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Chapter

1

Introduction
In recent years electronic devices based on organic molecules have emerged.
Recently applications utilising organic light emitting diodes (OLED) have become
available in commercial products. The development of organic, plastic, electronic
devices has paved the way for printable and ﬂexible electronic devices. Modern
organic electronic devices are based on conducting or semiconducting polymers [25].
Since polymers are composed of chains of molecules it is reasonable to ask whether
the function of an electronic device could be derived from a single molecule. The
idea that, indeed, it is possible to construct a functional electronic component out of
a single molecule was put forward in the seventies [5]. As fascinating as the idea
may be, it left a big unanswered question: How does one bring electrical contacts to
a single molecule?
Many scientists have pondered the question and many solutions have been
proposed. Most of the devices used to contact molecules today comprise of a
molecule bound to a substrate and contacted with an atomically sharp metallic
tip (STM break junction) or the molecule contacted by a pair of atomically sharp
metallic tips (Mechanically controllable break junction) [46]. These devices work
very well in a laboratory setting, but suﬀer from the fact that they are not suited
to applications outside the laboratory. Other kinds of devices have also been built,
such as self assembled monolayers of molecules on an metallic substrate contacted
with a relatively soft metallic electrode [46]. These devices are prone to metallic
shortcuts forming between the electrodes. They are also diﬃcult to use in devices
where the function of the device depends on the interaction of the molecules with the
environment.
Self assembled arrays of metallic nanoparticles can be used as a platform for
molecular electronic devices. Devices are then made by coating the nanoparticles
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by an organic molecule and allowing the metallic, usually gold, nanoparticles to
self assemble into well ordered structures. Devices made from those arrays can be
operated out side of the laboratory and do not depend on specialised equipment to
retain their function. The structure of the devices can be such that the molecules
covering the nanoparticles can interact with the environment.
Large arrays, comprising of millions of nanoparticles, are useful as a platform
for molecular electronics. They have been used to measure the conductance of
several molecules and even been used to build devices where the function of the
individual molecules, bridging the nanoparticles, deﬁnes the function of the device.
It is challenging to precisely control the geometry of devices made by arrays
of nanoparticles. Making small arrays, where several hundreds or thousands of
nanoparticles make up the array, is diﬃcult. Making these small arrays is useful
if one wants to investigate the details of the transport through the arrays.
In this thesis, we will focus on the challenges stated above. In particular, we
will discuss measurements on nanoparticle array devices, where the function of
the device is determined by the function of the individual molecules bridging the
nanoparticles. We will also see how it is possible to precisely control the geometry of
the nanoparticle array devices. The ability to make smaller nanoparticle arrays opens
up the possibility to investigate the transport through the devices in more detail, as
we will do.
The thesis is presented in two parts. Part I focuses on measurements of active
molecular devices at room temperature. Chapter 2 shows how the nanoparticle
array devices are fabricated. Chapter 3 introduces an experiment where redox–active
molecules were introduced to the nanoparticle array devices and used to tune their
conductance. In Part II we change the temperature and move on towards liquid He
temperatures. In Chapter 4 we discuss how to fabricate small nanoparticle arrays.
We look at the contribution from the nanoparticles to the transport of the nanoparticle
arrays in Chapter 5. In Chapter 6 we look at the contribution of the molecules to the
transport in the arrays. In particular, we look at the contribution of the vibrational
modes of the molecules to the transport. Chapter 7 contains the conclusions and an
outlook on the project.

Part I

Nanoparticle arrays as a platform for
molecular devices

3

Chapter

2

Device fabrication
2.1 Introduction
The greatest challenge in measuring the electrical properties of a single molecule
is how to contact it with electrodes. To be able to contact a single molecule one
needs to prepare electrodes that have similar dimensions as the molecule, attach them
at the desired positions on the molecule, and hold the assembly stable during the
measurement.
Several methods of bringing electrical contacts to a single molecule have been
used. The most well known methods are the scanning tunnelling microscope break
junction method [22] and the mechanically controlled break junction [48]. These
methods have the advantage of contacting only a single, or a few (< 100) molecules
in parallel, at once. These methods are not practical for device applications since they
do not scale well and due to drift and ﬂuctuations, in these molecular junctions, they
are not stable for more than a few minutes or hours.
One way to contact an individual molecule is to prepare an ordered array of
electrodes. This array is analogous to the breadboard used for the prototyping of
electrical circuits. The array provides well deﬁned docking sites where molecules
can interlink the electrodes in the array to produce a network. The network then
consists of many electrode–molecule–electrode junctions; and each junction is made
up of a single molecule bridging a pair of electrodes.
In order to fabricate an array of electrodes as described above Liao et al.
[43] synthesized colloidal Au nanoparticles with a diameter of 10 nm. The
nanoparticles were coated with monothiolated carbon chains (alkane monothiols)
to prevent them from aggregating and to control the interparticle distance in the
array. The nanoparticles were then allowed to self–assemble into hexagonally close–
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packed arrays, where the interparticle distance was ∼2 nm and the curvature of the
nanoparticles was such that only a few molecules could bridge two neighbouring
nanoparticles. Using nanoparticles with a 10 nm diameter, assuming a ±10% size
distribution of the nanoparticles, and a 1 nm2 area of the nanoparticle surface
occupied by each molecule: Fewer than 100 molecules, each 2 nm long, can bridge
two neighbouring nanoparticles.
Liao et al. [43] and Bernard et al. [9] demonstrated that the saturated carbon
chains coating the nanoparticles can be partially replaced by a new molecule. By
choosing a molecular rod of the correct length that could bind to gold on each end,
Liao et al. [44] showed that a network was formed by the new molecules interlinking
the nanoparticles. The nanoparticle arrays have been shown to be stable and versatile
platforms for molecular electronics. First of all, the nanoparticle arrays can withstand
common solvents and thus it is possible to perform molecular place–exchange to
insert new molecules into them [9, 42, 43, 44, 73]. Molecules designed with a speciﬁc
function can retain their function after insertion into the nanoparticle arrays. This
opens up the way to fabricate functional devices where the function is derived from
the molecules in the nanoparticle arrays [42, 73].
In this chapter the synthesis of gold nanoparticles, preparation of nanoparticle
arrays, and device preparation is described. For full details on the protocol refer
to Appendix D.

2.2 Preparation of Au nanoparticles and Au nanoparticle arrays
Gold colloidal particles (Au nanoparticles) with a 10 nm diameter were synthesized by the reduction of chloroauric acid (HAuCl4 ·H2 O) with trisodium citrate
(C6 H5 O7 Na3 ·2H2 O) and tannic acid (C14 H10 O9 ) in deionised water (DI-H2 O) [43,
71], Figure 2.1(a). The nanoparticles were transferred from water to ethanol
(CH3 CH2 OH) by centrifugation and mixed with monothiolated alkane ligands (i.e.
C8 H18 S, hereafter known as C8). The concentration of nanoparticles in the solution is
∼ 1013 NP/ml. Typically, 10 ml of a solution containing the nanoparticles in ethanol
was mixed with 200 μl of the ligand. After 48 hours the ligands had covered the
nanoparticles. When covered, the nanoparticles precipitated to the bottom of the
container. By pipetting the excess ethanol from the container and replacing it with
new ethanol, the excess ligands were removed from the solution. After precipitation
the ethanol was removed and the nanoparticles were dispersed in 4 ml chloroform
(CHCl3 ) by an ultrasonic treatment, Figure 2.1(b).
Patterned 2D nanoparticle arrays were prepared by a combination of self–assembly
and micro–contact printing [43, 61, 62]. The solution of nanoparticles in chloroform
was spread on a convex water surface with a pipette. During the evaporation of the
solvent, the alkanethiol–capped Au nanoparticles self–assembled into a 2D array at
the air–water interface. Patterned polydimethylsiloxane (PDMS, (C2 H6 OSi)n ) stamps
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were used to transfer the 2D array from the water surface onto a solid SiO2 /Si
substrate. The pattern consisted of 20 μm wide lines with a spacing of 20 μm
[43, 44]. Metallic contact pads (5 nm Ti and 45 nm Au) were evaporated on top of the
nanoparticle arrays using transmission electron microscope (TEM) grids as shadow
masks. A device is formed by two adjacent contact pads and the nanoparticle array
between them, Figure 2.1(c)–(d). Figure 2.2(a) shows a scanning electron microscope
(SEM) image of several devices. The large light squares are the contact pads, the two
horizontal dashed lines emphasise a 20 μm wide nanoparticle array connecting the
contact pads, and the two vertical dashed lines emphasize the length of one device,
10 μm, between two contact pads. The array size, within a single device, is ∼ 10 x
20 μm2 , consisting of ∼107 molecular junctions. Figures 2.2(b) and (c) show SEM
images of a nanoparticle array stamped on a SiO2 substrate. Figure 2.2(b) shows the
overall ordering of the nanoparticles in the array. The array consists of a monolayer
of the nanoparticles, globally the nanoparticles form crystallites with a few vacancy
defects. Figure 2.2(c) is a close up of the nanoparticle array. It shows that the
nanoparticles arrange locally in a hexagonally close packed formation within each
crystallite. Figure 2.2(d) is a schematic showing how the alkane ligands, white rods,
coat the Au nanoparticles, yellow spheres. Dithiolated molecules, blue rods with a
white sphere at each end, can interlink two neighbouring nanoparticles, emphasised
with a red arrow. The dithiolated molecules can also bind to the nanoparticles with
one thiol while the other thiol is free, emphasised with red circles around the white
spheres.

2.3 Au nanoparticle arrays as a platform for molecular
electronics
Arrays of alkane monothiol covered Au nanoparticles can be thought of as a platform
for transport measurements of molecules. After stamping the arrays onto a substrate
and depositing electrodes on top of them, a new molecule can be inserted into the
arrays. The samples can be placed in a solution containing a relatively high (∼ 1 mM)
concentration of the new molecule. Monothiol ligands covering the Au nanoparticles
can be partially replaced by new thiolated molecules[9, 16, 29, 43, 44]. Since the
surface of the nanoparticles is highly mobile there is a probability that an alkane
monothiol is desorbed from it and a new molecule can bind to the nanoparticles where
there is a vacancy in the alkane layer. If the new molecule is a rod of the correct
length and has groups on both ends that can bind strongly to Au, i.e. thiols, there
is a probability that if it binds to a nanoparticle on one side it may ﬁnd a vacancy
on a neighbouring nanoparticle and bind there. Thus, bridging two neighbouring
nanoparticles.
It has been shown that the arrays can resist common solvents such as deionised
water, ethanol and tetrahydrofouran (THF, C4 H8 O). Molecular place–exchange in a
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Figure 2.2: An overview of the devices used to measure molecular junctions. (a) The nanoparticle array
width is 20 μm and the distance between two neighbouring contact pads is 10 μm. Each device
consists of two large Ti/Au contact pads and the nanoparticle array between them. The scale bar
is 100 μm. (b) and (c) show close ups of the Au nanoparticle array taken by SEM. Figure (b)
shows the global ordering of the nanoparticles in the array. The array is a monolayer, comprised
of crystallites with a few vacancy defects. Figure (c) shows how the nanoparticles arrange in a
hexagonally close packed arrangement within each crystallite. Figure (d) is a schematic showing
the relatively large Au nanoparticles covered with octanethiols (white rods) and a conjugated
molecule of interest (blue double rods). The ﬁgure depicts that some of the dithiolated conjugated
molecules can bridge two neighbouring nanoparticles, highlighted with a red arrow, while others
have only one thiol connected to a nanoparticle and the other thiol is free, highlighted with red
circles around the free thiol.

solvent has been shown to work. Optical and electrical measurements were used
to conﬁrm that dithiolated molecules can interlink neighbouring nanoparticles in the
array. It has been estimated that 20%–40% of the original ligands are replaced by
the new molecules [9, 43, 44]. Figure 2.2(d) illustrates how two Au nanoparticles
covered with monothiols (white rods) can be interconnected by a dithiol (blue double
rod). However, only a fraction of these incoming molecules have a chance to form
two bonds with the gold surfaces available and eﬀectively bridge two neighbouring
nanoparticles. For geometrical reasons, a part of the dithiolated molecules can only
bind to the gold surface via one anchor group, leaving the other end–thiol group free
as shown by spectroscopic characterisation[34].
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Chapter

3

Adding function to nanoparticle arrays
3.1 Introduction
The ﬁeld of molecular electronics was started when it was ﬁrst proposed that one
could build an electrical device which utilised the function of a single molecule placed
between two electrodes [5]. Since then several groups have pursued this goal and
achieved molecular devices which have a function based on the properties of a single
molecule. Several devices have been fabricated, where the conductance of the device
can be switched from a high conducting state to a low conducting state and back,
due to the properties of a single molecule. The simplest molecule used in such a
device was a single H2 molecule trapped between two gold electrodes of a cryogenic
mechanically controllable break junction [70]. There Trouwborst et al. [70] switched
the conductance of the molecular junction by applying a bias to it. Several other
devices containing larger organic molecules have also been proposed and fabricated
[33].
Using the nanoparticle array platform outlined in Chapter 2 two distinctively
diﬀerent devices have been produced. The ﬁrst was an optically sensitive device
based on a photochromic diarylethene molecule [73]. The conjugation of this
molecule could be altered by exposing it to light at the correct wavelength. By
exposing the molecule in a solution to visible light, in the range from 590 nm to
650 nm, the conjugation was broken in the center of the molecule. By exposing
the molecule to UV light, in the range from 300 nm to 400 nm, the conjugation
was restored. This function was preserved when the molecule was inserted into the
nanoparticle arrays. Using this scheme the conductance of the nanoparticle arrays
could be switched from a high conducting state, fully conjugated molecule, to a low
conducting state, conjugation broken. This switching was reversible and could be
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repeated several times. These measurements were performed in Ar atmosphere at
room temperature.
In this work, a diﬀerent scheme involved inserting a Tetrathiafulvalene (TTF,
(H2 C2 S2 C)2 ) molecule into the arrays. TTF is a redox active molecule, meaning
that the charge of the molecule can be changed by oxidation and reduction. The TTF
and its derivatives have been used as organic metals and superconductors since their
discovery in the 1970’s [8].
In this chapter we discuss how a redox–active molecule, TTF, can be inserted into
the nanoparticle array devices. First we conﬁrm that we can tune the oxidation state
of the molecule in solution, then insert the molecule into the nanoparticle arrays and
measure the conductance of the devices at diﬀerent oxidation states of the molecule.
To prove that the changes in conductance observed are due to the TTF molecule and
not something else we did two control experiments, which are covered towards the
end of the chapter.

3.2 Controlling the oxidation state of a redox–active molecule
The TTF derivative under investigation is depicted in Figure 3.1. The molecule is
composed of a TTF redox group in the center, three methylene units on each side,
and a thiol anchor group at each end of the molecule. From now on the TTF dithiol
molecule will be known as TTFDT.
The oxidation state of the TTFDT can be changed by a chemical reaction using
an oxidant (i.e. iron(III) chloride, FeCl3 ·6h2 O) and a reductant (i.e. ferrocene,
Fe(C5 H5 )2 ). The absorption spectra of several TTF derivatives, in diﬀerent oxidation
states, have been measured [75, 76]. The maximum absorption peak of the TTF
derivatives has been found to move towards longer wavelengths, towards the red,
when the oxidation state changes from the neutral state to the cation–radical (TTF•+ )
state. Even more redshift is measured when the molecule is oxidised to the dication
(TTF2+ ) state. This redshift of the absorption peak is attributed to an extension of the
π–conjugation of the TTF unit. These measurements indicate that the π–conjugation
is especially extended in the case of the dication. The increase in delocalisation of
the π–conjugation should increase the conductance of the molecule.
Before introducing the TTFDT into the nanoparticle arrays, UV–Vis absorption
measurements were used to conﬁrm the reversible redox properties of the molecule
in solution. Acetyl–protected TTFDT molecules were used to prevent the reaction
between two free thiols. The measurements were carried out in a solution of
acetonitrile (ACN, C2 H3 N). The oxidation to the cation–radical (TTFDT•+ ) and
dication (TTFDT2+ ) states was performed by respectively adding FeCl3 in an 1:1 and
a 2:1 ratio to the TTF in solution. The reduction was performed by adding ferrocene
to the solution.
Figure 3.2 shows the UV–Vis absorption of the protected TTFDT in the ACN
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Figure 3.1: A schematic showing the TTFDT in blue. The molecule is composed of a TTF center, with a
chain of three methylene units on each side. Terminating the free ends of the methylene chains are
thiol groups, which bind to the gold nanoparticles. After oxidation with an superﬂuous amount
of iron chloride two electrons are removed from the TTF center. The molecule can be reduced
back to its uncharged state by ferrocene.

solution at diﬀerent oxidation states. The initial absorption of the molecule is shown
with the blue line. The spectrum has a strong absorption peak around 320 nm and
a small shoulder around 370 nm. When the molecule is in the cation–radical state,
the black line in Figure 3.2, two absorption peaks are visible one around 450 nm
and the second around 700 nm. When the molecule is in the dication state, red line,
a single absorption peak is visible around 550 nm. The molecule can be reduced
back to the TTF cation–radical state by adding ferrocene to the solution. The green
curve in Figure 3.2 shows the absorption of the TTFDT•+ after reduction and by
further increasing the amount of ferrocene the molecule is reduced back to the neutral
state shown by the orange curve in the ﬁgure. The inset in Figure 3.2 shows the
oxidation cycle performed in the measurement and relates the colours of the lines to
the corresponding oxidation states of the molecule.
It is obvious that the absorption spectrum of the TTFDT in the ground state before
oxidation, blue line in Figure 3.2, and after reduction, orange line in Figure 3.2, is not
the same. This change in the absorption is attributed to the iron chloride and ferrocene
in the solution. Figure 3.3 shows the absorption of the TTFDT molecule in ACN, blue
line, and the TTFDT in the neutral state after oxidation and reduction, orange line.
To verify the contribution of iron chloride and ferrocene to the absorption a solution
was prepared with the same amount, of iron chloride and ferrocene in ACN, as was
used to oxidise and reduce the TTFDT molecule. No TTFDT molecules were added
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Figure 3.2: The absorption of the TTF molecule in a solution of ACN as prepared (blue), oxidised to the
+1 state (black), oxidised to the +2 state (red), reduced from +2 to +1 (green), and reduced
from the +1 to the ground state (orange). The TTF in the ground state shows a single absorption
peak at 320 nm and a shoulder around 370 nm. The +1 state shows two absorption peaks one
at 450 nm and the other at 700 nm. The +2 state shows one absorption peak at 550 nm. The
diﬀerence between the as prepared TTF and the ground state TTF after reduction can be attributed
to oxidised ferrocene in the solution.

to this reference solution. The absorption of the iron chloride and ferrocene in ACN
is shown by the green line in Figure 3.3. The curve shows a small peak around 620
nm, similar to the peak in the orange curve. This feature stems from the absorption of
oxidised ferrocene in the solution. From these absorption measurements we conclude
that the oxidation state of the TTFDT molecule can be controlled by iron chloride and
ferrocene.

3.3 Introducing function to the nanoparticle arrays
To investigate the inﬂuence of the oxidation state of the TTFDT molecule we
prepared nanoparticle array devices and inserted the molecule into them. The devices
of nanoparticle arrays were fabricated, as described in Chapter 2, to measure the
electrical properties of the TTFDT. Colloidal Au nanoparticles with 10 nm diameter
were synthesised and coated with octane monothiol ligands. The coated nanoparticles
were allowed to self assemble at a water–air interface and the self assembled array
was transferred to a Si/SiO2 substrate using patterned PDMS stamps. The pattern on
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Figure 3.3: The blue line shows the absorption of TTFDT in ACN before oxidation, same as in Figure 3.2.
The yellow line show the absorption of the TTFDT in the neutral state after oxidation and
reduction, same as in Figure 3.2. The green line shows the absorption of iron chloride and
ferrocene in ACN with out the TTFDT molecule. The small peak observed around 620 nm can
be attributed to oxidised ferrocene in the solution. The increase in absorption below 400 nm is
attributed to the iron chloride in the solution.

the PDMS stamps consisted of 20 μm wide lines. Using a TEM grid as a shadow
mask Ti/Au (5 nm/45 nm) contact pads were evaporated on top of the nanoparticle
array.
The conductance of the devices was measured by applying a dc voltage and
measuring the resulting current through the device. The I–V measurements were
performed in a probe station in air at room temperature. A National Instrument DAQ
board was used to apply the dc voltage. The current was measured by a DL1212
I/V converter and the voltage output of the I/V converter was measured by the DAQ
board. The measurement was controlled by a LabView program.
After measuring the conductance of the devices with the C8 covered nanoparticles
molecular place–exchange was used to insert the TTFDT into the arrays. During the
molecular place–exchange the TTFDT partially replaces the C8 monothiols covering
the gold nanoparticles. A solution of 1mM TTFDT in THF was prepared and the
sample immersed in it for more than 24 hrs. After molecular place–exchange the
sample was removed from the solution, rinsed in THF and blow dried with nitrogen
gas. TTFDT has eight sulphur atoms. On a bare Au surface any of these eight
sulphurs can coordinate with the Au. Since the nanoparticles were covered with
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the C8 monothiols during the molecular place–exchange, the TTFDT can only bind
to the nanoparticles by the thiol groups at each end of the molecule. Even if the
TTFDT could bind to the nanoparticles in a diﬀerent way, i.e. by other sulphur atoms
in the molecule, the distance between the nanoparticles inhibits those molecule from
bridging two neighbouring nanoparticles. After the molecular place–exchange the
conductance of the same devices as before was measured using the probe station
setup.
Oxidation was performed by placing the sample in 10 mM iron(III) chloride
dissolved in DI–H2 O for 40 min, each cycle. After oxidation the sample was removed
from the solution, rinsed with DI–H2 O, and blown dry with nitrogen. After oxidation
the conductance of the same devices was measured again with the probe station
setup. The oxidised TTF was reduced by placing the sample in a 10 mM solution
of ferrocene in THF overnight. After reduction the sample was removed from the
solution, rinsed with THF, and blown dry with nitrogen gas. After reduction the
conductance of the same devices were measured again. These IV measurements were
repeated after each oxidation and reduction step.
The TTFDT in the nanoparticle arrays was only oxidised to the TTFDT+2 state.
This is because it is impossible to know exactly how many TTFDT molecules are in
the nanoparticle arrays and thus impossible to add exactly 1:1 ratio of TTFDT:FeCl3 .
In order to have well controlled experiments we chose to investigate only the
TTFDT+2 state. This was easy to obtain by adding a superﬂuous amount of iron
chloride during oxidation.

3.4 Deﬁning the conductance of a nanoparticle array device with
the oxidation state of a molecule
Figure 3.4 shows the sheet conductance G = G · l/w of 24 devices on one silicon
chip obtained from the measured conductance G, where l and w are the distance
between two electrodes and the width of the nanoparticle array, respectively. Figure
3.4(a) shows the sheet conductance of the 24 devices measured while Figure 3.4(b)
shows histograms of the conductance values in Figure 3.4(a). The conductance
was measured before molecular place–exchange (turquoise squares), after molecular
place–exchange (dark blue dots), after the ﬁrst oxidation with excess iron chloride
(red up triangles), and the ﬁrst reduction with excess ferrocene (orange down
triangles).
The conductance is low in the devices containing only C8 in the nanoparticle
arrays. This is expected since the C8 molecule is saturated, and thus insulating.
Furthermore, these molecules have only one thiol group, binding each molecule to
only one Au nanoparticle. After the molecular place–exchange with TTFDT the
conductance of the devices increases by one order of magnitude. This reﬂects the
higher conductance of the partly conjugated TTFDT molecule. After oxidation in
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Figure 3.4: (a) The measured sheet conductance values of TTFDT in Au nanoparticle array devices, 24
devices were measured on one sample. The ﬁgure shows the conductance of the devices as
prepared with C8 (I), after molecular place–exchange with TTFDT (G), after the oxidation
(L), and after reduction (M). (b) Histograms of the measurement points in Figure (a). The
conductance increases by an order of magnitude after molecular place–exchange. After oxidation
the conductance increases about a factor of 20. After reduction the conductance is decreased by
about one order of magnitude. The conductance after reduction is about a factor of 2 higher than
the conductance of the devices after molecular place–exchange and before the oxidation.

an excess of iron chloride the conductance of the devices increases by a factor of
20 and after reduction the conductance decreases by one order of magnitude. The
conductance of the devices after reduction is a factor of 2 higher than in the devices
before oxidation. This point will be discussed late in this section.
At this point it is tempting to contribute the change in conductance to the
oxidation and reduction of the TTF center of the molecules. Indeed the UV–Vis
spectra of the TTFDT in its neutral and dicationic states clearly diﬀerentiate the
underlying molecular obital situations [75]. To prove that the conductance changes
are indeed due to the oxidation and reduction of the TTF centers we performed control
experiments.
Firstly, we wanted to investigate whether ions were getting trapped in the arrays
during oxidation and then removed during reduction. Using a sample with 20
devices containing C8 covered Au nanoparticles, we performed the same oxidation–
reduction experiment as before. Figure 3.5 shows the sheet conductance of the
devices and a histogram of the measured sheet conductances. The ﬁgure shows that
the conductance of the devices does not change systematically or signiﬁcantly after
the oxidation and the reduction. This proves that the conductance of the TTF devices
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Figure 3.5: The conductance of 20 devices on one sample, as prepared with C8 (I), after the oxidation (L),
and after reduction (M). The ﬁgure shows that the oxidation and reduction have no systematic or
signiﬁcant eﬀect on the conductance of devices with only C8 covered Au nanoparticles.

was not caused by ions being trapped in the arrays during oxidation and removed
during reduction.
As a second control, we repeated a similar experiment after inserting a conjugated
compound into the nanoparticle arrays. This compound should not be inﬂuenced
by the oxidation and reduction agents. Before molecular place–exchange the
conductance of 21 as prepared devices, containing only C8, on one sample was measured. After measuring the conductance of the devices dithiolated oligo(phenylene
vinylene)(OPVDT) was inserted into the arrays, see inset Figure 3.6 for the molecular
structure. Figure 3.6 shows the sheet conductance of the 21 devices after molecular
place–exchange, blue circles. It is interesting to note in Figure 3.6, that after oxidation
the conductance increases by a factor of 2, red up triangles, and does not decrease
after reduction, orange down triangles. This is similar to what is seen in Figure 3.4
after reduction.
Table 3.1 summarises the results of the three experiments. Gi corresponds to the
averaged sheet conductance measured after molecular place–exchange, in the case of
the TTFDT and the OPVDT, or directly after stamping, in the case of the C8. Gox
 and
re
G correspond to the average conductances measured after oxidation and reduction,
respectively. In all three experiments we characterised more than 20 devices on a
single silicone chip. The data in Table 3.1 show that devices containing TTFDT
compounds exhibit on average a conductance change of one order of magnitude
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Figure 3.6: The measured conductance values of OPVDT in Au nanoparticle array devices, 21 devices were
measured on one sample. The conductance was measured after molecular place–exchange with
OPVDT (G), after the oxidation (L), and reduction (M). After oxidation the conductance of the
devices increases. After reduction the conductance of the OPV does not return to the original
conductance value of the OPV. This is similar to the change observed in devices with TTF, Figure
3.4.

while, devices containing C8 the conductance remains constant. Devices containing
OPVDT show an increase in conductance of a factor of 2.2 after oxidation while no
change is observed after reduction.
As seen in Table 3.1 the conductance of the devices containing TTFDT or OPVDT
measured after reduction is not the same as the conductance of these devices before
oxidation. Rather, the conductance increases by about factor of 2. In the devices
containing C8 this increase in conductance is not observed. Notice that the C8
molecules carry only a single thiol anchor group while both TTFDT and OPVDT
carry two. We attribute the eﬀect described above to the presence of free thiol groups
after molecular place–exchange. As mentioned in Chapter 2 due to geometrical
reasons, only a fraction of the molecules introduced into the arrays during molecular
place–exchange can bind to a gold surface via both thiol groups. This results in
the presence of free unbound thiols in the arrays. It can therefore be expected that,
during immersion of the sample in the oxidation solution, the free thiol groups will
coordinate with the iron species present, thereby altering the overall conductance of
the array. In the case of C8, the situation is diﬀerent since no free thiols are available.
Here, no conductance change was observed after immersion in the oxidation solution.
We have shown that the conductance of the nanoparticle array devices can be
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molecule
TTFDT
C8
OPVDT

Gi [nS]
0.34
0.14
0.65

i
Gox
 /G 
20 ± 4
1.0 ± 0.2
2.2 ± 0.2

i
Gre
 /G 
1.7 ± 0.3
1.2 ± 0.6
2.3 ± 0.3

Table 3.1: Comparison of the sheet conductance for devices with diﬀerent molecules during oxidation and
reduction. Gi corresponds to the averaged sheet conductance measured after molecular place–
exchange, in the case of the TTFDT and the OPVDT, or directly after stamping, in the case of the
re
C8. Gox
 and G  correspond to the average conductance measured after oxidation and reduction,
respectively. Note that the second and third column indicate a conductance ratio, namely, the
conductance after oxidation and reduction normalised with the initial conductance, respectively.

inﬂuenced by the oxidation state of the molecules in the array. In the following
section we introduce two models to help us understand the physics behind the change
in conductance.

3.5 Understanding the changes in conductance
To understand the origin of the conductance changes due to the changes in the
oxidation state of the TTFDT molecules in the array we look at two models.
In the devices containing the TTFDT molecule an increase of about one order
of magnitude was observed in the conductance after oxidation. To assess this
observed change in conductance, we ﬁrst consider a commonly used single–step
tunnelling model for the transport through the molecular junction, Figure 3.7(a). The
conductance can be written as:
√
G = GC exp (−2d 2Φm/)
(3.1)
Where GC is the contact conductance determined by the coupling to the electrodes,
Φ is the barrier height (EHL /2) in units of Joule, d is the length of the molecule,
m = 9.1 × 10−31 kg is the electron mass, and  = 1.05 × 10−34 J·s is the reduced
Planck constant. The barrier will be taken as the half of the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO). This is a crude approximation since we can expect that one of the
molecular orbitals, normally the HOMO, will lie closer to the Fermi energy of the
Au electrodes than the other. This approximation also assumes that the molecule
has some mean eﬀective barrier while in reality the HOMO–LUMO gap EHL will be
diﬀerent in the TTF center of the molecule than it is in the alkane chains on each side.
Given the presence of the alkane spacers between the TTF center and the –
SH binding group we do not expect substantial charge transfer between the Au
nanoparticles and the molecule. We therefore anticipate that the molecular orbitals
of the TTF are only weakly aﬀected by the Au terminals. Therefore, we assume that
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the Fermi level of the Au terminals lies in the middle of the HOMO–LUMO gap in a
symmetric junction at equilibrium. Deviations of the order kB T/EHL can be expected
depending on the degeneracy of the HOMO and LUMO levels. When the molecule is
brought into the dication state, the molecular orbitals are again ﬁlled and the π system
is globally neutral. The situation is therefore analogous to the neutral case, and the
Fermi level is also expected to lie approximately in the middle of the HOMO–LUMO
gap.
The HOMO–LUMO gap of the TTFDT in the dication state was determined from
the UV–Vis absorption spectrum shown in Figure 3.2. The spectrum shows a strong
absorption peak around 550 nm which reﬂects a HOMO–LUMO transition. The onset
around 700 nm gives an estimate of the optical HOMO–LUMO gap. In the neutral
case the optical transition does not correspond to the HOMO–LUMO gap. Therefore,
we have to use values from time–dependent density functional theory (TD–DFT)
calculations to obtain the HOMO–LUMO gap [3]. Overall, the values obtained for
the HOMO–LUMO gap of the molecule are EHL = 3.7 eV for the neutral TTF and
EHL = 1.8 eV for the molecule in the dication state. Using d = 2.2 nm as the length
of the molecule we calculate the conductance ratio:
√
⎞
⎛
⎜⎜⎜ −2d 2m  √ +2 √ ⎟⎟⎟
(3.2)
GTTFDT+2 /GTTFDT = exp ⎜⎝
· Φ − Φ ⎟⎠

GTTFDT+2 /GTTFDT



1.1 × 104

Where Φ+2 and Φ are the barrier heights of the TTFDT+2 and TTFDT, respectively.
ChemDraw 3D was used to calculate the length of the molecule by minimising
its energy using the MM2 force ﬁeld and measuring the distance between the two
terminal sulphur atoms.
The estimate of the conductance change given by this simple tunnelling model is
almost three orders of magnitude larger than the measured change ( 20). There are
several reasons why this might happen. An obvious reason for the discrepancy is the
approximation of the eﬀective tunnelling barrier height is simplistic. Furthermore,
it does not take into account any possible charging eﬀect and reorganisation of the
molecular orbitals upon contacting the Au electrodes. The estimate given by this
model can be looked at as an upper limit of the conductance change after oxidation
of the TTFDT.
A two step tunnelling model would be more appropriate to describe the process in
this system. In fact, the alkane linkers were added to the TTF center to reduce the
coupling between the TTF and the electrodes. A HOMO–LUMO gap of about 7 eV
can be expected for short alkane chains [60]. This decoupling is essential to ensure
stable oxidation and reduction of the molecule. Such a conﬁguration suggest that a
resonant tunnelling model is more appropriate to describe the process, Figure 3.7(b).
The TTF center plays the role of a weakly coupled quantum dot and the
alkane chains act as large barriers. At low bias voltages, the conductance can be
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Figure 3.7: A schematic showing two tunnelling processes. (a) A simple one step tunnelling process where
an electron tunnels from the left to the right electrodes. The molecule, between the electrodes,
is treated as a tunnelling barrier. Here Φ is the barrier height and d the distance between the
electrodes. (b) A two step tunnelling process. An electron tunnels from the left electrode through
a large barrier onto the molecule and then again through a large barrier onto the right electrode.
The tunnelling rates through the barriers are indicated by Γ1 and Γ2 , and ε is the energy diﬀerence
from the closes molecular orbital and the Fermi level of the electrodes.

approximated by:

2e2
Γ 1 Γ2
G=
2
h ε + (Γ1 + Γ2 )2 /4

(3.3)

Where Γ1 and Γ2 are the electronic coupling between the molecule and the left and
right electrodes, respectively, ε is the energy diﬀerence between the closest molecular
orbital and the Fermi level of the reservoirs, e is the charge of an electron, and h the
Planck constant. Since the molecule is symmetric we assume Γ1 = Γ2 = Γ. In the
weak coupling limit Γ << ε. The weak coupling approximation can be justiﬁed by
the presence of the alkane linkers. In a similar study on an asymmetric C60 –based
system with a slightly diﬀerent but comparable linker, the authors found a coupling
constant Γ  5 meV[23]. The change in conductance can be expressed as:
GTTFDT+2 /GTTFDT

=

GTTFDT+2 /GTTFDT



εTTFDT
εTTFDT+2
4.2

2

(3.4)

This second estimate is about a factor of 5 lower than the observed change in
conductance. This model is an oversimpliﬁcation since the distance between the
Fermi energy and the closest orbital relevant for transport might not by simply a
fraction of EHL . This model does not take into account any charging eﬀects or energy
level broadening. While phenomenological, the above estimates remain reasonable
and provide an upper and a lower bound to the conductance ratio expected in the
measurement.
To examine the reversibility of the conductance change upon exposure to the
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Figure 3.8: The device conductance normalised with the conductance of the devices before TTF molecular
place–exchange averaged over the 20 devices measured as a function of redox step, TTF (G),
after oxidation (G), and after reduction (G). The switching amplitude decays with the number of
repetitions. This might be caused by the breaking of Au–S bonds between the TTFDT and the
nanoparticles by the oxidant and the coordination of the unbound end groups with iron ions from
the oxidant. There is also a possibility of the formation of dimers and oligomers via disulphide
bond formation during the redox cycles.

oxidant and reductant, we repeated the redox process several times. Figure 3.8
shows the average ratio G T T FDT /G C8 of 24 devices at diﬀerent stages during four
oxidation–reduction cycles. The red points correspond to the oxidised, dication, state
while the orange pints correspond to the neutral state. The data demonstrates that the
conductance of the devices can be reproducibly switched between a high conductance
level, after oxidation, and a low conductance level, after reduction. Note that the
switching amplitude decays with the number of repetitions. This might be caused
by the breaking of Au–S bonds between the TTFDT molecule and the nanoparticles
by the oxidant and the coordination of the unbound end groups with iron ions of the
oxidant. We also cannot exclude the formation of dimers or oligomers via disulphide
bond formation during the redox cycles. Such eﬀects will result in a lower maximum
conductance and a higher minimum conductance.
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3.6 Summary
We have successfully inserted molecules with tetrathiafulvalene redox units into two–
dimensional nanoparticle arrays to form functional networks of molecular junctions.
The conductance of the networks could be repeatedly switched between a high
conductance level and a low conductance level by means of chemical oxidation and
reduction. The change in conductance arises from the reorganisation of the TTFDT
molecular orbitals upon oxidation, as supported by UV–Vis spectroscopy. The high–
and low–conductance states are stable enough to permit electrical characterisation
after each oxidation and reduction step. Our experiments not only demonstrate the
eﬃcient modulation of the conductance of molecular junctions by up to one order
of magnitude but also raise interesting prospectives for chemical sensing based on
networks of active molecular junctions.

Part II

Non–linear transport through nanoparticle
arrays
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Chapter

4

Reducing the size of nanoparticle arrays
4.1 Introduction
In Part I we introduced the nanoparticle arrays as a platform for molecular electronics.
One could think of them like the breadboards used to design and test electronic
circuits. Instead of resistors and capacitors inserted into the breadboard, molecules
can be inserted into the arrays to bridge the nanoparticles. Furthermore, we discussed
how the conductance of the arrays was inﬂuenced not only by the molecules used to
bridge the nanoparticles, but also the oxidation state of those molecules.
The bias voltages applied to the arrays in Part I were on the order of ± 10 V.
Assuming that the applied voltage drops evenly over each molecular junction in
series, the voltage drop over each molecular junction is only on the order of 10 mV.
The devices described in Section 2.3 are relatively large, ∼ 10 × 20 μm2 in size
containing ∼ 1000 × 2000 molecular junctions in series and parallel. To investigate
the transport through the nanoparticle arrays in more detail, it is necessary to fabricate
smaller arrays. Using PDMS stamps to make small structures is not feasible, PDMS
is not rigid enough to support narrow high aspect ratio structures. Using the procedure
described in Section 2.3, it is impossible to bring the metal electrodes closer to each
other than a few micrometers. Therefore, a new method had to be devised to fabricate
nanoparticle arrays with dimensions on the order of hundreds of nanometers.

4.2 Fabrication of small nanoparticle arrays
To make the small nanoparticle arrays Ti/Au electrodes were evaporated on top of
a Si/SiO2 substrate. The SiO2 had a thickness of 400 nm, and the electrodes were
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Figure 4.1: A schematic showing the structure of devices with small nanoparticle arrays. (a) A top and a side
view of the structure of the device on top of 400 nm thick SiO2 after the two evaporation steps.
The device structure is determined by the Cr etching mask. In the ﬁrst evaporation step the Ti,
Au, and the Cr on top of the Au are evaporated. The Ti and Au layers are evaporated at ± 7◦ and
0◦ angles from the normal of the substrate. The Cr layers are evaporated at ± 8◦ and 0◦ angles
from the normal. This results in the thickness of the electrodes decreasing towards the center of
the device. The Cr layer on the SiO2 is evaporated in the second evaporation step at 0◦ angle from
the normal of the substrate. This Cr layer deﬁnes the size of the nanoparticle array measured in
the device. (b) The device after the SiO2 and the Cr have been etched away. (c) A top and a side
view of the device after stamping with the nanoparticle array. The array is deposited everywhere,
but the 400 nm height diﬀerence between the device and the surrounding substrate ensures that
the array on top of the device is not connected to the surrounding substrate. The height decrease
in the electrodes, near the center of the device, ensures the continuity of the nanoparticle array
over the whole device.

24 nm thick structured in a way to become gradually thinner towards the ends. The
structure is shown in Figure 4.1 and described in details below. The electrodes were
patterned using electron beam lithography, metal evaporation and etching.
First the electrode pattern was written into a PMMA–MA/PMMA layer with a
thickness of 100 nm and 600 nm, respectively. The PMMA–MA layer provides a
large undercut under the PMMA layer. Titanium (Ti) and gold (Au) layers were
evaporated at three diﬀerent angles, thus creating gradually decreasing electrode
thickness towards the center of the device. The electrode metals were evaporated at ±
7◦ , and 0◦ angles from the normal of the substrate. The thickness of each Ti layer at
each angle was 3 nm, and the thickness of the three Au layers was 5 nm at each angle.
This results in 8 nm high steps. After evaporating the Ti and the Au layers three 15 nm
thick chromium (Cr) layers were evaporated on top of the Au at ± 8◦ , and 0◦ angles
from the normal of the substrate. After lift oﬀ PMMA–MA and PMMA were again
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spun on the substrate and a second lithography step was performed. In the second
lithography step lines were patterned on the substrate connecting the two electrodes.
After development a 45 nm thick Cr layer was evaporated onto the substrate at a
0◦ angle from the substrate normal. This Cr layer covered the SiO2 between the two
electrodes.
After lift oﬀ the substrate was treated with O2 and CHF3 plasma to etch away
the uncovered SiO2 . Then the Cr was etched away with a solution of ceric
ammonium nitrate (CAN, Ce(NH4 )2 (NO3 )6 ) in DI-H2 O and acetic acid (CH3 CO2 H).
The resulting structure comprised of the electrodes on top of 400 nm thick SiO2
bridged by a small SiO2 area. The electrodes having a thickness of 9 nm Ti and 15
nm Au became gradually thinner, in steps of 8 nm, close to the SiO2 bridge. The size
of the SiO2 bridge determined the size of the nanoparticle array in the device.
After fabrication of the electrodes the samples were soldered to a chip carrier
using ﬂux free solder. This provided the possibility of performing molecular place–
exchange on the samples in organic solvents without having unwanted organic
molecules inﬂuencing the exchange.
Using un–patterned PDMS stamps Au nanoparticle arrays were stamped on top
of the substrate. The 400 nm height diﬀerence between the electrodes and the
surrounding Si substrate caused the nanopartice array on the electrodes to be disjoint
from the surrounding nanoparticle array while the 8 nm step towards the SiO2 bridge
allowed the array to be continuous over the whole device, the two electrodes and the
SiO2 bridge between them. The result were well deﬁned nanoparticle arrays with a
length of 200–500 nm and width of 200–1000 nm contacted by two metal electrodes.
After stamping the electrodes were connected to the contacts of the chip carrier
using Au wire wedge bonding. The substrate was also connected to a contact pad
on the chip carrier using Al wire wedge bonding. This allowed the substrate to
be grounded during measurements, thus reducing the eﬀect of leakage through the
substrate between the electrodes.
Figure 4.2 shows images of an actual sample. Figure 4.2 (a) is an optical image
of a sample in a chip carrier after stamping with a nanoparticle array and bonding.
The chip carrier is 1 cm2 . The sample is ﬁxed into the chip carrier by soldering. The
solder used contains no ﬂux, thus no organic material. This is important to reduce
the probability of foreign organic molecules disturbing molecular place–exchange.
Figure 4.2 (b) is a SEM image of the sample, showing the device contact pads
surrounding the devices, which reside in the center. Figures 4.2 (c) shows a closer
look of three devices in the center. The leads come in from left and right to each
device. A nanoparticle array has been stamped on top of the sample in the ﬁgure. The
ﬁgures is taken at a 70◦ angle from the normal to the substrate. It shows the raised
structure of the electrodes and how the nanoparticle arrays on top of the electrodes
are not connected to the nanoparticle arrays deposited on the Si substrate around
the leads. Figure 4.2 (d) shows a close up of a device before the deposition of the
nanoparticle array. The two Au electrodes, yellow, are separated by a SiO2 bridge
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Figure 4.2: (a) A photo of a bonded sample in a chip carrier taken by an optical microscope. The sample is
soldered in the chip carrier to mechanically ﬁx it. The contacts of the devices are bonded with an
Au wire to the contacts of the chip carrier. (b) An SEM image of the sample. The scale bar is
100 μm. (c) A closer look at the devices taken by an SEM at 70◦ angle from the normal of the
surface. The image shows the raised structure of the electrodes. The scale bar is 2 μm. (d) A
close up of a device before the nanoparticle array was stamped on it. The yellow areas represent
the Au electrodes. The light blue area in the center is the SiO2 where the nanoparticle array will
we deposited later. On each side of the SiO2 one can see the steps in the Au electrodes. The
dark areas above and below the SiO2 in the ﬁgure are the exposed Si substrate. The scale bar is
200 nm. (e) A close up of a device, after the nanoparticle array has been stamped on it, taken by
an SEM. The ﬁgure shows that the nanoparticle array is continuous over the whole device. The
colours are the same as in Figure (d) and were added by Adobe Photoshop CS. The scale bar is
200 nm.
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shown in a light blue color in the center of the image. The dark areas above and
below the SiO2 bridge are the Si substrate. Towards the SiO2 bridge one can see the
steps in the Au electrodes. Figure 4.2 (e) shows a device after the deposition of the
nanoparticle array. The ﬁgure shows clearly that the nanoparticle array is continuous
over the device. Furthermore, it shows that no nanoparticles are deposited on the Si
substrate next to the device. In Figures 4.2 (d)–(e) the color was added using Adobe
Photoshop CS.

4.3 Transport measurements at low temperature
The transport properties of the devices were measured using the set up shown in
Figure 4.3. The sample, already placed in a ceramic chip carrier, was inserted into
a socket at the end of a dipstick. The socket of the dipstick was wired to a break
out box, on top of the dipstick, with a ribbon of 12 twisted pair wires. The sample
devices were connected in such a way that one wire in a twisted pair was connected
to one side of the device and one wire in another twisted pair was connected to the
other side of the devices. Normally wires from the ﬁrst twisted pair were used with
wires from the seventh twisted pair, wires from the second with wires from the eighth
and so on. While measuring, all wires of all the twisted pairs are grounded, except
for the two wires needed for the measurement. This spatial separation of the wires
used, and the grounding of all other wires decreased the capacitive cross talk between
the measurement lines.
The dipstick was characterised by measuring a 10 GΩ resistor that was soldered to
a chip carrier and inserted into it. The measurements were done at room temperature.
The diﬀerential conductance of the resistor in the dipstick was measured while the
frequency of the applied ac voltage was varied from 11 Hz to 11 kHz, the dc bias was
at 0 V during the measurement. From the frequency sweep we calculated the leakage
capacitance to ground in the dipstick to be ∼ 2 pF. The IV, dI/dV, and d2 I/dV 2 were
also measured using the 10 GΩ resistor. The frequency of the ac voltage was 73 Hz.
The measurement data are to be found in Appendix E.
The measurements were controlled with a LabView program on a PC. The program
was used to control a Yokogawa YK7651 dc voltage source and two Stanford
Research SR830 lock–in ampliﬁers, one set to detect the ﬁrst harmonic of the ac
signal and the other to detect the second harmonic of the signal. The resulting current
was detected using a DL Instruments DL1212 IV converter. The dc part of the signal
was measured on a National Instruments data acquisition board (NI–DAQ). The ac
part of the signal was measured by the two lock–in ampliﬁers and their output passed
on to the data acquisition board and the PC.
When performing the measurement a small ac voltage signal was added on top
of a dc voltage signal via a NLT1 1:1 transformer. The dc voltage is supplied by
the Yokogawa voltage source. The ac voltage was supplied by one of the lock–in
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ampliﬁers. The large ac signal was passed through a voltage divider to decrease the
digitisation error in the signal. The lock–in ampliﬁers were synchronised using the
TTL signal from the ampliﬁer set to detect the second harmonic of the ac signal. This
lock–in ampliﬁer also supplied the ac signal.
The capacitance between the device electrodes and the substrate is C = A0 r /d with
A ∼ 150 × 150 μm2 , d = 400 nm, 0 is the permittivity of vacuum, and r = 3.9 for
SiO2 . The capacitance is C = 1.9 × 10−12 F. The substrate was grounded through
an 1 μF capacitor. This capacitor is about six orders of magnitude larger than the
capacitance between the device electrodes and the substrate. An ac signal is thus
eﬀectively grounded while any dc charging in the substrate is not grounded. This
reduces the dc voltage drop from a device contact to the substrate over the oxide and
thus reduces the probability of the oxide breaking down under high dc bias.
The current ﬂowing in the device is comprised of an ac part and a dc part and can
be expressed by a Taylor series as
I(Vdc + Vac sin(ωt))

=

dI(Vdc )
Vac sin(ωt) +
dV
1 d2 I(Vdc ) 2
Vac cos(2ωt + π)
+
4 dV 2
I(Vdc )

For details on the calculation see Appendix F.

(4.1)
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Chapter

5

Characterisation of the nanoparticles in the
arrays

5.1 Introduction
The transport through arrays of nanoparticles is governed by several competing
energy scales. Regarding the nanoparticles, their charging energy and the tunnelling
conductance between them are important [7]. These energy scales can be adjusted
by tuning the size of the nanoparticles, the interparticle spacing and the interparticle
coupling. The interparticle spacing and coupling can be adjusted by the molecules
surrounding the nanoparticles. Having perfect control over these parameters would
open up a large range of possible devices where the device function would be
determined by the properties of the nanoparticle arrays. Metallic nanoparticles can be
viewed as artiﬁcial atoms and therefore arrays of nanoparticles could be engineered
into artiﬁcial solids with tunable electronic and optical properties [7].
The nanoparticles form the basis of the nanoparticle array, therefore it is important
to understand their contribution to the transport in the arrays. The transport through
arrays of metallic nanoparticles has been studied experimentally [78]. The questions
we strive to answer concern the detailed transport through the molecules bridging the
nanoparticles. Understanding the contribution of the nanoparticles in the transport is
the ﬁrst step towards understanding the transport through the molecules in the array.
In this chapter, we investigate what the contribution of the nanoparticles to the
transport in the arrays is and what role disorder of the arrays plays in the transport.
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Figure 5.1: The generic model of transport through two tunnel junctions connected in series. The model is
comprised of a nanoparticle contacted to two electrodes via an RC circuit. Figure (a) shows a RC
model of the tunnel junctions. The nanoparticle is coupled to the two electrodes via capacitors Cj
and resistors Rj , where j is the junction number. The tunnelling rates onto and of the nanoparticle
are indicated by Γ+j , and Γ−j , respectively. Electrode 1 is at bias Vb and Electrode 2 is at ground.
Figure (b) shows the energy scales relevant to transport through the junction. The change in
energy when a single charge is added (+) or removed (-) is indicated by ΔU ± . The total potential
diﬀerence between the electrodes is Vb .

5.2 Coulomb blockade in a double junction
The nanoparticles forming the arrays are quite small. They have a radius of 5 nm
and are small enough so that a charge moving onto or oﬀ the nanoparticle will
feel the force of the charges which are already on it. This gives rise to a voltage
dependent impedance in the array. This phenomenon is the single–electron charging
of the nanoparticle. When an electron tunnels onto or oﬀ the nanoparticle its charge
changes. The energy required to charge the nanoparticle must be supplied from the
environment, either thermally or from the external applied bias. This is known as
Coulomb blockade and gives rise to the nanoparticle charging energy [78].
A simple model has been set forward to describe the transport through a nanoparticle in the single–electron charging regime [2, 24]. The model describes the transport
through a series of two tunnel junctions. A schematic of the system is shown in
Figure 5.1. We start by introducing this model and later build on it when the transport
through an array of nanoparticles is characterised.
The transport through the model system will be governed by the energy needed to
add or remove charge to/from the nanoparticle. This charging energy of the metallic
nanoparticle is calculated as [40]
Ec

=

e2
,
2C

(5.1)

where e is the elemental charge of an electron and C the capacitance of the
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nanoparticle. The capacitance of a single spherical nanoparticle is
=

C

4π0 r R,

(5.2)

where 0 is the permittivity of free space, r the dielectric constant, and R the particle
radius. The change in charging energy of the nanoparticle when a single charge is
added (+) or removed (-) is calculated as
ΔU ±

=

(Q ± e)2
Q2
−
,
2CΣ
2CΣ

(5.3)

where CΣ = C1 + C2 is the sum of the capacitances in Figure 5.1 and Q is the charge
on the nanoparticle. The change in the energy of the system when an electron tunnels
on or oﬀ the nanoparticle is
ΔE1±

=

ΔE2±

=

C2
Vb ,
CΣ
C1
ΔU ± ± e Vb ,
CΣ
ΔU ± ∓ e

(5.4)

where Vb is the potential diﬀerence between the two electrodes. The ﬁrst term in the
equation is the change in the electrostatic energy of the nanopartice ΔU ± as deﬁned in
Equation 5.3. The second term in the equation is the work done by the voltage source
while the electron tunnels over the junction j. The voltage drop over each junction in
Figure 5.1 is
Vj =

C1C2
Vb .
C jCΣ

(5.5)

The tunnelling rate is controlled by the resistors in Figure 5.1
Γ±j

−ΔE ±j
1

.
= 2
e R j 1 − exp ΔE ± /kB T
j

(5.6)

At T = 0 K, Equation 5.6 can be simpliﬁed as
Γ±j (T = 0K) =

−ΔE ±j /e2 R j ,
0,

ΔE ±j < 0,
ΔE ±j ≥ 0,

(5.7)

assuming a symmetric junction with R1 = R2 , C1 = C2 , and with no initial charge
on the nanoparticle Q = 0. Combining Equations 5.1, 5.3, 5.4, and 5.7 the threshold
voltage for conductance in the presence of Coulomb blockade in a symmetric double
junction is found to be
|VCB |

=

2EC /e.

(5.8)
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The current through the double junction is determined by the diﬀerence in the
tunnelling rates on to and oﬀ the nanoparticle


(5.9)
I = e Γ+1 − Γ−1 = −e Γ+2 − Γ−2 .
Combining equations 5.7 and 5.9 the current ﬂowing through the double junction is

0.5

I [A]

−|VCB|

0
|VCB|

−0.5
−1

Figure 5.2:
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Vb > |VCB |,
−|VCB | < Vb < |VCB |,
Vb < −|VCB |.
(5.10)

The IV curve calculated by
Equation 5.10 with |VCB | = 0.5
and R = 1 Ω.

5.3 From a double junction to an array of junctions
The double junction model introduced in Section 5.2 captures the dynamics of
transport through a single nanoparticle between two electrodes. The devices we
measure contain many nanoparticles, in series and parallel, between two electrodes.
The problem we face is how to understand the role of Coulomb blockade in such
arrays. One way to use the model in Section 5.2 to model the junctions in the arrays is
to see if we can treat the array as a simple parallel and series connection of junctions.
Can we estimate the voltage drop over each junction by dividing the total voltage
by the number of junctions in series and can we estimate the current through each
junction by dividing the total current measured by the junctions in parallel? Mapping
this in details would be an interesting measurement requiring high resolution Kelvin
probe force microscopy (KPFM). This is beyond the scope of this work. Although,
in a collaboration with Thilo Glatzel and Marcin Kisiel, in the group of Ernst Meyer
at Basel University, we have started looking at the arrays with a KPFM. An overview
of preliminary measurements is in Appendix B. To gain some insight into the voltage
drops over the junctions in the arrays we have made simple models using linear circuit
elements.
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Figure 5.3: Schematics of hexagonal impedance networks. Metallic electrodes (yellow circles) are connected
via an impedance Z. A voltage Vb is applied to the topmost electrode while the bottommost
electrode is kept at ground potential. The proportional voltage at each electrode is indicated
in each yellow circle. The currents ﬂowing in the circuit are shown with color coded arrows.
Each color represents the magnitude of the current, currents with the same color have the same
magnitude. Here two cases are shown: (a) The side–to–side case when two electrodes are
connected to the bias source and another two to the ground. The voltages at each electrode
can be readily obtained. The same current ﬂows through each impedance going from top to
bottom and thus the same voltage drops over each of them. There is no voltage drop over the
impedances going from left to right and no current ﬂows there.(b) The head–to–tail case when
only one electrode is connected to the bias source and another electrode to the ground. The head–
to–tail case is comprised of the same hexagonal unit as the side–to–side case, but rotated by 30◦ .
The head–to–tail case is more complex to solve, than the side–to–side case, and the voltages at
each electrode cannot practically be calculated analytically for large arrays.

5.3.1 An impedance network model of the nanoparticle array
In a ﬁrst attempt to investigate how voltages drop and how currents ﬂow in the array
we start by looking at what happens in a single hexagonal unit comprising of a
central nanoparticle surrounded by six nanoparticles. Figure 5.3 shows a schematic
of an electrical circuit where metal electrodes, yellow circles, are connected with
impedances Z. A potential Vb is applied to the top electrode while the bottom
electrode is kept at ground potential. The voltage at each nanoparticle is indicated
inside it, as a fraction of the applied voltage. The ﬁgure shows two cases: The side–
to–side case, has two electrodes connected to the voltage source and two connected to
the ground and the head–to–tail case, where only a single nanoparticle is connected
to the voltage source and a single nanoparticle is connected to the ground. The two
cases consist of the same hexagonal unit, but rotated by 30◦ .
Due to symmetry in the side–to–side case the same voltage drops over each
impedance going from top to bottom, while no voltage drops over the impedances
going from left to right. Thus, the voltage drop over each impedance scales as the
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number of lines of nanoparticles, Vjnct = Vb /(N −1), where N is the number of lines of
nanoparticles. This can be related to the voltage drop over each molecular junction in
the nanoparticle array assuming each molecular junction has an impedance Z. In the
case when the measured array is monocrystalline with the side–to–side orientation
the voltage drop per molecular junction scales as
√
3 Vb · d
Vjnct =
,
(5.11)
2 L−h
where L = h(N − 1) is the distance between the electrodes connected
to the array, d
√
is the distance from center to center of the nanoparticles, h = d 3/2, and Vb is the
voltage applied to the electrodes connected to the array.
The current in the array scales with the array width. The arrays are assumed to be
a monolayer so the thickness is not a factor. The linear current density in the array is
deﬁned as the current ﬂowing in each current path. In the side–to–side conﬁguration
the current scales with the number of vertical columns as
Idens

=

1 Itotal d
,
2W −d

(5.12)

where W = d(M − 1)/2 is the width of the array, d is distance from center to center of
the nanoparticles, M is the number of columns, and Itotal is the total current ﬂowing
in the array.
In the head–to–tail case the voltage drop over each impedance is not always
identical. Solving for the voltages at each nanoparticle analytically is not practical for
large arrays. To investigate the inﬂuence of scaling the array we used PSpice Student
version Release 9 by OrCAD to calculate the voltages of nodes, representing the
nanoparticles, connected by identical resistors in the head–to–tail formation. Figure
5.4 shows the results of the simulation for: (a) The basic hexagonal unit, seven
nanoparticles the center one connected to the outer six; (b) A narrow array with
three hexagonal units in series; (c) An array with two hexagonal units in series and
a two hexagonal in parallel; (d) The generic array. The color of the nanoparticles,
circles, indicates their potential. Red indicates that the nanoparticle is at the highest
potential, equal to Vb , and white indicates that the node is at ground potential, shades
in between red and white indicate intermediate potentials. The lines connecting the
circles represent the potential diﬀerence between two neighbouring nanoparticles,
the voltage drop over a resistor in this model. The blue color indicates the highest
voltage drop over a resistor in the model array and white indicates no voltage drop
over the resistor. The most prominent lines in the ﬁgure imply the highest voltage
drop between the nanoparticles. The blue color bar indicates the fraction of the
applied bias voltage that drops over the resistor. Looking at the scale by the blue
color bar one can see how the maximum voltage drop decreases when the units are
connected in series. Connecting the units in parallel does not change the voltage drop
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Figure 5.4: A Spice simulation of metallic electrodes connected by identical resistors. The electrodes are
arranged as the nanoparticles in the nanoparticle array in the head–to–tail case. (a) The smallest
unit containing a full hexagon. (b) Three hexagonal units in series. (c) Two hexagonal units in
series and two in parallel. (d) A representation of the generic array. The color of the circles
indicates their voltage with red representing 100% of the applied voltage and white the ground
potential. The color of the lines connecting the circles indicates the voltage drop over each
resistor. Here the blue color indicates the largest voltage drop over the resistor. The fraction of
the applied voltage dropping over each resistor is indicated on the blue color bar. The voltage
per junction decreases as the number of electrodes in series increases. The rate of the decrease
is shown in Figure 5.5. The voltage drop per junction does not change signiﬁcantly as more
junctions are added in parallel.

over the resistors. Figure 5.5 shows how the inverse of the voltage drop over each
resistor scales with the number of lines of nanoparticles in the array. The red circles
are values calculated using Equation 5.11, and the blue circles were obtained from
the Spice simulations. The dotted lines are guides for the eye. The insets in the ﬁgure
show the orientation of the hexagonal unit with red showing the side–to–side case
and blue showing the head–to–tail case, as well as the slope of the lines.
As shown in Eq. 5.11 the voltage over each junction in the side–to–side case
decreases as 1/(N − 1). In the head–to–tail case the voltage over each junction
decreases as 3/N, so the voltage drop over each junction as a function of the distance
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Figure 5.5: The inverse of the voltage drop per junction in the nanoparticle array as a function of the number
of lines in the array. In the side–to–side case, red circles, the voltage drop per junction decreases
linearly with the increase in the number of lines. The values plotted in the ﬁgure are calculated
using Equation 5.11. In the head–to–tail conﬁguration, blue circles, the voltage drop per junction
decreases with the increasing number of lines in the array with a factor of 3. The data plotted in
the ﬁgure was obtained by the Spice simulation.

between the electrodes is then
Vjnct

=

3 Vtotal · d
,
2 L−d

(5.13)

where L = d(N − 1)/2.
The number of current paths scales as the number of vertical columns of
nanoparticles. The current density can be estimated as
√
3 Itotal d
Idens =
,
(5.14)
2 W −h
where W = h(M − 1) is the width of the array, h is as deﬁned in Eq. 5.11, and Itotal is
the total current ﬂowing in the array.
In reality the nanoparticle array bridging two electrodes is neither perfectly in
the head–to–tail nor the side–to–side conﬁguration. Moreover, the array has some
variations in the impedance of each molecular junction due to the size distribution of
the nanoparticles and defects in the array. The array is also never monocrystalline
between the electrodes and the eﬀect of grain boundaries on the transport of the
array is not known. In this thesis we assume L  d, h and normalise the applied
voltage by d/L to obtain the voltage drop over each junction. Furthermore, Middleton
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and Wingreen [47] showed that, in a two dimensional array of capacitively coupled
normal–metal dots arranged in a square lattice, the onset of conduction occurs at a
voltage Vth proportional to the linear array size. Tran et al. [67] report that the bias
per junction and the bias applied across a short stack of N particles is Vjnct = Vtotal /N.
As with the voltage scaling the linear current density will not scale exactly as
described in Equations 5.12 and 5.14. From now on the total current will be scaled
by d/W to ﬁnd the linear current density, assuming W  d, h. As a consequence of
this, scaling, the sheet conductance of the devices is found by scaling the measured
conductance by L/W, and the second derivative of the current–voltage response is
scaled by L2 /W to remove the inﬂuence of the array geometry from the signal.

5.3.2 Models describing the transport through arrays of nanoparticles
linked by tunnel barriers
Modelling the nanoparticle array as nodes connected by resistors is useful to learn
how to calculate the voltage drop over, and the current through, a single junction.
This model does not take into account the properties of the nanoparticles introduced
in the tunnelling model in Section 5.2. The transport through an array of nanoparticles
coupled via tunnelling junctions has been studied by several groups. Here we look
more into the details of those models.
The ﬁrst thing to consider is how the charging energy of a nanoparticle changes
when the particle is placed in an array of many nanoparticles which can interact
with each other. The charging energy of the nanoparticle in the array depends on
the inter–nanoparticle coupling, since a charge on one nanoparticle can polarize its
neighbouring nanoparticles. The capacitance of the nanoparticles in the array can
be approximated by assuming that the nanoparticle is separated from a conducting
continuum by an insulating shell. The nanoparticle capacitance can then be calculated
as [78]
C

=

4π0 r

R(R + s)
s

(5.15)

where s is the interparticle separation. This in turn aﬀects the charging energy Ec
calculated in Equation 5.1 and thus the threshold to over come Coulomb blockade
calculated in Equation 5.8.
The eﬀective capacitance of the nanoparticles is not enough to model a whole
array. Eﬀects of random charges on the nanoparticles and meandering current paths
in two dimensions need to be considered. Elaborating on the double junction model
Middleton and Wingreen [47] describe the collective transport in arrays of small
metallic dots. They deﬁne their array as capacitively coupled, via tunnel junctions,
metallic dots in one or two dimensions. The onset of conduction is found to occur at
a voltage Vth proportional to the linear array size. The current at voltages above Vth
in linear and square arrays is found to behave as
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1

I

∼

(Vb /Vth − 1)ζ

(5.16)

0.5
−|Vth |

I [A]

Figure 5.6 shows the shape of the cur0
rent calculated by Equation 5.16 using
|V |
the parameters Vth = 0.5 and ζ = 5/3.
−0.5
There are two characteristic parameters in
the model namely the threshold voltage
−1
−1
−0.5
0
0.5
1
V [V]
Vth and the exponent ζ. We will now
discuss the two parameters, starting with Figure 5.6: The IV curve calculated by Equation
the threshold voltage.
5.16 with |Vt | = 0.5 and ζ = 5/3.
The threshold voltage in Equation 5.16
is closely related to |VCB | in equation 5.8. Parthasarathy et al. [52] look at how Vth
scales in networks of metal nanoparticle arrays with random threshold voltages at
each nanoparticle at ﬁnite temperatures. They assume that at a ﬁnite temperature
T a fraction of the barriers, due to the nanoparticle charging energies, p(T ) can be
overcome by thermal ﬂuctuations. These junctions are assumed to behave as ohmic
junctions. The fraction of barriers overcome by thermal ﬂuctuations increases as T
increases. When a certain fraction of the barrier can be overcome by the thermal
ﬂuctuations a conducting path is formed between the contacts. The fraction of
barriers needed to be overcome is the percolation threshold of the array. The threshold
voltage Vth for the conducting pathway is zero. In a two dimensional hexagonally
close packed (hcp) array the threshold voltage is
th

b

Vth

=

with pc

=

4.8kB T
VCB N 1 −
pc E¯C
π
,
for an hcp array
2 sin
18

(5.17)

where N is the number of molecular junctions spanning the gap between the
electrodes and Ēc is the mean charging energy of the nanoparticles as calculated by
Equation 5.1.
The other characteristic parameter of the model in Equation 5.16 is the exponent
ζ. The exponent takes the values 1 and 5/3 for one and two dimensional square
arrays, respectively [35, 47]. In recent work Šuvakov and Tadić [74] model the IV
characteristic in two dimensional hexagonal arrays of nanoparticles. They ﬁnd that
the exponent ζ takes values of ζ ≈ 2.5 − 2.8 in weakly disordered hexagonally close
packed arrays. When quenched charge disorder is added to the array the exponent
is reduced to ζ ≈ 1.3. In highly topologically disordered arrays the exponent takes
higher values ζ ≈ 3.9.
In the following section we estimate the value of the threshold voltage and the
exponent from our measured data.
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5.4 Measurements of two dimensional nanoparticle arrays at low
temperatures
The transport through several devices was measured. First we will look at the
measurement results of a single device and see how to extract the threshold voltage
Vth and the exponent ζ. From the threshold voltage we get information about the
charging energy of the nanoparticles in the array, these values can be compared with
theoretical values calculated using the equations presented above. Furthermore, the
threshold voltage is useful to scale the measured data. By scaling the data, we see that
the device fabrication and the measurement results are reproducible and the transport
is not governed by size eﬀects. Once the threshold voltage is known we can obtain
the exponent ζ. This exponent gives information about the disorder in the arrays, this
will be discussed below.
Before we look at the data we can calculate typical values of the parameters we
expect in the measurements. The size of nanoparticles and interparticle spacing fabricated using the same protocol we use have been reported [9]. The nanoparticle radius
was R ≈ 5 nm, and the interparticle spacing s ≈ 2.5 nm. The eﬀective dielectric
constant of the octane monothiol molecules (S–C8) covering the nanoparticles was
reported as r = 2.5 [9].
Using Equation 5.2 and the values for R, s, and r from above, the capacitance
of a single nanoparticle is CNP = 1.4 aF. Using Equations 5.1 and 5.8 one can as
well calculate the charging energy of the nanoparticle Ec = 57 meV and the voltage
needed to overcome the Coulomb blockade VCB = 115 meV. When an array is
composed of many such nanoparticles the eﬀective capacitance of the nanoparticles
c
scales as shown in Equation 5.15 and the capacitance takes the value Carray
= 4.2 aF.
The superscript c is used to indicate a calculated value. This changes the eﬀective
charging energy which becomes Ecc = 19 meV and the voltage to overcome Coulomb
blockade becomes VCB = 38 meV. At ﬁnite temperatures electrons can overcome
the Coulomb barrier by thermal excitations. Taking this into account the threshold
voltage for conduction is scaled as shown in Equation 5.18 and becomes Vthc = 28
mV at a temperature of T = 4.2 K. Now we will look at the data and see how the
measured value of Vth compares with the calculated one.

5.4.1 Extracting a threshold voltage from the measured data
First we look at a single measurement of a single device. The sample was kept at a
temperature of 4.2 K during the measurements. The device had a width of 410 ± 10
nm and a length of 410 ± 10 nm, thus comprising of a N × M = (35 ± 2) × (35 ± 2)
nanoparticle array. The voltage and current in all ﬁgures have been scaled to give the
values per molecular junction as described in Section 5.3.1.
Figure 5.7 shows the measured IV curve. The measured curve has an S–shape
similar to the calculated curve in Figure 5.6. The onset of conduction is not as clear in
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Figure 5.7: An IV measurement of a typical device. The data shows an onset of conductance between 0
and ±50 mV. Beyond the threshold voltage the current increases according to a power law. The
dashed lines indicate the threshold voltage for conduction. Their positions are extracted from the
d2 I/dV 2 data, Figure 5.9

the measured data as in the calculated curve. The data shows an onset of conduction
somewhere midway between 0 and ±50 mV. Beyond the onset the current increases
according to a power law. Figure 5.8 shows the measured derivative of the IV curve,
namely the dI/dV curve. The data shows a minimum around zero bias voltage. From
0 V to around ±50 mV the diﬀerential conductance increases sharply, indicating an
onset of conductance. The structure visible in the curve beyond ±50 mV will be
described later in the text. From Figures 5.7 and 5.8 it is clear that the onset of
conductance takes place between 0 and ±50 mV. The threshold voltage seems to have
some spread and it is hard to determine it exactly from these ﬁgures.
Looking at the measurement of the second derivative of the IV, shown in Figure
5.9, there is a peak/dip between 0 and ±50 mV. The position of this peak/dip is where
the steepest slope in the dI/dV is and is taken to correspond to the mean threshold
voltage. Beyond ±50 mV are more peaks and dips. Those features will be discussed
in detail in Chapter 6. From the d2 I/dV 2 data we extract a threshold voltage of Vthm =
31 mV. The superscript m is used to indicate a measured value. This corresponds
to a charging energy of Ecm ≈ 20 meV, the nanoparticle capacitance is C m ≈ 4 aF.
The measured threshold voltage agrees well with the calculated values, Vthc = 28
mV, as well as the charging energy Ecc = 19 meV and the capacitance, C c = 4.2
aF. The observed diﬀerence in the measured and calculated capacitance comes from
variations in R, s, and r from the values stated above.
It is convenient to use the position of the highest peak and lowest dip in the d2 I/dV 2
data to estimate the position of the threshold voltage of the devices. The threshold
voltage obtained from the peak/dip position can be thought of as a mean threshold
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Figure 5.8: A dI/dV measurement of a typical device. The diﬀerential conductance has a minimum around
zero bias. The diﬀerential conductance increases sharply when the applied bias changes away
from zero. This sharp increase in the conductance happens as the charge carriers overcome
the Coulomb blockade in the nanoparticles. The dashed lines indicate the threshold voltage for
conduction. Their positions are extracted from the d2 I/dV 2 data, Figure 5.9

Figure 5.9: A d2 I/dV 2 measurement on a typical device. The highest peak and lowest dip on either side of
zero bias voltage correspond to the fast increase in the diﬀerential conductance shown in Figure
5.8. The peak position corresponds to the mean threshold voltage to overcome Coulomb blockade
and the peak width corresponds to the distribution in energies suﬃcient to overcome the Coulomb
blockade. The dashed lines indicate the threshold voltage for conduction.
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voltage. The width of the peak indicates that there is some distribution in the onset
of conductance in the device. The broadening of the peak in the d2 I/dV 2 will be
discussed in Section 5.5.
Using the method discussed above the threshold voltage of several devices was
measured. Table 5.1 summarises the results of these measurements. The table shows
a device number composed of a sample number, ﬁrst digit, and a device number,
second digit. Seven devices on four samples were measured. The table shows the
dimensions of the devices in units of nanoparticles. The arrays in the devices are N
nanoparticles long and M nanoparticles wide. The measured threshold voltage Vthm is
shown for each device. The measured threshold values compare well to a calculated
value of Vthc = 28mV. The table also shows the values of the exponent ζ and a ﬁtting
parameter Gi , the details of these parameters are discussed in the following section.
Dev.
S1–D1
S1–D2
S2–D1
S2–D2
S3–D1
S3–D2
S4–D1

N
13
23
35
37
48
40
19

M
18
31
35
88
19
90
91

Vthm [mV]
28.8
26.4
25.8
24.6
26.9
30.5
35.1

ζ
1.18
1.20
1.43
1.32
1.32
1.33
1.33

Gi [pS]
0.20
0.14
0.32
0.09
2.30
0.21
0.23

Table 5.1: The values obtained for the threshold voltage Vthm measured by the position of the highest/lowest
peak/dip in the d2 I/dV 2 data in seven devices on four samples. The devices measured are
numbered by two digits, the ﬁrst digit indicates a sample number and the second a device number.
The dimensions of the device are indicated in units of nanoparticles, the array in the device consists
of N × M nanoparticles. The measured threshold values compare well to a calculated value of
Vthc = 28mV. The exponent ζ is extracted from Figure 5.10. The parameter Gi is a ﬁtting parameter
used to have all IV curves in Figure 5.10 collapse on top of each other.

5.4.2 Determining the exponent ζ
When the threshold voltage is known it is time to inspect the ζ exponent in Equation
5.16. The value of this exponent is related to the dimensionality of the nanoparticle
array [35, 47] and the disorder in the array [74].
Equation 5.16 shows that the current, above Vth , in the nanoparticle arrays should
grow in proportion with the applied voltage and the exponent ζ. It has been shown that
in arrays containing ∼ 103 nanoparticles size eﬀects do not govern the conductance
[74]. Assuming that the device fabrication is reproducible regarding disorder in the
arrays and that the device conductance is not inﬂuenced by size eﬀects, one would
expect the normalised current In = I/MVth Gi to be identical in diﬀerent devices.
Where the measured current I is normalised by the number of nanoparticles spanning

5.4. Measurements of two dimensional nanoparticle arrays at low temperatures

49

1

ζ = 1.3

In = I/M Vth Gi

1.5Vth

ζ=2

In = I/MVth Gi

10

ζ = 1.3

0

10

0.5Vth

ζ=1

−1

0

0

10

10

Vn = (V − Vth)/Vth

ζ = 5/3

10
1
10

−1

10 −1
10

0

10
Vn = (V − Vth )/Vth

1

10

Figure 5.10: IV measurements on seven devices from four diﬀerent samples are shown in the main ﬁgure.
The current is scaled with 1/MVth Gi where M is the number of nanoparticles in parallel in each
device, Vth is the threshold voltage for conduction in each device, and Gi is a scaling parameter
used to make the curves collapse on each other. The slope of the curves at high voltages is ﬁtted
to get the exponent ζ. The black solid line shows a curve calculated using Equation 5.16 with
ζ = 1.3. The dotted lines are calculated using Equation 5.16 using the ζ values proposed by
Middleton and Wingreen [47] and have a slope of 5/3, and 1. The dash–dot line is calculated
by Equation 5.16 using ζ = 2 for weakly disordered arrays proposed by Šuvakov and Tadić
[74] The inset ﬁgure shows a measurement of a single device. The ﬁgure shows that changing
the threshold voltage used to normalise the IV data does not inﬂuence the slope of the curve at
high bias voltages. The ﬁgure shows the same data normalised with diﬀerent threshold voltages.
The blue symbols show the data normalised with the measured Vth , the red symbols show the
data when a threshold voltage of 1.5Vth is used, and the green shows the data when a threshold
voltage of 0.5Vth is used to normalise the data. The black lines show a calculated curve with and
exponent ζ = 1.3.

the width of the device M, the threshold voltage Vth , and an initial conductance Gi .
The initial conductance Gi is a ﬁtting parameter used to have all the curves in Figure
5.10 falling on top of each other. The values obtained from ﬁtting Gi are displayed in
Table 5.1. The inset in Figure 5.10 shows that changing the threshold voltage used to
normalise the data does not inﬂuence the slope of the data at high voltages. The ﬁgure
shows the same data normalised with Vth plotted in blue symbols, normalised with
1.5Vth plotted in red symbols, and normalised with 0.5Vth plotted in green symbols.
A straight line can be ﬁtted to the measured curves at the high bias end of the
plot. The resulting slope corresponds to ζ in Equation 5.16. The ﬁtted ζ values for
the measured data in Figure 5.10 are shown in Table 5.1. The value obtained for the
exponent is ζ = 1.3. These values are lower than 5/3 as proposed by Middleton and
Wingreen [47] for a two dimensional array, ζ = 5/3. Middleton and Wingreen [47]

50

Characterisation of the nanoparticles in the arrays

calculate that the ζ value in a one dimensional array is ζ = 1. One might argue that
the value for ζ = 1.3 obtained in the measurements indicates that the arrays behave as
though they are in an intermediate regime between purely one dimensional and purely
two dimensional. This would suggest that the conductance paths in the array were a
mixture of paths conﬁned to a chain of nanoparticles, and paths where electrons are
able to meander and branch through a patch of nanoparticles.
A diﬀerent explanation is oﬀered by Šuvakov and Tadić [74], which calculate ζ =
1.3 in topologically ordered arrays with quenched charge disorder. In the model the
arrays have a small dispersion of cell sizes around the hexagonal structure and they
are locally homogeneous, with each node in the array having exactly three links. The
charge disorder is uniformly distributed at each node and has a size of 0 ≤ qi ≤ 1e,
e is the charge of a single electron [74]. The value they calculate corresponds to the
values of ζ shown in Table 5.1. The quenched charging disorder could arise from
trapped charges in the SiO2 substrate.
The ζ exponent has been measured by a few groups and the values obtained
vary. Elteto et al. [17] measured the transport in quasi one dimensional arrays of
Au nanoparticles. The average width of the array was 4 nanoparticles and the length
around 60 nanoparticles. They ﬁnd ζ ∼ 1.4−2.6. They claim that these narrow arrays
have not yet reached the one dimensional limit and that their ﬁndings indicate that the
current paths are still able to meander and branch. In two dimensional arrays current
paths are able to branch as more voltage is applied to the device the electrons have
enough energy to overcome higher barriers and can choose new paths. Furthermore,
Parthasarathy et al. [52] ﬁnd ζ = 2.25 ± 0.1 in two dimensional arrays of hexagonally
packed Au nanoparticles with 27–170 nanoparticles spanning the gap between the
electrodes and a width of ∼ 270 nanoparticles. Their value comes close to the values
of ζ in weakly disordered arrays without charge disorder [74].
Liao et al. [45] investigate the inﬂuence of the substrate on ζ. They fabricate
both free–standing nanoparticle arrays and nanoparticle arrays on a substrate. They
measure a value of ζ = 2 for free–standing arrays and report there is a signiﬁcant
diﬀerence in the exponent depending on whether the arrays are free standing or on a
substrate. They report ζ = 2.4 for arrays on a substrate. The claims made by Liao
et al. [45] support the idea that the substrate has an inﬂuence on the ζ exponent.
So far, measurements of the ζ exponent in several experiments have given an wide
range of values. Theoretically, it has been predicted that the exponent depends on the
dimensionality of the conducting paths in the arrays [47] as well as the topological
and charging disorder [74]. Even though the range of values the exponent ζ can take
has been shown to depend on the topological and charging disorder of the array, the
underlying physical reason was not explained [74].
Charge disorder in the array would inﬂuence the threshold voltage for the onset of
conductance. The details of the peaks observed in the d2 I/dV 2 can give an indication
of whether charge disorder is present in the arrays. This will be discussed in the
following section.
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5.5 Broadening of Coulomb blockade induced features
In this section we look in detail at the peak/dips around ±Vth in the d2 I/dV 2 data.
These peaks/dips were used in Section 5.4.1 to determine the value of the threshold
voltage for conduction. These peaks/dips have a ﬁnite width. In this section we look
at what causes their broadening.
The broadening of a Coulomb blockade induced feature in the d2 I/dV 2 data can
be calculated as

2 + W2 + W2 + W2
Wjnct =
WT2 + Wac
(5.18)
n
a
q
where Wjnct is the full width at half maximum (FWHM) of the measured peak. The
broadening includes a thermal broadening term WT = 5.4kB T N/e [56], a term due
to the ac modulation used to measure the peak Wac , a broadening term Wn due to the
distribution in the nanoparticle capacitance, a term Wa due to topological disorder in
the array, and a term Wq due to charge disorder in the array. The broadening due to the
ac voltage applied to the junctions is calculated by convoluting a Gaussian peak by an
ac voltage and measuring the resulting broadening. The inﬂuence of the distribution
in the nanoparticle capacitance is calculated as:
Wn

=

δVth
N

(5.19)

where δVth is the error in the threshold voltage due to the distribution in the charging
energy of the nanoparticles, and N is the number of nanoparticles spanning the gap
between the electrodes in series. The broadening due to topological disorder in the
arrays is found by:
Wa

=

Vth
δN
N2

(5.20)

where δN is the error in the number of nanoparticles bridging the electrodes. The full
error calculation is given in Appendix G. The broadening due to charge disorder in
the array can be calculated by looking how the energy of the nanoparticles changes
when their charge changes as in Equation 5.3:
ΔU ±

=

Q ± e)2 Q2
+
2C
2C

The capacitance of the nanoparticle plays a role in how the energy of the nanoparticles
changes when the charge on them changes. The charge disorder is carried forward
to the charging energy of the nanoparticles and the threshold voltage. The full error
calculation is in Section G.2 in Appendix G. We assume that the error values from the
calculations in Appendix G are the standard deviation σ of a Gaussian distribution.
√
Thus, the full width at half maximum values are obtained by FWHM = σ2 2 ln(2).
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Figure 5.11: IV curves measured while an ac voltage of diﬀerent amplitudes was added to the dc voltage
applied to the device. The ﬁgure shows that the IV response of the device is not inﬂuenced
signiﬁcantly by the ac voltage. When the amplitude of the ac voltage is at 64 mV per molecular
junction the onset of conductance around ± 30 mV dc bias is smeared out.

Of the terms contributing to the broadening only the amplitude of the ac voltage
and the temperature of the sample can be easily controlled. In the rest of the section
we look at how these terms inﬂuence the broadening of the peaks.
First we look at the inﬂuence of the ac voltage on the peak width. Figures 5.11,
5.12, and 5.13 show the inﬂuence of changing the amplitude of the applied ac voltage
on the measured current, diﬀerential conductance and the second derivative of the
current, respectively. The inﬂuence of the ac amplitude on the IV measurement
is minimal, except in the case where 64 mV ac is applied over each molecular
junction in the device. With this high ac voltage the onset of conductance above
the threshold voltage is washed out in the IV curves. This is also evident when
one looks at the diﬀerential conductance in Figure 5.12. The dip around zero bias
voltage decreases monochromically with increasing amplitude of the ac voltage. In
the second derivative of the current, Figure 5.13, the peak/dip at ±Vth is broadened,
and lowered with increasing ac voltage. From Figure 5.13 a value of Vth ≈ 30 mV
is found. The amplitude of the largest ac voltage used, 64 mV, is larger than twice
the threshold voltage. In the analysis of the data the measurement with this large ac
voltage is omitted.
The values of the temperature broadening, broadening due to a distribution in the
nanoparticle capacitance, broadening due to topological disorder, and charge disorder
should all be constant in the device at low temperatures. These broadening values can
be calculated and have values of WT = 5.4kB T/e = 2.0 mV, Wn = 9.1 mV, Wa = 7.6
mV. The broadening due to charge disorder cannot be calculated directly, since it is
impossible to know the exact charge disorder.
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Figure 5.12: dI/dVmeasurement of the same device as the IV measurement shown in Figure 5.11. The zero
bias conductance increases as the amplitude of the ac signal increases. Furthermore, the features
in the dI/dVvisible beyond the Coulomb blockade are smeared out with increasing amplitude.
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Figure 5.13: The d2 I/dV 2 measurement of the same device as the IV measurement shown in Figure 5.11.
The curves are measured using diﬀerent amplitudes of the ac voltage applied to the device. Most
notably the amplitude and the broadening, of the peak around ±30 mV dc bias, decrease and
increase, respectively. Features in the curves measured beyond the Coulomb blockade region,
peaks on the positive dc bias side and dips on the negative side, are most prominent when the
amplitude of the ac voltage is between 14 and 22 mV. Below 14 mV the signal is barely above
the noise threshold, above 22 mV ac amplitude smearing of the features starts being apparent
and at 64 mV the features are completely washed out.
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Figure 5.14: The full width at half maximum of the Coulomb induced feature around ± 30 mV dc bias in
Figure 5.13. The black dotted line is the calculated full width at half maximum by the thermal
broadening, the broadening due to the ac voltage applied to the device, the broadening due to
the distribution in nanoparticle capacitances, and the broadening due to topological disorder.
The black solid line is the calculated broadening with a broadening term Wq = 30 mV added to
it. This extra broadening in the peak is assumed to come from the charge disorder in the array.
The shaded area represents the error of the calculated broadening, the black line. The width of
the shaded area comes from the error of the number of nanoparticles in the conducting path and
±10% of the measured broadening.

Figure 5.14 shows how the broadening squared evolves as the amplitude of the
applied ac voltage squared. The black dotted line is the calculated broadening using
Equation 5.18 and the broadening values mentioned above, but Wq = 0 at this point.
The broadening due to the ac voltage is calculated by convoluting an Gaussian peak
with an averaging ﬁlter of a length equivalent to the amplitude of the ac voltage. The
black dotted line is the lowest expected broadening. The black solid line is the same
as the black dotted line, but with an extra broadening term W = 30 mV added to it.
Setting this extra broadening term as Wq one can estimate the charge disorder in the
arrays. Following the error calculations in Section G.2 in Appendix G the resulting
distribution in the charges on the nanoparticles is ΔQ = 0.19e. The shaded area is
found from the error on the number of nanoparticles spanning the length of the device
and a ± 10% measurement error of the peak broadening.
The broadening of the Coulomb blockade induced features in the d2 I/dV 2
measurement were also measured as a function of temperature for the temperature
range from 4.2–300 K, Figure 5.15. The peak evolves in a similar manner with
increasing temperature as it did with increasing ac voltage, that is the peak height
decreases while its width increases. Figure 5.16 shows the broadening squared plotted
as a function of the temperature squared. The main ﬁgure shows the data plotted
on a log–log scale to emphasise the low temperature values. The inset shows the
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Figure 5.15: The d2 I/dV 2 measurement of the same device as the IV measurement shown in Figure 5.11.
The d2 I/dV 2 signal is measured at diﬀerent sample temperatures. The measurement shows a
similar trend as the measurement shown in Figure 5.13 where the amplitude of the ac voltage
was varied. The amplitude decreases as the temperature increases while the full width of the
peak at half maximum increases with temperature.

data on a linear scale. The black dotted line is the calculated broadening using the
known broadening parameters, Wq = 0 since it is unknown. The broadening per
junction Wjnct , black curve in Figure 5.16, was calculated using Equation 5.18 and
the same parameters for Wn , and Wa as above. The broadening due to the 20 mV
ac voltage was found to be Wac = 34 mV, which corresponds to the same width as
was used above in Figure 5.14. An extra broadening term W = 35 mV is added to
the calculated broadening. We assume that this extra broadening term corresponds
with the broadening due to the charge disorder Wq . This corresponds well with the
magnitude for this broadening term obtained when the amplitude of the ac voltage
was increased. There it was 30 mV. Broadening due to charge disorder of a magnitude
Wq = 35 meV, corresponds to a distribution in the charge on the nanoparticles of
ΔQ = 0.23e. The black line shows the calculated values of the broadening with
Wq = 35 mV. The shaded area represents the error in the calculation
The charge distribution on the nanoparticles extracted from the measurement
where the amplitude of the ac voltage was varied and the measurements where
the temperature of the sample was varied agree well with each other. The charge
ﬂuctuations calculated ΔQ = 0.2e is with in reasonable bounds and might indicate
that charge disorder does play a role in the transport through the devices.
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Figure 5.16: The full width at half maximum of the Coulomb induce feature around ± 30 mV dc bias in
Figure 5.15. The main ﬁgure and the inset show the same data. The main ﬁgure shows the
data on a double logarithmic scale to emphasise the points measured at low temperatures. The
inset shows the data on a double linear scale. The black line shows the calculated broadening
using Equation 5.18 setting the broadening due to charge disorder Wq = 35 mV. The grey are
represent the error in the calculated broadening. The black dotted curve is the same as the black
curve, but with the broadening due to charge disorder Wq = 0 mV. This is the lower limit of the
possible broadening.

5.6 Summary
In this chapter we have introduced a model for the transport through a double tunnel
junction. The model characterises the transport through a nanoparticle coupled to
an electrode on either side of it via tunnel junctions. To describe the transport in an
array of nanoparticles, building on this model, we investigated how the topology of
the nanoparticle array aﬀects the voltage drop over each junction and the current
ﬂowing through it. The eﬀects of the environment on the charging energy of a
nanoparticle were discussed and the inﬂuence of temperature on the transport through
a nanoparticle array.
We looked at how to extract the threshold voltage for conductance from our
measurements. Using the extracted threshold voltage we could rescale the data and
ﬁt it to a model where an exponent in the model describes the topology of the array
as well as the disorder in the array. Two distinct disorders play a role, the topological
disorder and the charge disorder in the array.
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Looking into the broadening of features arising from Coulomb blockade in the
nanoparticle arrays. Several parameters causing broadening can be estimated from
error calculations while others can be calculated directly. When comparing the sum of
all the known broadening parameters to the measured broadening it is evident that the
calculated broadening is smaller than the measured one. Assuming this broadening,
which is unaccounted for, stems from the charge disorder we calculate the ﬂuctuations
in the nanoparticle charges that would cause broadening of that magnitude.
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6

The inﬂuence of molecules on transport in
the nanoparticle arrays
6.1 Introduction
In Chapter 5 we looked at how nanoparticles inﬂuence transport in the nanoparticle
arrays at low temperatures. From measurements done at room temperature we also
know that the molecules present in the nanoparticle arrays contribute to the transport
[43]. Not only do the molecules in the array contribute to the transport, but even the
oxidation state of the molecules plays a role. As discussed in Chapter 3 the function
of a nanoparticle array device can be determined by the function of the molecules
in it, at room temperature. In this chapter we will look at the contribution of the
molecules in the array to the transport at low temperatures.
Molecular vibrations, phonons, can contribute to the conductance of a metal–
molecule–metal junction. The eﬀect is known as inelastic electron tunnelling.
Inelastic electron tunnelling spectroscopy (IETS) through a molecular junction was
ﬁrst performed on metal–metal oxide–metal structures where a thin layer of organic
molecules had been deposited on the metal oxide [32, 39]. How the electron–
phonon interaction inﬂuence the conductance of the metal–molecule–metal junction
is determined by the junction conductance [1, 14, 21, 53, 55, 65, 72]
Thirty years after the experiment by Jaklevic and Lambe [32], Stipe et al. [64]
could distinguish between hydrogen and deuterium in a single acetylene (C2 H2 ) and a
deuterated acetylene (C2 D2 ) molecule on a copper surface using a scanning tunnelling
microscope (STM) in ultra high vacuum. The distinction was made by measuring
the vibrational energy of the C–H and C–D stretch modes in the C2 H2 and C2 D2
molecules, respectively. Since the ﬁrst IETS measurements several research groups
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have started working on measuring IETS in junctions containing a single molecule.
Until now, the methods used to measure IETS are: STM break junction [1, 4, 27,
28, 41, 50, 51, 58], mechanically controllable break junction [15, 65, 66], cross wire
junction [6, 38], and electromigrated junction [63]. To our knowledge no one has
tried to measure IETS in devices comprising of a collection of molecular junctions,
such as a nanoparticle arrays.
As discussed in Chapters 2 and 3 nanoparticle arrays are a highly versatile platform
for molecular electronics. They oﬀer the possibility of investigating how a molecule
responds to its environment. The properties of individual molecules have been shown
to deﬁne the transport through the nanoparticle arrays. In particular, the conductance
of a nanoparticle array can be changed by illuminating a photo–sensitive molecule
to change its conformation [73] or the conductance can be changed by altering the
oxidation state of a redox–active molecule [42]. The ability to probe the phonon
modes of a molecule before and after such treatment would be of great interest
to the molecular electronics community. This would open up the possibility to
measure a unique ﬁngerprint of the molecules taking part in the electrical transport in
the devices and distinguish between diﬀerent molecular conformations or oxidation
states. Current methods used to measure IETS of molecules do not oﬀer the same
ﬂexibility of device treatment as the nanoparticle arrays do.
Previously infrared spectroscopy has been used to identify the molecules present
in the nanoparticle arrays [9]. The position of the maximum in UV–vis absorption
spectroscopy has been correlated with the conductance of the molecules in the arrays
[9, 73]. The next step could be to detect the structure of the molecules taking part in
transport directly with IETS.
Measuring the contribution of vibrational modes of individual molecules within an
array of nanoparticles is a challenging task. As discussed in Chapter 5 we know that
disorder in the array itself would cause the voltage drop over each molecular junction
to vary, thus causing broadening of peaks or even the same peak to appear at more
than one voltage. The coupling between the electrodes and the array could cause
the IETS to be non–symmetric. So far symmetry has been used to identify IETS
peaks among peaks in the d2 I/dV 2 caused by other sources [4, 27]. The rewards
for overcoming the challenges are a better understanding of the transport through
molecular devices based on nanoparticle arrays and yet another tool to identify the
molecular contribution to the transport in the arrays.

6.1.1 A general description of IETS
The transport through a molecule can be inﬂuenced by the electron–phonon (e–ph)
interactions during charge transfer. In low conducting junctions G
G0 , where
2
G0 = 2e /h is the conductance quantum, the conductance in the junction is enhanced
by the e–ph interaction. The electron is scattered inelastically forward and it is said
that an inelastic conductance channel opens up. The increase in conductance due to
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Figure 6.1: (a) Inelastic electron tunnelling becomes possible when an electron tunnelling through a
molecule has enough energy eV to excite a vibrational mode, phonon of energy ω, in the
molecule. In a low conducting junction G
G0 the electron is scattered forward and the
conductance of the channel increases. (b) The increase in conductance is observed as a kink in
an IV measurement, a step in the dI/dV measurement, and a peak in the d2 /dV 2 measurement of
the junction. The peak positions in the d2 I/dV 2 give a spectrum of the energies of the molecular
phonon modes contributing to transport.

forward scattering of electrons by phonons is on the order of ∼ 1% [4, 18], although
an increase as high as 10% has been reported [28]. Since inelastic electron tunnelling
causes an increase in conductance it is observed as a kink in the IV measurement,
a step in the dI/dV measurement, and a peak in the d2 I/dV 2 measurement, as
illustrated in Figure 6.1. The dc part of the current signal corresponds to the current
ﬂowing in the device, the ﬁrst harmonic of the current signal corresponds to the
diﬀerential conductance of the device, and the second harmonic of the current signal
correspond to the second derivative of the current in the device. The detailed Taylor
expansion of the current is given in Appendix F. The peak positions in the d2 I/dV 2
measurement give a spectrum of the molecular phonon energies which contribute
to transport. This transport spectroscopy is known as inelastic electron tunnelling
spectroscopy.
The phonon modes of a molecule can be measured by other means, in particular
infrared (IR) and Raman spectroscopy. The main advantage of IETS over IR and
conventional Raman spectroscopy is the sensitivity of IETS. While IR and Raman
spectroscopies require 103 or more molecules to provide a spectrum, IETS can be
done on a few molecules trapped between a pair of electrodes [59]. IETS can also be
used to determine whether a certain molecule is present in a molecular junction and
contributing to the transport.
While the phonon modes observed by IR and Raman spectroscopy are governed
by well known selection rules, there are no strict selection rules for IETS [51, 59].
Instead of selection rules, a set of propensity rules has been set forward and used as
guidelines to help determine which phonon modes are expected to take part in the
transport. These rules imply that the most important phonon modes to transport are
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those that are along the most active conduction paths of the molecule. Symmetric
modes are usually more active than others [68, 69]. The majority of the measured
IETS signal is attributed to a few phonon modes at high energies [19]. In practise,
the low energy modes are masked by a zero bias feature caused by scattering in the
leads, Coulomb blockade, and other processes [79].

6.1.2 A general IETS measurement of a nanoparticle array device
The IETS of the nanoparticle array device was measured at 4.2 K using the set
up described in Chapter 4. Two SR830 Lock–in ampliﬁers were used during the
measurement. One supplying an ac voltage to the sample and measuring the 2nd
harmonic of the resulting signal, the other measuring the 1st harmonic of the signal.
The measurement was performed by applying a voltage, comprising of a dc part and
an ac part, to a device. The dc voltage was increased in small steps, normally one
tenth of the amplitude of the ac voltage. Before measuring at each dc voltage we
waited until the device and measurement circuit reached steady state. The time for
the measurement circuit and device to reach steady state was normally ∼ 21 sec for
the Lock–in ampliﬁer at 73 Hz with a 12 dB/Oct ﬁlter, and a time constant of 3 sec.
Normally 400 measurements were performed at each dc bias. The mean value of the
400 points was used as the measured value. This method was preferred, to increase
the signal–to–noise ratio, over many voltage sweeps. A normal measurement takes
3–8 hours.
In Section 5.4.1 we looked at an example of a transport measurement in a single
device and saw how to locate the threshold voltage Vth using peaks in the d2 I/dV 2
measurement. The device was fabricated using the protocol described in Section
4.2. The nanoparticles were coated with S–C8, (S(CH2 )7 CH3 ), molecules. The
measurement was done by sweeping the voltage from 0 – 200 mV, from 200 – −200
mV, and from −200 – 0 mV. Using the same measurement data again, now we look
at the features beyond Vth . Figures 6.2, 6.3, and 6.4 show the same data as in Section
5.4.1, IV, dI/dV, and d2 I/dV 2 respectively, the background has been colored to
emphasise the features we are interested in. Looking at the d2 I/dV 2 measurement
in Figure 6.4 working our way from 0 V: The red area represents an area dominated
by the Coulomb blockade; The yellow area emphasises a feature which appears as
two peaks on the positive voltage side. On the negative voltage side there is a strong
dip there when scanning the voltage from 0 – −200 mV, but it does not appear when
scanning the voltage from −200 – 0 mV; The green area emphasises strong peaks/dips
symmetric about 0 voltage. The increase in conductance in this area causes a clearly
visible step in the dI/dV measurement. The blue area shows two peaks/dips which
appear at positive and negative voltage.
In Figure 6.4 it is evident that the ﬁne structure of the measurement is not
symmetric around 0 V, and that scanning twice over the same voltage does not
necessarily give the same exact result. The origin of the asymmetry will be discussed
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Figure 6.7: A schematic illustrating how an applied bias voltage Vb drops over a double junction comprising
of a nanoparticle between two electrodes. A schematic of the junction is shown in ﬁgure (a). The
schematic shows how the threshold voltage is overcome at the same applied bias voltage Vb when
the voltage is applied to Electrode 1, ﬁgure (b), or Electrode 2, ﬁgure (c). The voltage drops over
two junctions: A factor η1 of the applied voltage drops over the junction between Electrode 1 and
the nanoparticle, NP; A factor η2 = 1 − η1 drops over the junction between NP and Electrode 2.

Figure 6.7 shows a simple model on how the voltage drops over a double junction.
A nanoparticle, NP, is trapped between two electrodes. The junctions are assumed
to be asymmetric in the sense that a portion of the applied voltage η1 drops over
the junction between Electrode 1 and a nanoparticle NP. A portion η2 = 1 − η1
drops over the junction between Electrode 2 and NP. In order for conduction to start
the voltage drop over each junction needs to exceed a threshold voltage Vth . Even
though the junctions are asymmetric the bias voltage Vb needed to overcome the
threshold voltage is the same, regardless whether the voltage is applied to Electrode
1 or Electrode 2. The voltage needed for conduction to start is:
Vth

≤

|Vb | min(η1 , η2 )

(6.1)

The nanoparticles are coated with molecules. These molecules bind to the Au
nanoparticles with a thiol group giving a strong chemical bond. The electrodes,
on the other hand, have no molecules attached to them. It is reasonable to assume
that the energy levels associated with the molecules are pinned more strongly to the
nanoparticles than the electrodes. To make things simple, we assume that the energy
levels of the molecules fully follow the energy levels of the nanoparticle. In this case
the schematic in Figure 6.8(b) shows how a phonon mode of energy ω is not excited
when a bias voltage Vb is applied to Electrode 1. Figure 6.8(c) on the other hand,
shows how the phonon mode is excited when the bias voltage is applied to Electrode
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Figure 6.8: A schematic illustrating how a voltage drops over a double junction comprising of a nanoparticle
coated with an organic molecule and placed between two electrodes. The structure of the junction
is shown in ﬁgure (a). The schematic shows how a phonon mode with energy ω is not excited
when a bias voltage Vb is applied to Electrode 1, ﬁgure (b). If the bias voltage is applied to
Electrode 2 the phonon mode is excited, ﬁgure (c).

2.
We have attempted to describe, by a simple model, why the contribution of inelastic
electron tunnelling might appear at asymmetric positive and negative bias voltages in
the nanoparticle array devices. We contribute the asymmetry in the inelastic transport
to asymmetric coupling between the nanoparticle array and the electrodes. A more
rigorous model of asymmetry in inelastic tunnelling processes has been developed
[20]. It describes how, at low bias voltages far from resonance with HOMO or LUMO
of the molecule, the inelastic processes contributing to the transport can become
asymmetric while the elastic processes are symmetric. The asymmetric contribution
of the inelastic processes is not visible in the IV response since the contribution is
so small compared to the contribution of the elastic processes. Asymmetric IETS
spectra have been measured in single molecular junctions [57, 66]

6.3 Broadening in peaks beyond the threshold voltage
We have seen in Section 6.1.1 that it is possible to measure peaks in the d2 I/dV 2
beyond the Coulomb blockade. Before looking at IET spectra measured in the arrays
we look at the broadening in peaks beyond the threshold voltage. The measurements
were performed on a diﬀerent sample than the measurements shown in Section 6.1.2.
Looking at the d2 I/dV 2 at voltages beyond the threshold voltage small peaks can
be observed. Figure 6.9 shows a close up of two such peaks, the inset shows the
d2 I/dV 2 data from the whole voltage scan. Comparing the positions of these peaks,
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Figure 6.9: A detailed measurement of two peaks beyond the threshold voltage. The dc bias voltage is
negative in the measurement so the dips in the measurement around −120 mV and −180 mV
correspond to peaks while positive voltage is applied to the device. The inset shows the full
measurement of the d2 I/dV 2 of the device.

around −120 meV and −180 meV, with the known peaks for S–C8 in Table H.1 in
Appendix H one can see that they appear at similar energies as the C–C stretch and a
CH2 wagging and CH2 twisting phonon modes.
The broadening of these peaks as a function of applied ac voltage is shown
in Figures 6.10 and 6.11. Figure 6.10 shows the two peaks after an exponential
background has been removed from the measured signal and the sign of the
measurement in Figure 6.9 reversed. Gaussian curves have been ﬁtted to each peak,
blue dotted curves, and the sum of the two Gaussian curves is also plotted on the
ﬁgure in a black dotted line. The measurement of the peaks is performed at 12,
16, 20, 24, 28, and 32 mV ac amplitude. Figure 6.11 shows the full width at half
maximum of the Gaussian ﬁts in Figure 6.10. The red marks correspond to the peaks
around −120 mV and the blue marks correspond to the peaks around −180 mV. The
black line is the model broadening given by [37, 39, 41]:

2 + W2
Wjnct = WT2 + Wac
(6.2)
a
where WT = 5.4kB T = 2 mV is the thermal broadening, Wac = 1.7Vac is
the broadening due to the applied ac voltage, and Wa = Vdc δN/N = 8 mV is
the broadening due to the topological disorder in the array, N is the number of
nanoparticles spanning the gap between the electrodes in series, δN is the error in the
number of nanoparticles in series bridging the electrodes as calculated by Equation
G.7 in Appendix G. The grey area indicates the error due to the error of the number
of nanoparticles bridging the electrodes and ±10% error on the ﬁt of the FWHM. The
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Figure 6.10: Fits of Gaussian peaks to the d2 I/dV 2 in a single device taken at 12 mV, 16 mV, 20 mV, 24
mV, 28 mV, and 32 mV, reading the ﬁgures from left to right and top to bottom. The peaks in
the ﬁgure correspond to the two peaks shown in Figure 6.9 with the background removed. The
background is determined by ﬁtting an exponential function to the peak around the threshold
voltage of the measurement taken with 12 mV ac amplitude. The peak is ﬁtted to the curve
between 30% and 80% of the peak height. The same background is used to subtract from all the
measurements. The blue curves in the ﬁgure show the two individual Gaussian peaks ﬁtted to
the measurement and the black curve is the sum of the two blue curves.
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Figure 6.11: The full width half maximum values of the peaks shown in Figure 6.10. The red marks
correspond to the peak around −120 mV, and the blue marks correspond to the peak around
−180 mV. The FWHM values are extracted from the Gaussian peaks ﬁtted in Figure 6.10. The
black line is calculated using the Equation 6.2, with WT = 2 mV and Wa = 8 mV. The grey area
represents the error in the calculated broadening.

three broadening factors WT , Wac , and Wa account for all the observed broadening
in the peaks. We assume that each peak is a sum of several peaks, corresponding
to several phonon modes, but we cannot resolve them due to the broadening of the
measurement.
In this section we discussed a source of broadening in the IETS signal observed
in the nanoparticle arrays. The major source of broadening comes from the applied
ac voltage and the topological disorder in the arrays. Now we have seen that it is
possible to observe the inﬂuence of inelastic electron tunnelling on transport in the
arrays. The question still remains: Is it possible to identify the molecules present in
the arrays from the measured IETS signal?

6.4 Systematic IETS measurements of nanoparticle arrays
In Section 6.1.1 we saw that it is possible to measure IETS peaks in the nanoparticle
arrays. We also saw that looking at a single measurement is not enough to determine
where the peaks are positioned. There is disorder in the peak positions and two
consecutive sweeps do not necessarily have the same ﬁne structure. In Section 6.3
we saw that the major contribution to the broadening in the IETS peaks is due to
the ac voltage and topological disorder in the nanoparticle arrays. In this section
we discuss how we can try to map out the true IET spectrum of the molecules we
measure by measuring the d2 I/dV 2 response of the devices several times and ﬁnd
the most probable peak positions in the data. The measurements in this section were
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Figure 6.12: IETS measurements of a nanoparticle array device, the absolute value of the imaginary part
of the d2 I/dV 2 is plotted. The nanoparticles are coated with a S–C8 molecule. The top ﬁgure
shows a single measurement. The black dots show an example where peak positions were
chosen on the curve. The ﬁgures show that the IETS measurement is not symmetric around
zero bias voltage. Furthermore, sweeping the bias voltage from 0 V to 220 mV does not give
the same ﬁne structure in the data as sweeping the bias voltage from 220 mV to 0V. The lower
ﬁgure shows 10 consecutive measurements. The voltage is swept from 0V to 220 mV, from 220
mV to −220 mV, and from −220 mV to 0V in each measurement cycle. The results do show
some similar features, although the detailed features of each cycle vary. The amplitude of the ac
voltage was 14 mV per molecular junction during the measurement. The curves are shifted up
for clarity.

performed on a diﬀerent device than the measurements in Sections 6.1.2 and 6.3.
Figure 6.12 shows the absolute value of the imaginary part of the d2 I/dV 2 signal
measured in a nanoparticle array device. The imaginary part of the d2 I/dV 2 signal
has the information about the change in diﬀerential conductance due the change
in tunnelling rates as a function of voltage, as described in Appendix F. Here we
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choose to look at the absolute value of the imaginary part of the signal since it is
convenient to compare peaks to peaks, at negative and positive bias voltages, with
the eye. The nanoparticles were coated with a S–C8 molecule. The top ﬁgure shows
one measurement cycle. The dc bias voltage was swept from 0 V to 220 mV, from
220 mV to −220 mV, and from −220 mV to 0mV. The data in the ﬁgure are not
symmetric around 0 V bias and sweeping the voltage from 0 V to 220 mV does not
give the same ﬁne structure as sweeping the voltage from 220 mV to 0 V. In order
to determine which peaks are coming from vibrational modes of the molecules and
which peaks stem from other sources 10 measurement cycles were performed. The
lower ﬁgure shows the results of the 10 measurement cycles. In the 10 measurement
cycles some features seem to appear more often than others. Below we discuss how
we can use the information in the 10 measurement cycles to determine which peaks
are most likely to appear.
To probe which peaks are speciﬁc to the molecule in the array we performed
molecular place–exchange on the device measured above. If the molecule is truly
contributing to the d2 I/dV 2 signal, two diﬀerent molecules should have diﬀerent
contributions. In that respect we replaced the S–C8 molecule, containing only C–
C bonds between carbon atoms, with a S–OPE–S molecule, containing C–C, C=C,
and C≡C carbon–carbon bonds. The structure of the molecules is shown in Figure
6.14. Figure 6.13 shows the absolute value of the imaginary part of the d2 I/dV 2
measurement on the same device as in Figure 6.12. Before this measurement
was performed the device was slowly warmed to room temperature, taken out of
the dipstick, and molecular place–exchange was performed on it overnight. After
molecular place–exchange the device was placed in the dipstick again and cooled
to 4.2 K. After molecular place–exchange the features due to Coulomb blockade
become sharper after each measurement cycle, as is seen in the Figure 6.13. We
interpret this as rearrangement of the nanoparticles. It is possible that during
molecular place–exchange the nanoparticles were able to move out of equilibrium.
Furthermore, the molecules inserted into the nanoparticle arrays during molecular
place–exchange are dithiolated and can interlink two neighbouring nanoparticles
[44]. It is possible that by interlinking the nanoparticles strain is induced in the array
that relaxes when current ﬂows through it. As discussed above disorder in the array
would cause broadening of the peaks. It is unlikely that it would cause new sharp
peaks to appear.
There are more peaks observed for the S–OPE–S molecule than the S–C8
molecule. There are several reasons for this. One reason why there are more peaks
in the S–OPE–S measurement is that the molecule has more possible phonon modes
than the S–C8 molecule. Furthermore, since the S–OPE–S molecule is a stiﬀ rod like
molecule with the option to bind to two neighbouring nanoparticles, it is probable
that it is strained in the junctions. It has been shown that due to strain peak positions
in an IET spectra can be shifted by about 5 meV/Å [4]. When S–OPE–S molecules
are brought close together a π − π coupling can inﬂuence the transport through it [77].
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Figure 6.13: IETS measurements of a nanoparticle array device, the absolute value of the imaginary part of
the d2 I/dV 2 is plotted. The nanoparticles are coated with a S–OPE–S molecule. The top ﬁgure
shows a single measurement. The ﬁgures shows that the IETS measurement is not symmetric
around zero bias voltage. Furthermore, sweeping the bias voltage from 0 V to 220 mV does
not give the same ﬁne structure in the data as sweeping the bias voltage from 220 mV to 0V.
The lower ﬁgure shows 10 consecutive measurements. The voltage is swept from 0V to 220
mV, from 220 mV to −220 mV, and from −220 mV to 0V in each measurement cycle. The
results do show some similar features, although the detailed features of each cycle vary from
cycle to cycle. The amplitude of the ac voltage was 7 mV per molecular junction during the
measurement. The curves are shifted up for clarity.

It is unknown how this coupling would inﬂuence the IET spectra of the molecules.
Finally, the measurement of the S–C8 molecule was done with 14 mV ac applied
to each junction while the measurement of the S–OPE–S was done with 7 mV per
junction. This means that the resolution in the S–OPE–S measurement is better than
in the S–C8 measurement.
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One way of quantifying the probability of a peak appearing at a certain dc bias
voltage is to identify the positions of each peak in each curve and use them to build a
peak–position probability–density function (PDF) [4]. The black dots in Figure 6.12
show an example of selected peak positions in the scan from 0 – −220 mV. The PDF
is obtained by summing up Lorentzian functions centered at each peak position Vpeaks .
The PDF is described by
f (Vdc )

=



/π
,
(Vdc − Vpeaks )2 +  2
peaks

(6.3)


where the width of the peak is taken to be  = (5.4kB T )2 + (1.7Vac )2 /10. Two PDFs
are generated, one for the positive bias voltages and one for the negative bias voltages.
The PDFs are normalised so that the highest peak in the two PDFs is equal to one.
The purpose of the PDFs is to show at which dc bias voltages the peaks appear. They
are not intended to indicate the height of each peak, thus the contribution of each
phonon mode to the transport cannot be quantiﬁed using theses plots.
Figure 6.14 shows peak–position probability–density plots of the IETS peaks for
the two measured molecules, S–C8 and S–OPE–S. The red and blue dots indicate,
respectively, dip positions on the negative voltage side and peak positions on the
positive voltage side in the d2 I/dV 2 measurements in Figures 6.12 and 6.13. The
red and blue lines show the probability of a peak appearing at a certain dc voltage,
calculated using Equation 6.3. The curves are normalised so that the highest
probability of the negative voltage or the positive voltage curve is equal to one. The
black solid lines show the mean value of the d2 I/dV 2 curves. A separate mean value
is calculated for the curves at negative biases and positive biases. Next to the PDF
ﬁgures are schematics of the two molecules measured. The grey areas indicate the
regions where phonon modes are known to be active [54]. The width of the grey areas
is set to be equal to the calculated beak broadening Wjnct = 14 mV.
The PDFs in Figure 6.14 show a clear diﬀerence in the peak positions observed
for the S–C8 and the S–OPE–S molecules. The grey areas show reported values of
phonon modes active in the transport of similar molecules to the ones we measure,
namely S–C11 and S–OPE–S [54]. Although candidate phonon modes are indicated
in the ﬁgures further investigations are needed to gain a clear IET spectrum. A
comprehensive list of known phonon modes for alkane molecules is available in
Appendix H.
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Figure 6.14: Peak–position probability–density plot of the peak positions obtained from Figures 6.12 and
6.13. Red and blue dots indicate the positions of peaks observed in the ﬁgures. Red values
indicate the position of dips on the negative voltage side and blue values indicate the position
of peaks on the positive voltage side. The red and blue lines show the PDF as calculated by
Equation 6.3 of the peaks indicated by the red and the blue dots, respectively. The black lines
show the mean IETS signal of the 10 cycles shown in Figures 6.12 and 6.13. A separate mean
is calculated for the negative and positive voltage sides. The molecular structures of the two
molecules measured are shown next to the PDFs. The grey areas indicate phonon modes of
similar molecules, S–C11 and S–OPE–S, proposed by Paulsson et al. [54]. The width of the
grey areas equals the calculated broadening Wjnct = 14 mV.
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6.5 Conclusions
In this chapter we have looked at whether it is possible to measure IET spectra
in the nanoparticle array devices. We found that there are peaks in the d2 I/dV 2
measurement beyond the threshold voltage and those peaks are most probably due
to scattering of electrons on phonons in the molecules in the devices. These
peaks appear at non–symmetric dc voltages about 0V. We attribute this observed
asymmetry in the d2 I/dV 2 data to asymmetry in the devices, where the nanoparticle
arrays contact the metallic electrodes on each side in an asymmetric manner. The
broadening of the IETS peaks can be accounted for by the thermal broadening,
broadening due to the applied ac voltage, and the broadening due to the topological
disorder in the arrays. Doing several measurements of the same device and collecting
the observed peak positions into peak–position probability–density plots might help
identify the molecules in the devices.
We showed that it is possible to distinguish between two molecules in the arrays.
Measuring two diﬀerent molecules, before and after molecular place–exchange, in the
same device gave diﬀerent spectra. It is however diﬃcult to assign vibrational modes
to the observed peaks and identify the molecule or components of the molecule using
the measured spectra.
In spite of the disorder in the arrays we were able to measure the inﬂuence of
the molecular vibrations on the transport through the nanoparticle arrays. This
conﬁrms our former ﬁndings that the transport through the array is determined by
the individual molecules bridging the nanoparticles [42, 73]. Our ﬁndings indicate
that although challenging, IETS might be one more tool in our already extensive
spectroscopic toolbox and could be useful to gain access to the ﬁner details of the
molecular contribution to the transport in our devices.

Chapter

7

Conclusions and outlook
We have shown that at room temperature the transport through our nanoparticle
array devices can be tuned with the oxidation state of a redox–active molecule
inserted in the arrays. The devices showed a signiﬁcant increase in conductance
after oxidation of the molecule. The conductance was restored close to the starting
conductance by reducing the molecule back to its neutral state. The tuning of the
device conductance by oxidation and reduction could be repeated several times in
the same device. These measurements show that our devices are an interesting
platform for molecular electronics where the function of the device is deﬁned by
the molecules in it. The function of the molecules is preserved even when they have
contacted the nanoparticles and the devices are shown to withstand several cycles of
a treatment with organic solvents without losing their function. These measurements
were discussed in Part I.
Until now, the width of the nanoparticle arrays has been controlled by patterned
PDMS stamps and the distance between the electrodes was controlled by the distance
between openings in a TEM grid. This method of patterned PDMS stamps and TEM
grids to deﬁne the device geometry is limited in ﬂexibility. To gain more precise
control over the nanoparticle array geometry a new method had to be developed.
We developed a way of patterning the device on top of a SiO2 substrate using e–
beam lithography. We can adjust the device geometry to our needs. By ﬁrst depositing
the electrodes and an etching mask, then etching away the SiO2 around the electrodes
and leaving a small area of SiO2 between them. The nanoparticle arrays were then
transferred on top of the structures with an unstructured PDMS stamp. Gaining this
level of control over the array dimensions was challenging but we were rewarded
with the possibility of investigating the transport through the arrays in more depth
than ever.
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We chose to use our small nanoparticle arrays to investigate the non–linear
transport through our devices. We were interested in separating the contribution
from the nanoparticles and the molecules to the transport. To do this we performed
transport measurements on our devices at liquid He temperatures.
We were able to measure the inﬂuence of the Coulomb blockade, due to the small
size of the nanoparticles, on the transport. At higher bias voltages we saw evidence of
the contribution of molecular vibrations to the transport. By doing molecular place–
exchange on a single device we observed diﬀerent signatures of the vibrational modes
of the individual molecules to the transport. We can now quantify the disorder in the
arrays and determine its contribution to the transport. This was discussed in Part II.

7.1 Outlook
Our measurements of the conductance of a nanoparticle array device controlled by
the oxidation state of individual molecules pave the way towards using nanoparticle
arrays as an interface to monitor chemical processes. The high surface area of the
nanoparticles in the arrays make them interesting as sensing platforms. Having a large
surface to volume ratio in a detector increases the odds of capturing the small amount
of molecules present in a dilute solution. The next step towards using the nanoparticle
arrays as transport sensitive chemical sensors concern performing electrical transport
measurements in a solution. The challenges that need to be over come to accomplish
this concern decreasing leakage current from the electrodes through the solution and
increasing the device sensitivity to interactions between the molecules in the solution
and the nanoparticle arrays. The ultimate limit would be, for example, to detect the
oxidation of a single redox–active molecule in the array.
A part of the solution to the challenges stated above was be to be able to make
the nanoparticle arrays as small as one likes and have good control over the electrode
geometry. To reduce the leakage current between the electrodes their area should be
kept as small as possible. To work at low voltages, in order to prevent electrochemical
breakdown of the solvent, the distance between the electrodes needs to be small.
To be sensitive to the oxidation of a single redox–active molecule the arrays should
ideally be one dimensional. Thus, controlling the geometry of the devices precisely
is important.
One way to utilise the mechanical stability of molecular junctions on a substrate
and avoid the problems of the disorder in the nanoparticle arrays is to contact a single
nanoparticle with two electrodes. In a recent collaboration with Hassan Jafri and
Klaus Leifer at the Department of Engineering Sciences, Electron Microscopy and
Nanoengineering at Uppsala University, we measured the transport through devices
comprising of 5 nm diameter nanoparticles trapped in 20 nm wide nanogaps. The
nanogaps were made by cutting through a thin gold wire, patterned with e–beam
lithography, by a focused ion beam (FIB). The results of these measurements are
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presented in Appendix A.
A reoccurring question in molecular electronics is how to independently control the
mechanical and electrical coupling of a molecule to the electrodes. One idea proposed
to answer the question is to prepare ligands which can wrap around a small gold
nanoparticle and give good mechanical stability. The electrical coupling between the
molecule and the nanoparticle can then be addressed separately. In this way it is
possible to synthesise dumbbell molecules, comprising of two nanoparticles and the
molecule bridging them [26]. Nanogap structures might be useful to contact such
dumbbell molecules.
In order to know the electronic transport paths in our arrays detailed KPFM
measurements are needed. The collaboration with Thilo Glatzel and Marcin Kisiel is
still running and we hope that in the future we can directly measure the asymmetry
of the coupling between the electrodes and the nanoparticle array and see how the
current paths branch through the array.
The possibilities are endless and our imagination is the only limitation, besides the
limitation of time.
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Appendix

A

Measurements on nanoparticles trapped in
nanogaps
A.1 Introduction
We had the opportunity to collaborate with Hassan Jafri and Klaus Leifer at the
Department of Engineering Sciences, Electron Microscopy and Nanoengineering at
Uppsala University. They make devices of nanoparticles trapped in nanogaps[10, 31,
30]. These devices are interesting for us since they contain far fewer nanoparticles
than our current devices. The ﬁrst results of our measurements on their devices are
shown in this appendix.
A priory these devices were promising for IETS measurements since they have
only a few, ∼ 3 − 5, nanoparticles in series between the electrodes. As we realised
during our measurements, although promising, these devices had their drawbacks.
As seen in Figure A.1 some of the devices had very asymmetric IV responses. These
asymmetries arise from the size distribution of the nanoparticles in the gaps. They
have a diameter of 5 ± 1 nm. The charging energies of individual nanoparticle range
from Ec = 100 meV for an individual 6 nm diameter nanoparticle to Ec = 150 meV
for 4 nm diameter nanoparticle. The voltages needed to overcome Coulomb blockade
in these nanoparticles are VCB = 200 mV and VCB = 300 mV for the 6 and 4 nm
diameter nanoparticles, respectively. The nanoparticles are trapped in the nanogaps
using delectrophoretic trapping. The coupling between the electrodes and clusters of
nanoparticles is probably asymmetric, although it is hard to estimate the asymmetry.
Furthermore, the conducting paths through the trapped clusters are also ill deﬁned.
In the case of these devices the conductance takes place through a disordered three
dimensional cluster or even several such clusters.

89

Measurements on nanoparticles trapped in nanogaps

90

500

I [pA]

250

0

−250

−500
−2.0

−1.5

−1.0

−0.5

0
Vbias [V]

0.5

Polarity 1 10 mV
Polarity 2 20 mV
1.0
1.5
2.0

Figure A.1: An IV measurement of a device with nanoparticles trapped in a nanogap. The two curves in the
ﬁgure were measured with two diﬀerent polarities. The reversal of the asymmetry along with the
reversal of the polarity of the sample indicate that the transport through the device is asymmetric.
The voltage and current are not scaled to account for the number of junctions in the device since
we do not know how many nanoparticles take part in the transport.
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Figure A.2: dI/dV measurements of the same device as in Figure A.1. The dI/dV has many features, but
since we do not know the sizes and the number of nanoparticles in the gap it is impossible to
assign the features to speciﬁc processes.
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Figure A.3: The d2 I/dV 2 measurements of the same device as in Figure A.1. The asymmetry of the device
is clearly visible.

From these ﬁrst measurements we have learned that the nanogaps fabricated in the
Group of Klaus Leifer oﬀer an interesting platform for transport measurements on
molecular junctions on a substrate. At the moment it is diﬃcult to interpret the data
obtained from these devices due to the fact that the size of the nanoparticles trapped
in the them are small compared to the width of the nanogaps and there is a relatively
large size distribution of the nanoparticles. Because of this it is impossible to predict
how the current will ﬂow through the nanoparticle clusters trapped in these devices.
As discussed in Chapter 5 features in the IETS below the threshold for conduction,
Vth , are masked by Coulomb blockade. The small nanoparticles trapped in these gaps
have a threshold voltage of Vth ≈ 200 − 300 mV. As discussed in Chapter 6 many
phonon modes active in transport have energies between 50 − 300 meV. These modes
cannot be observed if the threshold voltage to overcome Coulomb blockade is as high
as it is in these devices.
A solution to this problem would be to trap nanoparticles of the same diameter
or larger than the nanogap width. If this were done it would be possible to create
double junction devices and thus certainly only having one or two molecular junctions
in series. Nanoparticles with a diameter of ∼ 20 nm should be large enough to
accomplish this. These nanoparticles would have charging energy of Ec = 30 meV
and a threshold voltage to overcome Coulomb blockade of Vth = 60 mV. Thus,
opening up the possibility to measure phonon energies above ∼ 60 meV.
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B

Measurements on nanoparticles using
KPFM
It is of interest to measure the which conducting paths are most favourable in
the nanoparticle arrays. Until now, we do not have detailed knowledge of how
the nanoparticle array contacts the electrodes or how grain boundaries or defects
inﬂuence the transport in the arrays. One way of answering these questions is by
Kelvin probe force measurements (KPFM) [49]. Using KPFM it is possible to map
out the current paths in the devices. In a collaboration with Thilo Glatzel and Marcin
Kisiel, in the group of Ernst Meyer at Basel University, have started looking at the
arrays with a KPFM.
So far we have not been able to measure the details of the transport using the
method. This is due to the fact that the measurement is apparently quite diﬃcult and
requires the use of a well tuned instruments. Preliminary measurements show that it
is possible to correlate a height proﬁle measured with AFM to the contact potential
measured with the KPFM. Figure B.1 shows an example of an AFM and a KPFM
measurement on one device. The dark area on the right side of the ﬁgures is the
substrate and the bright area on the left side is the nanoparticle array.
Since these measurements were made the KPFM has been optimised and now it
should be possible to make more detailed measurements. Three is mutual interest in
continuing the collaboration and we hope to have nice measurements in the future.
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Figure B.1: AFM and KPFM measurements on a nanoparticle array. There ﬁgures show that it is possible
to distinguish between the nanoparticle array and the substrate using AFM and KPFM. The dark
area on the right side of the ﬁgures is the substrate and the bright area on the left side is the
nanoparticle array.
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C

Images of suspended nanoparticle arrays
In a collaboration with Susanne Baumann, a student at the Basel University, we tried
fabricating freely suspended nanoparticle arrays. Two methods were tried. One
focused on fabricating small nanoparticle arrays as described in Chapter 4. As a
last step, after stamping the nanoparticles on the devices, the SiO2 was etched away
using buﬀered HF. After the HF etching the SiO2 supporting the nanoparticles should
be gone and the nanoparticle array free standing. On occasion, devices containing
suspended nanoparticle arrays were observed by SEM. Figure C.1 shows a device
where a nanoparticle array is suspended between two electrodes.

Figure C.1: An SEM image of a suspended nanoparticle array.

Looking closely at the SEM images and looking at several devices it became
apparent that the nanoparticle array was not truly free–standing but supported by
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an unknown ﬁlm. Figure C.2 shows how the nanoparticles are supported by a gray
ﬁlm.

Figure C.2: An SEM image of a suspended nanoparticle array. The nanoparticles bridging the electrodes are
supported by an unknown gray ﬁlm.

Most devices looked like the one shown in Figure C.3. Although beautiful, they
are useless for scientiﬁc measurements of transport.

Figure C.3: An SEM image of a suspended nanoparticle array.
assemblies decorate the sample.

After etching beautiful nanoparticle

A diﬀerent approach to fabricate free–standing nanoparticle arrays was implemented by Susanne Baumann. She made free–standing nanoparticle arrays which
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spanned the openings of TEM grids. Figure C.4 shows an optical image of
nanoparticle arrays spanning an opening in a TEM grid. Depositing these suspended
nanoparticle arrays was problematic. Liao et al. [45] make free–standing nanoparticle
arrays in a similar fashion and use high pressure air to transfer the nanoparticle array
from the TEM grid to the substrate. Unfortunately we did not think of this.

Figure C.4: An optical image of a suspended nanoparticle array in a TEM grid.
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D

Protocol for nanoparticle array fabrication
All chemicals used in the synthesis and suspension of the nanoparticles were bought
at Sigma–Aldrich and used as received unless otherwise stated. The di–ionised water
had a resistivity greater than 13 MΩ–cm.

D.1 Au nanoparticle Synthesis
Colloidal gold particles, with a diameter of 10 nm, were formed by the reduction of
gold(III) chloride hydrate (HAuCl4 ·4H2 O, ACS reagent ≥ 49% Au basis) by sodium
citrate tribasic dihydrate (C6 H5 O9 Na3 ·2H2 O, for molecular biology ≥ 99.5%) and
tannic acid (C76 H52 O4 6, ACS reagent)[71].

D.1.1 Solutions used
The solutions used are:
• 1 ml 1% (w/v) gold(III) chloride hydrate (HAuCl4 ·4H2 O) in DI–H2 O.
• 4 ml 1% (w/v) sodium citrate tribasic dihydrate (C6 H5 O9 Na3 ·2H2 O) in DI–
H2 O.
• 80 μl 1% (w/v) tannic acid (C76 H52 O4 6) in DI–H2 O.

D.1.2 Protocol
• Use two beakers (a) 150 ml and (b) 25 ml.
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• Clean beakers thoroughly using water and soap. Rinse using DI-H2 O.
• Turn hotplate to 80◦ C.
• In beaker (a) put:
– 1 ml gold(III) chloride hydrate (HAuCl4 ·4H2 O).
– 79 ml DI-H2 O.
– Place magnetic stirrer in beaker and turn on stirring.
– Cover beaker.
– Heat to 80◦ C on hotplate (10-15 min).
• In beaker (b) put:
– 4 ml sodium citrate tribasic dihydrate (C6 H5 O9 Na3 ·2H2 O), for 10 nm
gold colloids.
– 80 μl tannic acid (C76 H52 O4 6).
– Add water to ﬁll 20 ml.
– Cover beaker.
– Heat to 80◦ C on hotplate (10-15 min).
• Turn hotplate to 250◦ C, wait 5 min.
• Quickly pour the contents of beaker (b) into beaker (a).
• The solution will turn purple.
• Wait until the solution color changes to red.
• When solution is red wait 10 more minutes.
• Cool solution to room temperature by placing the beaker in ice water. Stir
continuously.

D.1.3 Extracting gold colloids and covering with a ligand
The gold colloids need to be extracted from the aqueous solution. This is done using
a high–speed centrifuge, Heraeus Biofuge Pico.
• Place the colloid solution into test tubes. 1 ml into each eppendorf.
• Place eppendorfs symmetrically into centrifuge.
• Run centrifuge at 13 krpm for 45 min.

D.1. Au nanoparticle Synthesis
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• Clean a 20 ml bottle with ethanol (CH3 CH2 OH, ACS reagent, absolute alcohol,
without additive ≥ 99.8%).
• With a pipette carefully remove water from the colloids.
• Mix colloids and the remaining water.
• Infuse ethanol in each eppendorf.
• Mix with shaker.
• Transfer the ethanol–colloid solutions from all eppendorfs into the 20 ml bottle.
• Put the solution in an ultrasonic bath for 10 min (sweep) at a temperature below
30◦ C.
• Add 200 μl of the desired covering molecule to the bottle. 1–Octanethiol
(CH3 (CH2 )7 SH, ≥ 98.5%, distilled before usage) or 1–Dodecanethiol (CH3 (CH2 )11 SH,
≥ 98%).
• Fill the bottle with ethanol.
• The color changes as the molecules cover the gold particles.
• Wait 2–3 days for the molecules to form a ordered layer on the gold

D.1.4 Washing the colloids
After the colloids have settled in the bottom of the small bottle the excess ligands can
be removed and the colloids washed in Ethanol before they can be used as an ink for
stamping.
After this process the solution can be stored for up to a week before it is ruined.
• With a pipette remove excess solution from colloids.
• Infuse new ethanol.
• Wait until colloids precipitate, about 1 hr.
• Remove all ethanol, very carefully.
• Infuse 4 ml chloroform (CHCl3 , ACS spectroscopy grade ≥ 99.8%, 0.5–1.0%
Ethanol).
• To disperse colloids put the bottle in ultrasonic bath at room temperature for
10 min.
• The solution turns red when ready.
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D.2 Colloid density

The number of 10 nm diameter colloids resulting from the reduction of 1 ml 1% (w/v)
HAuCl4 ·4H2 O can be calculated as:
1
g
100
HAuCl4 · 4H2 O

=

HAuCl4 · 4H2 O

(D.1)

=

411.8 Amu

(D.2)

Au

=

197 Amu

(D.3)

kg
m3

(D.4)

The density of gold is:
DAu

=

19300

DAu

=

1.93 × 10−20

g
nm3

(D.5)

The volume of a 10 nm diameter colloid is:
VColloid

=

VColloid

=

4 3
πr
3
524 nm3

(D.6)
(D.7)

The mass of one colloid is then:
MColloid

=

VColloid × DAu

(D.8)

MColloid

=

1 × 10−17 g

(D.9)

The total mass of Au in the solution is:
MAuinsol

=

MAuinsol

=

197 Amu
1
×
g
411.8 Amu 100
4.8 × 10−3 g

(D.10)
(D.11)

And the total number of colloids in the solution is then:
#Colinsol

=

4.8 × 10−3 g
1 × 10−17 g

(D.12)

#Colinsol

=

4.8 × 1014 Colloids

(D.13)

The colloid density is
4.8 × 1014 Colloids
= 6 × 1012 Colloids/ml
80 ml

(D.14)
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The colloid density in the chloroform solution is
6 × 1012 Colloids/ml × 10 ml
= 1.5 × 1013 Colloids/ml
4 ml

(D.15)

D.3 Preparation of masters for PDMS stamps using UV
lithography
The masters for the PDMS stamps were made by patterning SU–8 on a SiO2 substrate.
• Spin:
– 500 rpm - ramp time 5 s - for 10 s
– 4000 rpm - ramp time 9 s - for 30s
• Bake: 1 min @ 95o C
• Expose: 2.5 s (i-line), 6s Hard Contact (1.2-1.3 Bar) (33mW/cm2*s)
• Bake IMMEDIATELY after exposure: 1 min @ 95o C.
• Develop: SU-8 developer for 1 min
• Clean and dry in IPA
• Hard bake: 10min @ 200o C

D.4 PDMS
Stamps are made from PDMS molded on the SU8 masters fabricated using UV
lithography. The PDMS, SYLGARD R 184 SILICONE ELASTOMER KIT, is used
as bought from Dow Corning.
• In a small vile pour 15 ml of base and 2 ml of the curing agent.
• Stir well, until a uniform distribution of small bubbles has formed.
• In a petri dish pour the PDMS over the substrates.
• Wait until no bubbles are close to the substrates, at least 30 min.
• Heat an oven to 60◦ C.
• Bake PDMS for 90 minutes.
• Let PDMS cool down and carefully pull it out of the petri dish.
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• Using a sharp knife peel oﬀ the thin PDMS layer on the bottom of the masters.
• Cut slightly along the edges of the masters and carefully remove them from the
PDMS.
• After you remove the masters from the PDMS there should be no PDMS left
on the top surface of the Si masters. The transferred pattern is visible in the
PDMS.
• Use a razor blade to cut out each PDMS stamp.
• Clean stamps in ethanol ultrasonic bath for 5 min.

D.5 Transferring patterns using PDMS stamps
Using a colloid solution in chloroform as ink and PDMS stamps self assembled arrays
can be transferred to a substrate [62, 61]
Use a petri dish with three glass slides stacked in the bottom on two sides. Before
placing the Teﬂon ring in the dish, clean the Teﬂon ring thoroughly using soap and
water then rinse with DI–H2 O.
Place the Teﬂon ring on the glass slide stacks and carefully infuse 29 ml DI-H2 O
into the dish outside of the Teﬂon ring. The colloid solution can be suspended on the
water surface for the self assembled monolayer (SAM) to form.
• Turn on airﬂow in the fume hood, to help solvent to evaporate.
• Use a regular pipette to put 350 ∼ 400 μl of solution into a small vial.
• Using a glass pipette empty the vial and place the solution in the centre of the
Teﬂon ring.
• Wait 10-15 min until all the solvent has evaporated.
• Carefully bring PDMS stamp to touch the surface. Hold the stamp at the
surface for 10 sec.
• Tilt the stamp to break contact with the surface and remove it.
• Dry oﬀ all excess water on the stamp.
• Place the stamp on the petri dish.
• By dropping, place a substrate on top of the stamp.
• Wait 10 sec. and remove the substrate from the stamp.

D.6. Fabrication of small nanoparticle arrays
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D.6 Fabrication of small nanoparticle arrays
D.6.1 Substrate cleaning and preparation of PMMA
• Use highly p– doped Si substrate, resistivity ∼ 10 μΩ–cm dopant boron.
Thermal oxide thickness 400nm.
• Clean substrate in a ultrasonic bath ﬁrst with acetone (C3 H6 O, for analysis
from Merck Chemicals), then isopropanol (C3 H8 O, for analysis from Merck
Chemicals) for 10min each solvent. Dry sample with nitrogen gas.
• Clean substrate in UV ozone for 10 min (Jelight Company model 42).
• Spin on a 120nm thick layer of PMMA–MA 33% (AR–P 671.09 950K from
ALLRESIST) at 2000 rpm, ramp 4sek, and duration 40sek.
• Bake PMMA–MA on a hot plate at 200◦ C for 10min.
• Spin 600-700nm thick PMMA (AR–P 671.09 950K from ALLRESIST, diluted) at 4000rpm, ramp 4sek, and duration 40sek.
• Bake on a hotplate at 180◦ C for 10min.

D.6.2 E–beam writing and development
Structures written in Zeiss Supra 40 SEM.
• Acceleration voltage: 30 kV
• Working distance: 9 mm
• Area dose: 290 μAs/cm2 .
• Aperture for large structures: 120 μm.
• Write ﬁeld size: 1000 μm.
• Dose factor: 1.2
• Aperture for small structure: 10 μm.
• Write ﬁeld size: 100 μm.
• Dose factor: 1.2
Develop in 1:3 4–methyl–2–pentanone(MIBK, C6 H12 O):isopropanol for 90 seconds. Clean in oxygen plasma using a Oxygen Plasmalab80 Plus reactive ion etcher
(RIE) from Oxford:
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• Background pressure: 5 × 10−5 mTorr
• Working pressure: 250 mTorr
• O2 ﬂow: 16 sccm
• Power: 30 W
• Time: 20 sec

D.6.3 Metal evaporation
Meta evaporation is performed in a Sharon Vacuum evaporator. The Ti and Au
ﬁlms are evaporated with electron beam evaporation, while the Cr ﬁlm is evaporated
thermally. Figure D.1 shows how the metal electrodes are evaporated on the substrate.
The goal of the angular evaporation is to fabricate a relatively smooth height gradient
from the metal electrodes to the bare SiO2 separating them. The process yields metal
electrodes approaching the SiO2 in three steps each having a smaller height than
an individual nanoparticle diameter. This will prevent the nanoparticle array from
braking when deposited on top of the structure. The structure is composed of a Ti
adhesion layer, an Au conducting layer, and a Cr etching mask.
After the metal evaporation liftoﬀ is performed in heated acetone. After liftoﬀ
the samples are rinsed in isopropanol and UV ozone for 10min. The liftoﬀ and
isopropanol rinse are performed in an ultrasonic bath at 20% power. Fresh layers
of PMMA–MA/PMMA are spun on using the process describe in section D.6.1.
Small bridges, bridging the metal electrodes, are written. This is done using the
same parameters as for the small structures in Sub.Sec D.6.2.
After e–beam writing the substrate is developed as before in 1:3 MIBK:Isopropanol
for 90sec. After developing the sample is further cleaned in O2 plasma as above.
A 45nm Cr etching mask is evaporated onto the substrate. The evaporation is
performed at room temperature and under 0◦ angle. After evaporation liftoﬀ is
performed as described above.

D.6.4 SiO2 etching
To fabricate small structures of nanoparticle arrays one needs to pattern the SiO2
substrate, since the PDMS is too ﬂexible to support these small structures. Using Cr
as an etching mask, the SiO2 can be etched away leaving a raised structure with metal
contacts on top separated by exposed SiO2 . The SiO2 etching is performed using
reactive ion etching (RIE). This etching method is more anisotropic than hydroﬂuoric
acid (HF) etching. During RIE etching of the SiO2 using CHF3 as an etching gas a
ﬂuorocarbon polymer is deposited on the side walls of the structure. This polymer is
almost impossible to remove, but the remaining polymer can be kept to a minimum

D.6. Fabrication of small nanoparticle arrays
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Figure D.1: The evaporation process for the large contact pads. At the top the structure of the electrodes is
shown from above as written by the e–beam. The green areas represent the exposed SiO2 and
the white areas represent the PMMA. The horizontal line represents a cut through the structure.
The bottom ﬁgure shows a side view of the metallic layers as deposited onto the substrate. The
view is along the line cut shown in the top ﬁgure. The α values represent the angle chosen
on the evaporator sample holder and Θ the relative angle between the normal of the substrate
and the incoming metal atoms. The numbers followed by a metal and a thickness (i.e. 1) Ti
3nm) represent the order of the evaporated layers, the evaporated metal and the thickness of the
evaporated metal. The coverage of the last 20nm Cr metal layer is not depicted in the ﬁgure.

in two ways. During CHF3 etching small amount of O2 is mixed with the CHF3 .
After etching with CHF3 the deposited polymer can be oxidised in a O2 plasma and
removed using heated Acetone in an ultrasonic bath. The normal etching process is
described below in table D.1.
Pressure [mTorr]

O2 ﬂow [sccm]

CHF3 ﬂow [sccm]

power [W]

time [m:s]

25
25
250

16
2
16

0
40
0

100
100
100

2:00
20:00
2:00

Table D.1: The RIE etching process. This process will etch ∼200nm of SiO2 .
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D.6.5 Cr etching
The Cr etching mask is removed using a solution of ceric ammonium nitrate
((NH4 )2 Ce(NO3 )6 , CAN) in Di–H2 O and Acetic acid (CH3 COOH):
• 10ml Di–H2 O
• 2g CAN
• 260μl Acetic acid
The etching rate of the solution is ∼ 3 nm/sec if the sample is dipped in an only
slightly agitated. To fully remove the Cr the etching is performed in a ultrasonic bath
at 20% power for 3min.

D.6.6 Stamping of Au nanoparticle arrays
When the raised structures have been prepared the nanoparticle arrays are stamped
on top of them using a PDMS stamp with no pattern.

D.7 Molecular place exchange
For 2 mg OPE dithiol (426.55 g/mole) in 3 ml THF:
• Weigh molecule and add in a ﬂask
• Infuse THF to the ﬂask
• Bubble with Ar for 1–2 minutes
• Add 20 μL ammonium hydroxide Sigma Aldrich is 17837-100ML
• Bubble with Ar for 1–2 minutes
• Drop sample in the ﬂask. Structures facing down.
• Store under Ar atmosphere over night
• Remove sample rinse twice with THF
• Dry sample
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Electrical characterisation of the dip–stick
E.1 Frequency response of 10 GΩ resistor in the dip–stick
The frequency response of a 10 GΩ resistor in the dip–stick at room temperature is
shown in ﬁgure E.1. The blue marks are the measured points and the blue dotted line
a guide to the eye. The green line is a model of the diﬀerential conductance assuming
a parallel connection of a resistor R = 11 GΩ and a capacitor C = 2.1 pF
dI
dV

=

1
+ iωC
R

(E.1)

The chip carrier is connected to a break out box with a ﬂat ribbon cable of twisted
pair wires. During the measurement wire 6 and 16 were used. They belong to the third
and eighth twisted pairs respectively. To reduce the capacitive cross talk between
them all the unused wires were grounded.
Using equation E.1 one can get the diﬀerential conductance of the equivalent
circuit measured, assuming the circuit consists of the resistor being measured in
parallel with a stray capacitance to ground. From the real part of the dI/dV
measurement one gets the value of the resistor R = 1/Re{dI/dV} = 11 GΩ and
from the imaginary part of the signal one gets the value of the stray capacitance to
ground C = Im{dI/dV}/(ω) = 2.1 pF.
The d2 I/dV 2 measurements show only noise when the resistor is measured. This is
expected since the impedance of the equivalent circuit should not depend on voltage.
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Figure E.1: The frequency response of a 10 GΩ resistor in the dip–stick. The blue marks are the measured
data point and the blue dotted line a guide for the eye. The green line is a model of the diﬀerential
conductance of the system with C = 2 pF and R = 10 GΩ. The bandwidth of the IV converter is
reached around 5 kHz.

E.1. Frequency response of 10 GΩ resistor in the dip–stick

111

200

I [pA]

100

0

−100

−200
−2

−1.5

−1

−0.5

0
0.5
Vbias [V]

1

89.0

Im(dI/dV) [pS]

Re(dI/dV) [pS]

975.0

88.6

88.4

974.9

974.8

88.2

−1

0
Vbias [V]

1

2

974.7
−2

−1

0
Vbias [V]

1

2

−1

0
Vbias [V]

1

2

10
Im(d2 I/dV2 ) [×10−12 A/V2 ]

5H G,G9  >ð ï  $ 9 @







ï

ï
ï

2

975.1

88.8

88.0
−2

1.5

ï


9 ELDV >9@





5

0

−5

−10
−2

Figure E.2: IV, dI/dV, and d2 I/dV 2 measurement of a 10 GΩ resistor in the dip–stick. The dI/dV and
d2 I/dV 2 are measured at a frequency of 73 Hz. From the IV and the real part of the dI/dV one
can see that the resistance of the resistor is R = 11 GΩ. From the imaginary part of the dI/dV
one can calculate the capacitance C = 2.1 pF.
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F

Taylor expansion of the current measured

F.1 Details of the Taylor expansion of the current measurements

The current ﬂowing in the device is comprised of an ac part and a dc part and can be
expressed by a Taylor series as
I(Vdc + Vac sin(ωt))

sin2 (ωt)
I(Vdc + Vac sin(ωt))

=

=
=

dI(Vdc )
Vac sin(ωt) +
dV
2
d2 I(Vdc ) Vac
+
+ ···
dV 2
4
1 − cos(2ωt)
2
dI(Vdc )
I(Vdc ) +
Vac sin(ωt) +
dV
2
d2 I(Vdc ) Vac
+ ···
+
dV 2
2
I(Vdc ) +

1 d2 I(Vdc ) 2
Vac sin2 (ωt)
2 dV 2
(F.1)
(F.2)
1 d2 I(Vdc ) 2
Vac cos(2ωt + π)
4 dV 2
(F.3)

Assuming a circuit comprised of a parallel connection of a resistor R and a capacitor
C the dI(Vdc )/dV in (F.3) can be written as:
dI(Vdc )
dV

=

1
d
+C
R
dt

(F.4)
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inserting (F.4) into (F.3) gives
I(Vdc + Vac sin(ωt))

=

I(Vdc ) +

1
d
+C
Vac sin(ωt)
R
dt

+

1 d 1
d
+C
V 2 cos(2ωt + π)
4 dV R
dt ac

+

2
d 1
d Vac
+C
+ ···
dV R
dt 2

(F.5)

The phase of the current can be represented in the complex plane by deﬁning the in
phase part of the signal, ∝ sin(ωt), as being on the real axis and the out of plane part
of the signal, ∝ cos(ωt), as being imaginary. The second term in (F.5) can then be
represented as

Re
Im

d
1
+C
Vac sin(ωt)
R
dt

1
d
+C
Vac sin(ωt)
R
dt

1
d
+C
Vac sin(ωt)
R
dt

=

1
Vac sin(ωt) + ωCVac cos(ωt)
R

=

1
Vac
R

=

ωCVac

(F.6)

Assuming that the resistor and capacitor are voltage controlled the third term in (F.5)
can then be represented as
1 d
d
1
+ C(Vdc )
V 2 cos(2ωt + π)
4 dV R(Vdc )
dt ac

=

d
1
V 2 cos(2ωt + π)
dV 4R(Vdc ) ac
+



1
2
sin(2ωt)
ωC(Vdc )Vac
4

1 d
d
1
2
Re
cos(2ωt + π)
+ C(Vdc )
Vac
4 dV R(Vdc )
dt

=

d 1
2
ωC(Vdc )Vac
dV 4

d
1 d
1
2
cos(2ωt + π)
+ C(Vdc )
Vac
Im
4 dV R(Vdc )
dt

=

d
1
2
Vac
dV 4R(Vdc )



(F.7)

As Equations F.6 and F.7 show the resistance R and capacitance C can be measured
directly by measuring the real, in phase, and imaginary, out of phase, components of
the ac current, respectively. The voltage derivative of the resistance and capacitance
can also be measured directly by measuring the imaginary and real parts of the second
harmonic of the ac current, respectively.
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Error calculations

G.1 Calculation of the broadening in the Coulomb blockade
induced feature due to disorder in the nanoparticle array

Nanoparticle capacitance in a nanoparicle array:
C
δC

=
=

R(R + s)
R

2
2R + s
2R2
4π0 r
δs
δR +
s
s2
4π0 r

2

(G.1)

where 0 is the permittivity of vacuum, r the dielectric constant, R the nanoparticle
radius, and s the interparticle distance. The error in the capacitance δC is due to the
error in the nanoparticle radius and the interparticle distance.
Charging energy.
Ec

=

δEc

=

e2
2C
e2
δC
2C 2

(G.2)

where e is the elementary charge of an electron.
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Voltage to over come Coulomb blockade:
VCB

=

δVCB

=

2Ec
e
2δEc
e

(G.3)

Reduction factor of threshold voltage due to temperature:
P(T )

=

δP(T )

=

4.8kB T
ρc E c
2 · 4.8kB T
δEc
ρc Ec2

(G.4)

where kB is the Boltzmann constant, T the temperature, and ρc = 2 sin(18/π) the
percolation threshold in a hexagonally closed array.
Threshold voltage:
Vth

=

δVth

=

VCB (1 − P(T ))

((1 − P(T ))δVCB )2 + (VCB δP(T ))2

(G.5)

Threshold voltage per molecular junction:
Vth j
δVth j

=
=

Vth
N

 δV 2
th

N

+

V

th
δN
N2

2
(G.6)

where N is the number of nanoparticles spanning the gap between the electrodes.
The number of nanoparticles spanning the gap between the electrodes:
N
δN

=
=

L
2R + s

 δL 2
2R + s

2

L
L
+
2δR
δs +
(2R + s)2
(2R + s)2

2

(G.7)

G.2 Calculation of the broadening in the Coulomb blockade
induced feature due to charge disorder in the nanoparticle
array
Assuming the model shown in Figure 5.1 with C1 = C2 and the charge on the
nanoparticle Q = 0. The change in the energy of the nanoparticle when a single

G.2. Calculation of the broadening in the Coulomb blockade induced feature due to charge
disorder in the nanoparticle array
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charge is added to it is:
ΔU ±

(Q ± e)2 Q2
−
2C
2C

=

(G.8)

where e is the charge of an electron and C = C1 + C2 is the capacitance of the
nanoparticle. Now the error in the energy U due to charge disorder δQ and disorder
in the nanoparticle capacitance δC, from Equation G.1 is:

2
2
2eδQ
e2 δC
δΔU ± =
+
(G.9)
2C
2C 2
where δ denotes the error of δU ± . The error of δU ± is carried to the change in energy
when an electron tunnels onto or oﬀ the nanoparticle. The change in energy is given
by:
ΔE1±

=

ΔE2±

=

C2
Vb
CΣ
C1
ΔU ± ± e Vb
CΣ
ΔU ± ∓ e

(G.10)

as given by Equation 5.4. The error of ΔE ±j , j = 1, 2, due to the error in ΔU ± is:

δΔE ±j

=

(δΔU ± )2 +

√  eVb δC 2
2
C

(G.11)

where Vb is the bias applied to the junction. Combining Equations 5.1, 5.3, 5.4, and
5.7 the threshold voltage for conductance in the presence of Coulomb blockade in a
symmetric double junction is found as in Equation 5.8, but with errors added
− (Ec ± δΔE ±j ) ≤

1
eVb ≤ (Ec ± δΔE ±j )
2

(G.12)

which gives the voltage needed to over come Coulomb blockade with errors due to
charge disorder and errors in the nanoparticle capacitance
|VCB |

=

2EC /e

δ|VCB |

=

2δΔE ±j /e

(G.13)

The error of |VCB | is carried forward to the threshold voltage as shown in Equation
G.6.

Error calculations
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G.3 Calculation of the broadening of peaks beyond the threshold
voltage due to variations in the interparticle separation
The nanoparticles in the array are capacitively coupled. We make the assumption
that that the voltage drop between two neighbouring nanoparticles will depend on the
capacitance between the nanoparticles[2, 24, 47]. In the terms of the double junction
tunnelling model the voltage is found as in Equation 5.5:
Vj

=

C1C2
Vb
C jCΣ

(G.14)

where C j is the capacitance of the individual junction, CΣ = C1 + C2 is the sum
of the capacitances of the junctions, Vb is the applied bias voltage, the number of
nanoparticles in series bridging the electrodes. Using Equations G.14 and G.1 the
broadening in the voltage between the nanoparticles can be calculated as:
δVi j

=

1 δC
√
1 C

(G.15)

Appendix

H

Literature values of phonon modes in
molecules
H.1 Phonon modes in CH3 (CH2 )8 SH and CH3 (CH2 )7 SH
molecules on an Au surface.
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Literature values of phonon modes in molecules
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Mode
Au–S stretch
Au–S stretch
SCC
deform
CCC deform
ν(C–S)G
ν(C–S)T
CH2 rock
CH2 rocking
CH2 rocking
CH3 rock
CH2 rocking
C–C stretch
νa (C–C)T
νs (C–C)T
CH3 rock
CH2 wagging
CH2 twist
CH2 wagging
CH2 wagging
CH3 s–deform
CH3 d–deform
CH2 scissors
νs (CH2 )
C–H stretch
νs (CH2 )
νs (CH2 )
C–H stretch
νs (CH3 FR)
νs (CH3 )

Wavenumber
[cm−1 ]
225
255

Energy
[meV]
28
32

CH3 (CH2 )7 SH
CH3 (CH2 )7 SH

HREELS
HREELS

[36]
[36]

385

48

CH3 (CH2 )7 SH

HREELS

[36]

641
706
715
720
766
915
925
1050
1064
1120
1190
1230
1265
1283
1330
1380

79
88
89
89
95
113
115
130
132
139
148
152
157
159
165
171

CH3 (CH2 )8 SH
CH3 (CH2 )8 SH
CH3 (CH2 )7 SH
CH3 (CH2 )5 CH3
CH3 (CH2 )5 CH3
CH3 (CH2 )7 SH
CH3 (CH2 )5 CH3
CH3 (CH2 )7 SH
CH3 (CH2 )8 SH
CH3 (CH2 )8 SH
CH3 (CH2 )7 SH
CH3 (CH2 )5 CH3
CH3 (CH2 )7 SH
CH3 (CH2 )5 CH3
CH3 (CH2 )5 CH3
CH3 (CH2 )7 SH

RAMAN
RAMAN
HREELS
IR
IR
HREELS
IR
HREELS
RAMAN
RAMAN
HREELS
IR
HREELS
IR
IR
HREELS

[11]
[11]
[36]
[12]
[12]
[36]
[12]
[36]
[11]
[11]
[36]
[12]
[36]
[12]
[12]
[36]

1455

180

CH3 (CH2 )7 SH

HREELS

[36]

2854
2860
2880
2907
2925
2936
2967

354
355
357
360
363
364
368

CH3 (CH2 )8 SH
CH3 (CH2 )7 SH
CH3 (CH2 )8 SH
CH3 (CH2 )8 SH
CH3 (CH2 )7 SH
CH3 (CH2 )8 SH
CH3 (CH2 )8 SH

RAMAN
HREELS
RAMAN
RAMAN
HREELS
RAMAN
RAMAN

[11]
[36]
[11]
[11]
[36]
[11]
[11]

Molecule

Method

Reference

Table H.1: A summary of phonon modes in alkane thiols. The molecules are adsorbed onto Au surfaces and
the phonon modes are investigated by Raman spectroscopy, high–resolution electron–energy–loss
spectroscopy (HREELS), and infra red (IR) spectroscopy.
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