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Abstract

In this work we describe the development and application of a new method for the
electrical conductance measurement of single molecules. The study of single
molecule conductance is a young field with many open questions. The issue of
reliable theoretical modeling of molecular electronic transport is still very much in
debate, with significant discrepancies between theoretical predictions and experiment.
The experimental methods used in the field are very difficult to realize and interpret;
most have very low yield, preventing proper statistical analysis and many have
problems in the researchers’ ability to characterize the system properly.

We address this issue by using self assembly of gold nanoparticle-molecule-gold
nanoparticle objects called dimers. This method allows fabrication of molecular
junctions with greater ease; moreover it allows individual characterization of the
various elements of the junction, removing much of the uncertainties that exist in this
kind of measurements. We make use of home grown gold nanoparticles with a few
tens of nanometer diameter to form the hybrid dimers. The dimers are large enough to
connect between electrodes fabricated using electron beam lithography and to
measure the electric properties of the molecule. We have invested significant effort in
the characterization of the system, ensuring that the dimers are indeed bridged by the
molecules, and that the chances that more than a single molecule exists in a dimer are
negligibly small.

We have made measurements on single gold nanoparticles, to characterize their
properties separately from those of the molecule. These measurements have allowed
us to observe single electron transistor (SET) behavior. resulting from the requirement
that electrons charge the nanoparticle during transport. We have shown that the
energy associated with this charging scales with nanoparticle size as expected.

We have performed measurements on single organic molecules, showing that there is
a very strong influence of molecular conjugation (the way electronic orbitals are
spread along the molecular backbone) on its conductance. The molecules with broken
conjugation conduct more than an order of magnitude less than those that are fully
conjugated.

A distinct feature of the conjugated molecule is the appearance of pronounced peaks
in its conductance at certain voltage values. We have shown that these peaks can be

gated randomly by the electrostatic environment, but the peak spectrum is



reproducible among the different samples of the same molecular species that we
studied.

To properly study and understand the peak structure we developed the ability to add
gate dependent measurements to our system. Unfortunately the backdrop of this was a
drastic reduction in the yield of good samples for measurement. We focused on four
different conjugated molecules to attempt to understand the effect of the molecular
structure on the properties of the peak spectra. We have been able to measure three of
these molecules, and obtained SET diamond plots reminiscent of those seen for the
single particles. The molecular diamonds have a larger energy gap than that found in
single particles, as can be expected from their smaller size. We do not yet have
enough data on this issue to make any definite statements on the influence of the
molecular structure on the peak structure.

Another topic investigated in this work is the physics of the two gold nanoparticles,
giving rise to double quantum dot (DQD) phenomena. This physics is observed in
dimers that do not exhibit "molecular” (high energy) features, or at low voltages
before the appearance of the molecular peaks. We have used these phenomena to fully
characterize the properties of our system and understand better the role the molecule
plays in transport at low bias (below the voltage of the first peak).

I begin this thesis with an introduction to the field of molecular electronics; I briefly
review the theoretical approaches and the experimental methods used. | then describe
in detail the dimer method, whose development took up a major part of this work,
relaying in detail the relevant issues and considerations. | relate briefly some early
measurements done on single nanoparticles to verify our understanding of transport in
the system. Moving to the description of single molecule conductance measurements 1
start by describing measurements demonstrating the importance of conjugation to
molecular conductance. | discuss in detail the peaks appearing in the conductance
measurements of the conjugated molecules describing their sample to sample
variability, temporal behavior and temperature dependence. I describe the importance
of gating for a comprehensive understanding of the peak spectrum and present some
preliminary measurements of three different molecular species that we have been able
to gate. In the final chapter of this work I describe the double quantum dot phenomena
observed in the dimer system; these phenomena are not immediately relevant to the
issue of single molecule conductance, but serve as a tool to characterize our system

fully while providing assurance that the current goes through both nanoparticles.
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Scientific background

Over the past years there has been great scientific interest and effort invested in the
field of nanotechnology and more specifically in single molecule based technology.
The ongoing trend of miniaturization in electronic circuits has led many people to
conclude that within several years the typical scale ot electronic components will
approach the molecular scale. Besides the obvious advantage of increased
miniaturization the possibility of creating materials and structures from their basic
building blocks can allow better control of their properties; it also opens the
possibility of manufacturing structures using the “"bottom up™ approach, which makes
use of chemical reactions to produce many complex structures in paraliel. Thus
nanotechnology is not only a natural extension of the trends existing today in the
industry, it is also an opening to an entirely new approach towards material science
and engineering.

An important property of molecules that needs to be understood if we are to make use
of them in nanoelectronics is that of their electrical behavior. Understanding the way
molecular structure affects the electrical transport properties of single molecules can
enable us to design and manufacture molecules for specific electrical components,
paving the way towards molecular electric circuits, and perhaps molecular computers.
Since Aviram and Ratner [1] first proposed the possibility of creating rectifiers based
on single molecules in 1974, much scientific effort has been invested in the realization
of molecule based electronic components. Primarily research effort was put mostly in
the measurement of electron transport rates through a molecular bridge between two
molecular redox centers. In this method one places a molecular bridge between a -
donor site, This approach has allowed researchers to observe various transport
phenomena in molecules, such as molecular wires (i.e. molecules whose transmission
depends very weakly on length) [2.3], molecules that display structural changes and,
thus, electrical switching upon exposure to light [4], and molecules that display
interference effects in their transport behavior [5]. The quantity measured here is not
conductance, but rather the rate of electron transfer through the molecular bridge; the
relationship between the electron transfer rate Kp—.4 and the molecular conductance g

of metal-molecule-metal junctions has been worked out by Nitzan [6], it is given by

11



the cquation g ~ —LK

. with F the thermally averaged and Franck-
T F

3 »4

Condon wecighted density of nuclear states, ¢ is the electron charge, and T the
coupling to the left or right lcads. While this approach has scrved to improve
understanding of the factors influencing charge flow through molccuies, it is clearly
less relevant for device applications. The correspondence between the propertics of
frce molecules and ones which are bonded to metallic surfaces is also not clear, the
cffect of image charges in the metal, for example, is not taken into account in the
above calculation.

Much of the insight and understanding in molecular clectronics has been gained by
measurement of the conduction propertics, not of single molecules, but of sclf
asscmbled monolayers (SAMs) of molecules. This approach has led to a better
understanding of the processes involving charge transfer through molecules, and the
cffect of the contact to the substrate [7], but in many of thcse cases it has been
obscrved that the transport is affected by the intermolecular interactions inside the
monolaycr and therefore these results are not immediately applicable to the behavior
of single molecule junctions. The study of single molecule clectronics has gained
significant advances over the past years allowing rescarchers to better study the
propertics of single molecules and several reviews have been written on this topic

(8.9.10]

Theoretical approaches

The single electron transistor e e
The description of transport through {‘\ [\

zero dimensional systems, such as
depicted in figure 1 is done using the

formalism  of  single  clectron

| R 11
tunncling [11]. This formalism is Figure 1 — Schematic illustration of an SET circuit.

too simplistic to describe  lustration of a system showing SET behavior, clectrons need
molccular conductance, since it totunnci from the Icads to the dot for transport fo occur.
docs not include any information on the chemical propertics of the molecule, but it is
helpful in gaining insight to the issucs influcncing charge transport through low
dimensional systems. The physics of single charge tunneling describes very well the

mcchanism of charge transport through the gold nanoparticles and is thercfore also
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necessary for a complete description of the dimer system as we shall show later in this
work. The electrostatic energy of a metal island as a function of its charge is given by
E=Q%2Cs-QV,. where Q is the charge on the island, Cs the total capacitance of the
island to both leads and to the gate, and V, the gate voltage. This energy is minimized
by a charge Qo=C:V, which in principle is a continuous function of V,. The
discreteness of the electric charge, however, implies that the island can be charged
only by an integer number of electrons. In order to transfer current through the island
it is necessary for an electron to be able to tunnel in and out of it. This condition is
met only when the energy of the dot charged by N electrons is equal to that of N+1
(figure 2b). If this condition isn't fulfilled (e.g. figure 2a) current is blocked at low
bias. In this case current will flow only for a source drain voltage between the
electrodes that exceeds the charging energy V>e/2Cs. The current voltage
characteristic of the system will thus exhibit a gap prohibiting current near zero bias.
known as the Coulomb blockade (CB). Scanning the gate voltage will allow us to
shift the parabola causing the energy gap from N to N+1 to diminish gradually, once
(N+1/2)e the two states with N and N+1 electrons become

we reach the state Qo=

degenerate, closing the gap, and current can flow through the system at infinitesimal

bias (figure 2b). It is easy to see that this behavior will be periodic in Vy, switching
from an island ground state with N electrons to N+1, N+2, etc. In source drain voltage
scans there will be a conductance peak when the energy supplied by the voltage
equals the energy required to add further electrons to the dot. If there is an asymmetry

between the two tunnel junctions connecting the island and the leads there is a

different rate for electrons entering and Jeaving the dot; this leads to the appearance of

further peaks corresponding to energies of more electrons in the dot and we get the

phenomena of the «Coulomb staircase™ [11]. Creating a plot of the conductance as

function of source drain and gate voltage shows the opening and closing of the source

drain gap by the gate yielding the CB diamond plot (figure 2c¢).

(@s Gy Nt ol gyt N e

e

7t N N4 A+l - Vi
ate
Jled Gle) g

Figure 2 - The energy of an SET island as a function of its charge: (a
through the isiand (b) Changing gate

;
s o etk s b B .
N N-1 N Nel W42

} In the coulomb blockade

region there is a gap of size ¢?/2Cy for charge transport

voltage shifts the parabola allowing charge to flow freely. (¢) IMustration of the CB diamond plot.



Molecular conductance
The theoretical description of transport through a molecular junction is in many ways

reminiscent to that of a quantum dot. The electron can pass through the molecule only
if it has enough energy to go through an energy level of the molecule. Thus the
problem of molecular conductivity is solving the energy levels of the molecule when
it is connected to the metallic leads, to find at which source drain voltage values it
will conduct. A full description of the methods and approaches used in solving this
problem is beyond the scope of this work, but I will try to give a brief overview of the
principles, focusing mostly on the method of density functional theory, which is very
commonly used in the field. For more elaborate reviews of the topic, see reference
[12] and references therein.

To calculate the electrical conductance of molecular systems one may use the
Landauer formalism [13]. This approach treats the transport as an elastic single
electron process, with the molecule serving as a scattering center. In the Landauer

formalism the current through a molecular junction at applied source drain voltage Vi

is given by / = ;; IT(E, VS (E)- f(E-eV )IdE where e is the electron charge,
1 -

h is the Planck constant multiplied by 27, T(E,Vsq) is the transmission coefficient of
the molecule, and f is the Fermi distribution of the electrodes given by
E-E,

1 =[1+exp( 7 )]”'. The transmission function is dependent on the externally
B

applied bias voltage Vg due to the electrostatic effect it has on the molecular orbitals.
The main challenge in the molecular transport problem is the correct calculation of
the transmission function for each specific case. The system is usually divided into
two semi-infinite leads that serve as electron reservoirs, and the extended molecule,
which is comprised of the molecule, and a few atomic layers of the metallic leads.
The extended molecule is treated as the part of the system in which the entire
scattering takes place; it is chosen so that it encloses an area of the system that
maintains electric neutrality.

The simplest approach to calculating the energy spectrum of the molecule is based on
a tight binding—type one-electron picture. As illustrated in figure 3b, the structures on
the left and on the right are the metal electrodes, and the atomic basis functions within

the molecule are represented by line segments [15]. There can be interactions among
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the atomic levels, and any of them can couple to the clectrode. More commonly, one
thinks of the molecular orbitals of the molecule within the junction. Allowing
interaction between the molecule and the metal electrodes indicated in figure 3a, some
charge flow, charge rearrangement, and geometric reorganization will occur, One can
simplify this vicwpoint by cxpressing the system by the level scheme depicted in
figurc 3b. Here the Fermi level of the clectrodes lies within the HOMO-LUMO
(Highest Occupied Molccular Orbital - Lowest Unoccupicd Molecular Orbital) gap of
the molecule. This picture is oversimplified, assuming that mixing between a
molccule and an clectrodes is relatively weak compared with the interatomic

interactions that give rise to the molecular clectronic structure.

B

annrgy IW nergy

FEE

Figure 3: Schematic description of molecular conductance.

(a) Illustration of a molccular wire, striped arrows indicate coupling between molecular levels and
clectrode and black arrows indicate intersite intcractions along the molccular chain, The filled and
empty parts of the rectangles represent filled and empty levels of the electrode conduction bands (b)

Molccular orbitals. Electrode Fermi level lies in the HOMO-LUMO gap. (15}

The energy dependence of the molcecular transmission function stems dircctly from
the density of states of the extended molecule. It is essentially given by the source and
drain couplings (which may themsclves have an energy dependence) multiplied by the
molccular density of states. When the molecule is connected to metallic Icads there is
hybridization between the states of the molecule and the density of states of the leads.
This will typically lcad to a broadening of the molccular energy levels and also to the
appcarance of new states in the energies that were previously in the molecular energy
gap. The cxact way in which this hybridization will change the energy spectrum will
depend on the specific propertics of the lcads and on the type of connection between
the molecule and the leads. Calculation of this change in the molecular spectrum is
the main challenge of the theoretical work done in this field.

To properly calculate the actual current voltage characteristics of a specific molecular

junction one needs to calculate the molceule transmission function taking into account
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the specific atomic degrees of freedom of the molecule being used, as well as the
exact configuration of the connection to the leads. To solve this problem precisely one
needs to solve the many body Schrddinger equation of the junction including electron-
electron interactions. An exact solution to this problem is not possible except for cases
where there is only one electron in the system, thus making it necessary to make some
approximation, reducing the many body problem to a solvable model. This is usually
done using density functional theory (DFT). In this method the electrons are described
as non-interacting particles moving in an effective potential set up by the other
electrons. The effective potential depends on the average position of the other
electrons, and needs to be determined self-consistently. The general algorithm for

DFT calculations is as follows:

Flowchart Guess n
The self consistent
loop in DFT methods

h

__ N g2 _ye
g = =5 0V =V, — {cumee]
Veff[n]
2) Hlellya (I’) = ga‘{—’a (7’) . Mix densities
n=pn'+(1- g)n

3y n(r)y=Y W, (r).

e<y

Calculate

n'[veff]

Figure 4: A flowchart of the self
consistent DFT Joop. From Stokbro et

al. ref11.

Veft=\/efl[n]
h

. . . 2 .
The first equation defines the one-electron Hamiltonian, where —*2 V" describes the
m

kinetic energy and ¥ ¥ [n](r) the effective potential energy of the electron in the

extended molecule. The effective potential depends on the electron density, n. From
the one-electron Hamiltonian one can determine the eigenstates by solving the
Schrédinger equation 2. The electron density is determined by summing all occupied
eigenstates, i.e. states with an energy below the chemical potential of the system, p.
The flowchart in figure 4 illustrates the self-consistent loop required to solve the
equations.

Solving the equations of the DFT method is usually done by making use of the non
equilibrium Greens function (NEGF) formalism. The full description of the NEGF

method is beyond the scope of this introduction, but I will endeavor to give a brief



overview. In the NEGF one calculates the charge density from the Greens function of
the molecular junction. After separating the system into two semi infinite leads and an
interaction region (the molecule and several layers of atoms in the leads) one studies
each subsystem separately. The Greens function of the interaction region is found by
treating the interaction with the leads as a perturbation, while the lead Greens function
is found by recursive methods relying on their being periodic structures. The

transmission of the molecular junction is found from the Greens function through the

equation:

T(£) = THIm . (6)G(e) Im Sx (£) G(&)] [16].

The use of DFT type calculations is very widespread in the field of molecular
electronics allowing study of the many basic questions. These methods were used to
study the alignment of the molecular orbitals with the electrode energy bands [17],
demonstrate the influence of end groups on the molecular conductance [18] and study
the nonequilibrium electron distribution under applied bias [19]. While they have
served to elucidate some of the important questions in the field, this widespread use is
problematic. The DFT calculation is a mean field theory; it is therefore applicable
only in cases where electron-electron correlations do not play an important role. It
will be applicable if the connection of the molecule to the leads is good, that is if the
charging energy of the molecule is larger than the molecule electrode coupling. In the
Coulomb blockade limit, where the connection is essentially through a tunnel barrier,
it will no longer apply. In the case of small molecules , such as the ones studied in this
work the charging energy is expected to be in the eV range, while the coupling is
usually estimated at < 0.2 eV. Thus to study such molecules one needs a different
formalism. This can be seen in the recent paper by Lindsay and Ratner [20]
comparing measurements and DFT calculation, where the worst fit can be seen for the
small conjugated molecules.

In a recent paper Datta and coworkers [21] have proposed a new formalism termed
configuration interaction (CI) for calculation of molecular conductance in the CB
regime. In this formalism transport occurs at transitions between ground states of the
molecule with different electron numbers, while the leads are treated as perturbations
using the molecule-lead couplings as fitting parameters. The quantities used in the CI
method are 2¥x2N matrices, with N the number of single particle basis sets used,

allowing accurate treatment of strong interactions. The CI method is used in the paper
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to analyze experiments performed on benzene di thiol molecules, with a reasonably
good fit. Unfortunately due to the large size of the matrices used in the calculation
using it for larger molecules is difficult and will probably require more theoretical
work. The CI formalism is quite new, and needs to be examined further before one
can make any clear statements on its usefulness, but it is an important attempt to

address the problems of DFT type calculations in the molecular electronics field.

Experimental work on molecular conductance

Experimental study of molecular conductance is a very difficult challenge. The
technological problem of creating closely spaced electrodes, which can be bridged by
a molecule, is a formidable one. In the early stages of the development of the field the
main goal of the experimental work done was to demonstrate the possibility of
molecular electric transport measurements. Several methods were used to form
molecular sized gaps between two electrodes (these methods will be presented in the
following chapter), molecules were placed in the gap and conductance was measured.
The main challenge was finding a signature of the molecules that will prove that the
current is indeed going through them. Some examples of such measurements are the
connection between measurement of symmetric/antisymmetric molecules and the
correspondence with symmetric/ antisymmetric [-V curves [22] and very notably the
observation of the Kondo effect in spin polarized molecules [23]. In parallel there
was a continued search for interesting new functionalities in molecular junctions, such
as negative differential resistance [24]. More physical understanding could be found
in measurements performed on larger molecules such as C60, where researchers
where able to observe and identify the electronic spectrum of the molecule [25], and
also to demonstrate a correspondence between molecular deformation and
amplification of its conductance [26]. A major problem that hounded the field was the
irreproducibility of results; the same molecules measured using different methods
could yield very different results [8]. A significant breakthrough in the field was the
emergence of the conductance histogram method. This method will be elaborated
upon in the next chapter where we will discuss different methods for molecular
conductance. In brief it is based on repeated creation of many thousands of molecular
junctions and measuring their low voltage conductance. This method created a
statistically well defined way to measure the low voltage conductance of a single
molecule, thus allowing for the first fully characterized molecular junction, that of an

H: molecule on platinum electrodes.



Measurement of H, on Pt electrodes

A significant movement towards more statistically reliable data was achieved with the
introduction of the conductance histogram method [27], which will be described in
more detail in the next section. This method provides much larger data sets and thus
enabled researchers to measure the conductance of an H» molecule on Pt leads,

demonstrating a conductance

of 1G, (Go=2¢’/h) (Figure g
5a). Studying the  uy $

) ki
conductance fluctuations s s

L 36 24 02 00
A Disiacerent ‘A

?

i
showed a clear suppression ;M
at the value of 1G indicating  §
a single channel with a

dz'»f‘d\lz {a urits)

e Y

-100-80 -60 -40-20 0 20 40 60 89 100
Energy (mev)

transmission close to |. The

system of H, on Pt was

studied theoretically using  Figure 5: Measurements of the H, on Pt system. (a) Histograms

the DFT method [28] and the 4 4 Clean Pt wire (in black. with 10mV bias) and with an H,
results of the measurement atmosphere (in grey, with 140mV bias) showing the clear peak at

were reproduced: it Was |G , The inset shows typical breaking curves. (From 27) (b)
shown that the conduction  peaks in the current second derivative before (curve a) and after
channel arises from a (curve b) stretching the junction by 0.04 nm. The peak at ~-90
hybridization of the  mv rises in energy, while that at ~-45mV is decreased (From29).

antibonding electron state of
the H, with the bands of the Pt leads. The researchers were also able to study the

peaks found in the second derivative of the current and observe that replacing the
Hydrogen atoms with Deuterium caused them to shift to a lower energy, indicating
that the peaks are a result of the vibrations of the H. molecule. Studying the
dependence of the peaks on stretching of the molecular junction [29] showed that
some rose in energy when the molecule was stretched, while others had reduced
energy (figure 5b). This allowed assignment of these peaks to transverse and
longitudinal modes correspondingly.

This system of the H, molecule sandwiched between Pt leads was the first to be fully
characterized and understood. both thanks to the new measurement method and due to
the simplicity of the system.

Study of more complicated molecules was still not well understood and difficult to
explain fully, due to the difficulty in theoretical modeling of such systems. One could,
however study the effect of various parameters on the transport through more



complex molecules, and thus gain better understanding of the processes involved.

Effect of molecule length
When studying molecular electronic properties, one of the first issues that need to be

addressed is that of the dependence of the molecular conductivity on the length of the
molecule. A goal that has taken much effort in the recent years is that of obtaining a
“molecular wire”, that is a molecular that is able to transport charge efficiently over a
significant length. The study of wire shaped molecules has focused on two classes of
molecular wires to date: saturated and conjugated molecules.

A class of molecules that has been extensively studied is that of alkane chains [8];
these consist of saturated C-C bonds terminated by linkers that bind to the metallic
electrodes. These molecules have large HOMO-LUMO gaps typically on the scale of
7-9 eV, and are considered poor conductors; however due to the ability to synthesize
them at any desired length they have become a model system to test the various
techniques of molecular electronics. The experiments performed on alkane chains
have shown that their conductance (G) decreases exponentially with length (L),
showing a tunneling dependence of the kind G=Aexp(-BL), where A is a constant, that
varies among the different experiments, due to different geometries or differences in
the number of molecules measured, and B a constant varying between 0.7-0.9 A,
While alkanes have provided a good testing ground for the different approaches
toward molecular electronics, they clearly cannot serve as wires. Better candidates for
long conducting molecules are conjugated molecules; these molecules consist of
alternating double and single bonds between the carbon atoms that comprise them,
leading to a delocalization of their = electrons. These molecules have smaller HOMO-
LUMO gaps of 3-5 eV, and thus should be more effective conductors. They were
studied at first using systems with molecules bridging donor and acceptor sites [30] or
a redox site and a bulk electrode [31]. showing that they allow conduction over longer
distances than alkane chains and that at longer distances there is a crossover from
tunneling to a hopping regime. Corroborating these results with those of metal-
molecule-metal junctions is difficult due to the difficult fabrication and low yield of
these measurements. A measurement performed on carotenoid polyenes using a
statistical analysis approach [32] (See next section) yielded a p of 0.22+0.4 A
demonstrating the ability of these molecules to conduct over longer distances.

However the behavior of conjugated molecules is more complicated as can be seen



for example for oligothyophenes, where a comparison was made between molecules
with three and four repeating units, finding a larger conductance in the longer
molecule [33]. This was explained by a smaller HOMO-LUMO gap in the longer

molecule, and a closer alignment of the HOMO to the electrode Fermi energy.

Temperature dependence

Direct tunneling is only one option for current to flow through a molecular junction;
charge transport through a molecule can also occur through thermally activated

hopping, in this mechanism the electron passes through several sites on the molecule,

dwelling for a short while in each. This necessarily entails changes in the molecule
itself to accommodate the charging of these molecular sites, and therefore will be
possible if there is a relevant vibrational mode that enables the electron to hop on to
the molecule. The vibrational mode should have an energy within a few KgT of the
lead energy, so that it will be accessible to the transport electrons. Since this transport
mechanism is thermally activated the conductance will have a clear exponential

dependence on temperature, of the kind G~exp(-AE/KgT). The length dependence of

thermally activated hopping is much weaker than that found in direct tunneling; the

current flow is essentially diffusion in one dimension, leading to a logarithmic

dependence on the number of molecular sites.

Current through molecules is comprised of contributions from both mechanisms, if

the molecule has only one state at an energy AE above Eg the low bias conductance

can be expressed as:

: ~AE . .
QE,) =T (E )1 +(1- f(E, +AE) = exp(=—)] [34] where Ta is the elastic
e r KT

transmission through the molecule, I the imaginary part of the self energy associated

with the interaction of the molecular state

with the metal electrodes, and k is a
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coupling of the system to the thermal environment. The direct tunneling mechanism
dominates at low temperatures, where the activated process is exponentially
suppressed and activated hopping becomes dominant at temperatures close to AE.
Selzer et al. [35] have studied the temperature dependence of transport through single
olygophenylethynyl (OPE) molecules, with the main results shown in figure 6. At
temperatures below 100K the conductance is essentially independent of temperature,
as expected for direct tunneling. Above 100K there is a transition to an activated
process with linear dependence of the Arrhenius plot. Calculation of the energy
barrier for the activated process from the slope of the low source drain voltage curve
yields an average activation energy AE of S6meV. Both the low activation energy
found and the low temperature at which the transition takes place are surprising due to
the large HOMO-LUMO gap the molecules are expected to have (larger than 2eV) as
the Fermi level is expected to reside near the middle of the gap. Furthermore when
applying a bias V& AE (where one expects to find resonant tunneling) there is still a
nonzero barrier to transport in the activation curve. Thus, the energy barrier found is
attributed to internal molecular excitations that are not excited by the source drain
bias, but become accessible when the temperature increases. The scale of the energy
barrier found fits theoretical calculations for the rotation of the phenyl rings of the
molecule, which are 40-50meV for the left ring, and 80-100meV for the right.

These measurements serve to shed light on the transport mechanisms affecting
transport through molecules. They require, however, careful consideration of the
experimental setup: in the presence of inelastic processes there should be some
heating of the molecule, making the estimation of the molecular temperature
problematic. Temperature changes of the system should also cause thermal expansion
and contraction of the electrodes and substrate changing the stress applied to the

molecule and the actual distance between the leads; this too could affect the transport.



Methods for single molecule measurements

In recent years several methods have been developed that allow the contacting and
measurement of single, or at least very few, molecules. The different methods provide
different advantages and disadvantages, both in the characterization of the molecular
Junction, and in the availability of control of the junction via gating, mechanical
tension etc. Gating is a crucial tool to the understanding of the junction energy

spectrum, allowing shifting of the molecular levels with respect to Fermi energy at

zero source drain bias.

Scanning probe methods

These methods are based on using scanning probe microscopes, specifically scanning
tunneling microscopes (STM) or atomic force microscopes (AFM) with a metal-
coated tip, to contact single molecules on a conducting surface. While being the most
direct approach to the contact and measurement of single molecules these methods are
quite limited since it is difficult to determine the electrical contacts to the molecule
and gating of the molecule is not readily available.

These methods have proven useful in studying conduction through C60 molecules,
due to their large size. Metallic behavior is observed if a good contact is made [36]

and by applying pressure to the molecule with the tip it is possible to change its

transmission. When the connection to 0
the molecule is made with tunneling
Junctions on both sides it is possible to
make spectroscopic measurements of
the vibration modes of the molecule
[37].

Scanning probe methods have also

(3}

been used for the measurement of  Figure 7: Schematic illustrations of measurement

Single molecules embedded in a self Systems using STM to measure molecules. (a)
assembled monolayer (SAM). In these

systems Additional tricks are used to

STM measurement of a singie C60 molecule from
Porath et.al. [37] in a Coulomb blockade setup. (b)
Use of a gold nanoparticle to contact only a few

allow the tip to contact only a single molecules in a SAM from Dorogi et.al. [39]

S
(9]



molecule, such as embedding only a few molecules with two sides that can bond to
gold in the SAM [38], or adding a few gold particles that connect to only a few

molecules in the SAM and measuring above them [39].

Improved evaporation techniques
In these methods various tricks are used to get small inter electrode separation that is
needed to contact a single molecule. This “direct” approach allows for a relatively

straightforward way of creating the gap, and also of gating the molecule. It is;

however, very hard to
control, or investigate the
properties of the contact

region or even to make sure

that there really is a single

molecule there.

Electron beam deposition ¢) ! Gate. . 2 Contacts,
nsulaler . drain, wites
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using thin photoresist

Figure 8: Exaﬁﬁlcg of mcasu-rcmcﬁt sys?cms utilizing icv:;p(‘);'ation
techniques to narrow the gap. (a) A ficld emission scanning electron
micrograph of the shadow mask evaporation used by Klein et.al. [41]
to decrease an e beam defined gap. (b) An image of the carbon
electrodes created using e-beam deposition by Bezryadin et.al. [40]. (¢)
A schematic representation of the evaporation stages involved in

creating the measurement svstem on a tip by zhitenev et.al [43]

strips can be used to shrink an e-beam defined structure to few nanometers scale. An
innovative technique created by Zhitenev et.al. [43] uses the geometric properties of a
square quartz rod. The rod is pulled to create a small tip at the end and the resulting
geometry is used to create close contacts and a gate electrode at the tip. In this method

gating was observed, but the measurement was not reproduced.



Controlled breaking of the electrodes

In this type of approach one starts with a single thin metallic strip; and breaks it in a
controlled way, so as to create a nanometer sized gap.

Mechanically controlled break junctions (MCBJs) were first created by Van
Ruitenbeek et.al. [44] and used for molecular measurements by Reed et.al. [45] to
measure molecules in SAMs. The MCBJ is formed by creating a thin metal wire on a
flexible substrate and bending the substrate until the wire breaks. The two resulting
electrodes are covered by a SAM and can then be brought back slowly till electric
contact is reached. This method is very reliable, allowing not only contact with the
electrodes, but also by gently moving the electrodes it is possible to change the
contact between the metal and the electrode thus switching from one current voltage
behavior to another [46]. On the other hand gating of the molecule is not readily
achieved using this system, nor is the contact area very well defined. Low temperature
measurements are problematic due to the fact that the chemical reactions for bonding
the molecule to the electrodes occur only near room temperature, and the thermal
shrinking of the device during cool down causes loss of contact. Low temperature
measurements have been demonstrated [46] by Reichert et.al. by forming the bonds at
room temperature, then pulling them apart tearing some gold atoms with the molecule
edge, and then cooling down the system and recovering contact.

The electromigration method introduced by Park et.al. [47] relies on the phenomenon
where by passing a large current through a thin wire, the wire can be severed in a way
that leaves a nanometer sized gap. This method provides a reliable and reproducible
way to form molecular scale gaps, it is also possible to measure the system down to
cryogenic temperature, and gating is straightforward, allowing for the observation of
Kondo physics in transport through spin polarized molecules [23]. However, the
shape and crystal properties of the contacts are unclear, and cannot be parameterized
well, nor is there any clear way of ascertaining that a single molecule is indeed
trapped in the gap.

Lately questions have been raised regarding the validity and reliability of the
electromigration method. Recently published works [48,49] demonstrate phenomena
highly similar to those observed in molecular junctions, in similarly prepared
junctions that contain no molecules. The interpretation provided to these results is that

during the breaking process the gold of the wire is broken into small grains, and the



conductance propertics obscrved arc actually manifestations of the Coulomb blockade
of these grains. This has led to far greater suspicion of the cxisting mcthods, and a

demand for better characterization.

Figure 9: Pictures of electrodes created using controlled breaking techniques. (a) A SEM
picture of the MCBI clectrodes just prior to the breaking from Reichert ct.al. {21]. (b) A SEM picture
(falsc color) of the clectromigration system from Liang ct.al.[23], The bottom insct shows a close up

of the gap arca and the top right a schematic of a trapped molecule between the clectrodes.

Conductance histograms

While not, strictly spcaking, a distinct method for single molecule measurements; this
mcthod represents a very different approach to the problem, and has gained many
successes. In this mcthod onc makes use of the MCBIJ system or the STM to
repeatedly form many junctions, so that in some of them there will be a single
molecule. Onc applics a constant low voltage between the electrodes (in the casc of an
STM between the tip and substrate) then one collapses the two contacts together and
disconnects them while monitoring the conductance. This results in conductance
platcaus that follow the gradual breaking of the contact. When this process is repeated
with molccules present in the vicinity of the clectrodes there is a chance that a
molecule will be trapped in the gap just prior to breaking, and the molccular
conductance will appcar as a final platcau. Thus onc can gather very large statistics
and by crcating a histogram of all the data, assign a clcar value to the low bias
conductance of thc molccule. This method has been used successfully to measure the
conductance of alkancs and bipyridine molccuics at room tempcrature (50], fully
characterize the conductance of the H: moleccule (As described in the previous

chapter) [27] and lately in showing the dependence of conductance in biphenyl
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molecules on the angle between the two Benzene rings [S1].

In this method there is no ability to fabricatc a third gate clectrode, but there have
been demonstrations of clectrochemical gating of molccules in this method [52].
Electrochemical gating is performed in solution: the gate bias is applicd between the
source and a gatc clectrode inscrted in the clectrolyte. The gate voltage falls across the
double layers at the clectrode-clectrolyte interface, leading to an cffective gate
thickness of a few solvated ions. This cnables very cffective gating, cven reversibly
changing the current through the molecule by ncarly three orders of magnitude [53].
Unfortunately the requircment that the gating be performed in a liquid makes it

possible to make this measurement only at room temperature.

Figure 10: The histogram statistical method. (a) An illustration of the method taken from Li et
al. [50]. (b) Histograms of Pt junctions with and without H, present in the work of Smit ct al. [27].

(¢) Change in molecular conductance as a result of twist angle i biphenyls as shown by

Venkataraman et al. [51].

The state of the field today

The ficld of experimental molecular electronics has gained much understanding in the
past few ycars. Rescarchers have gone from struggling to prove the validity of their
methods and struggling to find the right questions to ask, to a position were the
relevant questions are becoming clearer and clearer and the ways to address them are

also gaining more agrecement among the rescarchers.
Nevertheless there is still far more that is not known about molccular clectronics than



what is known. Despite the optimistic claims of Lindsay and Ratner [20], indicating
the improvement in correspondence between experiment and theory, there is still
disagreement, specifically in the case of small conjugated molecules. The issue of
reliable gating of well defined molecular junctions is still very much in question and
requires further work. Finally there is still a need for a good method to create stable,

well defined molecular junctions with reasonable yield.
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The dimer approach to measurement of molecules

While the methods currently in usc arc quite successful in measuring molecular
transport by creating clectrodes with molecular scale scparation, they provide little
control over the number of molecules bridging the gap or the properties of the metal
molccule contact. Furthcrmore most of these systems do not provide a clear way to
gate the moleculces, and thus arc lacking in a very important tool for characterization
of the molecular junction.

In developing our method we aimed at a technique that will allow us to trap with high
fidclity only a single molccule, while providing better characterization and control
over the various clements in our system. We have created a novel method to contact
molecules, combining a “top bottom™ approach for the creation of clectrodes with a
scparation of a few tens of nanometers with a “bottom up™ approach which consists of
conncceting a single molccule between two metallic nanoparticles (this construct is
called a dimer), thus allowing us to bridge the gap between the clectrodes. This
mcthod provides us with the technological advantage of a straightforward way for
creation of many clectrodes using conventional parallel processing techniques,
combincd with the experimental advantage of a well characterized controlled way of

connccting a single molecule to well defined gold contacts.
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Figure 11 - Schematic illustration of the dimer methoed. Dimers arc formed in solution and then placed

for measurement between c-beam defined gold clectrodes. A full description of cach stage in the process is

given in the text.
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Preparation of the nanoparticles

The gold particles used in our method arc created from gold ions in a solution; we use
two different procedures for the preparation of the particles:

Large particles with diamcters of 30 nm and above arc crcated using a procedure
reported by Grabar ct al. [54]. The large gold nanoparticles arc preparcd by cenlarging
3nm or 10nm sced nanoparticles using sodium citrate (sec the full procedure in
appendix A). The size distribution of these particles has a standard deviation of 15-
20%, they are polycrystalline and thus don't provide clear crystal faccts as contacts to
the molccules. Their size, however, is compatible with the rcadily available c-bcam
clectrodes that have 40 nm spacing, and therefore they were used extensively.

Smaller particles with diameters of 10-18 nm arc prepared using a single step process
of reduction by sodium citratc and tannic acid [55]. This process creates singic
crystalline particles with a standard deviation of their size distribution less than 10%
and thus provides cxcellent contacts to the molccules. The narrower size distribution
of the particles also allows for better scparation of the dimers from higher conjugates

in our solution, as will be described in the relevant section.
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Figure 12:TEM images of gold nanoparticles. (a) A dimer formed from 30nm gold particles (b) A
12nm gold particle. In the casc of the smaller nanoparticles the gold crystal structure can be obscrved,

demonstrating that the particles are single crystals.



Preparation of the dimers

Following the synthesis of the gold nanoparticles the solution is mixed with a solution
of molecules to create higher order structures. All the spacer molecules used have
thiol (SH) groups at two ends, which are known to connect strongly to the gold
surfaces forming the hybrid molecule-gold particle objects.

The entire process of dimer formation is done with a very dilute solution (typically on
the order of 10° mol/L) so that the dimers are formed slowly and under well-defined
conditions and formation is not affected by small density differences during the initial
mixing; at this concentration dimer formation takes several hours. The molecules are
first dissolved in a higher concentration solution (typically 10° to 107 mol/L) and
subsequently diluted to the desired concentration; the process of diluting the solutions
is done as fast as possible, taking less than one minute, in order to avoid the molecular
polymerization that takes place in the concentrated solution. The solvents used to
dissolve the molecules differ for different molecules depending on their polarity (A
list of solvents for different molecules is given in appendix B). The molecules are
diluted to the desired concentration in a solution of 0.1 mM NaOH. The dilution is
done in 3-4 steps of dilution by 2 orders of magnitude at a time, and the solutions are
stirred very vigorously after each dilution. The NaOH is a weak base that serves to
promote the removal of the hydrogen atoms from the thiol end groups of the
molecules, allowing them to bond with the gold surface of the nanoparticles. As will
be explained in the next section we want to use a ratio of 10 particles per molecule,
we have found that it is best done by using equal concentration solutions and different
amounts. We add 500uL of molecule solution to 5 mL of gold particle solution, and
immediately upon adding the solution we stir the combine solution vigorously to
achieve a homogeneous molecule and gold particle solution. We let the solution stand
under refrigeration for a full 24 hours, to ensure that all the molecules form dimers.
When the two solutions are mixed together the molecules connect to the particles, as
illustrated in figure 13b, forming complex structures where two or more particles are
connected together (figure 13c-e). The appearance of higher level conjugates in the
solution together with our use of a dilute solution of molecules serves to reassure us
that there is only one molecule bridging each two particles. The low density of
molecules in the solution relative to that of the particles creates a situation where once

a molecule attaches to a particle it will with high probability connect to another
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particle forming a dimer, before another molccule can situate itsclf on the same facet.
If another molccule attaches to this dimer, it is likely to connect to a different facet of
the particles and attach itsclf to another particle, thus forming a higher-level
compound object. Transmission clectron microscope (TEM) imaging allows us also to
view the gap between two particles and to verify that the distance between the
particles 1s indced of the order of the length of the molecule uscd. Fig 13a shows such
an imagc of a dimer with a benzene dimethylethiol (BDMT) molccule bridging the
particles, as can be scen the distance between the particles is about 1 nm, which is the
length of the molccule. Another important feature of figure 13a is the visibility of the

crystal lattice of the gold particles forming the dimer.

oo ¥ A

Figure 13 — Dimer formation. (a) A high rcsolution TEM picture of a dimer BDMT
dimer, showing the 1nm gap. (b) Nustration of dimer formation in the solution. (c-e)

TEM pictures of dimers, trimers and tetramers.

To cnsurc that most of the dimers arc bridged by a single dithiolatcd molecule, the

concentration of the latter (Cm) in the reaction mixture should be much smaller than
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the concentration of the single gold particles (Cp). In that case, when the reaction is
completed, the ratio R of dimers to the total number of particles in the solution
(including those bound to molecules) should cqual the ratio of molecules to particles
R=Cm/Cp. We mcasured R for diffcrent input concentrations of dithiolated
molccules, keeping Cp fixed. and found that the above relation holds for Cm:Cp ratios
that arc lower than 1:10 as shown in figurc 14. Wc take that as an indication that
below this ratio there is indeed only onc molecule in cach dimer, as required. In order
to obtain the best yicld we would like to maximize the percentage of dimers in our
solution, so as to get a higher amount of trappings, thus we have chosen to usc a 1:10
ratio in the dimer creation process. This cstimate ignores the creation of higher
conjugates in the solution, but up to a ratio of 1:3 molccules to particles there were no
morc than 5% trimers and 1% tetramers, so that thcy arc not significant in the

analysis.
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Figure 14- Effect of molecule-nanoparticle ratio. The percentage of dimers in the solution as

function of the percentage of added molecules. Up to a 1:10 ratio there is a good fit with the prediction

for a casc of a single molecule per dimer.
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Surface enhanced Raman spectroscopy of the dimers

Inelastic light (Raman) scattering gives information on the vibration degrees of
freedom of a molecule. Unfortunately, the typical cross sections per molecule are
extremely weak, of the order 10°° cm™, yielding a practically undetectable signal. A
way out of this was suggested by using the enhancement of Raman scattering near
metal surfaces. It is well known that a dramatic signal increase may occur if the
molecule is adsorbed to metal particles of sub-wavelength dimensions. This
technique, known as surface enhanced Raman scattering (SERS) [56], has been
demonstrated to enhance the effective Raman cross section by a staggering 14-15
orders of magnitude. This huge enhancement has proven enough for successful single
molecule spectroscopy. SERS can be used as an independent tool for studying the
properties of the molecules in the dimer; it can also serve as decisive evidence that the
dimer is indeed bridged by the molecules.

Raman spectroscopy measurements on dimers are done by Tali Dadosh, a PhD
student in our group, in the laboratory of Professor Gilad Haran in the Weizmann
institute chemical physics department. The dimers for the measurement are formed
using a polythiophene T4 molecule (see inset to figure 15a) with silver nanoparticles.
We use silver particles instead of gold because these have been shown to give a
stronger enhancement to the Raman signal [57]. For a full description of the synthesis
and measurement methods see reference 58.

Figure 15a shows the SERS measurement performed on a silver dimer. Comparing
the SERS data with regular Raman spectroscopy performed on the T4 molecules in a
powder (inset to figure 15a) we see that most of the peaks that appear in the powder
spectrum also appear in the SERS spectrum. The only exception is the peak at around
2100 cm™'. The powder contains T4 with a thio-ester protecting group; this group is
cleaved before the reaction with the Ag nanoparticles is performed. The peak around
2100 cm™' probably belongs to this leaving group or more specifically to the sulfur.
After taking the measurement of the Raman signal, samples are taken for examination
in the SEM. We correlate the finding of a clear T4 spectrum with the presence of a
dimer at the spot; we have found that the existence of a Raman signal can always be

correlated to the presence of a dimer or higher conjugate.
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Figure 15- SERS
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dimer is observed (insert), all

other objects in these squarce are

single nanonarticles.

Acetvl protected molecules
A common problem with thiolated molccules is their tendency to form polymers

through sulfur-sulfur bonds; this lcads to degradation of the molecules and can create
great uncertainty in the measurements. This problem is usually solved

by using molccules, which arc chemically protected by acctyl groups O

that arc connected to the thiols. The acetyl groups shown in figurc 16

arc attached to the sulfur atoms on both cdges of R
the molecule. The acctyls cap the thiol groups and  Figure 16 — Chemical structure ot an
acctyl group COCH; The R represents

prevent molecular polymerization in the powder;
thc placc where the molecule s

Just prior to the attachment of the molccules to the
attached.

gold surfaces they arc removed by the addition of a
basc. This way as the sulfur atoms are revcaled by the basc they immediatcly connect

to the gold surface. This method works well in creation of SAMs were there is no
problem with the deprotection of the molecules in the presence of the gold surface,
however in our system we have found that it is problematic, the bases used for the
removal of the acetyl groups tend to attack the gold nanoparticles causing them to

aggregate. On the other hand, one could try to deprotect the molecules scparately
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prior to dimer formation, and dilute the solution before adding it to the gold particles.
We have tested the state of the molecules in solution after deprotection using mass
spectrometry and have found that five minutes after the deprotecting agent is added
there is already a formation of a large number of molecular dimers; this is long before
there is full deprotection of all the molecules. This means that in solution, without
presence of a gold surface to connect to, the molecules polymerize faster than they go
through the deprotection process, invalidating this approach. This has led us to
conclude that the use of acetyl-protected molecules is impossible in our system. We
prepare the molecule with the acetyl protection, so that they will be preserved for a
reasonably long time, and deprotect small amounts using the method reported by
Tang and Schneider [59]. Deprotected molecules are kept in a freezer under inert
atmosphere, so as to minimize their polymerization, and replaced every two months.
The molecules are checked regularly using mass spectrometry to ensure that they have
not undergone significant polymerization, and are replaced when there is significant

degradation in their quality.

Concentration of the dimers

After the 24 hours of dimer formation are past the resulting solution is separated in a
gradient to increase the percentage of dimers. The solution is placed at the top of a
tube containing a glycero! gradient and centrifuged so that the different conjugates
travel down the tube at a rate dependant on their mass (for more details see appendix
C). This leads to the creation of bands in the tube containing different percentages of
dimers in them, the bands can be seen in a demonstration of this method using two
different sizes of particles (figure 17a). The solution is extracted from these bands
using a gradient separation technique, which allows us to separate the fractions
without mixing the solution, and studied using a TEM or a SEM, to verify which type
of conjugates occupies each band. We have found that while the TEM provides better
imaging of the particles the preparation method for the TEM samples can leave small
droplets of solutions that can dry and form "fake" aggregates. Samples observed in the
SEM are prepared by placing a drop on a GaAS chip for 1-2 minutes, washing it of
with distilled water and blow drying with nitrogen, thus preventing any formation of
spontaneous dimers. GaAs is used due to its availability and the good contrast of the

gold particles on it. Typically we are able to obtain solutions containing 40-60%
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dimers depending on the particle size and their size distribution; these fractions also

contain 5-10% trimers and higher conjugates. We  sclect for trapping and

measurement the fraction that has the largest concentration of dimers, with the lcast
amount of higher conjugates. The presence of single particles in thc solution is not

very problematic in our system, since they arc casily identificd in their transport

behavior, and usually arc not large cnough to bridge the gap. Figurc 17b shows an

cxample of the percentages of dimers and trimers in the diffcrent fractions; clearly in

this case fraction 3 would be chosen for measurement.
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Figure 17 ~ The gradient separation method. (a) Gold nanoparticles of different sizes separated

by centrifugation in a glycerol gradient. Right: the upper band is of 30 nm gold particlcs, the lower

band is 60 nm gold particles. Lcft: only 60 am gold particlcs. (b) The percentages of dimers and
trimers in different fractions in a gradient.

The solutions that are extracted from the gradient contain a large percentage of

glycerol, leading to a high viscosity of the solution; this damages our ability to attract

the dimers to the arca of the gap between the clectrodes. In order t
ater at a 9:1 ratio and concentrate the dimers at the

o clean the solution

we dilute it with double distilled w

bottom of the tube using centrifugation, the parameters of the centrifuge arc choscen so

that the majority of the dimers will be collected, but there will not be any spontancous

aggrcgation of particles in the solution duc to the high density created. This is tested

age of dimers in the solution before and after centrifugation.

by comparing the percent
is removed and discarded. This process of

After the centrifugation the superatant

cleaning the solution is repeated at lcast three times before the solution can be used.

After the cleaning process we arc left with 10-20pL of solution for trapping, which is

kept in a refrigerator at 4" centigrade until usc.
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Fabrication of the electrodes

E-beam defined electrodes
The direct way of making the electrodes is based on the use of conventional e-beam

lithography for the definition of the electrodes. This allows for good control of the
electrode shape, enabling us to plan them so that they can focus the field gradient and
best attract the dimers to the electrode gap, the planar configuration of the electrodes
also allows straightforward imaging of the samples in an SEM. We plan the layout of
the electrodes so that the active area where the electrode edges are located is small
(see figure 18) so that we can use a very small drop of solution for the trapping.

The e-beam writing is done on a 2.5 by 2.5mm wafer of highly doped silicon with a
100nm silicon oxide layer grown on top of it. This allows us to fabricate 64 dies of 12
electrodes in a single writing. The oxide layer is of a very good quality, allowing the
application of a gate voltage above 40V without any noticeable leakage. The substrate
can thus be used as a back gate to control the conductance through the system in a
standard single electron transistor configuration. The main drawback of this method is
that in using it we are limited in the obtainable electrode spacing by the resolution of
the e-beam lithography. We are capable of creating reproducible electrodes with a
spacing of 25nm or more.

The electrodes are defined using standard e-beam technology (see appendix D for the
full procedure) after development of the resist we evaporate the electrodes using gold
with a nickel adhesion layer. We have chosen to use nickel as the adhesion layer due
to our need to use an ozone stripper to clean our samples; we have found that other
metals like titanium and chromium, commonly used as adhesion promoters, are
damaged by the ozonation, causing peeling of the electrodes at the edges. After
evaporation the chips are coated by photoresist to protect the electrodes and diced; the
photoresist is left until the die is used, and then removed with acetone.

The contact to the gate is formed by etching the oxide in buffered hydrofluoric acid
for 2 minutes to expose the silicon, evaporating a micron thick layer of aluminum on
it and annealing it at 460°. This forms contacts to the silicon that remain conductive at
4 degrees Kelvin; at a 1V bias we usually get a resistance of 10-100K<2 through 2 mm
of silicon. After annealing we evaporate a layer of gold on top of the aluminum to
improve our ability to bond to the pads. An alternative way of contacting the substrate

is by scratching the oxide with a diamond scriber and pressing a small indium dot to
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the scratched arca. The indium can be smeared over the surface and conncected to a
gold pad, which can then be bonded. This method is somewhat cruder than the

previous one, but it provides contacts with approximately the same conductivity.

Figure 18 — SEM image of a die of 12 electrode pairs. the arca used for the clectrodes

is anoroximatelv 300um by 300um. allowing use of a minimal amount of the solution

MBE defined electrodes using selective etching
Another method we have used to create closely spaced clectrodes is by using sclective

ctching of a GaAs-AlGaAs heterostructures created in a molccular beam cpitaxy
(MBE) system [60]. These crystals serve as scaffolding for the crcation of the
clectrodes. The use of MBE defined crystals allows us to go beyond the limits of ¢-
beam lithography and to achicve clcetrode sceparation in the range of 5-50 nm. The
process is shown schematically in figure 19.

The wafer used consists of two thick layers of Alg1Gag2As with a thin layer (5-50nm)
of doped GaAs sandwiched between them. The wafers are first ctched to form mesas
and cxposc the wall. In our carly samples [60] the ctching was performed in
phosphoric acid. The mesa cdges formed using this method are slanted duc to the
isotropic ctching; this causcs the top part of the gap to be very weak and unstable. We
have found that the results are significantly improved when the ctching is donc

anisotropically using ion plasma ctching: this rcsults in ncarly vertical walls yiclding
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symmetric electrodes on both sides of the gap (figure 19a). After the cross section of
wall is exposed the wafers are etched in citric acid and hydrogen peroxide (4:1) that
selectively etches the GaAs (the bulk selectivity is 1:90 [61]) to form a small gap with
a width approximately like that of the original GaAs layer (figure 19b). The etching is
done for a period of 2 minutes to achieve an etching depth of 50nm; this is necessary
to prevent the electrodes on the mesa edge from contacting the conducting GaAs
layer, this is particularly problematic in the back of the mesa where the evaporated
metal is thicker (Figure 19d). When attempting to create smaller gaps (5-15nm) we
have found that the gap does not penetrate horizontally more than 15-20nm; we have
attributed that to an inability of the etchant to penetrate the gap properly. However we
have found that by performing the etching with the tube dipped in a sonicator bath we
have been able to reproduce the etching depth of the wider gaps.

Ohmic contacts are evaporated on top of the mesa, and alloyed to form electric
contacts with the doped GaAs layer, which then serves as a third electrode that can
provide gating of the molecules bridging the gap. Finally PdAu is evaporated on the
wafer at three different angles to form continuous electrodes at both sides of the gap
(figure 19c-d). This is done using a rotating stage, which allows rotation of the sample
without breaking the vacuum. The initial alignment of the sample for evaporation is
done using a laser pointer mounted on the stage to properly align the sample in the
direction of the PdAu crucible in the evaporator. The first evaporation, of a 7nm layer
of PdAu to minimize the chances of shorting to the gate, is done at a right angle with
the mesa edge to coat the gate layer and remove the depletion region at its edge; this
has proven crucial in allowing efficient gating of trapped structures. Two more
evaporations are done to form a continuous connection over the back part of the mesa;
these are at a thickness of 50% more than the gap size to ensure covering of the gap.
This method provides excellent control of the gap size, and allows fabrication of
closely spaced electrodes, up to Snm apart. We have found however that for the goals
of our experiment it is problematic. The lack of ability to control the shape of the
electrodes near the gap makes the trapping process less reliable, the fact that the
electrodes are not planar causes dimers to be attracted also to places where there is a
curvature of the electrodes, such as when they climb up the mesa, and finally the
electrodes are less stable causing a large amount of cases where the electrodes peel
near the gap upon trapping. Since we do not need to have electrodes that are so close

together we have chosen not to use these electrodes much in our system. Modified
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versions of this method are however used by other groups to measurc protcins [62]

and colloidal nanoparticics [63].

(a) Plasma ctching crcatcs mcesas with steep walls,

Figure 19 - Preparation of the clectrodes.

exposing the profile of the MBE growth, (b) Sclective ctching in citric acid forms few nanometer

scale gaps. (¢) The first cvaporation of PdAu creates two clectrodes with a small gap, while also

adding a coating of PdAu on the doped GaAs region, improving its gating capabilitics. (d) Two

morc cvaporations form continuous clectrodes bridging the gap on the other sidc. (¢) A SEM imagc

of a 50 nm gap formed using this mcthod.

Positioning the dimers between the electrodes

In order to place the dimers for measurement between the clectrodes we usc the

method of diclectrophoretic trapping introduced by Pohl [64]. In this mcthod a

voltage is applicd between the clectrodes inducing a dipolc moment on the dimers.

The dimers are then attracted by the dipole-dipole interaction to the
is largest. If the particle bcing manipulated is

arca between the

clectrodes, where the ficld gradient

much smaller than the characteristic distance of the variation of the applicd clectric

ficld the average foree felt by a particle with a dipole moment m in a ficld E is given

by(F>70.5m{,,,.VE'} with the Wsignifying the rcal part o
ity &, in a mecdium with

f the cxpression in

brackets. For a spherical particle with radius r and permittiv
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Thus the resulting force applied to the particles in the solution is
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€
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factor whose value can dictate whether the applied force will be attractive or repulsive
depending on the frequency. In our case the dimers have a polarizability, which is
clearly higher than that of the surrounding medium leading to an always positive
trapping force. A significant limitation to the effectiveness of the trapping process is
the influence of the Brownian forces in the solution. The force applied by the
dielectrophoretic trapping diminishes as the particle size cubed, causing a situation
where below some size the random Brownian motion will dominate and trapping will
not be effective, however due to the closeness of the electrodes in our system the
electric field gradient is large enough to overcome this Brownian motion.
Dielectrophoretic trapping of metallic nanoparticles was first reported by Bezryadin
et.al. [65], using a DC applied voltage for the trapping. [n our case the gold particles
are negatively charged, due to remaining counter-ions on their surface, and a DC
voltage attracts them to the positively biased electrode (figure 20a). Applying an AC
voltage instead, allows us to avoid this problem.

A further complication arises from the existence of electric field induced motion of
the fluid near the electrodes; this has been attributed to the effect of the field on the
double layer formed by the ions in the solution reacting to the applied voltage of the
electrode [66]. While it has been suggested that this effect can be used for particle
separation, in our case it causes the particles to be swept away from the gap. The fluid
flow near the electrodes has been shown by Ramos et al. [66] to be frequency
dependent usually reaching a maximal value in the KHz range, and decaying after
that, the effect of this motion can be seen in figure 20b-d.

Finally the AC field also has the effect of electrorotation, causing the dimers to align
their long axis, with the larger dipole moment, with the electrodes. We have found
that this effect is more pronounced the higher the frequency of the applied trapping
voltage, up to a frequency of 10MHz.

Due to the two last effects we have chosen to use a frequency of 10MHz, were we

have been able to obtain effective trapping with as little as 800mV applied to the
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clectrodes, and good alignment of the dimer with respect to the gap as can be scen in
figure 20c.

The requirement of trapping only a single dimer is quite demanding; the parameters
nceded for trapping differ slightly from onc dimer solution to the other, depending on
their concentration. Thercefore we test cach solution first to ascertain which parameters
give the best yield of single trapped dimers by obscrving the samples in the SEM for

the highest yicld; we then use the same parameters for that solution until it is finished.

Figure 20: SEM images of trapped particles under different AC frequencies. The trappings in a-

d were performed with a voltage of 2V for 1 min. (a) Trapping with a DC voltage, all the particles
arc attracted to onc clectrode duc to their charge (b) Trapping at a frequency of | KHz (¢) Trapping

at 10 KHz (d) Trapping at 50 KHz. (e) trapping of dimers at 10MHz with 1Vpp for 30 scc.

A crucial stage in the dimer trapping procedurc is the cleaning of the clectrode surface
between the clectrodes and the gold particle but it also affects the yicld of the
trapping. The samples are first placed in hot trichlorocthanc (TCA) and in hot acctone
for five minutes cach, and then rinsed in mcthanol. The samples are placed in an
ozonc stripper for 7 minutes at 70% this is donc in order to remove remains of
polymerized photoresist left over from the lithography. The photoresist in the arca
ncar the cdge of the metal clectrodes is subject to somc cxposurc during the
lithography and usually some of it is left; since this is the active part of our sample it

is crucial to remove any traces of resist from it. Finally the samples arc rinsed in

43



ethanol while stirring gently for 8 minutes. This final step is necessary to remove the
unstable gold oxide layer, which is formed during the ozonation process [68]. Failure
to remove this layer results in samples where even if there is a dimer bridging the gap
there is no conduction through the system.

After cleaning the samples are taken to a home built probe station, where the trapping
takes place. The probe station used is made of Karl Suss PH150 probes mounted on a
platform, which are connected to an Agilent 3120A arbitrary signal generator via very
short coaxial cables to minimize parasitic capacitance. The probe station is used
exclusively for trapping since we have found that any changes made to it can change
the parasitic capacitance and hence the trapping parameters. The trapping is
performed using a high frequency sinusoidal signal and therefore is very strongly
influenced by parasitic capacitances in the system. A 0.35ul drop of solution
containing dimers is placed on the sample and the trapping signal is applied for a
period of 30-90 seconds to each electrode pair in turn. We try to perform this with the
maximal speed, to avoid drying of the drop that can decrease the reproducibility of the
trapping. When the drop starts to decrease we immediately add more of the solution to
prevent significant changes in the density of the solution during trapping.

After the trapping is performed the sample is washed with distilled water, blow dried
with nitrogen and measured at room temperature up to 1.5-2V on a probe station,
electrode pairs that exhibit non zero conductance are considered “suspect” of having
trapped dimers. The sample is glued to a 24-pin header with photoresist; the suspect
electrodes are bonded and measured in a liquid helium container.

Bonding is done without any heating of the substrate to avoid damage to the trapped
molecules. Great care needs to be taken to ground anything that comes in contact with
the samples after trapping is complete; the samples are extremely sensitive to
electrostatic discharges, which cause the electrode edges to peel near the gap.
Differentiating between samples that contain dimers and those that are bridged by
single gold particles is easy to do from their low temperature behavior. To remove
samples containing many dimers and ascertain that we do not misunderstand our low
temperature measurements we observe the samples in the SEM after measurement;

devices containing many dimers are not included in our final analysis.

44



An interesting observation from the SEM measurements is the correspondence found
between the dimer brightness in the SEM image and the conductance of the dimer.
We have found that dimers that are similarly situated at the gap can give very
different conductance valucs. high conductance values are in the 10™ Siemens range
whereas the low conductance ones arc in the range of 107'°-10"" Siemens. All the
high conductancc dimers appcar as bright images in the SEM while low conductance
oncs arc a duller color. We interpret this as an indication that the brightness of the
SEM imagc is a result of good contact between the gold particles and the clectrode
[67], meaning that the low conductance of the duller dimers is a result of a bad

conncction to the leads. We thercefore do not include these samples in the data that we

usc.

Figure 21: SEM images of bright and dark dimers. a) A bright dimer. that gave a current of 7nA at
IV source drain bias. b) A dimer and several other trapped aggregates, all dark, this sample gave 100pA

at v,

Electrical measurement setup

Mcasurements at 4K arc performed by dipping the sample dircetly in a dewar of
liquid helium. This mcthod is fastest, and allows a large tumaround of samples
neeessary for focusing on those that exhibit molccular features. The samples are
placed on a measurement rod that allows them to be inserted into a helium dewar.

Mcasurements at temperatures higher than 4K arc performed using a 1.5K cryostat,

shown in appendix E. The cryostat is cssentially a tube scparated from the helium in
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the dewar by a vacuum sleeve. Helium is admitted to the inner chamber through a
needle valve at the bottom of the cryostat, where the sample is placed with a rod. The
cryostat is capable of reaching temperatures below 4K by pumping on the helium in
the inner chamber, but we have found that this does not significantly change the
properties of the molecular junction. Generally one controls the temperature of the
sample by running a current through a heating coil at the end of the rod. We have
found that this heating causes a large increase in the noise level of the sample;
therefore we perform temperature dependent measurements simply by closing the
needle valve and allowing the chamber to warm up gradually while monitoring the
temperature using a lakeshore 3310 temperature controller. Some experience is
needed to perform these measurements well and avoid drastic changes in the warming
up rate; typically one starts by closing the needle valve only partially since the early
stages of heating are quite rapid, the valve needs to be closed further at ~20K and
again at ~70K (these points may vary from system to system). The 1K cryostat allows
controlled warming of the samples up to temperatures of ~250K (depending on the
quality of the vacuum in the insulating sleeve), but we have found that our samples
become too noisy to observe features past ~120K.

Measurements of conductance and current versus voltage plots are performed
simultaneously using a standard lock-in technique: a small AC signal from an EG&G
7260 DSP lock-in is added to the source drain voltage from a Yokogawa 7651 DC
source connected to the source electrode. The drain electrode is connected to a
Keithley 428 current amplifier and from there to a HP 34401 A multimeter to measure
the DC current and back to the lock-in amplifier to measure the in phase response of
the molecule to the AC excitation. In this manner one measures the current and its
derivative simultaneously. The frequency of the excitation is chosen to avoid the
frequencies, at which the system has much noise, checked with a spectrum analyzer
we measure at 67 Hz, avoiding the 50 Hz frequency of the electric lines and a 15 Hz
disturbance found in our system.

We have found that the rate at which we scan the source drain voltage as well as the
magnitude of the excitation are very significant factors in the amount of noise in the
measurement, we therefore aim to ramp the applied DC voltage as slow as reasonably
possible, and to keep the excitation at the minimum value that can allow us to observe
a good signal.

Effect of the scanning electron microscope on the samples
Observation of the dimers in an SEM often causes drastic changes in their conduction

properties. We have found that samples observed in the SEM had become highly

46



conductive and losc all of the features that we attribute to the molecules. This is

probably becausc the clectron beam of the SEM damages the molccule cither dircetly

by bombardment of the molccule itsclf, or by causing discharge across the molccular

Junction between the two nanoparticles. We have found that if the scan is performed

quickly enough and at a low acceleration voltage it is possible to reduce the damage

to the samples and still observe the molecular features after scanning. An interesting

obscrvation is the fact that while the molecular features remain roughly unchanged

after this process, the overall conductance of the junction is increased by as much as

two orders of magnitude; this can be scen in figure 22.

It docs not seem reasonable to assume that the observation of the sample by the SEM

can improve the connection of the molecule to the gold nanoparticles. furthermore it

is extremely unlikely that this could happen without completely altering the molecular

features. The SEM may however cause damage to the ligands coating the particles,

cither dircctly or by charging the particles, forcing them to discharge though the

ligands. Therefore we assume that originally most of the voltage drops across the

clectrode-gold particle interface and scanning in thc SEM improves that contact

causing thc molccule to become the bottlencck to conduction. Thus we belicve that

the SEM can be used to
change the clectrode
particle contact, providing
another  knob  allowing

morc control of the system.

Figure 22 SEM influence on samples.
Measurements of a molecule before
(black curve, corresponding to right
axis) and after (red curve, left axis)
Scanning in a SEM. The gencral
Mmolccular features and the width of the
peaks remain  unchanged, while the
overall conductance is  incrcased by

nearly two orders of magnitude.
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Measurements on single nanoparticles

In order to understand and characterize the system we started by studying the
transport through single particles, where the physics is well understood. In the
solution the particles are covered by a thin coating of ligands, which serve as
stabilizing agents to prevent aggregation, these serve also as tunneling barriers
between the particle and the electrodes, thus forming a configuration of a small
metallic island weakly coupled by tunneling between two electrodes. In such a system
we expect to observe CB phenomena as described in the introduction. The charging
energy of the particles depends on their self capacitance, which is proportional to their
diameter and on their capacitance to the electrodes, which should also scale with their
size.

The study of transport through singie nanoparticles was performed on mesa structures
and not on the e-beam defined structures that we use for the dimers. The different
geometry of these electrodes causes the capacitances of the particles to the leads to be
different leading to different charging energies of the particles and the conductance
values shown will also be quite different in the e-beam defined electrodes. However
the general phenomena of scaling of the energy with particle size should be the same
for any system studied. Current voltage features of a 10 nm gold particle are presented
in figure 23a. A clear gap is seen at source drain voltage —25mV<Vsd<25mV, a
Coulomb staircase is seen at higher voltages with a period of approximately 50 mV.
The periodicity found fits with a capacitance of approximately 3aF, this is about one

order of magnitude

[

larger than the self-

capacitance of a

Current [nA]

sphere of this size

C=4I1ggR=~0.5aF. The

difference is due to the Figure 23 — Coulomb blockade of single gold nanoparticles.

fact that the capacitance a) IV ofa 10 nm diameter gold particle, showing a 50 mV gap.
defining the steps is the The insert shows the temperature dependence between 4K and
. . . 77K. b) IV g artic i ~

total capacitance including ) IV of a 60 nm gold particle, showing a gap of ~10mV.

) All measurements were performed on mesa etched electrodes.
the capacitance to the

electrodes. The inset shows a different sample measured at two different
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temperatures, at 4.2 K a clear gap is seen, the size of the gap is bigger than that of the
previous particle, due to random differences in the capacitance to the nearby
electrodes. At 77 K the thermal energy available to a tunneling electron is large
enough to smear out the gapped region completely, but there is still a distinct non-
linearity in the curve as a remnant of the gap.

For comparison we show in figure 23b a measurement that was performed on a 60 nm
gold particle. Here the gap is smaller (~10mV), as is expected for a larger particle and
the conductance inside the gapped region is not zero. This nonzero conductance is a
result of the fact that the smaller gap makes the temperature at which the smearing
occurs lower, and the 4.2K at which we measure is not enough to completely freeze
out transport in the gapped region. As can be seen the charging energy of the particles

does indeed scale roughly with the particle size.
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Molecular conductance

Establishing that current goes through the dimer

When performing nanoscale measurements it is very important to ascertain that the
transport is indeed taking place in the path that one anticipates. The small distances
over which transport takes place can allow current to go through dirt on the surface of
the sample. An advantage of the dimer method is our ability to correlate the presence
of dimers or nanoparticles in the gap and the existence of a finite conductance. A fter
measuring hundreds of samples we have seen that in all the cases where we found a
significant conductance (Above 107" e
Siemens) there was a dimer or a
nanoparticle in the gap. A
Our measurements of conjugated

molecules show (as will be discussed)

high energy peaks. In several of our

Conductance (nS)

measurements we are also able to

observe oscillations on an energy scale *
fitting that expected from the L T
nanoparticle CB (figure 24). The Voltage (V)

periodicity of these peaks is ~50mV, Figure 24 — Signature of the nanoparticle charging
fitting to a capacitance of 3aF, since the

High frequency CB oscillations superimposed over
self capacitance of the 30 nm particles is

the molecular spectrum.

1.5aF this can be explained as the

charging energy of the single nanoparticles modified by the capacitance to the
electrodes. Thus it is clear that the transport through our system does indeed go
through the dimer.

In the following section on the gating of molecules we will show that by observing
the response of these high frequency oscillations to an external gate voltage we can
demonstrate that the transport takes place through two dots in series, exactly as we
would like.

Effect of conjugation on molecular conductance

When studying transport through single molecules we expect to see beyond the
regular Coulomb blockade effects of the clusters also the properties of the specific
molecule. As said in the introduction part we expect current through a molecular
system to be enhanced when the molecule has available electronic states at the Fermi

energy of the leads. For the achievement of elastic transport it is also necessary for
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these states to be extended in order to allow the electrons to travel freely through the
molecule. This requirement is satisfied nicely in the case of conjugated molecules;
these have delocalized electron states along the molecular backbone and are also
usually rather stiff, making them ideal candidates for measurement in our system

The importance of extended electronic states for molecular conduction is well
established; we decided to focus on the effect of localization centers added in a
conjugated molecule. We studied the electrical conduction through three short organic
molecules (shown in the inset of figure 25): A fully conjugated molecule, 44'-
biphenyldithiol (BPD) where the only reduction in conjugation arises from the angle
between the two phenyl rings, Bis-(4-mercaptophenyl)-ether (BPE) in which the
conjugation is broken at the center by an oxygen atom, and |4-
benzenedimethanethiol (BDMT) where the conjugation is broken near the contacts by
a methylene group. The BPE molecules is an example of a case where the
conjugation of the states in the molecule is broken, whereas the BDMT still has a
fully conjugated central part but the overlap of its electrons with the leads is reduced
due to the methylene. We have been able to measure a total of: 15 BPD, 13 BPE and
15 BDMT devices

Figure 25shows a comparison of the differential conductance of the three molecules at
4K. These are representative curves from more than ten devices of each of the
molecular species that were studied. Looking first on the difference in conductance
among the molecules we can see that this is quite pronounced: The BPD molecule
shows a more or less linear rise in conductance (superimposed with peaks that will be
discussed later), the conductance at 0.5V is already at approximately InS. The BPE
and BDMT dimers show remarkably different behaviors. It is clearly seen that the
conduction through the dimers formed from these molecules turn on at much higher
voltages (typically larger than 0.5V) and one cannot resolve any peak structure.

The systematic difference between the three molecules further confirms that the
measured differential conductance is of molecular origin. The apparent gap and
exponential turn-on of the differential conductance in the case of the BPE and BODMT
suggest that adding localizing groups interferes with the conjugated aromatic system
and suppresses the overall conductance through the molecule. This assertion is nicely
demonstrated when comparing the BPE with the BPD molecule, where the addition of
an oxygen atom between the conjugated rings suppresses the conductance almost

entirely below 1V. A similar effect takes place in the BDMT dimers where the
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methylene groups suppress the overlap of the molecular backbone orbitals with the
contacts; one should take notice that the BDMT molecule is smaller that the BPD, so
that the difference cannot be explained as a simple difference in tunneling distance.
The BPE molecules give consistently lower conductance values than the BDMT; this
may be an indication that the presence of localization centers in the molecule affects
transport more than the reduction of the overlap with the leads; however the other
differences between the two molecules are too big to make any firm conclusions on

that ground.
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Figure 26 — Effect of conjugation on conductance

Typical curves of the three molecules; one can clearly see that at low voltages the conductance of the fully

conjugated BPD molecule is much higher than that of the other molecules. The BPD molecule also has

pronounced peaks in its G-V curve. The inset shows an illustration of the chemical structure of the molecules.

The conduction of these molecules was 2r’ ' ' ' /

recently calculated theoretically using -

the greens function method [69] and /

the order of the conductance values of 0 e

the molecules was reproduced (shown .

in figure 26). On the other hand the - r/

peaks in this calculation are spread -2 “*’/' L L L L
significantly more than in the 3 K v 1 ’
measurements. Figure 25 ~ Calculation of conductance values.

NEGF calculations of [-V curves for BPD (solid linc), BDMT
(dotted) and BPED (dashed)., from reference 69. The units used
arc of e=h=c=1, meaning that the current is in the range of 107A.,
about an order of magnitude higher than that typically observed

In our measurements.
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The structure of the BPD curves

The BPD measurements clearly show a series of
conductance peaks. These peaks cannot be
attributed to charging of the gold nanoparticles ~
their typical spacing is a few hundred mV, more
than an order of magnitude larger than the gold
nanoparticles’ charging energy. The peak
structure typically appears on top of a rise in the
conductance; this rise is very different from
sample to sample sometimes differing by an
order of magnitude, and changing from a strong
exponential rise in some samples (figure 27a) to
a moderate super-linear rise in others (figure
27b) and in one sample no background rise at all
(figure 27c). A possible explanation for the
existence of a background can be the existence
of a resonant tunneling state above the range of
the window the

voltage observed by

measurement; the variability between the
different samples would mean that this state
should be in different energies from
one sample to the other. In light of the
sample to sample difference it is

probably most likely that the rise is

samples.
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Figure 27 - different background rises in BPD

(@) A strong exponential nse. (b) A

superlinear moderate rise. (¢) No background rise.

connected to direct tunneling between the particles and therefore differs from sample

to sample due to geometric differences amongst the samples. Most samples observed

displayed a rise close to the moderate superlinear one shown in figure 27b, with two

showing the strong exponential behavior and one displaying no background rise.

Another difference among the different samples is the width of the conduction peaks.

Some samples display clear sharp peaks with well defined maxima and sharp rises

and falls (figure 28a). Other samples have broad peaks that clearly mark some kind of

resonance in transport, but are broadened out much more (figure 28b). This difference

among the peaks found in different samples is probably a result of differences in the



strength of the connection between the molecule and the leads, leading to a different
broadening of the molecular levels, as discussed in the introduction. There is no
correlation between the behavior of the background conductance and the shape of the
peaks; this is consistent with the assumption that this rise is a result of inter-particle
tunneling and not the electrical properties of the molecule. As can be seen in figure 28
there is also no correspondence between the overall conductance of the junction and
the broadening of the peaks, this is strange since the connection to the leads should
affect conductance. One possible explanation is that for the conjugated BPD molecule
the junction conductance is limited not by the molecule but by the tunneling barriers
formed by the ligands on the nanoparticles. This would mean that the conductance
values found for BPD are in fact lower limits to the "real” conductance of the BPD

molecule.
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Figure 28 — different Peak shapes of the BPD molecule. (3) A sample displaying strong
pronounced conductance peaks. (b) A sample with broadening of the peak structure. Nothe that
both samples have approximately the same background rise and roughly the same overall

conductance.

Random gating of the molecules

Another factor causing irreproducibility in the BPD measurements is the existence of
temporal fluctuations as well as variations between different devices. Figure 29a
shows a compilation of 130 measurements of the conductance of one dimer taken
over a period of a few hours. Strong temporal fluctuations in peak position, which
could be as large as a few hundreds of mV, are evident. We find that the conductance
spectrum shifts rigidly, namely — all peaks at positive and negative voltages move to

the same direction by approximately the same value. This is demonstrated in figure
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29b, where we shift all spectra such that their peaks at -0.2V coincide. It is scen that
this operation causcs all other peaks to be aligned as well. Such behavior is typical of
clectrostatically gated Coulomb blockaded systems with different input and exit
capacitances [11]. Plotting the conductance in the Fy-F, planc onc obtains a skewed
diamonds structure. It can be scen that under these conditions the conductance peaks
at positive and ncgative drain-source bias indeced move rigidly upon application of a
gatc voltage. Since the gold nanoparticles are very cffective in screening the effect of
remote potentials we conclude that charge movement in close vicinity to the molecule
gives risc to the observed rigid shift of the spectrum. These temporal fluctuations can
thercfore be considered as evidence for gating of the molecule, which occurs
randomly. We note that the temporal frequency of this random gating depends on the
voltage sweep rate, dV/df, and the voltage range of the mcasurement. It could be
substantially minimized by working at low sweep rates and within a limited voltage
range, such that stable and reproducible measurements can be conducted over hours,

as can bc scen in the mecasurement of figure 29¢.

Time (min)

-1 0.5 0 05 1 &5 96 o? a0
Voltage (V) )

Figure 29 - random gating of the molecules. (@) A compilation of 130 measurements of the
differential conductance spectrum of onc BPD dimer, taken over a period of a few hours. The
conductance values are represented by a color scale, which ranges from blue (0 n8S) to red (3 nS). (b)
The spectra of a shifted such that their peaks at 20.2V coincide, thus demonstrating the rigid shift
nature of the temporal fluctuations. (¢) A slow measurement with ImV step size, of the peak at -

300mV. Over the measurement period of 24 hours there was only one jump in the position of the peak.




positions (Figurc 30). This is donc by converting cach spectrum to a sct of peaks, cach
represented by a block of unit height, a width which is the full width at half
maximum, and is centered on its maximum. A rigid shift of cach spectrum was
allowed to accommodate the temporal fluctuations. It is scen that the peak structure
survives the averaging over many molecules, indicating that the variability in peak
position is smaller than the peak spacing. The peak positions determined from the
histogram agree very well with measurements donce on sclf assembled monolayers of
BPD [74] (scc insct to figurc 30). However, such agreement is lacking when
comparing the mcasured spectra with recent calculations of molecular conduction
[73]. In particular, thc mcasured turn-on voltage is significantly lower than
theoretically predicted. Morcover, the predicted conductance is much higher than that

found in the mcasurcments.
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Figure 30 — Conductance histogram.
Histogram of the conductance peak positions collected from 15 BPD devices. A rigid shift of the
spectrum by up to 50 mV was allowed. The insct shows measurements of SAMs of BPD

molecules taken from 74.
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Temperature dependence
Our mcasurement system creates single molccular junctions that are much more stable

than thosc made by most other systems used today: this allows us not only to perform
many rcpetitive scans at low temperatures, but also to mcasurc the temperature
dependence of the molecular conductivity in a well controlled way.

The tempcerature dependence of the BDMT molecule was studied first, with results
shown in figure 31a. The temperature dependence data is reminiscent of the results
reported by Sclzer ct.al. [35], yiclding an excitation cnergy of approximately S0meV
with applicd voltage of up to 150mV. In the casc of the BDMT there is no clcar
internal degree of freedom to associate with this cnergy scale as in the OPE of
reference 35, The 50mV could involve motion of the molecular center of mass.
Surprisingly, too, thc cnergy gap calculated from this mcasurement remains
unchanged up to a source drain voltage three times the size of the calculated gap,
without a sginificant change of the Arrhenius plots found. This lcads us to suspect a
diffcrent explanation to these results, attributing them not to actual tempcrature
dependence of the molecular conduction, but to thermal cxpansion of the clectrode
chip. At the 0,
temperatures  studied,
below 150K, the
thermal cxpansion of

the silicon substrate is g
negligible compared to gw
that  of the gold

clectrodes and B .-

nanoparticles  [70.71]:

o X n;m o ce i
thus hcating will causc T (K)
the clectrodes to cxpand over the Figure 31: Temperature dependence of the BDMT

. junti nductance. (a) Arrhenius plots of
substratc and move closcr. If we ~ molecular juntion co @) p

. the logarithm of the current as function of the inversc
assumc from the nonlincar G-V
temperature. The low voltage data was taken only down to

cury ulc
c of BDMT that the molec 50K, since at this temperature the measurement rcached

serves as a tunncl barricr between the noise tevel (b) Temperature dependence of the
the lcads this cxpansion will lead  {hermal expansion cocfficient of gold. Taken from [71].
to an increase in the current. The  (¢) Temperature dependence of the thermal cxpansion

cocfficient of silicon. Taken from [70].
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thermal cocfficient of gold begins to rise strongly ncar 50K (figure 31b), this can
scrve as an cxplanation to the lack of temperature dependence below that temperature.
In the case of thc¢ BPD molccule the temperaturc dependence is much more
complicated. We studicd the effect of temperature both on the position of the different
peaks, and on their shape. As can be scen in figure 32 the peaks appcear at different
source drain voltage values (different encrgics) at different temperatures, the shift of
pcak cnergics as function of temperature is usually quite gradual. The temperaturc
dependence is repeatable during several cooling cycles, and thercefore clearly a real
property of the junction. When comparing the temperature dependence for different
devices we find that the behavior is device specific, giving completely different
results for cach device. The temperature dependence of the peaks in the BPD dimers
is therefore not a direct property of the molecule. One possible cxplanation to this
strange device specific behavior is the same thermal expansion suggested previously
for the BDMT mecasurcments. In the BPD molecule the angle between the two phenyl
rings has a very strong influcnce on the current, changes in the pressurc applicd to the
molccule or shifting of the gold particles may causc this angle to change. Since the
gecometry of cach device is different duc to the random placement of the dimer

thermal cxpansion may causc different changes in cach molecule, thus lecading to this

device specific behavior.

Figure 32 — Temperature dependence of the BPD conductance peaks

a-c) Repeated scans of different BPD molecules. Red/blue represent high/low conductance, respectively. The

maximum ranges from 10nS n the left plot to 1 in the middle and right ones. The temperature dependence of

the peak position is the same for cach individual device, but it is very different from one device to the other.
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While the effect of temperature on the position of the peaks is difficult to interpret,
there is value to studying the change in the shape of the peak as function of
temperature. We study the shape of the peak itself by removing a straight line from
the plot and studying the peak without its background. Assuming that the peak
changes only as a result of thermal broadening of the leads’ Fermi function the
transmission peak is expected to increase in width linearly with temperature and
decrease in height linearly with the inverse temperature, so as to preserve the area
under the peak [72]. It is evident that the peak broadens slightly and decreases in
height with increasing temperature (figure 33). Surprisingly we find that the value of
the conductance at the peak maximum does not decrease as I/T, but rather it

decreases linearly with temperature as G, = G, - ST .

The linear dependence of the peak maximum on temperature cannot be explained by
the thermal broadening of the Fermi distribution of the leads. We would like to
suggest a different mechanism for the peak lowering, based on the angle between the
two phenyl rings. The phenyl rings are set at an angle ¢, between them caused by the
competition between the conjugation energy of the molecular n electrons and the
steric hindrance of the hydrogen atoms. As the temperature increases the rings
oscillate around this angle, changing the coupling of the = electrons on each ring.
Calculations of the energy barriers for the twisting of the phenyl rings give an energy
scale of a few kcal/mol for the difference between the steady state angle and the
extremes of 0° and 90° [72]. Taking these values as estimates for the rotation energy
in the bound single molecule we find an energy of a few eV per molecule. The
temperature at which we are measuring is equivalent to about 10* eV, much lower
than that of the barrier, so that we are able to assume small oscillations around the

stable angle. The amplitude of a harmonic oscillator is proportional to the root of its
energy, so we take the angle to be ¢ = ﬂﬁsin ot , with B a small parameter. Making
use of the cos’(p) dependence of the conduction, Taylor expanding the cosine by B
and leaving only terms up to B’ we get-

G« [cosi (@, + BT sint)dt =27 cos’(@,) + (sin’(@,) = cos* (@, W8T

For the value of ¢,=34° given in the literature [51] the second term gives a negative
value of approximately -0.28, causing the observed linear lowering of the peak

maximum. This result is very interesting because it not only provides us with a model
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for the lincar lowering of the peak maximum, it also gives us the prediction that if the
stcady statc angle between the rings will be larger than 457, as for cxample is the case
for fluorine substituted BPD (¢p,—52"), the trend should be reversed giving a risc of the
peak with increcased temperaturce. This prediction will be tested in future work done in

our lab.

j0 20 40 60 B8O 100

o 0.2 0.4

Vsd‘ (V)

Figure 33 — Temperature dependence of the peak shape. The shape of the peak as a

function of temperature from 4K (cyan) to 80K (pink). The nsct shows the peak height as

measured with respect to a straight line connecting both sides of the peak
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The importance of gating

Most mcasurcments of molecular Vsd
G
conductance spectra arc bascd on

B AN
scans of sourcc drain voltage, A 0 Vsd

without the ability to gate the ﬁ G
molccule. If we assume that the

Vgaic 0 Vsd

pcaks arc clectrostatic in naturc,
these measurements arc cssentially

cuts in a two dimensional

Coulomb blockade (CB) diamond 0 Vad
plot of thc system at some
uncontrolled gate  voltage Veale 3 Vi

i s
mposed by  the  random Figure 34: Line scans in the CB diamond plot.

cnvironment. This will va , ,
ary AE is the encrgy spacing that we would want to mcasure. As

grcatly from onc measurement can be scen these cannot be found from the Vas scans

to the other, dcpcndmg on the without further information. a) Symmctric diamonds b) Vsd

gate voltage and the coupling scans along the lines in fig 29a ¢) Skewed diamonds d) Vsd
of the molccule to the left and  eans along the lines in fig 29c¢.

right contacts. What one

would like to obtain from these measurements is the valuc of the cnergy spacing AE
of the levels thus measured. As illustrated in figure 34 this cannot be done with simple
Vsd scans. The peak spacing taken from source drain scans like the ones illustrated in
figurc 34¢ and 34d can be different between different pairs of peaks, it can cqual 2AE
as in the red graph of figure 34b, AE as in the two peaks ncarcst to Vsd=0 in the
ycllow graph of figurc 34d or any othcer valuce less than 2AE.

Onc may ask, given this analysis, how we were able to acquire the histogram of figure
30. A possiblc explanation to that may be hinted by the random gating in figure 29.
That data shows that the molccules tend to behave like strongly skewed CB systems.
perhaps duc to an asymmetry in the placing of the dimers on the clectrodes. 1f the
ratios of the capacitances arc not very different from onc device to the other we can
expect to have a rcasonably reproducible spectrum. It would howcever be impossible
to assign the scale of the peak spacing to any physical property of the moiccule
without the knowledge of the capacitances that can be found only from a full two
dimensional scan. ‘

Thus it is clcar that gating of molccules is nccessary not only as a technological step,
towards the creation of a molccular transistor, but also crucial in order to obtain

quantitative information on the cncrgy spacing of the molecular levels.
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The problem in obtaining molccular junctions with significant gatc rcsponsc is
common to all single molecule measurement systems; it ariscs from the difficulty in
affecting the clectrostatic environment in a nm sized gap screened by two large
metallic clectrodes. The potential between the clectrodes can be shown, in the
simplificd model shown in the insct of figure 35, to decay very rapidly with the height
as ®~exp(-h/d), where h is the height of the arca between the clectrodes, and d the
distancc between them which is - /’ﬂw\

dictated by the size of the
molecule. Onc should notice
that h here refers to the height of
the arca cnclosed between the
mctallic clectrodes, and not the

total distancc to thc gatc,

making changes in the oxide

Figure 35: Screening of the back gate.

i ss insignifica , . . . . .
thickness in gnificant for the Ficld lincs cmerging from the back gate in a dimer

screening problem. As can be mcasurement configuration. The most significant decay of ficld

scen in figurc 35 the height of

lines is between the particles. The insct shows a simplified
the arca where the clectrode modecl used to understand the dependence of the screening.
spacing is smallest in our

method is defined by the size of the nanoparticles used to form the dimer. We should
therefore be able to improve our ability to gate the molccule by reducing the size of
the particles as much as possible. By switching to nanoparticles with an avcrage
diamcter of 15nm, who furthermore are single crystals, we have been able to obtain
scveral molccular junctions, which display a response to the gate voltage. In the

following scction we will show and discuss cach of thesc individually.

Molecular structure dependence of the peak structure

In order to interpret the peak structure of the molccular conductance we have

fabricated dimers of four different moleculces:

a
thc old BPD molccule, BDT (1.4 m_/ "
benzencdithiol), and both these molecules |\ /

with fluorinc substitution of the hydrogen in

[+
the benzene  rings FBPD (4.4 NSNS
octafluorobiphenyldithiol) and FBDT (1.4 “%_W“

tetrafluorobenzenedithiol); References to the

SH

synthesis of these molecules can be found in Figure 36: Molecular species
appendix B.  The rationale bchind choosing thesc  investigated
molccules was that by comparing BDT with thc BPD  Schematic illustration of the
(a) BPD (b) BDT (¢) FBPD
and ()Y FBDT molecules.
62



Vsd(V)

wc would be able to obscrve cffects relating to the molccule size. The fluorine
substation is cxpected to have two significant cffects: the vibration encrgy of the C-H
atoms will be replaced by the smaller energy of C-F vibrations: more significantly the
fluorine atoms, that have a much higher clectronegativity than that of thc hydrogen
will attract clectrons from the benzene rings, causing a change in the spatial
distribution and cencrgy of the molccular orbitals.

Out of scven BPD molccule. 5 FBPD, S BDT and onc FBDT molccule we have been
able to gatc onc cach of the FBPD and BDT and two BPD molcculcs.

Starting for the mecasurcment of the BDT molccule shown in figurc 37, in this and in
all the following figures we have subtracted a line of the background rise to enhance
the peaks. The first thing that can be scen is that the molecular peaks indeed give rise
to CB diamonds upon gating. This obscrvation is not a trivial onc; the formation of
CB diamonds indicatcs that the featurcs involve a process that is clectrostatic in
naturc. [f some other process such as vibration assisted tunncling were taking place
we would have expected to sce these peaks appear as parallel satellites to the CB
pcaks. Anothcr fcaturc that nceds to be addressed is the fact that the diamonds at
positive and ncgative bias do not closc ncar zcro Vsd. Therc is a strong low voltage
gap, preventing the diamonds from closing and they arc shifted onc with respect to the
other. This can perhaps be attributed to the presence of the nanoparticles (whose
features can also be scen in the small oscillations at low Vsd): for current to go
through the system a low bias both particles need to have a state near the clectrodes’
Fermi energy. Since the system has only onc gate, the two particles can't be tuned
perfectly, Icading to an inability to closc the gap completely. The issuc of modeling
this system completcly, taking into account the particles as well as the molccule is
currently being studied in our group by Avraham Guttman. The spacing of the encrgy
levels of the molecule is taken as half the distance in source drain voltage between

two diamond vertices.

08 Figure 37: CB diamond

SH
06 /©/ - measurements of BDT molecule.
{HS " fe -

Conductance as function of bias and
L gate voltage, red/blue indicate high/low
conductance respectively.  Values  of
conductance arc arbitrary duc to the line
subtracted from the measurement, which

is shown 1n the bottom insct. Black lines

arc guides to the cye, the lower lines are

-04
the top oncs reversed and shifted. The
-0 .
° top nsct  shows the  chemical
08 - composition of the BDT molccule.
-30 -20 -10 o] 10 20

vgate (V)
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Figurc 38 shows a diamond diagram of thc FBPD molccule. The diamond structurcs

in figurc 38 have a smaller gap at low bias, and arc not shifted: this is probably duc to

some diffcrence in the gcometry of the device.

04

-0.2

-0.4

Figure 38: Coulomb blockade diamond measurements of the FBPD molecule.

The details of this figurc arc the same as in figure 31. The beating created by the two

nanoparticles can be scen as nearly vertical lines

in the scan. Naively this beating can be understood as a result of the alignment of the

cnergy levels of the two dots, as shown in figure 39.

A slight difference in the size of the dots will cause

thecm to have slightly different charging cnergics. ™ :LL__ — "
When the states in both dots appcar at the samc _ 2
cnergy there is a high conductance through the _—
system, while when there is a mismatch there is a T e—
reduction in the conductance. The gatc will also Vi

have a different cffect on the two particles,
duc to the random placing of the dimer in the
gap. This will causc thc bcat pattcrn to
respond to the gate voltage as scen in figurc
38. Both these features can be explained in a
morc complctc way using the theory of two
quantum dots connccted in scrics [75], this

will be donc in the next scction.

Figure 39: Schematic illustration of the
two dot system, with the molecule as a
tunnel barrier. The solid linc represents a
statc of thc system with lower conductance
compared to the dashed one, where the two
ladders coincide and the conductance is

enhanced.
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Turning now to the measurements of the BPD molecule, we have two mecasured
devices. The first device shown in figure 40a displays behavior more or less like that
of the other molccules. There is a low bias gap and the beating of the two dots can be
observed. The second device, shown in figure 40b displayed very different behavior.
This device had no background risc in the conductance giving a conductance of ncarly
zcro cverywhere except at the position of the peaks (sce insct to figure 40b). Only onc
sct of pcaks could be obscrved, typical to a case of a quantum dot were one tunnel
Jjunction has a much highcr resistance than the next (sce next section). The overall
current in this device was also extremely low. We tend therefore to assume that the
device of figure 40b was anomalous in onc of the conncctions to the molecule,
perhaps with the molecule connceted in a different configuration than is normal. The
different conncection to onc lcad will clearly change the clectronic states of the

molccule, thus making it difficult to compare this device with the other ongs.

Vsed (V)

- B

Figure 40: Coulomb blockade diamond measurements of the BPD molecule.

(a) a "normal” BPD device with symmetrical diamonds. (b) An "abnormal” device with no background nise

and only onc sct of peaks. No background was removed in this plot. The insct shows a G-V scan at zero

gate voltage of the device.



From the CB diamond plots we are able to assess the energy level spacing of the
molecules. We find the highest level spacing in the "normal" BPD molecule
(225meV) then the BDT (200meV) and finally the FBPD (150meV). Clearly, in light
of the two very different BPD measurements, without repeated measurements we
cannot assume that any of these results are really specific to the type of molecule
studied and not device specific. To answer that we would need significantly more data
on all four molecules that we attempted to study, and also a better way of modeling
the system that would include not only the molecules but also the particles connected

to them in the analysis.
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Double dot physics

While the declared goal of this work is to study the propertics of the molecules in our
junctions, we have scen already in the previous results that the gold nanoparticles too
play a rolc in affccting the transport propertics of our junctions. This can allow us
both to make usc of the nanoparticle physics in characterizing our system, and to
study thc double dot phcnomcena that appcar. Figurc 41 illustrates the different
possible approaches to modceling the transport through the dimer, considering the
molccule as a third quantum dot (option II) as we did so far. or as a featurcless tunncl

barricr (optionl). In the study of the part played by

. X X s " g
the nanoparticles in our system we usc the modeling /

(

of option I; this is appropriatc in the region of

sourcc drain voltage below the appcearance of the

first molccular peaks, or in cascs where the i

molccular pecaks do not appcar at all. Under
Figure 41: The possible ways to treat the

this assumption the system can be described as N
molecular junction. Pathway 1 trcats the

two metallic quantum dots connccted in scrics, molcculc as a featurcless tunnel barrier, while
and the physics we cxpect to observe is that of 11 describes a situation where the clectron
double¢ quantum dot (DQD) systems [75]. dwells on the molecule during transport.

The subject of two quantum dots (QD) connccted in serics has reccived much interest

in rceent years, due the possibility of applying it to the ficld of quantum computation
[77]. These works tend to focus on GaAs QDs. which arc casicr to fabricate and
control, and on the propertics of these systems at zero bias. Some work has also been
donc on the propertics of mctallic dots at finite source drain voltage [78,79].
Lithographically dcfined QDs arc two dimensional and arc affected by two different
energy scalces, the level spacing and the charging energy, both in the range of ImeV or
less while in metallic QDs the only relevant energy scale is that of the dot charging
energy, in our system 40-50mcV. Mectallic dot systems arc also different in the fact
that they have many free clectrons in them compared to GaAs oncs, where therc is the
possibility to completely tunc the number of clectrons in the dot. There is much valuc
thercfore to the study of the two metal nanoparticle system individually: this will be
the focus of another PhD. done in our group. For the purposc of this work the focus

on the double dot physics is only from the aspect of the information that may be

67



gained from them on the molecular junction. A full description of our system in terms
of double dot physics should enable us to assign the capacitance and resistance of
each junction in it, and to know the voltage division along the dimer. This will allow
us to answer the extremely important question of how much voltage is actually
applied to the molecule, and how much drops at the electrode-particle contact. Since
the electronic orbitals of the molecule are expected to react to the applied voltage, and
thus change the transport properties of the molecule [17] this is clearly an important

question to address.

Theoretical description
The theoretical work done on double quantum dot (DQD) systems has focused mainly

on the aspects relevant to the experiments done in GaAs heterojunctions for the
purpose of quantum computaion. The study of these systems is somewhat different
from the work we are doing; in heterojunction DQDs one usually focuses on the
properties of the system at zero applied bias, using two separate gates to control the
state of the dots individually. The focus is not so much on the transport through the
system, but rather on the state of the electrons in the dots. The theoretical
understanding of these systems is, however quite exhaustive [76] and can be applied
to the dimer system as well.

The state of the system is found by calculating its energy dependence on the charge

states of the two dots, neglecting any cross capacitance terms this energy is given by
1 1
U= 5N|ZE(~| +EN22E” +NNE., + [V, V)

where Ecy2) is the charging energy of dot 1(2), Ecn is the electrostatic coupling

energy of the two dots, and f the gate influence:

1 11 1
f :; {CgIVgI (NIEH +N2E('m)+C :I/,zz(ME'm+NzE'z)}+;2’ {5 C;fIVgZIE'I +§ szl/ﬁzE'z +Cgl Vglcngg:Ecm}

from this one defines the electrochemical potentials of the dots as the energy needed

to add the Nyth electron to dot 1(2) while there are Ny, electrons on dot 2(1):
1 1
ﬂlt:)(NwNz) = (Nu:) —E)E('I(Z) + szE(‘m +;(CglelE('l(<'m) +Cg2VgZE('m1('2]) .

From these potentials one can find the number of electrons on the dot, by requiring
that each dot has the maximal number of electrons on it, such that its potential is
lower than that of the leads (set to 0). This information is summarized in the charge

stability diagram (or honeycomb diagram) as shown in figure 42, in which hexagonal
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domains signify areas in which there is a specific charge configuration in the system.

The shape of the honeycomb diagram

(b)
. . e e
reflects the different parameters of the oo 02 lootamn
©2) |01 ] [t &3] j — J ; A
DQD system. In the case of completely S o o NPT ﬁ.‘i}‘_‘f‘{'(ﬁ}_,
i = .
decoupled dots the domains are squares on | oo o 00 \,\l'm et}
parallel to the gate voltage axes, with the ' VR
Va1 Va1
charge on each dot essentially controlled (@)

only by one of the gates (figure 42a). If
the coupling is increased the lines in the &

diagram obtain a slope and the vertices

split into "triple points" (figure 42b).
These are connected by a line

signifying a jump of a single Figure 42 Different honeycomb diagrams.
electron from one dot to the other  Charging states of the dots are denoted m parentheses

due to this coupling. Increasing the in each domain. (a) No intradot coupling, two

. . separate sets of charging of the dots. (b) Intermediate
coupling further causes the triple P gine (
coupling, yielding a honeycomb shape. (c) Large

oints to separate fi r e
P para urther and th coupling, the two dots behave like a single dot. (d)

DQD system behaves like a single Detail of the dotted square in (b) showing the triple
dot with N +N; electrons on it. The  points, and the order of transport through the system.
triple points are very important in the analysis of transport through the system, since
they are the only spots on the diagram where transport can occur at zero bias.
Transport is obtained by the consecutive tunneling of an electron or hole from one
lead to the first dot, between the two dots, and out to the next lead, therefore it
requires that the three intermediate charge states be degenerate.

The honeycomb diagram describes the response of the system at zero bias to two
different gates, coupled mainly to one dot each. Our system is different, since we have
only one gate. The back gate is coupled to both dots, but with slightly different
capacitances, so that a gate scan in this system is essentially running along a diagonal
line in the honeycomb, randomly oriented based on the specific system geometry.
This observation can serve to explain the gap appearing in our measurements at zero
bias (figures 37, 38 and 40), and the different size of this gap in each measurement.
For a complete closing of the gap at zero bias the diagonal must coincide exactly with

a triple point, the chances for that are negligibly small but for each orientation the bias

necessary for the onset of conduction will change.
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At higher bias the triple points of figure

42 change, turning into triangles,
bounding the arca in the V-V planc
in which the clectrochemical potentials
of both dots arc between those of the
lcads (shown in figurc 43). At somc
finitc bias thesc triangles will intersect
with the gate scan line, and current can
begin to flow. The appcarance of the
triangles at finite source drain voltage
provides a more detailed cxplanation of
the beating obscrved in the previous
scction. The triangles increasce lincarly
with the bias creating three scts of
parallel lincs that interscct

with the point the system is

placed at and create
conductance  peaks.  The
conductance can then he
cxpressed as a sum  of

cosines which can be expressed as
a multiplication of cosincs with
frequencics of the average and
of the

difference original

Figure 44: Triple points at finite bias.
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Figure 43: The beat.

(a) A mecasurcment of a dimer showing the beating of the
conductance pcaks. Red/bluc signify high/low conductance.

The ycllow line shows the response of the beat to the gate

and the black the “rcgular peaks”. (b) A linc scan at zcro

frequencics. If the frequencies arc

closc to onc another this will causc

gate voltage showing the beat.

the peaks to appcear as fast oscillations with a slow beat, as scen in figurc 44b. The

beat will also respond to the influence of the gate, but with a different angle than the

rcgular peaks (figure 44a).

DQD physics in dimers

In some samples we encounter cases where the dimers do not exhibit the high energy

molccular features. We interpret this to mcan that the moleculc in this casc docs not

take an active part in the conduction, this could be duc to some damage caused to it,
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or simply because the particles are very close at some other point, making regular
tunneling through the citrates the better transport mechanism. In these samples the
low voltage behavior is not obscured by the high voltage one, and we are able to get
clear double dot data reminiscent of the data presented in reference 78. These samples
can be used as test cases to ascertain that our understanding of the DQD systems is
good. A simulation for the DQD system using rate equations was written by Avraham
Guttman, a PhD. Student in our group [80]. This simulation was used to study the
measured DQD results and characterize the capacitances and resistances of the
system. We find from the simulation that the shape of the DQD diamond plots is
influenced only by the capacitances of the system. Resistance differences affect the
relative strength (magnitude of conductance peak) of the relevant lines, sometimes
causing them to disappear altogether.

The DQD measurements of dimers without high energy features and corresponding
simulation results are shown in figure 45. The alternating large and small diamonds
near low Vy are a signature of the double dot physics governing the system. Large
diamonds are a result of the energy spacing of the dots, while the smaller ones are a
result of the electrostatic interaction between the two dots. Figure 45b and ¢ show the
features of the dimer shown in figure 45a; the capacitances of the dots to the leads are
roughly similar, as seen from the symmetrical plot. The opening of the low voltage
gap is a result of a difference in the capacitances of the two particles to the gate
(Cai=1.4Cy), this may be because of a small size difference in the particles that may
be seen in the SEM image; there is also a significant difference in the resistances of
the particles (R;=3R;) leading to one set of lines being stronger than the other. The
most striking feature in the measurement shown in figure 45e is the lack of one set of
lines, this is a result of the different resistances of the particles to the leads (R,=70R);
this result is somewhat reminiscent of the BPD measurement of figure 40b, allowing
us to assume that the molecule in that measurement was indeed connected badly on

one side. As can be seen the model describes the system well and can provide a full

description for it.
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Figure 45: measurements of the low voltage features of the double dot structure.

{a-c) SEM image, measurement and simulation of dimer #1. A low voltage gap opens from 10 to
50 mV. The parameters of the simulation arc” R1-10R,, (R, ~13MOhm), Rm~100R,,, R273R,,,
Cgl—0.58aF, Cg2-0.44ak, C1-1.63ak, Cm—1.44aF, C2-1.86ak (the subscript one indicates the
left particle, 2 the right onc and m is the junction between the particles) (d-¢) As in a-c for dimer
#2. R1-14R,, Rm—1.8R,, R2-100R,, Cgl~0.12aF, Cg2-0.13ak, C1=2.15aF, Cm~1.57ak,

('2-1.77aF. In both measurements red is approximately InS and blue zero.

In a few of the samples we have measured one can observe the DQD features at the
low voltage when there are also molecular features. Figure 46 shows a BDT device
where the influence of the gate on the molecule was too small to create good gating
but at low voltage one can see the DQD features of the dimer. The DQD features
observed here are very noisy, but we should be able to reproduce them in the

simulation. We can use this data to study the behavior of the molecule at low bias, in

the range before its first conductance peak.

Figure 46: DQD and

molecular features.

(a) Scan showing high

voltage molecular features

and low voltage fecatures

arising  from the DQD
physics. Red is 2nS and blue

zcro (b) measurement of the

« * low voltage featurcs. Red is

Ins and bluc zero.
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Summary

This thesis has been a description of the work done during my PhD in realizing and
utilizing the dimer method for single molecule conductance measurements. The dimer
method provides the field with several advantages over other existing methods:

e Samples can be imaged in a SEM and by the presence and brightness of the
nanoparticles one can have a clear indication of the existence of molecules in
the junction, and the quality of the electrical contact to them.

e The ability to fabricate many of the constituents of the system using standard
lithography and wet chemistry allows parallel processing for most of the
process, enabling a greater yield than in break junction methods.

o Devices are stable for time periods on the order of weeks, and measurements
on each device are reproducible after several cooling cycles; allowing many
measurements to be made on each device.

o The modular character of the system allows use of nanoparticles from
different materials with relative ease, enabling measurement of transport with
two different metals on either end, or with semiconducting nanoparticles. This
also allows control of each stage of the process individually providing better

understanding of the system.

Gating of the molecular junction is achievable in this system in a relatively
straightforward way.

The method has several limitations:

e Molecules used need to have anchors located at their edges, making synthesis

and availability of molecules a significant bottleneck.

¢ Despite the improvement in fabrication efficiency, obtaining working devices
is stitl a difficult challenge, limiting the ability to obtain very large statistics.

e Full modeling of the nanoparticle-molecule-nanoparticle system is still
necessary to understand the issues like the voltage drop across the junction

and the low energy features appearing in the measurements.

We have used the dimer method to demonstrate the importance of electronic
conjugation in obtaining a highly conducting molecular junction. We have identified
peaks in the conductance of conjugated molecules, and shown that the peak structure
in the case of the BPD molecule is reproducible from sample to sample. The stability
of our samples has allowed us to track the temporal behavior of the peak structure,
showing that the peaks are susceptible to random electrostatic gating. Study of the
temperature dependence of the peak structure has demonstrated that the temperature
influence on peak positions is sample dependent, but study of the shape of the peaks
indicates that the temperature dependence of the peak height is dominated by the
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amplitude of rotations between the two phenyl rings around their steady state angle.

We have demonstrated gating of three different molecules showing that the peaks
respond to the gate, forming large scale Coulomb diamonds; we take that as an
indication that the peaks represent charging states of the extended molecule. We have
not been able to assemble enough data to demonstrate dependence of the CB diamond
plot on the molecular species used, but that issue will be addressed in future studies.
The peaks and their energy scale of a few hundreds of mV are extremely interesting
and should certainly attract more attention in future work. While the gate response
seems to indicate that the peaks represent charge states, the energy scale of the peaks
does not fit with the theoretically predicted charging energies (on the eV scale). More
work needs to be done studying this peak spectrum on different types of molecules,
perhaps with a stress on synthesis to create molecules which will have different
charging energies (large polyacenes may have significantly lower charging energies),
and it should be possible to assemble a full description of the origin of these peaks.

Another line of study opened up by the dimer method is that of two metallic dots
connected in series. The dimer method is ideal for the study of this system, allowing
easy changing of the dot material, control of the contacts via the SEM etc. This work

will be continued in our lab by Avraham Guttman.

While the dimer method is not an "ultimate” method to molecular measurement, it
provides many significant benefits. It is probably better than the other existing
methods in creating reliable, well characterized and stable molecular junctions. 1
would claim that a combination of the dimer method for long measurements including
gating and thermal cycling, in conjunction with the histogram method to provide
statistically significant data regarding the low voltage molecular transport behavior
should supply future research in the field with the best data available.
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Appendix A - Preparation of the gold nanoparticles

10-18 nm Au particles

A solution containing 1 ml of 1% NaAuCly, in 79 ml of DDW (solution A) and a
solution containing 4 ml of 1% Nascitrate, 16 m! of DDW, and 1% Tannic acid
(solution B) were each heated to 6 0 °C [55]. Then solution A was added to solution B
while stirring. The solution was slowly brought to a boil, exhibiting a shift to a red
color, kept at 100 °C for 10 minutes, and then cooled to room temperature and stored
in dark bottle at 4 °C.

The tannic acid promotes the formation of nucleation centers for the gold particles at
60 °C; these do not begin to grow till the temperature reaches 100 °C. Thus varying
the amount of 1% tannic acid controls the size of the resulting particles, where more

tannic acid yields more nucleation centers and smaller particles.

1% tannic Large axis of resulting | Small axis of resulting | Color
acid particles particles

50 pl of 3 nm I+lnm 10+ 1nm Red
seeds
35 ul of 3 nm 17+2nm 15+1.5nm Red
seeds
20 pl of 3 nm 19+2nm 17+2nm Red
seeds

Au “Seed Nanoparticle Solution

The Au nanoparticle seed solution is used as a basis for the creation of particles with a
diameter larger than 30 nm. The solution is prepared by adding 1 ml of 1% aqueous
HAuCl4*3H,0 to 100 ml of H,O while stirring [54]. One min later, 1 ml of 1%
aqueous Nascitrate was added followed, after another min, by 1 ml of NaBH, in 1%

Nascitrate. The solution is stirred for 5 min and stored in a dark bottle at 4 °C.

Larger Au particles
Particles with a diameter of 30nm and above are prepared using a two-step process,

starting with a seed solution of small particles, which are increased to the desired size.
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We have done this using both the 3nm and 10nm nanoparticles as seeds. We have

found that the particles created from the 10 nm seeds have a better control of their size

and are less elliptical.

Particles were prepared by adding 0.4 ml of 1% Nascitrate and Au “seed nanoparticle”

solution to 100 ml of a refluxing 0.01% aqueous solution of HAuCl*3H,O while

stirring. Refluxing was continued for about 15 min (or until a change of color was

observed), the solution was cooled to room temperature and stored in a dark bottle at

4°C.

The control of the particle size is achieved by changing the amount of seed solution

added, where the more seeds are added the smaller the final resulting particles are.

seeds

Au seed solution | Large axis of resulting Small axis of Color
particles resulting particles

65 pl of 3 nm 35+ 7 nm 26 £ 4 nm Red

seeds

60 pl of 3 nm 53.5«10 nm 40 + 6 nm Purple red

seeds

15 pl of 3 nm 107+£23 nm 64+13 nm Orange

seeds

3.5 ml of 10 nm 33+4 nm 30+2 nm Red

seeds

1.5 ml of 10 nm 57+6 nm 49+5 nm Purple red
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Appendix B — Molecules and the solvent used to dissolve them

Molecule Solvent Reference for
synthesis
BPD NaOH 10M 81
BDMT SH NaOH 10M Available
commercially
HS from Sigma
BPED NaOH 10M 81

HS O‘@SH
BDT SH NaOH 10M Available
/©/ commercially
HS

from Sigma
FBPD i FoE . THF (Tetrahydrofuran) 82
NSQ’Q—W Acetonitrile
FBDT - Acetonitrile 82
” \ S5H
=

s "
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Appendix C — The gradient separation method

After formation of the dimers there are approximately 10% dimers in the solution. We
wish to increase this percentage in order to improve the yield of our process; this is
done by spinning the solution in a glycerol gradient. The gradient is prepared by
mixing high and low density solutions of glycerol in a tube in a controlled way.

First the low density solution (typically 10%) is poured into a tube, and then the high
density solution (45% for the small particles and 75% for the large ones) is carefully
injected under it with a syringe so as not to cause any mixing of the two solutions.
The tube is the rotated at a fixed angle in order to create a continuous density gradient
along the tube.

After the gradient is prepared the dimer solution is added carefully to the top of the
gradient tube. The solution should be added slowly while touching the pipette to the
side of the tube; this serves to reduce the sinking of the solution in the gradient and
improves the spread of the results.

Finally the tubes are placed on a Beckman SW-41 swinging bucket rotor in an ultra
centrifuge and spun at a high velocity for several minutes. The spinning causes the
nanoparticles in the solution to travel down the tube. The speed at which a particle
travels is a result of the competition between the force it feels, which is proportional
to its mass and the friction of the solution, proportional to its surface area. This causes
the larger particles to travel faster due to their higher mass to surface ratio and reach a
lower point in the tube. Typical centrifugation parameters for smaller particles are
15000RPM for 15 minutes in a 10-45% solution, and for the larger one 12000RPM
for 12 minutes in a 10-75% solution. At the end of the centrifugation we allow the
centrifuge to reach a full stop of its own accord, without use of the brakes, so as not to
disturb the solution.

After centrifugation the tube is pierced at the bottom and the solution is extracted
from it slowly by pumping 10% glycerol through its top at a rate of Iml/min. The
solution is divided into different fractions of 300ul each and kept at 4°C until they are

ready to be used.
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Appendix D - Fabrication of e-beam defined electrodes

A metal electrode system consisting of source and drain with a minimal gap of 25 nm
was formed on a p-type Si substrate with 100 nm SiOa on top, using electron beam (e-
beam) and optical lithography techniques. After applying a primer for adhesion of the
resist to the SiO» (5,000 rpm, 60 sec, baked for 5 min at 80 °C) we apply a double-
layer electron resist system consisting of PMMA 200K (5.000 rpm, 60 sec. baked for
1 hr at 180 °C) and PMMA 495K (8,000 rpm, 60 sec, baked for | hr at 180 °C) for
resist patterning by e-beam writing. A 120 kV electron beam was irradiated on the
resist system (Jeol JBX-9300 FS) and the irradiated resist was developed (1 min)
using a 1:3 mixture ratio of MIBK (methyl isobuty! ketone) and isopropanol.

Subsequently, electron beam evaporation was carried out to form a layer of 7 nm Ni
and 23 nm Au. The metal films were subsequently lifted-off by soaking the sample in
acetone, rinsing it with isopropanol, and drying with nitrogen gas. The e-beam
fabricated electrodes were connected to bonding pads defined by photolithography.
Image reversal photo resist AZ5214E was used for patterning (spin coating 5.000
rpm, 40 sec, pre-baking at 100 °C for 1.5 min). The wafer and the contact pads’
optical lithography mask was aligned and exposed to 415 nm light at 15 mW for 4
sec, then post-baking of 2 min and flood exposure of 1.5 min. The pattern was
developed with AZ726 developer for 30 sec. The contact pads were fabricated by e-
beam evaporation of a Ti (10 nm) adhesion layer followed by 200 nm Au layer and
lift off. The electrodes were examined using a scanning electron microscope (SEM)

and tested electrically to verify the existence of a gap.
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Appendix E — Schematic of the 1K cryostat.
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Appendix F — Article: Measurement of the conductance of
single conjugated molecules

Measurement of the conductance of single conjugated
molecules

Tali Rosenblum™®, Yoav Gordin™, Roman Krahne **, Ilya Khivrich?, Diana Mahalu®,
Veronica Frydman®, Joseph Sperling®, Amir Yacoby® and Israel Bar-Joseph®

“Department of Condensed Matter Phvsics. Weizmann Institute of Science, "6100 Rehovor, Israel
“Department of Organic Chemstrv, Weizmann Institute of Scrence, 6100 Rehovot, Isracl
“Present address. National Nanotechnology Labs of INFAML [ ecce, Italv
YChemical Research Support, Wewzmann Institute of Science, "6100 Rehovot, Israel
" Equal contributors to this work

.
wrael bar-josephtdweizmann ac i

Electrical conduction through molecules depends critically on the delocalization
of the molccular orbitals, and their weight on the metallic contacts. Thiolated (-
SH) conjugated organic molecules are thercfore often considered good
candidates for molecular conductors'’. In such molecules the orbitals are
delocalized throughout the molecular backbone, with substantial weight on the
sulfur-metal bonds'™. However, their relatively small size, typically ~1 nm, calls
for innovative approaches to realize a functioning single molecule device™"'. In
this paper we report a new approach for contacting a single molecule and use it
to study the cffect of localizing groups within a conjugated molccule on the
electrical conduction. Our method is based on synthesizing a dimer structure,
consisting of two gold colloids connected by a di-thiolated short organic
molecule'*", and electrostatically trapping it between two metal electrodes. We
study the clectrical conduction through three short organic molecules: A fully
conjugated molecule, 4,4'-biphenyldithiol (BPD), Bis-(4-mercaptophenyl)-ether

(BPE)" in which the conjugation is broken at the center by an oxygen atom, and
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1,4-benzenedimethanethiol (BDMT), where the conjugation is broken ncar the
contacts by a methylene group. We find that the oxygen in the BPE and the
methylene groups in the BDMT suppress the electrical conduction relative to the
BPD.

Various methods have been suggested and realized to form nanometer size gaps,
including electron beam lithography with shadow mask evaporation'> , mechanical
break junctions®”’, electromigration®, and side etched quantum wells'®. Molecules are
then deposited on the thin gap, and it is assumed that electrical conductivity is
obtained when a single molecule bridges the gap and conducts current. While
impressive success in measuring the conductance of molecular junctions has been

d>7%1%17 serious problems are evident. The most notable are the uncertainty

reporte
about the number of conducting molecules in the junction and the lack of information
about the shape and structure of the metal contacts near the molecule. The dimer
based contacting scheme presented here provides several advantages. (i) Single
molecule devices can be fabricated with high certainty. (ii) The contacts to the
molecule are well defined and can be characterized separately. (iii) It avoids the need
for fabricating nanometer size gaps. (iv) It allows performing temperature dependent
measurements of the molecular junction conductance over periods of hours and even
days, regaining the original spectra after thermal cycling.

The dimer synthesis is performed by mixing a solution of dithiolated molecules with
that of gold colloids, keeping their respective ratio below 1:10. The colloids were
stabilized using the conventional citrate method'®. In making the bridged dimers, the
thiols on the bridging molecule displace citrate anions to form a stable Au-S bonds'®
(Fig. 1b, Ic). If more than one molecule binds to a certain colloid, trimers (Fig. 1d),
tetramers (Fig. le) and higher oligomers can be formed. To ensure that most of the
dimeric colloids are bridged by a single dithiolated molecule, the concentration of the
latter (C,,) in the reaction mixture should be much smaller the concentration of the
monomeric colloids (Cp). In that case. when the reaction is completed, the ratio R of
dimers to single unbound colloids is expected to follow the relation R=C/(Cp-2C).
We measured R for different input concentrations of dithiolated molecules, keeping
Cp fixed, and found that the above relation holds for Cm:C, ratios that are lower than
1:10.

Based on their relative mass, the dimeric colloids are separated from monomeric

colloids and higher oligomers by centrifugation through glycerol or sucrose density



gradients. Each structure propagates as a different band along the centrifuged tube,
and is easily distinguished because of its reddish color. Figure If shows a
transmission electron microscope image at higher magnification of a dimer made of
two 10-nm gold colloids connected by BDMT that is synthesized in this manner. The
gap between the two colloids is readily seen, and its size is in good agreement with
the size of the BDMT molecule, which is approximately 0.9 nm. To further establish
the presence of a molecule in the dimer we conducted Raman scattering
measurements on dimers with silver colloids™. A clear Raman spectrum was detected
from a single dimer, with the characteristic temporal blinking of a single molecule.
We position the dimer in between two electrodes using the method of electrostatic
trapping's‘”"“. The gold electrodes are defined on a silicon substrate with a thin (25-
100 nm) oxide layer using electron beam lithography. In most of our studies we use
dimers with 30 nm diameter gold colloids. Hence, the electrodes are made with 40-50
nm separation, which is below the dimer size and larger than the single colloid
diameter. The processed structures are first cleaned™ and then inserted in a probe
station where the electrostatic trapping is performed.

The success rate of the electrostatic trapping is relatively high, and reaches ~50%
when the impedance of the dimer solution is high enough, such that the dipole-dipole
interaction between the electrodes and the colloids is not screened. An analysis of the
trapping events reveals that in 55% of the cases the gap is bridged by one colloid
only. In 45% of the cases we get a dimer between the two electrodes (Fig. 2a): In 35%
the conductivity is too low to determine the conductance features. We find in SEM
imaging that the brightness of the gold colloids of these dimers is low. probably due
to a poor conductivity between one of the colloids to the electrode = In 10% of the
trapping events we obtain high conductivity dimers. These are the samples that we
refer to in this article: 11 BPD, 13 BPE and 15 BDMT devices.

Trapping single colloids in closely spaced electrodes (25-30 nm) allows us to study
the current-voltage characteristics of the contacts. For the 30 nm gold colloids we
find a Coulomb blockade staircase with a single electron charging energy of ~20-30
meV, and by applying a voltage to the substrate we can measure the diamond
structure characteristic of a single electron transistor™". It is evident that a tunnel
barrier with a typical resistance of ~10 MQ is formed between the gold colloids and

the electrodes, probably due to the ligands which stabilize the colloids in the solution.



The electrical transport measurements through the dimer structures are performed
using an AC voltage with an amplitude of a few mV superimposed on a DC voltage,
and the current as well as the differential conductance (d//d}) are measured
simultaneously. Figure 2b shows a comparison of the differential conductance of the
three molecules at 4K. These are representative curves from more than ten devices of
each of the molecular species that were studied. The BPD dimers clearly show a
series of conductance peaks. These peaks cannot be attributed to charging of the gold
colloids — their typical spacing is a few hundred mV, more than an order of magnitude
larger than the gold colloids charging energy. In fact, in some cases we could resolve
the Coulomb blockade oscillations superimposed on the large conduction peaks (see
Fig. 2c). The oscillation period is very similar to that observed in a single colloid
measurement (see comparison at the Supplementary Material section). We note that
the conductance through a single trapped colloid is substantially higher than that of a
dimer, typically by one to two orders of magnitude. Hence, the tunnel barriers
between the metal electrodes and the gold colloids act as a small series resistance,
carrying only a minute fraction of the applied voltage, while most of it drops on the

molecule.

The BPE and BDMT dimers show remarkably different behaviors. It is clearly seen
that the conduction through the dimers formed from these molecules turn on at much
higher voltages (typically larger than 0.5V) and one cannot resolve any peak structure.
The systematic difference between the three molecules further confirms that the
measured differential conductance is of molecular origin. The apparent gap and
exponential turn-on of the differential conductance in the case of the BPE and BDMT
suggest that adding localizing groups interferes with the conjugated aromatic system
and suppresses the overall conductance through the molecule. This assertion is nicely
demonstrated when comparing the BPE with the BPD molecule, where the addition of
an oxygen atom between the conjugated rings suppresses the conductance almost
entirely below 1V. A similar effect takes place in the BDMT dimers where the
methylene groups suppress the overlap of the molecular backbone orbitals with the
contacts .

Focusing on the peak structure of the BPD dimers we find that while the main
features of the conductance spectrum are highly reproducible, there are temporal
fluctuations as well as variations between different devices. Figure 3a shows a
compilation of 130 measurements of the conductance of one dimer taken over a
period of a few hours. Strong temporal fluctuations in peak position, which could be
as large as a few hundreds mV, are evident. We find that the conductance spectrum
shifts rigidly, namely — all peaks at positive and negative voltages move to the same

direction by approximately the same value. This is demonstrated in Fig. 3b, where we

84



shift all spectra such that their peaks at -0.2V coincide. It is seen that this operation
causes all other peaks to be aligned as well. Such behavior is typical of
electrostatically gated Coulomb blockaded systems with different input and exit
capacitances **. Plotting the conductance in the F-}, plane one obtains a skewed
diamonds structure (see Fig. 2 at the Supplementary Material section). It can be seen
that under these conditions the conductance peaks at positive and negative drain-
source bias indeed move rigidly upon application of a gate voltage. Since the gold
colloids are very effective in screening the effect of remote potentials we conclude
that charge movement in close vicinity to the molecule gives rise to the observed rigid
shift of the spectrum. These temporal fluctuations can therefore be considered as
evidence for gating of the molecule, which occurs randomly. We note that the
temporal frequency of this random gating depends on the voltage sweep rate, d}/dl,
and the voltage range of the measurement. It could be substantially minimized by
working at low sweep rates and within a limited voltage range. such that stable and

reproducible measurements can be conducted over hours.

The dimer structure allows us to conveniently perform temperature dependent
measurements of the molecular junction conductance. We demonstrate this capability
in Fig. 3c, which shows the behavior of the lowest voltage peak (~ -0.3 V in Fig. 3a)
as the temperature is increased from 4K to 100K. It is evident that the peak broadens
and decreases in height with increasing temperature, keeping the area approximately
constant. The shift in peak position between the low and high temperatures
measurements is due to gating which occurred during this long measurement. The
broadening of the peak can be accounted for by the change in thermal distribution of
the electrons in the leads. This mechanism is expected to broaden the peak by ~2kT

(half width at half maximum).

Comparing the conductance of 10 BPD dimer-based devices shows that the variations
between devices in the peaks position and their relative strengths cannot be explained
only as a rigid shift. This is demonstrated in Fig. 4a, which compares the spectra of
two BPD dimers. We can see that while the main features appear at approximately the
same voltages, one cannot align the two spectra by a simple shift operation. We note
also that there are differences in the value of the conductance between the various
devices, which can be as large as an order of magnitude. To statistically quantify this
variability we construct a histogram of peak positions (Fig. 4b). This is done by
converting each spectrum to a set of peaks, each represented by a block of unit height.
a width which is the full width at half maximum, and is centered around its maximum.
A rigid shift of each spectrum was allowed to accommodate the temporal fluctuations.
It is seen that the peak structure survives the averaging over many molecules,
indicating that the variability in peak position is smaller than the peak spacing. The
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peak positions determined from the histogram agree very well with measurements
done on self assembled monolayers of BPD*. However, such agreement is lacking
when comparing the measured spectra with recent calculations of molecular
conduction™. In particular, the measured turn-on voltage is significantly lower than
theoretically predicted. Moreover, the predicted conductance is several orders of
magnitude higher than observed.

Methods

Colloidal gold nanoparticles with a diameter of 30 nm were prepared using a method
described by Grabar er al."® with slight modifications. Briefly, a solution of "seed
colloids” (2.6 nm) was prepared by adding 1.0 ml of 10mg/m! aqueous HAuC!;*3H,0
to 100 ml of Milli-Q water while stirring. One min later, 1.0 m! of 10 mg/ml aqueous
Najcitrate was added followed, | min later, by 1.0 ml of freshly prepared 0.75 mg/ml
NaBH, in water, and the mixture was stirred for 5 min. Larger colloids, 30 nm in
diameter, were prepared by adding 0.2 ml of 10 mg/mi Nascitrate and 130 pl of the
Au “seed colloids” solution to 50 ml of boiling aqueous solution of HAuCl;*3H,0
(0.1 mg/ml) while stirring. Refluxing was continued for 10 min, or until a change to a
reddish color was observed. This procedure resulted in citrate-stabilized well-
dispersed in water gold colloids®” having a narrow size distribution®® as confirmed by
TEM. Gold colloid concentration was calculated based on the mean particle diameter
measured by TEM and the weight of HAuCl, used in the reaction'”.

The dimer preparation consisted of several stages. First, the colloidal gold solution
was concentrated. This was achieved by centrifuging the solution at 9.7x10” g for 5
min and discarding the supernatant. The precipitate was resuspended in 2.5 ml of |
mM NaOH and centrifuged again as above, leaving about 0.4 ml of concentrated
solution. The spacer dithiol-molecule was dissolved in 0.1 M NaOH and diluted with
I mM NaOH to the desired concentration. This solution was mixed with an equal
volume of the concentrated colloidal gold solution containing >10-fold molar excess
of colloids and incubated for 24 hr at 4°C. The mixture (0.5 ml) was loaded on a
10%-75% glycerol gradient in water and centrifuged at 9,000 rpm for 10 min in a
Beckman SW4! rotor. Fractions (0.5 ml) of the gradient were collected and
characterized by TEM.

The electrodes are prepared on electron beam defined pattern, and consist of 20 nm of
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Au on 10 nm of Ni that scrves as an adhcesion layer. The clectrodes are cleaned in
warm acctonc and mcthanol for S min cach, then placed in an ozonc stripper for 8 min
and finally stirred in cthanol for 10 min™.

Elcctrostatic trapping is performed in a probe station: a 0.35 ulL drop of the dimer
solution (containing typically 45-55% dimers, 40-50% single colloids and a few
pereents of higher conjugatces) is placed on the clectrodes surface. Next an AC voltage
of 800mV at 10MHz is applicd between the clectrodes for 1min. The sample is then
cleancd in double distilled water, and blow dricd in nitrogen. The devices are tested
on the probe station, and the onces that show conductivity arc bonded and measured at
4K. After the mecasurement the devices are imaged in a SEM to determine the type of

colloidal structure that has been trapped.

Figures:

SH
a gowmr /_Q_/
HS

c

f 100 nm 100 nm 100 nm

Figure 1: The molccules and colloidal structures under study. a. The structure of the three molecules:

1. 4-benzenedimethancthiol (BDMT), 4.4-biphenyldithiol (BPD). and Bis-(4-mcrcaptophenyl)-cther
(BPE). b. The dimer contacting scheme. c-e. TEM images of BDMT dimcr, trimer and tetramer
structures made of S0 nm gold colloids. f TEM image of a BDMT dimer made of 10 nm gold
colloids. The | nm separation between the two colloids corresponds approximately to the BDMT

length (0.9 nm).

87



? 4re
D
Q
=
82
[ =3
=
o
c
o
O o0
0 0.28 0.5
Voltage (V)
x3
=
82
| =
8
S
S
S
0
© 0 0.5 1 1.8

Voltage (V)
Figure 2:Low temperatures differential conductance spectra of dimers. a. SEM image of a dimer
trapped between the two clectrodes. b, The differential conductance as a function of voltage
mcasured for BPD, BDMT and BPE dimers at 4.2 K. ¢. Coulomb blockade oscillations of the gold

colloid which are superimposed on the conduction peak of the BPD measured at 4.2 K.
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Figure 3: Tcmporal fluctuations and temperature dependence of the dimer conductance. a. A
compilation of 130 mcasurements of the differential conductance spectrum of one BPD dimer,
taken over a period of a few hours. The conductance values arc represented by a color scale, which
changes from bluc (0 nS) to red (3 nS). b. The spectra of Fig. 3a shifted such that their peaks at -
0.2 'V coincide, thus demonstrating the nigid shift nature of the temporal fluctuations. ¢. The
cvolution of the lowest voltage conductance peak of a BPD dimer with temperature. A decrease in

height and broadening of the peak with increasing temperature are obscrved.
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