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Summary

Current research in mesoscopic physics focuses on the design and
implementation of nanometer scale electronic systems that exhibit new and
interesting classical and quantum mechanical effects. The motivation for
creating such structures has been two-fold: first, to create nanoscale
laboratories to explore physics in a new regime, and second to develop novel
devices with significant applications.

Recently, there have been significant advances in the fabrication and
demonstration of individual molecular wires and diode switches [1,2].

There also have been advances in techniques for making reliable electrical

contact with such electrically conducting molecules. These promising
developments in the field of nanostructures suggest that it might be possible
to build and to demonstrate somewhat more complex molecular electronic
structures that would include more molecular electronic diodes [3,4].
Working with molecular nanosystems we established the formation of
metal/SAM/metal  junctions  inside  nanowires  through  combined
electroplating/electroless plating and template replication. Using alkanethiol
molecules we tested the nanowires functionality and found that parameters of
our molecules in nanowires were close to tabulated molecular parameters. On
the molecular wires containing 4-[[2-nitro-4-(phenylethynyl) phenyl] ethynyl]
benzenthiol molecules the current-voltage characteristics exhibited at room
temperature negative differential resistance with on-off peak-to valley ratio 2.21.
Thus novel method how to prepare nanostructure containing organic molecules
with negative differential resistance (NDR) property has been worked out. We
also modeled the influence of the static electric field and charge variation. The
main reason for the peak observed in /-V curves is probably associated with the
fact that in self assembled monolayer containing NO,, charge transfer occurs
due to reduction from the chemically bonded end involving the level closest to
the Fermi energy.



Souhrn

Je zjevné, ze se souCasny vyzkum zaméfuje praci se systémy o
naorozmérech. Krom¢ praktické vyhody je jisté¢ divodem 1 Sirokd Skala
zajimavych specifickych klasickych 1 kvantovych efekti. Motivace k praci
na této tematice je dvoji: jednak vytvoreni vhodnych laboratoii pro fyzikalni
vyzkum nové oblast a jednak vytvofeni novych prvkll s vyznamnymi
aplikacemi.

V posledni dobé bylo dosazeno vyznamnych uspéchii v pfiprave

molekuldrnich vodic¢i a diodovych ptepinaci [1,2].
Dale byl ucinén vyznamny pokrok v ptipravé molekularnich vzorkd se
spolehlivymi elektrickymi kontakty. Tento slibny vyvoj na poli nanostruktur
dava Sanci vytvofit komplexni molekuldrni elektronické struktury, obsahujici
vice molekularnich diod [3,4].

V predndsce je popsan zplisob integrace organickych molekul do elektrického
obvodu. Vytvofili jsme nanoty¢inky obsahujici svazky organickych molekul za
pouziti kmbinovaného elektrolytického pokoveni. V nanotyCinkach obsahujicich
molekuly alkanthiolu jme testovali funkcnost celych systémi kov-molekula-
kov. Dilkazem funk¢nosti systému byla mala zména elektronové afinity
alkanthiolovych molekul po procesu integrace v nanotyc¢inkach. Volt-ampérova
charakteristika nanoty€inek, obsahujicich molekuly 4-[ [2 — nitro - 4-
(phenylethynyl)  phenyl] ethynyl] benzenthiol = vykazovala  zaporny
diferencidlni odpor. Pomér maxima k minimu v oblasti piku volt-ampérové
charakteristiky byl 2.21. Z teoretického molelu vyplyva, ze hlavnim divodem
zaporného diferencidlniho odporu je s nejvétsi pravdépodobnosti presun naboje
redukci z chemicky na zlato vazaného konce molekuly, zhladin nejblizSich
Fermiho hladiné.
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I. Introduction

This lecture is devoted to my work with nanosystems, especially nanosystems
containing organic molecules — molecular electronics [5,6]. Molecular
electronics has an ambitious but realistic goal: the use of synthesis, assembly
and miniaturization on molecular level to achieve huge densities of devices such
as molecular wires, rectifiers, switches, transistors and memories. Remarkable
progress has been made in recent years in identifying candidate molecules with
interesting electronic properties such as molecular conduction, rectification,
negative differential resistance and configurable switching. The broad variety of
electronic functions available by synthetic modification of these molecules
suggests many ways in which they may be used in hybrid or “post-silicon”
applications. Here we present current-voltage (/-7) measurements on rod-shaped
nanowires using alkanethiol and 4-[[2-nitro-4-(phenylethynyl) phenyl] ethynyl]
benzenthiol (NDR) molecules as the active component. We worked with
systems that have a metal top contact, self-assembled monolayer (SAM) active
region, and a metal bottom contact. Formation of a metal/SAM/metal junction
was established inside nanowires through combined electroplating/electroless
plating and template replication

Using alkanethiol molecules we tested the nanowires functionality and found
that parameters (important for our devices functionality) of our molecules in
nanowires were close to tabulated molecular parameters. So we were able to
construct nanorods with different properties simply using different types of
molecules [7].

Using SAMs of and alkanethiol self-assembled monolayer (SAM) containing
NDR molecules the current-voltage characteristics exhibited at room
temperature negative differential resistance with on-off peak-to valley ratio 2.21.
Thus novel method how to prepare nanostructure containing organic molecules
with NDR property has been worked out [8].

The influence of the static electric field and charge variation were modelled.
The interaction with the gold electrode influences the electronic structure of the
NDR molecule nevertheless the main reason for the peak observed in /-V curves
is associated with the fact that in self assembled monolayer containing NO,,
charge transfer occurs due to reduction from the chemically bonded end
involving the level closest to the Fermi energy. This charge resides in a
molecular orbital which, being partly occupied, lie close to the Fermi level.
When charge is transferred and the molecular orbital closest to the Fermi level is
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occupied the main remaining electron transport through the molecule is
tunnelling (as demonstrated earlier [9]) so the level of the current drops down
very rapidly. The overall picture can be influenced by the applied electric field
[10].

I1. Molecular Nanosystems

Current research in mesoscopic physics focuses on the design and
implementation of nanometer scale electronic systems that exhibit new and
interesting classical and quantum mechanical effects. The motivation for
creating such structures has been two-fold: first, to create nanoscale laboratories
to explore physics in a new regime, and second to develop novel devices with
significant applications.

Recently, there have been significant advances in the fabrication and
demonstration of individual molecular wires and diode switches [11]. There
also have been advances in techniques for making reliable electrical contact with
such electrically conducting molecules. These promising developments in the
field of nanostructures suggest that it might be possible to build and to
demonstrate somewhat more complex molecular electronic structures that would
include two or three molecular electronic diodes and that would perform as
digital logic circuits.

One possible solution to these problems is to use nanowires as carriers of the
electronically active molecules. Metal nanowires can be easily fabricated by
several techniques. We and others have studied nanowires made by
electrochemical template replication. They can be nanoscopic in diameter but
macroscopic in length. Therefore, it should be relatively easy to configure
composites of nanowires and conducting molecules (molecular wires or
electronically active molecules) in electronic circuits compared to wiring
individual molecules. Here we present current-voltage (/-}/) measurements on
rod-shaped nanowires using alkanethiol molecules as the active component. We
worked with systems that have a metal top contact, self-assembled monolayer
(SAM) active region, and a metal bottom contact.

N-mercaptohexadecanoic acid - HS (CH,) (COOH, k=10 or 15 (referenced as
C; and C,¢) was used for the molecular measurements reported here. Nanowires
were prepared using replication inside the 70-nm diameter pores of
polycarbonate track etched membranes [12].

Au was electrochemically deposited about half way through the 6 um long pores
and a SAM was adsorbed on top. The high affinity of Au for thiol group results
in oriented SAM terminating in carboxylate group. It is particularly important to
prevent the plating of metal through defects in the monolayer, which would
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connect the two portions of the nanowires. To prevent this electrical shorting, an
electroless plating procedure [13, 14] was used. A thin layer of electrolessly
deposited Au or electroplated Ag formed a cap on the top of the SAM. The
remaining empty portion of the pores was then filled by electroplated Au or Ag,
producing a nanowire consisting of a bottom electroplated portion, separated
from the top portion by an organic monolayer .

Electric-field assisted assembly was used to assemble nanowires for testing
electrical properties of rods containing molecules. Lithographically defined
arrays were prepared using a 3-mask process. The bottom level consisted of 50
nm Ti/150 nm Au bus bars, which were isolated from the next level by a 4 um
thick layer of benzocylobutene or a 2 um thick SiO, layer. The next level was an
interdigitated array of alignment fingers with separation distance varying from 2
pm to 6 um. The third level consisted of contact pads that were vapor deposited
on top of the aligned nanowires and could be contacted with measurement
probes. A 35 V., AC field was applied, and a suspension of nanowires in
dichloromethane placed on the substrates. The wires align across the fingers in
response to the applied field. The substrate was then washed with
dichloromethane and the contact pads applied. An SEM picture of an aligned
rod between two electrodes 1s shown in Fig.11. Upper electrodes (alignment
pads) cover electrodes made for position the nanowires (busbars). The rod
containing alkane molecule is approximately 7 um long and 70 nm thick see Fig.
1. I-V characterization of nanowires containing organic molecules (Figs. 2, 3)
was done at room temperture by a two-point probe method using a HP 4155
semiconductor parameter analyzer.

Our main goal was to find out the type of electrical transport in molecules and
the parameters of this transport mechanism. We assumed that the tunneling
process dominates injection of charge carriers in the absence of localized states,
i.e., electrons and holes tunnel from metal to the LUMO or HOMO,
respectively, of the molecule. The probability of electrons having enough
thermal energy to surmount the potential barrier is relatively low, even at room
temperature. In this simplified case the injection current from the metallic
electrode can be described using Fowler-Nordheim approximation of the
probability that the charge carrier can penetrate through the potential barrier.
Our device can be seen as two metal plates parallel to each other and separated
by the SAM layer, so the electric field strength is proportional to the voltage
difference between metal electrodes.

2
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These expressions have been used to determine barrier heights at metal/polymer
interfaces. By doing so, it is necessary to assume a value of the effective mass of
the charge carriers. Furthermore, the film thickness must be precisely known for
the considered contact between both charge injection contacts. A good method
of metal-molecule-metal structures characterization, in which the charge
transport is controlled via the Fowler-Nordheim tunelling, must avoid to need
the value of the molecular film thickness and charge carriers effective mass. We
were able to construct the gold-molecule-silver systems. An /-V curve of such
device includes the tunelling current of electrons injected from metal 1 to
molecule and to and form metal 2 to molecule for positive and negative bias
respectively. These injection currents presents different behaviour, because they
pass through a different matal-molecule interface. To each part of the /-} curve
the following derivative can be calculated:

-2
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dv 3)
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V' - voltage applied on metal-molecule-metal system ,q - elementary charge,/ -
Planck’s constant, m* - effective mass of the charge carrier , d - the barrier
thickness, ¢ - the metal - molecule interface barrier height.
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These expressions have been used to determine barrier heights at metal/polymer
interfaces. By doing so, it is necessary to assume a value of the effective mass of
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the charge carriers. Furthermore, the film thickness must be precisely known for
the considered contact between both charge injection contacts.

A good method of metal-molecule-metal structures characterization, in which
the charge transport is controlled via the Fowler-Nordheim tunelling, must avoid
to need the value of the molecular film thickness and charge carriers effective
mass. We were able to construct the gold-molecule-silver systems. An /I-V curve
of such device includes the tunelling current of electrons injected from metal 1
to molecule and to and form metal 2 to molecule for positive and negative bias
respectively. These injection currents presents different behaviour, because they
pass through a different matal-molecule interface. To each part of the /-} curve
the following derivative can be calculated:

o= dln([I_/l’z) _ dd”
dv (7)
i=1,2
and
4= 877\/2171—*
3gh (8)

V - voltage applied on metal-molecule-metal system ,q - elementary charge,/ -
Planck’s constant, m™ - effective mass of the charge carrier , d - the barrier
thickness, ¢ - the metal - molecule interface barrier height.

The barrier height at the interface is the difference between metal work function
® and the molecule electron affinity y for electron injection:

0, =|®[~|z. )
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1. SAMPLE PREPARATION

Bus bars

alignment pads

contact pads

Bus Bars Top Electrodes

Nanowire
Alignment Fingers

\

Dielectric Layer

Fig.1: Lithographically defined arrays were prepared using a 3-mask process.
Au bus bars, which were isolated from the next level by a 2 um thick SiO, layer.
The next level was an interdigitated array of alignment fingers with separation
distance varying from 2 um to 6 um. The third level consisted of contact pads
that were vapor deposited on top of the aligned nanowires and could be
contacted with measurement probes.

And the barrier height at the interface is difference between molecule ionization
potential  p and the metal work function @ for hole injection
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If we divide o, by a, we obtain a numerical relation between ¢; and ¢, which is
independent of the film thickness and charge carrier effective mass, d and of the
charge carrier effective mass. Assuming again that the rigid band model is valid,
we can write

From data measured on the Au- SAM-Au system we were able to estimate the
barrier thickness, and the gold - molecule interface barrier height for both types
of molecules.

For the Au-C11-Au samples we extract the Au-SAM interface barrier height as
2.1 eV, provided d=15 A and Au-C16 interface barrier height as 2.0eV,
provided d=19 A. These values are close to metal - alkane SAM potential
barriers obtained recently by various experiments. The low current conductivity
measured on our systems is also in good agreement with values obtained on
short chain alkanes. We found the ratio of Au-C11 potential barrier height to
Au-C16 potential barrier height close to 1. This supports that tunneling proceeds
primarily through o-bonds of the alkane chains so that the barrier height is
insensitive to chain length. Using alkanethiol molecules we tested the nanowires
functionality and found that parameters (important for our devices functionality)
of our molecules in nanowires were close to tabulated molecular parameters. So
we were able to construct nanorods with different properties simply using
different types of molecules. As in the case of alkanethiol self-assembled
monolayers containing metal rods we prepared nanowires using replication
inside the pores of 70 nm diameter polycarbonate track etch membranes. We
integrated active molecules 4-[[2-nitro-4-(phenylethynyl) phenyl] ethynyl]
benzenthiol into matrix of N-mercaptohexadecanoic acid molecules of the
composition HS(CH,);sCOOH (they are referred below to as C,s molecules).
The high affinity of Au to thiol groups results in a specifically oriented organic
molecules. The height of 4-[[2-nitro-4-(phenylethynyl) phenyl] ethynyl]
benzenthiol molecules molecules extends above the alkanethiol film so the top
part of NDR molecules is in physical contact with gold deposited on C;s SAM.
We again worked with nanowire that have a metal top contact, self-assembled
monolayer (SAM) active region, and a metal bottom contact.
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Fig. 2: Current versus voltage characteristics of the Au - C16 - Au structure in
linear scale, over +1.3V to -1.3 V sweep.
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Fig.3: Current vs. voltage characteristics of Au-NDR-Au structure in linear scale
in the range 0-2.5V.

NDR effect was clearly seen when positive bias (from 0 to 2.5 V) was applied to
the system. The (V) curve was not fully reversible upon change of sweep
direction (see Fig. 3). The NDR behaviour is absent in the control sample
(containing just C;s molecules molecules, not 4-[[2-nitro-4-(phenylethynyl)
phenyl] ethynyl] benzenthiol. The peak-to valley ratio in the case of positive
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bias /-V curves is at room temperature 2.21, the position of the peak is at 1.068
V and peak current 3.12 10 A. The peak position is close to value previously
obtained on similar systems at room temperature containing as active
component the 4-[[2-nitro-4-(phenylethynyl) phenyl] ethynyl] benzenthiol
molecules.

In order to explain the experimentally obtained characteristics we extended the
previously published calculations [15, 16] examining Au bonded NDR and DR
molecules and the influence of the static electric field plus charge variation.
Typically for a self-assembled monolayer, one end of the molecule (usually
consisting of a thiol group chemisorbed on a gold surface) has a strong contact,
while the other end is physisorbed and has a weak contact. Therefore we model
the entire setup consisting of molecule and contacting part of the electrode as a
single super-molecule. Within this scheme the gold tips have been modeled by
Au clusters. Due to the size of the whole supersystem three or four atomic Aus
and Au, clusters have been used.

As a whole, the influence of the static electric field and charge variation were
modeled for both systems. The interaction with the gold electrode influences
the electronic structure of the NDR molecule nevertheless the main reason for
the peak observed in /-V curves is associated with the fact that in self assembled
monolayer containing NO,, charge transfer occurs due to reduction from the
chemically bonded end involving the level closest to the Fermi energy. This
charge resides in a molecular orbital which, being partly occupied, lie close to
the Fermi level. When charge is transferred and the MO closest to the Fermi
level is occupied the main remaining electron transport through the molecule is
tunneling so the level of the current drops down very rapidly. The overall
picture can be influenced by the applied electric field.

III. Summary

We have established the formation of a metal/SAM/metal junctions inside
nanowires through combined electroplating/electroless plating and template
replication. Using alkanethiol molecules we tested the nanowires functionality
and found that parameters of our molecules in nanowires were close to tabulated
molecular parameters. On the molecular wires containing 4-[[2-nitro-4-
(phenylethynyl) phenyl] ethynyl] benzenthiol molecules the current-voltage
characteristics exhibited at room temperature negative differential resistance
with on-off peak-to valley ratio 2.21. Thus novel method how to prepare
nanostructure containing organic molecules with negative differential resistance
(NDR) property has been worked out. We also demonstrated simple method
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how to implement organic molecule into electronic circuit. We developed a
method to form junctions containing self-assembled monolayers (SAM) of the
organic molecules using the electric field self-assembly to place rod-shaped
metal-SAM -metal nanowires from colloidal suspensions onto lithographically
defined metal pads. So we have constructed electrical devices containing
monolayer with NDR. We also modeled the influence of the static electric field
and charge variation. The main reason for the peak observed in /-V curves is
probably associated with the fact that in self assembled monolayer containing
NO,, charge transfer occurs due to reduction from the chemically bonded end
involving the level closest to the Fermi energy.
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