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Abstract

The high surface-to-volume ratio of nanoparticles (NPs) makes them an inter-
esting source for scientific research. How interfacial energies interplay between such
a small structure and a solid bulk surface, are important because of the versatile
applications NPs regard.

In this thesis, a convenient and reliable method for interfacial energy deter-
mination was investigated. The interfacial energies were calculated using Young’s
equation, where the contact angle between particle and surface was determined us-
ing two different methods. Method 1 utilized imaging samples, tilted 85◦, in SEM.
Method 2 utilized height measurements using AFM, and width measurements from
top-view imaging in SEM.

The NPs in this thesis were made of Au, and placed on Si wafers, on Al2O3
coated Si wafers, and on sapphire wafers. The Si samples were heated for 10 or 30
minutes at 600◦C or for 3 minuter at 900◦C. The Al2O3 coated Si and sapphire
samples were heated at 800◦C for 75 hours.

Regarding all substrates containing Si, the AuNPs became catalysts for nanowire
(NW) growth and no energies could be calculated. This development was confirmed
via TEM imaging on 60 nm AuNPs sintered for 30 min at 600◦C. Using FFT of
these particles, {1 1 1}- and {2 0 0}-planes were detected. These particles were
concluded to be crystalline, but had no clear faceted shape.

The interfacial energies of AuNPs on sapphire wafers were determined for 30,
60 and 90 nm NPs to be 897.8 ± 176, 1295.8 ± 81.1 and 1546.4 ± 188.5 ergs/cm2,
respectively, by Method 1, and 1958.4 ± 144.3, 1883.4 ± 96.3 and 1830.8 ± 54.1
ergs/cm2, respectively, by Method 2. The energies determined using Method 2 are
closer to the value retrieved from literature, 1725 ergs/cm2, which regard particles
below 100 nm in diameter [1]. Due to lack of literature, the interfacial energies
calculated in this thesis are only compared to R. M. Pilliar and J. Nutting, from
1967, and may not be the most recent nor accurate value.

Method 1 was determined to be a method strongly dependent on how well
the SEM imaging was performed, and resulted in unreliable and unstable energies.
Method 2 eliminated the human factor that Method 1 implied, but did not consider
particle shape and unexpected changes that may occur. Method 1 was easier to use
but Method 2 was settled to be the most reliable method resulting in more stable
energy-values. However, Method 2 was unable to detect the unexpected change of
NW growth. More research is needed to decide whether Method 2 can be applied
in every-day research practice.

KEYWORDS: Nanoparticles, sintering, interfacial energies, Young’s equa-
tion, contact angle, Au, Si, silica, Sapphire, Al2O3, SEM, AFM, TEM, FFT
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Super small versus super big!

How would super tiny particles, nanoparticles, interact with a material
being a billion times larger? What energies come to play between such a
small structure and such a big surface? Does this energy depend on the
size of the nanoparticles? It is important to measure such change due to
the various applications nanoparticles regard.

Nanoparticles are so small that one could fit about 10000 of them in a row to
reach the width of a human hair. A particle that small will have a huge surface to
volume ratio, and will therefore act and react differently compared to an everyday
object. That makes nanoparticles very interesting to study, and they have several
application areas, such as within medicine and electronics.

The energy between a nanoparticle and a big, ”normal”, surface, tells a story of
how the two parts interact. When a surface with nanoparticles on it gets heated in
an oven, the nanoparticles will interact with the surface. A great way of measuring
this interaction is through the interfacial energies. It is important to understand
this interaction and interfacial energies because it may help in the development of
novel materials as well as semiconductor research, which is included in almost all
electronics, including your mobile phone!

Heating nanoparticles on a surface will alter the energies between the nanoparti-
cles and the surface on which they are situated. Therefore the shape of the nanopar-
ticles will change, either stretching out to increase its contact area with the surface,
so called wetting, or it will try to minimize it. Which of the shape changes that
occurs partly depends on the composition of the particle and the surface.

In this thesis, energy and shape changes of nanoparticles on different surfaces
were explored after heating them at different times and temperatures. As an exam-
ple, the development of the nanoparticles shown in figure 1 was investigated. The
particles are 30 nm in diameter and were heated at 600◦C for 10 minutes. The
difference in colour is due to differences in contrast and the images are taken on
random particles. The particles were determined to be more round after heating
them. This investigation was done to discuss how the interfacial energies develop
between a super tiny particle and a super large surface when it is heated.
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(a) Before heating.

(b) After heating.

Figure 1: 30nm particles before and after heating at 600◦C for 10 min.
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Nomenclature

AFM Atomic Force Microscope

Al2O3 Aluminum oxide

ALD Atomic Layer Deposition

Au Gold

BCC Body Centered Cubic

DMA Differential Mobility Analyser

e/c evaporation/condensation

FCC Face Cenetered Cubic

FFT Fast Fourier Transform

FIB Focused Ion Beam

LOR Lift Off Resist

NP Nanoparticle

NW Nanowire

PdPt Palladium Platinum

RTP Rapid Thermal Processing

SEM Scanning Electron Microscope

Si Silicon

SPM Scanning Probe Microscopy

TEM Tunneling Electron Microscope

TMA Trimethylaluminum, C6H18Al2

W Tungsten
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Chapter 1

Introduction

Nanoparticles (NPs) are becoming a subject of increasing interest for scientific re-
search, one reason being because of their versatile applications. Such applications
include medical, such as for drug delivery [2] and cancer detection [3], as well as
electronic, examples being sensors and probes [4].

The interest stems from the high surface-to-volume ratio when moving from bulk
material toward the nanoscale, making NPs excellent for tasks such as catalysis and
photocatalysis [5]. In short, NPs can be looked at as a bridge between atomic or
molecular metric scales, and the bulk material scale. The large surface-to-volume
ratio also results in changes in optical and electronic properties for the NPs [6].

Surface energies involving nanometer-sized structures are important for processes
such as nucleation and growth of crystals and impact magnetic behaviour, crystal
structure and chemical stability of materials [4]. To acquire deeper knowledge in
regard to material science and material properties in the intermediate regime be-
tween single atoms and bulk material, research on interfacial energies regarding
nanometer-sized objects on solid surfaces is important [7]. The interfacial energies
between nanometer-sized objects and solid bulk surfaces will tell how materials inter-
act, filling an important void in the scientific research world of solid state chemistry
and solid state physics [8].

Increased knowledge of the interaction between NPs and solid surfaces, such as a
metal/oxide systems, is also important due to the wide application areas of ceramics.
Oxides are the most frequently used ceramics in many application areas, such as for
catalysis [8, 9], making this research valuable.

1.1 Motivation of thesis

This thesis will provide deeper understanding of surface physics and chemistry of
NPs on bulk material. The work will give insight into, and information on, how
the different sizes within the nanometer size range will affect the interfacial surface
energies.

Knowledge gained from the thesis work will clarify and help describe the bonding
processes and the interfacial chemical reactions that take place between a nanometer
sized object and a bulk material.

Results gained from the experiments will benefit scientific research within ma-
terial science and allow for further bulk versus NP and atom scale research. This
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will further the understanding of adhesion between materials, something which is of
great importance in future research on nanostructures and the development of novel
materials.

An efficient, fast and precise method for determining interfacial energies will
simplify future research on the topic.

1.2 Aim of project

The main objective of this thesis was to determine the most suitable of two tech-
niques for interfacial energy determination between NPs and solid surfaces. The
determination was based on the criteria of reliability and ease of use. The interfacial
energy determination was done using Young’s equation, which required the contact
angles between the NPs and substrate surface. These angles were determined using
two different methods.

The first method involved Scanning Electron Microscopy (SEM) while tilting the
samples, and the second utilized Atomic Force Microscopy (AFM) in combination
with top-view imaging in SEM.

The two methods were used and compared using gold NPs (AuNPs) on Silicon
(Si), Aluminumoxide (Al2O3), and sapphire surfaces. The AuNPs investigated had
a diameter of 30, 60 or 90 nm.

Evaluation of a sample using Transmission Electron Microscopy (TEM) and Fast
Fourier Transform (FFT) clarified the physical state of the NPs and the chemical
interface between the NPs and the substrate.

1.3 Background

1.3.1 Interfacial energy determination - Young’s equation

When NPs are placed on a solid surface, the particles are subjected to surface and
interfacial energies as well as surface and interfacial tensions. These energies and
tensions will change if the particles are heated and/or cooled [10]. Surface tensions
and surface energies are numerically equal and are both energies, but have different
units, being J

m and J
m2 respectively [11].

Suppose that AuNPs are placed on a Si substrate, and that the substrate is
heated until melting of the AuNPs occurs. The surface energy of a liquid NP depends
on the amount of intermolecular bonds that are disrupted when a surface is created
[10]. This energy is incresing with decreasing particle size [12]. The interfacial
energies are the energies involved between the liquid droplet and the substrate. The
surface tension of the NPs is the cohesive force of the atoms at the surface of the
particle that keeps it in a droplet form when in a liquid state. The interfacial tensions
are a measure of adhesive forces between the liquid phase of one substance, in this
case Au, and the solid of a substrate, such as Si. This interfacial tension is high on
a hydrophobic surface and low on a hydrophilic surface [10].

Wetting is spreading of a liquid particle onto a substrate. A high wetting surface
occurs when the surface energy is stronger than the surface tension. The contact
angles will depend on the elemental combination of the NPs and substrates. Thus
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the interaction between a liquid droplet and a surface results in a larger or smaller
wetting surface [10].

When a NP is heated for a sufficient amount of time at a certain temperature, it
is assumed to have reached an equilibrium state having a smooth spherical shape.
When this liquid particle at equilibrium state is cooled down slow enough, the atoms
in the NPs will have time to reach energetically favourable positions. This will result
in crystalline particles with a faceted shape, for the particles in solid state.

Au, being a metal with an Face Centered Cubic (FCC) crystal structure, will
have the faceted shape seen in figure 1.1 in a solid state equilibrium state [1]. The
two heights, r1 and r2, are different from each other.

Figure 1.1: Schematic image of a AuNP in solid equilibrium state situated on a
substrate surface, having an faceted shape, with two heights r1 and r2 [1].

To analyze the shape of an equilibrated solid crystalline particle on a surface in
this way is equivalent to analyze a sessile droplet being situated on a solid surface
without the gravitational effects [1], and therefore Young’s equation can be utilized.

Young’s equation, seen in equation 1.1, describes a three phase intersection,
determined by a balance of surface tensions. The equation can be described as the
basis for all fields of science involving capillary action and wetting [13].

In equation 1.1, γsv is the solid vapour free energy, γsl is the solid/liquid inter-
facial free energy and γlv represents the liquid vapour free energy. The angle θ is
the contact angle between the solid and the liquid [14].

γsv = γsl + γlv · cos(θ) (1.1)

Figure 1.2 presents a schematic visualisation of Young’s equation.

CHAPTER 1. INTRODUCTION 13
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Figure 1.2: Schematic representation of a liquid droplet on a solid surface and the
involved energies. γsv is the solid/vapour energy, γsl is the solid/liquid interfacial
energy and γlv is the liquid/vapour energy. The contact angle is described as θ.

The contact angle of a droplet or particle measures the wettability of that par-
ticle on a surface. The lower the contact angle, the higher the surface energy, γsv,
and interfacial tensions, and vice versa [10]. If θ < 90◦ the droplet is said to be
hydrophilic and when θ moves closer to 0◦ the droplet is said to reach absolute wet-
ting [15]. On the other hand, when θ > 90◦ the droplet is said to be hydrophobic,
and when θ moves toward 180◦ there is no wetting of a liquid on a surface [15].

The constants γlv and γsv were taken from literature [1, 8, 16]. This way, γsl
was extracted for the different particle sizes and sintering times, see equation 1.2.

γsl = γsv – γlv · cos(θ) (1.2)

During slow cooling, as opposed to quenching, the particles are presumed to
have enough time to create an equilibrium shape in the solid form of the particles.
Quenching is when you rapidly cool the material from a temperature which is above
the recrystallization temperature but below the melting temperature, often done
using water [17]. Quenching of the particles would result in the possible equilibrium
droplet form being fixated.

In this thesis, the interfacial energies were determined using two different meth-
ods, utilising SEM as well as SEM and AFM respectively.

1. Method 1: The samples were put in a 90◦ sample holder and an added 5◦ tilt
was added in the SEM. This resulted in the samples being tilted a total of 85◦

with respect to a horizontal axis. Measurements in the image were performed
using the software ImageJ. The precision of this method depend on the quality
of the SEM image.

• In case of when the NPs had a faceted shape, r1 and r2 will be calculated
using equation 1.3 and 1.4, visualised in the left image of figure 1.3. The
interfacial energy is calculated using equation 1.5.

CHAPTER 1. INTRODUCTION 14
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Figure 1.3: Visual representation of particles situated on a substrate surface and
exposed to wetting. Approximation on how to calculate different dimensions of the
particles with respect to the shape. If the particle is considered to have a round
shape (right image), the 5◦ tilt is not considered as it would be for a faceted particle
(right image). The length x and x2, as well as r and h is measured via ImageJ.
The droplet height is named as h. The shapes are related via r1 = h – r and r2 = r
between the images.

The height r1 is calculated using equation 1.3, where the value of r2 is
subtracted from the height h.

r1 = h – r2 = x2 · cos(5◦) – x · cos(5◦) = cos(5◦) · (x2 – x) (1.3)

The height r2 is calculated using equation 1.4

r2 = x · cos(5◦) (1.4)

The interfacial energy, using Young’s equation, via the heights r1 and r2
is presented in equation 1.5. It is quite clear that the ratio of r1

r2
is a

substitute to –cos(θ) in Young’s equation.

γsl = γsv +
r1
r2
· γlv (1.5)

• If the NPs were spherical after sintering, the contact angle θ was measured
directly using ImageJ. This is illustrated in figure 1.4.
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Figure 1.4: Illustration of how measurements of the contact angle was performed
with ImageJ directly.

2. Method 2: Relied on height measurements from AFM together with diameter
measurements from top view imaging in SEM. The process of extracting the
contact angle θ in this method is referred to in the right image of figure 1.3
and equation 1.7. Note, however, that the calculated values of the contact
angle require the particles to have a larger diameter than height, otherwise
resulting in non-real values and the shape of the Au particle.

From figure 1.3 an expression for the angle θ is formed, see equation 1.6.

cos(θ) = cos(180◦ – α) =
h – r

r
(1.6)

Naturally, an expression of Young’s equation is made as equation 1.7 suggests.

γsl = γsv +
h – r

r
· γlv (1.7)

During measurements, a number of random particles were measured upon for
each sintering time/temperature. An average of the measured contact angles, heights
and/or diameters, with a 95% confidence interval was determined to proceed with
the interfacial energy calculations.

1.3.1.1 Solid/vapour and liquid/vapour energies

Relevant surface energies to determine γsl include γlv and γsv. The energy between
the liquid, being gold, and vapour is described by equation 1.8. TF describes the
melting temperature of bulk gold, being TF=1336K [8].

γlv = 1138 – 0.19 · (T – TF)[mJ/m2 = ergs/cm2] (1.8)

The temperature T describes a temperature that is relevant for the circumstances
of the experiment.

Melting objects on the nanometer scale will require lower temperatures than
bulk due to the large surface-to-volume ratio [18]. The small volume results in a
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significant amount of diffusion during heating, even at the compaction temperature
[19]. The compaction temperature is the temperature at which compaction from
agglomerates into spherical particles occurs [20]. For further details, see Appendix
A.1. The melting temperature of NPs, even when as small as 30 nm, is not far
from the bulk melting temperature of 1336K, being approximately 900 ◦C [21]. On
the other hand, the compaction temperature is clearly less for NPs with diameters
ranging from 7-150 nm in diameter, and is 1/3 to 1/2 of the melting temperature
[20]. This is motivation for the temperature T in equation 1.8 being set to 500◦C,
which is in between 1/3 and 1/2 of the melting temperature of Au. However, since
the constant in front of the factor containing this temperature is the small number
of 0.19, seen in equation 1.8, this temperature does not need to be too specific and
the liquid-vapour energy, γlv, does not vary considerably from the chosen value of
the temperature T.

With the temperature T in equation 1.8 being 500◦C, or 773K, this results in a
gold/vapour energy, γlv, of 1245 ergs/cm2.

A drawback using equation 1.8 is that it describes the energy of mm sized
droplets. In this thesis, this energy is, however, assumed possible to apply on the
nm scales as well [8]. Also, it described the energy of liquid particles, and not for
solid particles which is the goal of this thesis work [1, 16].

Regarding the Si substrate, the top layer will consist of a silicon oxide, SiOx.
This oxide will affect the relevant energies. In this thesis, the solid/vapour energy,
γsv, was set to 275ergs/cm2 [16].

Sapphire has the solid/vapour energy, γsv, of 995ergs/cm2 [1].

1.3.2 Fast Fourier Transformation and crystal orientation

To discover any type of crystallographic orientation, and to examine the chemical
development of sintered AuNPs, FFT manipulation was performed on TEM images
of the particles.

Two concepts are important when considering FFT, real space and reciprocal
space. Real space is where atoms are and crystals grow, and reciprocal space is
a mathematical model constructed from a real space image. When using FFT of
a crystal, you move from real space to reciprocal space. The reciprocal space can
be used to understand crystal diffraction [22]. Figure 1.5 shows a schematic of
FFT applied on a Body Centered Cubic (BCC) crystal, moving from real space to
reciprocal space [23] .
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Figure 1.5: Schematic of BCC crystal in real space, left, and in reciprocal space,
right. The center point marked (0 0 0) is from the electron beam. Taken from [23].

In the diffraction pattern in reciprocal space, one point represents one family of
planes in real space. Therefore, the distance from the center point (0 0 0), see figure
1.5, to any other point in the diffraction pattern in reciprocal space, is related to
interplanar distances in real space [22, 23]. The interplanar distance is the distance
between two planes of a crystal.

The interplanar distance can be related to Miller indices, being a form of notation
in crystals, and the lattice constant of the material, which is the size of the unit cell
[24]. The interplanar distance, dhkl, between two planes of a cubic crystal system is
calculated using equation 1.9. In this equation, a0 is the lattice constant and h, k
and l are the Miller indices [24].

dhkl =
a0√

h2 + k2 + l2
(1.9)

For gold, the lattice constant a0=4.065 Å [25]. To identify the planes of the par-
ticles detected via the FFT of the TEM images, the calculated interplanar distances
and the interplanar distances retracted from FFT were compared. The four smallest
interplanar distances of Au are presented in table 1.1.

Table 1.1: The smallest four interplanar distances of gold, with a0=4.065 Å.

Miller indices (hkl) Interplanar distance dhkl (Å)
(1 0 0) 4.065
(1 1 0) 2.874
(1 1 1) 2.347
(2 0 0) 2.032

Miller indices can also be related to directions in a crystal. A crystallographic
direction is a vector between two points in a unit cell or crystal, which passes through
the origin of the coordinate system of the crystal. The Miller indices which describe
crystallographic planes are denoted u, v, w, compared to when talking about planes
which use the notations h, k, l [26]. The (1 0 0) plane and the [1 0 0] direction in a
FCC unit cell is shown in figure 1.6.
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Figure 1.6: A FCC unit cell with the (1 0 0) plane and the [1 0 0] direction marked.
Modified and taken from [27].

1.3.3 The experiments by R. M. Pilliar and J. Nutting

The experiments replicated in this thesis for the Au/Al2O3 system are presented
and further described in the reference by R. M. Pilliar and J. Nutting (1967) [1].
The authors evaluated the interfacial energy of AuNPs on sapphire substrates, by
observing the particles having a faceted shape but approximating them to be spher-
ical, further utilizing a ratio of the two heights r1 and r2 as seen in figure 1.1. The
two heights r1 and r2 were extracted from TEM images of the particles, which is
quite time-consuming. The particles in the article were below 100 nm in diameter,
which is a relevant size for comparison to results in this thesis, and were sintered at
1000◦C for 75 hours. They found that the interfacial energy between the Au parti-
cles and the sapphire substrate, γsl, was 1725 ergs/cm2, when using a solid/vapour
energy, γsv, of 995 ergs/cm2 [1].

Results presented in the article [1] are compared to results presented in this
thesis for the Au/Al2O3 system. However, it is important to note that the article
is quite old, and no updated values was found to compare with the results of this
thesis.
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Chapter 2

Methodology

AuNPs of different sizes were deposited on Si, Al2O3 coated Si, and sapphire wafers.
The samples were sintered during different times and at different temperatures, and
were then studied in SEM and AFM. In order to study the samples in TEM it is
necessary to have very thin samples. One such thin sample was generated using a
Focused Ion Beam (FIB). FFT of TEM images were performed.

Further, the interfacial energies between substrate and particle were determined
by utilizing the two methods described. A more detailed description of the different
steps of the methodology is described below as well as in Appendix A.

2.1 Particle production and sintering

The first step of this thesis work was to generate and deposit the particles on sub-
strates. AuNPs with diameters of 30, 60 and 90 nm were generated and deposited
using an evaporation/condensation (e/c) generator on Si wafers, Al2O3 coated Si
wafers, and sapphire wafers. 50 nm of Al2O3 was deposited on Si using Atomic
Layer Deposition (ALD). For further details about set-up and workings of the dif-
ferent methods practised, see Appendix A.

The AuNPs on Si wafers were sintered at 600◦C for 10 and 30 min each, or at
900◦C for 3 min, using a Rapid Thermal Processing furnace (RTP), RTP 1200-100.

The AuNPs on the Al2O3 coated Si wafers and the sapphire wafers were heated
at 800◦C for 75 hours. This is a lower temperature than used and presented in the
referenced article [1], but due to limitations of the oven and for safety reasons, a
lower temperature had to be used.

2.2 Generation of TEM lamella

A TEM sample was prepared to see the chemical and elemental interaction between
particle and substrate. A FEI Nova Nanolab 600 FIB was used to cut a piece from
a sample, (60 nm AuNPs on Si sintered for 30 min at 600◦C), small enough for
examination in a TEM. Due to lack of time, only one TEM lamella was generated.
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2.2.1 Resist and PtPd deposition

Lift Off Resist (LOR) LOR0.7 was spin coated onto the sample to prevent residues
from FIB milling to deposit onto the AuNPs, which otherwise could disturb TEM
imaging.

Before deposition of the resist, the sample was cleaned using an ultrasonic bath
of acetone followed by an ultrasonic bath of distilled water, for 20 s each. The
sample was dried by baking for 5 min at 200◦C.

The resist was deposited using 400 rpm during 5 s, followed by 1000 rpm during
45 s. The sample was baked on a hotplate at 200◦C for 10 min. This resulted in a
resist thickness of approximately 100 nm.

The deposited resist is soft and result in charging during SEM imaging. To avoid
these disturbances, and to further protect the particles on the surface during TEM
lamella generation, a protective layer was deposited over the resist. So, sputter-
Q150T ES was used to deposit 10 nm Palladium Platinum (PdPt) on top of the
LOR0.7. For further details about set-up and workings of the different methods
applied, see Appendix A.

During the lamella generation, to protect the surface and the particles further,
Tungsten (W) was deposited via the FIB.

The sapphire wafer samples were sputter coated with 4 nm PtPd before exami-
nation in SEM due to the non-conductive properties that sapphire possess.

2.3 Imaging and interfacial energy determination

The samples were studied in the SEM Hitachi SU8010 before sintering, and after
every sintering time and temperature. The average particle diameter was determined
using ImageJ of top-view images captured in SEM. The sample surface was examined
using tapping mode in the Bruker AFM Icon in Lund Nano Lab and the Dimension
3100 Scanning Probe Microscope (SPM) at MAX IV. The software Gwyddion was
used to determine the height of the particles from the AFM images. From the
height and width, the contact angle was calculated geometrically. Young’s equation,
equation 1.1, was used to determine the interfacial energy of the particles.

Also, a vertical sample holder was used for the samples, see figure 2.1, together
with a 5◦ tilt added in the microscope. The tilt was a compromise between as close to
cross-sectional imaging as possible, and reasonable depth of field (the distance where
the nearest and farthest object still are in focus). This made SEM imaging easier.
The contact angles between substrate and particle was determined using ImageJ,
and the interfacial energies were calculated using Young’s equation, equation 1.1.
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Figure 2.1: The vertical SEM sample holder with two samples from a) ahead and
b) behind. The samples are clamped behind the three gold ”teeth” seen in a).

The two ways of determining the interfacial energies were compared and dis-
cussed. The results were compared with literature and the most efficient way to
determine interfacial energies on the nanometer scale was decided upon.

To get an understanding of the interfacial chemistry between the elements on
the atomic level, TEM examination of a FIB generated lamella was performed using
JEOL 3000F TEM at the National Center for High-resolution Electron Microscopy
in Lund. FFT manipulation of the particles in the TEM images were performed
to detect periodicity, crystal planes and crystal orientation. FFT and interplanar
distance measurements were done using the software Gatans GMS, DigitalMicro-
graph.
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Chapter 3

Results and Discussion

Regarding the choice of temperature, the compaction temperature for NP agglom-
erates is approximately 1/3 to 1/2 of the bulk melting temperature [20]. Therefore,
the atoms in the NPs are estimated to have considerable movement at this temper-
ature and the sintering temperature in this study will be chosen thereafter. In the
case of Au, having the bulk melting temperature of 1064 ◦C [28], the temperature
used for sintering of the Si wafers in the RTP was set to 600◦C. Also a more dras-
tic sintering temperature of 900◦C was used for the RTP in hopes of some change
occurring for the particles, if that would not have happened already. The sapphire
and Al2O3 coated Si wafers were heated at 800◦C in attempts of replicating the
mentioned article [1].

All samples in this study were exposed to fast heating and slow cooling, as
opposed to quenching. Quenching is rapid cooling of a material from above the
recrystallisation temperature (between 150-200 ◦C for Au [29]) to room temperature
by immersion in oil or water, and freezes the microstructure and stresses of the
material [30]. Slow cooling results in longer periods for the atoms within the particles
to find equilibrium positions in solid state. The slow cooling also avoids keeping
alloying elements through diffusion [31] and residual stresses in the particles [32].
Therefore, slow cooling is preferred but not necessary for this thesis work, since both
cases are accommodated for in the described methods used for interfacial energy
determination.

As a reminder, Method 1 indicates the method where the samples were tilted
85◦ and imaged using SEM. If the particles were spherical the contact angel θ was
measured, and if the particles had a faceted shape the height/radii were calculated.
In both cases, ImageJ was utilized as a software tool to measure different parts of
the particles. The calculation of θ using Method 2 uses height measurements from
AFM imaging, and width determined from top-view SEM imaging.

One factor to consider is that no special surface treatment or cleaning of either
substrate was performed before deposition of particles. Any dirt or local contami-
nation would affect the energies of the particles of this area.

3.1 AuNPs on Si

The raw data of the height and diameters for the differently sized NPs, used for
contact angle calculation of Method 2, is presented in Appendix B .The amounts of
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particles that were measured on for the AuNPs being situated on Si for Method 1
and Method 2 is shown in Appendix B as well.

Representative images of the shape development of 30 nm AuNPs on Si substrates
after different sintering times and temperatures are shown in figure 3.1. Particles
such as seen in this image were used to measure the contact angle of Method 1.

(a) Prior to sintering. (b) After sintering at 600◦C for 10min.

(c) After sintering at 600◦C for 30min. (d) After sintering at 900◦C for 3min.

Figure 3.1: Changes of 30 nm AuNPs sintered at different times and temperatures.

With increasing sintering temperature the particles appear to become more
spherical. This indicates some atomic movement/rearrangement, resulting in a
AuNPs shape change even after 10 minutes of sintering. This can be seen in figure
3.1a and figure 3.1b. However, there is no sign of an equilibrium/faceted shape.

When the AuNPs have been sintered for 30 minutes at 600◦C as well as for 3
minutes at 900◦C the particles seem to be in no contact with the Si surface. This
can be seen when observing figure 3.1c and figure 3.1d This change is assumed to
be the cause of Vapour Liquid Solid (VLS) Si Nanowire (NW) formation, with the
AuNPs functioning as catalysts for the process. During heating, Si atoms diffuse
into the Au particle and then precipitate under the Au particle to create the NW
during cooling. Further heating and higher temperatures would probably results in
longer NWs [33]. The NW formation was not expected since no additional Si was
introduced during the sintering process, which is typical for NW growth to occur
[34]. Also, between the Si and the AuNPs there is a native oxide, which functions
as a diffusion barrier, but apparently not that successfully. The results suggest
that if NW formation has not yet occurred for the particles, it will when using
the Au/Si elemental composition. Either with increasing temperature or sintering
time, regardless of NP size in this thesis. This is something to consider for other
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experiments where this elemental combination is used.

The elemental combination of Au/Si will be hard to use for interfacial energy de-
termination, since the NPs eventually will not be in direct contact with the solid sur-
face. Regardless, for the purpose of evaluating and compare Method 1 and Method
2 with respect to results, and to examine the development of the AuNPs on the Si
surface when sintered, the contact angles were still measured. This would help in
deciding which method one would rather use. The contact angles of 30 nm AuNPs
on Si are presented in figure 3.2. The orange stacks describe the contact angles
measured using Method 1, and the yellow stacks describe the contact angles derived
using Method 2. The error bars indicate the 95% confidence interval of the values.

Since no faceted shape was detected, Method 1 only implies measuring the con-
tact angle θ directly via ImageJ, without the need to calculate the values for any
radii or heights.

Figure 3.2: Contact angles, θ, of 30 nm AuNPs on Si substrates determined using
Method 1 (orange stacks), and calculated using Method 2 (yellow stacks). The error
bars mark the 95% confidence interval of the angles.

As seen in figure 3.2, the contact angles determined from Method 1 are missing
for the samples being sintered for 30min at 600◦C as well as when being sintered
for 3 min at 900◦C due to that the particles no longer being in direct contact with
the surface. Method 2 did not register the NW formation, and therefore would yield
an overestimation in heights. This would, in turn result in a higher value of the
contact angle θ, which could be the case for the calculated contact angles seen in
figure 3.2. Method 2 is blind to any unexpected changes that may occur between
the substrate and the particles, which could discuss the method being flawed with
regard to precision.

Method 1 seems to have a smaller margin of error compared to Method 2, but
this could be because of a smaller sampling number when using AFM in Method
2. Also, since the error bars somewhat overlap within Method 1 and Method 2
respectively, there is no statistically reliable changes with regard to the contact
angle development seen in figure 3.2.
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The 60 and 90 nm AuNPs had no sign of a faceted shape. NW growth occurred
for some of the 60 nm particles sintered for 3 minutes at 900◦C but not for all.
NW formation for 60 nm particles can be seen in figure 3.3. No NW formation was
observed for the 90 nm particles. The shape development for the 60 nm and 90
nm AuNPs are presented in Appendix B. No new conclusions can be drawn from
the contact angles of the 60 nm AuNPs, but are presented in Appendix B. When
measuring the contact angles of the 60 nm AuNPs, no NW formation had occurred.

Figure 3.3: NW formation occurring for 60 nm AuNPs on Si surface after being
sintered at 900◦C for 3 minutes.

The contact angles for the 90 nm AuNPs can be seen in figure 3.4. There is
roughly a 20◦ consistent difference of the contact angles between Method 1 (orange
stacks), and Method 2 (yellow stacks). This could be due to difficulties during
SEM imaging, or that the AFM could overestimate the heights of the particles.
This would imply a systematic error when using the AFM, which would disturb the
measurements.

Similar to the 30 and 60 nm particles, since no faceted shape was detected,
Method 1 only entails measuring the contact angle θ directly.

Figure 3.4: Contact angles, θ, of 90 nm AuNPs on Si substrates determined using
Method 1 (orange stacks), and calculated using Method 2 (yellow stacks). The error
bars mark the 95% confidence interval of the values.
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If Method 1 and Method 2 is considered individually, again, there is no statis-
tically reliable difference of θ over sintering time, nor with increasing temperature.
This could indicate that neither method is sensitive enough to notice any shape
changes of the particle, or that no noticeable change of the particles occur.

When comparing the contact angles between the particle sizes, there does not
seem to be a severe difference. This suggests that the applied methods are not
sensitive enough for varying particle sizes, or that the particle size-difference is not
big enough for a difference between contact angles to occur.

3.1.1 TEM images and FFT manipulation

This section presents TEM images of 60 nm particles sintered at 600◦ for 30 min.
FFT conversions of the TEM imaged particles are also presented.

A TEM image of the generated lamella is presented in figure 3.5. The different
materials of the lamella are marked in the figure. The particles can be seen above
the Si.

Figure 3.5: TEM image of the lamella with AuNPs on Si sintered at 600◦C for 30
min. The different materials of the lamella are seen in the image (Si, LOR0.7, PdPt
and W).

There are some structures seen within some of the particles. Figure 3.6 shows
such structures, which are marked with yellow lines. This suggests that some orien-
tation of the atoms occurred during the process of heating and cooling.

When examining the FFT of the particles, one can determine the interplanar
distances by comparing the measured values from the particles, with the calculated
values presented in Table 1.1. From FFT of the particle seen in figure 3.6, the inter-
planar distance was determined to be d = 2.22 Å. This value roughly corresponds to
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the {1 1 1}-family of planes presented in Table 1.1. There seems to be several sets of
spots pertaining to the {1 1 1}-family of planes. Also {2 0 0}-family of planes were
detected in the particle, having a measured value of the interplanar distance equal
to d = 1.98 Å. This analysis suggests several grains in the particle being randomly
oriented.

Figure 3.6: TEM image of part of an AuNP with the FFT seen in the top left
corner. The FFT of the particle shows several sets of spots belonging to the {1 1
1}-family of planes, suggesting randomly oriented grains where the (1 1 1)-planes
can be detected. There are some spots belonging to the {2 0 0}-family of planes as
well.

The shadow below the particle in figure 3.6 suggest the beginning of NW forma-
tion.

Figure 3.7 shows an FCC unit cell with the (1 1 1) and (2 0 0) plane marked.

Figure 3.8 shows a NPs having another type of alignment with broader lines. The
interplanar distance was determined to be d = 2.07 Å, being close to the interplanar
distance corresponding to the {2 0 0}-family of planes presented in Table 1.1. The
broad lines, corresponding to the spots marked with white circles in the FFT image
of figure 3.8, are too broad to be the cause of one crystallographic orientation only.
Therefore it could be several orientations interacting to create a new pattern. The
resulting new pattern is called a Moiré pattern[35]. This suggests that different
regions of the particle could have different orientations of the (2 0 0) planes.
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(a) (1 1 1) plane (b) (2 0 0) plane

Figure 3.7: FCC crystal structure with two different planes marked. Modified and
taken from [27].

Figure 3.8: TEM image of a particle showing some indication of oriented atoms. The
corresponding FFT is seen in the top left corner. The orientation across the particle,
marked as yellow lines, seem too wide to be the result of simply one crystallographic
orientation. This could be several orientations interacting, called a Moiré pattern.
The spots in the FFT belonging to the Moiré pattern are marked using white circles.
The FFT detected (2 0 0)-planes in the particle.

A similar shadow is seen below the particle in figure 3.8, as for the particle in
figure 3.6. Again, this seems to be a beginning of NW formation. A schematic of a
Moiré pattern is shown in figure 3.9.
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Figure 3.9: Illustration of a Moiré pattern, showing two identical patterns with
different orientation create a third having a lower frequency.

Another TEM image together with the corresponding FFT for an AuNP is shown
in figure 3.10. The FFT shows one set of spots, marked with white circles in the FFT.
The spots in the FFT have low intensity. This could be due to the LOR0.7 resist
being situated between the particle and the detector. This particle is determined to
be crystalline, however, without having a faceted shape. The interplanar distance
was determined using the FFT to be approximately d = 2.38 Å, again corresponding
to (1 1 1)-plane accoring to Table 1.1.

Figure 3.10: TEM image of an AuNP with the FFT seen in the top left corner. The
particles does not show any sign of a faceted shape, but points in the FFT, marked
with white circles, indicate some crystal orientation. (1 1 1)-planes in the particle
were detected, having a single orientation throughout the crystal.

The particle in figure 3.10 seems to be floating and there is a slight contrast dif-
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ference between the particle and substrate, but is again, probably the NW formation
occurring.

Overall, the particles are concluded to be crystalline using TEM and FFT, but
there are few signs of a faceted shape. This suggests that making conclusions on
whether of not the particles have a faceted shape and/or are crystalline very difficult
if one were only to use a SEM. In the article by R. M. Pilliar and J. Nutting, the
particles shows a faceted shape being easier to distinguish [1]. On of these particles
are shown in figure 3.11.

Figure 3.11: TEM image of AuNPs on a sapphire substrate taken from the article
by R. M. Pilliar and J. Nutting [1]. The particle shows relatively clear sign of a
faceted shape.

The particles in the article, however, were exposed to higher temperatures and
longer sintering times compared to the Si samples in this thesis [1]. This suggests
that the experiments in this thesis had too short sintering times and too low tem-
perature. It is important to remember that the only sample used for TEM imaging
was 60 nm AuNPs on Si, sintered for 30 min at 600◦C. This means that the 30 nm
AuNPs may have reached a faceted shape. More TEM imaging is needed for all
samples.

3.2 AuNPs on Al2O3 coated Si

With regard to the samples heated for a longer time, the evaporation of Au from
the particle can be quite palpable. But the diffusion of Si to the AuNPs could make
noticeable change quite difficult to confirm.

The Al2O3 coated Si samples and sapphire samples were heated at 800◦C for 75
hours, as presented in [1]. There was some indication suggesting the AuNPs had
reached a solid/faceted equilibrium shape when heated during these circumstances.
Figure 3.12a shows such indication with the particles having a hexagon-like shape
when observed from above.

The elemental combination of Al2O3/Si still resulted in the formation of NWs.
Figure 3.12b shows an example of such NW formation. Regardless of particle size
NW formation occurred. Figure 3.12a demonstrates how cracks appeared below the
particles making it possible for Si to diffuse to the AuNPs. The cracks can be due
to tensions at the surface, which may be because of thermal expansion during the
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sintering process, and the NPs placements above the cracks could be due to the
particles having diffused there.

(a) From above.

(b) With 85◦ tilt.

Figure 3.12: SEM images of 90 nm particles on Al2O3 sputtered on a Si wafer. The
samples have been sintered at 800◦C for 75 hours.

The samples where NW growth occurred were of no use for interfacial energy
determination and were hence not be considered. The Au/Si and Au/Al2O3/Si ele-
mental combinations are concluded to not be stable enough for this type of research.

3.3 AuNPs on sapphire

The heights and the diameters of the differently sized AuNPs situated on sapphire
after sintering at 800◦C for 75 hours, used for contact angle calculations of method
2, are presented in Appendix B. The number of particles that were used for mea-
surements of Method 1 and Method 2 are also presented in Appendix B.
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In the case of AuNPs on sapphire, no NW formation occurred. Figure 3.13 shows
SEM images of the AuNPs before and after sintering at 800◦C for 75 hours for the
different particle sizes.

(a) 30 nm AuNPs prior to sintering. (b) 30 nm AuNPs after sintering.

(c) 60 nm AuNPs prior to sintering. (d) 60 nm AuNPs after sintering.

(e) 90 nm AuNPs prior to sintering. (f) 90 nm AuNPs after sintering.

Figure 3.13: Changes of differently sized AuNPs on sapphire substrates before and
after sintering at 800◦C for 75 hours. The samples are tilted 85◦ during imaging in
SEM.

Figure 3.13b shows how the 30 nm AuNPs seem to have wetted to the surface
after sintering. However, this type of wetting is not seen in the article by R. M.
Pilliar and J. Nutting for roughly the same particle size and elements [1]. The
wetted look of the particles can be due to astigmatism together with a slight defocus
during SEM imaging. Charging of the sapphire samples makes imaging even more
difficult, and a compromise was done between the amount of deposited PtPd and
how clearly the contact angle would be measured in Method 1. Astigmatism of
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the AuNPs/Si elemental combination was more easily accommodated for, due to
no other disturbances being present (such as charging). From these statements,
it is possible to judge Method 1 as being strongly dependent on perfect imaging
in the SEM. Method 1 requires the focus to be perfect right at the particle-surface
interface, which could become a problem due to the sensitive depth of field occurring
at the tilt of 85◦. To measure the height and width while tilting the samples 85◦

in SEM could be a possibility, but one has to consider the possible difficulties in
imaging once again.

The SEM part of Method 2 includes, as described before, top-view imaging of
the particles in SEM to extract the diameters. In the case of top-view imaging, the
astigmatism and defocus is not as big of a problem and is more easily corrected for
compared to when tilting the samples, as done in Method 1. This is because the
depth of field is not as sensitive as it would be when tilting the samples.

Indication of the particles on sapphire in figure 3.13 reaching equilibrium shape
is not as clear compared to when the AuNPs were situated on an Al2O3 coated Si
surface. This may be because the changes of AuNPs on the sapphire wafers are
much harder to detect due to charging during imaging.

The particles on the sapphire wafer will be treated as if no faceted shape occurred.
However, a liquid equilibrium shape is estimated to have been reached during sin-
tering. Cooling may have occurred too quickly, resulting in no faceted shape. To
determine any faceted shape of the NPs using SEM might be inadequate. This
determination might require TEM and FFT evaluation, which is a time consuming
effort.

The statement that the particles may not have reached equilibrium shape could
also be due to impurities during heating, affecting the particle shape development
during sintering. This would suggest that the development of the particle to reach
an equilibrium shape is less dependent of sintering time, and more of sintering
conditions.

The collected and calculated contact angles of the different AuNPs sizes situated
on sapphire is presented in figure 3.14.
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Figure 3.14: The contact angles θ collected using Method 1 and Method 2 on AuNPs
situated on a sapphire surface, after sintering for 75 hours at 800◦C.

The concluded interfacial energies of the AuNPs on a sapphire surface after being
sintered at 75 hours at 800◦C are shown in figure 3.15. However, when presenting
the interfacial energies, a certain estimation has to be done that approximates the
particles to be in some type of equilibrium state since residual stresses in the particles
want to be avoided and could result in the particle relaxing even further after the
sintering process.
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Figure 3.15: The interfacial energies in ergs/cm2 of AuNPs on a Sapphire surface
sintered at 800◦C for 75 hours. The energies are calculated using θ derived from
SEM, Method 1 (orange stacks), as well as SEM together with AFM, Method 2
(yellow stacks). The error bars mark the 95% confidence interval of the values.

As mentioned previously, the interfacial energy presented in the article by R. M.
Pilliar and J. Nutting [1] was concluded to be 1725 ergs/cm2, with no mention of
specific particle size except for the particles being below approximately 100 nm in
diameter. As seen in figure 3.15, this energy is not reached when using Method 1.
Also, the energy drastically increases with particle size, making Method 1 much less
reliable.

Even if the surface energy of the NPs increase with decreasing size, this should
not affect the particles interfacial energy toward the bulk substrate too much which
Method 1 seems to show. This argues for Method 2 being the more reliable and
stable method with relation to the referenced article [1]. The energies extracted
from Method 2 also resulted in reasonable size ranges, including the factor of 103

[16]. Considering the old nature of the article [1], and the overall lack of literature on
the topic, an updated value of the interfacial energy between AuNPs and sapphire
would be helpful in evaluating my methods.

3.4 The preferred method

Neither method is applicable when NW formation has begun, due to the particle
leaving the surface and losing direct contact with the bulk. Also, Si may have
diffused into the AuNPs and not have enough time to precipitate, changing the
elemental composition of the particles.
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Using Method 2 will result in a larger margin of error of the contact angles com-
pared to Method 1. This could be a result of smaller sampling size from the AFM,
compared to when measuring using only SEM. It would therefore be interesting to
collect equal amounts of data for the two methods, making them more comparable.
Method 1 is not a reliable method with regards to precision due to difficulties in
distinguishing the contact angles as well as particle edges, if a faceted shape would
be the case, during SEM imaging.

The gap between the contact angles when using the two methods can be from bias
when measuring θ using Method 1. Also, the sample is tilted 5◦ from an ideal 90◦,
and is considered as if it were tilted 90◦. This will affect the angle measurements
done by ImageJ of Method 1. A larger part of human factors is depleted during
calculation using Method 2, but requires the particle height to be smaller to, or
equal to, the width of the particle. Also, to assure that no NW formation occurs,
it will be necessary to examine the samples tilted in SEM regardless of the method
used.

Method 1 implies difficult imaging, which argues for Method 2 being the more
precise method for interfacial energy determination. One important factor to con-
sider is that Method 2 is based on a series of estimations and approximations, and
needs further experimental verification.
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Conclusions

The interfacial energy is only interesting if the NP has reached an equilibrium state.
A faceted shape could not with certainty be detected during imaging in SEM for
any particle size or shape. However, it could be that cooling of the samples after
sintering occurred too quickly, or that impurities disturbed the equilibrium shape
development. This would mean that the particles conserved the shape they acquired
during sintering. TEM imaging with FFT of 60 nm AuNPs heated at 600◦C for 30
min confirmed the particles to be crystalline, detecting (1 1 1)- and (2 0 0)- planes in
the particles. Even though the particles were crystalline, they had no clear faceted
shape. This would make any conclusions of crystalline particles difficult without
using TEM and FFT. These methods are quite time consuming and several TEM
lamellas would be needed to get a reasonable sampling size. So, if one would want
the research to be based on statistical evaluations, this is not a very sustainable
methods.

There is a consistent difference between the interfacial energies of AuNPs on
sapphire wafers determined using the two different methods. The energies were
determined for 30, 60 and 90 nm NPs to be 897.8± 176, 1295.8± 81.1 and 1546.4±
188.5 ergs/cm2 respectively, by Method 1, and 1958.4 ± 144.3, 1883.4 ± 96.3 and
1830.8 ± 54.1 ergs/cm2, respectively, by Method 2. The energies determined using
Method 2 are closer to the value retrieved from literature, 1725ergs/cm2 [1]. It is
important to keep in mind that lack of literature makes comparisons very limited.

Method 1 is the most user-friendly method, but also a very uncertain one, re-
sulting in unreliable and unstable contact angles and interfacial energies. These
statements can be made due to difficulties in SEM imaging. Method 2 resulted
in interfacial energies closer to literature, having a reasonable size range, and was
settled to be the more reliable method. However, Method 2 was blind to any un-
expected changes that might occur between the NPs and substrates, such as NW
growth observed on several samples after sintering. This suggests that, when using
Method 2, SEM study of the samples while tilting would be beneficial and a good
compliment.

Further and more extended research on different types of elements is needed to
confirm Method 2 to be a good method for interfacial energy determination. More
TEM and composition analysis of the samples is required.
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4.1 Outlook

To perform the experiments with a more controlled process of cooling of the samples
would elevate the complexity of the experiments and the analysis. It would simplify
which factors to consider in case the experiments of this thesis would be replicated.

Another factor to consider is some type of surface treatment before deposition
of particles onto the substrates.

Overall, a wider spectrum of NP sizes, NP and substrate elements, sintering
times, and sintering temperature would benefit the scientific approach of this thesis.
Varying one factor at a time, keeping the others constant, would be interesting.

Studying specific NPs throughout cycles of heating at a certain, or several, tem-
peratures would clarify the chemical and physical development between particle and
substrate. This could be done via Environmental TEM or by marking/staining
the different wafers and thereafter choosing particles to follow and study. Energy-
dispersive x-ray Spectroscopy of TEM samples would help clarify the elemental
partition throughout the particles to see if any diffusion between materials have
occurred.

One factor to consider is to have equal amount of data collected for each method.
This would make the methods even more comparable and the error bars would make
clearer statements.
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Summary

The aim of the project was to study the chemical interplay between a bulk material
and NPs, and the interfacial energies this implies. Also, if there is a simple, fast and
easy method to use for interfacial energy determination.

In this thesis, the contact angles and interfacial energies of AuNPs on solid
surfaces are determined using Young’s equation, where the contact angle θ was
extracted using two different methods. Method 1 involved studying the samples in
SEM while being tilted 85◦. Method 2 utilized height measurements retrieved from
AFM imaging, and width measurements from top-view imaging in SEM.

The particles were deposited on Si wafers, Al2O3 coated Si wafers and Sapphire
wafers.

All samples substrates containing Si resulted in growth of NWs, with the AuNPs
functioning as catalysts, suggesting that the Au/Si and Au/Al2O3/Si elemental
combinations are unstable for this type of research. These samples could therefore
not be used for interfacial energy determination. The AuNP interaction with the Si
substrate through NW formation was confirmed via TEM imaging.

TEM in combination with FFT was used on one AuNPs/Si sample, and con-
cluded crystalline particles. However, no faceted shape was detected regardless of
particle size, sintering time nor sintering temperature.

When comparing Method 1 to Method 2, there is a consistent difference in con-
tact angle between them. Method 2 resulted in higher, more stable values and
energies closer to literature, compared to Method 1. With regards to one method
or the other, there was no statistically reliable change in contact angle over sin-
tering time for the AuNPs on the Si wafers (before NW growth occurred). This
might suggest that either the methods are too insensitive to notice small changes,
or that no changes of the particles occurred. Longer sintering times, higher sintering
temperatures and/or slower cooling time might be a requirement to clearly notice
change of particle shape, or for a faceted particle shape prevail.

Method 2 was determined to be a more reliable method due to the imaging
difficulties and the unstable results of Method 1. The interfacial energies of AuNPs
on sapphire wafers were determined for 30, 60 and 90 nm NPs to be 897.8 ± 176,
1295.8± 81.1 and 1546.4± 188.5 ergs/cm2, respectively, by Method 1, and 1958.4±
144.3, 1883.4 ± 96.3 and 1830.8 ± 54.1 ergs/cm2, respectively, by Method 2. The
energies determined using Method 2 are closer to the value retrieved from literature,
1725 ergs/cm2.

However, more research is needed to decide whether Method 2 method can be
applied in every-day research practice.
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Appendix A

Material deposition and

microscopy techniques

A Material deposition

A.1 Particle generation and deposition

For this project, an aerosol method was used for generation of the differently sized
NPs. The aerosol method used for generation and deposition of AuNPs was an e/c
generator with a tandem Differential Mobility Analyzer (DMA) setup [36].

Using this type of e/c generator results in monodisperse aerosols with high spe-
cific size-selection and purity [37], desirable for the experiments executed in this
thesis.

Figure A.1 describes a schematic of an e/c setup.

Figure A.1: Schematic of an e/c setup for NP production followed by deposition on a
substrate through a pump. The DMAs select particles by size, and the two furnaces
vaporize the metal and get spherical particles from agglomerates respectively. Taken
from [38].

The generator operates by heating a solid piece of the desired element, in this
case Au, to produce NPs. The Au is heated using a high temperature furnace until
sufficient evaporation occurs. The generated vapor gas will be transported to cooler

45



Method for interfacial energy determination of gold nanoparticles on solid surfaces

regions in the furnace, where the gas will nucleate and create primary particles.
These primary particles will generate agglomerates by collision. The agglomerates
are carried away by a nitrogen gas. The agglomerates are charged and subsequently
size-selected by a first DMA having a fixed voltage [39]. The workings of a DMA is
described in figure A.2. More detailed description of the principle of a DMA can be
found in P. Intra and N. Tippayawong [40].

Figure A.2: Schematic representation of size-sorting of particles using a DMA with
a set voltage [41]. A charged polydisperse aerosol gets sorted using a voltage rod in
the DMA. This results in a monodisperse aerosol [38, 40] .

The size-selected agglomerates will then be exposed to a second furnace, a com-
paction furnace. This makes the agglomerates become spherical and crystalline
particles by heating at a relevant compaction temperature. These particles are then
subjected to a second size-sorting in a second DMA [42] (Route 1 in figure A.1) to
generate particles with the desired size.

The electrostatic precipitator is used for controlled deposition of the generated
particles onto a substrate. The charged particles will repel each other and avoid
cluster-formation, thus the deposited particles will be well-dispersed on the sub-
strate. The particles will be focused on the substrate surface using an electric field.
An electrometer is used to measure the particle concentration [36, 37, 38].

A second size sorting, using the second DMA (Route 2 in figure A.1), is only
necessary if a very specific particle size is desired [38].

Using a tandem-DMA set-up for the e/c generator, such as Route 1 in figure
A.1, will result in a monodisperse aerosol with crystalline particles having a specific
size, being well distributed on the substrate surface [36, 37, 38].

In this thesis, the temperature of the first furnace was set to 1800◦C, 1825◦C and
1875◦C for each particle size, respectively. The temperature of the second furnace,
the compaction temperature, was set to 600◦C.

APPENDIX A. MATERIAL DEPOSITION AND MICROSCOPY
TECHNIQUES
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A.2 Atomic layer deposition

ALD is a cyclic precision deposition technique, enabling the possibility of nm thick
layers with a high degree of conformity. ALD is an important technique for semi-
conductor and MEMS production. In this thesis, deposition of Al2O3 on a Si wafer
was needed to create the AuNPs/Al2O3 elemental system.

Figure A.3 presents one cycle of Al2O3 deposition. The cycle uses water, H2O,
and trimethylaluminum, C6H18Al2, (TMA) [43]. A hydroxylated surface, i.e. a
surface having been exposed to water vapour, is exposed to TMA, figure A.3(a),
where Al replaces the hydrogen atoms when reacting to the bound OH group, figure
A.3(b). The remaining CH3 groups will be carried away during the purge together
with excess TMA. A pulse of H2O, figure A.3(c), replaces the bound CH3 group
with OH, allowing for further attachment of Al during the following pulse of TMA
after the purge removing the remaining H2O and CH4, figure A.3(d) [43].

Figure A.3: Cycle of ALD deposition of Al2O3. (a) A hydroxylated surface is
exposed to a TMA pulse. The Al reacts with the OH group and (b) the remaining
TMA and CH4 is removed via purging. (c) A pulse of water flows through the
ALD chamber, replacing the CH3 groups with OH. (d) A purge follows to empty
the chamber of any precursor materials and residues. The cycle is repreated until
desired thickness is accomplished. Taken from [43].

A.3 Sputter deposition

Sputter deposition was used as a part of generating a FIB lamella from a sample
with AuNPs on Si wafer. It was also used to deposit PtPd on the sapphire samples
to avoid charging during SEM imaging.

Sputter deposition is a physical vapour deposition technique of a material onto a
substrate through ejection of a material from a sputtering target. It is done through
bombardment of particles using a sputtering gas. A schematic image of sputter
deposition is seen in figure A.4.

APPENDIX A. MATERIAL DEPOSITION AND MICROSCOPY
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Figure A.4: The workings of sputter deposition. High energy Ar+ ions are bom-
barding the sputtering target to deposit material onto the substrate surface. Taken
from [44]

The particles used as a sputtering gas, such as Ar+ ions, are generated through
an ion source or plasma. The sputtering gas has high energy and when the ions
hit the sputtering target material, it results in scattering of the sputtering target
material and deposition onto the substrate. So the sample will become covered with
a uniform thin film of the desired material [44].

A.4 Focused Ion Beam

With the high resolution of the TEM, the interfacial chemical interaction on atomic
level can be studied. However, to examine a sample in TEM requires the samples to
be very thin [45, 46]. To create these small TEM friendly samples, a FIB was used
on a sample of this thesis to cut out a lamella to study in TEM.

FIB allows controlled manipulation/disruption of a local area on a nanometer
scale. Heavy ions, such as Ga+, are generated by a Liquid Metal Ion Source. The
Ga+ ions are extracted from the source using a strong electric field, and bombard
the sample where manipulation/milling is desired. The bombardment of ions leads
to atoms being removed from that specific area [45, 46]. Alternating the primary
beam currents allows the user to control where milling/manipulation can occur [47].

A FIB and a SEM are often combined, allowing site specific sputtering of atoms
on the sample [45]. A schematic of a FIB combined with a SEM is shown in figure
A.5

APPENDIX A. MATERIAL DEPOSITION AND MICROSCOPY
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Figure A.5: A FIB combined with a SEM. For cutting, a specific tilt of the sample
is required. The sample is surrounded with different detectors. Taken from [46].

B Microscopy methods

B.1 Scanning probe microscopy - Atomic force microscope

SPM includes all techniques where a nanometer sized tip is moved back and forth
across a sample to create an image of the surface. SPM can be used in imaging
of atoms [48] and NWs [49]. It is not possible to see the surface directly as when
using an optical microscope, but a computer generates a topology image from data
collected when the tip is moved [48].

One type of SPM is AFM, being the method used in the experiments of this
thesis. The AFM tip can manipulate small, unsintered NPs, and can thus be used
to move individual particles which are loosely bound to the substrate surface [50].

The AFM operates in three possible modes; contact, non contact and tapping
mode. The most used mode in an AFM is the contact mode, with the AFM tip in
close contact with the sample surface. The deflection of the cantilever in contact
mode AFM is sensed and adds a voltage to the piezo element of the cantilever to
raise or lower the tip back to a desired value of deflection. A schematic of contact
AFM is shown in figure A.6a [51].

Non-contact mode in AFM is used when there is a possibility that the tip of
the AFM might alter the samples in some undesired way. The tip hovers above the
sample and van der Waals forces between the tip and the samples are detected and
used to create an image of the surface. A schematic of non-contact AFM is shown
in figure A.6b [51].

The third mode in AFM is the tapping mode AFM, seen in figure A.6c. This
method is used on samples that are easily damaged or otherwise difficult to image
as it avoids factors such as friction and adhesion. The tip of the AFM has a small
oscillation, which results in the tip alternating between being in contact with the
sample surface and not. This mode is sensitive to changes if frequency of the tip,
occurring when the tip interacts with an object, such as a NP [51]. With regard to
the height measurements in this thesis, tapping mode AFM was used for imaging.

APPENDIX A. MATERIAL DEPOSITION AND MICROSCOPY
TECHNIQUES

49



Method for interfacial energy determination of gold nanoparticles on solid surfaces

Figure A.6: Schematics of (a) contact mode AFM, (b) non-contact mode AFM and
(c) tapping mode AFM. Taken from [52].

B.2 Electron microscope

In this thesis, the electron microscopy techniques SEM and TEM were used for
imaging of the samples.

Both SEM and TEM are electron microscopes, which means that the resolution of
the created image is not dependent on the wavelength of light, but on the wavelength
of electrons. The wavelength of the electrons is much shorter than that of ordinary
light and allows resolution on an atomic scale. The resolution, however, is limited
by factors such as quality of the electromagnetic lenses used in the microscopes [38]
and the interaction volume [53].

In SEM, as the name suggests, the electron beam scans across the surface of the
sample and collects electrons that escape from the sample. The electrons scattered
from the sample are collected using a set of different detectors placed around the
sample holder [54]. A certain tilt as well as rotation can be achieved in SEM and
TEM if desired. The samples imaged in SEM can be mounted on different sample
holders depending on the type of desired imaging, such as vertically [55].

To image samples in TEM requires the samples to be below 200 nm in thickness
for the transmission of electrons to occur and for the scattered electrons to reach
the detectors and allow imaging [54].

SEM is a fast, easily operable and a good way to get an overview of samples
with a size range of the objects being on the nanometer scale [38]. It can create
images being magnified 1-2 million times, which however is low compared to the
TEM which can magnify up to 50 million times [54]. Also, the resolution of SEM is
approximately 0.4 nm, compared to TEM having the resolution of 0.5 Å [56].

TEM images are 2D projections of the sample studied with a lower depth of
field [56] as compared to the SEM images being 3D projections [54]. This can make
TEM samples harder to interpret. TEM imaging is more time consuming and more
difficult to operate than SEM. [38]
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Appendix B

Experimental data

A Particle measurements and development

A.1 AuNPs on Si

The number of particles measured, with regard to the AuNPs situated on Si for
Method 1, is described in Table B.1. Some measurements are missing due to un-
expected changes occurring between the particle and the substrate, so the contact
angles could not be measured.

Table B.1: Presents the number of measured particles using Method 1, for the
AuNPs situated on the Si wafer.

Before sinter 10 min, 600◦C 30 min, 600◦C 3 min, 900◦C
30 nm 60 60 - -
60 nm 90 89 72 76
90 nm 74 75 98 84

The amounts of particles that were measured on for the AuNPs being situated
on Si is shown in Table B.2, when Method 2 was used.

Table B.2: Presents the number of measured particles using Method 2, the height
and diameter, for AuNPs situated on the Si wafer.

Before sintering 10 min, 600◦C 30 min, 600◦C 3 min, 900◦C
30 nm Diameter 76 76 80 93

Height 24 39 28 20

60 nm Diameter 68 72 60 96
Height 17 23 19 34

90 nm Diameter 60 56 62 120
Height 26 20 27 19

The height and width of the AuNPs on a Si wafer after different sintering times
and temperatures are shown in Table B.3.
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Table B.3: Diameter and height of AuNPs on Si substrate determined by ImageJ
and AFM, respectively, after different sintering temperatures and times.

600◦ 900◦

Before sinter 10 min 30 min 3 min

30 nm NP

Diameter (nm) 32.5±0.4 32.1±0.5 31.3±0.1 32.3±0.6
Height (nm) 28.4±1.8 28.5±2.5 29.5±1.1 26.7±1.7

60 nm NP

Diameter (nm) 61.3±1.2 60.7±1.0 59.1±1.1 60.6±0.7
Height (nm) 55.3±2.1 56.4±2.8 57.5±3.2 54.7±1.8

90 nm NP

Diameter (nm) 95.3±5.7 90.0±1.4 91.6±1.6 92.4±1.0
Height (nm) 84.5±2.4 86.2±4.7 80.7±8.8 90.1±3.5

Representative images of the shape development of 60nm AuNPs on Si substrates
are shown in figure B.1.

(a) Prior to sintering. (b) After sintering at 600◦C for 10min.

(c) After sintering at 600◦C for 30min. (d) After sintering at 900◦C for 3min.

Figure B.1: Changes of 60nm AuNPs sintered at different times and temperatures.

Representative images of the shape development of 90nm AuNPs on Si substrates
are shown in figure B.2.
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(a) Prior to sintering. (b) After sintering at 600◦C for 10min.

(c) After sintering at 600◦C for 30min. (d) After sintering at 900◦C for 3min.

Figure B.2: Changes of 90nm AuNPs sintered at different times and temperatures.

A.2 AuNPs on sapphire

The number of particles that were used for measurements of Method 1 of AuNPs
situated on Si, thus contact angle measurements, are presented in Table B.4.

Table B.4: Presents the number of measured particles using Method 1, for the
AuNPs situated on the sapphire wafers.

Before sintering After sintering
30 nm 53 45
60 nm 40 37
90 nm 36 34

The number of AuNPs on Si that were used for measurements of Method 2, thus
for height and the diameter measurements, are presented in Table B.5.
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Table B.5: Presents the number of measured particles using Method 2, for the
AuNPs situated on sapphire wafers.

Before sintering After sintering
30 nm Diameter 70 68

Height 24 32
60 nm Diameter 52 64

Height 17 35
90 nm Diameter 97 74

Height 26 27

The heights and diameters, extracted using AFM and SEM respectively, after
75 hours of sintering at 800◦C of AuNPs situated on sapphire is presented in Table
B.6. These values were used for calculating the contact angles using Method 2.

Table B.6: Shows heights and diameters of the differently sized AuNPs situated on
sapphire substrates, after sintering at 800◦C for 75 hours.

Diameter (nm) Height (nm)
30 nm 26.3±1.7 23.2±1.4
60 nm 61.1±1.1 52.2±3.3
90 nm 95.0±1.7 79.2±2.5

B Contact angles

The contact angles of 60 nm particles are shown in Figure B.3 after different sintering
times. The orange stacks represent the contact angles measured using Method 1 and
the yellow stacks represent the contact angles retrieved using Method 2. The error
bars indicate the 95% confidence interval.

Since no faceted shape was detected, Method 1 only entails measuring the contact
angle θ directly.
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Figure B.3: Contact angles, θ, of 60nm AuNPs on Si substrates determined using
Method 1 (orange bars) and Method 2 (yellow bars). The error bars indicate the
95% confidence interval.
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