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Göteborg, Sweden 2018



Nanoparticle Self-assembly on Prefabricated Nano Structures.
JOHNAS EKLÖF-ÖSTERBERG
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Abstract
The demand for more powerful computers have been increasing ever since the first
semiconducting devices were invented in the second half of the 20th century. The
demand for an increase in computing power have escalated since the start of modern
computer technology, however conventional techniques are reaching the limits regarding
the downscaling of semiconducting based logic circuits. One way of circumventing
these challenges is to utilize molecules in integrated circuits instead of conventional
semiconducting designs. Molecules can be synthesised in molar amount and can act as
rectifiers, transistors, switches and conducting wires. They are also a factor ten smaller
than the node size of commercial available transistors. However a method for integrating
single molecule into an electronic grid in order to construct molecular based logic circuits
is not known today. Scientists have at this point been able to contact and measure on
molecules, using techniques such as the break-junction method, however it has been
difficult to contact single molecules in parallel, which is needed in order to compete with
conventional semiconducting industry.

This thesis focus on contacting single molecules by isolating them between nanoparticles
(or dimers), that can be guided onto prefabricated structures in an approach that utilizes
both top-down and bottom up concepts. The deposition efficiency was tested on a variety
of materials, including metals and functionalized surfaces. This was done as a pre-study
in order to determine the optimum conditions for particle deposition. A model based
on a combination of DLVO-theory (Derjaguin, Landau, Verwey and Overbeek) and RSA
(random sequential adsorption) was developed in order to explain the deposition process
and the interactions between particles and a substrate. Spatial descriptive statistics were
used to see if the pattern of the particles from simulated and real depositions deviated from
CSR (complete spatial randomness) and to compare the inter-particle distances. Potential
measurements were compared to the nanoparticle densities. The experiment showed that
materials such as nickel and aluminium attract the negatively charged particles used in this
thesis. As a next step, particles were deposited on arrays of nanosized objects of different
shape and size in order to optimize deposition parameters and electrode design. Finally,
electrical measurements of BDT (benzene-1,4-dithiol) and HDT (1,6-hexanedithiol) linked
dimers were performed as a proof of principal, indicating that conductance through BDT
is higher compared to HDT. More experiments is needed in order to confirm this. However,
the deposition is still inefficient, only 5 % of the nanogaps are filled with a dimer. This
number needs to be increased in order for molecular electronics to be able to compete
with upcoming techniques such as extreme UV-lithography.

Keywords: Self-assembly, Nanoparticles, single molecular electronics, Nanofabrication
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Nomenclature
APTES (3-Aminopropyl)triethoxysilane
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EBL Electron Beam Lithography
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PLL-HBr Poly-L-Lysine Hydrobromide

PMMA Poly(Methyl Methacrylate)

PZC Point of Zero Charge

PSD Percentage of Successful Depositions

SAM Self Assembled Monolayer

SEM Scanning Electron Microscope
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electronic devices., Eklöf-Österberg, J., Gschneidtner, T., Tebikachew,
B., Lara-Avila, S., and Moth-Poulsen K., small, 2018, 0, 1803471.

Paper IV
Optimazation of geometrical structures designed for assembly
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vi



Contents

Abstract i

Acknowledgements ii

Nomenclature iii

Thesis v

Contents vii

1 Introduction 1
1.1 Molecules for electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Molecules suggested for molecular electronics . . . . . . . . . . . . . . . . . . 4
1.3 Nanoparticle dimers formation and assembly . . . . . . . . . . . . . . . . . . 5
1.4 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Nanoparticle and surface interactions 7
2.1 DLVO-theory, nanoparticle and surfaces interactions . . . . . . . . . . . . . . 9
2.2 Random sequential adsorption . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3 Spatial descriptive statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.1 Controlling nanoparticle deposition by surface modifications (Paper I) . . . 15
2.4 Surface charges (Paper I and Paper II) . . . . . . . . . . . . . . . . . . . . . . 17

3 Directed Self-Assembly of nanoparticles. 25
3.1 Fabrication scheme, deposition set-up and . . . . . . . . . . . . . . . . . . . 27
3.1.1 Fabrication of nanosized features . . . . . . . . . . . . . . . . . . . . . . . . 27
3.1.2 Deposition set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.3 Optimizing the deposition of nanoparticles and nanoparticle dimers (Paper

III). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.4 The evolution of nanogaps (Paper III and IV) . . . . . . . . . . . . . . . . 31
3.1.5 The evolution of electrodes (paper III) . . . . . . . . . . . . . . . . . . . . . 34
3.2 Self-assembly of nanoparticle dimers (paper III) . . . . . . . . . . . . . . . . . 37

4 Concluding remarks and outlook 41

vii



viii



1 Introduction

The time period between the invention of glasses1 in the 13th century to one of the first
computing machines, the punched card tabulating machine2 in the 18th century is almost
ten times shorter compared to the period between one of the first documented wheels,3

3500 BCE and glasses. The trend of fast progress continues when looking at the first
digital computer ENIAC (1940s)4 (based on vacuum tubes5) and the first semiconducting
transistor in the mid 1950s6, which reduced the cost and volume of the computers in the
60s and 70s.7,8

The miniaturization of the components in integrated circuits opened up new possibilities
for people to install computers in their homes in the end of the 80s. By the mid 90s,
16 million devices were connected to the internet,9 this number had increased to more
than 3.5 billion devices in year 201610 thanks to processors containing smaller electronics
components in tighter space. Today, conventional processors uses transistors as small
as 14 nm.11 The trend of downscaling of integrated circuits must continue in order to
meet future demands on costs and processing power as 75 billion devices are predicted to
be in use in year 2025.12 However, scientists believe that the conventional downscaling
of electronic components will soon reach its limit.13 It is therefore important to find
alternative ways of downscaling electronic components in order to continue the accelerating
rate of progress.

Photolithography is the leading technique in semiconductor industry of today.14,15

Nanofeatures are produced by exposing a resist-coated semiconducting wafer with ultravi-
olet (UV) radiation through a photo-mask. Parts of the non-exposed resist is dissolved
(positive mask) in a developing agent and a pattern is produced.16 The advantages of
photolithography is its ability to produce several components in parallel.16 Diffraction is
the main limit in downscaling17 which is proportional to the wavelength of the UV-light
source.18 A light source of 193 nm can produce structures with a node size of 14 nm,17

which is the size of commercially available transistors.19

Ways to circumvent the limits of photolithography have been presented during the years,
including the mask-less electron beam lithography (EBL), where a focused electron beam
writes directly in the resist. The main advantage here is flexibility and the ability to
construct features in the sub 10-nm regime.20 EBL is however not an option for industry
due to the low throughput. Other options regarding nanofabrication is nanoimprint
lithography (NIL), where a pattern is transferred from a mold which is pressed onto
a resist. The advantage with NIL is the ability to produce several features in parallel.
Problems with throughput and defects are some reasons why it is not used in semiconductor
industry.21 Extreme UV lithography22 is perhaps one of the most promising near future
nanofabrication techniques, where it will be possible to construct sub-10 nm features in
parallel, using a light source with a wavelength of 13.5 nm. The main issue so far has
included power supply for the light source and the photomask.23 The semiconductor
industry continues to push the limit of downscaling the size of conventional semiconductor
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based integrated circuits, it is however important to continue the research within the field
of miniaturization so that the demands on processing power can be met by industry.

One option to conventional semiconductor components could be molecules. Typical
molecules for this purpose can be a factor of ten smaller in length than the present node
size of any transistor and much smaller by volume.24 It is also possible to synthesize
molar amounts of molecules without any advanced cleanroom techniques.24 It has been
shown during recent years that molecules can function as e.g. conducting wires,25,26

switches,27–30 and diodes.31–34 It is difficult to construct a logic circuit from molecules
directly in a solution and it is therefore necessary to connect them onto a grid of electrodes
before any electrical measurement can be carried out. Different ways of contacting and
measuring single molecules exists today, such as scanning break junction and mechan-
ical break junction.33,35–42 These techniques are good at investigating conductance of
molecules, however they do not possess the ability to measure several molecules in parallel,
hence building more advanced circuits. Methods for parallel fabrication of molecularly
sized nanogaps are being developed, but due to the width of the devices, they do not
discriminate between a single or several molecules in each nanogap. An option could
instead be to assemble the molecules onto the electrodes by them-selves. One way of
isolating single molecules and measuring them have been presented by Bar-Joseph et
al.43,44 where molecules are attached to two metal NPs (nanoparticles) forming a dimer,
this was in turn attached to electrodes via electrostatic trapping. Only one dimer at
a time was presented to be captured in this example, however this procedure could in
principle be used to isolate several single molecule devices in parallel.

This thesis will focus on the self-assembly of NPs and NP dimers linked with functional
molecules onto specific locations on a substrate. Chapter 1 will give the reader background
information regarding molecules that can be used for electronics and how to measure
them. Chapter 2 will treat the versatility of NPs and how one could synthesis them. A
summary of the work published in paper I-IV and some additional experiments, results
and discussions will be presented in chapter 2 and 3. The thesis will be given a wider
perspective in chapter 4, where the conclusion and outlook will be presented. A more
detailed description about the different tools and techniques used in this thesis will be
given in chapter 5.

1.1 Molecules for electronics

It was in the mid 70s that scientists proposed that single molecules could be used as elec-
tronic components.31 One of the first electrical measurements on single molecules were pre-
sented in 1996, in this case, an STM (scanning tunnelling microscope) tip was scanned over
a (111) gold substrate covered by a self-assembled monolayer (SAM) of n-dodecanethiol
containing a small percentage of 4,4’-di(phenylene-ethylene)-benzothiolacetate used as
a molecular wire (MW) within the SAM. The conductance would then increase when
the STM tip scanned over one of the MWs.45 Alternative methods for measuring a
molecule have since then been presented by scientists including the mechanical break
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junction.33,35–38 A nanogap can also be produced in a controlled way by bending a
conducting wire placed on a flexible substrate, the wire will thus break and the size of
the nanogap will increase as the bending continues, fig. 1.1 a. Another option is the
STM-break junction, fig. 1.1 b. The nanogap is here created when a metal tip is crashed
into a metal surface covered with the molecules of interest. A nanogap will appear when
retracting the tip, giving space for a molecule to attach.39–42 The two examples seen
in fig. 1.1 are good when it comes to examine the conductive properties of a certain
type of molecule due to the tunable gap length and the statistic weight of the results.
However, it is not possible to fabricate two or more junctions (contact-molecule-contact)
in parallel using these techniques and they are therefore not suitable when constructing
more advanced logic circuits.

Figure 1.1: Two examples of break junctions for single molecular measurements. a) A
mechanical break junction and b) a scanning tunneling microscopy (STM) based break
junction. The green cylinder represents the molecule of interest.

Other ways of constructing nanogaps suitable for molecular measurements include electro-
migration breakdown,46–49 surfactant assisted parallel electroless plating50 or shadow
mask evaporation.51,52 The challenge in these techniques is to produce gaps in parallel
and to capture single molecules in parallel. Research have progressed since the first
suggestions on how to electrically measure a molecule and new methods for production of
nanogaps have been suggested such as self-assembled nanocrystals used as a mask before
evaporating metal electrodes,53 or the growth of gold nanorods from seed crystals aligned
via PMMA channels.54 Other methods include decreasing nanogaps by the growth of
electrodes protected with a SAM to avoid closing the gaps,55 crack-defined nanogaps56

and graphene based electrodes,57 which are all good candidates for how to fabricate
nanogaps for molecular electronics. However, one must position billions of molecules in
parallel in order to compete with conventional semiconductor industry, which might be a
serious issue in relation to the current state of the art.

An interesting alternative approach of depositing several single molecules into defined
nanogaps could be to combine molecules with nanoparticles, into larger complexes (so
called proto-devices), all in solution and then in turn depositing them onto prefabricated
electrodes.43,44,58–64
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1.2 Molecules suggested for molecular electronics

Several types of molecules with different properties have been suggested for molecular
electronics. A molecular wire is designed to conduct in both directions. There are
several examples of molecular wires with varying ability to conduct current such as
the conjugated benzene 1,4-dithiol,25 see fig. 1.2 a, 1,4-benzenedimethanethiol25 and
oligophenylethylene.26 Non-conjugated systems such as 1,6-hexanedithiol65 does not
conduct as well as the conjugated systems and could be used as molecular insulators.66

Molecules can also act as diodes, much like the semiconducting pn-junctions.67

Figure 1.2: Skeletal formulas of three different molecules, suggested to work in molecular
electronics. a) 1,4-benzenedithiol can act as a molecular wire. b) γ-hexadecylquinolinium
tricyanoquinomethanide can act as a diode and c) norbornadiene-based photoswitch with
embedded oligo(phenylene ethynylene) arms capped with thioacetate groups, able to switch
between a conducting nornbornadiene form to a less conducting quadricyclane form when
exposing it to light.

A rectifying molecule is usually asymmetric with an electron donor and acceptor on
each side,66 and asymmetric current-voltage (I-V) was shown by Geddas et al. in
1990 and 1992.68,69 Other rectifying examples, such as γ-hexadecylquinolinium tri-
cyanoquinomethanide was measured by Metzger in 1999,70 (see fig. 1.2 b.) using
the Langmuir-Blodgett method. There are also examples of switching molecules that can
toggle between a conducting and a less conducting state by some external stimuli such as
light,30 heat,28 mechanical stress27 and redox29 to name a few. Light or photo-switches
are already applied in molecular thermal storage applications.71 Tebikachew et al.24

presents a photoswitch able to switch from a conducting norbornadiene form to a less
conducting quadricyclane form when exposing it to light, see fig. 1.2 c.

The majority of the potential difference should be located on the actual molecule and
not in the connection between the molecule and any electrode. It is therefore common to
attach functional groups to the molecules in order to have sufficient coupling between
molecule and electrode. Examples of typical functional groups include amines, carboxylic
acids,72 pyridines73 and fullerenes.74 Thiol based end groups can be used when a molecule
are designed to attach to gold electrodes.75 It should be noted that the conductance can
still vary depending on the microscopic contact geometry and e.g. that the end groups
are attached to a bridge, hollow or on-top site on the metal electrodes.76
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There are several suggestions on how to position single molecules between two electrodes
for electronic measurements, however most of the current methods only handles one or
a few molecules at each measurement. The number of transistors on a state-of-the-art
computer chip is over 100 million per mm2 77 and the number of working single electron
devices must be able to match this number in order for it to be an interesting future
option to conventional semiconductor industry. An idea is to assemble molecules and NPs
together and then deposit these on prefabricated electrodes.43,44

1.3 Nanoparticle dimers formation and assembly

There are several suggestion on how to assembly NPs together into dimers. One option
is to utilize the electrostatic interactions between nanoparticles. Gschneidtner et al.78

presented a suggestion in 2014 where heterodimers were assembled from negatively charged
2-mercaptoethanesulfonate stabilized gold particles and positively charged cetrimonium
bromide stabilized palladium particles. It may be difficult to position single molecules
between the particles. It is also possible to combine single particles into dimers by linking
them with molecules. DNA e.g., has been used to link NPs since the end of the 1990s.79,80

The example presented by Bar-Joseph et al.43 links gold NPs with dithiol particles in
order to compares the conductivity of conjugated molecules and molecules with broken
conjugation. Another example was introduced by Bjørnholm et al.81 where gold seeds
are linked by poly(ethylene glycol) dithiol and then grown into nanorod dimers. Rods
like this could be interesting when depositing them on prefabricated nanostructures in
order to achieve control over their direction. Dewi et al. developed a method in 201560

where gold nanoparticle dimers were constructed by first attaching amine terminated
terpyridine linkers to a solid support (SiO2 particles). A second terpyridine linker was
then attached to the linkers on the solid support by forming a complex with iron ions.
Gold particles were then attached to the newly added terpyridine linker. The iron complex
was then removed, separating the particles from the solid support. The gold particles
could then, after isolation from the solid support be linked together again into gold
particle dimers.

Scientists have already reported that it is possible to link particles together as presented by
Jain et al. in 200981 where particle seeds are linked by dithiol-functionalized polyethylene
glycol and then grown into dimers. It is also shown that it is possible to electrically
measure the molecule linking the particles, for example Bar-Joseph et al.43,44 where
sub 20 nm NPs dimers are linked together with 4,4’-biphenyldithiol molecules, these are
subsequently deposited onto one nanogap by electrostatic trapping. This means that only
one dimer at the time can be trapped. Other means of deposition was presented by Wolff
et al. in 201282 where nanorods were assembled in parallel by microcontact printing.
Another example of parallel assembly of NPs is presented in Wolf et al. in 2014.83 A
glass slide is in this example moved over a surface with prefabricated cavities, with a
colloidal dispersion between the substrate and the slide, capillary forces are then utilized
to depositing the particles in the cavities.
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1.4 Research Questions

The general approach of this PhD work is to first isolate single molecules in solution
between nanoparticle dimers and second assemble the dimers onto prefabricated electrodes
in order to, ideally, be able to construct and measure on multiple single molecule devices
in parallel, see fig. 1.3. Finally we want electrically measure on the molecules linking the
dimers. We also aim to have a completely parallel process. Nanogaps in that size range
can easily be produced by conventional UV lithography and the molecule linked particles
are deposited into the nanogaps in parallel.

Figure 1.3: Schematic explaining the method we aim to use in this thesis. Particles and
molecules are first assembled in solution and then deposited onto prefabricated nanostruc-
tures.

The main focus point of this thesis is on the deposition of NPs and especially on the
assembly and guided deposition of nanoparticle dimers towards molecular electronics. It
has already been proven that molecules can conduct current and that depending on their
structures can act as for example rectifiers and switches. This thesis will rather focus
on the parallel assembly of particles and the optimization of the assembly, without any
advanced set-up when doing so. This means that the particles themselves should attach
to specific sites without the direct influence of for example electric fields or mechanical
stresses. The final goal is to contact molecular linked dimers, or proto-devices, and
electrically measure the molecule attacked between the particles. The following questions
were therefore asked at the beginning of the research presented in this thesis: Is it possible
to contact particles and molecular linked particles in a parallel fashion onto prefabricated
nanogaps in such a way that this method can compete with conventional semiconductor
based integrated circuits? Subsequently, is it possible to electrically measure current
through a molecule linked between two NPs deposited in a way described above, see fig.
1.3? Will the resistance of these measurements correspond to the resistance measured by
others using e.g. the break-junction technique?
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2 Nanoparticle and surface interactions

This chapter introduces colloidal NPs, how they can be synthesised and applications. It
also introduce the established DLVO (Derjaguin, Landau, Verwey and Overbeektheory)
theory, explained by Israelachvili in 2011.84 The DLVO-theory explains the interactions
between particles in a colloidal dispersion plus the interactions that the particles affected
of when depositing on a surface. The following section will discuss the Monte-Carlo
based RSA (random sequential adsorption) process, first introduced in 1958,85 used to
investigate filling factors of objects on a 1D line or 2D area. The ERSA (extended random
sequential adsorption) is a combination of the DLVO and RSA, developed by the author
of this thesis which is used to simulate the deposition of colloidal NPs onto a surface.
The inter-particle distances are then calculated using a spatial descriptive statistic called
Ripley’s K and L functions86–88 established in the 70s.

NPs are objects in the size range of around 1-100 nm, they can have round or elongated
shapes and exists in a variety of materials. Metal NPs were used in the 15 and 16th century
to stain window glass in for example churches.89,90 However, NPs have a much wider use
in areas such as in sunscreen, where metal oxide NPs protect against UV-radiation.91

Silver particles can act as anti-bacterial agents in textiles and bandages.92 NPs can also
be used in sensing devices93,94 such as the palladium-gold NPs dimers were used in
indirect plasmonic sensing of hydrogen.95 It has also been shown that NPs can be used in
electronic applications such as single electron transistors, where coulomb blockade can be
achieved by placing a NPs in the size range of 10 nm between three electrodes.96,97 There
are several methods available regarding NPs production. Nature itself creates airborne
NPs in e.g. plant viruses98 and in connection with natural combustion such as forest
fires or volcano eruptions.99 Metal NP aerosols can be produced using a spark discharge
generator.100 Wet chemistry is also an option when synthesizing metal NPs. The basic
procedure is typically based on the reduction of a metal salt using a reducing agent in
presence of a stabilizing ligand.101
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Figure 2.1: Two schematic examples of NP dispersions stabilized with a) electrostatic
(usually found in polar solvents) and b) steric interactions, in this case an alkene chain.
c) Corresponds to a surfactant stabilized NP, CTAB is here forming a bilayer around the
particles.

Van der Waals interaction are strong on small objects with a high surface to volume
ratio, like NPs. They therefore tend to cluster if they are not stabilized and kept as a
dispersion. Different molecules can be used to stabilize them, depending on the dispersion
agent. One could e.g. disperse gold NPs in non-polar solvents by coating them with a
thiol terminated alkenes.102 A schematic picture of sterically stabilized particles can be
seen in fig. 2.1 b. A thiol is used to attach the ligand to the gold surface.103 Anchor
groups such as carboxylic acids, nitriles and phosphanes, to name a few, can also be used
in other metal/metal oxide NPs. Polymers104 and surfactants105 are two other examples
that could be used to sterically stabilize NPs.106

One surfactant commonly used for NPs stabilization is cetyltrimethylammonium bromide
(CTAB),107 which makes it possible to suspend the particles in polar solvents such as
water. The CTAB forms a rigid bilayer structure around the particles (see fig. 2.1 c)
making them a stable dispersion. It can however be difficult to perform a ligand exchange
due to the bilayer around the particles.108,109 Other options, for aqueous dispersions
could be trisodium citrate110 (see fig. 2.1 a), where the particles are dispersed by
electrostatic interaction that appear due to a high concentration of ions close to the
particle surface.

Citrate stabilized NPs are easily functionalized with ligands with a stronger bond such
as thiolate ligands.111 These NPs are therefore good candidates for NP dimer formation
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where molecules with thiol anchor groups could be attached to form a linkage between
two NPs in order to form NP dimers.

NPs are truly a versatile tool in a variety of scientific disciplines. We have discussed
different ways of dispersions and applications of them, however it is of great importance
to move the particles from the dispersion they were synthesized in, onto some type of
substrate for applications such as sensing devices, electronics, biological applications and
more. It is therefore interesting to understand how NPs interact with each other and
surfaces in order to optimize the deposition of them. This will be discussed in the following
section, as well as how one could simulate the deposition of NPs on a surface.

2.1 DLVO-theory, nanoparticle and surfaces interac-
tions

The following part focus on the interactions between particles and surfaces in solution,
which is described by the DLVO-theory. This theory was estabilished by Boris Derjaguin,
Lev Landau, Evert Verwey and Theodor Overbeek during the first half of the 20th
century.84

The interactions between two NPs, stabilized with an ion-solution (or a particle and a
surface) can be described using DLVO-theory. Two parts are involved; van der Waals
attraction Wvdw and electrical double layer repulsion Wedl, resulting in the combined
interactions Wtot, where Wtot = Wvdw + Wedl.

84,112 A schematic drawing can be seen
in fig. 2.2, where an energy barrier arises from the product of the repulsive and the
attractive forces. The barrier increases as the distance between the NPs decreases. The
particles will attach to each other if they manage to overcome the barrier, provided that
they are given enough time, due to the attractive van der Waals forces. The repulsion
energy between two NPs in the same dispersion, derived from the electric double layer
can be described for small potentials in the following way;

Wedlpp = 2πrε0εrΨ
2
p · e–κS (2.1)

Were Ψp is the particles surface potential, ε0 the permittivity in vacuum, εr the relative
permittivity of the medium, r the radius of the particles present in the dispersion, κ the
inverse of the debye length; λ and S is the distance between the cores of two particles.
The repulsion derived from the interactions between a particle and a surface is seen
below;

Wedlps = 4πrε0εrΨpΨs · e–κD (2.2)

The van der Waals attraction is described as –Ar/6D between a surface and a particle
and –Ar/12D between two particles with the same radius, where A denotes the Hamaker
constant.84 It is possible to approximate the Hamaker constant if the individual Hamaker
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constants of the medium, the particles and the surface is known. according to eq.
2.3.

A123 ≈ (
√

A11 –
√

A33) · (
√

A22 –
√

A33) (2.3)

The systems Hamaker constant A123 can be described as a combination of the individual
Hamaker constants for the system, where A11 is the constant for the particles, A22 for
the surface and A33 is for the medium. The individual constants have been measured
using two identical media interacting in a vaccum.84

The debye length mentioned in eq. 2.1, 2.2 and 2.10 describes how far the electrostatic
interactions reach in a solution, that is how far a particle will feel another particle or a
surface in the solution. The debye length can be seen in eq. 2.4, where avogadros constant
is denoted by NA the elementary charge by e, and the ionic strength by I.84,112

λ =

√
εrε0kBT

NAe2I
(2.4)

The ionic strength is given by; 1
2

∑
i z2i ci, where, zi is the valency and ci the concentration

of the ions in the solution surrounding the NPs.

The surface potential Ψ is defined as the potential difference between the surface of e.g.
a particle or a flat surface and the bulk solution. The surface charge of the particle is
negative in fig. 2.2 b, hence attracting positive ions, tightly bonded, in the Stern layer.
The slipping plane defines the border where ions will move together with the particle as
one entity. Ions further away will not move along with the particle.113
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Figure 2.2: Schematics over (a), the attractive and repulsive forces between two NPs or a
NPs and a surface. Wedl corresponds to the energy from the electric double layer, WvdW
the energy from the van der Waals interactions and Wtot = WvdW + Wedl. The potential
barrier height is denoted by ΔW. (b), Shows the difference between surface potential, stern
potential and Zeta potential.

The ζ-potential is the potential difference between the bulk solution and the potential at
the slipping plane, seen in fig. 2.2, b. The potential cannot be measured directly, however
it can be calculated by applying an electric field, the particles will then move along with
the ions in the stern layer and the sliding plane according to the field, the movement can
then be recalculated into the zeta-potential. ζ-potential measurements in the included
work were performed using a Malvern Zetasizer nano system, which uses electrophoretic
light scattering to measure and calculate the zeta-potential of a colloidal system.114 This
system can also be used to measure the sizes of colloidal systems such as dispersed NPs
using dynamic light scattering.

The DLVO theory explains how colloidal particles such as citrate stabilized NPs interact
with each other or with a surface. However it cannot predict the outcome of a deposition,
other mathematical expressions is needed in order to do this. One option is random
sequential adsorption (RSA) which will be described in the following section.

2.2 Random sequential adsorption

The following section will discuss the RSA (Random sequential adsorption) first presented
in 1958 by Alfréd Rényi.85 This is also called the car parking problem, where he in
one dimension investigated how many that will fit along a street, if the cars are parked
randomly. The two dimensional RSA, presented by Adamczyk et. al. in 1994115 and
Oberholzer et. al.116 in 1997, is used to investigate how many ranomly generated particles
that can fit on a surface. This section will also discuss the ERSA (extended random
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sequential adsorption), where the author of this thesis combined DLVO is with RSA and
introducing a new way to simulate the deposition of colloidal NPs on a surface.

The two dimensional RSA is a way to randomly generate particles and putting them
on the x,y-coordinate system of a surface. Particles overlapping another particle will be
discarded and generate a new particle located at a random x,y-coordinate, it will continue
to do so until the number of tries have been reached.

The process can be modified to include particle-particle and particle-surface interaction
described by the DLVO theory into the extended-RSA (ERSA) process, presented in paper
I.117 A deposition probability is derived from the height of the barrier (ΔW), seen in fig.
2.2 a, and described by; Pps = exp(–ΔW/kBT). kB denotes the Boltzmann’s constant
and T the absolute temperature. The probability for the particle to be rejected in the
deposition process increases as the height of the barrier increases. However, particles
already deposited on the surface will reject the incoming particle and a second probability
is therefore needed. The van der Waal’s interactions between two particles are in this case
discarded, the probability of finding a particle next to another at the distance S(Ppp),
is described by the Boltzmann distribution Ppp = exp(–Wedlpp/kBT). The probability
for a particle to be discarded increases if it tries to deposit near another particle already
deposited due to the repulsive forces between two objects with the same surface potential.
It will be more difficult for a particle to deposit if many particles already exists on the
surface.

The RSA process is Monte-Carlo based and lacks time dependence, since it is not known
how long time a particle needs to deposit. However, the number of particles diffusing
through a given area in the solution (W), during a given time (t), can be calculated
according to eq. 2.5.118 The nanoparticle concentration is given by C0, the viscosity of
the solvent by η and the duration of the deposition by t. N would then be the number of
attempts the RSA process will perform, hence making it time-dependent.

N = W · C0

√
tkBT

12πηr
(2.5)

Fig. 2.3 a, corresponds to a section of a SEM micrograph where citrate stabilized NPs
have been deposited on a Si/SiO2 surface, which have been treated with APTES in order
to change the polarity of the net surface potential. The particle density for the whole
SEM micrograph is 20.5 NPs/μm2. A set of ERSA simulations with corresponding surface
potentials were then performed, the NP density of the simulated depositions were then
compared to the particle density of the depositions performed.
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Figure 2.3: a) SEM micrograph of citrate gold NPs deposited on a (100) Si/SiO2 wafer.
The surface have been treated with 3-aminopropyl)-triethoxysilane (APTES) in order to
be able to attract negatively charged particles. b) a pattern that appears after a ERSA
simulated deposition of NPs. The white dots represents NPs. The scale bar in a and b
corresponds to 200 nm.

A section of an ERSA simulation example, with a particle density of 18.5 NPs/μm2 can
be seen in fig. 2.3 b, where the white dots represents deposited NPs. The ERSA example
had the particle density which fitted best to the particle density of fig. 2.3 a. The particles
are evenly distributed throughout the samples in both a and b. Worth noting is that some
clustering of two particles can be seen in 2.3 a these are however not present in b. The
reason for this lies in the RSA model, where particles that are overlapping is discarded.
There seems to be an inter-particle distance present in both images in fig. 2.3, however
a more thorough investigation is needed in order to evaluate this further, which will be
discussed in the next section.

2.3 Spatial descriptive statistics

The following section introduces the Ripley’s K and L-function, which is a classical way of
determine if objects in a pattern follows complete spatial randomness, clusters or separates
at a certain distance.86–88 We also explain how the K and L function can be used to
extract the inter-particles distances after deposition and from the simulated results.

One way to evaluating the results from ERSA simulations of SEM micrographs of NP
covered surfaces would be to compare the number of NPs present per area unit. However,
this method will not take the position of the particles into consideration. As an example
the number of particles present in fig. 2.4 a/b, are equal, but the particles have clustered
in fig. 2.4 a, with a specific distance, both between the particles inside the clusters and
between the clusters themselves. The particles in fig. 2.4 b, on the other hand are evenly
distributed over the surface. This means that the NP density alone is not a precise way
to evaluate the deposition of NPs.
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Figure 2.4: Two schematic examples of how particles can deposit on the surface. The
number of particles in both a and b are the same, the NP density are therefore the same.
The particles in a, have clustered together with a typical distance between the particles in
the clusters and a typical distance between the clusters. The particles in b have a more
uniform distribution over the surface, however there seems to be a close range order with
an inter-particle distance present. The Ripley’s K-function is depicted in b; the sum of
particles within a specific distance from one particle is added up for all particles present
in a specific area and normalized according to eq. 2.6. Two particles (red) are present
within distance δ1 from the golden particle in the middle, five within the distance δ2 (red
and green) and ten within distance δ3 (red, green and blue).

Ripley’s K-function,88 seen in eq. 2.6, is a spatial statistical way to distinguish deviations
from complete spatial randomness (CSR). The number of particles within specific distances
from a particle particle is summed, this is repeated for each particle throughout the area
of interest. An example of this can be seen in fig. 2.4 b, where two particles is closer than
the first distance; δ1, in an array, five within the second distance; δ2 and ten is closer
than the third distance; δ3.

K̂ = λ̂–1
∑

i

∑

i 6=j

I(dij < δ)

N
(2.6)

The estimated particle density, λ̂, is calculated by dividing the number of particles, N,
with the size of the area of interest. I is unity for all particles fulfilling (dij < λ), otherwise
zero. The euclidean distance between one point and the rest is denoted by dij and λ is an
array of distances that increases. Ripley’s K-function can be reconstructed into Ripley’s
L-function,87 see eq. 2.7, in order to emphasize the deviations from complete spatial
randomness, corresponding to L̂ = 0.

L̂ =

√
K̂

π
– δ (2.7)

Positive values indicates that the particles are clustering at that specific distance, negative
values in the L̂-function indicates that the particles tend to separate at that specific
distance.
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Figure 2.5: (a) An example of how different L-functions plotted against the distances δ
and how to interpret the results. Complete spatial randomness is found at neutral values,
clustering at positive values and separation at negative values. The Ripley’s-L function of
the real (blue) and the simulated deposition (red) seen in fig. 2.3.

An example of how different L-functions can look like can be seen in fig. 2.5 a. The
first part represent complete spatial randomness and indicates that there are no order
in the pattern. The first negative dips could for instance correspond to the short range
order present in fig. 2.4, b. The positive peak would on the other hand correspond to
the distance between the clusters in fig. 2.4 a. Subsequently, the L-function goes back
to complete spatial randomness indicating that the particles does not affect each other
after this distance. It should be noted that the K and L-functions works best for shorter
distances.

The L-function for the patterns present in fig. 2.3, where the blue line corresponds to
fig. 2.3 a, and the red dots to fig. 2.3 b. The dip around 80 nm shows that there are an
inter-particle distance present at that distance, there are however no long range order
present in either of the two patterns.

2.3.1 Controlling nanoparticle deposition by surface modifica-
tions (Paper I)

The extended random sequential adsorption process and Ripley’s K and L-functions were
used in paper I,117 when we tried to evaluate the deposition of NPs suspended in an
aqueous solution onto modified surfaces. The results from paper I will be discussed in the
following section.

Trisodium citrate stabilized NPs were deposited onto Si/SiO2 surfaces in the following
way; a Si chip was in some of the experiments treated with O2-plasma and then placed on
a scaffold placed in a petri dish with water. A drop of the colloidal dispersion was placed
on the chip, followed by closing the petri dish with a lid in order to prevent the drop from
drying. The excess of particles were then removed by rinsing the chip in DI water and
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dried in using N2-gas. The experiments showed that it is difficult to attract negatively
charged citrate stabilized particles towards a clean Si/SiO2 surface. The reason for this
can be explained by the isoelectric point of SiO2 (see table 2.2) described in the following
section, making it negatively charged at pH neutral, hence repelling citrate stabilized NPs.
The Si/SiO2 surfaces was therefore functionalized with (3-Aminopropyl)triethoxysilane
(APTES) and Poly-L-Lysine Hydrobromide (PLL-HBr). N and p doped silicon wafers
were used in combination with these two surface modifications in order to see if the doping
could affect the deposition in some way. Some samples were prior to the functionalization
treated with oxygen plasma. SEM micrographs of the samples after one hour of deposition
can be seen in fig. 2.6.

Figure 2.6: Sections of SEM micrographs after one hour of deposition of trisodium citrate
stabilized NPs. Row a represents surfaces without any functionalization. Row b, are
surface treated with APTES and row c with PLL-HBr. Column one is n-doped Si, two
p-doped Si, three with n-doped Si treated with O2 plasma and column four with p-doped Si
treated with O2 plasma. (reprinted with permisson from RSC Advances)

No particles were found on the non-functionalized samples in row a in fig. 2.6. The
highest NPs density is found on the sample 3b and 4b. These were the samples treated
by first O2-plasma followed by APTES functionalization, indicating that APTES adhere
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Table 2.1: Inter-particle distances from the SEM micrographs in fig. 2.6 and their
respective ERSA matching.117

APTES PLL-HBr
Real ERSA Real ERSA

p-doped 100 (± 10.6) 88.3 (± 9.8) 220 (± 60.4) 256 (± 100.2)
n-doped 92 (± 3.5) 85.8 (± 10.8) 98.8 (± 2.8) 85 (± 4.8)

n-doped + O2 plasma 80.5 (± 2.4) 80.8 (± 1.5) 122.3 (± 19.8) 94 (± 26.7)
p-doped + O2 plasma 106.8 (± 2.9) 79.3 (± 2.2) 171.3 (± 34.3) 161.8 (± 53.1)

better in those cases compared to 1a and 2a without any O2-plasma treatment prior
to the functionalization of APTES. This might be explained by an increase of silanol
groups on the surface after plasma treatment since APTES react with those to form a
covalent bond to the surface, or at least a surface with fewer contaminations present,
which could hinder the reaction between the silanol groups and APTES. The highest
density of the PLL-HBr treated surfaces can be seen in fig. 2.6 1c, followed by 3c, this
indicates that the plasma treatment has little effect on the deposition in combination
with this treatment. All samples in fig. 2.6 were matched to an ERSA simulation, the
particles positions in both the samples in 2.6 and their respective ERSA matching were
investigated by Ripley’s-L function. The result can be seen in table 2.1.

One can see from the inter-particle distances in table 2.1 that the shortest distance is
around 80 nm, this corresponds to fig. 2.6 4b, the n-doped Si treated with O2-plasma
followed by functionalization of APTES, which is also the sample with the highest NP
density. This corresponds to the same sample seen in fig. 2.3 a. The ERSA simulation
agreed with the measured results and predicted the inter-particle distance in this case.
This information was later used when designing patterns used for guided deposition of
NPs as it seems difficult to force particles closer to each other than around 80 nm. The
ERSA simulation underestimates the inter-particle distance in all cases except the p
doped silicon surface treated with PLL-HBr, where it instead overestimates the distance
with 30 nm. The reason for this can be due to the fact that the RSA process does not
take overlapping particles into consideration, this effect will be more visible for lower NP
densities such as in fig. 2.6 2c, which also has the lowest particle density of all samples,
except the non-functionalized ones in fig. 2.6.

2.4 Surface charges (Paper I and Paper II)

We have at this point discussed the interactions between particles within a colloidal
dispersion and interaction between particles and surfaces, and how the ζ-potential can be
used to evaluate the charge and stability of a dispersion. This section will discuss how
one can measure the surface potential of a larger surface, and how the conditions of the
dispersion will affect the surface charge.

17



The point of zero charge (PZC), which is sometimes referred to the isoelectric point (IEP),
is a material property that is used to determine at what pH a surface has a net neutral
charge. The surface will receive a negatively net charge at pH above the IEP due to build
up of hydroxide ions (OH– ) and a positive net charge at pH below the IEP due to the
build up of hydronium ions (H3O+). The IEP for different oxides can be seen in table
2.2

Table 2.2: IEP of different metals.119–121

metal/metaloxide Al2O3 NiO CuO V2O5 SiO2 Au
IEP 8.7 12 9.5 1.4 3.9 5.2

Charge at pH 7 + + + - - -

A substrate made of Si covered with an oxide layer of SiO2, would according to the
values in table 2.2 be attractive for positively charged NP dispersions (stabilized with e.g.
CTAB) at pH 7 and repulsive for NP dispersions (stabilized with e.g. citrate). This can
be seen in fig. 2.7 where positive charged NP attached to the surface in a and where the
citrate stabilized NP are absent in b.

A metal surface such as Al forms a protective layer of Al2O3 at ambient conditions,122

Si is also known to form one type of stable oxide SiO2,123 and Au does not form any
oxides at ambient conditions due to its noble nature. However, other thin film metals can
form a variety of oxides at ambient conditions.124–126 It is therefore not trivial to guess
the surface charges of metal/metal oxides from just the IEP values, other methods must
therefore be utilized in order to evaluate the surface charge of different metals and hence
usefulness as substrates when depositing NPs.

Figure 2.7: SEM micrographs of two Si/SiO2 surfaces. a is deposited with CTAB stabilised
NPs, b is deposited with citrate stabilized NPs.

The surface work functions,127 φsample (paper I) of the samples seen in fig. 2.6 were
measured and calculated (using eq.2.8) prior to the deposition of NPs by a kelvin probe
force microscope (KPFM).

φsample = φref – e
(
Δcpd,tip–ref – Δcpd,tip–sample

)
(2.8)
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The known work function of gold is denoted by φref , e is the elementary charged,
Δcpd,tip–ref is the contact potential difference measured on a gold reference sample
and Δcpd,tip–sample is the measured contact potential difference of the samples in fig. 2.6.
The measured work functions vs. the NPs densities (based on the SEM micrographs in
fig. 2.3) of the corresponding samples can be seen in fig. 2.8 plus the surface potential of
the ERSA simulations vs. their surface potential.

Figure 2.8: The workfunctions from eq. 2.8 vs. the NPs densities, seen as red, can be red
from the top x-axis. The ERSA simulations vs. the surface potentials, seen as black, can
be red via the bottom x-axis (reprinted with permission from RSC Advances).

One can see that the simulated ERSA densities are increasing exponentially as the surface
potential decreases, however the KPFM potentials are not following the ERSA data-points
exactly, one explanation is due to the fact that the KPFM measurements were performed
in air, ions such as sodium, citrate, hydronium and hydroxide will affect the measurements.
One should also keep in mind that the KPFM gives the surface work-function which is
the amount of energy it takes for an electron to be exited into vacuum. The surface
potential on the other hand is the potential difference between a surface and the bulk
solution.

There are examples where scientists have performed KPFM-measurements in water.128

Another approach for evaluating the surface charge have been employed in Paper II.
It should be noted that the AFM measurements below and the calculations performed
based on eq. 2.9-2.12 have been performed by Mikkel Herzberg at the University of
Copenhagen.129 The force curve from AFM measurements are here fitted according
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to DLVO theory. An AFM gold tip were coated with a self assembled monolayer of
undecanethiol. This to protect it from accumulating charges and let it approaches a
surface of interest in a liquid environment similar to the one in which the colloidal NPs
are suspended in.129 The following eq. 2.9-2.11 explains the DLVO theory which the
experimental force curve are fitted to.

F =

∫ 0

∞
fe · 2πvdW +

∫ 0

∞
fvdW · 2πrdr (2.9)

The geometry of the tip, dr, is described by Drelich et. al. in 2007.130 The electrostatic
force is described by eq. 2.10.

fe =
2

ε0εr
· (σtσse

–D/λ + (σ2t + σ2s ) · e–2D/λ) (2.10)

Here, λ denotes the debye length, D, the distance between the substrate and the surface, σt
the charge of the tip and σs the surface charge of the substrate. The vacuum permittivity is
denoted by ε0 and εr the relative permittivity of the medium in which the colloidal particles
are dispersed in. The van der Waals force is described by the equation below.

fvdW = –
A

6πD3
(2.11)

One could in this manner extract the surface charge density at the surface, which into
turn can be converted to a surface potential by the Grahame equation, (eq. 2.12).

σs =
√

8ρ0εrε0κBT · sinh
zeΦ – 0

2kBT
(2.12)

The valency of the ions used to stabilize the NP dispersion is denoted by z and ρ0 is the
ion concentration. The surface potential of the substrate in question is Φ0.

The drawback with this methods is that the exact conditions of the medium needs to be
known in order to extract good fits of the force curves into surface potential. Another
drawback with this method is that one will not know the sign of the calculated surface
potential. The sign of the potentials, of the potentials vs. the NP density in fig. 2.11, is
assumed positive for copper, nickel and aluminium and negative for gold, Si/SiO2 and
vanadium.
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The structures that were used in the AFM surface charge measurements (paper II) plus
corresponding NP deposition can be seen in fig. 2.9. The hexagonal structures are around
1.2 mm across. Each section of the hexagonal shaped structures consists of vanadium
(V), nickel (Ni), copper (Cu), aluminium (Al) and gold (Au). The final hexagonal
section is left empty in order to expose the SiO2 underneath. An XEDS (X-ray energy
dispersive spectroscopy) map, confirmed the elements in fig. 2.9. The oxide compositions
is still unknown, this can however be solved by performing an XPS (X-ray photoelectron
spectroscopy) measurement of the structures.

Figure 2.9: SEM micrograph over one of the hexagon structures used for NP deposition
and for surface potential measurements. An XEDS map is inserted in the middle of the
structure confirming the elements used in the experiments. Each section of the hexagon is
label with the corresponding material (reprinted with permission from EPL).
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The following procedure were used when depositing particles on the structures in fig.
2.9. Citrate stabilized gold NP were deposited for one hour on an array of structures
seen in fig. 2.9, SEM micrographs of the result is seen in fig. 2.10. The same deposition
procedure were used here as in the paper I, a drop of the colloidal dispersion was placed
on a chip of Si/SiO2. This chip was placed on a scaffold inside a petri dish filled with DI
water in order to preventing the dispersion to evaporate. The chip was then rinsed in
water and dried in N2 gas before SEM measurements.

Figure 2.10: parts of SEM micrograph over the sections of the hexagonal structure can
be seen in fig. 2.9. A represents Aluminium (Al), B: nickel (Ni), C: copper (Cu), D,
vanadium(V), E: silicon (Si/SiO2) and F: gold (Au). The scalebar is 200 nm (reprinted
with permission from EPL).

One can directly from both the SEM micrographs in fig. 2.10 and the plot in fig. 2.11
see that the highest density is found on the aluminium section (A in fig. 2.10 and 2.10)
followed by nickel (B) and copper (C). No particle can be seen in the vanadium (D),
Si/SiO2 (E) or gold (F) sections. It is expected to see a small or no amount of NPs for Au,
V and Si/SiO2 due to the fact that their (or oxides that forms from these materials) IEP
or PZC (see 2.2) is well below the pH of the solution surrounding the NPs. It should be
noted that other oxides than V2O5 might of course be present on vanadium. However the
measured and calculated surface potentials of V, Si/SiO2 and Au is below the ζ-potential
of the NP solution (-35.96 mV) which explains why the particles are repelled from the
surfaces in these cases. It is also expected that we find NPs on Al, Cu and Ni, due to the
fact that their IEP is above the pH of the NP dispersion. It is a bit surprising that the
highest density can be found on the Al sample, the IEP of Al2O3 is lower compared to
both Ni and Cu. However the Al sample have the highest surface potential in the plot
seen in fig. 2.11, the difference between the surface potential of Ni is however not that
big, only 3.5 mV and 17 mV between Al and Cu. Al quickly forms a protective oxide of
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Al2O3 in ambient air. Ni and Cu can on the other hand form other oxides than the ones
presented in table 2.2.

Figure 2.11: A plot showing the NPs density vs. the surface potential measured by the
AFM force curve fit for the surfaces in fig. 2.10. The annotation are the same in this plot
as in fig. 2.10. The blue line represents the mean zeta-potential (–35.96 mV) measurement
of the NP dispersion and the blue area the zeta-potential standard deviation (±10.9 mV)
(reprinted with permission from EPL).
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3 Directed Self-Assembly of nanoparticles.

Previous chapters have discussed the deposition of particles on surfaces, however in the
context of this thesis it is necessary to guide the particles and molecular linked dimers
towards specific sites if they are going to be integrated in an electric grid. This chapter
will therefore treat the guided deposition of particles and molecular linked particle dimers.
We will first discuss different techniques used by others in order to guide or direct particles
during a deposition process. This will be followed by the results in paper III and IV, which
focuses on the optimization of deposition of NPs on nanostructures, and additionally
some unpublished results, regarding this topic. This will be followed by the development
of nanogaps, from paper III and IV and finally the evolution of nano electrodes. The
assembly of molecular linked dimers and some electrical measurements through a molecular
linked dimer, proto-device, from paper III is also included.

Self-assembly is a process where objects organizes themselves from a disordered state
into an ordered state without direct human intervention.131 Several examples of this
exists in nature and chemistry such as the formation of cell membranes132 or DNA
complexes.133 Other examples includes the arrangement of self-assembled monolayers134

and even crystal growth can be categorized as self-assembly.135 Self-assembly is sometimes
referred to as a bottom-up production method, where small objects are assembled into a
larger structure or system. The opposite would then be the top-down method, examples
here includes the traditional lithographic and etching methods present in conventional
clean room facilities.

Figure 3.1: Two ways of direct the deposition of NPs. A glass slide is, in a) moved over a
substrate with prefabricated nano cavities. A colloidal dispersion is sandwiched between the
glass slide and the substrate creating a meniscus flow when the glass slide is moved over the
surface, capturing NPs. The glass slide moves towards the arrowhead. b) The substrate is
protected with a lipid bi-layer and the gold is functionalized with 2-mercaptoethanesulfonate
making the gold negatively charged hence attractive for the positively charged CTAB NPs.

We have at this point only covered the deposition of NPs on different surfaces and ways
to describe the deposition process. There are however a number of methods to guide or
direct the NPs towards specific sites on a substrate. One way is to create a meniscus
flow over a substrate with pre-fabricated cavities,83,136 the setup can be seen in fig.
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Figure 3.2: SEM micrograph of CTAB stabilized Au-NPs deposited into an opening of a
PMMA coated Si/SiO2 wafer.

3.1 a. Other methods includes electrostatic trapping, where an electric field is applied
between pre-defined electrodes to attract colloidal particles.44 It is chemically also possible
to activate specific parts and protect others in order to direct the deposition of NPs,
see fig. 3.1 b. One example of this method was presented by Fernandez et. al.137 in
2014, where gold nanodiscs on a Si/SiO2 surface were functionalized with a layer of
sodium 2-mercaptoethanesulfonate. Subsequently, the substrate was then protected by
a lipid bi-layer. CTAB stabilized NPs were then directed to the functionalized metal
discs. The Bilayer shielded the attractive forces between the positively charged NPs
and the negatively charged surface. 2-mercaptoethanesulfonate was bonded to the gold
objects on the surface making them negatively charged and attractive for the positively
charged, CTAB stabilized NPs. Other methods of directed assembly of particles is the one
presented by Sayin et. al. in 2017.138 Negatively charged gold NPs were in this example
directed into positively charged poly(allylamine hydrochloride) cavities, surrounded with
negatively charged poly(sodium-4-styrenesulfonate), all prepared using hole colloidal
lithography.

Experiments have shown that it is also possible to direct the CTAB coated NPs by using
a coating of PMMA(poly(methyl methacrylate)) with developed cavities exposing the
Si/SiO2 substrate, see fig. 3.2. PMMA acts probably as a protective layer similar to the
lipid bilayer in the example presented above.

However as explained previously, CTAB can be challenging to work with due to the
difficulties with molecular exchange in future experiments. Trisodium citrate stabilized
NPs was instead used in the experiments that followed. Another advantage of citrate
stabilized NPs is the fact that they are negatively charged (as seen in fig. 2.11), which
means that a substrate such as Si/SiO2 will repulse citrate stabilized NPs, (as seen in
fig. 2.6), a protective lipid bilayer is therefore not needed in this case. Molecules such as
APTES and PLL-HBr can be degraded in the process of fabricating nano sized electrodes
for further electrical measurements, however results seen in fig. 2.10 shows that surfaces
such as aluminium and nickel attracts citrate stabilized NPs. It would therefore be
interesting to investigate the deposition of citrate stabilized NPs on nanosized objects
made of the metals which attracted NPs in fig. 2.10.
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3.1 Fabrication scheme, deposition set-up and

The following section describe the procedure used to fabricated the nanosized features as
well as the set-up used to deposit NPs in paper I-IV. This will be followed by discussing
the results regarding the deposition of NPs and NP dimers.

3.1.1 Fabrication of nanosized features

The following procedure was used when fabricating the nanosized features used in paper
III and IV. A double layer resist system consisting of a 100 nm thick lift-off resist (MCC
NANO Copolymer EL6, Microlithography Chemicals Corp.) followed by a 50 nm thick
electron resist (ARP 6200.13:Anisol 1:2, Allresist GmBH) was used when fabricating the
nanosized features and electrodes in this thesis. The resist system was exposed with a
focused electron beam (using an EBL-JEOL JBX 9300FS operating at 100kV), according
to a predefined pattern, fig. 3.3 a. The exposure makes it possible to dissolve or develop
the electron resist with o-Xylene. A mixture of DI-water:2-propanol (7:93), was used to
dissolve the lift-off resist creating an undercut (fig. 3.3 b). Subsequently, metal layers,
with a defined thickness, were evaporated onto the sample using a Lesker PVD 225 system,
fig. 3.3 c. A lift-off in acetone dissolved the lift-off resist and removed the evaporated
metal, fig. 3.3 c, leaving the nanosized objects on the substrate, fig. 3.3 d. A double layer
resist system (0.3 μm LOR3A and 1.5μm S1813) was also used when constructing the
larger structures such as the hexagons seen in fig. 2.9 and for the parts used to contact
the electrodes in fig. 3.13. A laser writer (l=405 nm, Heidelberg Instruments DWL 2000)
was used during the exposure, and MF319 was used as developing agent.

Figure 3.3: A schematic overview of the nanoelectrode production. a) The double layer
resist (lift-off resist in blue, electron resist as purple) is exposed to a focused electron beam.
b) Development agents, in two steps, are used to develop the pattern. c) Layers of metals
are evaporated at a specific thickness, several metals can be evaporated at this step. d) A
lift-off agent dissolved the bottom lift-off resist and removes the excess metal, leaving the
metal objects.
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3.1.2 Deposition set-up

The following section explains the set-up used when depositing NPs in paper I-IV. The
chip was placed on a 3D-printed scaffold in a petri dish filled with the same mixture
of H2O:2-propanol as present in the drop, in order to saturate the local environment,
hence suppressing the evaporation of the drop containing the colloidal dispersion, see
fig. 3.4. The access of particles were rinsed away in 2-propanol and water followed by
N2-drying.

Figure 3.4: A schematic overview of the setup used when depositing nanoparticles and
nanoparticle dimer. The features in this examples is nanoelectrodes consisting of layers of
Ni and Pd. (reprinted with permission from small)

3.1.3 Optimizing the deposition of nanoparticles and nanoparti-
cle dimers (Paper III).

The following section concerns the results in paper III. It was investigated how the
deposition of NPs varied on nanosized objects (the majority in nickel) and how parameters
such as deposition time and the addition of 2-propanol would affect the deposition.

Sections of two SEM micrographs can be seen in fig. 3.5, where citrate stabilized NPs
were deposited on a Si/SiO2 substrate for 2 h. These first experiments shows that it
is possible to direct NPs towards metal objects with an IEP above the pH level of the
colloidal dispersion, and that they do not attach to the substrate.
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Figure 3.5: SEM micrographs of prefabricated nanosized structures made from, a) alu-
minium and b) nickel, on a Si/SiO2 surface, with citrate stabilized NPs, deposited for
2 h.

Aluminium should according to the results in fig. 2.10 and 2.11 be better at attracting
NPs compared to nickel, however this is not the case in fig. 3.5. Nickel was therefore
used in the experiments from this point forward. The number of particles is however still
too low. Arrays with a variety of geometrical objects were therefore tested in order to
see if the particles favoured any features in the deposition, (this results can be seen in
the supplementary information in paper III). An array of five pointed stars of Ni (70 nm
thick) with citrate stabilized NPs (deposited on for 2 h) is seen in fig. 3.6.

Figure 3.6: Section of SEM micrographs with arrays of five pointed star shaped objects
in nickel. Citrate stabilized NPs have been deposited for 2 h in a) and 24 h in b). The
particles considered as correctly deposited is highlighted in red.

A comparison between different objects were investigated in paper III. The percentage
of successful depositions (PSD) of particles, was defined as the number of successfully
deposited particles divided by the total number of objects in that specific array. There
are 42 stars present in the array in 3.6 a, and eight particles considered as successfully
deposited, highlighted as red, this gives a PSD of 19 %. Clustered particles and particles
sitting on-top of a structure are not considered as successfully deposited. An increase of
the deposition time to 24 h can be seen in fig. 3.6 b. The PSD of NPs were increased
to 21 %. Higher PSD of NPs is necessary in order to be useful in further experiments
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with dimer deposition. The number of NPs are much lower when depositing them on
nanosized objects compared to large surfaces as seen in fig. 2.6 and 2.10. One explanation
to this could be due to the powerful repulsion forces between the Si/SiO2 substrate and
the NPs. The particles were rejected by the substrate before they could feel the attracting
forces of the nanosized nickel objects. One way of decreasing the interaction between the
substrate and the particles was to change the conditions of the solution surrounding the
NPs. The debye length (eq. 2.4), could be decreased by changing the dielectric constant
or the relative permittivity (εr) of the medium of the colloidal dispersion. The addition
of 2-propanol to water will according to Park et. al.139 decrease the dielectric constant of
the mixture, hence decreasing the debye length. 2-propanol was therefore added to the
NP dispersions prior to the deposition in order to improve the deposition process.

Figure 3.7: Section of SEM micrographs with arrays of five pointed star shaped objects in
nickel. Citrate stabilized NPs have been deposited for 1 h in a) and 4 h in b). A mixture
of 4:1 2-propanol:dispersion was used in a and a mixture of 5:1 in b). The particles
considered as correctly deposited is highlighted in red.

The PSD of particles in fig. 3.7 a and b, with 2-propanol present, show a higher PSD of
NPs compared to the PSD of particles in fig. 3.6 The difference in PSD of NPs between a
and b in fig. 3.7 is not that significant indicating that higher times might be needed in
order to achieve higher PSD of NPs. A variety of star arrays with four to ten points were
tested at the same time as the five pointed stars presented in fig. 3.6 and 3.7. The PSD
of NPs for all of these can be seen in fig. 3.8.

One can clearly see from the plot in fig. 3.8 that the PSD of NPs increases significantly
for all star shapes when increasing the deposition time from 2 to 24 h. The PSD of NPs
increases further when 2-propanol is added to the colloidal solution. Worth noting is
that the particles seems to favour stars with five and six points. The angles between the
arms in those cases must therefore match the size of a NP. The difference between 1 h
deposition time with 4:1 2-propanol:dispersion and 4 h deposition time and a mixture of
5:1 is not that large indicating that longer deposition times or more 2-propanol is needed
in order to see a significant change.
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Figure 3.8: The PSD of NPs vs. the number of point in a star.

The nanosized objects seen so far has only been used to investigate if it is possible to
guide NPs towards specific parts of a surface. The main goal of the thesis is to capture
NPs combined with molecules on electrodes and then measure current through them.
The deposition on nanogaps, which in principle could be extended into electrodes, was
therefore pursued. The angle between two points of the five pointed stars in fig. 3.6 and
3.7 was use as inspiration when designing the nanogaps.

3.1.4 The evolution of nanogaps (Paper III and IV)

So far, we have discussed the directed assembly of nanoparticles onto nanosized objects
at surfaces. None of these can be used to electrically contact a particle or a molecular
linked dimer. Two electrodes is needed, however it is important that the design of these
is optimised in order to increase the number of molecular linked dimers that can be
contacted in the end, since the measurement through a molecule linked between two
particles is the aim of this thesis. Parameters such as distance between the electrodes
and shape was investigated in paper III and IV, but also the duration of the deposition
as well as the amount of 2-propanol mixed in the dispersion.

It was investigate if the distance between two objects could affect the deposition, this was
done firstly to see if there were a distance that could maximize the numbers of NPs present
near a nanosized object, and secondly to understand at what distance two electrodes
could be positioned without interfering with each others.

The arrays of two types of nanogaps seen in fig. 3.9 and the analysis of them is included in
paper IV. Only sections of the micrographs are shown. Two parallel bars, with a distance
of 50 nm, in fig. 3.9 a and b, and two opposing forks, with a distance of 60 nm, in fig. 3.9
c and d. Each array consisted of 70 gaps. The number of particles increases significantly
as the amount of 2-propanol is increased (b and d in fig. 3.9) even if the duration of the
deposition is decreased from 87 h to 17 h. This is consistent with the results seen in fig.
3.8. It should be noted that the particles sitting outside the nanogap, plus on-top of any
structure in fig. 3.9 are not considered as successfully deposited. Larger clusters, such as
the one seen in the top of fig. 3.9 d, is not taken into account when calculating the PSD
of NPs.
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The arrays in fig. 3.9 are parts of a series of arrays, each consisting of 70 elements, with an
increasing distance between the objects per array. The PSD of capturing single, double,
triple or more particles vs. the nanogap distance can be seen in fig. 3.10.

Figure 3.9: Sections of SEM micrographs, showing arrays of two types of nanogaps, two
parallel bars a, b) and two opposing forks c, d). A deposition time of 87 h and a mixture
of 1:1, NP dispersion:2-propanol was used for a) and c). A deposition time of 17 h
and a mixture of 1:2, NP dispersion:2-propanol was used for b) and d). The scale bars
corresponds to 500 nm. Particles considered as successfully deposited is highlighted as red.

The highest PSD for single NPs (43 %) is seen for the parallel bar structures with a
distance of 50 nm and a mixture of 1:1 NPs dispersion:2-propanol, fig. 3.10 a. The PSD
for double particles are around 10 % or lower for all gap distances and zero for triple or
more. The PSD for single particles (fig. 3.10 a) is then decreasing as the distance increases,
indicating that the attractive forces between the dispersed particles and the prefabricated
structures increases if they are close enough. Two objects sitting close to each other also
gives an increase in interaction area preventing the particle from being re-dispersed into
the colloidal again. The PSD of double and triple NPs is significantly increased, to the
same levels as the PSD of single particles, when the amount of 2-propanol is increased
(see fig. 3.10). This means that the selectivity of only capture single particles is decreased
for structures such as the parallel bars when the amount of 2-propanol gets too high. The
same trend, where the PSD of single particles are highest for smaller nanogaps, can be
seen for the opposing forks, however it is not as clear as in the case of the parallel bars,
see fig. 3.10 c. The selectivity for the opposing forks are still present when adding more
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2-propanol, fig. 3.10 d, where the PSD of double and triple NPs are kept suppressed.
The PSD of double NPs are somewhat increased but is still lower from the PSD of single
particles.

Figure 3.10: PSD NPs vs. the nanogap distance. The SEM micrograph in fig. 3.9. A
deposition time of 87 h and a mixture of 1:1, NP dispersion:2-propanol was used for a)
and c). A deposition time of 17 h and a mixture of 1:2, NP dispersion:2-propanol was
used for b) and d). The blue data points corresponds to the PSD of single NPs, the red to
double NPs and black data points to three or more NPs.

It is of course important to remember that the final goal is to be able to conduct current
through the particles attached to the prefabricated nanogaps seen in fig. 3.9, which is
possible by implementing the designs seen previously and then use them as template
when fabricating real electrodes. The parallel bar gap seems efficient if it is of interest
to capture single particles. However it can easily be short circuit in the system if two or
more particles are captured in the same gap. The opposing forks on the other hand, have
great selectivity for single particles, both for lower and higher amounts of 2-propanol. A
combination of the parallel bars and the opposing forks gave rise to a new generation of
nanogaps seen in fig. 3.11.

Figure 3.11: Sections of four SEM micrographs with NPs deposited on them. The same
NPs dispersion:2-propanol mixture of 2:1 was used for all four arrays. The deposition
time was set to 72 h. Each electrode set is equipped with arms, marked with the rings,
they are longest in a), a bit shorter in b) and shortest in c). d) has two contact arms.

The nanogap arrays in fig. 3.11 consist of 70 elements, a mixture of 2:1 dispersion:2-
propanol and a deposition time of 72 h was used for all examples in fig. 3.11. The gaps
in this version was equipped with arms (one per electrode in fig. 3.11 a-c and two per
electrode in 3.11 d) in order to increase the side area of the electrodes, hence increasing
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Table 3.1: PSD of NPs in [%] calculated from the arrays presented in fig. 3.11.

1 NP 2 NPs ≥ 3 NPs
a 31 1.4 5.7
b 26 1.4 4.3
c 20 4.3 4.3
d 16 3 2.9

the attraction between the objects and the NPs. The PSD of NPs for the arrays in fig.
3.11 can be seen in table 3.1.

The nanogaps in fig. 3.11 a, has a PSD of single particles at 31 % , which is the highest
when comparing the nanogaps in fig. 3.11. This is lower compared to the parallel bars in
fig. 3.9. The risk of short circuit is still high when depositing dimers, due to the long
contact arms which is overlapping each other in one dimension. The contact arms are
shorter in fig. 3.11 b in order to prevent the short circuit of dimers. Array d, have two
short contact arms per electrodes, this design is not efficient enough and is therefore
discarded when continuing the development of arms. Fig. 3.11 c, were designed to capture
and contact single particles. Design b and c were therefore used as a inspiration when
drawing the electrodes.

3.1.5 The evolution of electrodes (paper III)

With prototype electrode structures at hand (fig. 3.11), a next progression was to develop
electrodes with an electronic connection between the nanoscale and the macroscale world.
Nickel was again chosen when constructing the electrode nanogaps. The first generation of
electrodes can be seen in fig. 3.12 a. The sample consists of 60 nanogaps and four closed
reference samples, used to control that it is possible to conduct current through the device.
Only four nanogaps fits in one SEM micrograph due to restrictions in the measuring
tool used. The PSD of NPs of the array, which fig. 3.12 is part of, is 42 %. However,
electrical measurements showed that it was not possible to conduct current through the
references wire seen in fig. 3.12 b. The calculated resistance of the reference wire was
50 Ω and the measured resistance for the reference was 8 orders of magnitude higher. The
extreme resistance might be due to the production method of electrodes. The electrodes
are produced in two steps, the smaller electrode features, such as those seen in fig. 3.12
are deposited first, followed by larger parts of the electrodes made of titanium and gold,
which is used to contact the electrodes when conducting current thorough it. Nickel will
produce oxides at the surface in an ambient environment. The resistivity of nickel is
7 · 10–8 Ωm,140 the resistivity is six orders of magnitude larger for NiO (2.7 · 10–2 Ωm).141

This could be one of the explanations to why it is not possible to measure any current
through a reference wire made of nickel. Worth noting is that the NPs attached on-top of
the electrodes in fig. 3.12, will not affect the measurement of any particle sitting in the
gap, however they might effect the dimers by attracting them to other areas instead of
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the nanogaps. It should be noted that the gaps seen in fig. 3.12 is designed for single
particles, due to the overlapping contact arms.

Figure 3.12: a, Section of an array, where four out of 60 electrode pairs is seen. The sample
consists of 70 nm thick nickel on a Si/SiO2 substrate. A mixture of 1:1 dispersion:2-
propanol and a deposition time of 87 h were used during the deposition. b) Shows the four
references wires, present on each sample.

Layers of palladium was incorporated into the electrodes in order to reduce the resistance
in the interface between the smaller and larger electrode parts. A thin film of Pd was
at first added on-top of the nickel in order to reduce the area in which nickel gets in
contact with air, and therefore suppress the build of nickel oxide in the interface. This
reduced the resistance through the reference wire significantly to 90 Ω. Later versions of
the electrodes also included layers of Pd sandwiched into the Ni structures, as seen in fig.
3.13, (included in paper III).

Figure 3.13: a) Schematic overview of prefabricated nanoelectrodes, used to attract NPs.
Each layer is 20 nm thick, except for the final layer of Pd at 3 nm. b) An SEM micrograph
of the sandwiched electrodes. (reprinted with permission from small).
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The sandwiched electrodes consists of three layers (Ni, Pd, Ni) each with a thickness of
20 nm. A final Pd layer (3 nm thick) was added on-top of the electrodes. The idea of the
layered metals is that a deposited particles should contact at least one layer of Pd inside
the nanogap, hence improving the conductance measurements. The reference resistance
was measured to 62 Ω, improving the conductance even further.

Figure 3.14: a) Conductance measurement of a citrate stabilized single NP. b) SEM
micrograph of the NP, positioned in the second to last gap counting from above. c) SEM
micrograph over the same set of electrodes, b) prior to the electrical measurement and
c) after the measurement. Worth noting is that the particle in b) is gone in c). The
deposition took 48 h and a mixture of 1:1 dispersion:2-propanol was used.

An I/V measurement on a single NP can be seen in fig. 3.14 a. It is the same pattern as
seen in fig. 3.12, but with a 3 nm thick Pd layer on-top of the Ni and not the sandwiched
electrodes as seen in fig. 3.13. The number of particles seen on-top of the electrodes, in
fig. 3.14 b, have decreased compared to the electrodes in fig. 3.12. However the PSD of
dimers have also decreased to 25 %, which is a drawback of the protective Pd layer. SEM
micrograph after the I/V-measurement can be seen fig. 3.14 c, worth noting here is that
the nanogap filled with a particle in fig. 3.14 b, is gone in c showing that particles might
jump off from a nanogap. One can see from the conductance curve in fig. 3.14 a, that the
measurement through a single NPs follows a non-ohmic behaviour, this might be due to
tunnelling142 from small nanogaps between the particle and the electrodes, however more
experiments is needed in order to confirm this.
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3.2 Self-assembly of nanoparticle dimers (paper III)

Only single NP depositions have been discussed at this point, the studies presented in
the previous sections have been of great importance and have improved the deposition
and made it possible to do electronic measurements on single nanoparticles. However
the main goal of this thesis is to deposit and measure molecules linked between two NPs,
this section will therefore treat the formation and deposition of such onto prefabricated
nanosized structures.

Two molecules, benzene 1,4-dithiol (BDT) and 1,6-hexanedithiol (HDT) have been used
in the studies that is presented in paper III. The resistance for BDT was measured by
Xiao et al.25 to 1.2 MΩ and for HDT (measured by Nishikawa et al.65) to a minimum
of 614.6 MΩ. It is therefore a clear difference in resistance for the single molecules
placed between the two particles. We wanted to see if it was possible to detect the same
difference in resistance between the two particles. Dimers linked with the corresponding
molecules were therefore formed by mixing NPs with the molecules mentioned above.
TEM (transmission electron microscope) shows (fig. 3.15) that 24 % dimers exists in the
colloidal dispersion after the addition of BDT and 21 % dimers could be found after the
addition of HDT (The dimer synthesis and TEM measurements were performed by Tina
Gschneidtner).

Figure 3.15: TEM (transmission electron microscope) micrograph of dimer NP linked with
BDT.

SEM micrographs of three sets of nanogaps, with the same design as the electrodes in
fig. 3.13, can be seen in can be seen in fig. 3.16. BDT linked dimers were deposited on
fig. 3.16 a and b, and HDT linked dimers on c. It should be noted that a and b are from
the same sample. All three sets of electrodes have a dimer attached in the nanogap. It
is however only the dimer in a and c which are going to conduct, the dimer in b is only
attached to one of the electrodes. This reduces the probability of attaching functional
dimers to a gap significantly, the PSD of dimers are low for both BDT and HDT linked
dimers, 5 % for c and 7 % for a. This was expected due to the low percentage of dimers
(24 %) forming in the colloidal dispersion when adding BDT or HDT. The frequency
of capturing single particles for nickel electrodes combined with palladium, was 25 %,
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the combination of these two probabilities gives 6 %, which is the PSD of dimers in fig.
3.16. The percentage of dimers forming when adding molecule linker or the filtration
of dimers143 might therefore increase the PSD of dimers in the electrodes seen in fig.
3.13.

Figure 3.16: SEM micrographs of three sets of Ni, Pd, Ni, Pd nanoelectrodes, with
deposited dimers. The dimers in a) and b) are linked with BDT and c) with HDT. The
scalebar in the migrographs is 500 nm. The deposition time was set to 46 h and a mixture
of 1:2 dispersion:2-propanol was used for these samples.

Electrical measurements can be seen in fig. 3.17 a, where the black solid line corresponds
to an empty gap, the blue solid line to a HDT linked dimer and the red solid line to a
BDT linked dimer. These measurements are only meant as a proof of concept, to shows
that it is possible to conduct current through a deposited dimer. The measurements in
fig. 3.17 gives only a primary indication that the resistance is lower in BDT linked dimers.
One should note that more statistics is needed in order to draw stronger conclusions,
which has already been made in break-junction measurements performed by others.25,65

Extra measurements plotted in log-log scale can be seen in fig. 3.17 b, where the solids
lines are the same as the one seen in a. The blue dotted lines corresponds to HDT linked
dimers and the red dotted lines to BDT linked dimers. One should note that the dotted
data points may also correspond to trimers. The same trend can however be seen in these
plots as well, that the conductance is higher for BDT linked dimers compared to HDT
linked dimers. SEM were performed on the sample prior to the electrical measurements
which might affect the result.
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Figure 3.17: Electrical measurements corresponding to the dimers seen in fig. 3.16. a)
The red solid line corresponds to a HDT linked dimer, the blue line to a BDT linked dimer
and the black line to an empty gap. The red plot is connected to the top x-axis, the rest to
the bottom x-axis. b) Is a log-log plot, where the solid lines corresponds to the same lines
seen in a). The dotted lines are additional measurements, some of them can also be on
trimers.
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4 Concluding remarks and outlook

The increasing demand for processing power in computers have pushed the limits on how
far the miniaturization of integrated electronics can continue. However, new technologies
and methods are needed in order to be able to continue this trend even further. Molecular
electronics seems to be an interesting option due the size range within the sub 10-nm
range and the possibility to synthesis them in molar amounts. However one needs to find
a way to position millions of molecules in parallel. It has been shown by other scientists
that it is possible to construct nanogaps in the sub-10 nm regime using electromigration,
advanced EBL, cracked-defined nanogaps, growth limited electrodes and more. It has
been proven difficult to deposit single molecules in parallel using these techniques. Our
approach is to first link a molecule between two NPs dimer or proto-device and then
guide them towards nanoelectrode gaps optimized to attract these structures, in parallel.
It is possible to deposit single molecules into nanogaps in parallel using this procedure.
Pre-studies showed that the amount of deposited particles could be controlled either by a
functionalized Si/SiO2 surface (using APTES and PLL-HBr) or using other surfaces such
as aluminium and nickel. This can be explained by the surface potential of materials which
is negative for SiO2 and positive for aluminium and nickel at pH 7. Citrate stabilized
(negatively charged) particles are therefore attracted to nickel and repulsed by SiO2.
This is also confirmed by surface potential measurements, derived from fitting the force
curve of an AFM tip approaching the surface of interest, to DLVO theory (Paper II).
The deposition of NPs on a surface was described by a combination of DLVO and RSA.
Inter-particle distance measurements confirmed that the deposition process is similar
to the one described in theory in paper I. One should note that some parameters are
assumed, such as the debye length. It is not possible for us to calculate the debye length,
since the ion concentration in the solution is unknown (Sigma Aldrich do not know either).
One should also keep in mind that the DLVO theory in paper I is approximated to a
symmetric monovalent salt(1:1), trisodium citrate is however a salt with the valency 3:1,
which might affect the results of the simulations performed in paper I.

We have in this thesis focused on linking NPs into dimers using molecules, which can be
design to work as conventional components in integrated circuits. The attractive forces
between nickel and tri-sodium citrate stabilized NPs have been utilized, when guiding
the NPs, and molecule linked dimers to specific sites of a substrate. The structures of
the electrodes were optimized in order to maximize the deposition and the addition of
2-propanol to the colloidal dispersion improved the deposition even further. The number
of clusters also increased with the addition of 2-propanol, which might deposit on the
electrodes and short circuit them. The drawback of nickel is that it forms oxides in
ambient environment causing the contact resistances in nickel electrodes to become too
high for conductance measurements. It was therefore necessary to incorporate palladium
into the nickel based electrodes in order for them to conduct, this in turn lowered the
percentage of successfully deposited NPs. The PSD of dimers in turns was also quite
low and only 5 % of the electrodes had a dimers successfully connected to them after
deposition. This number need to be increased in order for molecular electronics to compete
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with other techniques such as ultra UV lithography which will be able to write in sizes
well below 10 nm.23

The strong repulsive forces between the Si/SiO2 and the NPs might be the reason why
2-propanol needs to be added in order to increase the PSD of NPs. It would therefore be
interesting to move from Si/SiO2 substrates to other alternatives, which do not repulse
the particles. A suggestion could be to use a lipid-bilayer as Gschneidtner et al. did.137

Other ideas could be to use silicon carbide, with an IEP of 4.9144 a bit higher compared
to the IEP of SiO2 of 3.9 (see table 2.2) which should make silicon carbide a bit less
repulsive towards citrate stabilized NPs.

Finally let’s return to the research questions in the beginning of the thesis; Is it possible
to contact particles and molecular linked particles in a parallel fashion onto prefabricated
nanogaps in such a way that this method can compete with conventional semiconductor
based integrated circuits?

Answer; We have proven that it is possible to link a molecule between two nanoparticles
and position them onto nanogaps. On the other hand, the number of functional dimers
positioned in the nanogaps is still too low in order to compete with conventional semicon-
ductor industry. It is clear that one explanation is the low percentage of dimers present
in the dispersion after the addition of linking molecules. A way of improving the PSD
would be to separate the dimers from single particles and larger multimers, either by gel
electrophoresis or filtration. Another option that might improve the PSD, could be to use
a neutral charged substrate instead of the negatively charged SiO2, such as HfO2 with
an IEP of 7.145 This should in theory reduce the repulsive forces from the substrate and
therefore increase the deposition.

Is it possible to electrically measure current through a molecule linked between two NPs
deposited in a way described above, see fig. 1.3?

Answer; Yes is is possible to first link a molecule with two particles, position it between
two electrodes and measure electric current through the molecule.

Will the resistance of these measurements correspond to the resistance measured by others
using e.g. the break-junction technique?

Answer; The resistance through a molecule designed to work in electronics is typically
in the MΩ range. Which is indeed what we measure in our experiments. We also know
from the reference measurements that the prefabricated electrodes will not interfere with
the measurements. However we can still se a difference in our experiments compared to
break-junction measurements performed by others. The reason for this might be due to
the fact that several molecules can link the dimers.
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