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THESIS OUTLINE

Chapter 1 (p. 1)
Basic concepts.

In this chapter we present the basic concepts of molecu-
lar charge transport. We also introduce the most common
measurement methodologies.

Chapter 2 (p. 23)
2D nanoparticle networks for molecular electronics

In this chapter we introduce a new approach to molecu-
lar charge transport. We make use of a 2D nanoparticle
network to connect the molecules, with the nanoparticles
acting as miniature electrodes. This technique allows for
additional optical measurements on the devices.

Chapter 3 (p. 59)
Nanoparticle array based strain sensor.

Here, we combine mechanically controlled break junctions
and 2D nanoparticle networks to create a robust platform
for molecular charge transport measurements with con-
trol over the interelectrode distance on the picometer scale.
The resistance change due to bending of our structures is
dependent on the molecular species present between the
nanoparticles.

x



xi

Chapter 4 (p. 71)
Interpretation of transition voltage spectroscopy.

?

The promise of ’transition voltage spectroscopy’ (TVS) is
that the position of molecular levels can be determined
in molecular devices without applying extreme voltages.
Here, we consider the physics behind TVS in more detail.
Moreover we perform experiments to explore the use of
TVS in molecular junctions and simple tunnel junctions.

Chapter 5 (p. 95)
Conductance properties of a series of OPE molecules.

In this chapter we introduce a technique to contact self-
assembled monolayers of molecules using an atomic force
microscope. We demonstrate the validity and the versatil-
ity of this technique. Moreover we introduce a novel plot-
ting method to visualize our results in a statistically sound
manner.

Chapter 6 (p. 119)
Evidence for quantum interference in molecular charge
transport.

In this chapter we present conductance measurements on a
series of molecules with various conjugation patterns. For
the cross-conjugated molecules we present direct evidence
for destructive interferences. This work has been done in
collaboration with Hennie Valkenier and Cees Hummelen
(University of Groningen) and with Troels Markussen and
Kristian Thygesen (Danish Technical University)
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1.1 A BRIEF HISTORICAL VIEW ON MOLECULAR
CHARGE TRANSPORT

The field of science that is now called molecular charge transport, emerged
with the first measurements on metal-molecule-metal junctions by Mann

and Kuhn already back in 1971 [1]. Shortly after a paper by Aviram and Ratner
[2], this appealing idea gave a lot of momentum to this field. In their theoreti-
cal paper, they did not only predict the rectification properties of their designed
molecular junction but also the challenges scientists would encounter trying to
connect and characterize molecular junctions: ”A large number of materials and
synthesis problems must, clearly, be overcome before such molecular electronics
device can be tested in the laboratory.”. To this they added: ” Efforts towards
the solution of these problems are presently under way.”, not knowing that it
would cost at least twenty years before the first single molecule measurements
were claimed [3, 4]. Since then the field of molecular electronics has been an ac-
tive field developing numerous experiments and techniques. The field also has
encountered many ups and downs [5–7]. Nevertheless scientists kept working
on the possibilities of contacting molecules developing new methodologies and
improving the measurements techniques. By now, the field has gained maturity
and the focus is on carefully exploring molecular charge transport.

The promise of molecular electronics in Aviram and Ratner’s seminal paper
is, as the name already says, to integrate molecular junctions to replace the ever
shrinking integrated circuit components. This has motivated most of the re-
search in the field even though no direct application in integrated circuitry has
been found yet. But the truly exciting side of molecular electronics is the funda-
mental questions it raises. Indeed studying the charge transport in molecular
species profits from the versatility of organic chemistry to systematically vary
the properties of microscopic conductors contacted by macroscopic leads. The
physics of such systems is often referred to as mesoscopic physics. Indeed meso-
scopic physics functions as a bridge between the macroscopic world of the bulk
materials and the microscopic world of atoms. So we may say that molecular
junctions are well suited and versatile tools to study mesoscopic charge trans-
port phenomena. In this chapter we will first introduce some basic concepts
about charge transport through nanometer-scale objects and see how molecu-
lar junctions fit in this picture. This is followed by a short description of the
principal methodologies to connect molecules to electrodes.
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1.2 BASIC CONCEPTS
1.2.1 CONDUCTANCE QUANTIZATION

When dealing with conductors on the nanometer scale a few length scales
are of great importance, namely: i) L i, (with i = x, y, z) the characteristic

dimensions of the conductor in the x, y and z directions (z being in the direction
of charge transport). ii) le, the elastic scattering length for electrons (or mean
free path)i.e. the distance an electron can travel without experiencing an elastic
scattering event (walls, dislocations, impurities). iii) lϕ, the phase coherence
length i.e. the distance an electron can travel before its phase is randomized.
iv) λF , the Fermi wavelength, the wavelength of the electrons at the Fermi
energy i.e. the electrons responsible for the transport phenomena we describe.
The relation between those length scales determine to a great extent the way
electrons move through a conductor.

So now, more specifically, if we connect a conductor with dimensions such
that Lx,y ¿ le, lϕ and Lx,y ∼ λF and le, lϕ < Lz À λF , we are in the so called
quantum ballistic regime. We can calculate the density of states in such a quan-
tum ballistic conductor by solving the time-independent Schrödinger equation.
The solutions to it are the transversal modes propagating in the z-direction.
The corresponding energy for these modes is given in equation 1.1 [8]. Solely
the modes with an energy crossing the Fermi level do contribute to the conduc-
tion.

E = ħ2

2m

∑
i=x,y,z

(
niπ

L i

)2
(1.1)

If Lz → ∞ the energy of the electrons are quantized in the x and y direction
while continuous in the z direction. Now we know the electron energy, we can
express the conductance of the conductor. If the dimensions Lx,y for our conduc-
tor are small, the resulting energy spacing will be large so we can restrict our
discussion to one single mode or conductance channel. We apply a bias of eVb
on the conductor, shifting the chemical potentials µL and µR of the electrodes
(reservoirs) with respect to each other so that: µL −µR = eV . We can calculate
the density of states, ρ in this single channel (equation 1.2) [8].

ρ(E)= 1
πħ

√
m
2E

(1.2)

Finally we can express the current by integrating over the density of states,
limiting for the right-moving electrons and correcting for the spin degeneracy
(equation 1.3) and over v(E) = p

2E/m the electron velocity and fR and fL the
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Fermi-Dirac functions for the right and left electrode respectively (equation
1.4).

I =
∫ ∞

−∞
ev(E)ρ(E)( fL − fR)dE = 2e2

h
Vb (1.3)

fL,R =
(
1+exp

(
ε−µL,R

kBT

))−1
(1.4)

We see here that for an ideal single channel conductor, the conductance G,
can be expressed as a function of fundamental constants and it is independent
of the length Lz. This fundamental conductance is called the quantum of con-
ductance G0 = 2e2

h . The conductance increases in steps of 2e2

h for an increasing
number of channels. The conductance quantization has been first observed in
1988 by van Wees et al. in a two dimensional electron gas (2DEG) by tuning
the width of the channels with electrostatic gates[9]. The Fermi wavelength in
the semiconductor used (GaAs) was in the order of 200 nm, resulting in sep-
aration of the modes in the order of meV’s and thus requiring low tempera-
tures (∼ 1 K) to resolve the steps. Quantized conductance is also observed in
metals, where the Fermi wavelength is about two orders of magnitude smaller
(λF,Au ∼ 0.5 nm) requiring contacts of atomic dimensions to have the conduc-
tance quantized[10]. The small dimensions of the atomic contact result in a
much larger separation of the modes (∼ eV) as compared to 2DEG’s making the
observation of quantized conductance possible at room temperature [10].

1.2.2 LANDAUER-BÜTTIKER FORMALISM
The situation above is described in a more generalized way by Landauer and
Büttiker by treating the conductor as a scatterer that couples incoming states
(I) and outgoing states (O) phase-coherently via a scattering matrix as shown
in figure 1.1 and equation 1.5 [11, 12].(

OL
OR

)
=

(
r t′
t r′

)(
IL
IR

)
(1.5)

The matrices r and t denote the reflection and transmission when the states are
coming from the left and r’ and t’ when the states are coming from the right.
Current conservation imposes that rr†+ tt† = r′r′†+ t′t′†. The eigenvalues of tt†

correspond to the transmission probability Tn for all the n eigenchannels of the
scatterer. We can now express the conductance as follow:

G =G0
∑
n

Tn (1.6)
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scatterrer

oL oR

IRIL

µ
L

µ
R

lead lead

FIGURE 1.1: Representation of the scattering approach used by Landauer and Büttiker.
µL and µR are the chemical potentials of the left and right reservoirs respectively. The scatterer
is connected to the reservoirs by two fully transparent leads. OL and OR represent the outgoing
states to the left and right respectively. IL and IR represent the ingoing states from the left and
right respectively.

In general, we can extend equation 1.6 with an energy dependent trans-
mission for the current through a scatterer (as the channels have independent
eigenstates).

I = 2e
h

∫ ∞

o
T(E)( fR − fL)dE (1.7)

If we consider conductors involving more electronic orbitals the picture gets
more complicated. The Landauer-Büttiker formalism still can be applied to-
gether with more involved calculations to find the corresponding T(E) as we
will see later on.

1.2.3 A MOLECULE AS A CONDUCTOR
Until now we discussed purely ballistic transport in conductors contacted by
transparent leads (reservoirs, leads and conductor made out of the same ma-
terial). Small organic molecules (nanoscale) tend to fulfill the requirements
for ballistic transport at room temperature as their size is still much smaller
than the characteristic lengths for electrons (le and lϕ). So if we insert organic
molecules between the leads what will happen to the transmission characteris-
tics? An important parameter here is the extent to which the molecule interacts
with the electrodes, the so-called coupling that we will discuss later on. At one
side we have the strong coupling limit where the overlap of the molecular wave-
functions and electrodes wavefunctions is so that we can describe it as a quasi-
ballistic conductor i.e. the measured single-molecule conductances will be close
to G0 [13, 14]. At the other side of the spectrum we have the weak coupling
limit where the molecule interacts weakly with the leads, in fact in that case
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the molecule is best described as a quantum dot. In this limit the Landauer
approach does not hold anymore, indeed charging effects, like electron-electron
interactions take place. In this thesis we consider the strong coupling limit.
Molecules also differ from ’traditional’ conductors in the sense that their com-
position and structure can be engineered by organic chemistry. Additionally in
organic molecules the ion-electron interactions are stronger resulting in vibra-
tional influences on the conductance making electronic spectroscopy possible
(Inelastic tunneling spectroscopy and point contact spectroscopy [13]).

Organic chemistry tool-box
Organic chemistry offers the possibility to design molecules almost at will and
thus engineer the resulting transmission function. Although relating the chem-
ical structure to the conduction properties is still a challenging task, one can
rely on empirical organic chemistry rules-of-thumb and on more evolved quan-
tum chemistry calculations. A wide variety of molecules have been engineered.
Series of aliphatic carbon chains have been synthesized to study the length de-
pendence of the conduction through ’isolating’ molecular wires (reference [15]
for a review of the numerous experiments). Synthetically a bit more involved,
series of conjugated molecules of variable length have been synthesized to study
the length dependence of molecules with delocalized π-electrons [16–18] (chap-
ter 5). For both groups of experiments on molecules the conduction appeared to
be dependent of the length.

Chemists have introduced functionality to molecular conductors. One of the
most appealing functionality is the possibility of switching from a low conduc-
tance state to a high conductance state by an external stimulus (for a review on
molecular switches see reference [19]). Such switchable molecules are highly
interesting for both applied and fundamental research. Indeed we can then
probe two conducting states in exactly the same conditions. Different stimuli
can be used to switch between the two conformations of the molecule. They can
be switched by light [20], redox reaction [21], strain [22] or change in the elec-
trochemical potential [23]. To illustrate the possibilities of engineering the con-
ductance of molecule we present here a molecular switch. In figure 1.2 we show
the chemical structures of the two conformations of an anthraquinone based
switch and the associated change in the transmission function. The ’ON’ state
of the molecule is conjugated while in the ’OFF’ state the conjugation is bro-
ken, which will lead to quantum interferences that suppress the transmission
as can be seen in figure 1.2-B (see chapter 6 for more details). The important
message here is that a only a small change in the chemical structure can induce
large changes in the transmission function i.e. the conductance of molecule (see
equation 1.7).
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FIGURE 1.2: Anthraquinone based switch [21]. A Chemical structure of the two stable con-
figurations of the switch. B Corresponding calculated energy-dependent transmission curves. The
dots indicate the transmission at the Fermi energy and indicate almost two orders of magnitude
difference in conductance (calculations by Troels Markussen).

Connecting the molecules electronically

The molecules need to be connected somehow to the electrodes in order to make
charge transport study possible. The most used connection between the organic
molecules and the electrodes is the sulfur-gold bond or thiol bond. Indeed a
molecule terminated with a sulfur atom binds strongly to the gold electrodes,
the bond strength is about 2.1 eV [24]. Besides the most widely used thiol bind-
ing a wide range of attachements groups have been used: amines [17], selenols
[25], pyridines [26], carboxylic acids [27], isocianides [17] and phosphines [28]
or no linking groups at all [13, 14, 29].

We will see that connecting a molecule to metal electrodes results in a dra-
matic change of its energy landscape. To get an physical intuitive picture of
the effect of inserting a molecule in metal-molecule-metal junction, let us have
a look at a simple tight-binding model for a virtual molecule. In figure 1.3-A
we show the molecule in free space as an interacting chain of hopping sites. In
figure 1.3-B we show the molecule connected to electrodes. We can write the
corresponding Hamiltonians for the isolated molecule (equation 1.8) resulting
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ε1 ε2 ε3

t t

ε1 ε2 ε3

t t

γL γR
A B

FIGURE 1.3: Tight-binding representation of a molecule. A Molecule composed of three site
of energy ε and hopping integral t. B Same molecule as in A but connected to the electrodes by the
coupling γ.

in discrete levels.

H(mol,isol) =


ε1 t

t ε2
. . .

. . .
. . . t
t εn

 (1.8)

When the molecule is connected to electrodes as shown in figure 1.3-B (equation
1.9) the levels are broadened.

H(mol, junction) =


ε1 −ΣL t

t ε2
. . .

. . .
. . . t
t εn −ΣR

 (1.9)

Here ΣL,R represent the self-energy matrices that account for the effect of
the electrodes on the molecule. Its anti-Hermitian part is the broadening ma-
trix ΓL,R = i[ΣL,R −Σ†

L,R]. Now using non-equilibrium Green’s function (NEGF)
formalism we can calculate the current self-consistently resulting in equation
1.10. The NEGF method is a formalism for solving the many-body Schrödinger
equation of a non-equilibrium system coupled to semi-finite electrodes (For a
complete description of the NEGF formalism we refer to [30]).

I = 2e
h

∫ ∞

−∞
[Tr(ΓLGΓRG†)( fL − fR)]dE (1.10)
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With G(E)= (ES−H−ΣL−ΣR)−1 being the Green’s function and Tr(ΓLGΓRG†)
being the transmission function T(E) giving the Landauer-Büttiker formula
found in equation 1.7. Here the ΣL,R matrices, as their name indicate, are
responsible for: i) The broadening of the molecular levels as the residence time
of the electrons on the level is now finite. ii) The shift of the molecular levels
due to charge transfer from the leads to the molecule. In figure 1.4 we show
the broadening of a level as it is more and more coupled to a surface i.e. an
electrode, illustrating the effect of ΓL,R .

e
le

c
tr

o
d

e

isolated molecular

level

broadened and shifted 

molecular level

Γ
increasing

FIGURE 1.4: Broadening of molecular levels. Here we schematically show the effect of coupling
(to the leads) on a molecular level. On the left we see a discrete level for molecule in free-space and
moving to the right we see the level broadening and shifting in energy.

In chapter 4 we use a simplified single level model and we treat the dis-
crete molecular level of a free molecule as a Lorentzian density of state when it
connects to a surface [31, 32]):

DOS(E)= 1
2π

ΓL +ΓR

(E−ε)2 + ((ΓL +ΓR)/2)2
(1.11)

With ΓL,R still being the coupling between the electrodes (L,R) and the molecule,
but not in matrix form anymore. In this simple model the transmission T(E) is 1
at the center of the Lorentzian (resonant tunneling), representing the HOMO or
the LUMO depending on the position of the Fermi level, EF . In the multi-level
model presented above and certainly in the more evolved DFT-based calcula-
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tions both the HOMO and the LUMO are taken into account, the only uncer-
tainty is their relative position to EF which we will discuss in chapter 6 and
appendix C.

Another important ingredient in molecular charge transport, besides the
coupling to the leads, is the potential profile over the junction. Indeed this can
have a dramatic influence on the current-voltage characteristics. We introduce
η a parameter characterizing the voltage profile within the junction. For η= 0.5
the voltage drop, Vb, over the molecule is symmetric meaning that the chemical
potential µR is lowered by eVb/2 and µL is increased by eVb/2. In the case of
η= 1 or η= 0 the voltage drop is asymmetric, meaning that the molecular level
is following one of the two electrodes. So the chemical potential µL,R can be
rewritten as µR = EF−(1−η)eVb and µL = EF+ηeVb. Resulting in an expression
for the current at T = 0K:

I = 2e
ħ

∫ ∞

−∞
T(E)( fL − fR)dE (1.12)

In the experiments we present in this thesis not only the current-voltage (I(V)-
curves) characteristics are studied, also the first derivative of those character-
istics, the dI/dV are studied to reveal more details on the charge transport
through molecules (chapter 5 and 6). In equation 1.13 we express the dI/dV for
T = 0K to show the influence of η on the measured dI/dV .

dI
dV

= 2e2

h
(ηT(EF +ηeV )+ (1−η)(T(EF − (1−η)eV ))) (1.13)

Here we can see that for a symmetric voltage drop the I(V)-curve is antisym-
metric as well as the dI/dV curve whereas for an asymmetric voltage drop and
an asymmetric transmission function the resulting curves are asymmetric, this
is discussed in further details in chapter 5, 6 and in appendix C.

To summarize, molecules are fascinating systems to study mesoscopic charge
transport, their conductance properties can be tuned by organic chemistry. The
behaviour of those molecules can be predicted by calculations at different lev-
els of complexity (from a simple single level model to DFT-NEGF calculations).
The way molecules couple with the electrodes is determinant for the conduc-
tance properties of the formed junction.

1.3 OVERVIEW OF THE MOST COMMON
EXPERIMENTAL TECHNIQUES

The principal barrier for the development of molecular electronics since the
paper of Aviram and Ratner has long been the technology to connect the
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molecules to an electronic circuit. A few mile-stones in science have acceler-
ated the development of techniques to contact molecules for charge transport
measurements. First, the invention in the 1980’s of the scanning tunneling mi-
croscope (STM) [33] made the first conductance experiment on a single molecule
possible [34]. More generally Binnig and Rohrer opened the way for a whole set
of scanning probe techniques that enable the connection to nanometer-scale ob-
jects as well as their imaging. Secondly, tremendous advances have been made
in the fabrication of nanometer-sized structures by electron beam lithography
making molecular electronic based devices possible. Most of the common ex-
perimental techniques used nowadays are connected directly or sideways to the
two above-mentioned technical advancements. Parallel to the advancement of
scanning probe techniques, an other technique was developed by Moreland et al.
enabling atomic sized contacts with high stability [35]. The mechanically con-
trolled break junction (MCBJ) made the first measurements to a single molec-
ular wire possible [4]. We describe here three types of methodologies to contact
molecules and study their charge transport properties, they are representative
for a large part of the existing techniques.

We have learned in the short history of molecular charge transport that
original mistakes had to do with the lack of information available about the
electrode-molecule interface. Indeed voltage-driven switching has been observed
while filaments were growing from one electrode to another [6, 36]. Additionally
the improper use of electromigrated break-junctions [37, 38] introduced some
reasonable doubts on the obtained results (possible presence of metallic clus-
ters in the junction) [39]. So it is of utmost importance to carefully characterize
the method for contacting the molecules.

Molecules can be contacted individually (one or a few molecules connected)
or as a group usually in the form of a self-assembled monolayer. Most of the
measurements are performed in a so-called two-terminal junction, where the
molecule is connected to the electrodes at both ends. In a three-terminal junc-
tion a third electrode is added, without actually contacting the molecule, to
apply an electrical field on the molecule[37]. The third electrode is often re-
ferred to as the gate in analogy to transistors. Moreover gating is also obtained
in liquid environment in so-called electrochemical gating devices[23, 40]. Ex-
periments on molecular charge transport are often executed at liquid Helium
temperatures and high vacuum conditions for an optimal stability [41]. Never-
theless impressive results have also been reported at ambient conditions [42]
or even in liquid environment[43], indeed as we have seen above the quantum
properties of molecules are still dominant at room temperature due to their
small size.
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1.3.1 BREAK-JUNCTION EXPERIMENTS
Under the definition ’break-junctions’ we can distinguish three types of junc-
tions: the mechanically controlled break-junction (MCBJ)[10], the electromi-
grated break-junction [37] that we will discuss in a separated section and the
scanning tunneling microscope break-junction (STM-BJ) [44]. The common fea-
ture of these techniques is the breaking of a metalic wire into a nanometer-sized
junction. The control on the gap size is different for each technique. Here we
discuss the MCBJ and the STM-BJ as they allow for a continuous and controlled
breaking and making of the junction, in that sense electromigrated junctions
are different as the gap can only be formed once.

MCBJs are made of a constricted metallic wire (notched wire or lithographi-
cally defined) that is placed on a flexible substrate. The bending of the substrate
induces an elongation of the wire at the constriction which eventually breaks.
This technique permits a control of the electrode separation on sub-nanometer
scale. Moreover, if the breaking is done in high-vacuum, the contacts are atom-
ically clean. The wire can be reformed and broken at will [10, 14, 41, 45].

The same breaking-forming cycles can be obtained with the STM-BJ tech-
nique. Unlike for the MCBJ, here we start with two separated electrodes:
the conducting substrate and the tip both made of the same metal. By push-
ing the tip gently in the substrate a wire can be formed and broken again
[17, 44, 46, 47]. The STM-BJ does not allow for the same clean conditions and
stability but makes it possible to obtain topological information on the sub-
strate.

So the common feature of these two techniques is to be able to repeatedly
form and break nanometer-sized junctions. When this is done in the presence
of molecules, molecular junctions are formed and broken continuously allow-
ing for a massive, statistically sound, dataset [45, 48]. In figure 1.5 we show
the characteristic steps of the measurements on a molecular junction with a
break-junction setup. With this technique over 10000 molecular junctions can
be measured in one experiment. The molecules can bind to the electrodes in dif-
ferent configurations resulting in different conductance values [49], represent-
ing the measured conductances in an histogram shows the variation around the
average conductance value.

1.3.2 THREE-TERMINAL ELECTROMIGRATION EXPERIMENTS
Electromigrated break-junctions present the same advantages as the above
mentioned MCBJ in terms of contaminations, indeed the wire can be broken in
vacuum resulting in atomically clean electrodes. Here the formation of a junc-
tion in a metallic wire is due to the direct migration of atoms by momentum
transfer from the electrons at high current densities[50]. Hence when the wire
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A B C

repeat n times

D

A

FIGURE 1.5: Typical break junction experiment performed on a MCBJ or STM-BJ setup.
A Both electrodes are still in contact with each other. B The molecule bridges the junction. C The
junction breaks, the contact is lost with molecule. D The junction is closing again.

is broken it is not possible to close the junction again as it is done with MCBJ’s
for example. A careful methodology has been developed to avoid the formation
of metallic grains in the junction, which could be confused with molecules in
the transport measurements[37]. The main advantage of electromigrated junc-
tions is the possibility to have a gate electrode close to the inserted molecules
resulting in an optimal molecule-gate coupling (typically 0.1 [51, 52]). In fig-
ure 1.6 we show a schematic view of three-terminal electromigrated junction.
Although electromigration break-junctions have a low yield of working devices,
they permit the observation of numerous transport phenomena like Kondo ef-
fect and Coulomb blockade as it is one of the few techniques making gated
measurements possible[51, 53]. Recently Martin et al. succeeded in building a
promissing MCBJ with a gate electrode [54, 55]. Although in this technique the
gate coupling is lower than in electromigrated junctions it combines the robust
statistical analysis typical of MCBJ’s to a three-terminal junction.

1.3.3 LARGE AREA MOLECULAR JUNCTIONS
A measurement technique with a different philosophy, the large area molecular
junction (LAMJ), is described here. These devices are focused on contacting a
large area of self-assembled monolayers of molecules (ranging from 10 to 100
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FIGURE 1.6: Schematic view of an ideal three-terminal electromigrated break-junction.
The gate electrode just below the source and drain electrodes is covered by a thin insulating oxide
layer.

µm in diameter) [56, 57]. In LAMJ devices the SAM is sandwiched between
the two electrodes, the bottom electrode is used to grow the SAM and the top
electrode is evaporated on top of the formed SAM. To prevent damage to the
SAM and the formation of metallic filaments during measurements an intersti-
tial layer of conducting polymer (PEDOT:PSS) is used. This fabrication process
offers the possibility for up-scaling, indeed wafers with over 20000 junctions
have been made with more than 200 junctions connected in series [58].

To wrap up, we discussed three different techniques for studying charge
transport in molecular junctions. Important criteria for charge transport mea-
surements are : i) the possibility of harvesting enough data to be able to conduct
a statistically sound analysis. ii) the possibility to vary other parameters like
the applied voltage bias, a gate voltage or optical probes.
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2.1 A NEW APPROACH FOR MOLECULAR
CHARGE TRANSPORT

The vast arsenal of techniques to connect molecules to electrodes can be di-
vided into two main groups based on the amount of molecules contacted.

At one side we have single or very few molecules that are probed. These single
molecule experiments are usually conducted at low temperatures to guarantee
junction stability[1–4]. In this way a maximum of information can be extracted
from the transport measurements (e.g. by point contact spectroscopy, inelastic
electron tunnel spectroscopy). On the other side of the spectrum, large ensem-
bles of molecules can also be probed simultaneously [5, 6]. These techniques are
less demanding on signal-to-noise ratio and are usually stable enough to be used
at room temperature. The conductances measured for such large ensembles of
molecules are averaged values in contrast to single-molecule measurements.

Here we present a technique bridging these two groups of molecular elec-
tronics techniques. For this we probe a two dimensional (2D) network of single
(or few) molecular junctions. So now the measured resistance is an average
in space over all the junctions probed. This in contrast with single molecular
experiments that require multiple measurements i.e. averaging in time, to ex-
press a statistically sound resistance value. For this approach we make use of a
network of gold nanoparticles (NP’s), where the NP’s act as miniature electrodes
to contact the molecules (see figure 2.1)[7]. The 2D array is an ordered trian-

A

FIGURE 2.1: Schematic view of a 2D nanoparticle array. Nanoparticles (NP’s) with a diameter
of approximately 10 nm are self-assembled into a triangular lattice. The black rods surrounding the
nanoparticles represent the thio-alkane ligands and the white rods bridging the NP’s represent the
inserted molecules. The array is contacted with electrodes to a voltage source and an amperemeter.

gular lattice of nanoparticles which is obtained by a self-assembly process[8].
Interfacing this network by larger electrodes is a straightforward step, mak-



{{2

26

ing this technique a versatile and easy method for contacting nanometer sized
objects like molecules. Making use of a second self-assembly step one can in-
sert the molecules of interest between the nanoparticles, creating in this way a
metal-molecule-metal junction. Besides being stable at room temperature, this
technique makes the studied molecules addressable by optical means (UV-Vis,
IR, Raman) which remains a challenge for other techniques[9–11].

In the ideal case, we can relate the measured conductance of a 2D nanopar-
ticle network to the conductance of a single particle-molecule-particle junction.
To illustrate this we show in figure 2.2 a repetitive unit, as a building block of
an ideal 2D NP’s network. Hence we show how to relate the resistance of a sin-
gle junction, R j, to the measured sheet resistance R�. If we apply a bias voltage
U to the building block, the total current Itot can expressed as: I tot = 3U

R . Com-
pensating for the size of the building block to get the sheet resistance we find:
R� = 1p

3
R j ≈ 0.6R j.

d

d

U

1

2

3

4

5

FIGURE 2.2: Schematic view of a repeating unit in a idealized 2D nanoparticle network.
d is the inter-particle distance. Junctions between two NP’s are modeled by resistors, we assume
the resistance R equal for all the junctions. U is the applied bias on the building block.

Moreover a second advantage of 2D NP’s networks is that using UV-vis spec-
troscopy we follow the surface plasmon resonance (SPR) of a 2D NP’s network
in order to confirm the insertion of the molecules into the array.

In this chapter we present a method for the fabrication of 2D nanoparticle
networks. We also elaborate on the characterization of such networks. This is
followed by experimental results on several organic molecules. Furthermore we
investigate the possibility of using a back-gate for such devices. Finally we have
a discussion on the pros and cons of this technique.
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2.2 NANOPARTICLE NETWORKS
2.2.1 SYNTHESIS

First the nanoparticles are synthesized following the method of Slot and
Geuze [12] that allows for the tuning of the diameter of the nanoparticles

(NPs) (see appendix A). The size of the NP’s is chosen to be not too small in
order to avoid charging effects (Coulomb blockade) and level quantization and
not too big in order to only connect to a few molecules. The NP’s are formed
from the reduction of gold chloride by two reducing agents, tannic acid and
citric acid. The tannic acid reacts fast with the gold chloride and forms nucle-
ation sites. Indeed the amount of tannic acid regulates the number of nucle-
ation sites and hence the final size of the NP’s. The reaction with citric acid
is slower and is necessary for the growth of the NP’s. After this first synthetic
step the NP’s are charge-stabilized in water i.e. as we can see in figure 2.3, the
nanoparticles are surrounded by anions that prevent aggregation. For further
use in the self-assembly process the NP’s are transfered to an intermediary sol-
vent, ethanol, where they are coated with alkanethiols. As a last step the NP’s
coated with alkanes are transfered to a chloroform solution. At the end the NP’s
are surrounded by alkanethiols in a solution of chloroform, they are not charge
stabilized anymore but stabilized by steric repulsion of the alkane chains. A
schematic view of the nanoparticles is shown in figure 2.3.

Au Au

water chloroform

A B

FIGURE 2.3: Evolution of gold nanoparticles from water to chloroform. A the nanoparticles
are charge stabilized in water i.e. the repulsion of the charges surrounding the NP prevent the NP’s
of coalescing. B the NP are surrounded by thio-alkanes in chloroform that take over the repulsive
action of the charges.

2.2.2 SELF-ASSEMBLY OF A TWO DIMENSIONAL NETWORK
We obtain highly-ordered networks by letting the NP’s self-assemble on a water
surface. The self-assembly is governed by i) the shape of the water surface ii)
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the type of solvent used and iii) the characteristics of the NP’s like their size
and type of ligands.

Experimental details
We first give here a description of the method to form 2D nanoparticle net-
works. As we have seen above the NP’s are dissolved in chloroform which is
a volatile solvent. Additionally we make use of a curved water surface in a
Teflon container (see figure 2.4). These two characteristics make it possible to
self-assemble the nanoparticles into an ordered 2D network. Subsequently we
spread a thin layer of colloids in chloroform on the water layer, as the chloro-
form does not mix with water. Immediately the chloroform starts to evaporate
finally leaving the alkane coated nanoparticles on the air-water interface. The
alkane ligands are responsible for the hydrophobic character of the NP’s. As the
chloroform evaporates a network starts to grow in the center of the ring result-
ing in a complete monolayer at the end. A nice example of a network is shown
in figure 2.5 where the characteristic triangular lattice is clearly recognizable.

Mechanism of network formation
In this section we describe the assembly mechanism of the nanoparticles into
a well ordered two-dimensional network. It is remarkable that following the
above experimental protocol a well ordered network is obtained. Indeed most
colloidal suspension drying experiments end up in the so called coffee-strain
patterns where all the particles are concentrated at the border of the drying
droplet[13]. The mechanism we describe is quite similar to the mechanism
presented by Bigioni et al. but present some differences as we will see [14].

The formation of a long range ordered network depends on two parame-
ters. First, on the flux of the drying front that should be fast enough that NP’s
impinge on the surface. Second, on the particle-interface interaction that is im-
portant for the nucleation and growth of NP islands on the surface. In brief the
solvent evaporates at such a speed that NP’s are impinging on the air-solvent
surface due to a finite nanoparticle-interface interaction; the particles diffuse
on the interface and join an existing island (nucleate with other NP’s if no is-
land is present) or diffuse back to the solution. In such fashion the islands
grow to finally form a complete network. The flux of the drying front can be
tuned mostly by choosing the appropriate solvent, whereas the nanoparticle-
interface interaction is dependent on the particle size and the type of ligands.
In Bigioni’s work they observe a drying droplet of NP’s in solution, in our case
the experimental method is slightly different as we have a droplet of colloidal
solution drying on a curved water surface. Although the basic mechanism of



29

{{2

self-assembly is probably the same, the curves water surface underneath is re-
sponsible for a convection flux of solvent and NP’s towards the center of the
droplet. Indeed as the evaporating solvent layer is the thinnest in the center of
the teflon ring, a convective flow of solvent and thus NP’s is directed towards the
center of the ring. In figure 2.4 we show a schematic view of the self-assembly
process.

water PTFEPTFE

A B

CD

FIGURE 2.4: Schematic view of the nanoparticle self-assembly process. We depict a cross
section of the Teflon container filled with water. A The solution of NP’s in chloroform is pipetted on
the curved water surface. B The chloroform is evaporating impinging the NP’s on the chloroform
surface. C A network starts to form in the center of the container as the chloroform and the NP’s are
driven by convection towards the center. D All the chloroform is evaporated and the NP network
formed is floating on the water surface.

With this technique we manage to produce networks that are highly ordered
on a scale of hundreds of nanometers i.e. islands with the same orientation.
In figure 2.6 we show such network where we can distinguish the different
orientations of the islands. However, networks with more defects are regularly
encountered too, such as shown in figure 2.7.

To improve the quality of our networks i.e. to increase the long range or-
dering of the NP’s several steps can be taken. First of all it is important to
standardize the experimental conditions for the self-assembly. The size of the
teflon cavities is kept fixed allowing for a constant water surface curvature. Ex-
ternal factors like temperature and humidity are monitored showing a decrease
in successful highly ordered networks with high humidity.

Second, an important factor for high quality arrays is the size distribution
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FIGURE 2.5: SEM picture of a 2D network. Here we focused on a highly ordered part of the
array showing a single orientation. The scale bar is 50 nm.

of the NP’s, indeed a narrow size distribution improves the ordering of the NP’s.
Therefore the synthesis steps is optimized leading to nanoparticles with a di-
ameter of 10 ± 1 nm.

Third, the type of solvent used is determining the rate of evaporation. We
use chloroform in all our experiments because of its high volatility. As shown in
figure 2.7 we also obtain defect rich networks showing typical patterns for late
stage drying mediated assembly [15], probably induced by a too high evapora-
tion rate associated with chloroform. To get rid of these defects we investigate
the possible use of other solvents. We use toluene and a mixtures of toluene
and chloroform to slow down the evaporation. Unfortunately no significant im-
provement is noticed for toluene/chloroform mixtures, moreover the octanethiol
caped NP’s loose their stability in toluene and aggregate already in solution.

Finally, the ratio of the nanoparticle diameter and the alkanethiol length
is an important factor influencing the particle-interface interaction (and the
particle-particle interaction). This ratio can be tuned by modifying the NP’s di-
ameter (φNP ) or the length of the ligands (l l igand). If the ratio φNP /l l igands is
too big (hexanethiol for 10 nm nanoparticles), the repulsive force of the alkane
chains does not counter the van der Waals forces and the NP’s aggregate[16–
18]. Bigioni et al. showed that for lower ratios (dodecanethiol for 5 nm nanopar-
ticles) the formed networks present µm range ordering [14]. In our case we are
limited by two factors: i) the interparticle distance related to the length of the
ligands should match the length of the molecules we want to probe and ii) the
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size of the NP’s should not be too small (to avoid charging effects) and not too
big (to avoid contacting too many molecules).

The optimum we found for our purpose is a network formed from NP’s of 10
nm in diameter coated with octanethiols in a chloroform solution. Moreover we
can decrease the size of the gap between the electrodes contacting the network
(from 20 µm down to a hundreds of nm). Indeed this will maximize the likeli-
hood of contacting a piece of network consisting of only one ’crystal’ orientation,
making the network closer to ideal.

FIGURE 2.6: SEM picture of a network.The scale bar is 200 nm, a larger part of the network
is shown here compared to figure 2.5. Here we can distinguish different orientations of the well
ordered network as well as a few minor defects.

2.2.3 FROM SELF-ASSEMBLY TO WORKING DEVICES
Once we have a self-assembled network floating on the curved water surface we
have to transfer it to a substrate in order to incorporate it in a working device.
We make use of soft lithography patterned stamps to pick up the network from
the water surface. Those stamps are made of polydimethylsyloxane (PDMS)
and are molded on a lithographically patterned substrate[19]. So virtually any
pattern can be designed to transfer the networks on a surface. As a substrate,
two different materials are used. For charge transport measurements we use
doped Si/SiO2 substrates (250 nm oxide). For optical measurements we use
quartz substrates because of their UV-transparency. Both substrates are sim-
ilar at the interface with the network. Indeed in both cases the network is in
contact with a SiO2 layer. To summarize the transfer process, the hydropho-
bic nanoparticle network is picked up from the water surface as it has a larger
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FIGURE 2.7: SEM picture of a network with some defects. the scale bar is 300 nm. Here we
show a network where the ordered islands are smaller compared to figure 2.6. This higher level of
disorder results in larger regions without Nps.

interaction with the PDMS surface and finally has a even larger interaction
with the used substrates. We choose to pattern lines (20µm wide) on the PDMS
stamps resulting in printed lines of nanoparticle network. Once the network is
printed on the substrate we still need to make contacts to interface the network
with the measurement set-up. Hence, using a TEM grid as a shadow mask we
evaporate gold contacts on the printed lines[7]. 1 This results in a substrate
with numerous (≈ 250) nanoparticle network devices as can be seen on figure
2.8. During the process of evaporating a chromium attachment layer and a gold
layer as contacts, the substrate is cooled to prevent too much heating of the
network resulting in the aggregation of the nanoparticles.

2.2.4 CHARGE TRANSPORT MEASUREMENTS
Charge transport measurements are done on the devices prepared as described
above. The electrodes are contacted by needles on a probe station mounted in a
Faraday cage. We apply a voltage to the junction and measure the correspond-
ing current in a two terminal fashion. The small currents obtained (≈ nA) are
converted to a voltage by a variable gain amplifier (Femto DLPCA-200). The
measurements are controlled by a Labview routine and the computer is inter-
faced with our measurements by a National Instrument DAQ-mx card. In figure

1Lithographic techniques are not used to create electrodes on top of a network in order to prevent i)
coalescence of the NPs due to the heat treatment ii) contamination of the network with photoresist
molecules.
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FIGURE 2.8: SEM picture of a stamped 2D network with electrodes. We highlighted in
false colours the stamped network lines (yellow) and the corresponding electrodes (blue). Here we
recognize the stamped network lines (20 µm width) covered by square gold electrodes (100 x 100
µm). On the surface of the electrode one can see the scratches made by the probe station to contact
the networks. The scale bar is 100 µm.

2.9 we present a schematic view of our measurement set-up. In figure 2.9-B we
show a typical voltage-current characteristic for a junction formed solely of gold
nanoparticles coated with octanethiols. The I(V) curve is linear on the whole
voltage range, up to 10 V. This is due to the fact that the voltage drop on a sin-
gle NP-NP junction is in the range of a few mV as the network is composed of a
large number (≈ 1000 junctions) of NP-NP junctions in series. Nevertheless the
precise voltage drop experienced for each junction will vary. The resistance of
the array is determined by the slope of the I(V) curve. Therefore the measured
resistance is an average of the zero bias resistances of all the active junctions
in the array as explained above. A stable resistance in time is needed for the
intended experiments, indeed our aim is to compare the resistance of the net-
work before and after the insertion of the molecules of interest. First of all
we monitor the conductance stability in time of our devices, the results for one
sample are presented in figure 2.10. What is striking is the change in resis-
tance in the first two hours after evapoation of the electrodes (5 ·104 s), indeed
the resistance is dropping a factor 10 in that time. What we also notice is that
the resistance stabilizes after the drop and remains stable for a long time (mea-
sured for two days, not shown in the figure). The opposite resistance change is
found when placing the sample in a low vacuum chamber (typically a few mbar)
as we can see in figure 2.11. Here we measured the resistance while pumping
down the chamber. This resistance reaches a maximum value after a few min-
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FIGURE 2.9: Charge transport measurements setup. A Schematic view of the measurement
setup. B The graph shows the current-voltage characteristics of a network consisting solely of
naoparticles covered by octanethiol ligands. The voltage applied over the whole network is 10 V,
resulting in a bias of only a few mV for each junction.

utes in vacuum and remains constant for at least two days. It is of course of
major importance to be able to disentangle the variations of the resistance in
time and the effect of molecular exchange on the network’s resistance.

The observed resistance change for the samples after the evaporation of the
electrodes (figure 2.10) and for the samples in vacuum (figure 2.11) present two
different time scales. The slower change in resistance for the samples out of the
evaporator (10−6 mbar) is probably due to some rearrangements in the network
and the influence of the ambient air. The more rapid changes in resistance as
observed in the low vacuum experiments are, we guess, due to the influence of
the ambient air. The most probable factor having influence on the resistance
is the absorption/desorption of water molecules on the network. Indeed the
presence of water molecules, that have a high polarizability, can disturb the
electrostatic environment of the NP-NP junctions. The dipole moment of the
water molecules can lower the tunnel barrier resulting in a lower resistance.
When placed in vacuum the water is being pumped out of the network. In the
low vacuum range we are using, not all the water can be pumped away. The
initial resistance is therefore not fully recovered. However when the devices
are put back in a high vacuum chamber, the original resistance is found back.
In general, all the resistance measurements are performed after at least two
hours or in vacuum in order to have a stable resistance value.

2.2.5 SURFACE PLASMON RESONANCE
We also study the 2D nanoparticle arrays by following their optical behaviour.
Indeed such small metallic particles have particular optical properties. When
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FIGURE 2.10: Resistance recorded as a function of time in air. The resistance of a network
consisting solely of nanoparticles covered by octanethiols is recorded over night having the sample
in ambient conditions. The measurement starts immediately after the electrode-evaporation step.
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FIGURE 2.11: Resistance recorded as a function of time in low vacuum.The resistance of a
network consisting solely of nanoparticles covered by octanethiols is recorded over night having the
sample in a vacuum chamber connected to a membrane pump. The end pressure achieved by such
a pump is typically in the order of a few tenth of mbar.
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light interacts with the nanoparticles this gives rise to surface plasmons, a col-
lective excitation of the free electrons. The electrons are oscillating with respect
to the positive ion background creating an oscillating surface polarization. This
results in a maximum of optical absorption. The strength of the surface plas-
mon resonance (SPR) of nanoparticles is dependent on both the internal prop-
erties of the particle and the properties of the surrounding. In figure 2.12 we
depict schematically the interaction of light and a nanoparticle leading to reso-
nances.

E-field

εeff

Au NP Au NP

time

FIGURE 2.12: Schematic view of light interacting with nanoparticles resulting in the
surface plasmon resonance. Here we only take into account the electric field component of light.
We show the collective movement of electrons in the nanoparticle inducing a surface polarization.
At a certain frequency this results in a strong absorption that is strongly affected by the effective
medium permittivity, εe f f

The optical absorption cross-section σ for nanoparticles is found according
to the Mie theory[20] that present a formalism to apply Maxwell’s equations for
the interaction of an electromagnetic wave with metallic clusters. As the stud-
ied nanoparticles are about 10 nm in diameter we fulfill the conditions for the
quasi-static approximation, indeed the radius of the particles is much smaller
than the wavelength of the incident light. So the expression for σ can be ap-
proximated like shown in equation 2.1.

σ= 12π
ω

c
ε3/2

m R3 ε2(ω)
[ε1(ω)+2εm]2 +ε2

2(ω)
(2.1)
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With εm the permittivity of the medium surrounding the NPs, ε(ω) = ε1(ω)+
iε2(ω) the permittivity of the nanoparticle, ω the frequency of the incoming
light and c the speed of light. We already notice here that the conditions for a
resonance are found when ε1(ω) =−2εm

2. To account for the fact that the NPs
are confined in a network we can introduce the effective medium permittivity,
εe f f , to replace εm in equation 2.1. The effective medium permittivity is depen-
dent on the volume fraction occupied by the nanoparticles i.e. the filling factor
f. Following the Maxwell-Garnett effective medium theory we can express εe f f
in equation 2.2 [21, 22].

εe f f (ω)= εm
1+2 fΛ
1− fΛ

with Λ= ε1(ω)−εm

ε1(ω)+2εm
(2.2)

So we can now express the condition for a resonance at frequency ωSPR in
equation 2.3.

ε1(ωSPR)(1− f )+εm(2+ f )= 0 (2.3)

Indeed, this relation yields the usual Mie condition ε1 +2εm = 0 for nanoparti-
cles in solution i.e. f = 0. The assumptions made, have been successfully used
for a wide range of 2D nanoparticle arrays[10, 23]. From equation 2.3 we see
that the wavelength at which the resonance takes place is dependent on the fill-
ing factor i.e. on the particle size. Most importantly, the resonant wavelength
is dependent on the permittivity of the medium. The dependence on the per-
mittivity of the medium is a key feature in our experiments as we will see later
on.

The experimental setup to probe the surface plasmon resonance of the printed
networks is basically composed of a light source (deuterium-halogen) and a
spectrometer. The network is printed on a quartz substrate (transparent to
UV) that is placed between the light source and the spectrometer, see figure
2.13. All the parts are connected by optic fibers. The apparatus is interfaced
by a computer and a dedicated software. The wavelengths scanned lie between
300 nm and 800 nm, while the maximum absorption of the SPR for 10 nm gold
nanoparticles is found in the range of 560 to 620 nm. In figure 2.13 B we show
the absorption spectrum for a network of gold nanoparticles (10 nm in diame-
ter) on a quartz substrate. As we have seen above the SPR peak is dependent on
the surrounding medium permittivity, which makes this technique well suited
for monitoring the changes in the molecular species surrounding the NP’s, as
we will explore below.

2note that the function ε1(ω) is negative and linear in this range of wavelengths
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FIGURE 2.13: Schematic view of the spectroscopy experimental setup and typical result.A
The measurements are done in transmission i.e. the sample is illuminated at one side and the spec-
trograph is scanning the signal going through the sample at the other side. B A typical absorption
curve for a printed network on quartz. The array is solely composed of octanethiol covered gold
nanoparticles.
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2.3 MOLECULAR EXCHANGE

Once we have a network composed of ordered alkanethiol protected gold
nanoparticles which is fully characterized electronically and optically we

can insert the molecules we are actually interested in. We can tune roughly
the inter-particle distance by choosing the appropriate alkanethiol to cap the
NP’s [10]. Indeed increasing the length of the alkanes increases the interpar-
ticle distance. For the organic molecules we intend to insert in the arrays,
octanethiol is the best candidate to fix the interparticle distance. In figure
2.14 we show the chemical structure of the three molecules investigated in
this work, oligophenylethynylene with 3 rings and dithiolated (OPE3DT), an-
thraquinonedithiol (AQDT) and anthracenedithiol (ACDT). The OPE3 molecule
is a logical molecule to probe in order to test our technique as it is a conjugated
’fruit-fly’ for molecular electronics that has been widely studied [7, 10, 24–28].
In contrast, the AQDT and ACDT are designed and synthesized to study the in-
fluence of cross-conjugation on the charge transport properties of molecules[29].
The ACDT molecule is expected to have a good conductance, similar to the
OPE3 molecule as it is a fully conjugated molecule. The AQDT molecule, how-
ever, is expected to have a much lower conductance than ACDT although they
have almost the same structure. The only difference is that the conjugation is
broken in the case of AQDT. This lower conductance has been predicted the-
oretically and attributed to quantum interferences[30] (for more information
see chapter 6). Additionally a molecule has been synthesized that can switch
between the high conducting configuration (ACDT) and the low conducting con-
figuration (AQDT) by a redox reaction [29]. All molecules are dithiolated i.e.
they are terminated at both ends with a sulfur atom, making a covalent bound
with the gold nanoparticles possible. So the insertion of a dithiolated molecule
between two nanoparticles forms a conducting bridge, transforming the tunnel
junction formed by two NP’s into a metal-molecule-metal junction. With this
technique we compare the resistance of the network before the insertion of the
network and the resistance after insertion. In addition we can follow the change
in SPR by spectroscopy as the inserted molecules modify the medium permit-
tivity, εm. Similarly we can do the reverse reaction by replacing the inserted
molecules by octanethiols, this step is called the back-exchange. The resistance
values and SPR peak position returns to their original values.

2.3.1 EXPERIMENTAL DETAILS
To start with, we use a freshly made device, as described above, to measure
its original resistance and SPR peak values. To prevent the observed time de-
pendence we only start measuring after at least two hours. Next the devices
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FIGURE 2.14: Chemical structure of OPE3DT, AQDT and ACDT. A we show OPE3DT, dithio-
lated oligophenylethynylene with 3 rings B AQDT, dithiolated anthraquinone C ACDT, dithiolated
anthracene based wire. Those molecules where synthesized by Hennie Valkenier at the Groningen
university.

are transfered to a glove-box with protected atmosphere (dry N2) and are im-
mersed in a 0.5 mM solution of molecules (OPE3DT, AQDT or ACDT) in THF.
Prior to the immersion of the devices, the molecules in solution are deprotected
i.e a protection group covering the sulfur atom is chemically removed by adding
amonium hydroxide (for OPE3DT) or triethylamine (for ACDT and AQDT)[25].
The devices are left in solution for 24 hours and prior to use are rinsed in clean
THF and blown dry with nitrogen. After this cleaning step we assume only
the molecules attached to the gold NP’s remain. Following this protected at-
mosphere step, the devices are electronically and optically characterized in air.
After this measurement step we perform the back-exchange in the same man-
ner as described for the exchange only using octanethiol instead of OPE3DT or
ACDT. Again the devices are probed in the same fashion as described above.

2.3.2 RESISTANCE AND SPR SHIFTS
In figure 2.15 we show the measured resistance values for a device prior and
after molecular exchange with OPE3DT. We also show the resistance values af-
ter back-exchange. We observe a decrease in resistance of roughly a factor 30
between the bare network and the network with inserted OPE3DT molecules.
The reverse reaction yields a similar change in resistance. We measure sheet
resistances ranging from 0.1 GΩ to 1 GΩ for networks where OPE3DT has been
inserted (average value 0.35 ± 0.2 GΩ), similar values have been found for pre-
vious work on OPE3DT in nanoparticle networks [7, 10, 24]. Moreover sin-



41

{{2

gle molecule experiments (STM and MCBJ) presented resistances for OPE3DT
ranging from 0.5 GΩ to 0.07 GΩ [26, 27, 31, 32], so all in all quite in agreement
with our measurements. In chapter 5 using conducting AFM we measure the
resistance of a self-assembled monolayer of OPE3DT, when corrected for the ap-
proximate number of molecules contacted, the resistance for a single molecule
is in the order of a GΩ. The exchange reaction can be monitored not only by
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FIGURE 2.15: Resistance shift after OPE3DT exchange and back-exchange. Measured (log)
resistance (inΩ) for different devices on the same sample. The logarithm of the resistance is linearly
binned to construct the histogram. In gray the bare network, solely consisting of Au nanoparticles
covered with octanethiol. In black the same network with the OPE3DT molecules inserted. In
light-grey the resistance measured after back-exchange.

measuring the change in resistance of the device but also, as we have seen
above, by measuring the shift in SPR with UV-vis spectroscopy. In figure 2.16
we show the absorption spectra for a bare network before the exchange, after
the exchange and after the back-exchange.

A shift of about 22 nm in wavelength is observed when the OPE3DT molecules
are inserted, moreover after back-exchange the SPR peak shifts back to its orig-
inal value. Qualitatively this red-shift for the insertion of OE3DT is expected.
Indeed the OPE3DT is a conjugated molecule and has a larger permittivity than
the saturated chain of octanethiol (εOPE = 3.1−3.9 [33] and εC8 = 1.9−2.2 [34]).
As we can see in equation 2.3 an increase in εm results in an increase of the
resonance wavelength 1/ωSPR . Quantitatively the red-shift is expected to be
larger for a complete molecular exchange. As the ratio of exchanged molecules
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FIGURE 2.16: SPR peak shift after OPE3DT exchange. The normalized absorption is plotted
on the y-axis and the wavelength on the x-axis. The black line is for the bare network, the dotted
black line for the network after OPE3DT exchange and the grey line is for the network after back-
exchange.

is not known precisely it is difficult to make a quantitative prediction of the
SPR red-shift.

The results for the insertion of ACDT are presented in figure 2.17 although
here no back-exchange reaction has been performed. Here we observe a change
in resistance of about a factor 50 for ACDT, similar to OPE3DT. Indeed ACDT is
also a linear conjugated molecule, though a bit longer than OPE3DT (2 nm for
OPE3DT and 2.4 nm for ACDT). The averaged sheet resistance value for ACDT
is 0.13 (+0.2/−0.06) GΩwhich is quite in agreement with values found with sin-
gle molecule experiments (STM and MCBJ): 0.6 GΩ in a MCBJ 3, 0.27 GΩ in a
STM break junction and 0.51 GΩ in a MCBJ [35]4. Additionally similar values
(0.45 GΩ) are found with conducting AFM measurements as shown in chapter
6. ACDT has successfully been inserted in 2D nanoparticle networks, reproduc-
ing resistance values found with different measurement techniques [36]. We
note here that the molecular exchange of AQDT, expected to have a resistance
2 orders of magnitude higher than ACDT (see chapter 6), was only performed
once and did not present conclusive results.

3Measured in Delft by Mickael Perrin at the MED-group
4STM and MCBJ both measured in the group of Thomas Wandlowski
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FIGURE 2.17: Resistance shift after ACDT exchange. Measured (log) resistance values (in
Ω) for different devices on the same sample. The logarithm of the resistance is linearly binned to
construct the histogram. In gray the bare network, solely consisting of Au nanoparticles covered
with octanethiol. In black the same network with the ACDT molecules inserted.

In summary, we performed molecular exchange in NP networks with OPE3DT
as a reference molecule to validate this novel measurement technique. The
obtained resistance values are consistent with the literature. Moreover the
measured shift in SPR is comparable to earlier experiments on nanoparticle
networks [10] and is consistent with theory. Additionally we also successfully
inserted the ACDT molecules in the arrays which resulted in a similar resis-
tance shift. These results are in agreement with our expectations. All in all
we have a strong indication that the inserted molecules do indeed bridge the
nanoparticles in the array, although a solid proof is still lacking. In the last
part of this chapter we elaborate more on this subject.

2.4 GATING THE NANOPARTICLE NETWORKS

To modulate charge transport in molecular devices, the use of a third elec-
trode, a gate, is useful. This is an essential addition to two terminal molec-

ular junctions to study thoroughly molecular charge transport. Here we present
the first measurements on gated nanoparticle arrays. Although gates are widely
used for macromolecules like carbon nanotubes [37, 38] it is still a challenge
for smaller organic molecules in electromigrated junctions [2, 39, 40] or in me-
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chanically controlled break junctions[41]. The advantages of a NP’s network
in combination with a gate, make the study of gated molecular charge trans-
port possible even at room temperature. The electric field created by a positive
gate voltage pulls the molecular energy levels to a lower energy, while a neg-
ative gate voltage shifts the levels to higher energies as shown schematically
in figure 2.18-A. So by simultaneously measuring the resistance we obtain in-
formation on the position of the levels as we may shift them so far that they
enter the bias window resulting in resonant tunneling[42]. In figure 2.18-B we
show the calculated transmission function for ACDT for zero, positive and nega-
tive gate voltage. We see that at the Fermi energy the transmission is higher for
negative gate voltages and lower for positive voltages, so the corresponding zero
bias conductances will be ranked in the same order. In this case the shift in the
transmission function is not large enough to make resonant tunnelling possible,
nonetheless we can distinguish between HOMO or LUMO mediated transport
by monitoring the sign of the gate voltage dependence of the resistance. In fact,
as we will show in chapter 6, the position of the Fermi energy relative to the
molecular levels is difficult to predict theoretically. So gated measurements on
molecular junctions can make the determination of EF relative to the HOMO
or LUMO possible.

2.4.1 EXPERIMENTAL DETAILS

First of all let us discuss shortly the experimental details of applying a gate
voltage to a self-assembled network of nanoparticles. Here we fabricate our de-
vices in the same way as described above except we use a heavily doped silicon
wafer as substrate. We here make a so-called back-gate by contacting the doped
silicon, that is separated from the network and the electrodes by a 250 nm ther-
mally grown oxide layer (see figure 2.19). In figure 2.20 we show the resistance
when the gate voltage is changed discontinuously from 0 to -100 V. In the same
way as in regular two terminal measurements we observe a time dependence of
the measured resistance (see figure 2.10). We showed that the resistance gets
constant after a few tens of minutes. The origin of this dependence is unknown
but we expect it is probably due to the movement of trapped charges under the
influence of the high gate voltages in the oxide layer. Note that the time con-
stant of the time dependence of the resistance is too large to be due to charging
or discharging of the Nps. In the next set of measurements, shown below, we
plot the resistance versus the applied gate voltage. We vary the gate voltage in
small steps of 10 V and wait at least 20 minutes before the next step to avoid
the time dependence.
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FIGURE 2.18: Effect of a gate voltage on molecular conductance. A Schematic energy dia-
gram of a molecular junction with a gate voltage applied (zero bias). B Energy dependent trans-
mission function for ACDT. The transmission function is calculated by Troels Markussen (DTU,
Denmark)[43]. Here we can distinguish the HOMO and the LUMO peaks. The Fermi level is set
at 0 eV. We show the shift of the transmission curve due to the gate voltage applied. The curve
shifts to lower energies for positive gate voltages (grey line) and to higher energies for negative
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FIGURE 2.19: Gating the nanoparticle network. Schematic view of the device.
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FIGURE 2.20: Time dependence of the resistance when applying a gate voltage. Here we
show the measured resistance in GΩ for a bare (octanethiol) NP network for different gate voltages.
In light gray we show the periods with 0V gate voltage and in dark gray the period with 100 V gate
voltage applied.

2.4.2 GATE DEPENDENCE OF THE MEASURED RESISTANCE
We performed gated measurements on devices before molecular exchange (bare
networks) and after molecular exchange (ACDT), the results of this experi-
ment are shown in figure 2.21. Here we plot the normalized resistance change
(∆R/R = (R(gate) − R(VG=0V ))/R(VG=0)) for each gate voltage for both cases. To
study the influence of the gate potential on the resistance, ∆R/R is a rele-
vant parameter. Indeed in the transmission picture (see figure 2.18-B) ∆R/R
is equivalent to −∆G/G which on its turn is proportional to −∆T(EF )/T(EF ) ∝
∆(ln(T(EF ))) for the zero-bias regime. To illustrate this, in figure 2.18-B we
show with red dots the transmission at the Fermi energy, T(EF ) for no gate
voltage as well as for positive and negative voltages. As the T(E) is plotted on a
logarithmic scale ∆R/R is proportional to the distance between the red dots in
figure 2.18-B. The gate coupling parameter, quantifying the extent to which the
levels are going up or down, is not known for our devices, but is expected to be
in the order of 10−3 [39]. So we can expect the shifts in transmission to be small
enough to consider the transmission function linear for this small interval. For
HOMO (LUMO) mediated transport we expect a linear resistance dependence
on the gate voltage with a positive (negative) slope.
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The first observation we make is that the gate dependence of the resistance
for the bare network is less than the one for the network with inserted ACDT’s
indeed the slope for ACDT is 2.5×10−4 ± 5×10−6 V−1 and the slope for C8 is
9.2×10−5 ± 3×10−6 V−1. Besides we also notice that both slopes are positive.
First let us discuss the case of ACDT. The positive slope measured indicates, as
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FIGURE 2.21: Gate dependence of the network resistance for a bare network and after
exchange with ACDT. In this figure we show the relative change in resistance in function of the
gate voltage. In black the trace for the bare network, in gray the trace for the same network after
ACDT exchange. All data points are averages of multiple gating cycles, the error bar shows the
standard deviation.

discussed above, HOMO mediated transport, this is consistent with literature
[44–46]. To get a more quantitative look at our results we need to know the
gate coupling parameter α relating the extent the molecular level shift with re-
gard to the applied gate potential. One way to determine α is to compare the
gate dependence measured with the calculated transmission function for ACDT.
For this we need to assume that the position of the Fermi level relative to the
molecular levels is well predicted by the calculations. Finally we find a gate
coupling α= 2.6×10−4 which is an order of magnitude lower than the gate cou-
pling calculated for similar back-gate experiments (250 nm oxide layer, ≈ 2 nm
gap), though on single molecule junctions [39]. In our case we look at a network
of molecules connected to each other by gold nanoparticles, acting as miniature
electrodes. Very likely the electrostatic potential on the nanoparticles is shifted
too by the gate potential. This will obviously result in a lower effective gate
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coupling, α.
Another plausible explanation for the lower α can also be found in the geom-

etry of our devices, indeed we are not studying single junctions but 2D arrays of
junctions. As a matter of fact the gate should have effect on all the junctions of
the conducting paths to have a noticeable gate effect. So possibly due to perco-
lation, inhomogeneities in the inserted molecules, inhomogeneities in the gate
electrode and defects in the network a lower gate coupling is achieved.

Now let us turn to the octanethiol (bare network) results. Here the gate de-
pendence of the resistance is lower than for ACDT (see figure 2.21). Naively
we can ascribe this to a shallower transmission function of the octanethiol
around EF which is indeed the case [47]. Nevertheless the situation is more
complicated as the octanethiols are only bound to one nanoparticle as they are
monothiolated. Still, if we consider the octanethiol DOS at each electrode, the
gate voltage can influence the distribution of the DOS relative to the Fermi level
and so influence the resistance of the junction.

As a final remark, we demonstrated here that the use of a back-gate on a
2D nanoparticle network device looks promising. Although only a low gate cou-
pling is obtained we still can distinguish between HOMO or LUMO mediated
transport. Here we showed for ACDT that the charge transport is HOMO medi-
ated, confirming the prediction that EF is at the HOMO side of the transmission
curve.

2.5 EVALUATION OF THE TECHNIQUE

All the results mentioned above are based on the assumption we can insert
dithiolated molecules in the network that bind at both sides to the gold

nanoparticles. In this section we have a critical look at the technique we just
presented and discuss whether or not we can claim that the molecules of inter-
est do really bridge the nanoparticles.

First of all there is a discrepancy between the length of the molecules to
insert and the interparticle distance. Indeed the molecules are shorter (1.9 nm
for the OPE3DT) than the space between two nanoparticles (2.6 ± 1.4 nm for
octanethiol spacer molecule, see ref[7]). Of course the inter-particle distance
is not constant, 2.6 nm is only the mean value, there is a broad distribution
of inter-particle distances (see ref[7]). Unfortunately it is impossible for us to
reduce the inter-particle distance by using shorter spacer molecules like hex-
anethiol for example. Indeed shorter spacer molecules do not counter the at-
tractive NP’s van der Waals forces[48], leading to an unstable network where
aggregation of the NP takes place.

In order to measure a change in the resistance of a 2D network, after molec-



49

{{2

ular exchange, at least one conducting path must form from one electrode to the
other[49]. This means that an undisrupted chain of NP-bridging molecule-NP
must form between the electrodes. The probability that such a path exists is di-
rectly related to the bridging ratio. The probability for a conducting path across
a network to exist reaches 1 when the bridging ratio is at the percolation thresh-
old. The percolation threshold for a triangular lattice is 0.35 for an infinitely
extending array[50]. This means that when about 35% of the possible junctions
are bridged, the probabilty that a conducting path exists is approaching 1. So
at least 35% of the junctions should have a width similar or smaller than the
molecular bridge length, corresponding to region 1 in the schematic reprezen-
tation of the interparticle distance distribution of figure 2.22. This results in
a high probability that a majority of the junctions will not be fully bridged by
a molecule as shown schematically in figure 2.23-B and -C. Still one or more
conducting paths of inserted molecules are possible depending on the precise
morphology of the network.
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FIGURE 2.22: Schematic distribution for junction widths for octanethiol gold NP net-
works. In region 1 we show the range of NP-NP distances suited for an OPE3DT molecule to
bridge them, corresponding to figure 2.24-A. In region 2 we show the range of NP-NP distances
that are longer than the OPE3DT length, corresponding to figure 2.24-B and C. The distribution is
based on the measured interparticle distance, d = 2.6 ± 1.4 nm, from reference [7].

We may wonder what the effect is of molecular exchange on the percolation
properties of the networks. Does the correlation of the resistance measure-
ments before and after exchange depend on the configuration of the inserted
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molecules? In figure 2.23-A we highlighted the relation between consecutive
measurements on different junctions by drawing lines (grey) between the data
points. We indeed notice that this relation is found back in the measurements
after molecular exchange. We illustrate this correlation in figure 2.23-B by plot-
ting the resistance before exchange vs the resistance after exchange. In this
particular series of measurements we clearly observe a correlation between the
measurements prior to and after molecular exchange. This correlation is also
found in other experiments performed on 2D nanoparticle networks[7, 10, 24].

The molecules can be inserted between the nanoparticles in three possible
manners as shown in figure 2.24. The molecule can bridge the nanoparticles as
in figure 2.24-A and so form a NP-molecule-NP network. If enough junctions
have the appropriate length, a conducting path of molecules will form. Hence
all the measured junctions will have approximately the same change in resis-
tance leading to the correlation found in figure 2.23. In figure 2.24-B and C the
inserted molecules do not fully bridge the junctions, they only form one S-Au
bond i.e. they only surround the NPs. In the scenario shown in figure 2.24-B
the molecules undergo π - π stacking which results in a situation similar to the
one sketched in figure 2.24-A, though with a higher resistance. Thus we can
as well expect in such a π - π stacking configuration a correlation of the mea-
sured resistances. Finally for the case the molecules only bind at one side to the
gold nanoparticles without the formation of π - π stacks (figure 2.24-C), we can
describe the situation best as a tunnel junction. In this case the tunnel junc-
tions formed by alkanethiols before molecular exchange lower their apparent
barrier height as both sides of the junction are now populated by conjugated
molecules. Also here we expect a correlation between the resistances prior and
after exchange. We note that the last two situations are relevant when too
many NP-NP junctions have a length that is too big to be bridged by the in-
serted molecules. We see here that based on the resistance measurements and
the correlation between them it is difficult to pin point a particular configu-
ration of the molecules in the junctions. A more realistic picture is off course
that all the configurations are present, but still one should be dominant. To
deduce the dominant configuration of the dithiolated molecules in the network
we need complementary measurements. We describe below the use of UV-Vis
spectroscopy in combination with resistance measurements.

We have seen that the combination of charge transport measurements and
UV-vis spectroscopy is a powerful tool for molecular electronics as we can check
for the presence of the dithiolated molecules with two independent techniques.
Nevertheless it remains difficult to prove to what extent bridging takes place.
The basic difference between the two techniques is the type of molecular config-
uration that is probed. Indeed for charge transport only the molecules present
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FIGURE 2.23: Correlation of the resistance measurements after molecular exchange A
Measured resistance before molecular exchange (squares) and after OPE3DT insertion (dots) for
different samples. The gray line shows the correlation of the data before and after molecular ex-
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FIGURE 2.24: Different configurations for molecules inserted between two nanoparti-
cle.A the inserted molecule is fully bridging the junction. Bπ-π stacking of the inserted molecules
in a junction larger than the molecular length.C) same condition as in B but without the π-π stack-
ing.
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in the space between two NP’s are contributing to the transport. In this space
they can be bridging the junction or just attached to one of the two NP’s. While
for the absorption experiments one probes the change in permittivity of the
medium (εm) due to the presence of the OPE molecules all around the NP’s. So
here we see that the spectroscopy measurements only can tell whether or not
the molecules have exchanged their places on the NP’s. Measuring the SPR
shift can not make the distinction between molecules bridging the NP-NP junc-
tions and the ones only surrounding the NPs.

To finish our discussion on the insertion of molecular species into a 2D
nanoparticle network let us summarize our findings. From charge transport
measurements we can prove that the insertion of molecular species into the
network is successful. The debate is still open for the precise configuration
of the molecules in the junctions. Probably we are measuring a combination
of intra- and inter-molecular charge transport. A possible way out is to make
use of monothiolated ligands molecules capable of forming a complex molecule
around a single ion like iron, making the formation of bridges certain [51].

2.6 CONCLUSIONS

In this chapter we have demonstrated a technique to contact molecules through
self-assembly processes. The use of 2D nanoparticle networks for molecu-

lar electronics presents numerous advantages. They are stable platforms to
study charge transport even at room temperature. They offer the possibility
of performing three-terminal transport measurements although more work is
needed to pin point the actual effect of a gate on the transport properties. We
can couple optical investigation methods to the transport measurements in or-
der to confirm the molecular exchange reaction although we can only measure
the presence of the molecules around the nanoparticles rather than confirm-
ing the formation of molecular bridges between NP’s. Moreover the obtained
resistance values with this technique are in good agreement with other mea-
surements techniques (see chapter 5) and the single-molecule-measurements
literature. To circumvent the doubt of not having a molecule bridging the NP’s
after molecular exchange we also turn to a complementary method for measur-
ing the conductance of organic molecules: conducting AFM on self-assembled
monolayers, as we will show in the following chapters (chapter 5 and 6).
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3.1 INTRODUCTION

Research in molecular electronics is strongly inspired by the possibility to
encode a well-defined functionality, such as switchability, into a single molecule

[1, 2]. On the road towards nanoscale functional devices, various fundamental
questions arise. Many of these have to do with the details of the connection
between a molecule and two electrodes. For example, the distance between the
electrodes defines if and how a molecule can be connected between two metals.
Moreover, a molecule that exhibits a significant length change upon switching
is likely to lose its functionality in a rigid junction. Interestingly, the inverse
may also be true, a possible example being spin transition molecules [3]. Since
the length of such a molecule is larger in its high-spin than in its low-spin state,
straining it may actually induce a spin transition.
Here, we aim for a stable molecular device structure which allows one to vary
the inter-electrode distance on the sub-Ångstrom scale. For this, we combine
two techniques which have proven their use in molecular transport studies:
mechanically controllable break junctions (MCBJ) [4, 5], and 2D nanoparticle-
molecule networks[6–9]. MCBJs are widely used to study single molecule con-
ductance and allow for tuning of the inter-electrode distance with great ac-
curacy. However, they lack stability at room temperature. Devices based on
molecule-nanoparticle networks, on the other hand, offer great stability even at
293 K. One reason for this is that a nanoparticle-molecule-nanoparticle junction
has a tiny mechanical loop. The other reason is that a conductance measure-
ment forms a statistical average over a full array. Hence, fluctuations (molecu-
lar bond breaking and re-attachment) on the single junction level average out.
Here, we combine the advantages of both techniques to create a 2D molecule-
nanoparticle network in which the interparticle distance can be varied.

3.2 EXPERIMENTAL DETAILS

We start with the synthesis of gold nanoparticles (NP’s) following the Slot
and Geuze method [10]. In this way we obtain NP’s that are 10 ± 1nm

in diameter and charge stabilized in water. Next a solvent exchange step is
performed (water to ethanol) to self-assemble alkanemonothiols, in this case oc-
tanethiols, on the NP’s to prevent aggregation. After another solvent exchange
step (ethanol to chloroform) the NP’s are self-assembled into a 2D network on a
convex air-water interface due to the evaporation of the solvent. This is followed
by a microcontact printing step, i.e., the network is transfered from the water
surface to the substrate using a polydimethylsyloxane (PDMS) stamp. Note
that the self-assembled alkanethiols define the initial inter-particle distance[7].
As a bendable substrate, we use phosphor bronze which needs to be electroni-
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cally isolated from the NP’s. The insulating layer applied will also need to trans-
mit the substrate deformation and to offer good adhesion to the NP network.
We tested four different materials (PMMA, N-1410, SU-8 and poly-imide) spin
coated on our substrates. Poly-imide, already used for MCBJ substrates [4, 11],
shows the best adhesion properties for the NP’s. Finally gold contacts are de-
posited by shadow mask evaporation, the electrodes being 160 µm apart. In this
way, a network is created in which a unit junction comprises two nanoparticles
separated by a tunnel barrier that consists of two monolayers of alkanemonoth-
iols. From here it is also possible to create a 2D network of metal-molecule-
metal junctions using a place exchange step[6–9]. This results in the formation
of one or a few molecular junctions as discussed below (see also chapter 2). In-
terestingly, the network’s sheet resistance can be directly related to the average
resistance of a single junction [7](chapter 2).

For our experiments, we mount a substrate onto a MCBJ set-up, as illus-
trated in figure 3.1-A. A pushing rod, capable of bending the substrate in a
three-point geometry, is driven by a motor that can be operated continuously or
stepwise. The network on the substrate is connected via spring-loaded contacts
to an IV-converter and a data acquisition card. A bias voltage of 2V is typically
applied to the network, resulting in a voltage drop of a few mV for each junc-
tion. The resistance is recorded while bending. All the measurements are done
at room temperature and in a low vacuum chamber at a pressure of about 10−3

mbar.

3.3 RESULTS: BENDING THE NETWORK

Let us first anticipate what happens when we bend a network with alka-
nemonothiols only, i.e. without dithiolated molecular bridges. When dis-

placing the pushing rod by a distance ∆y, as shown in figure 3.1A, the upper
surface of the phosphor bronze substrate is elongated. Its deformation is trans-
mitted by the poly-imide layer to the NP network (figure 3.1B), resulting in
lateral strain on the network. To get a picture of the resulting resistance be-
havior of our structure, we note that a unit junction formed by two NP’s is
basically a tunnel junction. Its barrier height, ϕ, is defined by the work func-
tion of gold covered by alkanemonothiols. The barrier width is the distance
d between the edge of two NP’s as shown in figure 3.1C. For reasons becom-
ing clear later, we also define u, the distance between the centers of the two
nanospheres. The junction resistance can be written in the form: R ∝ e2κd

where κ = 1
ħ
√

2mϕ with m the electron mass and ħ the reduced Planck con-
stant. The change in resistance when elongating the junction with ∆d is thus
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FIGURE 3.1: Overview of the experimental details. A Schematic cross-section of the measure-
ment set-up. By bending a phosphor-bronze substrate in a three-point geometry, a 2D nanoparticle-
molecule network is stretched. B Scanning electron micrograph of an octanemonothiol protected
gold NP network; the scale bar shown is 100 nm. C Schematic view of the tunnel barrier when the
distance between the surface of two nanoparticles is increased from d to d+∆d. We define u as the
distance between the centers of the nanoparticles. Note that ∆u = ∆d. The height of the energy
barrier equals ϕ.

expected to follow: ln(R(∆d)/R(0)) = 2κ∆d, where R(0) ≡ R(∆d = 0). In the lin-
ear regime we can simplify this relation to: (R(∆d)−R(0))/R(0)= 2κ∆d. Hence,
we can accurately monitor the displacement between the nanoparticles by mea-
suring the network’s resistance response.

In a typical experiment the substrate is bent back and forth by moving the
pushing rod in steps of ∆y= 0.043 mm. After each step the resistance change is
probed. Figure 3.2 shows the result for a sample with octanemonothiol tunnel
junctions with an initial resistance of 176 MΩ. The data are plotted both lin-
early, showing (R(∆d)−R(0))/R(0) vs ∆y, and semi-logarithmically, displaying
ln(R(∆d)/R(0)) (see inset). Two experiments are shown; in the first case (black
squares) the sample was bent less than in the second case (grey diamonds, also
later in time). Figure 3.2 exhibits a plateau for small displacements. This has
a trivial reason, as it corresponds to the situation where the pushing rod is not
yet touching the substrate (see right bottom cartoon in figure 3.2). Once the
substrate is actually bent, however, the resistance increases significantly, as
anticipated above. For larger displacements, the curves deviate from linearity
as indeed expected. Upon plotting R(∆d)/R(0) semi-logarithmically, the curves
become straighter. However a small deviation at high ∆y is still present, prob-
ably due to plastic deformation (see below). As also can be seen on the other
measurements in the supporting information we remain generally within the
linear regime. The relative change in resistance (R(∆d)−R(0))/R(0) per mm
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pushing rod displacement for this sample is found to be 0.34 ± 0.02 mm−1 (from
the black squares). We investigated five such samples and (R(∆d)−R(0))/R(0)
varied from 0.20 to 0.36 per mm pushing rod displacement, with an average of
0.30 mm−1.

Let us now have a closer look at figure 3.2 and focus on the second experi-
ment shown (grey diamonds) where the substrate is bent further than before,
i.e. to ∆y = 1.25 mm. In this case, the retracting trace does not come back
to its original value. In fact, the plateau for small ∆y, discussed above, is lo-
cated at a higher resistance value and spans to higher ∆y than before. This
discrepancy is related to plastic deformation, i.e. permanent bending of the
substrate as indicated in the left cartoon in figure 3.2. Hence, the pushing rod
needs to move further up, to larger ∆y, before additional bending is possible.
All these observations demonstrate that the resistance change is due to net-
work elongation, which itself results from deformation of the substrate. Hence,
our device opens the road towards a strain sensor (or bending sensor) based on
tunneling transport. In addition, we can deduce that the networks are more
or less homogeneously deformed, i.e., deformation does not lead to fractures in
the structure. Indeed, if fractures were formed, they would lead to large tunnel
gaps and resistance increases much beyond our experimental results (see be-
low). Furthermore, scanning electron microscopy (SEM) characterization after
the bending experiment shows no evidence of fracture formation. We note that
similar networks have been shown to be elastically deformable, with a Young’s
modulus of several GPa [12].

3.4 ANALYSIS: HOW DOES THE NETWORK DEFORM?

Let us now have a more quantitative look at the deformation of the NP net-
work and the resulting resistance changes. For this, we can rely on pre-

vious deformation calculations performed for MCBJs [4, 11]. When displacing
the pushing rod by a distance ∆y, the network will elongate by a distance ∆U ,
measured from electrode to electrode, as given by:

∆U = 6tU∆y
L2 ζ (3.1)

Here L is the distance between the two fixed counterparts (20 mm in our
case), t the thickness of the substrate (3 mm) and U the distance between the
two evaporated electrodes (see figure 3.1) [4].

The correction factor ζ has been introduced by Vrouwe et al. to compensate
for device-specific features such as undercut as well as stacking order of the
different materials used [11]. In the ideal case where the deformation of the
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FIGURE 3.2: Relative resistance change as a function of pushing rod displacement, ∆y. A
schematic view of the substrate is shown next to the curve to illustrate: (i) the plateau for low
displacements before the pushing rod touches the substrate, (ii) the case when the substrate is fully
bent and (iii) hysteresis due to plastic deformation of the substrate. In the inset the same data is
plotted in a semi-logarithmic way.

substrate is exactly transferred to the structure on top of it (MCBJ or network)
ζ= 1. In the case of lithographically defined MCBJ’s the undercut amplifies the
deformation of the substrate which results in ζ> 1 [11].

The conductance through a NP network can be described from a simple unit
cell as shown in figure 3.3 (see also chapter 2). Such a unit cell may be de-
formed in two ways. On the one hand, we consider the case where the NP’s
are well attached to the underlying layer. Then, the network will be deformed
uniaxially as shown schematically in figure 3.3-A. On the other hand in figure
3.3-B we show the case where the NP’s are loosely connected to the substrate.
Then the network, when elongated in one direction, will be compressed in the
perpendicular direction to keep its total surface constant; the so called Poisson
effect. Let us define N =U /u as the average number of nanoparticles between
the electrodes in the x̂ (or û) direction. Consequently, for a network lattice di-
rection lined up with the x̂ direction ∆U = N∆u = N∆d (see figure 3.3). We can
also calculate the length changes of the junctions in the other lattice directions,
for both 2D-models, using simple trigonometry. With this we can obtain values
for 2κ from the data for both 2D models. Let us first assume ideal transfer of
deformation, i.e., ζ = 1. The apparent 2κ values thus obtained in our experi-
ments are 0.15 Å−1 for well attached NP’s and 0.21 Å−1 for loosely connected
NP’s. These should be compared to a 2κ value of 0.87 Å−1 as experimentally
found for alkanemonothiols in similar junctions [13]. We relate the discrepancy
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FIGURE 3.3: Schematic view of a basic lattice unit unstretched (black lines) and stretched (dotted
lines). A The deformation is unidirectional as the NP’s are well attached to the substrate. B As a
consequence of the loosely attached NP’s to the substrate the Poisson effect induces a compression
in the direction perpendicular to the deformation.

to the incomplete translation of the substrate elongation to the network, i.e. to
ζ being smaller than unity. Demanding that 2κ = 0.87Å−1 for our junctions as
well, we find ζ= 0.18 for uniaxially deformed networks and ζ= 0.24 for Poisson
deformed networks (full Poisson effect). There are several factors that may lead
to a value ζ< 1. Possibly, the polyimide layer takes up part of the deformation
(unlike in MCBJ’s there are no undercuts in our networks). However, our 2D
NP array is also not perfect. It consist of many 2D-grains with a distribution of
lattice directions. We tested our 2D-models for unit cells with different orien-
tations, but found only small variations in ζ (up to 15 %). However, the grain
boundaries may take up some of the strain. We note nevertheless that it is
unlikely that the grain boundaries incorporate all elongation, since then a gap
much larger than ∆d would open. That would induce much larger resistance
changes than we observe, due to the exponential nature of tunneling.

3.5 BENDING WITH BRIDGE-MOLECULES

As we have seen that a NP network can be controllably stretched, we can
insert conjugated molecular bridges into it and study the response to defor-

mation. For this, we choose acetyl protected dithiolated oligo-phenylene ethyny-
lene molecules with three phenyl rings, i.e. OPE3. These are conjugated rod-
like molecules (see lower inset of figure 3.4) that have been studied by several
groups [7, 14]. The alkanemonothiol-protected gold NP networks are immersed
in a 0.5 mM OPE3 solution, deprotected by triethylamine in tetrahydrofurane
(THF), for 24 hours[15]. This allows the dithiolated OPE3 molecules to form
bridges between two neighboring NPs, as indicated in the inset of figure 3.4
[7, 8]. (However, as we discussed in chapter 2, there is no conclusive proof of the
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FIGURE 3.4: Bending a network with OPE3-bridges. Relative resistance change as a function
of pushing rod displacement for a network with OPE3-bridges. The pushing trace is represented
by squares and the backward trace features diamonds. In the upper inset the molecular exchange
reaction is schematically depicted and in the lower inset the chemical structure of OPE3 is shown.
Note the kink in the back trace around 1 mm, which is due to slipping of the driving motor

molecules fully bridging the nanoparticles.) After this procedure, the resistance
of the network in figure 3.2 has dropped to 34 MΩ, as compared to 175 MΩ for
the original alkanemonothiol network. The resistance change due to molecular
exchange is considarably lower than found by Liao et al.[7], but close to the val-
ues found by the same group in ref. [8]. This discrepancy is probably due to an
incomplete exchange reaction in our case. Nevertheless, the resistance change
is large enough to conclude that transport is dominated by the OPE molecules.
Figure 3.4 shows a bending experiment for an OPE-substituted sample, similar
to the one in figure 3.2. We find that the network’s resistance responds linearly
to changes in ∆y in the regime probed. The absolute resistance changes found
are much smaller than for the alkanemonothiol networks. Moreover, also the
relative resistance change (R(∆d)−R(0))/R(0) has dropped significantly, from
0.34 ± 0.02 mm−1 for the initial network to 0.06 ± 0.01 mm−1 for the OPE-
bridged sample. Since, apart from molecular insertion, the network itself is un-
changed, we expect that ∆U /∆y and thus ∆d/∆y have the same values as for the
original alkanemonothiol network (see equation 3.1). Hence, it is reasonable to
state that the quantity (∆R/R)/(∆d/d), i.e. the resistance response to strain, has
dropped by a factor 0.34/0.06. In other words, the insertion of OPE-bridges has
significantly changed the properties of our junctions, both in absolute resistance
and in strain sensitivity. It is tempting to relate (R(∆d)−R(0))/R(0) to the ex-
ponential factor 2κ, or more exactly, to the quantity β for the OPE-series. This
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β-value is defined as the decay factor of conductance with molecular length L,
for a series of oligomers [13, 16, 17]. However, we do not view this as the correct
interpretation, since the OPE’s are quite rigid rods compared to the relatively
soft gold particles. It is more likely that the position of the molecule-Au connec-
tion changes upon straining the junction. For example, if the Au-thiol bond is
initially near a step edge on the gold nanoparticle, it may jump over this edge to
the upper gold layer upon pulling. Recently, Martin et al. argued that the latter
configuration yields a higher resistance value [18].We note that the change of
(R(∆d)−R(0))/R(0) upon straining should then be seen as a statistical effect,
i.e. as a result of shifting distributions in molecular anchoring. However we
can also describe the results by assuming that the OPE3DT molecules do not
bridge the NP’s (see chapter 2). Indeed then the tunnel barrier is lowered by
the presence of the OPE3 molecules.

We anticipate, however, that the situation will be very different for less rigid
molecules. Especially spin transition molecules [19] are good candidates for
future experiments, as they can be switched from a low-spin to a high-spin
state when stretched[3]. In addition such molecules increase the certainty of
the bridging (see chapter 2). Such measurements may be supported by surface
enhanced Raman spectroscopy (SERS) studies, which would allow one to follow
molecular vibrations as the junctions are strained.

3.6 CONCLUSIONS

In summary, we present a new method to statistically study molecular trans-
port as a function of inter-electrode distance. Our platform combines the

stability of 2D-molecular networks with the control of mechanically control-
lable break junctions with a maximal variation around 50 pm per junction. We
demonstrate that both the absolute and relative resistance response depend on
the molecular species present in the junctions. Hence, this study paves the road
towards future experiments on strain-sensitive molecules. Moreover, using this
technique, a strain sensor with tunable sensitivity can be considered.
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The promise of ’transition voltage spectroscopy’ (TVS) is that molecular level
positions can be determined in molecular devices without applying extreme

voltages. Here, we consider the physics behind TVS in more detail. Remark-
ably, we find that the Simmons model employed thus far is inconsistent with
experimental data. Moreover we perform experiments on vacuum tunnel junc-
tions to compare to molecular junctions and theory. We show that the promise
of TVS is difficult to achieve.

4.1 TRANSITION VOLTAGE SPECTROSCOPY

Over the last decade, several methods have been developed to fundamentally
study charge transport in metal-molecule-metal junctions [1–4]. Neverthe-

less, much of the physics behind molecular transport is still under debate. In
fact, simple questions such as "Where does the voltage drop in a molecular junc-
tion?" and "Where are the molecular levels with respect to the electrodes’ Fermi
levels?" have not found general solutions yet. The latter question, for exam-
ple, is hard to answer experimentally due to the limited voltage a two-terminal
molecular junction can withstand. In a molecular device, the Fermi level (EF )
of the metal electrodes is typically a few eV away from the closest molecular
level (see figure 4.1-A,E). Therefore, a bias voltage up to several volts is re-
quired before electrons from the metal can resonantly flow through a molecular
level (’resonant tunnelling’). Generally, such voltages result in huge electric
fields, > 109 V/m, causing breakdown before the molecular level is actually ac-
cessed. Recently, Beebe et al. found a creative way out of this dilemma [5, 6].
They state that the position of the nearest molecular level in a two-terminal
device can be derived from I-V (current-voltage) measurements, even if the bias
voltage is moderate and resonance is not yet reached. All that is needed is to
replot of the I-V data in a form that is based on the physics of field emission.
Due to its simplicity and elegance, this method, coined ’transition voltage spec-
troscopy’ (TVS), is becoming a very popular tool in molecular electronics [7–11].
However, a basic justification is still lacking. This chapter is therefore devoted
to the physical interpretation of TVS. Beebe et al. employ the Simmons model
for tunnelling to interpret their data and justify TVS [12]. Surprisingly, we find
that the experimental results they present are not at all in agreement with this
model. We show that a coherent molecular transport model, however, does jus-
tify their approach. Additionally we perform measurements on vacuum tunnel
junctions to validate our predictions experimentally. Finally we critically eval-
uate this technique as a spectroscopic tool.

To introduce TVS, we initially follow the approach by Beebe et al.. They
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make the analogy between molecular charge transport and electron tunneling
through a rectangular barrier, as described by Simmons (see figure 4.1A-D) [12,
13]. Within this framework, the height of the tunnel barrier, φ, equals the en-
ergy offset between EF and the nearest molecular orbital. For thiol-terminated
molecules, the nearest level is commonly the highest occupied molecular or-
bital (HOMO, with energy EHOMO), so that φ = EF −EHOMO (hole transport)
[5, 6, 14]. The barrier width, d, is set equal to the length of the molecule. Sim-
mons showed that for bias voltages V < φ/e with e the electron charge, the
effective tunnel barrier is lowered to φ− eV /2 (see figure 4.1C). However, for
high biases, V >φ/e, the barrier shape becomes triangular and part of the bar-
rier becomes classically available. This case is generally referred to as Fowler-
Nordheim tunnelling (FN) or field emission [15]. Figure 4.1D illustrates the
transition between both regimes, at V = φ/e. In the FN-regime, I is related
to V by I ∝ V 2exp(c/V ), where c < 0 depends on the thickness and height of
the barrier. Hence, plots of ln(I/V 2) versus 1/V (FN-plots) yield a straight line
with a negative slope, provided V > φ/e. Beebe et al. took the approach to ex-
tend this way of plotting I-V data to low V. Interestingly, such FN-plots yield a
well-defined minimum, at a voltage Vm. Intuitively, the existence of this min-
imum is easily understood. Since I ∝ V at low biases (V ¿ φ/e), an FN-plot
of ln(I/V 2) ∝ ln(1/V ) vs 1/V must yield a positive slope at low V (high 1/V ).
At high biases, in the field emission regime, the slope is negative and thus a
minimum appears in between. In fact, any I(V)-curve that evolves from linear
to more than quadratic will have a minimum in a FN plot. Actually this is true
for all the representations of the I-V characteristics of the form: ln(I/Vα) vs 1/V
with α > 1 [16]. Indeed for every α a minimum can be found, nevertheless we
will concentrate in this chapter on the α= 2 case.

Referring to the Simmons model, Beebe et al. suggest that: (i) Vm scales
linearly with φ= EF −EHOMO (or ELUMO −EF , whichever level is closest); (ii)
Vm is independent of molecular length d for constant φ; (iii) Vm equals the volt-
age at which there is a transition to the FN regime (hence ’transition voltage’,
see figure 4.1D) [5, 6]. Their striking experimental results substantiate these
propositions. Measurements on self-assembled monolayers (SAMs) of a variety
of conjugated molecules show that Vm ∝ EF −EHOMO, where the latter differ-
ence is determined by photoelectron spectroscopy. Furthermore, they find Vm
to be independent of molecular length, d, for alkanethiols. This is consistent
with the fact that the HOMO-LUMO gap of these molecules is virtually length
independent [6]. All these important observations make a strong case for TVS
to become a general technique in molecular electronics.

We therefore start our study by investigating the Simmons model, put for-
ward by Beebe et al., in detail. Surprisingly, we find that it is in strong dis-
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FIGURE 4.1: Modeling a molecular junction. A Molecular junction (thiol bonds). B-D Simmons
model. Here, a molecule is depicted as a tunnel barrier of height φ and length d (B, for clarity
we picture electron tunnelling only). Upon applying a bias voltage, the barrier is tilted (C). When
eV≥ φ, the barrier becomes triangular and electrons tunnel by field emission (D). E-G: resonant
molecular model. Here, the molecular levels are broadened by the interaction with the electrodes
(E). At elevated biases, the left and right chemical potentials open a window for transport of size
eV (F). The current increases dramatically when a level is within the bias window (G, resonant
tunnelling).
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agreement with the experimental data in Refs. [5, 6]. To demonstrate this, we
first make use of a simple, but rather accurate analytical model for tunnelling.
This has the advantage that we can obtain a simple analytical expression for
Vm. Subsequently, we confirm this result by using the full Simmons model nu-
merically.

4.2 THE SIMMONS MODEL

To describe electron tunnelling in an elegant manner, we use a reformulation
of Stratton’s formula for direct tunnelling [17, 18]. This gives I(V)-curves of

the form:
I ∝ sinh(

eVτ
ħ ) (4.1)

Here, τ= d
√

m/2φ is the tunnel traversal time and m is the electron mass. Pre-
viously, a comparison between Simmons and Stratton was made by Hartman
[19]. Due to the simple form of eq. 4.1, it is straightforward to determine an
analytical expression for Vm. To find Vm, we put the derivative in a Fowler-
Nordheim plot to zero. Substituting y= 1/V , we require:

dln(I/V 2)
d1/V

= d
d y

(ln(sinh(
eτ
yħ ))+2ln(y)) (4.2)

= 2
y
− eτ

ħ
1
y2 coth(

eτ
ħy

)= 0. (4.3)

Thus:

ym = eτ
2ħ coth(

eτ
ħym

) (4.4)

By re-substituting ym = 1/Vm, equation 4.5 is obtained.

1
Vm

= eτ
2ħ coth(

eVmτ

ħ ) (4.5)

It is very instructive to discuss an approximate solution to eq. 4.5. For this, let
us assume that eVm >>ħ/τ, such that coth(eVmτ/ħ)= 1. Then:

Vm ≈ 2ħ
eτ

= 2ħ
e
p

m

√
2φ
d

(4.6)

Before we discuss eq. 4.6, we check its validity by substituting it back into
eq. 4.5. This yields coth(eτVm/ħ) = coth(2) = 1.037, so that eq. 4.6 is accurate
within a few per cent.
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Equation 4.6 is remarkably different from the results Beebe et al. obtained: (i)
Vm is not proportional to the barrier height, but to its square root; (ii) Vm is
not independent of the molecular length d, but inversely proportional to it; (iii)
there is no general correspondence between Vm and the transition voltage at
which a tunnel barrier becomes triangular (depicted in figure 4.1D). The latter
voltage equals φ/e, independent of d, whereas eq. 4.6 yields Vm ∝ 1/d.
Clearly, the Stratton approach is only an approximation. Nevertheless, eq. 4.6
turns out to have more general validity. To show this, we turn to the actual Sim-
mons model. In our calculations, we include the integrals that are neglected in
Ref. [12] itself. This prevents unphysical results for short and low barriers, a
common problem in tunneling analysis (see appendix B). We proceed our dis-
cussion in the light of the most elaborate and convincing result Beebe et al.
present. They perform TVS on a series of alkanethiol molecules with lengths
ranging from 9 to 24 Å and find Vm = 1.2 V, almost independent of molecu-
lar length. Since alkanes have become a benchmark system in experimental
transport studies, they form a perfect test bed for our present study as well
[2, 3, 6, 13, 14, 20–24]. There is general agreement that φ = EF − EHOMO
hardly changes with alkane length. However, for its precise value different
numbers can be found in literature, even in the well-studied case of Au-S cou-
pling [3, 13, 14]. In the following, we use φ= 4 eV [13]. For generality, however,
all calculations presented below have also been performed for values, φ = 2.14
eV, taken from Ref. [14], and φ = 3 eV (see appendix B). The inset of Fig. 4.2a
shows an I(V)-curve for a rectangular barrier with φ = 4 eV and d=10 Å, com-
puted by the Simmons expression for the intermediate regime (eV < φ). The
corresponding FN-plot (main panel in figure 4.2a), exhibits a clear minimum
around Vm = 1.5 V< φ/e. Thus, we have the tools at hand to test eq. 4.6 for
the Simmons model. In figure 4.2b, we show Vm vs.

√
φ for a virtual series of

φ-values, assuming constant length d = 10 Å. As anticipated above, we see that
Vm ∝ √

φ. Next, we plot Vm for a series of lengths d, with φ = 4 eV (see Fig.
4.2-C, blue line). Indeed, we find that Vm ∝ 1/d. In fact, the Simmons result
deviates very little from the line obtained using the Stratton approach (black
in figure 4.2-C). We conclude that eq. 4.6 approximately holds for the Simmons
model as well. Most importantly, however, these calculations confirm that there
is a large discrepancy between data and model, as presented for TVS thus far
[5, 6]. Hence, a new interpretation of TVS is due. Two different approaches can
be considered for this. The first is to extend the Simmons model to include the
image potential. The influence of the latter is that the effective barrier height φ
decreases considerably [12, 13]. Since this effect is larger for shorter molecules,
this may locally cancel the length dependence in eq. 4.6. Alternatively, we
will consider a coherent transport picture based on molecular levels, Lorentz-
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broadened by coupling to the leads. In that case, the voltage is assumed to drop
fully at both metal-molecule contacts. This is in strong contrast with any type
of tunnelling model, where the voltage drops evenly over the junction (see fig-
ure 4.1).
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FIGURE 4.2: Calculations on the length dependence of Vm according to Simmons.A:
Fowler-Nordheim plot for a barrier with φ=4eV and d= 10 Å, as predicted by the Simmons model.
Vm is determined from the minimum of the graph. Inset: corresponding I(V)-curve on a linear
scale. B: Vm versus

√
φ for the Simmons model (d=10 Å). The linear relation is consistent with

eq. 4.6. C: Vm versus 1/d for φ = 4 eV, using various tunnel models. Black: Stratton model (eq.
4.6). Light-gray: full Simmons model without image potential. Open circles: full Simmons model
including image potential (εr = 2.1). Clearly, Vm depends strongly on d in all cases.

For the calculations including the image potential, we used the full formu-
lation of Simmons and eq. 35 of reference [12] with the correction of ref. [25] to
calculate φ̄:

φ̄ = 1
∆s

∫ s2

s1

{φ0 − eV x
s

− 1.15λs2

x(s− x)
}dx. (4.7)

Here, λ = e2ln2/8πεrs. For the local dielectric constant, we take εr = 2.1
[26, 27]. s1 and s2 are the positions where the barrier is equal to the Fermi
energy of the metal and were found numerically. Figure 4.2-C shows Vm as a
function of 1/d (red line). For large d (small 1/d), this result deviates little from
the bare Simmons result. For smaller d, however, it differs considerably. In fact,
a maximum in Vm(d) is seen for larger values of 1/d than shown in figure 4.2-
C, which indeed results from a decrease of the barrier height as the electrodes
come closer to each other. Nevertheless, for the length scales that Beebe et al.
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investigated (9 to 24 Å), Vm is still strongly dependent on d. Hence, we cannot
explain the experimental data by including the image potential in a Simmons
model. We note here that the Simmons model only presents a limited picture of
tunnel barriers as pointed out in reference [28]. Besides we elaborated on the
Simmons model to follow the reasoning of Beebe et al. and conclude that the
model they present does not match their experimental results at all.

4.3 A COHERENT, MOLECULAR LEVEL MODEL

Let us therefore consider a more common picture of a molecular junction,
as sketched in Fig. 4.1-E-G [29–33]. The molecular levels are located below

(occupied) and above (empty) the Fermi energy of the metal contacts. Within the
coherent Landauer approach, transport through such a junction is described by
a transmission function T(E) that depends explicitly on energy. This function is
peaked around the molecular levels. In fact, it has been extensively shown that
a Lorentzian provides a good description for the transmission around a single
molecular level [29, 30, 33]. Resonant tunneling can be achieved by applying
the proper gate voltage in three-terminal junctions. In two-terminal devices,
however, resonant tunneling is only possible by opening a voltage window eV
high enough for the molecular level to fall in between the left and right chemical
potentials (see figure 4.1-G). As discussed above, a device typically breaks down
before this point is reached. Here, we will assume that one molecular level
(HOMO) dominates transport, as is often the case in molecular junctions [5, 6,
14]. Thus our model captures the most relevant physics needed for an analysis
of TVS. For T(E), this yields:

T(E)= η(1−η)Γ2

Γ2/4+ (E−ε)2 (4.8)

where ε = EHOMO (we set EF = 0). Furthermore, Γ = Γ1 +Γ2 denotes the total
energy broadening due to the coupling between metal and electrodes. Specifi-
cally, Γ1 = ηΓ and Γ2 = (1−η)Γ describe the overlap between the molecule and
the left and right electrode, respectively. The parameter η denotes the asym-
metry of the coupling. Symmetric coupling corresponds to η= 0.5. In that case,
an applied voltage drops symmetrically at the left and right contacts (compare
figures 4.1-D and 4.1-G). The I(V)-relationship can be calculated from the Lan-
dauer formula:

I = 2e
h

∫ ∞

−∞
T(E)[ f1(E)− f2(E)]dE (4.9)

Here, f1,2(E)= (exp((E−µ1,2)/kT)+1)−1 is the Fermi function for a temperature
T, at the left (µ1 = eV /2) and right (µ2 =−eV /2) electrode, respectively.



{{4

80

There is overwhelming experimental evidence that the zero-bias conductance
of alkanes, as well as of many conjugated molecules, decreases exponentially
with molecular length d. In general, one finds dI/dV (V = 0)∝ exp(−βd) where
the decay constant β depends on the molecular series considered; β is high-
est for saturated molecules [1, 3, 34]. Interestingly, this result implies that
also T(E = EF ) ∝ exp(−βd) (see eq.4.9). Indeed, several theory groups have
confirmed such a relationship, using tight binding models in combination with
(non-equilibrium) Green’s function methods [31–33]. In our model, two free
parameters exist, Γ and ε. In principle, both can depend on d. However, for
longer alkanes, ε is known to be basically independent of d [13, 35]. Therefore,
the length dependence must be in Γ. This has the immediate consequence that
Γ(d) ≈ (EF−ε)p

η(1−η)
exp(−βd/2), using the fact that EF − ε >> Γ for longer alkanes.

This relationship is consistent with extensive calculations by Samanta et al. for
a series of oligophenyl molecules [33]. We note furthermore that Malen et al.
applied a similar expression for Γ(d) to successfully describe their experimental
data [34]. Upon substituting Γ(d) in eq. 4.8, a length dependent transmission
function is obtained:

T(E,d)= 1
1

4η(1−η) + ( E−ε
EF−ε )2exp(βd)

(4.10)

Combining eqs. 4.9 and 4.10, we can calculate I(V)-curves for a series of molec-
ular lengths and determine Vm. To compare to experimental data on alkanethi-
ols, we take T= 300 K, ε = −4 eV and β = 0.74 Å−1 from extended literature
[3]. Figure 4.3-A shows T(E) for several alkane lengths, whereas the inset of
Fig. 4.3-B displays the corresponding FN plots. The length dependence of Vm is
given in the main panel of Fig. 4.3-B. Remarkably, Vm is independent of molec-
ular length for d > 8 Å. This is fully in agreement with the data of Beebe et al.,
who find Vm to be independent of length for alkanes longer than 9 Å [6]. We
note in addition that we find Vm ∝ φ for a range of realistic values of φ (see
figure 4.4).

We come to the important conclusion that TVS does indeed give us direct in-
formation on the molecular levels, as Beebe et al. have suggested. However, the
interpretation of TVS only works within the framework of a coherent molecular
transport model. Simmons-like pictures are inconsistent with experiments on
molecular junctions.

4.4 TUNNEL BARRIER OR MOLECULAR LEVELS?

Before we discuss further consequences of this conclusion, we take a criti-
cal look at figure 4.3. Despite the qualitative agreement, the value of Vm
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FIGURE 4.3: Resonant molecular transport model applied to alkane junctions. A Trans-
mission function for three different lengths (ε=−4 eV, T = 300 K and β= 0.74Å [3]). B Vm versus
molecular length d. Vm becomes length independent for d > 8 Å, consistent with the experiments
by Beebe et al. [5, 6]. Inset: FN plots for the junctions in A.
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predicted by the model is much higher than found in experiment (though much
lower than the resonant value V = 2φ/e). This can have several reasons. First,
EF −EHOMO may be considerably smaller than 4 eV. As discussed above, there
is quite some spread in the literature. Furthermore, the influence of image
charges on molecular energy levels needs to be considered again. Just like in
the Simmons case, the image force may yield a much lower level spacing for
doubly contacted molecules as compared to free molecules. This phenomenon
has recently attracted considerable theoretical attention [36–39]. Finally, al-
though our Lorentzian model does capture the basic physics behind molecular
transport, more detailed transport calculations will be needed to fully interpret
TVS. Such studies should include the geometrical and electronic details of the
molecular junction. For example, it was shown that the exact adsorption geom-
etry of the molecule on the electrode has a pronounced effect on the shape of
the transmission spectrum [14]. Recently, Mirjani et al. as well as Chen et al.
presented in ref. [16, 40] a more detailed theoretical approach to the problem.
Through their extended calculations they show, among other things, that our
simple approach captures the essential physics involved. We will discuss this
work in more details below.

To finalize our discussion, let us return to Figures 4.2 and 4.3. Clearly,
the results for a coherent molecular model are radically different from those
obtained for various Simmons models. There are two reasons for this. First,
of course, the mathematics behind both models is not the same. Second, and
perhaps more fundamental, the voltage profile is radically different. In the
Simmons model, the potential decreases linearly with distance, whereas in the
’molecular’ model, the voltage drops at the contacts only (see figure 4.1). It is
easily visualized that the latter will result in a negligible length dependence
of the shape of the I(V)-curves and thus in Vm being virtually independent of
d. Interestingly, the very different properties of both models provide a fasci-
nating perspective: TVS may allow us to distinguish molecular junctions (Vm
independent of d) from tunnel junctions without molecules (Vm ∝ 1

d ). Perhaps
surprisingly, such a tool is still generally lacking in (two-terminal) molecular
transport. As shown above, the data by Beebe et al. can only be understood
within a ’molecular’ model. Inversely, this can also be seen as evidence for the
fact that they did indeed probe a molecular system. We note that such a dis-
tinction is not possible within the framework Beebe et al. present. If TVS in
molecular junctions is explained by the Simmons model, there is no difference
in the length dependence between a molecular junction with EF−EHOMO = 4 eV
and a vacuum barrier with φ= 4 eV, except in the image force via εr. Clearly, a
tunnel junction without molecules will obey Simmons characteristics, resulting
in Vm(d,φ) relations like in figure 4.2. To test this proposition, we performed a
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series of experiments to consistently compare molecular junctions with tunnel
junction for various lengths.

4.5 EXPERIMENTS ON VACUUM TUNNEL JUNCTIONS
AND ORGANIC MOLECULES

Here we present extensive TVS measurements on: i) metal-vacuum-metal
junctions1 and ii) molecular junctions (more details in chapter 5) to test

experimentally the propositions made above. Moreover we also include the re-
sults on molecular junctions from the literature.
In order to reveal the basic properties of TVS we need the possibility to accu-
rately vary the tunnel gap between the electrodes. For a full characterization
of TVS on a metal-vacuum-metal junction, voltages up to 3 V are to be applied
over vacuum gaps as small as ≈0.3 nm. Such high electric fields (and high
field gradients) may cause instabilities in the tunnel junctions. Hence, junc-
tions are needed which are stable in time and kept in a clean environment. For
this reason we used notched-wire mechanically controllable break junctions in
cryogenic vacuum (T≈ 5 K) [41]. The electrodes are made of gold, the archetyp-
ical electrode metal for molecular junctions. In addition, the junctions were
first optimized by a "training" procedure, i.e. by repeatedly opening and clos-
ing the electrodes [42]. We expect that this organizes the apex atoms into their
strongest bond configuration and enhances their stability in high electric fields.
The high stability and repeatability of the conductance evolution is illustrated
by the tunnel curve in figure 4.5-A. Upon closing, the tunnel current increases
exponentially until the electrodes snap to contact [42, 43]. Note that the con-
ductance jumps to a value close to 1 G0 (1G0 = 2e2/h), indicating a clean single-
atom contact. After the training procedure, the electrodes are separated such
that a vacuum gap is created with a zero bias conductance of ≈0.01 G0. This is
the starting point for the TVS measurements. Subsequently, the vacuum gap is
increased stepwise, and an I-V curve over the range ±2-3 V is recorded for each
position.

A typical example of such an I-V curve is plotted in figure 4.5-B. Clearly,
the current displays a transition from a linear dependence at low voltages to a
strongly nonlinear behavior for voltages > 1.5V . As stated earlier, this transi-
tion can be quantified by scaling the data in a Fowler-Nordheim representation.
This is shown in figure 4.5-C, here for positive bias voltage only. Let us first dis-
cuss the upper curve. This curve is measured for a small tunnel gap with a

1The MCBJ vacuum tunnelling experiments have been performed by Marius Trouwborst and Tim
Baart
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FIGURE 4.5: Electrical characteristics of clean gold junctions at T≈ 5 K. A Conductance
versus width of the vacuum gap of a trained junction at a bias voltage of V = 100 mV. From the
exponential decay at large distance, an apparent barrier height is deduced of 4.2±1.0 eV (eq. 4.1)
[44, 45]. B Typical I-V curve in the tunneling regime. Here, Vm is -1.99 V for negative voltage
and 1.84 V for positive voltage (black dots), as obtained from: C Fowler-Nordheim plot of the I-V
characteristics for 34 different positions. After each curve the electrode separation is increased by
0.02 nm, resulting in a lower current (no offset is used). The black dots represent the minima,
or Vm. Remarkably, Vm decreases with distance for wide tunnel barriers while it increases for
short tunnel barriers. D Vm versus zero bias conductance for different contacts, measured on 3
different samples. Note the break in the scale between -1.2 V and +1.2V. The two curves marked by
triangles and stars are measured on the same sample, but the latter was obtained after modifying
the electrodes. The same holds for the two curves marked by squares and hexagons. For each
contact, the apparent barrier height was measured and its value is given next to the data points (±
1 eV).
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zero bias conductance of ≈0.02 G0. It has a well-defined minimum at 1.64 V
that determines Vm. In total, 34 curves are plotted, corresponding to 34 differ-
ent electrode separations (equally spaced by ≈0.02 nm). When we increase the
electrode separation, a shift in Vm can be observed. The transition voltage first
increases with distance and is at a maximum after stretching by ≈0.1 nm (fifth
curve). Vm has now increased to 1.9 V. For even larger gaps Vm decreases again
to a value of 1.55 V after stretching by ≈0.6 nm. In order to directly compare
our measurements to the predictions of eq. 4.6, we need to plot the data as a
function of 1/d. For this purpose, the origin in the position (d = 0) was defined
by extrapolating the exponential part of figure 4.5-A (dashed line) to a conduc-
tance of 2e2/h. The crossing point is then set as the origin. As a result we obtain
figure 4.6. There is a striking difference when comparing the experimental data
and the straight line expected from eq. 4.6: our data are not proportional to 1/d.
Instead, only a modest variation with d is found, with a maximum at ≈ 3 nm−1.
Clearly, the square barrier model (with a constant height φ) does not give an
accurate description of the data. Qualitatively, the curves are very similar to
the Simmons curves with image potential included, as shown in figure 4.2-C.
However, we have to be careful not to apply this model quantitatively, since
experimentally, we have atomically sharp electrodes. The Simmons model as-
sumes two parallel plates. Let us first discuss the implications of our data for

1/d (nm-1)

V
m

 (
V

)

FIGURE 4.6: Variation of the transition voltage with electrode distance. Filled symbols:
measurements of Vm vs 1/d for 3 different gold samples in vacuum. "×" and "+": data from large-
area molecular junctions as reported by Beebe et al. "×": Alkane series, C18-SH, C16-SH, C12-SH,
C10-SH, C8-SH, and C6-SH. "+": phenyl series, TP-SH, BP-SH, and Ph-SH [6]. "o": data presented
in chapter 5 for OPEs of different length (OPE2DT, OPE3DT and OPE4DT) measured with C-AFM.

the interpretation of TVS. As described before, we want to make a comparison
between the distance dependence of Vm for vacuum junctions and molecular
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junctions. For this purpose, we also include three data sets measured by Beebe
et al. and in chapter 5 in figure 4.6 [6]. The upper data set ("×"), corresponding
to alkanethiols of different lengths, has a negligible variation in Vm. This was
ascribed to an almost constant HOMO-LUMO gap for different alkane lengths.
The lower data set ("+" and "o") corresponds to π−conjugated phenylene (from
reference [6]) and phenylethynylene molecules (chapter 5) respectively. Com-
pared to the alkanethiols, these molecules have a stronger dependence of Vm
on d. This was attributed to a variation in the HOMO-LUMO gap, which is
expected to decrease with increasing molecule length. Let us now compare the
measurements. The two types of data (molecular junctions and vacuum junc-
tions) have been measured at slightly different distances. In contrast to our
MCBJ measurements, the experiments of Beebe et al. were carried out on large-
area junctions, in which many molecules are probed in parallel. In addition, the
distance between the Fermi level and the nearest molecular level is lower than
the work function of the electrodes. As a result, the conductance is larger for
the large-area molecular junctions which makes it possible to measure at larger
distances or smaller values of 1/d, respectively. Nevertheless, we find that the
distance dependence of Vm for the molecular data does not differ significantly
from that observed in our vacuum measurements. This is an important conclu-
sion of this chapter. Taking into account (i) the measurement accuracy of the
molecular data of approximately ±100 mV and (ii) the limited variation of Vm
with d for the vacuum data, it is not possible to distinguish molecular junc-
tions from vacuum junctions just by measuring the distance dependence of Vm.
However, considering the absolute values of Vm for conjugated molecules there
is a clear difference with the vacuum data. For conjugated molecules, the re-
ported values for Vm are much lower (0.6 V to 1 V) than the values found for
the vacuum junctions (> 1.4 V) [16].

4.6 DOES TVS HAVE A FUTURE?

We mentioned in this chapter the possibility to use the distance dependence
of Vm to discern molecular junctions from empty tunnel barrier junctions.

Indeed we predict a 1/d dependence for a tunnel junction and a much shallower
dependence for organic molecules. In contrast we show in our measurements
on a tunnel barrier with a varying size, a length dependence that is strongly
deviating from the predicted 1/d relation. The relation between Vm and the
electrode separation d is somewhat similar for a tunnel barrier and a molecular
junction. Hence it is difficult to make a distinction between those two types
of junctions based on Vm(d). What is striking here is the lack of agreement
to describe a simple tunnel junction, although on the nanometer scale, with
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standard models for tunnel barriers. Although, the Simmons model including
images charges can describe the observed relation (Vm(d)) qualitatively, its in-
tended use is for tunneling between two parallel plates and not for two sharp
atomic sized electrodes. Here lies still a challenge for theoreticians.
In this chapter we identified several possible applications for TVS. Its original
purpose is to access molecular levels without the need for the high voltages re-
quired for resonant tunneling. We show in this chapter that first of all TVS
for molecular junctions can not be described by a tunnel barrier model like the
Simmons model, as originally proposed by Beebe et al.. Nonetheless we can
qualitatively reproduce the experimental results from reference [6] based on
a simple resonant transport model. In this case it appears that indeed Vm is
proportional to the position of the molecular level (HOMO or LUMO). Although
this is confirmed by more elaborated calculations [16, 46, 47], this is the specific
case of alkanethiols, where the HOMO/LUMO position is independent on the
molecular length [3, 13, 14]. Unfortunately this approach is too simplistic for
π-conjugated molecules, where the HOMO-LUMO gap decreases with molecu-
lar length [31, 33, 47]. So, to make a quantitative analysis of the molecular
level positions, we need to take into account more parameters like the junction
(a)symmetry, the number of levels involved and most importantly the potential
profile of the junction[16, 47]. In our simple Lorentzian model we place the volt-
age drop at the contacts only and thus no voltage drop over the molecule itself is
taking place, logically resulting in the distance independence observed. Mirjani
et al. demonstrate with a more elaborated model [40] that the voltage drop over
the molecule is crucial [47]. Their main result is presented in figure 4.7 where
the value χ = |EF −E level | /Vm is plotted as a function of molecular length for
the voltage dropping over the molecule and no voltage drop at all. The param-
eter χ is better suited than Vm to appreciate the performance of TVS. Indeed
EF −E level is dependent on the molecular length, χ circumvents this depen-
dence. Here, in figure 4.7, we consider the two extreme cases, in reality the
voltage drop is lying somewhere in between. i) When no voltage is dropping
over the molecule, χ is rather constant. ii) When the voltage is dropping en-
tirely over the molecule, we observe a clear dependence of χ on d. Though this
is theoretically easily tuned, experimentally determining the exact potential
profile over such a junction is quite challenging.

Moreover in order to explore the HOMO or LUMO level with TVS one must
consider two unknowns, χ and the (a)symmetry [16, 47, 48]. The (a)symmetry
can be determined experimentally out of the I(V) characteristics (see chapter
5). However χ remains experimentally difficult to access. Hence, TVS alone is
not enough to explore the molecular energy levels without extra knowledge on
the studied junction.
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FIGURE 4.7: χ = ∣∣EF −Elevel
∣∣ /Vm versus the length of the molecule. The calculations are

done for the case where the voltage drop is only at the contacts (black squares) like schematically
depicted in the higher inset and for the case the voltage drop is entirely over the molecule (circles)
like shown in the lower inset. Taken from reference [47].

4.7 CONCLUSIONS

In this chapter we discussed a novel method for the analysis of current-voltage
characteristics. Indeed transition voltage spectroscopy (TVS) held the promise

of accessing molecular levels without the high voltages required just by replot-
ting the I(V) curves as ln(I/V 2) vs 1/V that will yield a minimum Vm. So Vm
indicates the transition from a linear I(V) relation to a more than quadratic one,
reducing the I(V) to a single number Vm.

We showed in this chapter that it is experimentally very challenging to ex-
tract information on the position of the molecular levels from TVS measure-
ments. Indeed exact knowledge of both the junction symmetry and its potential
profile are needed to relate the value of Vm to the energy of the HOMO (or
LUMO). Experimentally we can deduce the symmetry of the junction from the
I(V) curves, whereas determining the potential profile over a junction is still
a challenge. At best a qualitative study of the molecular levels can be accom-
plished with TVS.

Moreover we demonstrated experimentally that Vm for a nanometer scale
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tunnel junction behaves similarly to Vm for a molecular junction when varying
the length of the junction. Nonetheless, the absolute value of Vm is lower for
lower barriers or conjugated molecules. So it is not possible to unambiguously
decide whether a junction is empty or populated by molecules, based on the
value of Vm or its behaviour with length Vm(d).

All in all, despite the appealing promises, TVS appears not to be an eas-
ily applicable tool for molecular electronics. Nonetheless it is still a potential
system to test more advanced tunnel barrier models [28].
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In this chapter we present charge transport measurements on a series of
organic molecules with different lengths composed of identical building blocks.
The synthesized oligo-phenyl-ethynylene (OPE) molecules are investigated both
in their dithiolated and monothiolated form. We perform our experiments us-
ing a conducting probe atomic force microscope (C-AFM). Those measurements
enable us to scrutinize two important concepts in molecular electronics. (i)
The length dependence of molecular conductance. (ii)Transition voltage spec-
troscopy (TVS).

5.1 INTRODUCTION

The relation between chemical structure and charge transport properties is
at the heart of molecular electronics. Hence, to understand the physics

behind it, experiments have been conducted that vary the chemical structure
of the molecules as well as the methodology to extract information from the
obtained data. From the start, the length dependence of conductance has en-
joyed large attention in field of molecular electronics[1, 2]. Indeed, quickly, the
analogy with a tunnel junction was made, as the conductance was found to be
exponentially dependent on length, resulting in the expression of this length
dependence in the so called β-factor, the exponential decay constant. Further-
more this length dependence has been measured in a wide variety of devices
resulting in a wide range of β-values[2]. Therefore it has become a popular
benchmark to validate new measuring methods[3, 4]. Still the β-factor is an ill
defined concept in molecular junctions as we will point out later on.

5.2 EXPERIMENTAL DETAILS

The chemical structure of the molecules, synthesized by Hennie Valkenier
at Groningen university [5], used in this work are presented in figure 5.1.

Self-Assembled Monolayers (SAMs) of the acetyl-protected mono- and dithiols
were grown from solutions with triethylamine as deprotecting agent, which pro-
motes the formation of high-quality and densely-packed SAMs[6]. These SAMs
were grown from 0.5 mM solutions in THF (anhydrous) with 10% (v/v) triethy-
lamine (Fisher, HPLC grade, degassed) added. All solutions and SAMs were
prepared inside a glovebox filled with nitrogen (<5 ppm O2)1. We used freshly
prepared samples of 150 nm gold on mica for the ellipsometry and XPS studies,
and freshly prepared samples of 5 nm chromium and 200 nm gold thermally
deposited on a silicon wafer for the CP-AFM studies. Samples were immersed
upside down for two nights in about 3 mL solution. After this immersion time,

1The SAM’s are prepared by Hennie Valkenier at the University of Groningen
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the samples were taken from solution, rinsed three times with clean THF, and
dried under the nitrogen atmosphere in the glovebox. Conducting atomic force

SAc SAc

SAc

SAc

SAc

SAc

SAc

OPE2DT OPE3MT OPE3DT OPE4DT

SAc

OPE2MT

FIGURE 5.1: Chemical structure of the molecules measured. The oligo (phenylene ethyny-
lene) (OPE) series here shown in which the length of the OPE molecules increases with one pheny-
lene ethynylene unit per molecule (2,3 and 4 rings). In addition to that each OPE is found in a
dithiloated form (DT) and a monothiolated from (MT) both acetyl protected.

microscopy (C-AFM) is performed on a commercial AFM (Digital Instrument).
A Multimode AFM base is used in combination with a Nanoscope IIIa controller
and Nanoscope V6r13 software. The conductance measurements are performed
in contact mode i.e. the feed-back is done on the deflection set point in order to
apply a force of typically 2 nN on the SAM. During the conductance measure-
ments the scanning is disabled. The AFM cantilevers used are NP-10 (Veeco)
of type B ( f0 = 14−26 kHz and k = 0.12N/m). The SiN AFM tips are coated by
sputtering with MoGe (4nm) as an attachment layer and subsequently with 80
nm of Au. A scanning electron micrograph of a typical cantilever is shown in
figure 5.2 The electrical measurements are controlled by a labview program and
interfaced by a 16 bit NI data acquisition card. The substrate carrying the SAM
is biased while the tip is grounded. While the bias voltage is swept (typically
from 0 V to -1 V to 1 V and back to 0 V) the current is recorded at a sampling
rate of 10 kHz and 1000 points are taken per curve. To do so the current is
amplified using a Femto DLPCA-200 variable gain current amplifier. For each
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FIGURE 5.2: SEM picture of a C-AFM cantilever. SEM picture of a AFM cantilever coated with
4nm MoGe and 80 nm Au. The scale bar is 3µm and 50 nm for the inset.

measurement spot 100 to 1000 I(V)-curves are recorded, for each sample 2 to 8
spots are probed.

Subsequently the I(V) curves are smoothed with a local regression using
weighted linear least squares and a 2nd degree polynomial model. Next we take
a numerical derivative of the current relative to the voltage (dI/dV). Finally we
construct a 2D histogram of these dI/dV values by logarithmically binning them
for each bias voltage and plotting them next to each other. This will result in a
3D graph with on the x-axis the bias voltage, on the y-axis the log (dI/dV) and
on the z-axis (in colour scale) the number of counts. Such a 2D histogram can be
seen as a collection of traditional 1D conductance histograms for different bias
voltages. In figure 5.3 we show such a 2D histogram with the related cross-
section 1D histograms, taken at various bias voltages, to illustrate this method
of plotting our data.

This representation enables us to distinguish general tendencies in dI/dV -
curves from statistical variations in the conductance values themselves. In ad-
dition to that such plots represent the whole dataset (≈ 2000 traces) at once
without the need of data selection or further processing. Indeed this is a re-
current problem in molecular electronics, how to deal with the large variation
conductance values? Selecting data [7–9], leads to a biased view of the results
depending on the criteria used. Indeed the selection is not always based on
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FIGURE 5.3: 2D histogram and its corresponding 1D histograms. A 2D histogram for the
OPE4DT molecule, the vertical lines denote the corresponding 1D histograms shown in B for 0,
250, 500, 750 and 1000 mV.

statistical principles which can alter the understanding of the experimental re-
sults [10]. Averaging data is a processing tool that is widely used [11–13] and
presents the risk of over or under -expressing some values depending on the
type of averaging e.g. linear or logarithmic averaging. In addition, averaging
smears out information present in the data and removes the relevant intrinsic
variations present in the data. Representing our data in the form of 2D his-
tograms avoids the problems mentioned above. The data for OPE2MT were not
reproducible as the conductance values varied too much and the tip crashed
into the substrate regularly probably due to large defects in the SAMs.

5.3 CHARGE TRANSPORT MEASUREMENTS

In figure 5.4 A-C we show the 2D histograms for the dI/dV of OPE2DT,
OPE3DT and OPE4DT. First let us discuss their similar shape. Indeed, the

graphs show a symmetric valley-like shape for the whole range of bias voltage.
Here we can clearly see the advantage of these histograms, the shape is easily
distinguishable, independently of the conductance variations intrinsic to molec-
ular charge transport. The observed symmetric parabola-like shape is expected
for symmetric molecular junctions. As we have seen in chapter 1 we can relate
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the transmission function T(E) of a junction to the current flowing through it
when biased with a voltage eV using the Landauer formalism (equation 5.1).

I = 2e
h

∫ ∞

−∞
T(E,V )( fR(E)− fL(E))dE (5.1)

With fR,L being the Fermi-Dirac function for the right and left electrodes with
electrochemical potential E f − (1−η)eV and E f −ηeV respectively and η being
the parameter describing the symmetry of the voltage drop over the junction.
For T = 0 K we can derive the expression for the first derivative of the current,
dI/dV (equation 5.2).

dI
dV

= ηT(ηeV )+ (1−η)T((1−η)eV ) (5.2)

As an important consequence, symmetric dI/dV -curves are necessarily obtained
for symmetrically coupled molecules, irrespective of the (a)symmetry of T(E)
around the Fermi level EF . This is easily seen by inserting η= 0.5 into the for-
mula above, and interchanging +V and −V . Consequently for any transmission
function, T(E), the resulting dI/dV curve is symmetric around zero bias and is
an average of the T(E) for positive and negative bias voltages. The transmis-
sion function for OPE’s is, as can be seen in figure 5.5, a valley between the
two peaks corresponding to the HOMO and the LUMO. Although it is not sym-
metric around the Fermi level, the resulting dI/dV does become symmetric for
symmetric junctions by virtue of equation 5.2, similar to the measured curves
in figure 5.4. In the case of monothiols, like OPE3MT, the junction is asym-
metric resulting in an asymmetric voltage drop over the junction and thus in a
parameter η 6= 0.5. It is clear from equation 5.2 that the resulting dI/dV will
be asymmetric. Indeed in figure 5.4-D we observe an asymmetric dI/dV for
OPE3MT.

5.3.1 LENGTH DEPENDENCE OF THE CONDUCTANCE
Let us now concentrate on the trends in the measured conductances for OPE2DT,
OPE3DT and OPE4DT. In figure 5.3 we have shown how the 2D histograms are
constructed. Of course we can also make a cross-section at each bias to extract
a 1D conductance histogram. We therefore can extract the most probable con-
ductance value for each molecule at each bias. The obtained 1D histogram also
displays the associated variation in conductance as it is better suited than error
bars to visualize the spread in measured values. In figure 5.7-A, the zero bias
conductance values (black dots) are plotted as a function of molecular length
on a semi-log scale2. Hence we notice a roughly exponential dependence of
2To determined the lengths the Hyperchem™software release 7.52 is used, the distance from S- to
S-atom is calculated.
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the conductance on the molecular length i.e. the conductance is increasing
for decreasing lengths. Naively one can make here an analogy with a tun-
nel barrier and so determine the exponential decay factor β. We will discuss
the validity of this analogy later on. Nonetheless, comparing our decay fac-
tor of βOPE = 0.35± 0.01 Å−1 with values obtained in the literature (for zero
bias conductances) could confirm the validity of our measurement technique.
The β values for both amine- and thiol terminated OPE’s found in the group of
Wang are lower, 0.20 Å−1 (STM) [14] and 0.21 Å−1 (C-AFM) [15] respectively.
In reference [16], a value of 0.32 Å−1 is found for a series of shorter molecules
(benzene dithiol, OPE2DT and OPE3DT) in a STM break-junction experiment.
The group of Wandlowski found a similar value of 0.33 Å−1 with the same batch
of molecules as ours in a STM break-junction experiment. The same batch of
molecules is also used in large area molecular junctions and yields a much lower
β value of 0.15 Å−1 ascribed to the different coupling to one of the electrodes due
to an interface layer (PEDOT:PSS) [6]. So our measurement technique repro-
duces quite well the values found in literature for β in OPEs. Moreover we
can compare our results individually with the reported values in the literature.
In figure 5.6 we plot the conductance values found for OPE2DT, OPE3DT and
OPE4DT in our measurements and the ones found for the same molecules in
the group of Wandlowski (university of Bern). In addition we show the conduc-
tance values of OPE3DT found in the literature. We notice here that all the
values are consistent with each other and our results. Hence, our experimen-
tally found conductance values and decay constant do confirm the validity of
our measurement technique.

A logical next step is to investigate the conductance at finite biases in a
similar way. For this we take the cross-section of the 2D histogram at various
biases (250, 500, 750 and 1000 mV) in the same fashion as shown in figure 5.3.
Already in figure 5.4 we notice that the dI/dV parabolic curves are steeper as
the molecules get longer. In figure 5.7-A we plot the conductance values ver-
sus the molecular length to study the length dependence with increasing biases
in more detail. The conductance values are taken from the 1D histograms ex-
tracted from the 2D histograms of figure 5.4, in figure 5.7-B we show the 1D
histograms for OPE4DT for various bias voltages. First of all we notice a rough,
but not exact, exponential dependence on length for all the biases. Note that
for high biases (1V) the dependence on length of the conductance deviates from
exponential. Hence, we can also extract a β value for the selected biases which
is shown in figure 5.7-C. Surprisingly we find a clear trend in β, for increasing
biases the β factor decreases in a non-monotonous way. How can we describe
this behaviour of β?

Let us first go back to the analogy between molecular charge transport and
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tunnel barriers in order to understand the obtained experimental results. The
analogy made between molecular junctions and tunnel junctions rely on the
experimental fact that the conductance is exponentially decreasing with in-
creasing molecular length [1, 2, 21, 22]. We can describe a tunnel junction
in a straight forward manner, shown in figure 5.8A and in equation 5.3. The
resulting conductance G of a tunnel junction of width d, and height ϕ, the work
function of the electrodes, can be expressed as follow:

G ∝ 2e2

h
exp(−2κd) where κ=

√
2mϕ/ħ (5.3)

Hence we see that the tunneling current is exponentially dependent on the dis-
tance and the square root of the work function of the electrodes. In a tunnel
junction formed by STM or MCBJ one can continuously change the distance
and measure the exponential current decay corresponding to this change [23].
Therefore measuring the current decay is a popular tool for the calibration of
the distance in tunnel junctions e.g. STM or mechanically controlled break
junctions (MCBJ) [24]. As we have seen in chapter 4, this is valid for low bi-
ases and not too small distances. Let us now have a critical look at the use and

EF EF

ε ε

t

ᵧ ᵧ

d

φ

A B

FIGURE 5.8: Models for charge transport measurements. A shows a rectangular tunnel bar-
rier with heigth ϕ and length d. B shows a two site tight binding model with a hopping integral t
between two site of energy ε and γ, the coupling to the leads. The leads are filled up to the Fermi
energy EF as indicated by the hatched lines.

meaning of the decay constant β for molecular charge transport. First we focus
on the variation of the length. In contrast to tunnel junctions a molecular junc-
tion can not vary the inter-electrode distance continuously. Indeed the length of
the different molecules used is changed by varying the number of sub-units e.g.
pheny-ethynylene moieties in our case, so the inter-electrode distance is vary-
ing in discrete steps. Moreover in a tunnel junction, ϕ is defined by the work
function of the electrodes and remains constant along the experiment. For a
molecular junction this is less trivial. Indeed the height of the barrier is usu-
ally defined as the distance between the Fermi level and the closest molecular
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orbital (HOMO or LUMO). As we will see later on, the position of the HOMO (or
LUMO) is dependent on the molecular length, d for conjugated molecules. So in
the tunnel barrier model, ϕ is dependent on d. The later makes it difficult to pin
point a physical meaning to the experimentally measured exponential decay β

as the barrier is changed for each measured molecule both in length and height.
Moreover relating the measured β to a value for ϕ often results in unrealistic
values or large discrepancies between experiment and fit [13, 25]. We should
note here that the decay parameter β is poorly defined. However, our experi-
mental findings can be understood in terms of molecular orbitals and resonant
tunneling. Indeed a simple tight binding model (TB), introduced in chapter 1
and schematically depicted in figure 5.8-B, may provide a way to physically un-
derstand the length dependence of conductance in series of molecular junctions
i.e. provide a more solid basis for the definition of β. Calculations of this type
relate the rough chemical structure (number of repeating units) of a molecule to
an energy dependent transmission function, T(E). Although more refined calcu-
lations take all the chemical structure factors into account[26–30], this simple
model incorporates the basic physical concepts involved in molecular charge
transport. The position of the HOMO (or LUMO) relative to the Fermi energy
(EF ) is dependent on the number of hopping sites N and on the overlap integral
t like described in equation 5.4 [26, 31].

EHOMO = ε0 −2tcos(
π

N +1
) (5.4)

Indeed by increasing the number N of sites i.e. the molecular length, we notice
that the energy level closest to EF moves towards EF . In addition to that the
coupling to the leads induces a broadening of the levels roughly exponentially
decaying with length. This can easily be understood with simple arguments.
The length dependence of the level broadening, Γ(N) can be explained by the
fact that the influence of the leads decays with increasing length, resulting in
a smaller energy broadening. In addition, this broadening can be understood
intuitively in terms of the uncertainty principle as the molecule gets longer, the
residence time on it gets longer as well, resulting in a decrease of the broaden-
ing Γ [30].

Consequently we use this simple TB model to calculate a transmission func-
tion T(E) for toy molecules with increasing length i.e. the number of hopping
sites. We can now investigate the implication of this more realistic model on
the definition of β. In figure 5.9-A we present the calculated T(E) for molecules
with a number of sites ranging from 1 to 5 sites. In this calculation the position
of the Fermi level, EF is arbitrary, in figure 5.9-A we show the Fermi level at
three different positions. Note that the zero bias conductance is proportional to
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the transmission function at the Fermi level. In figure 5.9-C we show the trans-
mission values at the three positions of EF (indicated in figure 5.9 by dashed
lines) for the five toy molecules. First, we notice that when EF is far away from
the molecular levels (gray dashed line in figure 5.9-A) the transmission at the
Fermi energy i.e. the zero bias conductance is exponentially dependent on the
molecular length. Nevertheless for a Fermi energy closer to the levels we ob-
serve a deviation from the exponential behaviour. Moreover if the Fermi energy
is found at or close to an energy where the transmission function cross, no or
little length dependence will be observed[32].So the observation of an exponen-
tial length dependence of the conductance and the related β factor is strongly
dependent on the position of the Fermi energy relative to the LUMO or HOMO.

In our experiment (figure 5.7 A and C) we observe a decrease in length de-
pendence (β) for increasing bias voltage. So at higher voltages we integrate
over a wider range, closer to the frontier molecular level, resulting in a shal-
lower length dependence. Hence the toy model we use does reproduce qualita-
tively the trend observed in the experiments. In addition to that we have no-
ticed in figure 5.9-D that for biases far from resonance the length dependence
is exponential, while for bias windows reaching closer to the LUMO the length
dependence deviates from exponential. This trend is of course more subtle to
detect in our experiments due to the limited number of molecules (three differ-
ent lengths) and the inherent spread of the conductance value as shown in the
histograms. Still in figure 5.7-A we notice a slight deviation from exponential
behaviour although more molecules are needed to make this point more solid.
The range of biases we can apply, typically 1V, is not large enough to get closer
to resonance and observe a clear deviation from exponential in the length de-
pendence of conductance. Moreover the exponential length dependence of the
conductance is observed when the Fermi level is far enough from the HOMO or
LUMO. Oppositely, for a Fermi level closer to the HOMO or LUMO, the length
dependence can be reduced or even disappear. More importantly this shows
that the length dependence of the molecular conductance does not need to be
exponential.

5.3.2 LOOKING AT OUR MEASUREMENTS IN THE LIGHT OF
TVS

We discussed the limitations of transition voltage spectroscopy in chapter 4. To
do so we first critically looked at TVS in the light of charge transport theory.
This was followed by a comparison of measurements on vacuum tunnel barrier
junctions and molecular junctions. Part of the results for the molecular junc-
tions was taken from literature [33, 34] while the other part is taken from the
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measurements presented in this chapter on the OPEDT series. We describe
here shortly the protocol used for the TVS results and the obtained results.

The basic idea of TVS is to plot the current-voltage characteristics on a
Fowler-Nordheim plot i.e. ln(I/V 2) vs 1/V which yields a minimum, Vm (see
chapter 4). In figure 5.10-A we show one I(V) curve for OPE3DT and in figure
5.10-B the corresponding Fowler-Nordheim plot for positive bias voltages, we
then clearly observe Vm.
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FIGURE 5.10: How to make a Fowler-Nordheim plot. A I(V) curve for OPE3DT. B correspond-
ing Fowler-Nordheim plot for positive bias voltages.

For all the measurements presented above on OPE2DT, OPE3DT, OPE4DT
and OPE3MT we computed the position of the minimum in the Fowler-Nordheim
plot for both the negative bias, V−

m and the positive bias, V+
m. To represent the

data in a statistical meaningful way, we choose to bin the Vm values and con-
struct histograms for each molecule and bias polarity. In figure 5.11 we show
the histograms for the four above mentioned molecules and show V−

m and V+
m in

two separate histograms.
The expectation of TVS is to relate the position of the closest level to the

Fermi energy (HOMO or LUMO) with the position of Vm. Moreover we know
from extended calculations[35] and optical measurements [35] that the HOMO
is closer to EF for longer molecules. So we expect to find a dependence of Vm
with molecular length. However the nature of this relation is still unclear, as it
has been showed by Mirjani et al. [31] and in chapter 4. More, experimentally
challenging, ingredients are needed to extract information on the exact position
of the molecular levels. Indeed we have seen in chapter 4 that knowledge on the
junction’s potential profile is essential for determining the position of molecular
levels from Vm [31, 36]. In figure 5.11-A-C we do not observe the expected de-
pendence of Vm on the length of the dithiolated molecules. Indeed for increasing
molecular length it is not possible to distinguish any trends in the position of
Vm. TVS is also limited by the intrinsic variation found in molecular junctions.
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Second we notice that for OPE2DT, OPE3DT and OPE4DT the values for
V−

m and V+
m are similar within the experimental error i.e. the histogram do fully

overlap (figure 5.10-A-C). This is not true for OPE3MT as we can see on figure
5.10-D, indeed V+

m (0.92 V) is found at higher values than V−
m (0.72 V). Let us

discuss here the differences found between OPE3DT and OPE3MT. The dithio-
lated molecules (OPE2DT, OPE3DT and OPE4DT) have a sulfur atom at each
extremities so that they can bind to both gold electrodes. In contrast monoth-
iolated molecules, like OPE3MT, only posses one sulfur binding group to bind
to the electrodes (in this case to the gold substrate when the SAM is formed).
The junction symmetry determines the coupling, Γ, to the leads. The coupling Γ
describes the extend to which the wave functions do overlap in a molecular junc-
tion. So for OPE3MT the overlap at one electrode is smaller than at the other
one, reducing the total broadening (see chapter 1). Hence the conductances of
the monothiolated species are lower than their dithiolated homologue (see fig-
ure 5.4). The symmetry in the binding groups do also influence the symmetry
of the junction’s potential profile, η (see chapter 1). So when η = 1

2 the voltage
drop is symmetric, while for η = 0 the voltage drop is completely asymmetric.
Mirjani et al. demonstrated that we can relate η to Vm [31] as follow: η

1−η = V−
m

V+
m

.
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Hence, by comparing the histogram peaks found for V+
m and V−

m in figure 5.11
for OPE2DT, OPE3DT, OPE4DT and OPE3MT we can calculate the parameter
η for the four molecules: ηOPE2DT = 0.49, ηOPE3DT = 0.5, ηOPE4DT = 0.5 and
ηOPE3MT ≈ 0.41. The dithiolated molecules all have a η ≈ 1/2 which is indeed
expected for a symmetric junction. For OPE3MT, the junction is not completely
asymmetric (η = 0) as still the molecule has some coupling to the electrodes at
the side without thiol, resulting in a η 6= 0. Markussen et al. calculated for a
similar junction a value for η= 0.4 which is quite in agreement with our exper-
imentally found value for OPE3MT[37].

As a final remark, from the TVS on our measurements we can not deter-
mine the position of the molecular levels. nevertheless TVS can be useful for
quantifying the (a)symmetry of molecular junctions.

5.4 CONCLUSIONS

To summarize, we present in this chapter C-AFM conductance measure-
ments on a series of OPE molecules of various length. We introduced a new

plotting method to present all the voltage dependent conductance data for each
molecule at once in the form of a 2D histogram. Clearly, the measured zero-bias
conductance values for OPE2DT, OPE3DT and OPE4DT are consistent with
the literature, validating our C-AFM technique. Moreover we investigated the
voltage dependence of the conductance and noticed a decrease in the ”β” value
for increasing biases. This voltage dependence of the conductance is consistent
with simple calculations. Nonetheless we note that the length dependence of
molecular conductance is not always exponential. Furthermore we probed the
(a)symmetry of the molecular junctions (OPE3DT and OPE3MT) using TVS.
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6.1 INTRODUCTION

As the dimensions of a conductor approach the nano-scale, quantum effects
will begin to dominate its behavior. This entails the exciting possibility of

controlling the conductance of a device by direct manipulation of the electron
wave function. Such control has been most clearly demonstrated in mesoscopic
semiconductor structures at low temperatures. Indeed, the Aharanov-Bohm
effect[1], conductance quantization [2, 3] and universal conductance fluctua-
tions [4] are direct manifestations of the electron wave nature. However, an
extension of this concept to more practical temperatures has not been achieved
so far. As molecules are nano-scale objects with typical energy level spacings (∼
eV) much larger than the thermal energy at 300 K (≈ 25 meV), they are natu-
ral candidates to enable such a break-through [5–11]. Fascinating phenomena
including giant magnetoresistance, Kondo effects and conductance switching,
have previously been demonstrated at the molecular level[12–18]. Here, we re-
port direct evidence for destructive quantum interference in charge transport
through two-terminal molecular junctions at room temperature. Furthermore,
we show that the degree of interference can be controlled by simple chemical
modifications of the molecule. Not only does this provide the experimental
demonstration of a new phenomenon in quantum charge transport, it also opens
the road for a new type of molecular devices based on chemical or electrostatic
control of quantum interference.

The wave nature of electrons is fundamental to our understanding of almost
all of chemistry. In fact, the very existence of molecular orbitals is a direct re-
sult of spatial confinement of electron waves. This in turn leads to pronounced
reactivity variation at different sites of molecules. The electron wave character
also plays a key role in mesoscopic physics, which studies quantum phenomena
in charge transport. For example, the conductance properties of mesoscopic ring
structures at low temperatures are dominated by quantum interference. If the
partial waves through both branches of the ring add up destructively (construc-
tively) a suppression (enhancement) of the conductance is observed. For certain
classes of molecular junctions, a similar effect is expected [6–11]. However, in
that case the picture of interference resulting from distinct spatial paths is no
longer valid. Instead, interference in a molecule must be described in terms of
electron propagation via paths of orbitals, differing not only in space, but also
in energy. Since the properties of molecular orbitals can be manipulated by
chemical design, quantum interference promises control over the conductance
of molecular devices at the wave function level. In fact, conductance tuning over
orders of magnitude at ambient temperatures comes within reach. Although
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variations in charge transfer rates within donor-bridge-acceptor molecules can
be explained in terms of interference [19, 20], only indirect indications for inter-
ference have been found in molecular conductance experiments [21, 22]. Here,
we provide unambiguous evidence for destructive quantum interference in two-
terminal molecular junctions.

6.2 EXPERIMENTAL DETAILS

To investigate the influence of quantum interference on molecular conduc-
tance properties, five rigid π-conjugated molecular wires are synthesized 1

(see capter 2). The first two molecules (AQ-MT and AQ-DT, left in figure 6.1
A) contain an anthraquinone-unit. This makes them cross-conjugated , note
that linear conjugation refers to a sequence of alternating single and double
bonds between both ends of an organic molecule [23, 24]. Cross-conjugation,
however, implies that the sequence of alternating single and double bonds be-
tween both ends of the molecule is broken, although all C-atoms have formed
double or triple bonds, i.e. all C-atoms are sp2 or sp hybridized. The AQ-MT
molecule is terminated by a protected thiol group at one side only (monothio-
lated: MT), whereas AQ-DT is dithiolated (DT). The third molecular wire (AC-
DT) contains a central anthracene-unit and is linearly conjugated. Otherwise it
is very similar to AQ-DT, e.g. both have a length of 24.5 Å. Finally, two linearly
conjugated reference compounds, oligo(phenylene-ethynylene)-monothiol and -
dithiol (OPE3-MT and OPE3-DT), are studied (see chapter 5). We stress that
apart from the thiols, all five molecules have the same phenylene-ethynylene
endgroups.

To measure transport, we first create self-assembled monolayers (SAMs) of
each molecule on thin Au layers (200 nm, Si-substrates). To obtain high-quality,
densely packed SAMs, we use a procedure established recently (Chapter 5) [25].
Next, a conducting atomic force microscopy (AFM) probe is brought in close
contact to a SAM. In this way, we can perform charge transport experiments
through the molecular layer, using the Au-covered substrate and the AFM-tip
as electrodes (figure 6.1B). We typically connect to a few hundred molecules,
while measuring current, I, versus bias voltage V [26]. However, the exact
number does vary. For this reason, we present our results in two-dimensional
(2D) histograms. Figure 6.1 C shows such a 2D-histogram for AC-DT. To con-
struct this plot, we have logarithmically binned the dI/dV -values (determined
numerically) for each bias applied (see chapter 5). This effectively results in a

1The molecules and the SAM are made by Hennie Valkenier and Kees Hummelen at the University
of Groningen
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FIGURE 6.1: Conductance measurements on molecular wires. A, chemical structure of the
molecules used. AQ-DT and AQ-MT are both cross-conjugated, whereas AC-DT, OPE3-DT and
OPE3-MT are linearly conjugated. AQ-DT, AC-DT and OPE3-DT are dithiolated and thus sym-
metric; AQ-MT and OPE3-MT are monothiolated. The colour code is also used in the following
figures. B, schematic view of the junction formed by the molecules self-assembled on a conducting
substrate (Au) and the conducting AFM tip (Au), C, logarithmically binned 2D-histogram for the
dI/dV -values vs. bias voltage V for AC-DT in Ω−1, the colour scale indicates the number of counts
(black: no counts; white: more than 40 counts) D, cross-section of the 2D-histogram shown in C
along the line AA’ (zero-bias conductance) resulting in a 1D-histogram (blue). Shown in red is the
1D-histogram for AQ-MT taken from Fig. 3a.
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sequence of 1D-histograms, plotted for each V. To illustrate this, figure 6.1 D
shows a cross-section of figure 6.1 C at V = 0 V (blue histogram; see dashed
line in figure 6.1 C). This is the zero-bias 1D-histogram for AC-DT [27]. Repre-
senting our data in 2D-histograms has two major advantages. First, it allows
us to show a full data set in one plot, without a need for either determining
an average curve or for data selection [27]. For completeness: I(V)-curves that
were either flat (no contact) or that showed direct contact are excluded from
figure 6.1 and 6.3. However, such curves represent a small minority of our data
(≈ 5%). Second, it enables us to distinguish general tendencies in dI/dV -curves
from statistical variations in the conductance values themselves. The latter are
inherent to molecular transport studies [26, 27]. Figure 6.1-C clearly illustrates
this advantage: a symmetric valley-like shape is seen for the full data range.
This shape is virtually independent of the conductance values, which do scatter
indeed (figure 6.1-D).

6.3 INDIRECT EVIDENCE FOR INTERFERENCES

Figure 6.1-D compares the zero-bias conductance histograms for both AQ-DT
(red) and AC-DT (blue). Interestingly, AQ-DT exhibits conductance values

that are almost two orders of magnitude lower than those of AC-DT. This is
quite remarkable, since the energy difference between the HOMO and LUMO
levels is very similar for these molecules (HOMO: highest occupied molecular
orbital; LUMO: lowest unoccupied molecular orbital). From UV-Vis measure-
ments, we find an optical HOMO-LUMO gap of 2.88 eV for AQ-DT and 2.90
eV for AC-DT. Our calculations yield fundamental HOMO-LUMO gaps of 4.23
eV and 4.61 eV, respectively 2. Note that the optical gap and the fundamental
gap differ by the electron-hole interaction. Furthermore, figure 6.1-D cannot
be trivially explained from a weaker coupling of AQ-DT to the AFM-tip, since
the endgroups of both molecules are exactly the same. As we shall elaborate
on below, the large difference in conductance is instead indicative of destruc-
tive interference in the AQ-DT junctions. In figure 6.2-A we present calcula-
tions of the energy-dependent transmission function, T(E), for junctions con-
taining AC-DT, AQ-DT, and AQ-MT. This function describes the quantum me-
chanical probability that an electron with energy E traverses the molecular
junction. Once T(E) is known, the I(V )-curves can be calculated using Lan-
dauer’s formula (Appendix C). In particular, the low bias conductance is given
by dI/dV (V = 0)= 2e2/h·T(E = EF ). For a molecular junction, T(E) typically ex-

2The calculations are performed by Troels Markussen and Kristian Thygesen at the Danish Tech-
nical University in Copenhagen
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hibits peaks around the orbital energies, where electrons can tunnel resonantly.
In the energy gaps, T(E) is normally rather featureless, as exemplified by AC-
DT in figure 6.2-A. However, for AQ-DT and AQ-MT, T(E) exhibits a strong dip
or ’anti-resonance’. This feature is a result of a Fano-like [28, 29] destructive
interference [6–11]. To reveal the origin of the anti-resonance, we transform the
frontier molecular orbitals into an equivalent set of maximally localized molec-
ular orbitals (LMOs)[9]. The upper part of figure 6.2-D shows the three relevant
LMOs obtained for AQ-DT. Two are localized on the left and right parts of AQ-
DT, respectively. These LMOs have the same energy and correspond essentially
to the sum and difference of the almost degenerate HOMO and HOMO-1 (fig-
ure 6.2-A). The LMO localized in the center of AQ-DT is essentially the LUMO
and has a higher energy. It is now clear that an electron with an energy, E,
lying inside the HOMO-LUMO gap can traverse the molecule via two distinct
paths: either directly from the left to the right LMO or by going via the ener-
getically higher LMO (arrows in figure 6.2-D). It can be shown that the upper
and lower routes yield a phase difference of π within the HOMO-LUMO gap,
i.e., the partial waves interfere destructively (Appendix C). Consequently, T(E)
shows a strong minimum at the energy where the partial waves have equal
weight. Figure 6.2-C illustrates this, by showing T(E) calculated for the lower
and upper routes separately, as well as for the combined three-site model. Note
the similarity to figure 6.2-A. For AC-DT, the HOMO is well separated from the
HOMO-1. Hence, a transformation to LMOs leads to only two, left and right
localized, orbitals (figure 6.2-B). As there is only a single path available, no
interference effects occur for AC-DT.

Note that quantum interference is only possible if the processes are phase
coherent,so one may wonder if it is possible to observe this phenomenon at
room temperature? First of all it is known in organic chemistry that the para-
and meta- substitutions are responsible for different reactivities for reactions at
room temperature, which is related to interferences. This is also found in room
temperature transport measurements with molecules including para or meta
connections on a phenyl ring [21, 30]. Moreover calculations predict that de-
coherence effects induced by electron-phonon interaction due to the finite tem-
perature do not destroy the destructive interference in model cross-conjugated
systems at room temperature [31–33]. One intuitive explanation is that we are
in the strong coupling regime (see chapter 1) meaning that the electron resi-
dence time on the electronic levels is too short to interact with the phonons.
Alternatively the distance needed over which the electron should be phase co-
herent is limited to the central part of the quinone moiety (or the phenyl ring
in the para/meta case).

We now compare the calculations with the experiments in figure 6.1-D. In
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FIGURE 6.2: Origin of interference in cross-conjugated molecules. A, Transmission func-
tions T(E) for AC-DT (blue), AQ-DT (red) and AQ-MT (purple) calculated with DFT+Σ. The vertical
bars mark the energies of the frontier orbitals HOMO-1, HOMO (left side) and LUMO (right side).
The lower part of B and D pictures schematic transport models derived from the localized molecu-
lar orbitals presented in the upper parts. In the three-site model shown in D, there are evidently
two routes through the molecule: a lower route directly from the left to the right site and an upper
route via the central orbital. Panel C shows T(E) for the lower (dotted line) and upper route (dashed
line). A coherent addition of the transmission probability amplitudes from the two paths, with a
phase difference of π, yields the three-site transmission function (solid line). This reproduces the
essential features of A, for AQ-DT and AQ-MT..
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figure 6.2-A, the T(EF )-values are around two orders of magnitude lower for
AQ-DT than for AC-DT. This is in reasonable agreement with the strongly re-
duced conductance values for AQ-DT in figure 6.1-D. We thus have a first, indi-
rect evidence for interference in AQ-DT.

6.4 DIRECT EVIDENCE FOR QUANTUM
INTERFERENCE

To investigate this further, we inspect the full 2D-histogram of AQ-DT (figure
6.3-A). For the full voltage range, its dI/dV -values are dramatically lower

than those of AC-DT (figure 6.1-C). However, the 2D-histogram has a parabola-
like appearance similar to AC-DT, i.e. we observe no anomaly that can be con-
nected to the calculated transmission dip. Hence, although the surprisingly low
conductance of AQ-DT is most likely due to quantum interference, the evidence
is only indirect. This situation is comparable to the one in Refs. [21, 22]
Let us next consider AQ-MT molecules, which should also exhibit an anti-
resonance (figure 6.2-A). Figure 6.3-B shows the 2D-histogram of the dI/dV -
curves for AQ-MT. Remarkably, these data do show a clear anomaly at zero
bias voltage. In particular, the curvature of the dI/dV -traces in figure 6.3 B
is negative for all V (except around V = 0). What is equally striking in figure
6.3-B is the large voltage range over which the anomaly extends. Even up to
V = ±1 V, the dI/dV -curves are dominated by the minimum at V = 0 V. This
points to a characteristic energy scale of ≈ 1 eV, which corresponds well with
the width of the interference-induced dip in T(E) in figure 6.2-A. Moreover, this
large energy scale rules out Kondo effects and Coulomb blockade as possible
explanations for the anomaly. Coulomb blockade can also be ruled out via the
experimental data. If Coulomb blockade were the dominant effect behind fig-
ure 6.3-B, it should also be present in the other molecular junctions, which have
the same length and hence lead to roughly the same capacitance. However, no
anomaly is seen in figures 6.1-C and 6.3-A, 6.3-C and 6.3-D. Hence, figure 6.3-B
makes a strong case for quantum interference.

To further validate this interpretation, we calculate dI/dV -curves for AQ-
MT from T(E) (see Appendix C). A key role in these calculations is played by
the position of the anti-resonance in T(E) relative to EF . This position is diffi-
cult to predict theoretically. This is related to the well-known problems of the
applied methodology to describe energy level alignments and to the uncertainty
of the size of the surface dipoles in the experiments. At Au-S interfaces, charge
is transferred from Au to S, thus creating a surface dipole that shifts the molec-
ular levels upward in energy. This shift depends, among other factors, on the
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B). B, Similar calculation for OPE3-MT. Asymmetric curves and higher conductance values with
smaller variation are found, consistent with figure 6.3-D

surface density of molecules. The position of the anti-resonance is particularly
sensitive to such effects due to the low density of states in the HOMO-LUMO
gap. The computational limitation is illustrated best by comparing our calcu-
lations on AQ-DT (figure 6.2) with those in reference [22] (figure 5). In our
figure 6.2, the anti-resonance lies to the right of EF , whereas in reference [22],
it lies to the left. It is thus reasonable to treat the position of the transmis-
sion minimum as a free variable within a limited energy window. In figure
6.4-A, we display dI/dV -curves for AQ-MT, calculated for three cases: no en-
ergy shift (compared to figure 6.2-A) and shifts of ±0.5 eV. We take into account
that AQ-MT molecules are probed asymmetrically. For a shift of −0.5 eV, the
calculated dI/dV -characteristic is in remarkable agreement with the measured
curves in figure 6.3 B. First, the V-like shape with negative curvature is repro-
duced. Second, the voltage scale and the range of dI/dV -values over which the
minimum extends agree. Finally, the dI/dV -curves are nearly symmetric in
both calculation and experiment. The latter is indeed noteworthy, since AQ-MT
is contacted asymmetrically. The symmetry in figure 6.3-B must therefore be
a consequence of T(E) being symmetric around EF or, equivalently, of EF lay-
ing near the interference minimum. To independently confirm that monothiols
are asymmetrically coupled, we measured dI/dV -curves for OPE3-DT (figure
6.3-C) and OPE3-MT (figure 6.3-D). As expected, symmetric data are obtained
for OPE3-DT, whereas asymmetric dI/dV -curves are found for OPE3-MT (see
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figure 6.4-B for calculations). Moreover in reference [34], Kim and co-workers
observed linear I(V) curves around zero bias for oligoacene molecules (similar
to the central part of ACDT) for both mono- and di-thiols which results in a
parabolic shaped dI/dV as shown above. This reinforces the idea that the ob-
served dip in the dI/dV is not caused by the monothiolated character of the
molecules but truly a characteristic of the AQ molecules. Hence, we conclude
that figure 6.3-B constitutes direct evidence for quantum interference in AQ-
MT molecular junctions.

There is still the question why AQ-DT does not show a V-shaped dI/dV -
curve, while its conductance is strongly suppressed. This is explained by the
fact that AQ-DT junctions comprise two Au-S dipoles, whereas AQ-MT junc-
tions have only one. Hence, in AQ-DT, the transmission dip is shifted to higher
energies than in AQ-MT, i.e. it lies above EF . In that case, no anomaly shows
up in dI/dV -curves (see figure 6.4-A and Appendix C). Note that a higher ener-
getic position of the dip of AQ-DT, compared to AQ-MT, is also predicted by our
calculations (figure 6.2-A).

Now that we have direct evidence for quantum interference, the question
should be asked what is needed for a full proof. One of the experiments that
comes into mind is the use of a three-terminal junction set-up. Indeed the extra
electrode, the gate, could be used to shift the molecular levels and so also move
the interference dip in the transmission relative to the Fermi level. Indeed
we have seen above that the relative position of the interference dip in the
transmission function and the Fermi level are essential for the observation of
the dip in the dI/dV . In this way we could show that when the levels are
shifted for AQ-MT for example the characteristic dip in the dI/dV disappears.
Inversely we could move the dip of AQ-DT closer to the Fermi level to make the
dip in the dI/dV appear.

A second possible experiment is to look at the thermoelectric signature of
the destructive interferences. Indeed by applying a temperature gradient, ∆T,
between two electrodes contacting molecular species one can measure the ob-
tained thermo-voltage, ∆Vthermo[35]. It has been shown that the Seebeck coeffi-
cient, S =∆Vthermo/∆T is proportional to the slope of the transmission function
at the Fermi level as shown in equation 6.1.

S =−π
2k2

BT
3e

∂ ln(T(E))
∂E

∣∣∣∣
E=EF

(6.1)

As we can see in figure 6.5, we can relate the position and the sign of the See-
beck coefficient to the position of the Fermi level. For positive S, the Fermi level
is located at the HOMO side of the transmission, oppositely for negative S, EF
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FIGURE 6.5: Calculated transmission probability curves and Seebeck coefficient for AQ-
DT. A,transmission curves for AQ-DT calculated by DFT+Σ B, Corresponding Seebeck coefficient.
All calculations are performed by Troels Markussen from the Danish technical university.

is located at the LUMO side of the transmission. The value of the measured
S does determine the distance to the dip. Thermoelectric measurements make
the determination of the Fermi level position possible.

Finally, we note that a magnetic field can not be practically used to manip-
ulate the phase of the electrons and hence the interference.
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6.5 CONCLUSIONS

In summary, our charge transport data on cross-conjugated anthraquinone
derivatives are fully consistent with destructive interference in molecular

junctions. The interference effects are intimately linked to the shapes and en-
ergies of the molecular orbitals and can thus be controlled by chemical design.
The fact that interference in molecules is present at room temperature opens
the road to a new type of molecular devices. Specifically, these include inter-
ference controlled molecular switches with very large on-off ratios[18, 23] and
novel thermoelectric devices, with thermopower values tunable in magnitude
and sign[36].
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A
HOW TO SYNTHESIZE

SUPERIOR GOLD
NANOPARTICLES

A.1 INGREDIENTS
Serves 100 ml gold nanoparticles in water with approximatelly 1013 particles.ml−1

(stock solution). To transfer the nanoparticles to a chloroform solution we use
10 centrifuge tubes of 1 ml. Takes ≈ 1

2 day.

• 79 ml ultra-pure water (18.2 Ω.m−1)

• 1 ml HAuCl4 solution (1% weight/volume in ultra-pure water)

• 80 µl tannic acid solution (1% weight/volume in ultra-pure water)

• 4 ml trisodium citrate (1% weight/volume in ultra-pure water)

• 16 ml ultra-pure water

• 0.194 ml octanethiol

• 22 ml ethanol (Ar flushed)

• 8 ml chloroform
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• 2 Erlenmeyer

• 1 magnetic stirrer

• 1 heating plate with magnetic stirrer

• 10 eppendorf centrifuge tubes (2 ml)

• 1 centrifuge

• 1 water-cooled ultrasonic bath

• 1 glass vial

• water-cooled reflux

• nitrogen flushed glove box

A.2 GOLD NANOPARTICLES IN WATER
• In one Erlenmeyer mix the HAuCl4 solution with the 79 ml water and

heat up to 60◦ C on the heating plate.

• In the other Erlenmeyer mix the tannic acid, the trisodium citrate and
the 16 ml water and heat as well up to 60◦ C on the heating plate.

• When both solutions are at 60◦ C, mix the two solution using the magnetic
stirrer and bring to boiling point with the reflux connected.

• Keep boiling for 10 minutes. The solution will turn from blue purple to
rubby red.

• Let the solution cool down to RT while stirring.

• This solution of nanoparticles in water is stable for month in the refriger-
ator.

A.3 GOLD NANOPARTICLES IN CHLOROFORM
• Divide 20 ml gold NP solution into 10 centrifuge tubes

• Centrifuge for 60 minutes, at 10 ◦ C at 15000 rpm

• While centrifuging make the octanethiol solution in ethanol (0.14 M). Mix
0.194 ml octanethiol in 8 ml ethanol in the glove box.
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• Remove the suppernattant (water) from the centrifuge tubes.

• Add 1.5 ml ethanol (nitrogen flushed) into each tube and shake.

• Collect the solution from all the tubes into a glass vial. Put in the ultra-
sonic bath for 10 seconds.

• Add the octanethiol solution to the vial at once. Put in the ultrasonic bath
for 10 seconds. Keep in refrigerator for at least 2 days.

• Once the nanoparticles are sedimented (black residue on the bottom of
the vial), remove the ethanol and replace with the chloroform. Put in the
cooled ultrasonic bath for 1 hour (recovered ruby red colour).

• The nanoparticles are ready to use, enjoy!





B
THE SIMMONS MODEL

Full formulation of the Simmons formula. According to ref [1], a full ex-
pression for the current density, J, through a barrier between two similar metal
electrodes over the entire voltage range is given by:

J = c{Ã+ B̃+ C̃}

c = 4πme
h3

Ã = eV
∫ η−eV

0
exp(−A

√
η+ φ̄−Ex)dEx

B̃ = −φ̄
∫ η

η−eV
exp(−A

√
η+ φ̄−Ex)dEx

C̃ =
∫ η

η−eV
(η+ φ̄−Ex)exp(−A

√
η+ φ̄−Ex)dEx.

Here, A = (4π∆s/h)
p

2m, where ∆s = s2 − s1 is the width of the barrier at the
Fermi energy of the metal and φ̄ is the average barrier height. In ref [1], parts
of the integrands are neglected. The consequence of this is that for small A
and/or small φ, the commonly used Simmons expression gives unphysical re-
sults. Below, we calculate the full integrands.
Ã and B̃ are of the same form:

−
∫ e2

e1

exp(−A
√
η+ φ̄−Ex)d(−Ex)> 0
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By substituting y2 = η+ φ̄−Ex and d(−Ex) = d(η+ φ̄−Ex) = d y2 = 2yd y, this
becomes:

−
∫ y2

y1

exp(−A y) ·2yd y

Here, y1,2 =
√
η+ φ̄− e1,2. These integrals can be solved by partial integration

[1]. Boundaries for Ã are e1 = 0, e2 = η−eV , y1 =
√
η+ φ̄, y2 =

√
φ̄+ eV , yielding:

Ã = 2eV
A2 {(A

√
φ̄+ eV +1)exp(−A

√
φ̄+ eV )− (A

√
η+ φ̄+1)exp(−A

√
η+ φ̄)}.

Boundaries for B̃ are e1 = η− eV , e2 = η, y1 =
√
φ̄+ eV , y2 =

√
φ, yielding:

B̃ = φ̄ 2
A2 {(A

√
φ̄+1)exp(−A

√
φ)− (A

√
φ̄+ eV +1)exp(−A

√
φ̄+ eV )}.

Like Ã and B̃, C̃ can again be solved by substituting y2 ≡ η+φ̄−Ex and d(−Ex)=
d(η+ φ̄−Ex) and partial integration.

C̃ = −2
∫ y2

y1

y3exp(−A y)d y

Boundaries for C̃ are e1 = η− eV , e2 = η, y1 =
√
φ̄+ eV , y2 =

√
φ̄, so that:

C̃ = 2
A

{(φ̄3/2 + 3
A
φ̄+ 6

A2

√
φ̄+ 6

A3 )exp(−A
√
φ̄)

−((φ̄+ eV )3/2 + 3
A

(φ̄+ eV )+ 6
A2

√
φ̄+ eV + 6

A3 )exp(−A
√
φ̄+ eV ))}

Taking all integrals together, we can calculate J. Note that for relatively high
and/or thick barriers, i.e. if A

√
φ± eV À 1, the full expression for J reduces to

eq. (26) of reference [1]:

J = J0{(φ− eV /2)exp(−A
√
φ− eV /2)−

(φ+ eV /2)exp(−A
√
φ+ eV /2)}.

where, J0 = e/(2πhs2).
Figure 1 shows Vm versus 1/d for each of the three equations mentioned above;
eq. 26 of ref [1], (black), eq. 1 (Stratton) in the main text (blue) and the full
Simmons expression (red). For thick barriers all three collapse on a single line.
The maximum deviation between the three is in the order of a few percent for
thin barriers (around d = 5Å). These differences are negligible compared to the
spread in the experimental data as discussed in the Letter.
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C
COMPLEMENTARY

INFORMATION ON CHAPTER
6

C.1 FORMATION AND ANALYSIS OF THE SELF
-ASSEMBLED MONOLAYERS

Self-Assembled Monolayers (SAMs) of the acetyl-protected mono- and dithiols
were grown from solutions with triethylamine as deprotecting agent, which
promotes the formation of high-quality and densely-packed SAMs, as recently
showed for acetyl-protected OPE dithiols and monothiols[1]. Due to the low sol-
ubility of the AC- and AQ-compounds in THF, these SAMs were grown from 0.5
mM solutions in chloroform (Aldrich, anhydrous, =99%, stabilized by amylenes)
with 10% (v/v) triethylamine (Fisher, HPLC grade, degassed) added. The SAMs
of the OPE mono- and dithiol were grown from 0.5 mM solutions in dry THF,
with 10% (v/v) triethylamine added. All solutions and SAMs were prepared in-
side a glovebox filled with nitrogen (<5 ppm O2). We used freshly prepared sam-
ples of 150 nm gold on mica for the ellipsometry and XPS studies, and freshly
prepared samples of 5 nm chromium and 200 nm gold thermally deposited on
a silicon wafer for the CP-AFM studies. Samples were immersed upside down
for two nights in about 3 mL solution. After this immersion time, the samples
were taken from solution, rinsed three times with clean THF, and dried on the
nitrogen atmosphere in the glovebox.
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Ellipsometry measurements were performed using a V-Vase from J. A. Wool-
lam Co., Inc. in air. Measurements were acquired from 300-800 nm with an
interval of 10 nm at 65, 70, and 75 ◦ angle of incidence. For every set of ex-
periments a fresh gold-on-mica sample was measured at three or four different
spots. The data from these measurements were merged and the optical con-
stants were fitted. For every SAM three spots were measured and the thickness
of a cauchy layer (n=1.55, k=0 at all λ) on top of the gold layer was fitted and
averaged over the three spots.

X-ray Photoelectron Spectroscopy (XPS) measurements were performed on
a X-PROBE Surface Science Laboratories photoelectron spectrometer with a
Al Ka X-ray source (1486.6 eV) and a takeoff angle of 37ž. We accumulated
20 scans for S2p, 10 for C1s, 10 for O1s, 15 for N1s, and 5 for Au4f. All re-
ported data are averaged over four different spots per sample and presented
in table C.1. WinSpec1 was used to fit the recorded data with a background
and minimum number of mixed Gaussian-Lorentzian singlets (C1s, N1s, O1s)
or doublets (Au4f; ∆=3.67 eV, S2p; ∆=1.18 eV) with a width of 1.21 eV.

Molecular
wire

Au4f
(84
eV)

C1s
CxHx
(283
-287
eV)

C1s
C=O
(288
eV)

S2p
S-Au
(162
eV)

S2p
S-R
(164
eV)

O1s
(532
eV)

Normalized
intensi-
ties C1s
per C-
atom

AC-DT 7515 1343 39 19 84 57 43
AQ-DT 7564 1017 73 18 55 102 36

TABLE C.1: Composition of the SAM’s: X-ray photoelectron spectroscopy measurements. The inte-
grated intensities are divided by the sensitivity factor: 1 for C1s, 1,79 for S2p and 2,49 for O1s

We determined the thicknesses of the SAMs from our XPS results by two
different methods: A) from the ratio between the carbon and the gold signals[2]
and B) from the attenuation of the gold signals[3].
Method A. Thicknesses of the SAMs(dCS) are determined from the ratio of the
areas of C1s and Au4f peaks by equation C.1 with λAu = 31 Å, λC = 27 Å, dC =
dCS − 1.8 Å(dC is the thickness of the hydrocarbon layer without the thiolate);
k is estimated to be 0.15 from XPS measurements on a SAM of undecanethiol

1WinSpec 2.09, developed at Laboratoire Interdépartemental de Spectroscopie Electronique, Na-
mur, Belgium
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on gold. We determined dCS from IC /IAu by an iterative numerical approach.

Ic

IAu
= k

1−exp(−dc
λC

)

exp(−dCS
λAu

)
(C.1)

Method B. Thicknesses (d) are determined from the attenuation of the Au4f
signal by equation C.2 with Au0 = 109754, λ = 42 Å, and θ = 37ř.

IAu = IAu0 exp(
−d

λsinθ
) (C.2)

We found a good agreement between the length of the molecules and the
thickness of the SAMs, indicating the formation of densely-packed monolayers
in which the molecules are oriented nearly perpendicular to the gold substrate
surface.

Molecular
wire

Lengtha

(Å)
Ellipsometry
(Å)

XPS
method
A (Å)

XPS
method
B (Å)

Weighed
Averageb

(Å)
AC-DT 24.49 28.6∗ 24.1 27.1 25
AQ-DT 24.49 21.7 20.1∗∗ 26.9 24
OPE-DT 20.14 19.7 17.5 17.8 19

TABLE C.2: a: The distance from S- to S-atom as obtained by DFT calculations.
b: The thicknesses as obtained by ellipsometry and XPS are averaged. The absolute values obtained
from XPS by method A are considered more accurate than those obtained by method B and therefore
weighed twice as strong. Identical weights were used for ellipsometry and XPS (methods A and B
combined).
*: The value for AC-DT as determined by ellipsometry is not included in the average, since this
large (highly reproducible) value is likely to be caused by the optical absorption of this compound
in the range of the ellipsometry measurement.
**: The value for AQ-DT as determined by XPS method A is not included in the average, because
the oxygen atoms from the anthraquinone core do attenuate the Au signal, but do not contribute to
the carbon signal, underestimating the actual thickness.

The SAMs of the monothiolated molecular wires were measured by ellipsom-
etry. The thickness of the SAMs was 17.5 Åfor AQ-MT and 20.5 Åfor OPE-DT.

From the XPS data, the ellipsometry measurements and DFT calculations
we find a densely packed, upright standing SAM for AQ-DT and AC-DT.

C.2 DATA ANALYSIS
The current-voltage data gathered for each sample are put together and ana-
lyzed further using a MatLab code. For the figures in the main text, around 95
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% of the measured curves are used. A small number of curves have been re-
moved. The curves showing no contact with molecules i.e. below the noise level
of our set-up (typically ≈ 100 pA) are removed from our data set. In fact this is
the case when no contact is formed with the SAM. Additionally we removed the
curves presenting saturation, indicating direct contact between the tip and the
gold bottom electrode. In figureC.1 we show typical single I(V) curves of data
kept and removed. table II summarizes the amount of removed data, which is
typically as little as 5 % of the data.
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FIGURE C.1: a, typical I(V) curve kept in our data set for AQ-MT, b, typical I(V) curve below
detection limit of our set-up, c, typical I(V) curve showing saturation of the current amplifier for
AQ-MT.

Molecule number of curves number of curves rejected % rejected
AC-DT 1979 98 4.9 %
AQ-DT 2502 107 4.3%
AQ-MT 2884 251 8.7%

OPE3-DT 621 32 5.1%
OPE3-MT 1574 65 4.1%

TABLE C.3: table showing the amount of curves disregarded due to no contact or saturation for the
different molecules measured

Second the remaining I(V) curves are smoothed with a local regression us-
ing weighted linear least squares and a 2nd degree polynomial model. Next
we take a numerical derivative of the current relative to the voltage (dI/dV).
Finally we construct a 2D histogram of these dI/dV values by logarithmically
binning them for each bias voltage and plotting them next to each other. This
will result in a 3D graph with on the x-axis the bias voltage, on the y-axis the
log (dI/dV) and on the z-axis (in colour scale) the number of counts. Such a 2D
histogram can be seen as a collection of traditional 1D conductance histograms
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for different bias voltages. In figureC.2 we show such 2D histogram for AQ-MT
for both the full data set (figureC.2a) and the partial data set (figureC.2b). It is
clear from this comparison that removing the contacted and saturated curves
makes the picture more clear. However in the full data set plot the trend in the
dI/dV curve is still easily distinguishable. We also refer to the section Supple-
mentary Figures, where we display raw I(V)-curves, both as an ensemble and
individually, and present alternative methods of analyzing the data.
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FIGURE C.2: dI/dV (Ω−1) 2D histogram for AQ-DT a, without data rejected and b, with data
rejected i.e. the curves with no contact and the saturated curves
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C.3 CALCULATIONS
Below we present our conductance calculations in more detail. Furthermore,
we elaborate on the relationship between the transmission function T(E) and
dI/dV -curves.

C.4 TRANSMISSION CALCULATIONS
The conductance is calculated using DFT in combination with a non-equilibrium
Green function (NEGF) method as described in Ref. [4]. Our DFT-NEGF method
is implemented in GPAW, which is a real space electronic structure code based
on the projector augmented wave method [5, 6]. We use the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [7], and a 4×4 k-point sam-
pling in the surface plane. The electronic wave functions are expanded in an
atomic orbital basis [6]. All atoms are described by a double-zeta plus polar-
ization (dzp) basis set. We initially relax the molecule and the two closest Au
layers until the forces on the atoms are less than 0.05 eV/Å. In the relaxed con-
figuration, the S-atoms bind to Au at a bridge site slightly shifted toward the
hollow site.

Following the standard DFT-Landauer approach, we calculate the zero-bias
transmission function,

T(E)=Tr[Gr(E)ΓL(E)Ga(E)ΓR(E)], (C.3)

with Gr(E)= (ES−H−ΣL(E)−ΣR(E))−1 being the retarded Green’s function for
the junction (scattering region) described by the single-particle Hamiltonian
H and overlap matrix S, and where the semi-infinite electrodes are included
through left and right self-energies, ΣL,R(E). The advanced Green’s function
Ga(E)= (Gr(E))†, and ΓL,R(E)= i(ΣL,R(E)−ΣL,R(E)†). The low-bias conductance
can finally be obtained from the Landauer formula, G = (2e2/h)T(EF ), where
EF is the Fermi energy.

The DFT transmission for AC-DT, AQ-DT, and AQ-MT is shown in fig-
ureC.3.

C.5 CORRECTION OF HOMO-LUMO GAP
It is well known that DFT is unable to accurately describe energy gaps and level
alignment of molecules at surfaces [8]. To correct for this inability we use a
self-energy correction scheme (DFT+Σ) that has recently been shown to predict
conductance values in good agreement with single-molecule experiments [9, 10].
In the DFT+Σ approach we initially correct the gas phase HOMO-LUMO gap.
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FIGURE C.3: Transmission function vs. energy calculated with with standard DFT + NEGF meth-
ods. The vertical bars mark the HOMO and HOMO-1 (to the left) and LUMO (to the right) positions.
The qualitative shapes of the transmission functions are the same as for the DFT+Σ results shown
in the main text, Fig. 2 (a)

This is done by calculating the ionization potential (IP) and electron affinity
(EA) from total energy calculation:

IP = E(+e)−E(0) (C.4)

EA = E(0)−E(−e), (C.5)

where E(0) is the total energy of the neutral molecule, E(+e) is the energy of the
molecule with one electron removed (i.e. positively charged), and E(−e) is the
total energy of the molecule with one extra electron on it. The gas phase HOMO-
LUMO gap is calculated as ∆E =IP-EA. The calculated values are shown in
tableC.4. εLUMO, corresponding to the highest occupied and lowest unoccupied
eigenstates. As shown in tableC.4, the corresponding HOMO-LUMO gaps, ∆ε,
are significantly lower than the ones calculated from total energies, and the
self-energy correction should thus shift the occupied states down in energy and
the unoccupied states up in energy thereby opening the gap. When a molecule
is brought close to a metallic surface, image charge interactions will further
change the energy levels resulting in a shift of the occupied levels up in energy
and the unoccupied states down in energy. From a simple electrostatic model [9]
we get that the electrostatic interactions closes the HOMO-LUMO gap of AC-
DT and AQ-DT by ∆q = 1eV in total: 0.5 eV upward shift of the occupied and
-0.5 eV downward shift of the unoccupied states. The electrostatic interaction is
slightly larger for the OPEs because they are shorter, and we get a gap closing
of ∆q = 1.2eV in total. The resulting shifts of occupied states is then

Σocc =−IP −εH +∆q/2 (C.6)
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IP EA ∆E εH εL ∆ε Σocc Σunocc T0(EF ) TΣ(EF )
AC 6.20 1.59 4.61 -4.87 -3.08 1.79 -0.83 0.99 7.1 ·10−3 0.5 ·10−3

AQ-DT 6.44 2.21 4.23 -5.42 -3.84 1.58 -0.52 1.13 4.6 ·10−5 1.1 ·10−5

AQ-MT 6.73 2.21 4.52 -5.46 -3.87 1.59 -0.77 1.16 8.3 ·10−6 5.7 ·10−7

OPE-DT 6.45 1.22 5.23 -4.99 -2.78 2.21 -0.86 0.96 1.6 ·10−2 1.7 ·10−3

OPE-MT 6.64 1.19 5.46 -5.08 -2.79 2.29 -0.96 1.01 6.2 ·10−4 5.5 ·10−5

TABLE C.4: Ionization potential (IP), electron affinity (EA), and corresponding HOMO-LUMO gap,
∆E, obtained from total energy calculations. Kohn-Sham HOMO, εH , LUMO, εL energy and cor-
responding gap, ∆ε. In the DFT+Σ method, the occupied (unoccupied) states are shifted by Σocc (
Σunocc). T0(EF ) is the pure DFT transmission values at the Fermi energy and TΣ(EF ) is the value
obtained with the DFT+Σ approach. All energies are given in units of eV.

and of the unoccupied states

Σunocc = EA+εL −∆q/2. (C.7)

The calculated values are shown in tableC.4. When comparing the DFT+Σ
transmissions in the main text, Fig. 2(a) with the pure DFT results in figureC.3
we see that the effect of Σ merely is to shift the occupied states down in energy
and the unoccupied states up in energy. While the qualitative behaviour and
the shape of the transmission functions are relatively unchanged the overall
magnitude and quantitative details are changed. Previous studies [9, 10] have
shown that DFT+Σ yields better agreement with experiments.

figureC.4 shows the OPE transmissions calculated with the DFT+Σmethod.
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FIGURE C.4: Transmission function calculated with DFT+Σ for OPE-DT and OPE-MT.

C.6 DI/DV CURVES
We calculate current-voltage relations from the low-bias transmission function.
As discussed in the main text, we allow for an energy shift∆E of the Fermi level.
We also allow for an asymmetric voltage drop at the left and right electrodes de-
scribed by the parameter η. Based on previous finite bias DFT calculations[11]
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on similar molecules, we use an estimated value of η = 0.6 for all the mono-
thiols. The main conclusions are, however, independent of this specific choice.
For the di-thiols we assume a symmetric voltage drop with η= 1/2.

The current is calculated as

I(V )= 2e
h

∫ ∞

−∞
T(E+∆E)

{
fL[Vη]− fR[V (η−1)]

}
dE, (C.8)

where fL/R(V )= 1/[exp(EF + eV )/kBT +1] are the Fermi-Dirac distributions
for the left and right contact. The dI/dV curves are found by differentiation of
(C.8). Results for AQ-MT and OPE-MT are shown in the main text (Fig. 4),
while dI/dV curves for AQ-DT, AC-DT, and OPE-DT are shown in figureC.5, for
various values of ∆E.
The most important case is that of AQ-DT (left panel). Let us extend the dis-
cussion at the end of the main paper while inspecting figure C.5. Just like for
AQ-MT (see Fig. 4a), we see that for AQ-DT, the shape of the dI/dV curves
depends strongly on the energy shift ∆E. For ∆E = −0.7 eV, the calculations
of dI/dV yield a clear zero-bias anomaly for AQ-DT. The reason is that in that
case, the dip in the transmission function T(E) lies very close to the Fermi level
(in the section below, we go into this more generally). However, for other values
of ∆E, the shape of the dI/dV curves tends towards a parabola-like curve. The
latter is in correspondence with our measurements in Fig. 3a, where we find
a strongly suppressed conductance for AQ-DT (with respect to AC-DT), but no
zero-bias anomaly. In other words, although both AQ-DT and AQ-MT exhibit
quantum interference, the zero-bias anomaly is only visible for AQ-MT, since
for that molecule the transmission dip is much closer to EF .
Of course, we need to consider the question why the transmission minimum is
shifted to different positions for AQ-DT and AQ-MT. This is explained by the
fact that AQ-DT junctions comprise two Au-S dipoles, whereas AQ-MT junc-
tions have only one. The accompanying charge transfer results in a higher
upward energy shift for the transmission function of AQ-DT than for AQ-MT
(by ≈ 0.2 eV in our calculations). Hence, in AQ-DT, the transmission dip is posi-
tioned more above EF . Consequently, no anomaly shows up in dI/dV -curves as
illustrated in figure C.5. Interestingly, the inherent difference in charge trans-
fer for AQ-DT and AQ-MT implies that it is very unlikely to see a zero-bias
anomaly in the dI/dV -curves of both AQ-DT and AQ-MT.
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FIGURE C.5: dI/dV -curves calculated from the transmission function shifted by ∆E = 0.0 eV ∆E =
0.5 eV and ∆E = −0.5 eV, relative to the Fermi energy. In the case of AQ-DT (left panel), we
also show the result for ∆E =−0.7 eV to illustrate that a dI/dV dip similar to that experimentally
seen for AQ-MT could in principle be observed for AQ-DT, with a larger energy shift. In order
to simulate the experimental situation with multiple molecules in contact with the AFM tip, the
DFT+Σ transmission functions have been multiplied by a factor of 100.

C.7 RELATIONSHIP BETWEEN DI/DV CURVES AND
THE POSITION OF THE MINIMUM IN T(E)

In the previous section, we stated that an anti-resonance in T(E) leads to an
anomaly in dI/dV only if this anti-resonance is situated near the Fermi level.
Here, we discuss this relationship further, first mathematically, then with a
model calculation.
Mathematically, the relation between dI/dV and T(E) can be written (using the
Landauer formula at T = 0K) as:

dI
dV

= 2e2

h
(ηT(EF +ηeV )+ (1−η)(T(EF − (1−η)eV ))) (C.9)

where η expresses the symmetry of the junction (η = 0.5 for a symmetric
junction). As a first consequence, symmetric dI/dV -curves are necessarily ob-
tained for symmetrically coupled molecules, irrespective of the (a)symmetry of
T(E) around the Fermi level EF . This is easily seen by inserting η= 0.5 into the
formula above, and interchanging +V and -V.
Indeed, from eq. C.9, we can also see that if the dip in T(E) is located at or
near EF , the dI/dV -curves will show a zero-bias anomaly. However, if the anti-
resonance of T(E) does not lie close to EF , no dip will be observed in dI/dV . To
understand this, let us suppose the transmission dip is significantly above EF ,
at a distance δE. Then, it will come inside the bias window at a bias voltage



155

{{C

eV = δE/η. At this voltage, the first term in the expression will obviously be-
come very small. However, there is still the second term (the negative border of
the bias window), which will not be small at all (cf. Fig. 2a and note the logarith-
mic scale). Hence, the second term will dominate the conductance and the dip
is washed out. We note that this reasoning also holds if the dip in T(E) is below
EF , provided the molecular junctions are nearly-symmetrically coupled. Only if
the asymmetry is very strong (η= 0 or η= 1), one could probe a dip at non-zero
biases. However, this limit is only attained under strong tunnelling conditions
and it is not relevant for the junctions considered here. For our experiments, we
have η between symmetric (0.5, for dithiols) and moderately asymmetric (0.6,
monothiols).

To further illustrate this, we make use of a model tight binding calculation
of T(E). In figureC.6 (left panel), we show three transmission functions, that
differ only by a shift in energy. Three cases are chosen: one in which the min-
imum of T(E) is exactly at EF (red), one where it is 0.4 eV below EF (black),
and one where it is 0.2 eV above EF . The peaks where T(E) = 1 correspond to
the position of the HOMO and LUMO resonances. The resulting dI/dV -curves
are shown in the right panel of figureC.6 (same colour coding). These dI/dV -
curves have been calculated from formula (C.8) using asymmetry parameters of
η= 0.5 (full line) and η= 0.6 (dashed line). These values correspond to voltage
drop occurring symmetrically and slight asymmetrically over the molecule, re-
spectively. The symmetric choice applies to our dithiol bonded jucnctions while
the slightly asymmetric corresponds to our monothiol bonded junctions. The
value η= 0.6 is estimated on basis of first-principles finite bias calculations for
similar molecular junctions [11].

It is clear from figureC.6 that the characteristic V-shape in the dI/dV, ob-
served for AQ-MT in Fig. 3 of the main paper, only appears when the transmis-
sion node is positioned close to the Fermi energy. When the transmission node
appears below or above the Fermi energy, the shape of the dI/dV is parabola-
like, similar to that observed for the conjugated molecules OPE3 and AC, see
Figs. 3c-d and Fig. 1c. This shows that the presence of QI is a necessary but
not a sufficient condition for observing a dip in the dI/dV curve. In particular
it shows that in cases where the transmission dip lies away from the Fermi en-
ergy, destructive QI would reveal itself as a strong reduction of the numerical
value of the conductance rather than a qualitative effect on the dI/dV -curve.
This is indeed what we observe experimentally for AQ-DT.
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FIGURE C.6: Left panel: Calculated transmission function for a model tight binding calculation.
The three curves shown are similar, but the transmission minimum is shifted in energy with respect
to EF , i.e., by −0.4 eV (black), 0 eV (red) and +0.2 eV (blue), respectively. The right panel shows
the corresponding dI/dV curves (same colour coding). They have been obtained from equation C.8
assuming a symmetric junction with η= 0.5 (full line) and slightly asymmetric junction with η= 0.6
(dashed line), respectively.

C.8 3-SITE MODEL
We shall now show that the two different paths in the three site model have a
phase difference of π, and thus contribute with different signs. The three-site
model derived from localized molecular orbitals (LMOs) is shown in figure C.7
with the LMO on-site energies and hopping parameters indicated.
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FIGURE C.7: Three-site model with on-site energies and hopping parameters indicated. For the
calculations in Fig. 2 in the main text we use ε0 =−1.2eV, ε1 = 2.1eV, α= 0.04eV, β= 0.24eV, and
γ= 0.4eV.[12]

Since only the left and right orbitals couple to the left and right electrodes,
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respectively, the coupling matrices ΓL,R in Eq. (C.3) have the shapes

ΓL =
 γ 0 0

0 0 0
0 0 0

 , ΓR =
 0 0 0

0 γ 0
0 0 0

 , (C.10)

where we have assumed that the coupling is energy independent (the wide band
limit approximation). From the general transmission formula (C.3) we then get

T(E)= γ2|G12(E)|2, (C.11)

so the transmission is determined by the (1,2) matrix element of the Green’s
function. Physically this quantity describes the propagation of an electron from
site ’1’ (left) to site ’2’ (right). The 3-site Hamiltonian may be written as H =
H0 +V, where

H0 =
 ε0 0 0

0 ε0 0
0 0 ε1

 (C.12)

is the on-site Hamiltonian and

V=
 0 α β

α 0 β

β β 0

 (C.13)

is the coupling between the sites. We now consider the two routes separately
and set α= 0 for the upper route and β= 0 for the lower route. Treating V as a
perturbation we may obtain the full Green’s function from the Dyson equation

G=G0 +G0 VG, (C.14)

where G0(E)= (EI−H0−ΣL−ΣR)−1, and the self energy matrices are related to
the Γ-matrices by ΓL,R(E)= i(ΣL,R(E)−ΣL,R(E)†). For the lower route we iterate
the Dyson equation (C.14) once to get the lowest order contribution and find

G lower
1,2 = α

(E−ε0 + iγ/2)2
. (C.15)

Taking the upper route we need to iterate the Dyson equation twice (since there
are two hops from left to right) and get

Gupper
1,2 = β2

(E−ε0 + iγ/2)2(E−ε1)
. (C.16)
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Taking the ratio of the two contributions

Gupper
1,2

G lower
1,2

= β2(E−ε1)
α

, (C.17)

we observe that for energies E < ε1 the ratio has a negative sign showing that
the two paths have a phase difference of π. Since the transmission depends
quadratically on the Green’s function element, the transmission through the
three-site model is to leading order given by

T(E)= |
√

Tupper −
√

Tlower|2. (C.18)

for energies E < ε1 ≈ ELUMO.

C.9 MEASUREMENTS ON OTHER SAMPLES
Here we present supplementary figures showing results for AQ-MT for differ-
ent samples (named sample 2 and 3 for clarity). First the 2D histogram of AQ-
MT for sample 2 is shown in figureC.8. The overall shape of the dI/dV curves
shown in figure 3b is well reproduced on this sample although the conductance
values are lower than the ones found in figure 3b in the main text. The num-
ber of contacted molecules varies from tip to tip due to intrinsic differences in
tip geometry. The displayed dI/dV curve is in agreement with theoretical cal-
culations (see figure 4a, with a -0.5 eV shift) assuming we have 100 molecules
bridging the junction.

A similar V-shaped dI/dV -curve is observed in the data displayed in fig-
ureC.9a. However, here the conductance values are much larger than in figure
3b of the main text. To investigate this interesting case further, we took a closer
look at the tip geometry. On the scanning electron micrographs shown in fig-
ureC.9b we can clearly see the remains of a broken cantilever next to and more
importantly below the actual cantilever used.

As a result the contact area in this case is much larger than for a regular
tip i.e. much more molecules are contacted. Hence, this experimental incident
confirms that the conductance is dependent on the number of molecules con-
tacted. However, such an increase in contacted molecules does not affect the
typical shape of the dI/dV-curve. We therefore show here that the overall shape
of the dI/dV is independent on the number of molecules contacted.

C.10 I(V)-CURVES AND ALTERNATIVE ANALYSIS
Here, we inspect the raw I(V)-curves obtained for AC-DT, AQ-DT and AQ-MT in
more detail. We do so both for individual curves and for the ensemble of I(V)’s.
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FIGURE C.8: 2D histogram for AQ-MT on sample 2 with the dI/dV (Ω−1)
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FIGURE C.9: a, 2D histogram for AQ-MT on sample 3 with the dI/dV (Ω−1). b, SEM picture of the
tip used for measurements shown in panel a. The overview of the chip is shown with the cantilever
used and the remains of the broken one clearly at a lower position. In the inset we show a magnified
picture of the broken cantilever. The scale bar in the picture is 50 µm and 10 µm in the inset.
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This allows us to demonstrate the robustness of the features displayed in Figs.
1c (AC-DT) and 3a (AQ-DT) and 3b (AQ-MT).
In the Supplementary Methods section, we have explained how individual I(V)-
curves are treated to obtain a 2D-histogram of dI/dV data for the ensemble.
For AQ-MT, a clear zero-bias anomaly is observed in the resulting 2D-histogram
(Fig. 3b). Here, we go back to the individual measurements to check that the
zero-bias anomaly is truly intrinsic to single I(V)-curves. In figure C.10, we
show three representative I(V)-curves for AQ-MT (a subset of the data in Fig.
3b, another curve is shown in figure C.1a). Each contains 1000 points, taken
at a sample rate of 10 kHz (i.e. 0.1 s per curve). Raw data are presented, with
original noise and a slight hysteresis. The latter is a result of the relatively
large RC-time of the system at these high resistances. In figure C.11, we show
a representative I(V)-curve for AC-DT. Upon inspection by eye, there is indeed
a difference between the I(V)’s for AQ-MT and AC-DT. Whereas the curves in
figure C.10 display a plateau with near-zero slope around zero bias, the curve in
Fig. SC.11 has finite slope around zero bias. However, this distinction may be
in the eye of the beholder. For that reason, we have taken the derivative of the
individual I(V)’s, after smoothing. The resulting dI/dV -curves are displayed in
Figs. SC.10b, d, and f for the AQ-MT case. Clearly, these curves show a negative
curvature, except near zero bias where an anomaly is seen. This demonstrates
that the anomaly in Fig. 3b stems from the individual I(V)-curves indeed. fig-
ureC.11b shows the dI/dV calculated from figure C.11a. It shows the same
parabola-like shape that we found in Fig. 1c.

Now that we have checked individual I(V)- and dI/dV -curves, let us turn
to the full ensembles of I(V)-curves. In figure C.12, we present the full batch
of I(V)-curves for AC-DT (corresponding to Fig. 1c), AQ-DT (cf. Fig. 3a) and
AQ-MT (samples presented in Fig. 3b and in figure C.9, i.e. with broken tip),
respectively. To allow for a good comparison between the data sets for differ-
ent molecules, all I(V)-curves have first been normalized in the current scale.
Apart from that, these are raw data. Upon visual inspection, a plateau around
zero bias is visible for the AQ-MT data set (Fig. SC.12c,d), which is not there
for AC-DT and AQ-DT. However, such a distinction should be checked to be
independent of the observer. It is for that reason that we performed the data
analysis described in the Supplementary Methods section. Clearly, it is also
important to demonstrate that the final conclusions do not depend on the exact
analysis method chosen. Hence, we use a different statistical treatment below,
by first determining average I(V)’s for the entire batch and then calculating the
corresponding dI/dV .
In all panels of figure C.12, a red line represents the average of all I(V)-curves
in the panel. In addition, a blue line represents an average of all curves, after
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FIGURE C.10: a, c, e) typical raw I(V) traces for AQMT. b, d, f) dI/dV -traces based on the I(V)’s
shown in a, c, e), respectively. The I(V)’s were first smoothed and then numerically differentiated



{{C

162

a b

FIGURE C.11: a) typical raw I(V) trace for ACDT. b) dI/dV -trace based on the I(V) shown in a.
The I(V) was first smoothed and then numerically differentiated

each I(V)-curve has first been smoothed (the blue line is almost indistinguish-
able from the red line). In figure C.13, we present the derivative of these two
averaged I(V)-curves (again in red and blue, respectively) on a semi-log scale.
For AC-DT and AQ-DT, these dI/dV ’s display a parabolic shape. For AQ-MT,
however, the blue and red lines display negative curvature at all voltages ex-
cept near V = 0, where an anomaly is seen. It is instructive to compare these
curves to the data sets obtained by the analysis method described above. For
this reason, the set of dI/dV -curves that were represented in Figs. 1c (AC-DT),
3a (AQ-DT), 3b (AQ-MT) and SC.9 (AQ-MT, "broken tip") are also plotted in Fig.
SC.13a, b, c, and d respectively (in black, each curve is 99% transparent). We
see that the shape of the average curves (red, blue lines) corresponds well with
the individual curves, although there is some rounding off. For completeness,
we note that logarithmic averaging of the absolute I(V)-curves leads to the same
conclusions, i.e., a negative curvature and an anomaly is observed for AQ-MT,
but not for AC-DT and AQ-DT.
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FIGURE C.12: I(V)-curves, with the current normalized. In grey, we show all the measured raw
I(V)-traces. The black line represents the linearly averaged raw traces; the dark gray line repre-
sents linear average of the traces after they have been smoothed with a 50 points window. a) for
ACDT, b) for AQDT, c) for AQMT and d) for AQMT with a broken tip as explained above
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a b

c d

AQMT broken tip

FIGURE C.13: dI/dV curves a) for ACDT, b) for AQDT, c) for AQMT and d) for AQMT with a
broken tip as explained above. In grey: all the raw I(V) traces after smoothing and numerical
differentiation, on a semi log scale. Black (dark gray) lines: numerical derivative of the black (dark
gray) lines in the corresponding panels in Fig. C.12.
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SAMENVATTING

Het wetenschappelijk vakgebied van ’moleculair ladingstransport’ is ontstaan
in de jaren zeventig van de vorige eeuw. De oorspronkelijke droom was om op
termijn de traditionele elektronicacomponenten zoals transistoren, diodes en
weerstanden te vervangen door moleculen van slechts enkele nanometers groot
(een nanometer is een miljoenste millimeter). Nu ligt de nadruk meer op fun-
damentele vragen over de invloed van de chemische structuur van moleculen
op hun geleidingseigenschappen enerzijds, en op toepassingen in de organische
elektronica anderzijds. Het bestuderen van moleculair ladingstransport vormt
daarmee een basis voor het begrijpen van verschijnselen relevant voor orga-
nische elektronica. Organische elektronica is een verzamelnaam voor toepas-
singen waar een groot deel van de componenten vervangen is door organische
films of polymeren, bijvoorbeeld flexibele elektronica, organische zonnecellen
en printbare elektronica.

In dit proefschrift wordt er gekeken naar de relatie tussen de structuur van
de moleculaire orbitalen en de geleidingseigenschappen. Door de stroom (I in
Ampère) te meten bij bepaalde spanningen (V in Volts) kan de geleiding (G =
I/V in Siemens) worden bepaald voor verschillende moleculen.

In figuren C.14, C.15 en C.16 zijn de verschillen tussen de door mij geme-
ten soorten moleculen schematisch weergegeven. De categorie ’geconjugeerd’
geleidt het meest (felste lampje). Geconjugeerde moleculen zijn te herkennen
aan een strikte afwisseling van enkele (C−C) en dubbele (of drievoudige) (C=C,
C≡C) koolstofbindingen door het molecuul. In degelijke moleculen zijn de zo-
genaamde π-orbitalen gedelocaliseerd, wat resulteert in een begaanbaar pad
voor elektronen om door het molecuul heen te reizen. Niet-geconjugeerde mole-
culen zoals alkanen, daarentegen hebben geen gedelocaliseerde π-orbitalen en
daardoor een veel lagere geleiding dan geconjugeerde moleculen. De categorie
’kruisgeconjugeerd’ ten slotte, geleidt verrassend slecht. Kruisgeconjugeerde
moleculen lijken op lineair geconjugeerde moleculen, omdat ook hier elk kool-
stofatoom een dubbele (of drievoudige) binding heeft. Deze moleculen hebben
echter geen strikte afwisseling van enkele en dubbele (of drievoudige) bindin-
gen tussen de uiteinden van het molecuul. Er is echter wel een soort conjugatie
in de vorm van een zijpad (in figuur C.16 de twee C=O zijgroepen).
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FIGUUR C.14: Schematische weergaven van de geconjugeerde moleculen gemeten in dit
proefschrift.
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FIGUUR C.15: Schematische weergaven van de niet geconjugeerde moleculen gemeten in
dit proefschrift.
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FIGUUR C.16: Schematische weergaven van de kruisgeconjugeerde moleculen gemeten
in dit proefschrift.
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Hierdoor ontstaan er twee mogelijke routes voor een elektron door het mo-
lecuul. Eentje rechtdoor en eentje met een omweg in een van de zijpaden. Een
elektron gedraagt zich als een golf. Deze golf kan zich opsplitsen in verschil-
lende golfjes die elk met hun eigen route door het kruisgeconjugeerde molecuul
lopen. Deze golfjes ontmoeten elkaar weer aan het eind van het molecuul. Als
de golven precies in tegenfase lopen (de een gaat net door zijn maximum als de
ander net door zijn minimum gaat), heffen ze elkaar op. Er kunnen dan geen (of
veel minder) elektronen door het molecuul lopen en de stroom wordt dus klein
of nul. Dit fenomeen heet destructieve interferentie en was al wel bekend voor
grotere metallische structuren bij heel lage temperaturen. In dit proefschrift
laten we zien dat het ook mogelijk is om die interferenties te observeren met
moleculen bij kamertemperatuur (hoofdstuk zes).

Een uitdaging was om contact te maken met de moleculen via elektroden
aan de meetelektronica. In dit proefschrift beschrijven we twee technieken,
beide gebaseerd op de goud-zwavel binding (Au-S) tussen het organische deel
(molecuul met een zwavel atoom aan het uiteinde) en het anorganische deel
(goud elektroden). In hoofdstuk twee en drie maken we gebruik van een net-
werk van goud nanodeeltjes om uiteindelijk een twee-dimensionaal molecuul
-nanodeeltje-netwerk te krijgen. Een schematische weergave van een dergelijke
netwerk is afgebeeld in figuur C.17. Op deze manier kunnen we de geleiding
bepalen van een hele verzameling moleculen en dus ook een soort ruimtelijke
gemiddelde bepalen voor een enkel molecuul. Deze techniek heeft als voordeel
dat we genoeg moleculen hebben om optische metingen te verrichten, wat niet
mogelijk is met enkel-moleculaire juncties. In hoofdstuk drie laten we zien
dat we een netwerk kunnen uitrekken en zo de afstand tussen de nanodeeltjes
kunnen beïnvloeden. Door te kijken naar de verandering in de geleiding kun-
nen we de deformatie van het molecuul-nanodeeltjes netwerk monitoren. In
feite werkt het netwerk nu als een ’rekstrookje’ met extra gevoeligheid, omdat
het gebaseerd is op quantummechanisch geleiden door moleculen: een kleine
uitrekking leidt tot een grote verandering in geleiding. In hoofdstuk vijf en zes
gebruiken we een techniek gebaseerd op AFM (atomic force microscope; ato-
maire krachtmicroscoop): C-AFM (conducting-AFM). Hier assembleren we de
moleculen loodrecht op een goud oppervlakte (onderste elektrode) en maken we
contact via het goud-bedekte punt van de AFM (bovenste elektrode). De re-
geltechniek van de AFM maakt het mogelijk om de moleculen met een kleine
kracht aan te raken. In ons geval worden de moleculen met maar twee na-
noNewtons aangedrukt. Met deze techniek maken we contact met ongeveer
honderd moleculen in parallel. Een schematische uitleg van de opstelling is te
vinden in figuur C.18.
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FIGUUR C.17: Schematische weergave van een netwerk van nanodeeltjes verbonden door
moleculaire bruggen. .
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FIGUUR C.18: Schematiche weergaven van een C-AFM opstelling. .

FIGUUR C.19: A I-V curven, B afgeleiden en C 2D histogrammen. .
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In beide technieken wordt een spanning tussen de twee elektrodes aange-
bracht en wordt de stroom gemeten met behulp van een versterker (I-V conver-
ter). De resultaten worden meestal als een zogenaamd ’I-V curve’ gepresenteerd
zoals is te zien in figuur C.19 A. In hoofdstuk vijf en zes wordt ook de eerste af-
geleide van de stroom, dI

dV , de differentiele geleiding, gebruikt (figuur C.19 B).
In figuur C.19 C is ook te zien hoe we meerdere (duizenden) curven combineren
tot een kleurengrafiek. Hier correspondeert de kleur met de hoeveelheid cur-
ven, zwart staat voor geen curven en wit voor veel (typisch honderd). In deze
zogenaamd ’2D-histograms’ is zowel de algemene vorm van de curven als de
spreiding in de data te zien.

In hoofdstuk vier geven we een kritische bespreking van een nieuwe manier
om ’I-V’ curven te analyseren, de zogenaamde ’transition voltage spectroscopy’
(TVS). We laten zien door simpele theorie en slimme experimenten dat TVS
niks toevoegt aan de informatie die al aanwezig is in de ’I-V’ curven. Bovendien
laten we zien dat het transitieminimum (Vm) geen bijzondere fysisch betekenis
heeft.

Met dit proefschrift heb ik een bijdrage geleverd aan het uitpluizen van de
relatie tussen moleculaire orbitalen en geleidingseigenschappen. Meer werk is
nodig om een volledige overzicht te krijgen van de invloed van chemische struc-
tuur op de geleiding van organische moleculen. Uiteindelijk zal het mogelijk
zijn om een set van ontwerpregels op te stellen die chemici kunnen gebruiken
om een breed scala aan functionaliteit te integreren in organische elektronica.
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