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Abstract

Gold nanoparticles supported on a graphite substrate are prepared by ther-
mal evaporation, and subsequently studied by X-ray photoelectron spectroscopy
(XPS), temperature programmed desorption (TPD) of carbon monoxide and
scanning electron microscopy (SEM). Increasing the amount of gold deposited
leads to a shift of the desorption peak to higher temperatures, and the gold
particles become larger. Depositing approximately the same amount of gold at
different evaporation ratios does not seem to affect the desorption. Triangularly
shaped gold particles appeared at higher evaporation rates. This is thought to
be caused by diffusion effects dominating the formation of the particles [1,2].

Sammendrag

Nanopartikler av gull p̊a et substrat av grafitt er blitt fremstilt ved hjelp av
termisk p̊adampning, og deretter studert med fotoemisjonsspektroskopi (XPS),
temperatur-programmert desorpsjon (TPD) av karbonmonoksid og sveipelek-
tronmikroskopi (SEM). Økning i mengden gull som p̊adampes gir en forskyv-
ning i desorpsjonstoppen mot høyere temperaturer og gjør at gullpartiklene
blir større. P̊adampning av omtrent den samme mengden gull ved forskjellige
p̊adampningsrater virker ikke å ha noen p̊avirkning p̊a desorpsjonen. Trekant-
formede gullpartikler dukker opp ved høyere p̊adampningsrater. Dette er trolig
for̊arsaket av at diffusjonseffekter dominerer formasjonen av partiklene [1, 2].
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Chapter 1

Introduction

Heterogeneous catalysis is an important part of many technologies, increasing
yield and selectivity in both large and small scale chemical production. Nanopar-
ticles of a catalytic metal supported on a substrate is a model for catalysts that
can be conveniently studied. Compared to surfaces made from single crystals
they contain new degrees of freedom that might influence the catalytic process,
such as size and shape of particles, and the interface between the particles and
the supporting substrate.

Earlier studies by Julukian et. al. [3] have indicated that the catalytic prop-
erties of platinum particles supported on graphite changes with particle size.
Examining a similar system using gold rather than platinum is interesting, as
gold is a widely used catalyst. Karlsen [4] deposited gold on a graphite sub-
strate, but found no change in catalytic activity. There the sizes of the gold
particles were much larger than for the platinum particles. By making supported
gold particles of the same scale as the platinum particles, it can be examined
whether the size has a similar effect on desorption for the gold particles as for
platinum.

With this aim, gold nanoparticles are prepared by depositing small amounts
of gold on to graphite substrates by thermal evaporation. The samples are then
studied by X-ray photoelectron spectroscopy to get an indication of the amount
of gold on the sample, and to look for shifts in core level binding energies asso-
ciated with changes of particle size [1,3]. Temperature programmed desorption
is performed to look for changes in the desorption of carbon monoxide that can
be associated with particle shapes and sizes. The desorption properties of the
system are interesting, as desorption is the last step of the heterogeneous catal-
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2 CHAPTER 1. INTRODUCTION

ysis. Scanning electron microscopy is used to image some of the samples. These
images are used to examine the size, shape and distribution of the nanoparti-
cles.



Chapter 2

Theory

2.1 X-ray Photoelectron Spectroscopy (XPS)
Unless otherwise stated, this section is based on Brundle et. al. [5].

The working principle of XPS is simple. X-rays are radiated on to the
surface that is to be analysed. By the mechanisms of the photoelectric effect,
photoelectrons are ejected from the surface and move with a well defined kinetic
energy (KE). Some of these are subsequently collected by an analyser which
measures their kinetic energy. This is a very surface-sensitive technique, and is
therefore useful for studying the structures at hand.

2.1.1 Basic principles
The electrons bound to an atom occupy discrete energy levels. The energy levels
are grouped into shells labelled n, where n = 1, 2, 3, · · · . The shells contain one
or more subshells denoted s, p, d, f, g,· · · . Because electrons obey the Pauli
exclusion principle, only a limited number of electrons can occupy each shell.
A schematic view of the shells with the lowest energy can be seen in figure 2.3.
The shells fill in an order that minimizes the energy [6].

When an atom of the sample absorbs an X-ray photon, an electron from an
atomic core level is ejected with a well defined KE given by

KE = hν − (BE + φ). (2.1)

Here h is the Planck constant, ν is the frequency of the X-ray radiation, KE is
the kinetic energy, BE is the binding energy and φ is called the work function.

3



4 CHAPTER 2. THEORY

The work function φ is the difference between the Fermi level and the energy
of the free electron, as seen in figure 2.3. The kinetic energies of the escaping
electrons are measured by the analyser, and the work function is known [7, 8].
By eq. (2.1), BE can then easily be found as the only unknown variable. A plot
of the number of counted electrons versus BE is an XPS-spectrum.
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Figure 2.1: An XPS survey scan of graphite substrate. The main peaks are
labelled. The Ar2p peak is caused by argon left on the sample after ion beam
sputtering was used to clean it.

The main peaks that can be seen in fig. 2.1 are formed by the electrons that
escape without loosing energy. The energy of these peaks correspond to the BE
of the core level electrons in the atoms. They are characteristic of the elements
present in the sample, and can be used as a fingerprint to identify the elements
present.

Electrons that suffer energy losses reach the analyser with a lower KE than
the electrons that do not suffer losses, and are interpreted as having a higher
BE. These electrons contribute to a significant background signal. Electrons
that suffer energy losses by continuous energy processes, like inelastic scattering,
form a continuous ”tail” behind the main peak that is formed by the lossless
electrons. A ”tail” of this kind can be seen to the left of the C1s peak in figure
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2.1. If the electrons lose energy due to a discrete processes, like i.e. plasmon
excitations, they will form a small subpeak [9].

The average length an electron can travel in a solid without suffering inelastic
losses is called the mean free path. Figure 2.2 shows the mean free path for
various electron energies in some elements. In XPS we deal with electrons with
KE in the range 5 eV to 2000 eV. They have a mean free path in the range of
about 4 Å to 40 Å. This means that XPS is a very surface-sensitive technique [9].

Figure 2.2: Mean free path for electrons in solids as a function of kinetic energy
for various elements. Theoretical predictions are shown as dotted line [10].

The decay of the core hole left by an emitted electron can cause either
a photon or an additional electron to be emitted, with a certain probability.
When an electron is emitted in this way, it is called an Auger process. The
emitted Auger electron has a KE that is only dependent on the energy levels
of the core hole, the decaying electron, and the work function. Auger electrons
will show up as Auger peaks in the XPS spectrum, and can be used to identify
elements present in the sample. They are however relatively weak compared to
the photoelectron peaks.

The interaction between the electronic orbital angular momentum and elec-
tron spin causes an energy difference between spin up and spin down electrons
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Figure 2.3: Schematic view of photoelectron emission processes. In XPS, the
electrons measured are ejected directly from core levels. Auger Electron Spec-
troscopy, in contrast, measures Auger electrons that can be ejected as core level
holes are filled [11].
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in partly occupied orbitals. This causes the signal from orbitals to be split into
doublet peaks, and is called spin-orbit splitting. The s orbitals are not spin-orbit
split, as they they are spherical and thus have no orbital angular momentum.

The cross-section for photoelectric interaction varies between different or-
bitals, elements and spin-orbit couplings. This leads to a relative difference in
peak intensity between different peaks for the same incoming intensity of X-rays.
Using this, one can calculate an intensity for each peak that is comparable to
other peaks. This intensity is given by

I = A

SF · n · s
(2.2)

where A is the area of the peak after subtracting the background signal, SF is
the sensitivity factor, n is the number of iterations and s is the relative number
of electrons in a peak with spin-orbit splitting if only one peak of the doublet
is taken into account. The sensitivity factor is a measurement of the reaction
cross-section, and is tabulated for the relevant peaks [12].

Using the intensity calculated with eq. (2.2) it is possible to make an approx-
imation of the thickness of a thin film on a substrate. A sketch of such a system
is shown in figure 2.4. Using a crude continuum model, where the photoemission
electrons from lower layers in the surface are exponentially attenuated by the
layers above we find, using the intensities found by (2.2):

Isub =
∫ ∞
a

e−
x
λ dx = λe

a
λ (2.3)

Ifilm =
∫ a

0
e−

x
λ dx = λ(1− e aλ ) (2.4)

Ifilm
Isub

= λ(1− e aλ )
λe

a
λ

= e
a
λ − 1 (2.5)

e
a
λ = Ifilm

Isub
+ 1 (2.6)

a = λ ln(Ifilm
Isub

+ 1) (2.7)

Here Isub and Ifilm are the photoemission intensities from the substrate and film
respectively, a is the approximate thickness of the film, and λ is the electron
mean free path.
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Figure 2.4: Schematic view of thin film on substrate.

Figure 2.5: Schematic view of the instrumentation used for XPS [5].

2.1.2 Instrumentation
Figure 2.5 shows a schematic view of an XPS-system. The X-ray source consists
of an Al anode that is bombarded by electrons accelerated by a high voltage
supply. The main Al X-ray radiation line, called Kα, has photons with en-
ergy 1486.6 eV. A monochromator made from single crystal silicon focuses the
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beam onto a smaller, but still macroscopic, area of the sample. It also scat-
ters away satellite radiation lines, and sharpens the width of the main line to
(1486.6± 0.5) eV, which gives a better resolution. After leaving the sample,
some of the electrons are slowed down and focused into the analyser by a series
of electromagnetic lenses. Slower electrons are easier to measure. The anal-
yser consists of two concentric hemispheres with a voltage applied across them.
The voltage across the analyser is usually fixed, and the voltages of the lenses
varied. The combination of voltages across the lenses and the analyser focuses
the trajectories of electrons of a certain KE range on a detector. Electrons
with other energies do not reach the detector. This makes it possible to scan
the spectrum of energies up to KE < hν. In modern XPS instrumentation,
an area detector is usually used to detect electrons within a range of energies
simultaneously. The relevant work function to use in eq. (2.1) is the work
function of the analyser. Analysers are usually calibrated with reference to a
standard photoelectron line [7, 8]. This way the BE peaks remain stationary
even though the samples are changed. Computer software is used for control
of the instrumentation, and analysis. To avoid overheating, the X-ray source is
water-cooled.

2.2 Temperature Programmed Desorption (TPD)
TPD is an experimental technique used to examine the thermodynamic proper-
ties of adsorption systems. Heterogeneous catalysis on surfaces is very important
in industrial chemical processes, increasing both yield and purity of the prod-
ucts. Because desorption is the last step in such a catalytic process, desorption
properties of surfaces are particularly interesting.

An equation called the Arrhenius expression is usually used to interpret TPD
data. Based on this it can be shown that the desorption rate is given by

rd = −dN
dt
∝ d(∆P )

dt
+ ∆P

τ
. (2.8)

Here rd is the desorption rate, N is the number of adsorbed particles, P is the
partial pressure of some gas and τ is the pumping time. Eq. (2.8) shows that
given a sufficiently small pumping time τ , the desorption rate is proportional to
the change in the partial pressure [13].

In a TPD experiment a surface with some adsorbed molecules is heated at a
constant rate, and the partial pressures of relevant gases close to the surface are
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measured. The most important piece of equipment for doing TPD is the mass
spectrometer used for measuring these partial pressures.

2.2.1 Quadropole Mass Spectrometer

Figure 2.6: Top: Schematic view of the mass analyser in a Quadropole Mass
Spectrometer. Top image shows the ion path through the quadropole electrodes.
The bottom images shows how the ions are squeezed during the two halves of the
analyser cycle [14].

Quadropole mass spectrometers (QMS) are the most common mass analy-
sers. They can measure m/z ratios1 up to the range of 500, or even as much as
4000 for some models.

As shown in figure 2.6, the analyser consists of four rod-shaped electrodes.
The gas that will be analysed is first ionized, then accelerated into the space
between the electrodes. A radiofrequency AC voltage is applied across a pair
of electrodes, alternating between the two pairs. A DC voltage is superimposed
on this. The effect of these fields is to make the ions of the gas move in a
three-dimensional wave pattern as they travel trough the analyser. The ions
with higher m/z ratio accelerated less by the alternating field than those with
low m/z ratio. They are however accelerated more by the DC field. By tuning

1Here m is the mass of the ion given in atomic mass units, and z is the charge given in
unit charges
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the frequencies and voltages, it is possible to make high and low pass filters for
ions based on their m/z ratio. A detector at the end of the QMS detects the
flux of ions at each m/z ratio [14].

2.3 Scanning Electron Microscopy (SEM)
This section is based on Mills et. al. [15] and Dunlap et. al. [16].

In scanning electron microscopy (SEM) an electron beam is raster scanned
over a surface, and the resulting signals are used to examine the properties of the
sample. This is a powerful technique, especially for examining the topography
and composition of samples. A very broad range of magnification facilitates
the correlation between properties on a macro, micro and nano scale. Using
electrons instead of light photons to illuminate the sample increases the reso-
lution. A high depth of field eases identification of sample features. SEM can
also be used to characterize the elemental composition of a sample by analysing
backscattered electrons and characteristic X-rays emitted. Figure 2.7 shows a
schematic view of the SEM instrumentation.

Figure 2.7: Schematic view of SEM instrumentation [17].

A scanning electron microscope has four main parts. The illumination sys-
tem creates an electron beam that is focused on to the sample using a series of
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apertures and electromagnetic lenses. The information system consists of the
signals created by the interaction of the beam with the sample, and the detec-
tors for these signals. The display system displays this information on some
kind of screen or photographic medium. Lastly, a vacuum system is needed to
remove gases that would otherwise interfere with the system. Vacuum systems
are discussed in section 2.4.

The electron beam is created at the top of the column using an electron gun.
Electromagnetic lenses in combination with apertures are used to control the
intensity and size of the electron beam, and focus it on to the sample. Deflection
coils are used to deflect the beam in the x- and y-directions so that the beam
can be scanned over the area that will be imaged. The information recorded at
each point the beam is positioned during this scan is composited into the final
image.

Several signals are created when the electron beam interacts with the sample,
depending on how the electrons interact with the sample material. Electrons
will be scattered, either elastically by interaction with nuclei or inelastically
by interaction with electrons in the sample material. Other signals are charac-
teristic X-rays, phonons, light from cathodoluminescence, sample current and
transmitted electrons. These signals can then be recorded using various sensors
inside the sample chamber.

It is mostly the secondary electrons that are used for actually imaging the
sample. These have relatively low energies (less than 50 eV). Because of this,
most of the secondary electrons that escape the sample will originate close to
the surface. Electrons from the primary beam will interact with the sample
in a limited volume that is dependent on the sample material and the energy
of the primary beam electrons. The intersection between this volume and the
sample surface will be dependent on the topography locally on the sample. This
is illustrated in figure 2.8. Changes in the number of electrons detected caused
by this gives the contrast in the image. To increase the signal strength, the
sample is often tilted towards the detector so more of the electrons emitted can
be collected. Some types of secondary electrons, such as those originating from
the detector itself, are unwanted noise and will be filtered out prior to detection.
Although there are several types of detectors for secondary electrons in use, the
in-lens type is most common as it gives clearer images [4].

Electrons that are inelastically backscattered from the sample carry com-
positional information because the probability for backscattering depends on
the atomic number of the element the electron interacts with. The number of
backscattered electrons detected can be used to distinguish between different
elements. Together with analysis of characteristic X-rays emitted by the sample
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Figure 2.8: The topography of the sample greatly influence the signal strength for
secondary electron emission when using SEM. The lightly shaded areas indicate
the volume where the primary electron beam interacts with the sample material.
The figure illustrates how the surface area of the sample that is within this
volume is highly dependent on the topography of the sample. Only secondary
electrons released near this surface will escape the sample and contribute to the
signal [16].
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this can be a powerful technique for analysing the composition of the sample.
Various other type of signals, like i.e. light from cathodoluminescence, can also
be used to examine the properties of the sample.

2.4 Ultra High Vacuum
Unless otherwise stated, this section is based on Moore et. al. [18].

An ultra high vacuum (UHV) is defined as a diluted gas with a pressure below
10−7 mbar, while it is called high vacuum when the pressure is between 10−3

and 10−7 mbar. In the UHV-regime, the dimensions of the apparatus (∼1 m) are
far smaller than the mean free path of the gas particles (∼104 m). When doing
surface science experiments, UHV is needed to keep surfaces clean and avoid
contamination during the experiment. High vacuum is also needed to avoid
scattering of the electrons in transit when doing surface electron spectroscopy.

2.4.1 Turbomolecular pump
A turbomolecular (”turbo”) pump consists of a series of turbine blades. These
are alternately rotating and stationary. The the rotating blades have a typical
speed in the range of 50 000 rpm.

The gas molecules that enter the pump collide with the rotating blades.
These are canted toward the exit, so that the molecules are given an added
momentum in this direction. Several such collisions will transport the molecule
to the pump outlet. The turbo pump needs a low pressure at the outlet to
function. This is achieved by using a low vacuum pump as a forepump.

2.4.2 Ion pump
Ion pumps mainly consist of a stainless steel anode and a titanium cathode with
a high voltage across, usually around 7 kV. Gas molecules that enter the volume
between them are ionized, and then accelerated towards the anode. There they
are captured, either by chemisorption or by being buried deep in the cathode.
Ion pumps are particularly good at pumping light and inert species.



Chapter 3

Experimental

3.1 Experimental column
The apparatus used in this experiment consists of four vacuum chambers hous-
ing the rest of the equipment used. A picture of the experimental column is
shown in figure 3.1. The main vacuum chambers and the mass spectrometer
are highlighted. The two main chambers are able to reach pressures in the low
10−10 torr1 range.

3.1.1 Loading dock

The loading dock is where samples are inserted into and removed from the
vacuum system. It also houses the manipulator arm used to insert the samples
into the main vertical manipulator arm in the preparation chamber. Area A in
figure 3.1 shows the loading dock.

While samples are being inserted or removed, the loading dock is exposed
to atmosphere for as short time as possible to avoid contaminating the cham-
ber. Care is also taken to avoid contaminating the parts on the inside of the
chamber when inserting and extracting samples. The vacuum in the loading
dock is maintained by a small turbopump. After inserting a sample, the valve
to the preparation chamber should not be opened until the pressure is below

1Torr is a non-SI unit for pressure commonly used in experimental set-ups. It is defined
by 1 torr = 1/760 atm, and 1 torr = 1.333 mbar

15
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Figure 3.1: Apparatus used for the experiments described in this report. A:
Loading dock, also housing manipulator arm. B: Preparation chamber, housing
evaporation source, sputtering source and mass spectrometer. C: Analysis cham-
ber, housing XPS system. D: Reaction chamber, not used for these experiments.
E: Quadropole mass spectrometer.

10−7 mbar. This is to avoid degrading the conditions for vacuum in the prepa-
ration chamber.

3.1.2 Preparation chamber
The preparation chamber is where the sample is loaded on to the vertical ma-
nipulator arm. It houses a magazine that can store up to six samples so they
do not need to be removed from vacuum. This is also where the evaporator and
the mass spectrometer is located. The vacuum is maintained by a dedicated
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turbopump. Area B in figure 3.1 shows the preparation chamber.
The vertical manipulator arm is used to position the sample appropriately in

the column for the various operations. It is moved up and down by a computer
controlled motor, and the angle and pitch is adjusted manually. The manipu-
lator has electrical connectors for the heating and thermocouple on the sample
holder. It also houses the pipes used to transport liquid nitrogen to cool the
sample. Degassing of the samples is done in this chamber while it is closed off
from all the other chambers.

3.1.3 Analysis chamber

The analysis chamber houses the systems used for XPS measurements, including
an Al Kα x-ray source (Scienta), the monochormator and the analyser (Scienta
SES2002). It is shown in area C of figure 3.1.

The pressure is maintained by a turbo pump and an ion pump. The tur-
bopump exhausts into the same low vacuum pump as the preparation chamber
pump. This can lead to pressure leaks between the chambers. Because of this
the valve to the turbopump in the analysis chamber is always closed when the
chamber is not in use. To maintain UHV in the analysis chamber, the valve to
the preparation chamber is not opened unless the pressure in the preparation
chamber is below 10−9 torr.

3.1.4 Reaction chamber and differentially pumped mass
spectrometer

The reaction chamber is shown in area D of figure 3.1. It is used if there is
need for a sample to be exposed to gases at relatively high pressures, up to
atmospheric pressure.

Area E shows the mass spectrometer (Pfeiffer vacuum - PrismaPlus). It
has an inlet constrained by a nozzle inside the preparation chamber. The mass
spectrometer is also connected to the reaction chamber, to enable the turbo
pump connected there to pump gas molecules from the tip of the nozzle through
to the pump. This set-up is why this is called a differentially pumped mass
spectrometer. Because the mass spectrometer can measure any gas molecules
that arrive at the analyser, even through normal dispersion in the chamber, this
should increase the sensitivity to gases present at surfaces close to the tip of the
nozzle compared to a system that is not differentially pumped.
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3.2 Sample preparation

The nine samples used for the experiments are made from graphite film. The
film has a thickness of 0.2 mm and a purity of 99.8 %. It was obtained from
Goodfellow Cambridge Ltd. Samples are cut from the sheet of graphite film
using scissors or a scalpel to get pieces of the desired size.

The samples need to be mounted in holders specially designed for use in the
UHV camber. To avoid contaminating the samples or the holders, gloves are
worn at all times when handling them.

Two different sample holders were used in the experiments. They can be
seen in figure 3.2. The holders are two different models based on the same basic
design, labelled respectively holder A and holder B. They have lips that fit into
the grooves in the vacuum chamber that are designed to fix the sample holders
in place. One larger and one smaller lip ensures that the sample holders are
always inserted the right way. The screws seen on the back of the holders double
as contacts. Two are for the thermocouple, two are for the heating filament,
and two are for grounding the sample and holder. Sample holder B does not
have dedicated contacts for grounding, but the sample is still grounded through
the thermocouple. Table 3.1 lists what sample holder was used for the various
samples.

3.2.1 Sample mounting

All the samples were mounted in one of the sample holders shown in figure 3.2.
Table 3.1 shows which sample holder was used for each sample. For sample
holder A, the thermocouple is pressed underneath the sample, and the mask
is fastened on top in order to keep the sample in place. On sample holder B,
the thermocouple is fastened with a screw directly on to the same metal plate
that the sample is mounted on. Because this metal plate has very good thermal
conductivity, it is assumed that it has the same temperature at the positions
of both the sample and the thermocouple. The sample is heated by passing a
current through a heating filament that is isolated from the sample by a ceramic
disc.

During the experiments, the sample holders have been somewhat unstable.
Their performance has deteriorated after being only a few uses. In particular,
the heating filament tend to partially short circuit, leading to unstable heating
of the sample. Regular and time consuming maintenance had to be performed
on the sample holders to keep their performance within acceptable limits.
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(a) Front of sample holder A. (b) Back of sample holder A.

(c) Front of sample holder B. (d) Back of sample holder B.

Figure 3.2: Sample holders of the type two types used in the experiments, labelled
type A and type B. (a): The front of the sample holder A. The thermocouple can
be seen through the hole in the mask that is used to hold the sample in place.
The two other wires are for grounding the sample. (b): The back of sample
holder A. The six screws double as electrical contacts. The middle two are for
the heating filament, while the other four are contacts for the thermocouple and
for grounding the sample. (c): The front of sample holder B. Seen through the
mask is the copper plate the sample rests on. On this model the thermocouple is
fastened by a screw on the lower left side of the holder. (d): The back of sample
holder B. The screws serve the same function as for sample holder A, although
there are no contacts for grounding on this sample holder. The sample will still
be grounded through the thermocouple.
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3.2.2 Degassing
All the samples had to be degassed after insertion into the vacuum chamber to
desorb any gases on the surface. This is done by alternately heating the samples
and letting them cool, until the UHV was maintained at a temperature of 950 K.
A proportional–integral–derivative (PID) controller2 was used to control the
temperature when degassing, and also when temperature control was needed at
other times during the experiment.

3.2.3 Evaporation
Small amounts of gold are deposited on the graphite substrate. As the gold
interacts weakly with the graphite substrate, the gold will aggregate and under
the right conditions self assemble into nanostructures.

A small gold nugget rests in a basket shaped coil of tungsten wires. When
current is passed through the wires, the nugget is heated and gold atoms evap-
orate. Because of the low pressure, they follow a line-of-sight trajectory to any
surface, including the sample that is faced toward the evaporator.

The amount of gold deposited is controlled by varying the duration and
intensity of the current through the heating filament. Using material from the
nugget changes its surface area. Because of this, different heating currents and
evaporation times may be needed at different times to deposit approximately
the same amount of gold. It is important to note that the gold in the evaporator
will be used up after extensive use, and a new gold nugget has to be inserted.
The evaporator used was replaced between the evaporation of sample 3 and 4.
Because of this, the evaporation currents used before and after this time are not
directly comparable.

To get similar conditions for deposition, the samples were heated to 950 K at
least once immediately prior to evaporation, and subsequently cooled to 310 K
before evaporation. This temperature was maintained for the whole evaporation
time. The heating current and evaporation times used can be seen in table 3.1.
When evaporating, the evaporator was preheated for 40 s at the same current
used for evaporation, but with the shutter closed. These 40 s are not included
in the evaporation times listed in table 3.1, as it is assumed that no gold is
deposited during this time.

Deposition of gold on sample 4 was done in two discrete steps. This is
because the evaporator was replaced immediately prior to depositing gold on

2The controller is implemented by a LabView program made by Steinar Thorshaug for his
project work in 2004.
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this sample, and the current chosen at first led to too low amounts of gold being
deposited on the sample. Sample 4 is therefore not directly comparable to the
other samples. It is included in table 3.1 for completeness.

Earlier experiments have been carried out by the author where gold was
deposited on highly oriented porylitic graphite [19]. Some of the gold was sub-
sequently removed by ion beam sputtering. No gold structures were found on
these samples when they were examined by SEM. It is likely that there were
no gold left on the samples due to small amounts deposited and the subsequent
sputtering. For this reason results from these samples are not included in this
thesis.

Table 3.1: Evaporation current, evaporation time and sample holder used for
the samples.

Sample Current (A) Time (s) Sample holder
1 6.0 240 A
2 6.25 600 B
3 6.25 1200 A
4 6.5 and 7.25 60 and 60 B
5 7.25 180 A
6 7.75 90 B
7 8.25 55 B
8 8.75 60 B
9 9.25 30 B

3.3 Measurement
After the samples had been degassed as described above, an XPS survey scan
was conducted to check that the surface was clean. If the scan confirmed that
the substrate was clean, gold was deposited by evaporation according to table
3.1.

3.3.1 XPS measurements
XPS was performed with an acceleration voltage of 13 kV. The filament cur-
rent was set so that the discharge current always was 19.1 mA. Using the same
discharge current in all experiments ensures that the intensity of various XPS
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measurements are directly comparable. The X-ray chamber was kept at a con-
stant temperature of 328 K by a heating element.

After the XPS survey scan confirmed that the sample was not contaminated,
the gold was deposited. An XPS measurement of the main peaks of the gold
(Au4f ) and of the carbon substrate (C1s) was executed. Table 3.2 lists the
settings used when recording these spectra.

Table 3.2: Settings used for recording the XPS spectra of the three regions used.

Name BE range (eV) Number of iterations Pass energy (eV)
Sweep 0 - 1100 2 500
C 1s 280 - 295 5 500
Au 4f 57 - 95 20 200

The XPS spectra were used both to look for shifts in the binding energy
of gold, and to estimate the amount of gold on the sample. This estimation is
done using the intensities calculated according to eq. (2.2). The ratio between
the intensity of gold and carbon is used as a measure of the amount of gold
on the sample. A MATLAB script was used to subtract the background signal
and calculate the area under each peak. The sensitivity factors used are 1 for
C1s and 17.66 for Au4f [12]. Figures 4.1 and 4.2 show examples of spectra of
respectively C1s and Au4f. All spectra looked similar to this.

3.3.2 TPD measurements

TPD measurements were performed using carbon monoxide (CO) as the adsor-
bate gas. Because CO desorbs at low temperatures, the samples were cooled
with liquid nitrogen while the TPD measurements were performed. How ef-
fectively this cooled the sample varied between the different sample holders
and samples, but the lowest temperatures achieved were in the 95 K to 110 K
range. To minimise the opportunity for contamination of the sample from gases
present in the vacuum chamber, deposition and TPD were carried out the same
day. Heating the samples to more than 450 K was avoided after gold had been
deposited to make sure the surface structures were undisturbed.

The sample was kept at a temperature of 130 K while being dosed with CO.
CO was introduced into the preparation chamber through a leak valve. The
pressure in the chamber was held at 1 · 10−8 torr for 10 minutes, equalling a
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dose of 6 L3. It is assumed that this is well above the saturation dosage. After
dosing, the sample was allowed to cool in order to reach a temperature suited
for starting the TPD.

Due to degradation in the performance of the sample holders, different cur-
rents had to be used to get an approximately equal heating rate for the different
samples when performing TPD. To find the appropriate heating current that
should be used, a process of trial and error was used. Before the sample was
dosed with CO, it was heated several times using different heating currents until
a current giving an appropriate heating rate was found. Dosing was then carried
out, before the mass spectrometer was positioned with the nozzle at the center
of the sample, as close to the sample as possible while it could still be seen
that it did not touch the sample surface. The sample was then heated using
the constant current found to be appropriate during the trial heating, to get a
smooth and approximately linear temperature increase. Partial pressures in the
mass spectrometer and the temperature of the sample were recorded. For all
samples, the TPD spectrum was recorded for the temperature range 105 K to
400 K. Table 3.3 shows the heating currents used, and the average heating rate
between 110 K and 210 K for the various TPD measurements

Table 3.3: Heating currents used for recording TPD spectra, and the resulting
heating rates. The listed rate is the average heating rate in the 110 K to 210 K
range, where most of the CO is desorbed.

Sample Heating current (A) Average heating 110 K to 210 K (K/s)
1 6.0 1.59
2 6.6 1.54
3 7.0 1.59
4 6.6 1.21
5 7.0 1.68
6 6.0 1.64
7 6.0 1.41
8 6.0 1.47
9 6.8 1.67

The TPD was used to see how different evaporation rates or amounts of gold
on the sample influenced the desorption of CO from the sample.

3The Langmuir, symbol L, is a unit of gas dosage to a surface. Exposure to a gas pressure
of 1 · 10−6 torr for 1 s equals a dosage of 1 L.
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3.3.3 SEM measurements
Each sample was removed from the vacuum chamber and stored after the XPS
and TPD measurements had been carried out. After all the samples had been
prepared, some were selected for imaging by SEM based on the results from the
XPS and TPD. Samples 1, 3, 6, 7 and 9 were chosen because they were though
to be most likely to compliment the results obtained from the XPS and TPD
measurements. Sample 7 did not give usable images. The number of samples
imaged was limited by the time the SEM was available. A Zeiss Ultra FE (Field
Emission) SEM was used for imaging.



Chapter 4

Results

The results of the XPS measurements are presented in section 4.1, while the
results of the TPD are grouped in two different sections. Section 4.2 concerns the
results found when examining the effect of the amount of gold deposited. This
includes samples 1–3. Section 4.3 presents the results found when examining
the effect of the evaporation rate. This includes samples 1, 5–7 and 9. Sample
4 is not included because evaporation was done in two separate stages for this
sample, see section 3.2. Sample 8 is excluded because electronic noise destroyed
the TPD data while it was being recorded.

4.1 XPS measurements
XPS spectra of sample 1 recorded after evaporation of gold on to the sample
are shown in figures 4.1 and 4.2 for the C1s and Au4f peaks respectively. The
XPS spectra recorded for the other samples were similar. They were used to
calculate the photoemission intensity ratio of gold to carbon IAu/IC according
to eq. (2.2). For the Au4f spectrum it should be noted that the peak is a doublet
due to spin-orbit splitting of the electron energy levels, and that the rightmost
peak was used for intensity calculations.

Table 4.1 lists the measured intensity ratios, the binding energy of the Au4f
XPS peak and approximate TPD peak temperature for all the samples. When
sample 4 was prepared evaporation was done in two separate stages on the
same sample. The data is included for completeness, but will not be used in the
following considerations.

25
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Table 4.1: Table of intensity ratio, binding energy of the Au4f XPS peak and
approximate TPD peak temperature for the samples used. For the binding en-
ergy the rightmost peak of the doublet is used, see figure 4.2. The TPD peak
temperature is omitted for sample 8 because of noise on the TPD spectrum.

Sample Intensity ratio Au4f peak energy(eV) TPD peak temperature (K)
1 0.0094 −84.38 123
2 0.049 −84.92 138
3 0.109 −84.38 141
4 0.0048 −84.38 154
5 0.0097 −84.38 139
6 0.0096 −84.47 143
7 0.0088 −84.56 142
8 0.0127 −84.56 –
9 0.0107 −84.47 140
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Figure 4.1: XPS spectrum of sample 1 after evaporation showing the C1s peak.
All the C1s spectra recorded were similar to this. These spectra were used to
calculate the intensity of carbon in the spectrum using eq. (2.2).
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Figure 4.2: XPS spectrum from sample 1 after evaporation showing the Au4f
doublet peaks. All the Au4f spectra recorded were similar to this. These spectra
were used to calculate the intensity of gold in the spectrum using eq. (2.2). The
peak is a doublet due to spin-orbit splitting. The rightmost peak was used for
intensity calculations.
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A small shift in the binding energy of the gold peaks were found for some of
the samples when doing XPS measurements, but no trend was found in these
shifts.

4.2 The effect of changing intensity ratio
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Sample 1 IR = 0.0094

Sample 2 IR = 0.049

Sample 3 IR = 0.109

Figure 4.3: TPD spectra of samples 1–3. The intensity ratio of gold to carbon
IAu/IC is given in the legend, calculated using eq. (2.2). Approximate peak
temperatures can be found in table 4.1. A clear shift towards higher temperatures
at the desorption peak can be seen for samples 2 and 3, which have higher
intensity ratios. This shift is in total 18 K from sample 1 to sample 3. Samples
1 and 3 have sharper peaks than sample 2. For sample 2 a shoulder can be seen
around 120 K. Sample 3 has two peaks, one small at 120 K in addition to the
main peak. Note that these spectra should also be compared to those shown in
figure 4.6.

Samples 1–3 are used to examine the effect of changing the amount of gold
deposited. This amount is indicated by the intensity ratio IAu/IC , calculated
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according to eq. 2.2. As can be seen in table 4.1, the intensity ratio for samples
2 and 3 are approximately 5 and 10 times as large as for sample 1 respectively.
It should also be noted that samples 5–9 have similar intensity ratios as sample
1.

In figure 4.3 the TPD spectra from sample 1–3 for temperatures up to 200 K
are shown. Although the spectra were recorded up to 400 K, they are truncated
at 200 K because they are featureless above this temperature. A shift of the
desorption peak of 18 K from sample 1 to sample 3 can be seen. Sample 2 has
a broader and less well defined peak than samples 1 and 3, and the shift of this
peak compared to the other samples is harder to determine. However, it seems
that it is shifted about 15 K from sample 1. It should be noted that the relative
increase in intensity ratio from sample 1 to 2 is much larger than from sample
2 to 3.

There are some other features in the TPD spectra that also should be noted.
In the spectrum from sample 2 a feature where the partial pressure rate of change
slows down (a shoulder) can be seen around 120 K. Sample 3 has a small peak
located in the same area. This is the only spectrum with a clearly identifiable
second peak, but this peak is significantly smaller and less distinct than the
main peak.

A SEM image from sample 1 is shown in figure 4.4. Gold particles can be
seen as bright dots in the image. These are unevenly distributed. Some areas
have clusters of gold particles, while other areas have no visible gold. Still, gold
particles are abundant in large parts of the image. The gold particles seen in
the image vary in size from 60 nm to a few nm. The majority of the particles
are relatively small on this scale; most are smaller than 15 nm.

Figure 4.5 shows a SEM image from sample 3. Here gold particles are found
in almost all of the image, with some areas being more densely populated.
The largest particles have dimensions of around 100 nm. However most of the
particles are smaller, with dimensions of 30 nm or less.

Some clear differences can be seen between the images from samples 1 and
3. There is clearly less gold on sample 1, which is consistent with the lower
intensity ratio. The number of gold particles is also smaller for sample 1. When
comparing the samples it is also clear that the typical particle is smaller for
sample 1 than for sample 3.
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Figure 4.4: SEM image of sample 1. Gold particles can be seen as bright dots
thinly distributed over most of the image. They are distributed somewhat un-
evenly, with clusters of particles in some areas and fewer particles in others. The
particles range in size from 60 nm to a few nm in diameter, with the majority
being smaller than 15 nm.
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Figure 4.5: SEM image of sample 3. Gold particles can be seen as bright fields
distributed over most of the image. There are some areas where there is little
gold, but the number of gold particles is high over most of the image. The par-
ticles vary in size, with the largest particles having dimensions of up to around
100 nm. Most of the particles are however smaller than about 30 nm in diameter.
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Sample 1 I = 6.0 A

Sample 5 I = 7.25 A

Sample 6 I = 7.75 A

Sample 7 I = 8.25 A

Sample 9 I = 9.25 A

Figure 4.6: TPD spectra of samples 1, 5–7 and 9. The evaporation currents
used when depositing gold on the samples are given in the legend, and can also
be found in table 3.1. It should be noted that sample 1 was prepared before the
gold source was replaced. Table 4.1 also shows that these samples have deposited
about the same amount of gold on them, as indicated by similar intensity ratios
of IAu/IC = 0.0100 ± 0.0012. The approximate temperature of the desorption
peaks can also be found in table 4.1. The desorption peak of sample 1 is shifted
to lower temperatures by about 20 K compared to the other samples shown here.
There does not seem to be any systematic trend in the shift of the remaining
samples. Also note that the sample 5 spectrum has a shoulder located around
120 K. This shoulder is not found in the spectra of samples 6, 7 and 9.
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4.3 The effect of changing the evaporation rate
Samples 1, 5–7 and 9 are used to examine the effect of varying the gold evap-
oration rate. All these samples have approximately the same amount of gold
deposited, as indicated by the intensity ratios that are in the range IAu/IC =
0.0100± 0.0012. Measured intensity ratios are listed in table 4.1. The evapora-
tion rate is varied by changing the evaporation current and using the appropriate
evaporation time to get the desired intensity ratio. Evaporation currents and
times used can be seen in table 3.1. It should be noted that sample 1 was pre-
pared prior to the replacement of the gold source, and might not be directly
comparable to the samples prepared using the new source.

Figure 4.6 shows the TPD spectra from samples 1, 5–7 and 9. Even though
the spectra were recorded up to 400 K, they have been truncated at 200 K be-
cause no features of interest are found above this temperature. Approximate
positions of the desorption peaks can be found in table 4.1. The peak of the
sample 1 spectrum is at 123 K, while all the other spectra have peaks around
140 K. All the shifts of the desorption peaks are relatively small, except the
shift of around 20 K from sample 1 to the other samples. There does not seem
to be any systematic trend in the small shifts seen for samples 5–7 and 9.

Some of the TPD spectra have additional features that should be mentioned.
The sample 1 spectrum has a relatively sharp peak compared to the other spec-
tra, which have peaks that are wider. In the spectrum from sample 5 we can also
see a shoulder located around 120 K that is not found in the otherwise similar
spectra from samples 6,7 and 9.

In figure 4.7 a SEM image of sample 6 is shown. Gold deposited on the
sample can be seen as bright spots covering most of the imaged area. Although
some areas have a higher density of gold particles than others, and some areas
seem to have none, the particles are fairly evenly distributed. The gold particles
mostly have a diameter of less than 20 nm, and many of them are smaller than
10 nm. In addition, the layered structure of graphite can be seen clearly in this
image. Layers of the substrate are stacked and partially overlapping. Some
of the edges are very regular,almost straight. Others are more irregular. How
closely they are packed also varies, and there are large variations in the gaps
between different layers.

Figure 4.8 shows a SEM image of sample 9. Roughly, two types of regions
can be seen. One is characterized by a larger number of relatively small gold
particles. These are for the most part smaller than 15 nm. In some areas these
smaller particles are distributed in what seems like patterns, roughly in the
shape of concentric semicircles. In the other type of region there are typically
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fewer particles of larger sizes in the 15 nm to 30 nm range. These particles are
also more spread out, with areas free from gold particles between them. While
some of these larger particles have an irregular shape, a lot are shaped like
equilateral triangles. These are of particular interest, as none of these are found
in the images of sample 6. The bright diagonal seen across the lower left corner
of the image is caused by a ledge or similar fault in the substrate material.
The large and very bright irregular particle seen near the center of the image is
presumed to be a contaminant, such as i.e. a grain of dust.

Figure 4.7: SEM image of sample 6. Gold particles can be seen as bright spots
covering most of the substrate that is imaged. Layers that make up the structure
of graphite can also be seen. The gold particles have a rounded shape and mostly
have a diameter of less than 20 nm, with a lot of them being smaller than 10 nm.
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Figure 4.8: SEM image of sample 9. Gold particles can be seen as bright spots.
Two types of regions are seen in this image. One has a high density of relatively
small particles, of which some seem to form patterns. The particles here are for
the most part smaller than 15 nm. The other regions have fewer but relatively
large particles. These mostly have dimensions of 15 nm to 30 nm. Some of these
are shaped like equilateral triangles. In the lower left corner a ledge can be seen
as a bright diagonal field. Near the center of the image what is presumed to be
a contaminant can be seen.
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Chapter 5

Discussion

5.1 XPS measurements

There are two aspects of the XPS measurements that need to be discussed.
They are the intensity ratios calculated, and the lack of systematic shifts in the
core level binding energies.

The intensity ratio IAu/IC is calculated using eq. (2.2) and serve as a mea-
surement of the amount of gold that is deposited on a given sample. Earlier
studies of gold nanostructures on graphite have found much higher intensity ra-
tios than those seen in table 4.1. This study has however found intensity ratios
that are comparable to those found for very small platinum nanostructures [1,3].

XPS is a macroscopic technique that averages the signal over an area of
several square millimetres. This means that samples with similar intensity ratios
can be very different on a microscopic scale. Different areas on the same sample
can also have very different characteristics.

The intensity ratios are calculated from the measured spectra using a MAT-
LAB script that numerically integrates the photoemission peak. The limits of
this integration is determined manually by visual inspection. This might lead to
errors in the intensities calculated, in particular at lower intensities where the
proper position of the limits are hard to determine due to low signal to noise ra-
tio. In these experiments a higher number of iterations over the relevant energy
range was used to increase the sensitivity when doing XPS measurements. Con-
sistent choices for the limits of the numerical integration was used to minimize
errors.

37
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Shifts in the binding energy of the Au4f core level peak can be seen for
some of the samples, as shown in table 4.1. However these do not follow any
systematic trend, and most of them are relatively small. Earlier studies of
platinum nanostructures on graphite have found a systematic shift in the core
level binding energy associated with the effective size of the nanostructures [3].
This was attributed to a unit charge distributed over the nanostructure at the
end of the photoemission process, as described by Wertheim et. al. [20]. From
the SEM images of samples 1 and 3 in figures 4.4 and 4.5 it seems clear that
there is an increase in the average size of the gold particles from sample 1 to 3.
That no core level shift is observed could be because the XPS signal is averaged
over the many types of gold particles on the graphite. This would hide the core
level shift that would otherwise be seen for the smaller particles. Gold trapped
at the edges of layers, grain boundaries and other imperfections will also play
a part in this, as it will not have the same characteristics as the small gold
particles.

5.2 The effect of changing intensity ratio
When comparing the SEM images of samples 1 and 3 seen in figures 4.4 and 4.5,
obvoius differences are the number and the size of the particles. As graphite
is a weakly interacting substrate, gold atoms impinging on the substrate will
diffuse some distance before adhering to the surface. The first gold atoms in an
area of clean substrate is most likely to adhere to a defect or impurity in the
substrate. Further atoms are likely to adhere to the gold particles that already
have nucleated, thus growing the particles [21]. It is therefore reasonable to
assume that the differences in the number of gold particles in various areas of
the same sample are related to variations in the number of nucleation sites, such
as substrate defects and impurities. The generally higher number of particles in
sample 3 can possibly be an effect of a higher number of nucleation sites, but as
all the samples were prepared in the same way, it is more likely that it is an effect
of the larger amount of gold evaporated on to the sample. There has simply
been more opportunities for gold particles to nucleate. The increases in the
general size of the particle is then also explained by the larger amount of gold,
as there has been more gold available to grow the particles. Increased particle
size with higher intensity ratios is consistent with earlier studies of platinum
nanostructures on graphite [1].

Julukian et. al. [3] examined the effect of size on the TPD spectrum of CO
from platinum nanostructures. It was found that smaller structures led to a shift
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in the TPD spectrum towards lower temperatures. The SEM images of samples
1 and 3 clearly show that the gold structures are larger on sample 3. The shift
in the spectra from samples 1–3 seen in figure 4.3 can therefore possibly be
explained as a size effect.

These spectra are also distinguished by distinctive features that mark them.
While sample 1 and 3 have sharp distinct peaks, sample 2 has a more blunted
and broad peak like those found for samples 5–7 and 9. In addition, sample
3 has a small second peak. One possible explanation for this is experimental
discrepancies. It could in theory be caused by changes in the heating rates
used when recording the spectra. The heating of the samples were recorded
and checked to see that they were smooth and that the heating rate (table
3.1) was consistent between samples, but these are still factors that are hard to
control completely in the experimental set-up used. Effects from the different
sample holders that were used, and also their removal from the vacuum chamber
between each measurement, could also affect the TPD spectra.

Another possible explanation is that the broad peak found for sample 2 is
the result of the combination of more than one separate peak that can not
be distinguished, but is seen as one broader peak. Both computer simula-
tions and experiments have previously shown that desorption peaks broaden
at higher adsorbate coverages when there are more adsorption sites used and
more adsorbate-adsorbate interaction [13, 22, 23]. The samples examined here
are complex, with many possibilities for adsorption sites and interaction be-
tween adsorbate and substrate. This could in theory give rise to adsorption
peaks at different temperatures and to broadening of the peaks. In addition to
adsorption in connection with the cold particles and on the gold-free graphite
areas, it is also possible that CO is adsorbed within the graphite due to its
layered structure. Such layers can clearly be seen in figure 4.7. As TPD is a
macroscopic technique, the signal will be averaged over an area of some square
millimetres. The sample is not uniform, and the contribution from areas with
differing properties can also be a factor in broadening of the desorption peak.
Comparison with the desorption spectrum of clean graphite could give insights
into what effects are from the substrate, and what effects that are dependent
on the deposited gold.

If the broad peak seen for sample 2 is comprised of several peaks that can
not be distinguished, the more distinctive peaks seen for sample 1 and 3 might
be the result of one or more of these peaks showing up more clearly. Why this
happens is not clear. It could possibly be caused by the change in the size and
number of gold particles. There are also some distinct features that are seen
around the same temperature of 120 K in several spectra. These are the main
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peak from sample 1, the small second peak fro sample 3 and the shoulders seen
on the rising edge from samples 2 and 5. It is possible that these are related to
the same adsorption phenomenon as they are found at approximately the same
temperature.

5.3 The effect of evaporation rate
That there is no trend to the small shifts seen in the TPD spectra for samples
5–7 and 9 in figure 4.6 indicates that the evaporation rate does not influence
the adsorption properties of the samples in the region that has been examined.
Sample 1 has the same intensity ratio IAu/IC as samples 5–7 and 9, but its TPD
spectrum is shifted to a lower temperature. The reason for this is not known,
but it should be noted that sample 1 was prepared before the gold source was
replaced, and might not be directly comparable to the samples prepared using
the new source.

When comparing the SEM images of sample 6 and sample 9 seen in figures
4.7 and 4.8 the most striking difference is the emergence of a larger number of
triangular gold particles on sample 9. The amount of gold on these two samples
are more or less the same, as shown by the intensity ratios. It is therefore
reasonable that the larger number of triangular gold particles is an effect of the
change in evaporation rate.

That gold deposited on graphite can form dendritic nanostructures is well
known. Their characteristics and growth has been the subject of multiple studies
[21,24–26]. The appearance of anisotropic structures is therefore not surprising.
Julukian et. al. [1] studied dendritic nanostructures of platinum on graphite,
and found that the particles changed between different forms depending on the
amount of platinum deposited. In the same way, the triangular particles seen on
sample 9 might represent an early stage of evolution of gold nanostructures in
the regime where diffusion dominates the particle formation. Julukian et. al. [1]
also pointed out that studies of similar systems using various materials have
found that the characteristics of nanostructures can depend on factors such as
temperature, particle size, particle flux and substrate roughness.

Scott et. al. [2] found that the growth of nanostructures of antimony on
graphite is dependent on the particle flux during deposition. They suggest
a mechanism where new particles captured by the structures does not have
time to relax to a more thermodynamically advantageous configuration before
being fixed in position by a new particle arriving. A similar effect might cause
higher number of triangular particles seen on sample 9. The balance between
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thermodynamic effects that favour more isotropic particles and the kinetics that
favour anisotropic particles is changed when the particle flux is increased. The
gold triangles found here are however very small compared to those structures
studied in [2], but in the same size range as the smaller of the structures studied
in [1].
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Chapter 6

Conclusion

6.1 Concluding remarks

The intensity ratios measured for the gold deposited on graphite substrates are
significantly lower than those found in previous studies [4]. Earlier studies on
platinum have shown that the intensity ratio is correlated with the size of the
metal particles on the surface [1]. This was also found in the samples studied
here, and can clearly be seen in the SEM images. No significant trend in the
core level shifts were observed in the XPS spectra for particles of different sizes,
in contrast to what has previously been found for platinum [3]. A possible cause
for this can be influence from substrate imperfections.

A trend in the shift of the TPD spectra is seen for the samples where the
intensity ratio is varied. This could be caused by the change in gold particle size,
as have previously been found for platinum [3]. Variations in the appearance
of the TPD spectra might also be caused by complicated adsorption/desorption
mechanisms, substrate effects or inconsistencies with the heating and the sample
holders.

The TPD data shows no clear trend when the evaporation rate is varied while
approximately the same intensity ratio is maintained. At lower evaporation rates
the gold nanoparticles are mostly isotropic aggregates. Anisotropic triangular
particles appear at the highest evaporation rate. These might be an early stage
of the growth of more complex gold nanostructures in the regime where diffusion
dominates the particle formation [1].
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6.2 Further work
More research is needed to confirm the trend seen in the TPD data for variations
of the intensity ratio. Studying samples with a wider range of intensity ratios
would more clearly show such a trend. Varying amounts of gold can be deposited
at relatively high evaporation rates. This can be used to study the evolution of
gold nanostructures in the regime where diffusion effects dominate their growth
patterns. Another approach is to use ion beam sputtering to remove material
from nanostructures, as opposed to adding material by evaporation. Using this
method, size effects can be studied on a single sample. This would help avoid
problems caused by having to change both sample and sample holders between
experiments.
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