grids with liquid nitrogen down to substrates
temperatures of —150°C' (due to heat losses the temperature can not reach T, 1;,). Liq-
uid nitrogen is filled into a reservoir, which is connected to the manipulator. Liquid
nitrogen can then fill up the interior of the manipulator down to the grid holder plate.

After deposition on the grids and venting the chamber with dry nitrogen the sample
holder is removed from the grid and immediately (room temperature exposure is kept
below 5 s) placed into an external dewar containing liquid nitrogen. The grids are then
removed from the sample holder and are transferred to the electron microscope. A spe-
cial cryo TEM holder is used, which is again cooled with liquid nitrogen to enable an
in-situ observation of the cooled substrate. The holder is then placed into the micro-
scope, and during the start up of the TEM, the holder is kept at T, ;. After the TEM
is fully operational and points of interest on the grid are located, the liquid nitrogen of
the TEM holder is no longer refilled, so the amount of liquid nitrogen inside the holder
decreases. As a result the substrate heats up gently (=~ 3 — 4 h heatup time) and pos-
sible surface diffusion processes can be observed. A minor drawback to measurements
with heating chips is that the temperature at a cryogenic experiment can not be kept
constant, which limits the observation time of surface diffusion processes.

As this experiment needs a lot of practice/routine and several steps have to be per-
formed, a detailed step-by-step description how to perform a cryogenic experiment with
this holder is described in the appendix section

4.3 Investigation of Surface Diffusion Processes

After the desired nanowires are deposited on a TEM substrate, the grid(s) are removed
from the sample holder and transferred either in an intermediate vacuum environment
of &~ 1072 mbar or within a dewar containing Ny, mbar, if cryogenic experiments are
to be performed.

The desired grid is then placed onto a TEM grid holder, suited for the desired type
of observation and afterwards transferred into the microscope vacuum. It is important
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to mention, that within electron microscopes the vacuum pressure is orders of magni-
tudes higher than inside the main chamber. This is crucial to know, because it is not
possible to prohibit oxidation processes during the observation time. A detailed study
how oxidation can occur during the observation process and how this affects physical
phenomena and processes (e.g. alloying processes) is described within the master thesis
of Maximilian Lasserus [36].

After placing the grid into the observation region within the TEM, the sample is anal-
ysed and within the observation time, the temperature is increased, either by heating
up the heatable grid or watching the grid heat up from liquid nitrogen temperature. In
both cases it is crucial that the temperature ramp is set to be small enough, so that the
temperature does not significantly rise when scanning the sample.

The scanning time is in most cases the limiting parameter when observing large amount
of surface diffusion processes. In principle the FEI Titan3 has a very high resolution
of 70 pm, but when trying to observe multiple surface diffusion processes at one time,
which requires a large observation area, a lower resolution has to be chosen in order to
scan over the desired region in an adequate time. As a consequence, if more surface
diffusion events need to be observed, the resolution has to be reduced. For a scan over
one mega pixel a scanning time of approximately half a minute is required.

Not only scanning time is a limiting parameter of the resolution, but also the effect
of the electron bombardment on the sample. As the electron flux per time increases,
if a longer scanning time is chosen, carbohydrates are created at the observed region.
The created carbohydrates can then manipulate surface migration processes if they get
adsorbed by the clusters. In Figure the effect of a beam damage is visible in the
marked area which was previously scanned.
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Observed Region

®

-

Figure 4.6: Beam damage in the observed region (see square with different level of con-
trast). The damage is caused by the creation of carbohydrates during the
scanning time.

In summary it is important to find a good trade-off between resolution on the one
hand and scanning time and possible beam damages on the other hand in order to study
the very nature of surface diffusion processes.
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Chapter 5

Electron Microscopy Study and
Observation of Thermally Induced
Surface Diffusion

In this chapter the time-resolved, high resolution electron microscopy observations of
the degradation of monometallic nanowires is presented. An experimental study of ther-
mally induced surface diffusion processes, which result in so-called Rayleigh breakups
is carried out. In the next chapter the experimental efforts are then combined with a
cellular automaton to simulate the observed surface diffusions.

This chapter corresponds to the experimental part of the publication:

Martin Schnedlitz, Maximilian Lasserus, Daniel Knez, Andreas W. Hauser, Ferdinand
Hofer and Wolfgang E. Ernst. Thermally induced breakup of metallic nanowires: Ex-
periment and theory. Phys. Chem. Chem. Phys., 2017.

5.1 Structure and Covering Rate of Synthesized
Nanowires

Heyn droplets are used to create monometallic nanowires with diameters below 10 nm
and lengths of several 100 nm. Very large droplets with over one billion helium atoms
(Teg = 5.4 K) are used to enable the growth of very large structures. The growth of
nanowires inside the helium droplet is independent of the dopant material, due to the
same attractive force exhibited by the quantized vortices of superfluid helium. However,
after deposition material characteristics, such as the thermal stability or the likelihood
of oxidation determine their shape and structure. Four different materials of nanowires
are illustrated in Figure [5.1}

All four nanowires are synthesized at Toy = 5.4 K, with an extinction rate « = 0.75 and
are analysed at room temperature within the TEM. The main difference is clearly visi-
ble, as silver and also copper nanowires are not stable at room temperature and surface
diffusion leads to a fragmentation of the nanowires. The original nanowire structure of

g
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silver can still be recognised as the patternized clusters are located close to other spher-
ical clusters along curved lines and those arrays of spherical clusters are separated from
other arrays. This indicates, that the original nanowires have already undergone struc-
tural changes for long enough time to fully patternize as a result of a thermally induced
surface diffusion process. Highly interesting are copper nanowires, as the original form
is nearly fully conserved at room temperature and only breakups at constriction points
are visible. This phenomenon is due to the formation of an oxide layer, which causes
a stabilizing effect and prevents further surface diffusion processes. This phenomenon
and the effect of oxidization on Rayleigh breakups is studied in greater detail within the
next few sections.

Figure 5.1: Four different nanowire materials studied at room temperature. All of them
are synthesized at Ty = 5.4 K and with o = 0.75. In the left figure the
thermally very unstable silver nanowires are already fully patternized, as
a result of a very low energy barrier towards starting the surface diffusion
process. In the central figure the noble metal gold is illustrated. Gold is not
only stable at room temperature, but it also shows no or nearly no oxidation
at its surface. As a result gold is an ideal candidate to study the unperturbed
phenomenon of surface diffusion. The non-noble metals nickel and copper
are presented in the right figure. Both of them are covered with an oxide
layer, which effectively stabilizes the synthesized nanowires.

5.1.1 Coverage Rate

As mentioned before not only the size of the droplet limits the size of the nanowires,
but also the pickup rate, regulated via Tgc, determines the structure and size of the
nanowires. The amount of wires deposited on a grid is estimated via the mass deposition
rate, measured by the micro balance. The challenge is finding a good trade-off between
a high enough density of nanowires and a low chance of an overlap of single wires.
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Figure 5.2: STEM-HAADF image of the covering rate of gold nanowires on an amor-
phous carbon grid. The nanowires are synthesized at Toy = 5.4 K with
three different o = {0.75,0.25,0.1}. A total mass of m = 0.8 - 1072 24 is
deposited on the TEM substrate, resulting in a coverage of roughly 0. 8%

A typical example for a mass deposition of gold nanowires on a carbon grid is demon-
strated in Figure 5.2l The total amount of deposited mass on this substrate is m = 0.8 -
1072 +£4;. It is important to mention at this point, that the coverage is not homogeneous.
The TEM grid contains a denser centre, which corresponds to the centre of the helium
beam path and a decreasing coverage rate for regions away from the beam centre. From
Figure a coverage rate of 0.84% is measured. This coverage is however not con-
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stant when heating the TEM grid, as the patternization process leads to more spherical
structures, which result in a smaller total coverage of the grid, i.e. for T}, = 250°C" a
coverage rate of only 0.53% is measured.

5.1.2 Extinction Rate and Size Distribution

Figure 5.3: STEM-HAADF images of gold nanowires on an amorphous carbon grid, with
three different extinction rates o = {0.9,0.75,0.25}.

The extinction rate determines on the one hand side how many atoms are picked
up and on the other hand how large the remaining droplet is. Hauser ef. al. [22]
described the collision time and the time to form clusters inside helium droplets via
density functional theory. Within this model two input data are accounted for, the
doping frequency with neutral atoms and the collisional cross section of two dopant
atoms, which further decrease the size of the droplet. A more sophisticated model was
developed by Thaler [55], where he described a size dependent nucleation time as a
function of particles of the size n. It was found that the time required for particles of
the size n to find each other can be written as [55]

Zfdin"uem‘zation ~ Vg \/ﬁ (5 1)

In this equation v, represents the starting velocity and n the size of the particles. The
DFT calculations from Hauser et. al. [22] have shown that the mass effect of larger
particles lead to longer nucleation times as their velocity is smaller and therefore also
the time increases to nucleate with another particle. As a result lower doping rates lead
to longer nucleation times, as the droplet remains larger and in addition fewer particles
can agglomerate. This may result in multiple cluster synthesis within one droplet which
is illustrated in Figure (¢). The wires synthesized with smaller « tend to be shorter
and more numerous than wires synthesized with higher a. However if « is very large,
the droplet size becomes smaller than the maximum possible wire length, which leads
to the formation of shorter, but thicker nanowires (see Figure (a)).

The length distribution obtained from gold nanowires (data from Figure and other
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wires deposited on the same substrate) is drawn in form of a histogram below. The
average length is located at around 60 nm, but also a large number of wires is limited
in size, due to the formation with either too large or too small extinction rates.

-
o

Abundance/ a.u.

0
0 002 004 006 008 01 012 014 016 018 0.2

Length / um

Figure 5.4: Histogram of gold nanowire length, obtained via the analysis of nanowire
length from Figure and other wires deposited on different locations of
the same grid.

5.2 Thermally induced Surface Diffusion

After the nanowire preparation via the helium droplet technique, it is possible to per-
form in-situ observations of the very nature of this thermally induced breakup for wire
diameters as small as 1 nm and covering a total observation area of (3 pm)?.

Throughout all studies of thermally induced surface diffusion processes, the substrates
temperature is increased gently with d7'/dt = 2 K/min. Using such a slow increase in
temperature, it is possible to determine the breakup temperature, which is required for
a specific structure. As surface diffusion is not only a matter of temperature, but also a
function of time at constant temperature (see chapter @ for more details), corresponding
observations were necessary. In the following Figure [5.5] the surface diffusion process of
a gold nanowire is presented and studied as a function of time and temperature. The
corresponding temperature ramp is also presented in Figure 5.6, Note that the temper-
ature is kept constant at 150°C' for 45 min, in order to study the influence of time on
the diffusion process.
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Figure 5.5: Surface diffusion process of a gold nanowire. The temperature is increased
with 2 K/min and is kept constant at 150°C' for 45 min. After this inter-
mezzo the temperature is increased again with 2 K/min up to 200°C. Finally
the structure is analysed at temperatures of 250°C, 300°C' and 500°C' (tem-
perature ramp is illustrated in Figure . One can see, the phenomenon of
smoothing during the first 100°C" and a migration of material outwards of
constricted points. The first breakup event occurs at 140°C' and two more
are visible at 150°C'. There are indeed breakup events at constant temper-
ature, however after 15 min observation time, the structure only changed
marginally. For very high temperatures, the segments converge towards a
spherical structure.
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Figure 5.6: TEM Grid temperature as a function of time, for the observation of gold
nanowires (see Figh.5). The temperature is increased with a constant rate
of 2 K/min and kept constant for 45 min at 150°C.

The observed surface diffusion processes, for metallic nanowires show in general the
same behaviour as illustrated for the one example, represented in Figure [5.5}

1. With increasing temperature a ’smoothing’ of the initial configuration sets in, in
order to reduce the amount of atoms which are sitting on the surface.

2. A mass transfer process from initially constricted points starts, leading to a thin-
ning of the wire at these spots.

3. When further increasing the temperature, the first break-up events occur. It is
found, that thicker constriction points need a higher temperature to breakup.

4. After all initially constricted points are broken up, the shape of the remaining
patterns converge towards a spherical structure. This situation represents a local
energetic minimum, as the wire patternizes, instead of forming one sphere.

The effect of time on the surface diffusion is rather difficult to investigate, due to the
small temperature window, were surface diffusion sets in. Particles need to overcome
an energy barrier to detach from the rest of the wire in order to start migrating. The
likelihood of detaching can be approximated via equations used in chemistry which
describe the detaching rate k as a function of the energy (see chapter [f] for more details):

ko~ eXp<_Ebarrier/kBT)7 (52)

with Eparier being the energy barrier, which has to be overcome in order to detach from
the rest of the wire, T" the applied temperature and k the detaching rate. As a result of
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this relation, a slight increase in temperature can have a large impact on the migration
velocity. This is in good agreement with the rare findings of breakup events over time
at constant temperature. A comparison between the observed breakup temperature as
a function of the initial wire constriction points diameter d,,,, is plotted below, to study
the effect of an increasing temperature on the surface diffusion.
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Figure 5.7: Inverse breakup diameter as a function of temperature in relation to the bulk
melting temperature for gold nanowires. A linear fit is performed to guide
the eye and the error bars are a result of the limited resolution of the TEM.

Particularly interesting is the finding that the breakup temperatures are far below
the corresponding bulk melting temperatures, as represented in Figure This is
a direct result of the surface size effect of nano structures, which causes a reduced
breakup temperature in comparison to the bulk melting temperature. This interesting
behaviour motivated Volk etal. [65] to design a new experiment in order to investigate
less temperature stable elements. This special cryo experiment showed that breakup
events for silver nanowires start at temperatures as low as ~ 258 K(-15 °C) [65].

5.3 Material Trends

Within this thesis, a large variety of metals are analysed with respect to different di-
ameters of the initially stable nanowires in order to give a more general insight into the
phenomenon of surface diffusion. A comparison between different materials used within
this thesis is presented below in Figure As non-noble metals and noble metals tend
to oxidise, their diffusion process can be blocked by a covering oxide layer. Especially
interesting are copper nanowires, as they tend to be not stable at room temperature,
but the contact with oxygen inside the vaccum chamber prevents the wires from further
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break ups or a complete patternization. This can be seen by the initial configuration
of copper nanowires, which already show breakup points at room temperature. Further
breakups occur later at higher temperatures, when the oxidized particles start to diffuse.

0.07 pm 0.07 pm 0.07 pm

Ty = 400°C Teu =300°C o

i

Figure 5.8: Breakup of nanowires of different materials. The two images on the left
showing the nickel nanowires, which required a rather high temperature to
break up. A large binding energy of nickel atoms (Eyo,q = 428 kJ/mol), com-
bined with a small bond length (dpong = 0.125 nm) and a oxidization layer
increased the stability. The two central images show the extraordinary be-
haviour of copper, where an oxide layer stopped the initial wire from further
breaking up, as copper nanowires are not stable at room temperature. On
the right, the results for the noble metal gold are presented. Here not only
breakup events are visible, but also a reduction of energetically not preferred
"tentacles’ is visible.

The measurements confirmed the known relation between the breakup temperature
of nanowires and their corresponding bulk melting temperature given by [31], which is
derived, when comparing the amount of surface atoms to the total number of atoms in
a cluster.

Ty = Ty - (1 - di) , (5.3)
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where T},,,, is the observed breakup temperature for our nanowires, 7., is the melting
temperature of the corresponding bulk, d,,,, is the diameter of the initial configuration
and C is a material specific constant. By fitting the experimental data with this relation,
the material trends for the breakup of nano-wires as illustrated in Figure[5.9are obtained.
The ratio T,,,/Tmp clearly shows the expected linear behaviour as a function of the
inverse diameter 1/d,,,. However, larger deviations from the experimental data points
are evident for Cu and for Ni. This is a consequence of the specimen exposure to ambient
air. Although air contact is kept short, oxidation of Cu and Ni wires cannot be fully
avoided. The degree of oxidation can be visualized with EELS measurements as shown
in Figure which compares the TEM image for Cu and Ni nanowires with images
from the element-wise analysis of copper, nickel and oxygen. In both cases an oxygen
shell is clearly visible. For Au and Ag wires, on the other hand, no significant oxidation
is observed. As a result, their behaviour is well captured by equation [5.3]

051
Nickel
0.45r , : , e Gold
Copper
0.4 ¢ Silver

<
L 4

0.2r

0 0.2 0.4 0.6 0.8 1
1/d_ [1/nm]
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Figure 5.9: Combined results for monometalic nanowires of Nickel
(red),Copper(green),Gold(black) and Silver(blue) at the break up point for
different temperatures 7, in relation to the corresponding bulk melting
temperatures 7T,,;, for different diameter d,,,,

When heating above the breakup-temperature, a fragmentation takes place as it is
predicted by the CA simulation. The resulting nanostructures show elliptical or spherical
shapes. Details of this process and a comparison with a cellular automaton are given
below.

=

£ Ty,



Electron Microscopy Study and Observation of Thermally Induced Surface Diffusion

5.3.1 Oxidation

To determine a material trend of the breakup of nanowires the diameter dependent
breakup temperature 7,,, is measured and fitted according to equation 5.3 Good
agreement between the cellular automaton simulation and the observed surface diffu-
sion process is obtained when dealing with noble metals like Au and Ag (see chapter @

For the non-noble metals like Ni and Cu an oxide layer covering the metal cluster is
observed (see Figure which results in a higher breakup temperature as the oxide
has to evaporate before the diffusion process can continue. As a result, larger deviations
from the linear behaviour are observed.

The particularly interesting behaviour of copper can be fully understood, when tak-

ing a look at the EELS signal for copper and oxygen, which indicate that a covering
oxygen layer prevents the material from further diffusion.

STEM HAADF EELSCulL,,

EELS NiL,,

Figure 5.10: EELS elemental maps for Cu and Ni nano structures. (a) shows the STEM
HAADF image. The other three pictures are EELS signals for Copper (b),
Nickel (c) and for Oxygen(d). A contamination with oxygen on the surface
of non noble metals is clearly visible. As a result the breakup tempera-
ture was increased since the oxide layer suppressed the surface diffusion for
temperatures below the melting point of the metal oxide.
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Chapter 6

Cellular Automaton Simulation

A cellular automaton is developed to combine the experimental efforts from the previ-
ous chapter with simulations based on a novel model, capable of the prediction the very
nature of this thermally induced surface diffusion processes. Within this chapter the
physical principles and the main algorithm behind the cellular automaton (CA) as well
as comparisons with the experimental observations are presented.

This chapter corresponds in one part to the theoretical section of the publication:

Martin Schnedlitz, Maximilian Lasserus, Daniel Knez, Andreas W. Hauser, Ferdinand
Hofer and Wolfgang E. Ernst. Thermally induced breakup of metallic nanowires: Ex-
periment and theory. Phys. Chem. Chem. Phys., 2017.

In another part, this chapter corresponds to the publication:

Andreas W. Hauser, Martin Schnedlitz, and Wolfgang E. Ernst. A coarse-grained Monte
Carlo approach to diffusion processes in metallic nanoparticles. EPJ, accepted.

6.1 Introduction

In this chapter a new apporach towards the simulation of diffusion behaviour for metal-
lic nanoparticles with diameters in the range of a few nanometers, aiming at finite
many-particle systems consisting of several thousands of metal atoms is presented. Spe-
cial focus will be set on wire-shaped nanostructures due to their potential applications
in circuits or nanodevices|28, [54], as membranes|33|, biosensors[I] [7, [69], transparent
electrodes[49], waveguides [73] or antennae in photochemistry|52].

Regarding the shape and structure of metallic nanoparticles, modern imaging techniques
of electron microscopy yielded significant advances in the experimental study of these
transitions with particle size effects[21], and opened the possibility for the in-situ analysis
of structural changes caused by chemical interactions or temperature-mediated diffusion
processes[65]. A detailed understanding of the dynamic behavior in these systems re-
quires a multi-scale approach towards material simulation which ideally covers the whole
range from the macroscopic to the atomic scale, with the latter often being dominated
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by less-intuitive quantum effects. Therefore, numerous methods and program packages
have been developed, each of them filling a certain niche in the broad spectrum of
computational materials research and design. Particularly interesting with respect to
multiscale approaches is the MBN Explorer suite of programs[5()] which offers the ability
to group atoms into larger units in order to reduce the computational effort in molecular
dynamics or Monte Carlo simulations.

The model presented is based on the concept of a cellular automaton (CA), a well-
studied discrete model of computability theory with broad applications ranging from
physics to economy[71]. The basic principle, originally conceived by Ulam and von
Neumann[61], 68], and introduced to a broader audience by Conway in the form of a
zero-player game called ‘Game of Life’[15], is a discretisation of the environment in the
form of cells. The status of each cell is periodically updated based only on the sta-
tus of its neighbour cells. This principle has been adapted and implemented here to
describe the diffusion of metal atoms on the surface of metallic nanoparticles residing
on a carbon substrate. Instead of describing the motion of each atom separately, which
introduces clear limitations to the number of particles involved in standard molecular dy-
namics simulations, a coarse-grained model is employed which handles material transfer
in larger groups of atoms, defined by the grid size of the CA. This reduces, together with
the intrinsic limitation to interactions with next-neighbor cells, the computational effort
significantly, and allows the simulation of temperature-induced effects such as droplet
formation, surface tension and Rayleigh-breakup for even nanometre-sized structures.
In comparison to the comprehensive MBN package this method can be considered as a
‘top-down’ approach in the sense of accessing nanostructures from the macroscopic side
based on microscopy image data, while the comparable stochastic Monte-Carlo based
algorithms of the MBN package are starting at the atomic scale but employ a grouping
of atoms into clusters in order to address larger systems.

The basic principle and implementation of our method is presented in the next section.
In Section the model is then used to study surface diffusion processes of Ni, Pd and
Au nanoparticles and nanowires on amorphous carbon. The predictions are compared
with recent experimental findings of our group obtained by temperature-programmed
TEM imaging, which has been presented within the previous chapter 5

Section introduces interactions with the support and aims at a correct description
of wire deformation by surface wetting effects. The latter occur after the deposition of
inert wires on TEM grids of amorphous carbon. An attempt is made to reconstruct
the actual shapes from two-dimensional TEM images and compare them to the model
predictions.
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6.2 Computational Details

Surface diffusion processes can be seen as paradigmatic cases of multi-scale dynamics.
Although atomic in essence, an atomistic approximation is rarely used to describe this
group of phenomena due to their macroscopic character, which only emerges for suf-
ficiently large system sizes and longer time evolutions. Typical examples are surface
wetting, the intermixing of liquids, capillarity, Ostwald ripening or Rayleigh breakup.
On the large scale, these phenomena are well described by continuous models such as
surface tension or Fick’s law of diffusion, but a fully macroscopic view has its clear limi-
tations. For example, in the case of solid-liquid phase transitions for metals, the concrete
behaviour of an arbitrarily shaped, solid object as a function of temperature can only be
captured by a spatial discretisation in combination with a set of assumptions on local
diffusion based on the shape of the material at a given point in time and space.

6.2.1 Comparison with other Methods

In some cases, models of reduced dimensionality are able to deliver very accurate re-
sults, as has been shown in the case of silver cluster fractals on graphite. Fxperi-
mental studies revealed that silver clusters on graphite arrange themselves in dendritic
structures[5, [35]. This behavior could be well described by a two-dimensional Kinetic
Monte Carlo model[10, [50] based on the diffusion limited aggregation method[53].

Another interesting attempt to reduce the complexity of the problem has been pub-
lished in Ref. [58]. It is based on Mullin’s equation[44], originally introduced to simulate
the thermal grooving at metallic grain boundaries. It relates the flux of surface atoms
to the gradient of the local surface curvature, and derives an artificial force on the re-
spective surface element. This is achieved by a discretisation of the contourlines of the
actual structure, followed by a propagation in time based on Mullin’s equation. Sur-
face diffusion is assumed to be the main form of mass transport and dominating over
evaporation-condensation processes. A partial differential equation of the form

2
b0

ot 082

can be derived, with z denoting the local transversal displacement of a contour line
s. A change of the local displacement in time ¢ is assumed proportional to the inverse
curvature of the contour line, §2z/ds?. All unknown material-specific properties are ad-
sorbed into a constant B, which had been set to one previous work from the Ernst group
for the qualitative description of the degradation of the silver structures[65]. While the
discretisation in s had been determined by the resolution of the TEM images, the dis-
cretisation in time was done in arbitrary units. Very fine steps had to be chosen to avoid
instabilities in the propagation, which turned out to be only one of several downsides of
the original implementation. Nevertheless, this ansatz has been successfully applied to
the description of silver nanostructures despite its lack of computational practicality[65].
However, for the efficient description of larger and more complex structures a different

(6.1)
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route has to be taken, preferably also bearing the potential to capture adsorption ef-
fects on different substrates. For this reason an alternative computational concept is
employed: the direct simulation of material transfer via a cellular automaton (CA). As
will be shown below, this model intrinsically accounts for the locality of the diffusion
process via the limitation to interactions between nearest neighbour cells, which keeps
the computational effort much lower than techniques based on contour lines.

6.2.2 Transformation of TEM Intensity into a Cell
Representation

At first, the actual shape of the material, in our case metallic nanowires deposited on a
weakly interacting substrate, needs to be translated into a pattern of cell occupation in
a discretized environment (see Figure [6.1)).

The two-dimensional information about the intensity given by the TEM images, is first
translated into a two-dimensional matrix D. The useful cell size is limited to the resolu-
tion of the transmission microscopy (TEM) images, in this case to pixels of (0.95 nm)?.
D is then converted into a contour plot representation, which uses discretized steps of
intensity [,, to represent different levels.

Following the fundamental principle of CA models the information given by D is con-
verted into a (-1 three-dimensional matrix @, where each cell is either thought empty
(0) or completely filled (1) with metal atoms. As a consequence, an ansatz for the trans-
lation from D — G has to be chosen.

First a central layer is created, using an initial threshold Iy, to separate data from noise.
The next layers are created mirror-symmetrically above and below the central layer us-
ing a higher threshold I,, where every layer above the previous layer uses an increased
threshold (I,, > I,,, for n > m). The lack of topographical data in two-dimensional TEM
images makes it necessary to introduce additional assumptions on the wire shape due
to the loss of information in the projection. Assuming the height of the particles to be
identical with the width, i.e. an approximately cylindric shape for wires and a spherical
shape for particles, a three-dimensional structure can be derived from the pixel positions
and intensities of the TEM image.

The main challenge however, is to convert the intensity data adequately into a three-
dimensional representation. LeBeau etf. al. [38] and Jones [29] have demonstrated that
HAADF imaging can be used for quantification of the number and location of all atoms
in a three-dimensional specimen. They found that the intensity provided by HAADF
imaging increases linearly with the specimens thickness (see Figure and therefore
an intensity threshold for the nth layer within G is chosen to be

I, =n- IStep + Iy. (62)

Using this information, the algorithm for the creation of a three-dimensional repre-
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Figure 6.1: Schematic of the conversion from raw TEM data into a contour plot of the
intensities, which are then used to create a three-dimensional representation
of the nanowire in form of a cell occupation in a discrete environment (cell
occupied = 1, cell unoccupied = 0). As TEM intensity information is pro-
vided in the form of a two-dimensional matrix, the wires are created layer by
layer, starting with a lower threshold I, for the central layer, and counting
only those pixels with intensities above Iy. For the next layers this threshold
is continuously increased, which adds additional voxels above the starting
layer and results in a three-dimensional reconstruction of the total structure.

sentation of the TEM data G is summarized within the listed algorithm . For simpli-
fications the height is set to be the same size as the length and the width of the pixels,
creating a voxel of (0.95 nm)?, corresponding to approximately 55-85 metal atoms per
cubic cell. The number of atoms per cell can be derived from the cell size and the ionic
radius for a given element.
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Figure 6.2: Linear dependence between the intensity measured via HAADF and the sam-
ple thickness, i.e. the number of atoms stacked above each other. (a) repre-
sents the results found by Jones [29] and (b) are the results found by LeBeau
et. al. |38]. Both graphs are taken from [29] and [38]

Algorithm 1 Grid creation algorithm

1.) Read Data D (i x k matrix) from intensity profile obtained via TEM images.

2.) Set Iy adequately (a few variations are essential)

3.) Initialize three-dimensional 0-1 matrix G. The number of pixels in height is set to
be approximately 2 - Inaz/Istep

for n = 1:ceil(142/1o) do
Iy =n-Igep + Iy
for all entries in D(i,j) do
If D(ij) > I, G(i,jn) =1
end for
end for
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6.2.3 Disadvantages of a 2D approach

It is important to mention that the reason why a three-dimensional approach, instead of
a two-dimensional one, is chosen, is that the likelihood for vacancies migrating into the
grid during the time evolution is much higher than for a three-dimensional grid. This
is a result of the lower number of nearest neighbour cells (only 8 instead of 26 possible
neighbour places) for a two dimensional grid in comparison to a three-dimensional one.
The full description of the migration process of voxels is described within the next
section. In Figure a time evolution of a two-dimensional grid is depicted (to highlight
the disadvantage of a two-dimensional representation).

Figure 6.3: Time evolution of a 2D cellular automaton from its initial configuration (a)
to (b). The major drawback of a 2D representation is clearly visible: An
increase in the vacancies migrating into the cluster.

6.2.4 Migration Algorithm of the Cellular Automaton

The dynamics of the CA are defined by the choice of update rules which apply to all
cells or voxels of the system. As mentioned above such a voxel is either filled with
material or remains empty. These updates are executed simultaneously for all cells in
each time step. A simulation of the thermally induced surface diffusion process can now
be obtained by choosing update rules which describe a particle hopping on the grid.
This process depends on the local environment of a voxel, but must also account for the
stochastic character of a temperature-driven particle migration. This can be achieved by
introducing a series of update rules to model the time evolution at a given temperature:

1. An empty cell can become filled if there is a filled neighbour cell and the corre-
sponding hopping condition is fulfilled.

2. A filled cell can become empty if there is an empty neighbour cell available and
the hopping condition is fulfilled.
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3. The reaction rate k£ for a hopping from cell a to b is given by by employing an
ansatz from reaction kinetics, the Eyring equation|[I3], defining jumping rates via

k?BT (_AF (Ebondydbondun))
= ——eIp :

h h RT

(6.3)

With £ being the probability for voxel migration and AF is the free energy barrier
to overcome. The latter depends on the atomic bond energy Ep,,q and the atomic
bond distance dp.,q of the investigated metal. The free energy barrier AF is a
function of the binding length dyonq and the number of next nearest neighbours n
of one voxel. For the material specific parameters Eyonq and dyong well known values
tabulated in literature are used|31I], which are tabulated below for all materials used
within this thesis. As soon as the rates for all possible hoppings of a filled cell are
evaluated, a random number is drawn between 0 and 1. The normalized hopping
rates and the random number are then used to determine the actual hopping event.

Table 6.1: Material parameters used in the cellular automaton|31]

Material | FEpgonq [kJ/mol| dBona [nM]
Au 368 0.145
Ag 284 0.144
Ni 428 0.125
Cu 336 0.128
Pd 376 0.138
Bi 210 0.170

As k is strongly dependent on the temperature, the reaction rate will drastically in-
crease as soon as the thermal energy is high enough to overcome the energy barrier AF
and detach one voxel from its neighbour cells. Figl6.4]illustrates one voxel of a nanowire
which might undergo particle migration (red cell). The more neighbour cells one voxel
has the less likely a jumping event will become, as AF ~ n.

After detaching, the voxel is free to change its position within its nearest neighbour-
hood. The number of nearest and next nearest neighbours determine, together with
the probabilities derived for possible migrations, to which position the voxel will most
likely be transferred. The probability to which neighbouring position a particle might
migrate is again determined via the Eyring equation [6.3] As the particle is restricted
to change its position only within its nearest neighbourhood (26 possible neighbouring
sites), only the number of nearest and next nearest neighbouring cells determine the
jumping probabilities to possible jumping sites. To evaluate which neighbouring site has
which jumping probability, the number of neighbours of this neighbour cell is evaluated
(not counting the jumping voxel) and stored in form of a (3 x 3 x 3)-matrix. This matrix

iEP 1 Ty,




Cellular Automaton Simulation

(c)
n;: (3x3x3) Grid
Plane 2
11] 0
old|10
Plane 1 21 0 8
4
ol5]|a
4143
111
111
Plane 2 11110 Plane 0
Plane 1

Figure 6.4: An illustration of the cellular automaton principle for a given structure. a)
A three-dimensional rendering of a real nanowire in the CA grid space. b)
A detail of the structure, showing the neighbourhood (gold) of a selected
cell (red). Cells printed in grey lie outside the direct neighbourhood, but
determine the number of neighbours’ neighbours. ¢) A diagrammatic rep-
resentation of the neighbourhood of the selected cell. The numbers in the
boxes represent the number of neighbours after a jump to this cell. Note
that occupied cells (gold) are set to zero by definition, which removes them
from the list of possible hopping options.

n; is represented within Figure (c) for one specific example of a local neighbour-
hood (b). Note that it is forbidden to move the voxel to an already occupied position
(highlighted in yellow) in order that the number of particles stay the same throughout
the whole migration process. For all allowed entries of n; the Eyring equation [6.3] is
evaluated, giving different probabilities for migrating to different neighbour sites of the
voxel. All probabilities are then stored in form of a temporary storage vector v;. This
vector is then normalized and a random number from 0 to 1 is drawn to determine to
which neighbouring position the particle will migrate. As mentioned above the transi-
tion probability is k ~ exp{n}, the particle will most likely migrate towards a position
with a high number of nearest neighbours.

This detaching and migration algorithm is repeated for each voxel, capable of detaching
(a voxel can be “trapped’ when surrounded by 26 neighbours). Double occupations of a
given cell must be forbidden if a constant metal density is assumed. In addition their
should be no voxel, which is able to jump always as the first or last one, in order to
provide the stochastic character. This is achieved by tabulating all possible jumps for
a given time step, followed by a random permutation of the jumping events before the
actual migration takes place, in order to eliminate any bias introduced by the serial
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Figure 6.5: Example of a local neighbourhood of a surface voxel (green) undergoing
surface diffusion. Illustration (b) depicts a segment of the complete nanowire
(a) with its local neighbourhood, showing filled neighbour voxels printed in
gold and filled voxels outside the direct neighbourhood in gray. Illustration
(¢) shows the situation after a hopping process has taken place. The number
of new neighbours has increased and the total energy is therefore reduced.

processing of the cells.

With ongoing simulation time, this algorithm leads to preferably spherical structures,
where the number of nearest neighbours in total reaches a maximum. Note that this
model does not take any surface interaction into account due to the extremely low wet-
ting behaviour of the chosen substrate. This is particularly obvious for the interaction of
gold and carbon in comparison to the intermetallic bond energy ( Ea,—c = 0.03 eV /atom
[16], Eau_au = 3.81 ¢V /atom [31]). For a two-dimensional study of surface diffusion in-
cluding the interaction with various substrates the reader should be referred to the work
of Solov’yov et al. on Ag nanoparticles [50].
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Figure displays graphically the situation of a selected surface voxel and its initial
neighbourhood. In this setup, the energy can be minimized by moving the green voxel
in a way which maximizes its number of neighbour voxels. The stochastic character
of the process of breaking and forming bonds enters via equation which yields the
probabilities for hopping events.

Those update rules are capable of describing the very nature of thermally induced sur-
face diffusion processes. In the following algorithm [2] the complete structure is listed
again, in order to give a better overview how the CA actually works.

It should also be mentioned that diffusion time is not directly linked to the in-situ
observed diffusion process. Therefore, a fit between the observed time dependent TEM
surface diffusion process at constant temperature and the stepwise iteration process is
necessary for realistic predictions of the behaviour over time. The simple linear depen-
dence of the pre-exponential factor in Equation is derived from statistical mechanics
under the assumption of a single degree of freedom being responsible for reaction bar-
rier transmission. The fact that not every attempt in this degree of motion leads to
a successful hopping is usually taken into consideration by a proportionality constant
r referred to as the transmission coefficient. Although not in the atomic picture, it is
possible to follow this nomenclature for the discussion of voxel migration and adsorb all

unknown scaling factors which occur in the coarse-grained model into this constant k.
With FF = E — T'S the Equation [6.3] can be rewritten as

k= kB_T exp <AS(T)) exp (_AE (Ebondadbond,n))

h R RT (6.4)

The temperature dependence of the entropy can also be adsorbed into k by writing it
as a function of the temperature, leading to

—AFE (Ebond 7dbond >n)
RT '

This expression, together with a series of TEM observations over time made at con-
stant temperatures, allows to connect the number of update cycles in the CA simulation
to the real time evolution by fits of x(T"). The results of a time evolution are presented
within the next chapter.

k = k(T) exp ( (6.5)
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Algorithm 2 Cell update algorithm

Read Data D (i x k matrix) from intensity profile obtained via TEM images.
Translate D into a three-dimensional 0-1 matrix via the grid creation algorithm
for t = 1 to length of simulation do
Create a vector [ containing all voxels, which are not trapped (neighbours < 26)
Apply a random permutation of the entries of l?
for u = 1 to length of I, do
if Voxel overcomes the energy barrier given by the Eyring equation then

Create local neighbourhood matrix n;, containing the number of neighbours,
when moving to a neighbouring site.

Exclude forbidden jumping events (sites which are already occupied are
forbidden)

Create a vector, which uses all allowed entries in n; to evaluate the jumping
probabilities to these sites, using equation

Draw a random number between 0 and 1 to determine the jumping event.
Move the voxel to this new position.
elseVoxel does not overcome the energy barrier

Voxel will remain in its original position.

end if
end for
end for

6.3 Simulation of Surface Diffusion

In this section the results of the cellular automaton algorithm, described above are
presented. The first part is about the simulation of the breakup behaviour observed
via TEM imaging of metallic nanowires on a heated substrate or observed within a
cryo-experiment. The wires are studied separately, but using the same algorithm.
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Niter = 0 Niter = 1
Niter = 20 Niter = 85 Niter = 100
Njter = 200 T = 250°C

Niter = 1000 Niter = 1500 Niter = 3000

Figure 6.6: CA simulation of the surface diffusion for an Au nanowire structure derived

from TEM images. For a given temperature, the propagation in time is
simulated by a series of update cycles for the CA. A reshaping of the nanowire
becomes evident, which leads to multiple Rayleigh breakup events, labelled
with greek letters in chronological order. Eventually, qualitative changes in
the structure between cycles become marginal as the remaining fragments
reach their local minimum of spherical shape. Two HAADF-TEM images
have been added for direct comparison.
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At first, the TEM image of freshly deposited nanowires at room temperature is dis-
cretized on the grid. The obtained structure is shown in the upper left image of Fig-
ure [6.6] Note that the actual grid of the CA is three-dimensional, but only a 2D pro-
jection is shown for easier comparison to the TEM images. In the very first step a
slight smoothing of the structure appears as the naturally occurring noise of the image
translation is removed instantly. In the following series of cell update steps or ‘cycles’
in CA terminology the shape shifting effects of surface diffusion become evident. After
20 cycles a thinning of certain regions becomes apparent, which gets more and more
emphasized (cycle 85) until the first breakup occurs (cycle 100), here at the lower end
of the wire structure. A series of additional breakups follows (cycles 200-500). After
that, the qualitative changes in the structure between cycles become marginal. After
twice the simulation steps have passed (cycle 1000) the last breakup events occur and
the remaining parts become more and more droplet-like (cycle 1500). For very long
propagation in time (cycle 3000) all remaining fragments reach their local minimum of
spherical shape, i.e. a circle in the two-dimensional projection.

As can be seen in Figure the simulation agrees well with the experimental outcome
and with the dynamics observed in the TEM study. Breakup sequences and positions
are fully reproduced by the simple CA model. However, a direct comparison of differ-
ent metals with respect to stability is not straightforward as material properties only
enter via hopping probabilities. Therefore, the Rayleigh breakup patterns are material-
independent in the sense that infinite time propagation will lead to the same results for
all metals. However, the process itself will be faster in cases where metallic binding en-
ergies are higher since they enter the hopping probability in the exponent. This puts the
cycles needed for a breakup in a given structure into a direct relation with the material
and allows to rank different metals with respect to their stability at a given constant
temperature.

The principle of surface diffusion for different materials is illustrated in the two follow-
ing figures Figure c.) and d.), where the voxels tend to leave the initially constricted
points, which results in a patternization of the nanowire. The migration is initiated by
the energy gain when moving into an energetically more preferable position, where the
sum of the number of all nearest neighbours of all voxels is larger than in the initial
configuration of the wire. Which corresponds in other words to the minimization of
surface energy in the macroscopic picture.

The following features and their temperature dependence are well predicted by the
simulations for all materials tested:

e Smoothing of the surface of the wires as a result of the induced surface diffusion.
e Rayleigh breakup and fragmentation of the nanowire.

e Contraction of nanostructures by minimization of the number of surface atoms
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Au c) Ag a) T = —15°C Agc)

‘ 0.03 um

Au b) Au d)
T =300°C

Figure 6.7: Comparison between measured surface diffusion processes and cellular au-
tomaton prediction of a Au and Ag nanowires. In a.) and c.) is is possible
to see the initial structure and the converted structure used in the cellu-
lar automaton approach, respectively. Those structures evolve to the ones
shown in d.), when heating is applied, in very good agreement with the final
structures observed experimentally b.).

e The exact breakup points and final shape of the wires

The CA ansatz further allows the prediction of the breakup-sequence of constriction
points. Note that the diffusion process is simulated in three dimensions, although mea-
surement is limited to a "projected", two-dimensional view. The dynamics during the
simulation matches the structural changes observed in the TEM nicely.

The agreement between simulation and measured structures after heating can be seen in
Figure Even for very complex forms we are able to accurately predict the exact sur-
face diffusion process. However, a correction factor has to be introduced to the Eyring
equation in the case of the more reactive metals Cu and Ni, which accounts for the
formation of an oxide layer on the surface of those clusters. This oxide layer is assumed
to quench particle migration, leading to an inhibited or delayed breakup.

The accelerating effect of higher temperatures is also captured by the ansatz given
in Equation However, in order to be able to predict breakup events in time, it
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Figure 6.8: Surface diffusion for a nickel nanowire, a comparison between the experimen-
tal TEM results (a) and (c¢) and the predicted surface diffusion from the CA
(b) and (d). Note that it is essential to insert a fitting factor into equation
in order to predict the temperature induced stabilization caused by the
surface oxide layer. After using a correction factor and evolving the structure
in time the CA shows good agreement with the TEM results.

becomes necessary to estimate the amount of material displaced in each cycle. For the
case of gold nanowires a more detailed study of time dependence which includes a fit of
the transmission coefficient k(7" is performed. Its structural development is observed
in a series of TEM images taken at a constant substrate temperature of 150°C. The
surface diffusion of gold nanowires in real time is studied and compared to the structure
evolution simulated with the CA. A selection of nanoparticles and their corresponding
constriction points in time are used to perform a linear fit of the real time evolution as
a function of the number of update cycles. For this particular combination of materials
(Au nanowires on a non-wetting support) and the given temperature we find that 1500
real time seconds of TEM observation correspond to 100 iteration steps. One example
of a Rayleigh breakup as a function of time and iteration step is presented in Figure [6.9]
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n=20 n =250 n =103 n=113

t=1550s t=1690s

Figure 6.9: Time evolved surface diffusion process of a gold nanowire at 150°C'. The
observed in-situ breakup event is studied over a time period of nearly half
an hour (lower images) and are compared to the results obtained with the
CA (upper images) in order to draw a fit between iteration steps and exper-
imental observation time.

6.4 Surface Wetting

In this section the simulations are extended by the introduction of additional parame-
ters which characterize the support material in more detail. The wetting behaviour of
a selection of metals (Ni, Pd, Au) on amorphous carbon is analysed, with the aim to
reproduce the typical shapes obtained for originally spherical nanoparticles deposited on
a substrate.

At first, the wetting situation for a given metallic nanoparticle is characterized based
on simple geometric arguments as illustrated in Figure Assuming an incomplete
sphere as the shape of the metallic nanoparticle after adsorption onto the substrate, an
angle a can be defined which determines the size of the missing spherical cap. In this
simplified model, an analytical relation between o and the intensity profile I(z) for such
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Figure 6.10: A simple geometric model for the adsorption of spherical nanoparticles onto
a substrate. The volume of a spherical cap with height h is redistributed
over the particle. The radius of the cap reflects the wettability of the chosen
metal.

an adsorbed and deformed particle can be derived,
I(z) o< l(z) + U(z) - H(|x| —s/2) + (r — h)H(s/2 — |z]), (6.6)
with the additional relations
h =r(l —cos(a/2)) and s = 2rsin («/2), (6.7)

where r denotes the particle radius, h the height of the cap, [(x) the thickness of the
unmodified upper half of the sphere, s the radius of the cap, and H(z) the Heaviside
step function. Equation is based on the assumption of a linear relationship between
the thickness of the particle (with thickness defined as particle width in the direction
of observation) and the intensity in the two-dimensionsal scanning-TEM image. This
well-known feature holds as long as no saturation effects occurs, i.e. for metallic particles
with diameters of only a few nanometers, and is commonly used to obtain additional
morphology and composition information in high-angle annular dark-field (HAADF)
scanning transmission electron microscopy.|29, 30, 38|

A fit of this simplified model to the real TEM data for small Ni, Pd and Au nanoparticles
is shown in Figure together with the corresponding images. A very small « value
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for Au (9°) is found in comparison to Pd (31°) and Ni (53°), which indicates a signifi-
cantly reduced wetting in the case of gold. This is also deducible from the slightly more
abrupt change of TEM contrast at the edges of the Pd and Ni particles in comparison
with Au.

Intensity / a.u.
Intensity / a.u.
Intensity / a.u.

P01 -0.005 0 0005 0.01 P01 0005 oo o1 o2 001 0 001 002

x/nm x/nm x/nm

Ni HAADF Pd HAADF Au HAADF

Figure 6.11: HAADF-TEM images of Ni, Pd and Au nanoparticles consisting of approx.
1000 metal atoms (lower panel) together with the corresponding intensity
profiles (blue data points in the upper graphs). The red curves are obtained
by fitting the analytical function given by Equation to the experimental
data with « as free parameter.

In a second step, the algorithm behind the CA approach is extended. The interaction
with the substrate is included by means of added binding energies for the occupation
of cells directly above the surface plane. For a particle of a given size and metal, the
outcome is only determined by the ratio of the metal-metal and metal-surface interaction
energies. A series of simulations with various ratios is depicted in Figure [6.12] showing
the converged result of the diffusion process for cases from minimal to significant surface
wetting. From this, an approximately linear relation between the angle o (53°, 31° and
9° for Ni, Pd and Au) which defines the size of the spherical cap in the geometric model
and the actual ratio of metal-metal energies E.,,, to metal-surface energies F,,; can be
derived:

afrad] &~ 8.8 X Eys/Fum (6.8)

This relation allows for a crude estimation of F,¢ values of Ni, Pd and Au with the
amorphous carbon surface based on the corresponding metal-metal interaction energies.
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Figure 6.12: Intensity profiles (upper panel) and converged shapes obtained from CA
simulations of metallic nanoparticles adsorbed onto amorphous carbon. Dif-
ferent ratios of Ep,/Fuys affect the steepness of the curves near the particle
edges. From a series of simulations, a linear relation between the energy
ratios and the angle « defined in Figure [6.10| could be derived and used for
the prediction of E,s from known FE,,, values.
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Table 6.2: Comparison of Ey,,, the metal-metal interaction energies [31] (the only input
data of the CA) to derived E, values and the corresponding ab initio surface
adsorption energies AE taken from Ref. [I6]. Absolute energies are given in
kJ/mol, ionic radii r; in nm.

Emm T Ny np a Ems Ems 2 AEC b
Ni 428 0.125 85 2.89 93° 45 1170 444
Pd 376 0.138 63 223  31° 23 462 296
Au 368 0.145 95 1.96 9° 7 123 111

® Fus is the energy gain by surface interaction per filled surface cell (which has 9 surface
neighbor cells, i.e. Ens = 9n,Epyg).

b AEG is defined as the energy needed to remove a (0.95 nm)? sheet of graphene from
the bulk metal (111) surface; see text for details.

Despite its simplicity, this method produces relative surface interaction energies which
are in reasonable agreement with ab initio-derived adsorption energies for the selected
(111) metal surfaces on graphene[l16]. A comparison of our experimentally determined
By and Ey (for amorphous carbon) with the ab initio value AE (for graphene) shows
that our values follow the same relative trend. Table [6.2] contains the metal-metal in-
teraction energies Ey,, which are used as input parameters for the CA, and compares
the derived metal-carbon interaction energies E.,s to surface adsorption energies from
Ref. [16]. The approximate number of metal atoms per cell n, as well as the average
number of bonds per filled cell neighbour ny, can be derived from the ionic radii r; listed
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in the second column. From this, the energy gain can be estimated which occurs due
to the interaction of the filled cell with its 9 ‘substrate’ neighbour cells. The latter
can be directly compared to the ab initio values from Ref. [16] for the interaction with
graphene. An atomic density of 37 carbon atoms per (0.95 nm)? has been assumed for
this comparison, derived from the well known molecular structure of graphene [45] with
a C-C bond length of 1.42 A.

The largest discrepancy between our prediction and the ab initio value occurs for nickel,
which might be related to a reduced image contrast for the lighter Ni atoms and due to
more pronounced oxidation effects. Furthermore, nickel is known as a wetting electrode
on graphene at higher temperatures, forming carbides at the contact surface[19, 134, 62].
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6.5 Further Applications

Within this chapter the great advantages of a cellular automaton were presented. It
has been shown that this computational approach is able to predict Rayleigh breakup
phenomena observed for metallic nanowires with diameters of a few nanometers. It
reproduced the final shape after heating treatments and correctly predicts the chrono-
logical order and the location of wire breakup events for any given shape, as could be
verified by in situ TEM-imaging of heated samples.

The next logical step for further extension would be the implementation of a second
atomic species. A prototype of a more complex and general model has already been able
to describe the wetting behaviour of nanoparticles on a substrate. A more general ansatz
would be to not only create a grid with occupied and unoccupied voxels, but rather with
unoccupied and different possible occupation types/occupation materials. This inter-
mixing of different species needs however, additional knowledge about the inter-metallic
bonding energies E,,, ., as well as all varieties of bond energies of different species of
atoms Ey,, ;. A preliminary approach is tested and presented in Figure , showing
the start of a core-shell formation, as a result of different binding energies of the two
metals.

The main challenges however, would be the implementation of possible exchanges of
voxels and the implementation of an adequate intermixing term, as one voxel contributes
only to one atomic species. As a result intermixing of different species would be a major
challenge to deal with.

Niter = 0 Niter = 100

Figure 6.13: Cellular Automaton for a nanowire containing two different species of atoms
(bright and dark voxels represent different species). The interaction energy
of the bright voxels is set to be smaller then the interaction energy between
the bright and dark voxels, resulting in a breakup and a wetting part.
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Chapter 7

Summary

In this thesis the temperature-dependent break-up process of Cu, Ni, Au and Ag nanowires
is analysed at 1 nm spatial resolution.

Experimental studies have shown that the breakup temperature for nanowires is sig-
nificantly smaller in comparison to the corresponding bulk melting temperature. In
addition, a 1/d,, dependence for the reduced breakup temperature T, /Ty, is found
and the effect of an oxide layer on the stability is studied. The oxide layer leads to an
inhibited particle diffusion, which slows the process down continuously and eventually
increases the observed breakup temperature. It is possible to simulate the temperature
dependent behaviour even for complex structures.

A new method based on the cellular automaton principle has been introduced, which
allows the simulation of surface diffusion processes in metallic nanoparticles. For the
simulations, realistic shapes are derived from TEM images and translated into discrete
3-D models. The grid size for the model structures is determined by the resolution of the
TEM image and corresponds in the studied cases to cells of (0.95 nm)? or approximately
55-85 metal atoms depending on the element. A series of cell update rules is then defined
in order to simulate surface diffusion by cell hopping events. Hopping probabilities are
estimated based on the difference between the number of occupied neighbour cells be-
fore and after the hopping. In order to introduce an element-specific hopping probability
a set of parameters from known binding energies between the elements involved have
been derived. With this ansatz, even the behaviour of larger metallic structures can be
correctly predicted and reproduced. The reduction to nearest-neighbour interactions, a
fundamental aspect of the cellular automaton model, allows for a highly efficient com-
putation of surface diffusion processes.

This computational approach is able to predict Rayleigh breakup phenomena observed
for metallic nanowires with diameters of a few nanometers. It reproduces the final shape
after heating treatments and correctly predicts the chronological order and the location
of wire breakup events for any given shape, as could be verified by in situ TEM-imaging
of heated samples. Assuming a non-wetting behaviour for all studied metals on amor-
phous carbon, the cellular automaton produces material distributions which are in good
agreement, with the particle shapes derived from the TEM images. The model was fur-
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ther extended by explicitly introducing interactions with the substrate, which enabled
the reproduction of the deformations observed for the Ni, Pd and Au nanostructures due
to surface adsorption effects. The relative strength of metal-carbon interactions derived
from the TEM-inspired CA approach agrees reasonably well with the available ab initio
data for the binding energies of graphene on bulk (111) surfaces of the selected metals.
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Chapter 8
Appendix

This chapter serves as a source for more detailed information about several topics, which
are only mentioned briefly within the main part of this thesis, but are nevertheless
important in order to get a deeper understanding of the discussed topics.

8.1 Statistical Mass Distribution Considerations

In this chapter the multinomial mass distribution of metal clusters is discussed in more
detail. The statistical background and the program was carried out in cooperation with
Pascal Heim, who brought in his expertise in the field of statistical physics.

Given a metal with k stable isotopes, in which every stable isotope has an occurrence
probability p; (i € {1,...,k}), which forms a cluster of N atoms and having a total mass
M, the probability to find a cluster with N atoms and having a total mass of M can be
written via the marginalisation rule.

p(M,N|p) = p(M|N,p) - p(N|p) (8.1)

This can be extended when introducing a vector 7, which lists the number of all
isotopes n;, that correspond to the total number N and total mass M of the cluster.
Therefore the following two relations must be fulfilled.

> ni=N (8.2a)

=1
k

Znimi =M (8.2b)

i=1

Equation can be extended by using the marginalisation rule.

p(M,N[p) = p(M|N,pii) - p(N|pi7) - p(iil) (8.3)

n

The probability p(M|N,p,7i) to find a specific total mass M, given N amounts of atoms,
with an isotope distribution p'and 7 can be written as a § function using equation [8.2b}

g
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p(M|N,pyii) =6 (Z nim; = M) (8.4)

The second probability in equation which describes how likely a cluster with a
total number of N atoms given p and 77 can be found, is given via the multinomial
distribution under consideration that equation is still valid.

N'le 5 (Zn - N) (8.5)

Given this information, and knowing that the last term in equation can be can-
celled, p(M,N|p) can be written as:

p(M,N|p) ~ Za (anml ) N!H%(S (Z n; = N) (8.6)

A numerical solution of this equation is very time consuming, because for every k one
additional loop inside the program has to be added, which is very expensive, even if
assumptions like the Stirling approximation are used.

A much cheaper approach, in terms of computational time can be achieved when using
convolution integrals. From the given distribution p(N = 1,M|p,77) all distributions with
higher N can be created. The initial N = 1 distribution can be written as:

k
p(N = LM|pii) = pid(M =m,) (8.7)
=1

When splitting the total number of atoms into N = N; + N,, equation can be
rewritten as a sum of both Ny and N,.

PN = N+ Np MIBi) = 37 p(NV = Ny-+ Ny, MIG)-p(Ny, M) p(No, MIp), (8.8)

N1,Na

which can be simplified using p(N = Ny + No,M|piii) = §(N = Ny + N3).

p(N = Ny + Ny, M|pii) = > p(Ny,M|p,iT) - p(N — Ny, M|pi) (8.9)
M

As previously mentioned, the initial distribution for N = 1 is known and Ny can be
set to 1. Considering Ny = 1 the last equation can be simplified to:

p(N = Ni+ No, Mpii) = Y p(Ny,M|p,ii) - p(1,M|pii) = p(N = Ny +1,M|5i7) (8.10)

N1

=
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With this knowledge any cluster size of N atoms with a total mass M can be con-
structed via N — 1 convolutions of the initial N = 1 distribution from equation [8.7]

p(N + LM|pii) = p(N,M|p,ii) - p(1L,M|7,i)) = p(N = Ny + LM[p,it)  (8.11)
N

The results of equation [8.11] are plotted for chromium clusters in Figure [8.1] For
chromium there are 4 stable isotopes (Crsg, Crsa, Crs3 and Crsy) contributing to its
multinomial distribution. For small N the different cluster sizes are clearly separable
(see Fig8.1]lower left), if the number of atoms in one cluster is increased. It is no longer

possible to distinguish in the mass spectrum which N contributes to a given total mass
M.

The form of the multinomial distribution p(N = const, M |p,ii) for large N approximates
a Gaussian distribution. This can be verified by the theorem, that any distribution
will converge towards a Gaussian distribution, if it is infinitely often convoluted. With
increasing N also the standard deviation oy increases, which causes an overlap of the
distributions N and N + 1. The standard deviation is obtained by fitting a Gaussian
over the results obtained from p(N = const, M |p,77) as demonstrated in Figure The
obtained standard deviations oy can be predicted for large N (N > 20 = oy < 5%)
via the central limit theorem, which states, that after a sufficiently large amount of it-
erations the arithmetic mean of independent random variables will converge towards a
Gaussian distribution. This is a good approximation for oy for large N.

on =/ Var(N =1)N (8.12)

A measure of how separable two distributions N and N +1 are, can be achieved, when
we demand that the two distributions have to be separated by 4oy, so that a mass peak
with a significance level of 95% can be assigned. As a result, the number of atoms in
one cluster N..; , where it is possible to separate the two multinomial distributions with
95% significance level is given as:

2 = 2
O crit m

Var(N = 1) 16Var(N = 1)

This results (for i.e. Cr) into a Nt 95% of 470 atoms, which is the point, at which
Oerit €quals one quarter of the mean isotope mass m/4. The results of a detailed study
of different elements is listed in chapter [£.1.3] about the TOF mass spectroscopy.

Ncm’t,95% = (813)

8.2 Step-by-Step Description of a Cryoexperiment

Cryogenic deposition experiments of nanowires on TEM substrates are a rather chal-
lenging task in comparison to room temperature deposition. The goal of the experiment
is to keep the grids as cold as possible and prevent contact with ambient air in order to
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reduce the amount of ice crystals on the substrate’s surface. Before performing a cryo-
genic deposition the optimal settings for the synthesis of the desired nanowires (regulated
via Tey and Tge) have to be determined. This has to be done before the deposition
experiment starts, as a temperature induced mass drift at the micro balance makes it
impossible to determine any further mass depositions. In addition, the temperature sta-
bilising lamp at the micro balance should be turned off, to decrease the amount of heat
transferred to the manipulator. When all settings are fixed, a rather large amount of
liquid nitrogen is required (= 20 1, or more for longer deposition times), which should be
easily accessible in order to quickly refill the manipulator and/or sample-carrying-dewar.
After these initial preparations the following steps have to be performed.

1.
2.

Connecting of the reservoir (attached at the crane) to the manipulator.

Filling up of the container with N,;,. This process requires a large amount of
Ny iq (typically 5 to 6 1), as the complete length of the manipulator has to be
cooled.

. After the cooling down of the sample holder (at least 10 min after the fill up), the

deposition can be performed by swinging the sample holder into the helium beam.

Closing the vents between the source and main chamber. Afterwards starting the
shut-down process of the main chamber can be performed. The shutdown process
is done in the standard manner (see also appendix section in [55]), the forevacuum
line is closed, and the TMPs’ are turned off manually.

. It is highly important that several refills of the reservoir are performed within

the shutdown process to guarantee that the sample is kept at T, ;- An optimal
approach is to perform refills in regular time intervals (5 or 10 min steps are ideal).

. When the TMPs’ are at half speed, it is possible to vent the chamber with dry

nitrogen in order to minimise the exposure of the grids to water from ambient air.

During the venting process unscrewing the screws from the operating window can
be started. At least 4 screws should be left in adequate positions to prevent venting
the chamber with ambient air.

. After clicking off the burst disc, which indicates that the chamber is above normal

pressure, the last remaining screws should be removed quickly. This and the
following steps require a lot of practice, as the longer the procedure takes, the more
contaminated the sample becomes. It is highly recommended that the chamber
should be flooded with dry nitrogen throughout the entire remaining procedure,
as an overpressure inside the MC can help to reduce the amount of ambient air
entering the chamber.

. When the operating window is unscrewed, a plastic bag, containing a small slit

for the operating tools, should be placed over the opened flange to minimise the
possible entry of ambient air.
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10. The sample holder can then be detached with the corresponding operation tools
(an Allen wrench and a threaded rod with the appropriate length are used) and
should then be quickly moved into a dewar containing Ny ;;,. The closer this dewar
can be placed to the chamber, the shorter the exposure time becomes.

11. The final step is then to unmount the grid(s) from the sample holder under Nj;,
environment. This step can be challenging, as the used operation tools for unscrew-
ing cool down, which makes the standard unmounting process harder to perform.

If all steps are done accurately, the TEM grid(s) are then ready for the observation.
It is highly recommended to perform several simulations of this experiment in order to
train and improve the single operating steps. Especially the unmounting process and
the transfer to the dewar should be practised several times to minimise the exposure
time, which is directly linked to the number of ice crystals on the substrate’s surface.
In addition, the exposure to air raises the substrate’s temperature, so the unmounting
time limits the lowest possible observation temperature.
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Figure 8.1: Probability p(M,N|p,7i) to find a cluster with k isotopes with a total mass
M and a total amount of atoms N solved iteratively, when using equation
.11} The upper graph gives an overview how increasing N leads to larger
overlaps inside the mass spectrum (It can no longer be distinguished whether
a mass M is part of a cluster with N or N + 1 atoms). In the two lower
images two sections of the complete plot are taken to demonstrate how an
overlap evolves with increasing N.
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Figure 8.2: Standard deviation o of the multinomial distribution of a Cr cluster with size
N. The results are obtained when fitting a Gaussian distribution over the
results obtained from p(N + 1,M|p,77), which are illustrated in Figure [8.1]
The red line represents the prediction of the central limit theorem, which is
capable of a very exact prediction for large V.
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