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Abstract

Tin oxide (Sn0O,) is a semiconducting material with a high transparency, a low resistivity and a high
biocompatibility. With these properties Sn0,-based sensors could be used in many fields, ranging from
the detection of gasses to the detection of light. To increase the sensitivity of such a sensor the
surface-to-volume ratio has to be increased. This can be achieved by patterning on the nanometer
scale or, in other words, by synthesizing 1D nanostructures in a very high density at the surface of an
appropriate substrate. When the nanowires become small enough in diameter (<10 nm) quantum size
effects start to play an increasingly important role thus influencing all properties of the nanowires.
When creating nanowires with the Vapour Liquid Solid (VLS) method the diameter of the wires usually
depends on the diameter of the catalyst particle used to synthesize the wires. However, diameters
below 20nm are difficult to achieve via VLS even with catalyst sizes well below 10 nm. Creating very
thin nanowires (diameter <10 nm) in a controlled way thus has been and still remains a highly
challenging task.

This study will make use of the micellar approach to deposit ultra-high density arrays of gold particles
being used as catalysts with sizes well below 10 nm and a narrow size distribution for the subsequent
growth of SnO, nanowires via chemical vapour deposition in a tube furnace system. The main
objective of this work is to identify and optimize all relevant growth parameters that allow to finally
synthesize such nanowires with diameters approaching or even passing the threshold for inducing
quantum size effects (< 10nm) in a highly controlled way.
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AFM Atomic Force Microscopy

CvD Chemical Vapour Deposition
FE-SEM field emission scanning electron microscopy
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us ultrasound

VS vapour-solid

VSS Vapour-solid-solid
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XPS X-ray photoelectron spectroscopy






Introduction

Nanotechnology is nowadays a well know concept related to objects with reduced
dimensions. The concept was first introduced in 1959 by Richard Feynman in his talk
“There's Plenty of Room at the Bottom”,’ but it took some time to come to live. The term
nano was also introduced during that time to the SI-system as a prefix for the 10° size
factor.? A nanostructure is an object that has at least one dimension below 100 nm.?
Depending on how many of the spatial dimensions are limited this creates so-called 0D
(quantum dots), 1D (nanowires, nanotubes, nanorods and nanobelts), or 2D (quantum well)
nanostructures. The 1D structures receive a lot of attention lately from many different
fields, for example photon emission and absorption,* metal-to-insulator transition in a
material,” semiconduction,® electrochemical and electro mechanics,® magnetism,” and
biotechnology.? These 1D structures have their own specific properties compared to the
other dimensional structures, but for all of them the properties depend on the shape, size
and composition of the nanoscaled object. Nanowires which are in the focus of this work are
one of the possible shapes of the 1D structures besides other possible shapes like
nanofibres, whiskers, nanorods, nanobelts, nanoribbons and nanotubes ° presented in
Figure 1.
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Figure 1 shows the different 1D nanostructures that can be created: (a) nanowires, nanofibres or
whiskers; (b) nanorods; (c) nanobelts or nanoribbons and (d) nanotubes.

Nanowires can be made from different materials like metals, carbon or even rare-earth
compounds (hydroxides, oxides, oxysulfides, oxyhalides).'® The material the wires are made
of determines to a large extent their properties such as catalytic, electronic, optical
magnetic, and biological behaviour.® Tin oxide (Sn0O,) is a wide band gap semiconductor
which is chemically inert and which has a high transparency and low resistivity.'' ** Because
of these properties it is currently commercially used in environmental monitoring, industrial
electronic sensing, liquid crystal displays, etc.!®> The SnO, nanowires are further actively
investigated in the fields of photoluminescence,’* lashing,’” field emission,!® transistors,
solar cells,'” and for battery applications.!® '° Finally, and perhaps of most importance, SnO,
is found to be biocompatible.?°?® This makes it a very attractive material to be used in bio-
electronics and biosensing. Not just to detect biological compounds, but also to look inside



living cells,** or to be used as a therapeutics or antiviral agent that has the ability to

suppress diseases such as Herpes Simplex virus 1 and 2 (HVS-1 and HVS-2).%

The use of SnO, in chemo-sensor applications is already known where it is able to detect
gasses such as CO, NO, NO,, NOs3, NH3, N, O, O3, H,O LPG, ethanol and a large range of
other carbonic compounds including certain nerve toxins. In addition, it can also be used to
detect light.?>?° The readout of the sensor can be realized by impedance or voltage/current
measurements for which mostly elevated temperatures are needed.?> %°

The diameter of a nanowire influences the physical properties, and in some cases, a small
change can make a large difference. For example, when working with single wall carbon
nanotubes where the n and m values are identical (index of chirality) a small change in
diameter will trigger a change in chirality of the wire which itself will determine if the wire
will be conductive or semiconductive.®® When using metallic nanowires, the diameter
influences properties like strength,? the elastic modulus,?* 33 magnetic®* and
thermodynamic behaviour.®®> The diameter seems to allow an easy control in order to
influence and modify the properties of the nanowires. However, this is still a rather
challenging task especially when creating nanowires with diameters around 10 nm and
below. Wires of this size are reaching the Fermi wavelength leading to confinement of the
electron wave functions (particle in a box problem).*®* The quantum size effects that come
into play change the electronic density of states and affect the transport and optical
properties of the wires.?” Besides the quantum size effects, the surface to volume ratio
increases with an decrease of the nanowire diameter which can improve the detection limit
when such wires are used as sensors.?®

In order to control the diameter of nanowires there are two general routes, the top-down
method and the bottom-up approach.*® The top-down method makes use of optical
lithography which is widely exploited in computer technology to fabricate processors that
have double the amount of transistors roughly every 18 months, as predicted by Morse
law.*® The underlying principle is illustrated in Figure 2: here, a mask is imprinted into a
photoresist that either hardens or weakens upon illumination depending on the type of
resist used. This allows to selectively remove the unwanted parts of the photoresist and to
cover the resulting pattern with a metal to create the desired contacts. This technique is
able to create transistors with a theoretical limit around 5 nm,* %° however, 22 nm is the
current commercial limit.*!
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Figure 2: a schematic representation of optical lithography as top-down approach to create nanowires
(e.g. interconnects in processors)

The second approach to create rather small items is the bottom-up approach. Here, a
nanosized object will self-assemble from its individual building blocks like in case of MIPS*
or micelles.** ** Micellar structures can be used to create OD quantum dots out of different
metal salts like gold,*> % iron,*” cobalt,*” nickel,*” zinc,*® silver®® and others. Such metal
particles can subsequently be exploited as catalysts to synthesize 1D nanowires by means
of chemical vapour deposition (CVD). Therefore, micellar nanoparticles should have a
narrow size distribution at diameters below 10 nm.** Such an approach would furthermore
allow to spatially organize the catalyst particles into regular patterns, which would be an
improvement over more conventional methods to produce catalyst particles like sputtering
or evaporation the latter resulting in disordered ensembles which additionally suffer from
broad size distributions.?’

For the synthesis of 1D nanostructures, there are different reaction mechanisms available
and it depends on the material that these structures will be made of which mechanism
needs be used. On one hand, metal or metal oxide nanowires are often grown by the
vapour-solid-solid (VSS) or vapour-liquid-solid (VLS) methods which both rely on the
presence of catalyst particles at a substrate surface to grow the nanostructures. On the
other hand, nanowires can also be grown in a self-catalytic reaction, i.e., without catalyst
particles (vapour-solid, VS growth).° The presence of a catalyst at the sample surface,
however, has its advantages over the VS method as the catalyst is able to control certain



growth properties and to localize the resulting wire at a pre-defined position. The catalyst
allows to grow nanowires by forming a liquid (VLS) or solid (VSS) nanoparticle in which the
vaporized precursor can dissolve as can be seen in Figure 3. When passing the saturation
solubility, a supersaturated state will be created upon further deposition of precursor
molecules on top of the catalyst surface. This supersaturation state is energetically
unfavourable resulting into the crystallization of excess precursor material at the bottom of
the droplet. With still more source vapour being present in the vicinity of the catalyst
particle, the supersaturated state will continue to exist leading to a continuous
crystallization process and, thus, the growth of a nanowire.®
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Figure 3 shows the VLS mechanism with a) a fully molten catalyst (VLS mechanism), B) a semi-molten
catalyst and C) a solid catalyst (VSS mechanism)

To form tin oxide (Sn0O,) nanowires by means of the VLS method different parameters need
to be considered. The precursor material used to form the source vapour is one of them.
Obviously, when growing SnO, nanowires, the precursor has to contain Sn. There are,
however, different materials possible which could serve as a precursor: a pure Sn source,
SnO or SnO, as can be seen in Table 1. Each of these materials will have different
requirements in vaporization temperature and carrier gas. It will not be possible to create
Sn0O, nanowires from a pure Sn source when working in a fully inert argon environment, so
some oxygen has to be added to the system as well. The same holds true for the SnO
source material: it does contain some oxygen, but this is not enough to form nanowires with
SnO, stoichiometry. When using a pure SnO, source, additional oxygen is not needed, but
to achieve a reasonable vapour pressure the temperature of the furnace has to be set to
very high values as can be seen in Table 1. Here, the addition of carbon helps to reduce the
growth temperature which makes the process more efficient. In general a mass ratio of 2:1
(Sn0,:C) is recommended.®® Experimentally, the growth temperature can be lowered by
admixing graphite (C) to the SnO, source material leading to the following carbothermal
reduction reactions:>*

C(s) + Sn0O, (s) ©@ SnO(g) + CO(g)
CO(g) + SnO, (s) & SnO(g) + COz(g)

2 SnO(g) & Sn(|) + SnOz(s)
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Table 1 gives a literature overview of the different conditions found to grow SnO, nanowires.

Source Temperature (°C) Flow rate Pressure Time Reference
material Core Substrate (scecm) (H)
Sn shot 900 9007 1000 ml(/h?) ? 0,5-2 52
SnO, + C 700 700 100 200 torr 4 51
Sn + 0O 900 ? 50 ml/min ? 0,5 >3
Sn02 1370 350-500 50-100 50-200 mbar ? 54
SnO + O 960 lower 50 10 torr 0,5 55
Sn0O, + C 800 ? 300-500 10 torr 0,5 6 t+supplement
Sn +0 800-1000 900 100-1000 ? 0,5-3 57
SnO, + C 800 ? 300 10 torr 0,5 50
SnO, + C ? 840 100 30 mbar 0,75 58
(ITO)
SnO, + C 880 ? 400 ? 20 min 59

In this work, in order to grow SnO, nanowires in a controlled way, gold nanoparticle arrays
will be created first by the micellar method allowing to adjust the particle size between 1
and 10nm. Subsequently, the growth conditions need to be established for the available
experimental setup. Finally, efforts will be spend to determine the relation between the
catalyst particle size and the resulting diameter of the nanowires which is the key to control
the physical and chemical properties of such wires in future studies.
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Materials and Methods

Gold catalyst particles

Micelles

The micellar approach as described by G. Kastle et al. (2003) was used to create the gold
nanoparticles as catalysts in a diameter-controlled way.** Briefly, 25 mg of the diblock-
copolymer poly(styrene)-block-poly(2-vinylpyridine) (PS-b-P2VP) commercially available
from Polymer Source, Inc. (Canada), is dissolved in 5 ml extra dry toluene (<0,003% H,0)
and stirred for a period of 3 days to form reversed micelles (as visualized in Figure 4).
Varying the amount of gold salt (HAuCl, xH,0, Sigma Aldrich) added to these solutions will
determine the resulting size of the gold particles.®® ¢! The polar gold salt will diffuse through
the apolar solvent toluene into the polar core of the reverse micelles resulting in the
protonation of the ring nitrogen in the P2VP part (Figure 5). According to literature the
maximum amount of metal salt which can reliably be added must not exceed a loading ratio
of 0.5 (metal ions versus pyridine groups).** ®* The amount of Au salt to be added at a
given loading ratio can be calculated according to the formula below:

_mass of polymer 9 My, (p2vp)
Mps + Mpyyp Mc, b, N

X loading factor X My saie

toluene
RAARAARRRR :
PS P2vP

Figure 4 illustrates schematically how the block-copolymer strands form a reverse micelle that can be
loaded with the metal salt.

g
S

PS P2VP

Figure 5 represents the structural formula of the PS-P2VP polymer.

Next to the amount of metal salt added to a micellar solution, the resulting particle size can
also be tuned by changing the length of the polar P2VP block. Furthermore, increasing the
length of the apolar PS part will increase the steric hindrance between the micelles and,
thus, their diameter in solution which controls the final center-to-center distance between
them after their deposition as mono-micellar film on a substrate. Two different PS/P2VP

13



ratios where used for the creation of the micelles as can be seen in Table 2. For the creation
of smaller particles (£ 3nm) the 325/78 polymer works best while for the creation of the
larger particles (£ 9 nm) the 1850/900 polymer works best.

Table 2 shows the polymer short name and the mass distribution of the polymer into its different
compounds as well as the usual dipping speed.

Short name Mps (g/mol) Mpove (g/mol) Dip speed (mm/min)
325/78 32500 7800 3,5-6
1850/900 185000 90000 14 - 15

A second method, that is very effective in the creation of the smaller particles uses
ultrasound (US) for 2 hours to dissolve the PS-P2VP and gold salt both at once (for a
detailed protocol see supplementl).

Transformation of micelles into particles

Sample preperation

A 380 pm thick n-type silicon (100) wafer doped with phosphorus (crystec
kristalltechnologie) is cut into samples (1 x 0,5 cm) with a diamond cutter. The cut samples
are placed in isopropanol and ultrasonicated for at least 10 minutes before changing the
washing medium to acetone and ultrasonicated for another 10 minutes. This washing cycle
is repeated twice. Before storing the cleaned substrates, one additional ultrasound cleaning
step in Demi water is performed for a minimum of 10 minutes after which each sample is
dried with nitrogen.

Sample loading

The cleaned substrates are then used for dip coating the solutions. The speed at which the
home made dip coater can be varied, ranges between 1 and at least 22 mm/min by
changing the voltage applied to the electrical stepper motor as can be seen in Figure 6. The
optimum dip speed depends on the size of the micelles in solution and an indication of the
optimum speed for the used polymers is shown in Table 2. The samples are dipped into the
solution at a constant speed and just before the solution level reaches the sample holder
the voltage to the motor is reversed allowing to pull the substrate out of the solution at the
same constant speed. After its complete pulling-out of the micellar solution, the sample is
left hanging on the holder inside the flask in order to fully dry from the toluene before
further retrieval of the sample. This process is illustrated in the left and top part of Figure 7.

14
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Figure 6 shows the relation between the applied voltage and the dip coating speed.

l plasma

Figure 7 sketch of the dip coating and plasma treatment. It shows how the micelles attach to the
surface of the silicon substrate to form a uniform monolayer that leaves the gold particles after plasma
treatment.

After dip coating the samples can be checked by Atomic Force Microscopy (AFM, Park-NX10)
in non-contact mode and X-ray photoelectron spectroscopy (XPS) (1486.6eV, Al-K,) to
determine the morphology and its composition, respectively. When the sample is of good
quality a uniform hexagonally-organized monolayer of salt-loaded micelles can be seen in
AFM and more samples are taken from the solution for further use. If the quality is low one
could either try to take a new sample at a different dipping speed or stir the solution for
another week, after which a new sample will be taken to check the quality of the solution.

Catalyst preparation

To completely remove the polymers involved, an oxygen plasma is applied to the micellar
monolayer on top of the Si substrates. The samples are placed inside a commercial plasma
system (Technicus PDII-A) and the chamber is evacuated down to a pressure of ~0,1 mbar



before oxygen is provided to the plasma chamber at a flow of 35 sccm. For the 325/78
polymer 50 watt plasma is applied for 30 minutes at room temperature while for the
1850/900 polymer 20 watt plasma is used at 250 °C for 30 minutes (illustrated in the
bottom part of Figure 7). The system is water cooled during the etching cycle to prevent
damage to the rf-electrode samples and the system itself. After the samples have cooled
down they can be stored in ambient conditions during which the gold oxide will reduce to
gold or if needed directly placed in ethanol for 5 minutes to fasten the process. The samples
will then be checked again for morphology and composition by AFM and XPS respectively.

Analysis

The AFM images are flattened by the AFM software (Park System, XEI) and further
processed with Gwyddion (V2.29).°> The scan image is levelled at its medium and
recalibrated to zero before a mask is applied to capture the size distribution of the particles.
Next, a 2D statistical auto covariance function is calculated allowing to determine the inter-
particle distance

The data from Gwyddion is than imported into OriginPro (V8.6, OriginLab, Northampton)
with some home written scripts that directly calculate the particle size and inter-particle
distance while graphically visualizing the data (a copy of the import scripts can be found in
supplement2).

For the XPS data no import script has been written, but the graphs were also made in origin
and manually analyzed with the aid of the Handbooks of Monochromatic XPS Spectra.®?

Growing nanowires

The nanowires are grown in a horizontal double tube system as has been described by C.
Geng et al. (2004) for ZnO nanowires.®® In the master project the double tube system as
sketched in Figure 8 was used to grow SnO, nanowires. The outer quartz tube has a inner
diameter of 7,3 cm and a length of 125 cm, the inner semi-closed quartz tube (‘inliner') has
an inner diameter of 5,5 cm and a length of 25 cm. The sample substrates are placed on the
centre of a circular ceramic disk (diameter of 2,2 cm and a height of 0,4 cm) at the
positions 1, 2, 3, 4 and 5 with a centre to centre distance of 4 cm between the positions.
Positions 1 - 3 are drawn into Figure 8, while positions 4 and 5 are closer towards the
centre of the oven. At all positions, the discs are elevated on a ceramic holder with a height
of 1,8 cm to get closer to the vapor source. Positions 4 and 5 can be created on different
ways, either by keeping the inliner at the same place and moving the ceramic holder with 4
and 8 cm respectively closer to the growth precursor (moving holder). Alternatively, the
distance between the growth precursor and the sample substrate inside the inliner is kept
constant while the entire inliner is moved over a distance of 4 or 8 cm, respectively, into the
oven (moving inliner).

Temperature calibration

The double tube system is placed inside a horizontal tube furnace (carbolite, analis) for the
nanowire growth. To get an insight into the temperature at the substrate positions a single
tube setup was used in combination with 4 metals with known melting temperatures
namely: highly pure indium (99,999%; Johnson Matthey Alfa Products; 156 °C), soldering
tin (Sn99,3/Cu0,7; Felder; 227 °C), roofing lead (1 mm; 327 °C) and aluminum (99%; 1
mm; 665 °C). From each of these metals at least three small pieces where cut and placed
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on clean silicon samples. the sample where positioned on an elevated ceramic holder to
have a certain distance from the outside of the insulation layer (Figure 8). This distance was
varied between the different heat runs to get a first approximation. The distance was than
optimized by using 3 samples per metal with a separation of 0,5 cm around the position
found form the first approximation. After placing the holder into the furnace the
temperature is ramped up with 28 °C/min (using a Eurotherm type 818 temperature control
unit) to the working temperature of 1000 + 4 °C during which Ar gas (purity 6N, Alphagaz)
is continually flown into the system at 100 sccm. The working temperature is kept constant
for 30 minutes after which is determined up to what position the metals did melt. When all
3 metals of the fine tune distance melted or non the run was repeated and the distance
changed accordingly. From these experiments the temperature profile of the oven can be
determined.

b Gas OUT

| i

/

semi closed
glass tube

e

growith precursor

UNIFJRM TEMPERATURE ZONE

‘\“‘\\\’ metal case
Isolation layer /

Figure 8 represents a sketch of the double tube system that was used for the growth of the nanowires.
The main gas flow is reversed compared to the relative positions of the substrates and the precursor.
The semi-close inliner changes the flow from precursor to source into the main gas flow. The positions
1,2 and 3 indicate the initial growth positions used for the growth and are separated approximately 4
cm from each other (centre to centre).

Growing wires

With the temperature profile of the oven known, the growth of nanowires will now be
investigated. All growth cycles make use of the carbothermal reduction reaction with SnO,
(Strem Chemicals 99,9%) and graphite (Alfa Aeser, 99,9999%) as the source materials®’.
Before every reaction the SnO, and graphite powders where mixed together in a 2:1
(respectively) weight ratio to a total mass of 0,75 g and placed near the closed side of the
inliner tube. The samples with gold catalyst where placed near the open end of the inliner
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on the ceramic disks on top of the holder. This setup was loaded into the larger quartz tube
and positioned so that the samples would be at the correct positions as indicated in Figure
8. After loading the larger quartz tube was closed at both ends with metal caps and the tube
was evacuated to approximately 10 mbar. The system was than filled with highly pure Ar
gas that has an overpressure of approximately 50 mbar with respect to the ambient air. The
filled system was closed and the overpressure was released in the ambient before setting
the desired flow rate.

A detailed analysis was preformed to find the optimum growth conditions as indicated
below, where the starting values were taken from a pilot study (core 1000 °C, growth at
position 2 or 3, flow rate 100 sccm, time 2h and samples with 3 nm gold catalyst particles),
as soon as better conditions were found the latter were used in subsequent experiments .

Temperature

There are two temperatures that influence the growth of the wires, first the core
temperature of the furnace (which affects the evaporation of the source material), and
secondly the temperature of the nanoparticle samples. A systematic approach was used to
narrow down the best temperatures of growth. The different core temperatures were
selected based on literature (Table 1) and growth was performed on positions known to
work from a pilot study (positions 2 and 3). The used core temperatures varied between
700 and 1100 °C as indicated in Table 3. After setting the optimum core temperature the
growth temperature was varied by choosing five different growth positions of which three
are indicated in Figure 8. The two remaining positions (4 and 5) are created as was
discussed above. Table 4 shows the different trails undertaken to find best position for the
nanowires to grow.

Table 3 shows the different core temperatures that were tested for the nano wire growth. The runs
with core temperature of 950 and 1050 °C were used to fine-tune. The positions marked in yellow are
created by moving the inliner tube.

Core temperature Position

e 1 2 3 4 5
700 X X

900 X X

950 X X

1000 X X X

1050 X X

1100 X X

Table 4 shows the positions used to place the samples. The positions marked in yellow are created by
moving the inliner, while the positions marked in red are created by moving the substrate holder inside
the inliner. The trail marked with both yellow and red is created by moving both, the inliner and the
holder, by one position.

Core temperature Position
(°C) 1 2 3 4 5
1000 X X X
1000
1000
1000
1000
1000

18



Gas flow

Literature reports different flow rates for the growth of nanowires as indicated in Table 1.
Five different flow rates between 0 and 300 sccm were tested. Attention has to be paid to
the flow direction of the experiments, compared to the main gas flow the samples are
placed up stream of the source. The flow rate was set with a flow meter (Dwyer, VFA-visi-
Float) and kept constant during a full growth cycle.

Growth time

The length of the nanowires depends on how long the wires are allowed to grow. To get an
insight into this effect nanowires where allowed to grow for 0,5 min, 5 min, 10 min, 15 min,
30 min, 1 h and 2 h.

Diameter control

After having the growth process fully optimized a multi batch experiment was performed
with different sizes of the catalyst particles to investigate the ability to control the diameter
of the wires. The samples were all placed on the circular ceramic disc that itself was placed
at position 3%.. This experiment was performed under the optimum growth conditions
determined in the experiments mentioned before.

Supplementary experiments

To further study the alignment of the nanowires a silicon substrate was covered with a thin
layer of Al,O3 (prepared by sputtering) before the deposition of the catalyst particle array.
Subsequently, nanowires were grown on positions 3, 4 and 5.

Analysis

All samples were routinely analyzed by field emission scanning electron microscopy (FE-
SEM, Philips FEI Quanta 200-FEG) with a minimum magnification of 10.000X to screen for
the successful growth of the nanowires and the morphology of the wires. Higher
magnifications up to 200.000X were applied for further analysis and to determine the
diameter of the grown wires. The diameter was determined using the Imagel software.®’
Here, the scale bar present in each image was measured by the software to define its length
scale. Hereafter, multiple line profiles where taken parallel over the wire to measure its
cross section. The individual diameter is then exported to Origin to calculate an average
value and the corresponding standard deviation of the sample.

Some samples were additionally investigated by Raman spectrometry (Jobin-Yvon T64000)
using a 488 nm laser (Lexel SHG-95) as excitation source to determine the material
properties of the sample. Furthermore, some samples were also investigated by AFM to
provide height profiles of the wires.
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Results & discussion

Gold catalyst particles

AFM of micelles

Dip coating was performed on 18 different micellar solutions: of these solutions, 10 were
made with the 325/78 copolymer (called 'short polymers' hereafter) of which two were
prepared using ultrasonication (US) and 8 solutions were made with the 1850/900
copolymer (called 'long polymers' hereafter). No solution was synthesized with the US for
the long polymer, because of the low quality of the samples resulting from this protocol.
When using the US protocol the short polymer micelles form in a fast way and the array
quality is about the same as for a solution made by stirring as can be seen in Figure 9. The
image on the left side (A) shows the US protocol while the image on the right side (B) is
taken from a solution made by the conventional stirring method. From these image the
average height of the micelles can be calculated for the US protocol and the conventional
method and shows little difference between both approaches with values of 11,59 + 1,32
and 12,78 £ 1,29 nm, respectively, as also can be inferred from the height distribution plots
in the bottom of Figure 9 (C & D). The inserts in Figure 9A and B represent the 2D
autocorrelation that reveal the hexagonal order of the sample from which the inter-particle
distance can be calculated. From these calculations it is found that the inter-particle
distance for the US protocol is 44,59 £ 2,07 nm and for the conventional stirring the
distance is 40,21 £ 2,13 nm which are both comparable within the error bar. Small
differences can be seen in the degree of hexagonal short range order which indicates a
slightly better order for the conventional method. To create a solution on a short time frame
the US protocol works good however reusing this solution 5 days later will not give equal
results anymore as the order of the solution has decrease as can be seen in Figure 10.
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Figure 9: AFM images of the fast US protocol (A) and the conventional stirring protocoll (B). The insets
on the top left represent the autocorrelation function of the images from which the degree of
hexagonal order can be judged. Graph C represents the corresponding height distriubtions.
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Figure 10 shows the AFM image of the US solution after 5 days of stirring with in the top left the
autocorrelation insert that shows a limited degree of hexagonal order.

A monolayer of salt-loaded long polymer micelle has an average height of 31,24 £ 2,06 nm
as can be seen from the size distribution in the right of Figure 11. The array is of higher
quality than in case of micelles derived from the short copolymers possibly due to a better
distribution in chain length (polydispersity index).
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Figure 11 shows an AFM image of the long copolymer-based gold salt-loaded micelles including its
autocorrelation function as inset, together with the corresponding height histogram

From micelles to particles followed by XPS

The micelles themselves are burned off with oxygen plasma in order to arrive at an array of
nanoparticles. This etching step can be followed up with two XPS measurements, one
performed before etching and one after polymer removal as shown in Figure 12. In this
figure the red line corresponds to gold nanoparticles and the black line to micelles on a Si
substrate. The peak in the XPS spectrum of the micelles that is related to the organic
material (C1s) has disappeared after etching thereby indicating that the organic compound
is no longer present after plasma treatment. Some new peaks appear after polymer
removal, which correspond to Au core levels. Remarkable is the peak at 1070 eV
representing Nals, which is not present in the elemental distribution neither of the
substrate nor of the salt-loaded micelles. This peak rather reflects a cross-contamination
arising from the sample holder.
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Figure 12 shows the XPS spectrum for both the micelles (black) and the raw gold particles (red). It can
be seen that some of the peaks that are present before the plasma treatment have disappeared and
some other gold specific peaks appear.

AFM of particles

After plasma etching, the sample contains basically gold and silicon/silicon oxide as shown
by XPS. This can also be proven by looking at the average particle height before and after
plasma etching. Figure 13 shows an AFM scan taken after plasma etching of a small polymer
micelle made by conventional stirring. The particle size has drastically changed as evidenced
by an average size of 2,68 £ 0,24 nm which is derived from the height histogram on the
right side of the figure. By comparing the height of the particles before (12,78 nm) and
after (2,68 nm) etching, additional evidence (besides the XPS results) is found that the
micelles were successfully removed leaving bare gold particles at the substrate surface. The
inter-particle distance (39,79 = 1,42 nm) of this AFM scan (calculated from the
autocorrelation function shown as inset) has not changed significantly compared to the AFM
scan performed on the corresponding micellar array (Figure 9B).
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Figure 13: AFM image (left) and height distribution (right) of gold nanoparticles with an average
diameter of 2,68 nm. The inset on the left side represents the autocorrelation function of the image

which shows a reasonable hexagonal patron.

A large change in height upon plasma treatment is also found for the long polymer micelles.
Here, decrease form 31,24 nm before etching to a average height of 7,76 £ 0,69 nm after
etching is observed as derived from the height distribution on the right side of Figure 14. As
has already been shown before, the hexagonal order of the long polymer micellar arrays
was better than for the short polymer-based micellar ensembles. This also holds true for the
resulting gold particle arrays that are created after etching a sample with a long polymer
micelle array as can be inferred from the autocorrelation function presented in Figure 14.
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Figure 14 shows an AFM image of particles made from the long copolymer with a size of 7,76 nm as can
be seen in the size distribution on the right side.

The maximum particle size these micelles allow to prepare depends on the loading ratio
(ratio between metal ions and pyridine groups) or the amount of metal salt added to the
solution. The maximum loading ratio that will create stable micelles is 0,5 and when using
this ratio for a long polymer micelle this lead to the creation of a maximum average height
of 10,44 £ 1,28 nm and a maximum average height of 5,5 £ 0,4 nm for particles made
from the short polymer. Decreasing this loading ratio will decrease the particle size as has
been reported by G. Kéastle et al.** Such a behaviour can be seen in Figure 15 where the
black symbols represent solutions made with the short polymer and the red symbols
represent the solutions made with the long polymer. The blue and yellow symbols both
represent micellar solutions based on short and long polymers, respectively, to which some
additional gold salt was added every week thus increasing their loading ratios. Three days
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after adding the additional salt, the samples were dip coated from the solution and scanned
by AFM. From the graph it can be seen that the loading ratio and the particles size have a
non-linear relation. An increase in the loading of the micelles will lead to a similar increase
in the volume of the resulting particles. As the radius of a particle has a cubic relation to its
volume, a third root (i.e. non-linear) dependence of the particle size on loading ratio is
expected for the individual data sets presented in Figure 15 especially when taking into
account that a loading ratio of 0 will create a particle with size 0.
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Figure 15 represent a graph of all different solutions made with their respected loading of gold salt and
the particles size after etching.

Wetting problem

On some of the SEM images taken after nanowire deposition, inconsistencies in the growth
density of the nanowires was observed. Two possible reasons causing this problem were
envisaged. One was that the underlying nanoparticles where not well distributed, the other
one suggested fluctuations in the flow rate of the carrier gas creating wave patterns on the
substrate (as will be discussed in supplement 3).
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The idea in which density fluctuations observed sometimes within nanowire ensembles
might be the result of density fluctuations within the underlying array of catalyst particles
was investigated by taking a large AFM scan of 20 X 20 pm as is shown in Figure 16. Here,
a clear difference in the density of the gold catalyst particles is seen arising from a non-
homogeneous wetting of the substrate during the dip-coating process. The magnified region
represents a 1x1 ym scan that is normally taken to determine the particle size and its
distribution. Obviously, micelles must have been deposited in a rather inhomogeneous way
reflecting a local wetting contrast for toluene on the Si substrate.

Figure 16 shows a 20 x 20 pm scan size on the left that clearly indicates a wetting problem during the
deposition of the micellar solution.

This was surprising as pre-determined dip coating velocities were used that showed good
wetting abilities for such type of samples in the past. To increase the surface coverage of
the gold particle array, the speed during dip-coating was varied and the results are shown
in Figure 17. From this series of images it becomes clear that, with higher dipping speed,
the array quality is increased. However, no wetting problem was detected on larger scan
sizes for all 3 dipping velocities on those samples thus ruling out an incorrect speed for the
samples showing the wetting problem as demonstrated in Figure 16. Thus, contaminations
on the substrate surface possibly induced by cleaning procedures might cause this problem.

Figure 17 shows AFM images of samples prepared by increasing dipping speeds: Sample A was dipped
at 5,75 mm/min, B at 8 mm/min and C at 10 mm/min.
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SnO0; particles

Besides the usual loading with Gold salt an attempt was also made to load micelles directly
with the precursor material used to grow the nanowires. Thus micelles where loaded with
SnO, that was first dissolved in methanol before adding to the micellar solution. The
resulting micelles can be imaged by AFM (Figure 18, left side). However, after plasma
etching, no particles are detected (Figure 18, right side) thus evidencing the presence of
empty micelles after 'salt loading' in this case.

Before etching After etching

Figure 18 shows the AFM images from the SnO2 loaded micelles before and after etching. It can be
seen that the micelles are present however after removing the organic micelles nothing remains on the
surface of the sample and no particles have formed.

Growth of Sn0O2 nanowires

Growth temperature

In order to optimize the growth of nanowires, in a first step, the core temperature was
altered to find the correct value for an optimized evaporation of the source material.
Simultaneously, the position of the catalyst-covered substrates was changed independently
to find the best position. The corresponding SEM results (all acquired at a magnification of
200.000X) are presented in Table 7 where the positions are drawn horizontally and the
different core temperatures vertically. Depending on the combination of core temperature
and sample position, a variety of morphologies can be detected ranging from the presence
of larger aggregates to a complete absence of any additional material (beside the catalyst
particles). However, at an evaporation (core) temperature of 1000 °C, clear indication for
nanowire growth is obtained at positions P3 and P4. Therefore, 1000 °C was chosen as
optimum temperature for nanowire growth at positions between P3 and P4. Using the
temperature calibration as described below, the deposition temperature can be adjusted
between 628 °C (at P4) and 482 °C (at P3), which seems to be on the low growth
temperature side compared to other reports in the literature (Table 1)°% 8,
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Table 5 SEM images acquired after growth of nanowires at different core temperatures ranging
between 700 and 1100 °C and at different growth positions (P2-5)
Position

Temp °C|
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Temperature calibration of tubular furnace

The core temperature of the oven is directly registered by a thermocouple that is built into
the furnace and feeds back to the temperature control unit. This temperature is defined only
within the uniform temperature zone of the furnace as indicated in Figure 8. Outside this
zone, the temperature decreases with increasing distance from the zone boundaries. The
nanowires tend to grow outside the uniform zone at a lower temperature. After adjusting
the core temperature of the furnace to 1000°C, this lower temperature is estimated by the
known melting temperatures of certain metals which are placed at various positions in the
vicinity of the end position of the isolation layer (see Figure 19, upper part). A linear fit to
the data yields an intercept of 482 °C (corresponding to the end position of the isolation
layer) and a slope of -36,6 °C/cm, thus allowing to estimate the growth temperature when
placing the catalyst-covered substrate within the growth zone.
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Figure 19 shows the temperature profile of the furnace outside the uniform temperature zone based on
known melting temperatures of different metals (core temperature set to 1000 °C). The linear fit
shows a Y-intercept of 482°C and a slope of -36,6 °C/cm.
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Moving holder vs. moving inliner

The realization of position P4 is possible by two ways as was indicated before, by moving
the sample holder leading to a change in condensation temperature and distance to the
source powder or by moving the inliner only leading to a change in condensation
temperature. The additional change in distance to the source powder does show an
increased condensation at P4 as evidenced by Table 6. This is an empirical observation
which depends on the details of the carrier gas flow within the inliner tube which could not
be analyzed in more details within the time frame of this master thesis.

Table 6 visualizes the differences between the growth position P3 realized by either moving the sample
holder closer to the precursor source or by moving the whole inliner tube thereby keeping the distance
between sample and source material constant.

Moving inliner

|

Moving holder

Impact of the gas flow

With both, the core temperature and the sample position optimized towards a high yield of
nanowires, the influence of the flow rate is investigated as a next step. Five independent
growth runs were performed at Ar flow rates of 0, 50, 100, 200 and 300 sccm. The
corresponding samples where analysed by SEM and the results are summarized in Table 7.
Obviously, there is a strong dependence of the growth mode on carrier gas flow as different
deposition results are observed spanning again a broad range of morphologies from a
complete absence of wires to worm-, pillar-, or droplet-like structures and mixtures of them.
Excellent nanowires growth can be detected at position P4 only, thus evidencing the
existence of rather narrow parameter windows with the flow rate of the carrier gas being
one of the critical ones.
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Table 7 illustrates the SEM images acquired from samples grown at different Ar flow rates (0, 50, 100,
200 and 300 sccm) at positions P3 and P4

50

100

200
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Reverse direction

One additional try was given to mimic the general experiments reported in literature with
the sample lying downstream of the source material. This experiment was performed by
placing the inliner at the out flow side of the furnace (core temp 1000 °C and flow rate of
100 sccm). The result were not promising as clear indications for nanowire growth could not
be obtained thus forcing to skip this direction due to the time limitation of this thesis work.

Growth time

The nanowires start to grow almost immediately once the furnace reaches 1000 °C and
most likely not before as can be determined from Figure 20A which shows the initial phase
of formation. The furnace was turned off only 30 seconds after the core temperature has
reached 1000 °C. Clearly, short nanowires are detectable with an admixtures of larger
objects having a cubic structure. The latter could either be contaminations on the sample or
some crystalline tin structures that form initially upon reaching the evaporation
temperature. Figure 20B shows an image that is created after growing for 1 H, a less dense
region is shown to better illustrate the full length of the wires.

Time ime
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Figure 20 shows that the nanwires start to form almost directly after the core reaches 1000 °C (A)
where the furnace is shut down after 30 seconds. When turning of the oven after 1 hour the nanowires
have increase significantly in length as is to be seen in (B).

aterials 2

Substrate and catalyst

The method used here was reported in the literature to allow a catalyst-free ('self-catalytic')
synthesis of nanowires.®* Furthermore, the growth of 1D nanostructures has been reported
to depend on the substrate material as well (add reference). To investigate such kind of
effects, an experiment with 3 different types of substrates was performed including a Si
substrate with Au nanoparticles as catalyst, a Si substrate without a catalyst and a silicon
substrate with a 20 nm thick Al,Os film supporting the Au catalyst particles. The
corresponding SEM images, taken after growth, are presented in Figure 21 were a clear
difference can be observed between the Al,Os; substrate and the silicon substrate both
hosting Au particles as catalysts.

The Al,O3; substrate forms a less dense coverage of nanowires as compared to the pure Si
substrate as observed at both magnifications. It also tends to form additional structures
next to the nanowires. In contrast, the silicon substrate allows a more uniform coverage of

32



nanowires grown from Au nanoparticles. In case of the catalyst-free Si substrate, no
evidence for the existence of nanowires is found thus ruling out an auto-catalytic growth of
nanowires on top of our substrates.

Magnification 200.000X Magnification 10.000X

Al,O3

Si + Cat

Si

Figure 21 illustrates the difference in formation of nanowires using an Al203 substrate with catalyst
vs. silicon surface with and without catalyst (all position P4) for two different magnifications

Growth mode

After determining what conditions are needed to synthesize the nanowires and knowing that
the catalyst is crucial for the growth, the type of growth has to be determined. Figure 22
shows that the catalyst particle residing on top of the wire has a faceted shape. This is
indicative for a Vapor-Solid-Solid (VSS) growth mode which occurs at reduced temperatures
where the formation of a supersaturated solution takes place in the solid state of the
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catalyst particle. As a consequence, smaller diameters of the growing nanowires can be
expected as the catalyst particle does not swell upon dissolution of the precursor material as
much as in case of a liquid catalyst particle which works at much higher temperatures
where the solubility is increased (VLS growth mode). Thus, nanowire diameters below 10nm
appear realistic thereby allowing to enter the size regime where quantum effects like
electron or phonon confinement start to influence all physical and chemical properties of the
wires.
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Figure 22: high resolution SEM image (measured in the group of Prof. C. Ronning, Jena University)
indicating a VSS (Vapour-Solid-Solid) growth mechanism due to the appearance of facets at the

catalyst particle surface. In case of VLS (Vapour-Liquid-Solid) growth mode a spherical droplet forming
the catalyst is expected instead.
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Size control

The final step to be performed after fine tuning the conditions for an efficient growth has to
be the investigation of the dependency of the resulting nanowire diameter on the catalyst
size. One sample resulting from every micellar solution was placed on the ceramic disk and
positioned at P4 to grow wires. SEM images at a magnification of 200.000X were
subsequently analysed by imagel] to extract the wire diameter. Figure 23 show an image
revealing several nanowires which are individually labelled and characterized to allow the
calculating of the average diameter.
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Figure 23 illustrates how the average diameter of a sample was determined. Images containing less
than a minimum of 10 wires were discarded and the appropriate sample was remeasured.

The diameter of each of these wires is than averaged per sample and the result of the
average diameter versus the diameter of the catalyst particles is plotted in Figure 24. The
graph indicates a rather linear dependency of the catalyst particle size versus the diameter
of the wires. However, more experiments are required based on particle diameters below
2.5 nm to better establish the functional relationship between the two properties over the
whole size range. Despite the large scatter in the experimental results, Figure 24 clearly
demonstrates that the diameter of SnO, nanowires can actually be controlled using size-
selected micellar catalyst particles. That way, nanowires with controllable diameters
well below 10 nm appear realistic which could allow to enter the size (diameter)
regime where quantum confinement effects of electrons and phonons become
increasingly important.
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Figure 24 shows that the diameter of the nanowires depend linearly on the diameter of the catalyst
particle used for growth. With the diameter of the wirers increasing 2,15 times as fast as the diameter
of the average particle height.

Characterization of the nanowires

EDX

The SEM apparatus has the ability to measure EDX spectra thus allowing a chemical analysis
of the grown nanostructures. For the SnO, nanowire sample tested here, a clear Sn Peak
can be recognized at an energy of 3,6 keV (Figure 25). In this scan some additional (minor)
peaks appear which indicate other elements to be present at the sample surface. These
elements only show up in traces and supposedly do not influence the growth mechanism or
the wires themselves. The carbon peak appearing around 0,35 keV is most likely due to
residue left from the carbothermal reduction reaction.
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Figure 25: EDX scan from one of the nanowire samples acquired over an extended time period to
improve the sensitivity of the chemical analysis.

Raman

Figure 26 presents first results from Raman spectroscopy experiments performed on
samples with different diameters (9,8 nm, 17 nm) of the SnO, nanowires. The peak at 521
cm’! arises from the substrate (Si), whereas the Raman lines at 475, 634 and 775 cm’™
correspond to the Eg, A;g and B,y Raman modes of SnO,, respectively.®® In the spectrum
acquired on the nanowires with larger average diameter, on one hand, an additional peak
around 691 cm™ is detected which is not present in the spectrum on the thinner nanowires
possibly due to a decrease in IR activity because of the small size.®” On the other hand, the
spectrum arising from the thinner wires also reveals the existence of additional peaks at
positions of about 303 cm™ and 813 cm™ whose origin is not clear yet. During the Raman
scans also signs of photoluminescence toward the red side of the spectrum where seen, ¢’
but due to time restrictions not recorded.
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Figure 26 represents the Raman spectrum taken for nanowire samples with different diameters. All
spectra are recorded with a magnification of 100X, the acquisition time for the thicker wires was 3x60
s, for the small diameter wires 2x120 s.
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Conclusion

The formation of SnO, nanowires by chemical vapour deposition is a process that itself
depends on many parameters. Some of these parameters are easily accessible but
sometimes overlooked like the furnace (used for heating and evaporating the precursor
material) with its own temperature profile. A second temperature that will be of great
importance is the condensation temperature of the substrate which carries the catalyst
particles. Of high importance are also the details of the arrangement of the glassware
forming a mayor part of the furnace: the arrangement of the quartz tube or tubes that are
used to create the single or double tube systems all having their own sizes and thicknesses.
Here, small changes in these sizes can already lead to a change in the flow pattern inside
the tube(s). Jet another property is the type of precursor; Sn, SnO, SnO, or SnO, + C all
having the similar effects but under different experimental conditions. Not to forget about
the actual gas applied at a certain flow, with or without a vacuum system in parallel. All
these parameters have to be considered and tested before the first nanowires are grown in
the availabe setup. For this reason the found most important parameters reported here will
differ from those reported in literature (Table 1). For this work the optimum conditions are
evaporation of the source material at a temperature of 1000 °C, and a substrate
temperature between 628 and 482 °C for an optimized deposition. The flow rate is best
kept constant at 100 sccm while growing for about 2 H. The nanowires start to form in the
first minute after reaching the evaporation temperature but to make use of the wires
themselves longer wires are needed implying significantly longer growth times.

After localizing and optimizing all relevant parameters SnO, nanowires could finally be
grown combining the flexibility of the micellar technique to deposit highly controllable
catalyst particle arrays with the VSS method working at lower temperature than the
commonly used VLS technique. This allows to control the diameter of the nanowires by
adjusting the size of the gold catalyst particles. A small sized catalyst particle will produce
nanowires with a small diameter while bigger particles will produce bigger diameters. This
approach allowed us the controlled growth of nanowires with diameters approaching and
even passing beyond the critical value of 10 nm, where quantum size effects like electron
confinement starts to play an increasingly important role thereby influencing all physical and
chemical properties of the wires many of them still being unexplored. What could not be
achieved in this work is the controlled alignment of all the wires in one direction by growing
them on either a silicon substrate or on a aluminium thin film in contrast to reports by other
groups which, however, frequently exploit the VLS growth mode.

Nanowires with still smaller diameters then realized here can be expected using different
copolymers or an improved loading of the micellar nanoreactors with metal salt. For future
applications a highly ordered array might be created by growing on a TiO, substrate that will
allow the formation of ultra-high density forests of nanowires with highly controllable
diameter which should allow the tailoring of specific physical and/or chemical properties of
such wires targeting specific applications like bio- or chemosensing where high surface-to-
volume ratios are required.
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Supplement

Supplement 1
e Ultra sound Protocol

e Clean the glass flask and the knife with toluene and dry them in a nitrogen jet.

e Add 25 mg of the short polymer in the nitrogen glove box in the flask.

e Calculate the desired amount of gold salt (HAuCl, xH,0) to add to the flask based on
the actual amount of polymer added and the desired loading ratio.

e Add the calculated amount of salt to the polymer in the flask.

e Close the flask and bring it back to ambient air.

e Add 5 ml of extra dry toluene to the flask and close it again.

e Place the flask inside the US bath and turn it to maximum (position 9).

e Switch on the US bath for 2 H

e Every 30 minutes check for changes in temperature of the water of the bath and if
needed bring it back down to room temperature by exchanging some of the warm

demi water for cold.

e After 2H in the US bath one can take out the flask and dry the outside.

e Dip coat your samples ASAP.

Supplement 2

Origin import script for particle size

distribution

aaa$= page.longnames$;
aaa.Replace(".txt", );

b$=\;

c$=distri;

d$=aaa$+b$+c$;
col(B)=col(A)*1E9;

colstats irng:=col(B);
wks.name$ = Results;
page.active = 1;
wks.colSel(2,1);
run.section(plot,histogram);

get %C -hbb lower;

get %C -hbe upper;

set %C -hbs $((upper-lower)/25);
pe_mkdir(d$);

pe_move move:= %H path:= d$;
page.active = 2;

pe_move move:= %H path:= d$;

Import for inter-particle distance
aaa$= page.longnames$;

aaa.Replace(" i.txt", );

b$=\;

c$=inter;

d$=aaa$+b$+c$;

col(A)=col(A)*1E9;

col(C)=col(C)*1E9;

col(E)=col(E)*1E9;

col(B)=col(B)*1E21;

col(D)=col(D)*1E21,;

col(F)=col(F)*1E21;

range rin=(1,2);range routx = 7;pkfind iy:=rin dir=p
method:=max npts:=2 filtter:=h
value:=0.1ocenter;=<none> ocenter_x:=routx;
range rin=(3,4);range routx = 8;pkfind iy:=rin dir.=p
method:=max npts:=2 filtter:=h
value:=0.1ocenter;=<none> ocenter_X:=routx ;
range rin=(5,6);range routx = 9;pkfind iy:=rin dir:=p
method:=max npts:=2 filter:=h
value:=0.1ocenter:=<none> ocenter_X:=routx;
col(J)=diff(col(G));

col(K)=diff(col(H));

col(L)=diff(col(l));

wstackcol irng:=col(J:L);

colstats irng:= col(B);

wks.name$ = results;

page.active = 1;

plotxy iy:=((1,2), (3,4),(5,6)) plot:=200;
pe_mkdir(d$);

pe_move move:= %H path:= d$;
page.active = 3;

pe_move move:= %H path:= d$;
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Supplement 3: Density problems

On the SEM images taken at a low magnification a difference could be seen in the growth
density of the wires, as has already been indicated in the section about micelles above. In
this section two explanations were given, a wetting problem during dip coating or an
alternative explanation is that the seeding density of the catalyst particles is uniform, but
that the tin vapor is not arriving in an uniform way on the sample. Some of the SEM images
do show a density deformations that seem be regular in high and low densities resembling a
standing wave patron as can be seen in Figure 27A. To determine the role of the flow, its
direction was marked an SEM images where taken with so that the flow would come in at
the top of the image. Figure 27B shows one of these images, again the wave patron can be
recognized however the patron is in the wrong direction. This direction however is the same
as is used for dipcoating the sample confirming that there is a wetting problem of some
samples.
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Figure 27 represents the density problem that becomes visible on some of the lower SEM magnification
the areas with higher density and lower density seem to be showing a wave patron (A). Image B
shows an SEM image taken from a sample in which the gas flow if from the top of the image to the
bottom. The wave patron visual on the image is horizontal.

Supplement 4: Self-catalyzed growth of fibers

During some of the growth experiments a gray fiber structure appeared hanging downwards
inside the semi closed inliner (Figure 28A). In addition to these gray fibers in a few cases
some additional white fiber structures appeared to grow starting from the ceramic disk. In
some occasions the length of these fiber structures were up to 3 cm. To get a more detailed
insight into these fibers, they were analyzed by SEM as can be seen in Figure 28C and D.
Figure 28B shows the EDX scan to determine the composition of the fibers. These images
show that the fibers are made out of nanowires as well, but comparing these wires to the
wires made from gold catalyst particles the latter allow to control their diameter by means
of the catalyst size.
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Figure 28A shows the fiber structure hanging down from the top of the inliner. B is the EDX spectra
taken from the fibers, C and D are SEM images of the fibers at a magnification of 2.000X and 10.000X
respectively.
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