ABSTRACT
CHU, CHANGWOONG. Fabrication and Characterization of Electrical Contacts for
Charge Transport Study in Molecular Electronics. (Under the direction of Dr. Gregory N.
Parsons)
Nanoscale imprint lithography (NIL) is investigated in the view point of the
ability to form nanoscale feature. NIL at room temperature is proposed and demonstrated
on thermoplastic substrate that has a restriction of heating. Anisotropic oxygen-based
plasma etch performance is evaluated to remove the residual resist at the bottom of
impressed pattern and to achieve the thinner patterns with various etching molecules. The
patterning fidelity in nano-imprint lithography including the ability of polymer
deformation is studied, and based on the results a mechanism for the polymeric behavior
of imprinted resist is discussed.
A procedure using geometrical shadowing in common metal-evaporation tools to
form nanoscale metal electrodes with controlled width-to-pitch ratios is demonstrated and
characterized for feature sizes near 50 nm. Successive formation of metallic bridge with
the metallic nanoparticle for the conductance study and the electrical characterization are
described. From the results of electrical conduction, we estimate the contact area (~20.1
nm2) and the number of molecules between nanoparticle and surface-bound molecules,
and then calculate the resistances of single molecules, contact resistance, the tunneling
probabilities in contacts. The electrical characterization of the conjugated molecules has
been accomplished using the same nanoscale test-bed in terms of surface bound head
groups.

As a new approach for the interconnecting elementary molecular devices, Au
nanoparticle dimer bridged by conjugated molecule is assembled on the nanoscale
electrode gap. Oligo Phenylacetylene-bridged gold nanoparticle dimer was prepared for
the demonstration. Resistance measured at low bias regime is 2.2 ± 0.64 GΩ at room
temperature, which is comparable with the single molecule conduction.
The selective adsorption of SAM on Au plates by means of electron supply is
proposed to develop the pliable manipulation of self-assembling molecular elementary
devices. The method is applied to the two metal patterns, which is an electrical test-bed
for the molecular resistors. The electrical characterization is in good agreement with the
selective formation of molecular layer on metal.
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Chapter 1. Introduction: Review of Molecular Electronics and
Nanofabrication
1.1

MOTIVATION OF RESEARCH

Since the invention of MOSFET in 1960, transistor scaling has continued according to
Moore’s first and second law [1]. Making electronics smaller, faster, lighter, and portable will
help continue the improvement in microelectronic devices. According to the lithography
technology requirements (long term) expected by the ITRS in 2002, feature size less than 50 nm
will be needed in ~2010 for above device requirement. The traditional processes such as plasma
etching, cleaning, chemical vapor deposition, diffusion on dopants and especially
photolithography [2] are almost reaching the limitation for achieving 50 nm features.
To overcome the lithographic obstacles, many technologies are under development
including the photolithography using 193nm (ArF) and 157nm (CaF2) wavelength laser. These
techniques are for above the 60nm scale features [3]. Several nanoscale lithography techniques
have been proposed, including x-ray lithography and e-beam lithography. Although they have a
good merit in fine patterning, they are not suitable for the mass production due to low throughput
and high cost.
The representative nanoscale lithography techniques to be studied for the alternative
patterning methods are scanning probe lithography (SPL) and nanoscale imprint lithography
(NIL). Those will be combined with contact print lithography (µCP), x-ray lithography, e-beam
lithography, and conventional photolithography to prepare tiny features. SPL have ranged from
atomic scale to the 10’s micrometer range, which takes advantages of the sharpness of the atomic
force microscope (AFM) tips, and the localized tip-surface atom interactions [4, 5]. Adsorbate
1

molecules, which form generally self-assembled amphiphilic monolayer, are displaced by an
AFM tip during the scan at a load higher than the displacement threshold [4]. Although many
researchers are developing these techniques, they are not reliable enough to use in massive
production.
Meanwhile, as an alternative approach, there are molecules and atoms at the end of
scaling as electronic devices. A lot of scientists are concentrating on the candidate molecules
with interesting electronic properties such as molecular conduction, rectification, and modulation
of conductance. Such molecules can be used to perform logic and memory functions in future
electronic devices. Due to the advanced nano-scale fabrication and self-assembly techniques,
significant developments in molecular scale devices have been demonstrated. Investigations into
electronic conduction through conjugated molecules that are bound onto metal surfaces are now
possible and have been demonstrated with scanning tunneling microscopy and other designed
methods [6-12]. Many of them use a function of self-assembled monolayer at the end of host
molecules to chemically immobilize on the specific metal electrodes [10, 13, 14], and some of
them are trying to find a stable, reproducible, and reliable platform to characterize the electrical
properties of molecules [15]. Most of these technologies are useful to characterize molecules, but
it is not well developed for interconnect each molecule to assemble them as a logic or memory
devices [16] or hybrid nanoelectronics [17].

1.2

NANOFABRICATION FOR MOLECULAR ELECTRONICS

1.2.1 Scanning Probe Lithography
In order to create nanoscale patterns of SAMs with molecular precision, SPM have been
used to manipulate molecules on metal surfaces and to fabricate the metal patterns on
2

semiconductor surfaces. This method takes advantages of the sharpness of the tips, and the
localized tip-surface atom interactions [4]. Current works in Scanning Probe Lithography (SPL)
have ranged from atomic scale, e.g. single atom manipulation to line drawing in the 50 µm range.
SPL can be classified into mechanical, electrical, and optical method according to the
mechanism [5]. Among these, mechanical one will be focused in this research.
In the mechanical modification (Figure 1-1), increasing the local pressure would increase
the deformation, disrupt the packing, and eventually displace chemically adsorbed molecules
from their adsorption sites by breaking covalent bond at the interface.
Using scanning tunneling microscope (STM), chemisorbed molecules can be replaced
with another molecules or be removed with increase bias. The SAMs are imaged under a set
point of +1 volt (6-8 pA), and are replaced under 3-4 volts on the solution of different selfassembly molecules. The schematic is shown in Figure 1-2. By scribing the tip in a defined
pattern, the image can be generated. During scribing, the tip does not need to contact on the
surface. However, this method requires the conductive substrate to form a current through the
self-assembly layer [18, 19].
Although the main advantage of SPL is the ability of patterning ultra-fine feature, it has a
couple of restrictions. Those are the local displacement, immediate removal of the displaced
adsorbate, and absence of re-adsorption. And it requires keeping the sharpness of tip while
scanning, because the tip radius determines the scribing line width. When using the SAM as
etching mask, SAM layer can work as a resist in an aqueous etchant. While it is too thin to work
as a plasma etching mask because the physical etching component or the high-energy radiation
from plasma etching may destroy the monolayer easily.

3

1.2.2 Contact Print Lithography
Micro contact printing (µCP) is a technique that can generate patterns of self-assembled
monolayers (SAMs) of alkanethiols on gold surface, or that of alkylsiloxanes on hydroxyterminated silicon surfaces. The patterned SAMs can serve as a thin resist film with which the
patterns can be transferred to a substrate using an appropriate etching method. This method has
been demonstrated up to the feature size of 100-200 nm [20, 21].
An elastomeric stamp is fabricated by casting a prepolymer, usually the
poly(dimethylsiloxane) (PDMS), against a master whose surface has been patterned using
photolithography or micromachining. The stamp is wetted with the ‘ink’ that is the solution of
alkylsiloxanes and is brought into contact with the hydroxy-terminated surface for 5-10 seconds.
Then the alkylsiloxanes transfers from the stamp to the SiO2 surface. The patterns were
transferred successfully to the amorphous Si and crystalline Si surfaces using only the SAM as
the resist film and aqueous etchant like KOH solution. This procedure is shown in Figure 1-3.
Before contacting with the stamp, the surface was treated in a solution of 30% H2O2 and
concentrated H2SO4 to yield a thin SiO2 film with a Si-OH group concentration of about
5x1014cm-2, thus the surface is highly hydrophilic. A dilute octadecyltrichlorosilane (OTS)
solution was prepared in a nitrogen atmosphere using hexane as the solvent since OTS reacts
violently with water. A cotton swab was used to apply the OTS onto the surface of the stamp.
The stamp was then brought into contact with the substrate [21].
A scaling of less than 500 nm owing to the diffusion of ink molecules away from the
regions of contact [22]. High resolution printing over large areas will become problematic
because hard stamps do not conform to uneven substrates. Mechanical stability of stamps against
capillary forces exerted by fluids during cleaning, inking, and drying is an additional difficulty
[23].
4

1.2.3 Nanoscale Imprint Lithography
Nanoscale imprint lithography (NIL) is reported to produce sub-10-nm feature sizes with
high throughput and low cost [24]. This technique is being used as a mechanical lithography
when manufacturing compact disks. In 1996, Chou et. al. modified it into a nanoscale
lithography [25, 26].
For NIL, a mold with nanometer-scale feature needs to be fabricated into a rigid material
like thermally grown silicon oxide on a silicon substrate. The mold is first pressed into a thin
organic resist cast on a substrate, which forms a pattern in the resist. The pattern transfer is
accomplished above the glass transition temperature (Tg) of organic material with high pressure,
13 ~ 68 MPa [24, 25]. The Tg of Poly(methyl methacrylate) is ca. 105°C, so it use 180~220°C to
make the organic resist material flexible. The molecular weight of PMMA used in this
lithography is ranged from 50k to 495k, and they are spin-coated onto the silicon substrate [24,
25]. After imprinting, anisotropic oxygen plasma etch is used to remove the scum of residual
organic material at the bottom of impressed pattern completely. Figure 1-4 shows a schematic of
the nanoscale imprint lithography process described above.
Compare to other nanolithography method suggested until now, NIL shows a thick mask
height that is reported ca. 200nm [25]. Thus nanoscale anisotropic trenches can be formed by
plasma etching after NIL. The expected disadvantages are the reproducibility of pattern and the
uniformity of pattern depth. The first one may be caused by the contamination by previous
imprint, and the latter can be the issue for uniform pressure while pressing. Also it is hard for
NIL to align on the desired position.
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1.2.4 Electron-beam Lithography
The electron sources have the benefit of extremely high diffraction-limited resolution
and have been used for transferring patterns of nanometer scale features. The techniques of
Electron-beam lithography (EBL) developed are projection printing and direct writing. In
projection printing, a relatively large-sized pattern is transferred through the mask onto a resistcoated substrate by high-precision lenses. Since it uses a mask to transfer the pattern, it is
relatively high throughput compared to direct writing. However, it is still not fast enough for
mass production. Direct writing is the most common approach in EBL, where the focused beam
directly impinges on the resist in order to perform patterning. The direct writing EBL can be
used for generating extremely fine patterns; in fact, when combined with etching and deposition
processes, fabrication of future electronic devices with critical dimension as small as 10 nm has
been demonstrated. [24]
In usual, the e-beam resists are high molecular-weight polymers dissolved in a liquid
solvent. The polymer changes its structure when exposed to electron radiation. Exposing electron
beam, the resists are weakened by the scission of main- and side-chains and become more
soluble in the developing solution in positive resist. A solvent developer selectively washes away
the weakened or lowered molecular-weight resist. On the other hand, the negative resists are
strengthened during exposure by a radiation-induced cross-linking reaction and become less
soluble in the developer.

1.2.5 Metallization using Electron-beam Evaporator
Electron beam produced by the hot tungsten filament is an efficient way of heating
evaporant material for uniform thin films. The focused electron beam is capable of producing
temperatures over 3500 °C in source materials. The electron gun is a self-accelerated electron
6

beam device. The electron beam is accelerated into the evaporant material contained within the
chilled water-cooled, grounded crucible. The beam of electrons is magnetically focused and then
deflected filament 270° by the permanent magnet according to Lorenz force. [27, 28]
The evaporation rate of source materials is dependent upon power input, and the
characteristics of the material to be evaporated. The highest evaporation rates are obtained with
materials that have low evaporation temperatures and low thermal conductivity.
The materials used in this study are gold and titanium whose melting points are 1062 and
1235 °C at 10-6 Torr, respectively. The materials of crucible acceptable for gold and titanium are
coated graphite, boron nitride and alumina.

1.2.6 Assembly of Nanoparticles
Assembling colloidal nanoparticles between two electrodes have been tried using various
methods such as electrophoresis, dielectrophoresis, template-assisted self-assembly, and AFM
tip-assisted assembly. If the electrodes are immersed into a liquid solvent, the dissolved particles
can diffuse to the electrodes. When applying a dc voltage, the particles will polarize in the
vicinity of electrodes. Due to the field gradient near the gap, the polarized particles will be
attracted to the region between the electrodes, in the same way as the dipole is attracted to the
maximum field (electrophoresis). [29] Alternating current field can also collect particles on the
gaps (dielectrophoresis). The force that attracts the particles on the gap is dependent on the
relative polarizability of particle with respect to the media. The metallic particles in water, where
the permittivity of particles is greater than that of media, are attracted to the region of maximum
field. In alternative case that the permittivity of particles is smaller than that of media, the
particles move to the minimum field region. [30-32]
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On the patterned surface, the particles can be assembled into the template with the
assistance of physical confinement. An aqueous dispersion of particles is added into the template,
and the capillary forces exerted on the surface drags the particles across the surface until they are
physically trapped into the hole or step. [33, 34] Removing self-assembled monolayer by AFM
tip under high force in the solution of nanoparticle can accommodate the nanoparticles onto this
exposed areas. Using this technique, gold nanoparticles will be adsorbed on the exposed area of
alkanethiol SAMs with precise positioning [35]

1.3

STRUCTURES FOR MOLECULAR ELECTRONICS

1.3.1 Self-assembled Monolayer of Organic Molecules
In molecular electronics, the molecules of small molecular weight should be bound
between the electrodes not to desorb from the metal surface. Most of molecules studied in the
area form the chemical bond onto the electrode and align with adjacent molecules due to the
molecular forces between them. Here the formation of aligned molecular layer is introduced.
Self-assembled monolayers (SAMs) are ordered molecular assemblies that are formed
spontaneously by the adsorption of a surfactant with a specific affinity of its headgroup to a
substrate. SAMs are generally attractive for the following reasons. Those are the ease of
preparation, the tunability of surface properties via modification of molecular structure and
functions, the use of SAMs as building blocks in more complex structures, e.g., for “docking”
additional layers to a surface, and the possibility of lateral structuring in the nanometer regime.
[36, 37]
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The self-assembling surfactant molecules consist of three parts from the energetic point
of view, which are head group, alkyl chain, and terminal functionality as shown in Figure 1-5.
Head group provides the most exothermic process while chemically adsorbing on the surface. As
a result of the exothermic head group-substrate interactions, molecules attempt to occupy every
available bonding site on the surface, and in this process they push together molecules that have
already adsorbed by van der Waals force. The alkyl chain is a main body of the adsorbed
molecule. Only after molecules are put in place on the surface, the formation of an ordered and
closely packed assembly can begin. The van der Waals’ interactions are the main forces in the
case of simple alkyl chains. The terminal functional, or end group determines the modified
surface [38].
Self-assembly process are accomplished by three steps – (1) chemisorption of the head
group, (2) straightening of the hydrocarbon chain, which is 3-4 times slower than the step (1),
and (3) reorientation of the terminal group, which is 35-70 times slower than step (2) [37]. If
alkanethiol molecules first physisorb onto the surface, and are free to move prior to being
chemisorbed, then further adsorption can be accomplished by increasing packing and order in the
two-dimensional assembly. So the quality and structure of alkanethiol monolayers on gold
surfaces suggest that there should be enough molecular mobility prior to any surface pinning [38].
According to the reported literatures, the head-groups of self-assembled molecules on
metal is summarized in Table 1-I. These chemical affinity is useful when the designed molecules
are put to form only a specific metal electrodes, which can be applicable to fabricate the
molecular circuits.
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1.3.2 Analytical Methods for Conductance Measurement
The electronic conduction through adsorbed molecules that are end-bound on the metallic
surfaces has been demonstrated with various methods. Initial studies of electrical
characterization of molecular layers utilized analytical instruments such as scanning tunneling
microscopy [39-43] or atomic force microscopy with a conducting probe.[11, 13, 44-48] These
techniques are ideally suited to measure local electron transfer through organic molecular
monolayers by virtue of their high spatial resolution. Additional benefits of these methods are
that they allow both spatial selections of the molecular layer and in-situ measurements of
selected molecules.
The crossed-gold-wire tools have been used to investigate the conjugated molecules such
as OPE (Oligo phenylene ethynylene) and OPV (Oligo phenylene vinylene).[49-51] It is
calculated to be ~103 molecules in the junction in the 10 µm wires, whose spacing is controlled
by magnetic field generated by deflection current through Lorentz force.[51]
An additional method for measuring electron transport through organic monolayers
makes use of a mercury surface, which provides support for the alkanethiol self-assembled
monolayers (SAM) and is used to build a junction consisting of two opposing surfaces with
interposed SAMs.[52-54]

1.3.3 Platforms fabricated for Conductance Measurement
There are also several microfabrication approaches to measure conduction through
organic monolayers. One approach uses a mechanical break junction in a notched gold wire to
form metal-molecule(s)-metal junctions.[8, 55] This junction can be fabricated by breaking a
small metallic wire and introducing molecules with end-groups reactive to this metal into the gap.
The wire can be adjusted so that the gap between the two facing electrodes is a distance
10

comparable to the length of the molecule that will contact it. It has been shown that it is possible
to measure molecules whose length is less than 1 nm, and ideally metallic break junctions can be
used to characterize a single molecule.[55] Another proposed approach is to fabricate nanoscale
pores on a silicon nitride layer to measure the conduction through a SAM of molecular wires
sandwiched between top and bottom metallic contacts.[56, 57] E-beam lithography and plasma
etching are applied to prepare pores in the silicon nitride film suspended from the crystalline
silicon wafer. The diameter of a pore is ~30nm and the length of the demonstrated molecule is
1.2 nm. Since the second metallization is accomplished after the SAM formation on the nanopore,
the self-assembled molecular layer is sandwiched between top and bottom metallic contacts.
Therefore it has no limitation of molecular length, in principle. In order to avoid the thermal
damage to the molecular layer, they proposed to use low evaporation rate (~0.3 Å/sec). [56]
The Challenging part of molecular electronics is fabricating a nanoscale gap between two
electrodes where the desired molecular device will reside. Its dimension should be comparable to
that of the molecule’s so as to enable in-between deposition of the molecules. Various methods
for nanoscale gap fabrication have been studied in the literature tried.[57-59] Electron beam
lithography is widely used for deep nanoscale features less than 100 nm. The patterns are then
transferred to the underlying materials via anisotropic reactive ion etching.[57, 58] Typically
this process can generate smaller patterns than conventional photolithography. Nanowire gaps
have also been fabricated with electromigration in gold. Approximately 8 nm gaps have been
fabricated on 20 nm nanowires using the electromigration.[59] Carbon nanotubes have been
used to create nanoscale gaps defined by the diameter of an individual carbon nanotube. Gaps,
whose widths are 20s nm, are formed after removal of nanotube under the chromium metal
evaporated onto a single nanotube. [60]
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1.4

ELECTRICAL PROPERTIES OF ORGANIC MOLECULES

Molecular wires that have been studied can be divided into two categories. One is based
on n-alkane chains, which have large energy gaps between HOMO and LUMO. They have
usually ca. 6 eV or higher energy gaps, and are relatively insulting materials [61, 62]. The other
is relatively smaller HOMO-LUMO gap and behaves like a semiconductor. These molecules
have delocalized π-electrons [15, 40, 63]. Liner π-conjugated molecules represent the simplest
models of molecular level wires. Current interest in conjugated molecules started in the late
1970s with the discovery of metallic electrical conductivity in polyacetylene, (CH)x [64]. And
new class of conjugated polymers based on aromatic precursors such as pyrrole, benzene, aniline,
or thiophene have been developed.
Charge transport through those molecules is based on the alternative single and double
carbon-carbon (conjugation) bonds, which means the electron hopping from one atom to another
within the molecule as shown in Figure 1-7. The width of the bandgap in neutral trans-PA is 1.4
– 2.0 eV from the electronic absorption spectrum. Their conductivities for cis- and trans-forms
are 10-9 and 10-5 ohm-1cm-1, respectively. After doping with electron-donor or electron-acceptor
compounds, its conductivity increases to 102-105 ohm-1cm-1 and it changes polyacetylene into a
metallic conductivity. [64, 65]
As some sort of molecules has the peculiar nature, the current shows the peak with
increasing applied voltage. It is named negative differential resistance (NDR). The threshold
voltage where the molecule shows NDR is reported to be strongly dependent on the structure of
molecules, e.g. the number of electroactive substitute groups on the backbone, the molecular
backbone itself, the anchoring linkage, and the headgroup [66]. Tour et. al. exhibited NDR of 2’12

amino-4-ethynylphenyl-4’-ethynylphenyl-5’-nitro-1-benzenethiol in nanopore structures [57]. It
was measured I(V) characteristics at 60 K on the gold electrodes, and its peak current density
was >52 A/cm2 and the peak-to-valley ratio was 1030:1. The possible mechanism suggested is
two-step reduction of electrons. When the voltage is applied to the molecules, the molecules
reduce the one electron each initially. These electrons form the current throughout the device.
Further increase in voltage causes a second electron reduction with subsequent blocking of the
current [57, 67, 68].
In the experiment using the transition metal complex ([Co(terpyridinyl-(CH2)5-SH)2]2+)
on the transistor structure, an electron does not have sufficient energy to tunnel onto the island,
i.e. Co ion, between electrodes and therefore current is blocked [69]. This suppression of the
current at low bias is called “Coulomb blockade”. Coulomb blockade happens based on the
charging energy (E=Q2/C) of a small capacitor and allows the transport of single electrons if the
electron energy exceed this charging energy. If junction capacitance is small enough like Co ion
above, the electron current suppression is observed as above. If this charge is a single electron,
the charging energy is normally very small compared to the thermal energy [69-71]. Therefore
this single electron behavior may happen in cryogenic devices.

Organic molecular rectifier suggested by Aviram-Ratner basically is composed of
acceptor and donor like an inorganic p-n junction rectifier. As an insulator, σ-electron system
exists between them, which isolate the donor/acceptor in order for the device functioning. The
electron-withdrawing moiety (–NO2, -CN, and –CF3) may be added to make relatively poor in πelectron density, which raise the electron affinity and make the subunit a good electron acceptor.
Besides the electron-releasing substituents (–NH2, -CH3, and -OCH3) will increase the π-electron
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density, which lowers the ionization potential and render the subunit a good electron donor [72,
73].
As shown in Figure 1-8, the Aviram-Ratner rectifier behaves in forward bias by three
steps in principle. 1) DBA- : An electron transfers from a cathode to the lowest unoccupied
electronic orbital on the molecule localized on the acceptor species. The Fermi level of a cathode
material should be higher than that of acceptor. 2) D+BA- : A molecular orbital localized on the
donor site transfers an electron to the anode. It requires that the Fermi level of the metal be lower
or equal to the orbital energy of the donor. 3) D+BA- → DBA : The electron transfers from the
reduced acceptor to the oxidized donor through the bridge. In the reverse bias, it goes DBA→
D+BA- →D2+BA2- states, which forms a high-energy barrier and limits the electron flow [73].
The factors influencing the current-voltage behavior characteristics of molecules are
molecular length, conformation, HOMO-LUMO gap, and the work function of electrode. In
other word, they include nature of molecule and metal-molecule interface. Especially metalsemiconductor interfaces are quite importance in optoelectronic devices, which form ohmic
contacts or rectifying contacts (Schottky junction). The basic ideas describing electron transport
across metal-semiconductor interface are non-interacting solids. However, the experimental data
suggested that the electrostatic influence of interface dipole can modify the effective barrier
height of the junction [74].
Meanwhile, the existence of chemical bond between metal and semiconducting organic
molecule also affects the junction behavior. The difference between physically adsorbed and
chemically adsorbed contacts is up to three orders of magnitudes in saturated alkanethiol based
junctions. These results suggest that the absence of a chemical bond creates an additional barrier.
This leads to a decrease in transmission function of contacts and therefore to a reduction in the
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conductance. This contact effect appears to be less important in π-conjugated molecules than that
in saturated ones. It is believed that the π-orbitals of the molecule overlap with the metal will
affect electron density even without a chemical bonds.[75, 76]

1.5

OBJECTIVE OF THIS WORK

The method of how to connect single molecules between two metal electrodes is big issue
in the molecular electronics area. It needs to be applicable to large area fabrication and useful for
fabricating electronic devices. On the other hand, it is not enough to understand the electron
conductance through molecule-metal interface, which is strongly required to make reliable
electronic devices using organic molecules. Therefore, the primary objective in this work is to
fabricate the nanoscale gap to evaluate the nanometer scale molecular devices and to evaluate the
electrical characteristics of them. This study includes the development of various
nanolithography techniques, adaptation of fabrication processes, and the investigation of the
electrical characteristics of fabricated nanoscale gap-nanoparticle assembly and contacts between
electrodes and chemisorbed or physisorbed organic molecules. From these works, we can
propose the methodology of interconnect nanoscale molecular devices and the better molecularmetal junction structures for future devices.

1.6

OVERVIEW OF THIS DISSERTATION

This dissertation is composed of three sections – introduction, developing fabrication
processes, and studying electrical characterization. From Chapter 2 to Chapter 4, they deal with
the phenomena in the nanoimprint lithography (Chapter 2 and Chapter 3) and the descum process
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in RIE system. Chapter 5 and Chapter 6 will deal with the fabrication process for nanoscale gaps
and the initial results of molecular conduction measurement using nanoscale gaps. Chapter 7 and
Chapter 8 will show the electrical properties of saturated alkanes with reactive head groups onto
the gold and those of conjugate molecules. They will be analyzed from the viewpoint of
molecule-metal interfacial contact behavior. Chapter 9 will show the initial results of
nanoparticle assembly for the hierarchical assembly of molecular electronics.
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Table 1-I. The summary of head-groups of self-assembled molecules forming self-assembled
monolayer on metals

Au

Pt

Pd

Thiol (-SH)

[9]

[1]

[8]

Isonitrile (-CN)

[10]

[10]

Phosphate (-PO4)
Carboxylate (-COOH)

TiO

Si

[6]

TaO

[3]

AlO

[6]

[11]

[2]

[12]

[4]

Amine (-NH)
Silane (-SiH)
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NbO

Ni

Ag

[7]

[9]

Cr

Cu

[5]

[5]

[6]

Figure 1-1. Schematic diagram illustrating the principle of scratching [5].

Figure 1-2. Schematic diagrams of the lithographic process of self-assembly replacement
using STM [18].
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Figure 1-3 Schematic of the procedure for micro-contact printing [21].
Photoresis

Si
PDMS
Si
PDM
PDM

PDM

PDMS is peeled away
from the template

OTS

Stamping onto silicon

Si
Hydrophobic SAMs

Si

Figure 1-4. Schematic of the nanoscale imprint lithography process [25].
1. Press mold

mold
resist
substrate

2. Remove mold

3. Descum
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Figure 1-5. Schematic of SAM. Shaded circle indicates chemisorbing headgroup and open
circle does end-group, which can be chosen from variety of chemical functionalities.

Figure 1-6. Schematic representation of evolution of SAM structures.
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Figure 1-7. Charge transport through conjugate polymer [77].

Figure 1-8. The band diagram for Aviram-Ratner Rectifier [73].
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Chapter 2. Temperature Dependence of Solvent-Enhanced
Resist Flow for Low Temperature Imprint Lithography
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT
Imprint lithography at room temperature is demonstrated on thermoplastic substrate that
has a restriction of heating. Although most imprint lithography requires heating to obtain a fluidlike behavior of the resist, heating may damage the plastic substrate. Basically, both the resist
and the substrate have a plastic nature, and it is not simple to identify an ideal temperature range
in order to obtain a patterned resist on a substrate with a lower glass transition temperature. The
proposed process skips just a soft-bake step after resist coating and performs imprinting right
after coating the resist on the substrate. The remnant of solvent within the resist may reduce the
viscosity of the resist, and it thus may enhance the deformation ability. From a comparison with
normal high temperature imprints, the demonstrated low temperature imprints show results
comparable with those of 165°C process. Also the imprinted depth decreases with elapsed time
after coating, since the evaporation of solvent from bulk resist may progress at atmosphere. The
proposed process shows successful patterning for the initial 60 minutes. Based on the results, we
discuss the mechanism for low temperature behavior of positive resist (Shipley 1813) in imprint
lithography.
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2.1

INTRODUCTION

Nanoscale imprint lithography (NIL) has begun to emerge as an alternate technology for
photolithographic processing.1-3 NIL can produce deep nanometer-scale features using
nanometer-scale features fabricated into rigid master materials such as thermally grown silicon
oxide or silicon. The pattern transfer is typically achieved by pressing the mold into a thin
polymer resist that is heated above the glass transition temperature (Tg) of the polymer.2,3 As an
example, the Tg of poly(methyl methacrylate) (PMMA) is 105°C, so temperatures of 150 - 220°C
are typically used to make the polymer resist material easy to mold.1-3
There is generally a drive toward lower temperature processes in device fabrication,4
especially for organic-based devices such as thin film transistors5-7 and organic light emitting
diodes.8,9 There are several methods reported to produce nanoimprinted features at temperatures
as low as room temperature, including using polystyrene,10 hydrogen silsesquioxane (HSQ),11,12
and lift-off resists (LOR).13

Direct pattern imprinting into spin-on glass,14

and organic

semiconducting materials15 has also been demonstrated. A solvent vapor treatment of
polystyrene has been demonstrated to enhance the polystyrene viscous plasticity at low
temperature.16 In this article, imprint lithography at room temperature is demonstrated with
commonly used positive photoresist (Shipley 1813), which is widely developed in the fabrication
process such as lift-off, reactive ion etching, wet etching, and removal of photoresist.17-19 The
nature of the resist at room temperature is compared with that at a normal high temperature
process, and the process windows that provide successful results are further studied.
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2.2

EXPERIMENTAL DETAILS

2.2.1 Mold Preparation
Molds were fabricated in 500nm thick thermally grown SiO2 on Si (100) using
conventional photolithography and CHF3-based plasma etching. The patterned lines were formed
with widths ranging from 700nm to 2,000nm using a GCA 800 DSW i-line stepper. The resist
for mold formation was Shipley 510 resist spin-coated at 4,000 rpm, and the patterns in oxide
were formed using CHF3-plasma reactive ion etching (RIE). The etched depth of SiO2 was
approximately 240 nm. Nanostrip (Cyantek Co.) was applied after RIE to remove the resist from
the mold. After stripping the photoresist, the mold was cleaned in UV/Ozone for 30 minutes to
completely remove the organic material on the surface and to form a hydrophobic methylterminated surface.20 A layer of octadecyltrichlorosilane (OTS), was subsequently formed on the
SiO2 mold surface by immersion into 0.1% OTS in a mixture of chloroform (99+%, Anhydrous,
Aldrich, CAS#67-66-3) and hexadecane (99+%, Anhydrous, Aldrich, CAS#544-76-3) for 20
minutes, followed by rinsing in ethanol, and drying in a jet of nitrogen. This organic layer
treatment was used to keep the imprint resist from sticking to the mold during imprint.21 We
found that molds prepared with this process could be used more than ~20-cycles of imprinting.
Cleaning and re-exposing the molds to the OTS treatment returns the mold to good performance.

2.2.2 Imprint procedure

For imprint substrates, silicon wafers were cleaned by a 2 wt% sodium dodecyl sulfate
solution (99.0+%, Fluka, CAS#151-21-3) after being cut to 0.5 x 0.5 in2, and then rinsed with
flowing DI water. After the surfaces were cleaned and dried with a jet of nitrogen, they were
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treated with UV/Ozone (Headway research, Inc., Model #PWM32) for 30 minutes to completely
remove the organic contaminants on the surface,20 which improved the adhesion of the following
resist. In addition to silicon, polyethylene terephthalate (PET) substrates were used for some
imprint experiments. These were coated with evaporated aluminum, before resist spin-coating.
On each substrate, the photoresist (Shipley, S1813) solution was coated at 4000 rpm for 30
second. Resist thickness was manipulated by the dilution of the photoresist with 1-methoxy-2propanol acetate (99.5+%, Aldrich, CAS#108-65-6) and by the speed of spin-coating. For the
high temperature processes used here, the substrates were soft-baked at ~110 °C for 1 min after
resist deposition, similar to common high temperature imprinting processes. For the room
temperature imprint process described, this soft-bake step was not applied after coating the resist.
Rather, imprints were performed within a 1 hour after coating without any heat treatment. As
discussed below, the time between resist coating and imprint is an important parameter in the
imprint process. To form the imprinted pattern, the fabricated mold was rinsed with acetone and
dried with a jet of nitrogen. For all experiments, the mold was heating for 3 minutes on a
hotplate at 110°C to completely remove the cleaning solvent. For high temperature imprint, the
soft-bake at 110°C was applied to the spun resist in order to remove the solvent within the
polymer film. After assembling with the mold, the mold-sample assembly was heated for 60 min,
and then applied pressure in the imprinting equipment. The imprint time was fixed at 60 min
including cooling down to the room temperature. For room temperature processing, the template
was removed from the heat and allowed to cool to room temperature after which it was pressed
into the thin resist layer at room temperature without any heat treatment. For room temperature
imprint, the resist was imprinted immediately after spinning, with no soft-bake, and the imprint
time was fixed at 5 min followed by releasing the mold.
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Figure 1 shows the schematic diagram of the imprint system used. The silicon-based
mold and resist-coated sample are mounted on aluminum plates, which is resist-sample/mold
assembly, and then pressed together with a specified pressure. The pressure was controlled by
the torque exerted on the screw of the imprinter. Since the adjusted torque would maintain the
force applied on the sample, a uniform and steady force was applied on the sample, and
reproducible values for force per unit area were readily attained. Converting the measured torque
to a pressure per unit area requires information about the screw angle and the substrate size.
Specifically the pressure P= (torque)/ A·R·tan θ, where P is pressure exerted on the mold-sample
assembly, A is the contact area of mold-sample assembly (typically 0.5×0.5 in2), R is the radius
of the screw (0.25 inch), and θ is the angle of the screw threads (20°). Based on the equation, the
range of torques studied, 40 – 70 lbf-in, corresponds to 12 – 21 MPa.

2.2.3 Atomic Force Microscopy
The experimental results of surface morphology were analyzed using atomic force
microscopy (Digital Instruments, Dimension 3000). AFM measurement was executed in tapping
mode operation with a silicon probe (Veeco Inc., OTESPA) whose spring constant is 42 N/m and
scanning frequency is 300 kHz. 10×10 µm2 images are obtained by tapping mode at 0.5 Hz
scanning speed.

2.3

RESULTS AND DISCUSSION

Figure 2 shows AFM images of the mold used for imprinting, and Figure 3 shows the
corresponding images of resist lines of (a) 0.7 µm, (b) 1.0 µm, and (c) 2.0 µm in width imprinted
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under room temperature as described above. The mold height is measured to be ~240 nm, which
corresponds directly to the measured height of the imprinted lines. The imprinted resist linewidth and surface roughness are also the same as the SiO2 mold, with no evidence for
discontinuities or other defects that could be formed by resist sticking on the surface of the mold.
In general, the viscosity of a thermoplastic resist will decreases with increasing
temperature.22 At high temperature above the glass transition temperature, Tg, the viscosity
decreases rapidly with increasing temperature, and the material flows readily under applied shear.
Below Tg, the material is glassy and the viscosity is relatively independent with temperature.
Common imprint lithography utilizes resist temperatures above Tg to achieve well controlled
resist flow and pattern development. For the most common resist materials of PMMA, the
temperature 150 - 220°C are typically used, which is approximately 50~120°C above the glass
transition temperature.1-3,23 However, in the lithography process described here, the requirement
for elevated temperature is relaxed. Specifically, the viscosity of the resist is kept low enough to
achieve the required flow at room temperature by controlling the amount of solvent that remains
in the spun resist before imprinting.
Viscosity of resist materials will generally be high at room temperature and decrease with
increasing temperature. As presented below, the volumetric flow-rate of resist through the slit
may be related to the viscosity, µ, as follows:

Q=

Wh 3 ∆p
∆p
≈ρ
12µL
µ

(1)

where Q is the volumetric flow rate of the resist, W is the length of the slit, h is the width of the
space between lines, L is the depth of the trench in a control volume, µ is viscosity, and ∆p is
pressure. The geometry of an example flow system is shown in Figure 4.22,24 Briefly, the
volumetric flow-rate becomes a function of pressure difference and viscosity, where ρ is a
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constant related to feature dimensions. The value for Q gives the volume of resists injected into
the mold slit per unit time, so Q must be kept high enough (i.e. viscosity must remain low) to
enable the resist to reach the bottom of the trench. In high temperature imprint, cooling of the
resist can cause it to become glassy and impeding flow. For successful imprint molding, high Q
and low µ are required.
For the experiments described here, the values for W, L, and h are fixed parameters in the
grating feature, whereas values for µ and ∆p can be modified with the experimental conditions.
We first consider increasing the viscosity by elevating temperature. Figure 5 shows the imprinted
depth (measured by AFM) as a function of imprint pressure at room temperature and at elevated
temperatures (150°C, 165°C, and 210°C). The resulting imprint depth is related to resist flowrate, and hence viscosity. The experiments at 150°C show very small depth for all pressures,
indicating high resist viscosity, whereas, at 210°C the depth corresponding to complete pattern
reproduction (trench depth = mold depth) for all pressures, indicating low resist viscosity. For
imprinting at 165°C, the depth of the resulting trenches increase with increasing imprint pressure,
with 21 MPa corresponding to full pattern formation. We note that for resist imprinted at room
temperature, the depth of trenches increases with pressure and reaches full depth at ~15 MPa.
The imprint depths at room temperature are comparable with those at 165°C, indicating that the
viscosities are similar in these two cases. The viscosity at room temperature stays constant
during the process, whereas during the 165°C process, since air-cooling begins right after
exerting pressure.
The suggested method is demonstrated with various resist thicknesses under the identical
imprint pressure of 15 MPa as shown in Figure 6. The imprints were done within 15 min after
spin-coating of resist. The imprinted depth increases with increasing resist thickness and reaches
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at the maximum depth in the thickness of ~750 nm. Its depth is negligible at the thickness of ca.
230 nm.
The imprinted step height changes with elapsed time after spin-coating as shown in
Figure 7. Imprints are done with changing delay after spin-coating. During the delay, part of the
solvent may diffuse out through the resist film. If it is thin film, the solvent molecules diffuses
faster than that in thick film because of relatively short diffusion path. So the viscosity in thin
film may become higher than that in thick film in a delay. It may cause different behavior in
imprinting on different thicknesses. The experiments are done with same thickness of the resist
(~900 nm) and same imprint pressure of 15 MPa. During the initial ~60 minutes, the imprinting
results show the successful patterning with no big changes. After that, imprinted depths decrease
with elapsed time. It shows that a property of the resist may change with time.
Evaporation of solvent from bulk resist may progress with time at atmosphere and may
change the properties of the resist for imprint molding. In addition, it is less in thicker film due to
the long diffusion path as discussed previously. Evaporation may change the extent of imprinting
depth with elapsed time as well as resist thickness as illustrated in Figures 6 and 7. In other
words, residual solvent may reduce the viscosity and enhance shaping properties.
Figure 8 shows the images of imprinted patterns on plastic substrate. The grating features
are formed clearly with no apparent damage on the plastic substrate. The reported glass transition
temperature, Tg, of PET is ~69°C and its melting point is ~245°C.22 As the imprint process
proposed is achieved at room temperature (~25°C), the plastic substrate is not damaged by the
elevated temperature.
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2.4

CONCLUSION

Imprint lithography at room temperature is demonstrated on the plastic substrate, and
then compared to the imprinting results at normal high temperature. The room temperature
process skips just the soft-bake step and performs imprinting within 60 minutes after coating the
resist on the substrate. The remnant of solvent within the resist may reduce the viscosity of the
resist, and it enhances the deformation ability. The effects of resist thickness and elapsed time
after coating are investigated. The results show that using thicker film and patterning within the
first 60 minutes produce the best patterning. This lithography method may be used in the
fabrication of microelectronic devices that have a heating restriction such as a plastic substrate.

2.5
1
2
3

4
5
6
7
8
9
10
11

REFERENCE

S. Y. Chou, P. R. Krauss, and P. J. Renstrom, Science 272, 85-87 (1996).
S. Y. Chou, P. R. Krauss, and P. J. Renstrom, Journal of Vacuum Science & Technology
B 14, 4129-4133 (1996).
Y. Chen, D. A. A. Ohlberg, X. M. Li, D. R. Stewart, R. S. Williams, J. O. Jeppesen, K. A.
Nielsen, J. F. Stoddart, D. L. Olynick, and E. Anderson, Applied Physics Letters 82,
1610-1612 (2003).
J. M. Shaw and P. F. Seidler, IBM J. Res. & Dev. 45, 1 (2001).
C. D. Dimitrakopoulos, A. R. Brown, and A. Pomp, Journal of Applied Physics 80, 25012508 (1996).
C. D. Dimitrakopoulos and D. J. Mascaro, IBM Journal of Research and Development 45,
11-27 (2001).
D. J. Gundlach, L. L. Jia, and T. N. Jackson, IEEE Electron Device Letters 22, 571-573
(2001).
J. N. Bardsley, IEEE Journal of Selected Topics in Quantum Electronics 10, 3-9 (2004).
C. C. Wu, S. D. Theiss, G. Gu, M. H. Lu, J. C. Sturm, S. Wagner, and S. R. Forrest, IEEE
Electron Device Letters 18, 609-612 (1997).
D. Y. Khang, H. Yoon, and H. H. Lee, Advanced Materials 13, 749-752 (2001).
Y. Igaku, S. Matsui, H. Ishigaki, J. Fujita, M. Ishida, Y. Ochiai, H. Namatsu, M. Komuro,
and H. Hiroshima, Japanese Journal of Applied Physics Part 1-Regular Papers Short
Notes & Review Papers 41, 4198-4202 (2002).

34

12
13
14
15
16
17

18
19
20
21
22
23
24

S. Matsui, Y. Igaku, H. Ishigaki, J. Fujita, M. Ishida, Y. Ochiai, H. Namatsu, and M.
Komuro, Journal of Vacuum Science & Technology B 21, 688-692 (2003).
M. C. McAlpine, R. S. Friedman, and D. M. Lieber, Nano Letters 3, 443-445 (2003).
S. Matsui, Y. Igaku, H. Ishigaki, J. Fujita, M. Ishida, Y. Ochiai, M. Komuro, and H.
Hiroshima, Journal of Vacuum Science & Technology B 19, 2801-2805 (2001).
D. Pisignano, L. Persano, M. F. Raganato, P. Visconti, R. Cingolani, G. Barbarella, L.
Favaretto, and G. Gigli, Advanced Materials 16, 525-+ (2004).
D. Y. Khang and H. H. Lee, Applied Physics Letters 76, 870-872 (2000).
S. R. Sonkusale, C. J. Amsinck, D. P. Nackashi, N. H. Di Spigna, D. Barlage, M. Johnson,
and P. D. Franzon, Physica E-Low-Dimensional Systems & Nanostructures 28, 107-114
(2005).
K. L. Chavez and D. W. Hess, Journal of the Electrochemical Society 150, G284-G291
(2003).
F. Engelmark, G. F. Iriarte, and I. V. Katardjiev, Journal of Vacuum Science &
Technology B 20, 843-848 (2002).
D. W. Moon, A. Kurokawa, S. Ichimura, H. W. Lee, and I. C. Jeon, Journal of Vacuum
Science Technology A 17, 150 (1999).
J. B. Brzoska, I. Benazouz, and F. Rondelez, Langmuir 10, 4367-4373 (1994).
T. A. Osswald, L.-S. Turng, and P. J. Gramann, Injection molding of plastics (Die
Deutsche Bibliothek, 2001).
H. C. Scheer, H. Schulz, T. Hoffmann, and C. M. S. Torres, Journal of Vacuum Science
& Technology B 16, 3917-3921 (1998).
R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, Second ed. (2001).

35

Control
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Resist/mold
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Figure 1 Schematic diagram of imprint equipment. The screw exerts the pressure on the mold-

sample assembly.
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(a)

(b)

(c)

Figure 2 Images of typical line-and-space areas of the mold analyzed by atomic force

microscopy. The line widths are (a) 2.0 µm, (b) 1.0 µm, and (c) 0.7 µm, respectively. The
contrast designating height difference is 1.5 µm. The step heights of each structure are ~245 nm.
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(a)

(a)

(b)

(b)

(c)

(c)

Figure 3 AFM images of resist lines of (a) 0.7 µm, (b) 1.0 µm, and (c) 2.0 µm imprinted at room

temperature. The contrast designating height difference is 1.0 µm. The size of image (a) is 30 µm,
and the others are 10 µm.
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Figure 4 Sketch of fluidic flow behavior of the resist in the SiO2 mold and the symbolic

representations.
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Figure 5 Imprinted depth as a function of imprint pressure at room temperature and at elevated

temperatures (150°C, 165°C, and 210°C). The imprint depths at room temperature are
comparable with those at 165°C.
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Figure 6 Imprinted depths as a function of resist thickness. The imprints are achieved under the

identical imprint pressure of 15.2 MPa. The imprinted depth increases with increasing the resist
thickness and reaches at the maximum depth in the thickness of ~1,360 nm. Its depth is
negligible at the thickness of ca. 230 nm.
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Figure 7 Imprinted step height as a function of elapsed time after spin-coating. The imprints are

achieved with same thickness of the resist (~900 nm) and same imprint pressure of 15.2 MPa.
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(a)

(b)

(c)

Figure 8 Images of imprinted patterns on plastic (PET) substrate. The line-widths are (a) 2.0 µm,

(b) 1.0 µm , and (c) 0.7 µm, respectively. The contrast designating height difference is 1.0 µm.
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Chapter 3. Plasma etching of polymer resist in Nano-Imprint
Lithography
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT

In nanoscale imprint lithography (NIL) after a mold with nanometer-scale feature pressed
into a thin polymer resist film on a substrate, anisotropic oxygen-based plasma etch was used to
remove the residual resist at the bottom of impressed pattern, which is descum process. In this
article, the various plasma chemistries have been investigated as the descum processes on the
imprinted polymer layers, and the results are evaluated from the view point of surface roughness
and width changes. Pure CHF3 molecules in the plasma generate the fluorocarbon layer on the
resist so that they result in the negative etch-rate. As the etching radicals should diffuse through
the fluorocarbon layer, it reduces the etch-rate significantly. Since this layer can be removed only
by the surface reaction with oxygen radical and the ion bombardment, the etch-rates are
improved by adding oxygen. In the SF6 plasma, the residual layer seems to be relatively thin, and
the addition of oxygen does not change much in etch-rates. The fluorocarbon layer is quite useful
to enhance the anisotropy, since the ions accelerated in vertical direction are not suitable to
remove the layer on the sidewall. CHF3/O2 condition results in ERV / ERL ratio of 8.9 (CHF3/O2)
which is better than that of pure oxygen (ERV / ERL = 4.1). It means that CHF3/O2 chemistry
reduces the width less than O2 chemistry. On the other hand, the surface roughness is smoother
in SF6/O2 chemistry (Roughness = 2.87nm) compared to CHF3/O2 chemistry (Roughness = 20.93
nm). The cause of this surface roughness is possibly the different response of residual layers of
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CHF3-based plasmas and resist to the incident radicals and ions and the sparse distribution of
fluorocarbon film on the resist surface. Furthermore, SF6/O2 plasma may form a residual layer
that has similar properties as resist, and it improves the surface roughness and anisotropy (ERV
/ERL ~ 4.7).
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3.1

INTRODUCTION

As one of the candidate of nanoscale patterning technologies, nanoscale imprint
lithography (NIL) was suggested to produce deep nanometer scale features with expecting low
cost.1-3 In NIL a mold with nanometer-scale feature was pressed into a heated thin polymer resist
film coated on a substrate. After imprinting, anisotropic oxygen-based plasma etch was used to
remove the residual organic material at the bottom of impressed pattern, which is named as
descum process.
Plasma etching of polymer films have been widely applied in various fabrication
processes such as PDMS (polydimethylsiloxane) or SU-8 etching for MEMS (Micro ElectroMechanical System)4,5, dry development for surface imaging with silylation 6, low-k material
etching for damascene patterning7-9, and BARC (Bottom Anti-Reflection Coating) etching 10-12.
For the PDMS and SU-8, O2/CF4 and O2/Ar/SF6 were studied in terms of etch-rate, anisotropy,
and surface roughness for microfluidic systems.4,5 O2/CF4 plasma resulted in the etch-rate ratio
of vertical to horizontal of 6:1 but it caused the roughness on the PDMS surface.5 In O2/Ar/SF6,
the addition of SF6 raises the etching rate compared to slow etching in pure oxygen, and argon
showed the effect of reducing the undercut.4 SO2/O2 condition was evaluated for the photoresist
etching with mask of silylation for dry development 6. While the pure oxygen plasma provided a
sufficient selectivity of photoresist over the silylated layer, an improvement in etch anisotropy
with SO2 addition was observed. An sulfur atom-containing film deposited from SO2 plasma
reactions have been expected to passivate the sidewalls for observed anisotropy enhancement.6,13
For the Cu interconnection, low-k materials such as SiLKTM and organosilicate glass (OSG) were
developed for damascene process. SiLKTM and SOG etching was performed using H2/N2 and
Ar/O2 plasma, and dimension changes with pattern density was studied. It has been required to
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use hard mask of SiC or silicon nitride due to the low etching selectivity of low-k materials with
respect to the photoresist. As the hard-mask causes a pattern distortion, the damascene process
were evaluated in terms of the etching profiles and dimension changes.7-9 Ar/O2 plasma has been
evaluated to be good in etching low-k materials, and the H2 plasma chemistry has introduced to
cause the damage of silicon hydride species on the OSG film.7
In the BARC opening processes, N2/O2 10, O2/HBr, O2/HCl, and O2/Cl2 chemistries11, for
organics, and Cl2 RIE for cross-linked polysilanes12 were evaluated. Since the BARC opening
has been achieved prior to pattern transfer into the sub-layer, the gas chemistries above were
evaluated on the ability to control lateral dimension. The addition of halogens such as HBr, HCl,
and Cl2 gases enhances competing surface recombination of O radicals to form O2. It leads to
more significant BARC etch-rate drop and CD change.11,12
On the imprinted resist, oxygen plasma was applied for the opening of residual resist in
the previous articles.1,2 This descum process must avoid the surface roughness and can
manipulate lateral dimension change. The roughness of polymer resists can be transferred to the
shape of underlying materials during the following etching process. Likewise, the width changes
due to the descum process need to be considered since it can cause the undesirable pattern
thinning. In this article, the descum processes in the various plasma chemistries have been
applied to the imprinted polymer layers, and the results are evaluated from the view point of
surface roughness and width changes.
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3.2

EXPERIMENTAL

3.2.1. Procedure of imprinting
Silicon wafers were cleaned by a 2 wt % sodium dodecyl sulfate solution (99.0+%,
Fluka, CAS#151-21-3) after being cut to 0.5 × 0.5 in2, and then rinsed with flowing DI water.
After the surfaces dried with a jet of nitrogen, they were cleaned with UV/Ozone (Headway
research, Inc., Model #PWM32) for 30 minutes to completely remove the organic contaminants
on the surface,14 which improved the adhesion of the following resist.
The 5 wt% solution of poly methylmetacrylate (PMMA, Sigma-Aldrich) in toluene was
spin-coated onto the sample at 4,000 rpm for 30 seconds. Usually more than 1 minute of bake at
~110 °C was applied after spin-coating of photoresist to remove residual solvent.
A mold with 1-micron scale line and trench feature of SiO2 was rinsed with acetone and
dried with a jet of nitrogen before imprinting. To remove acetone completely, the soft-bake was
done for 3 minutes on a hot plate at 110 °C. A template was pressed (9 – 21 MPa)15 into a thin
resist layer on a substrate at ~210 °C, followed by releaseing the mold. Heating resist-coated
sample and mold assembly was done for 40 minutes. And cooling for ~1 hours in the air was
applied before mold release for comparison.

3.2.2. Reactive ion etching of resist
The descum processes were accomplished in parallel plate etching system
(PlasmaTherm). Radio frequency power of 13.56MHz was applied to the lower electrode. The
gap between two electrodes is ~6cm, and its volume is ~4.2 liter. The chamber was vented for
sample change, and then pumped down below 10-5 Torr before etching. Typical conditions were
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60 mT of operating pressure, 50 - 100 watts of rf power, 25 °C of lower electrode, and 10 sccm
of total gas mixtures.
Thickness of resist was measured using Nanometrics (Nanoscope. Inc). The resists,
whose refractive index is assumed to be 1.45, were measured three different points in a sample,
and then these values were averaged. The resists used in the experiments were PMMA (ResistI),
LOR-2A (Resist II), S1813 (Shipley, Resist III), and poly-styrene (Sigma-Aldrich, Resist IV).
The experimental results of surface morphology were analyzed using atomic force microscopy
(Digital Instruments, Dimension 3000). Its measurements have been executed in tapping mode
operation with the silicon probe (Veeco Inc., OTESPA) whose spring constant is 42 N/m.
Surfaces have been analyzed with scanning frequency of 300 kHz and tapping mode at 0.5 Hz
scanning speed. More than 6 points in a sample have been analyzed and then have taken average.

3.3

RESULTS AND DISCUSSIONS

3.3.1. Etch-rates and bar width change
Etching of various polymer resists with CHF3, SF6, and O2 plasmas were carried out
initially in order to evaluate the etching characteristics of resists. All the other conditions except
gas chemistries were fixed for comparison, and etching was done for 1 minute. Each conditions
are as follows:
(1): 10 sccm of CHF3 / 50 watt of RF power / 60 mTorr
(2): 5 sccm of CHF3 / 5 sccm of O2 / 50 watt of RF power / 60 mTorr
(3): 10 sccm of SF6 / 50 watt of RF power / 60 mTorr
(4): 5 sccm of SF6 / 5 sccm of O2 / 50 watt of RF power / 60 mTorr
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The order of etch-rate of resists is mostly Resist I > Resist II > Resist III as shown in
Figure 1. In CHF3 based conditions of (1) and (2), the etch-rate of Resist II is greater than that of
Resist IV. In SF6 based conditions of (3) and (4), however, the etch-rate of Resist IV is greater
than that of Resist II. The etch-rates varied with resists are expected to depend on the density and
chemical structures such as molecular weight and bonding structure. The etch-rates with
different gas chemistries show tendency of (2) > (4) > (3) > (1). This result shows that the
oxygen is strong etchant for all resists, and CHF3 has stronger effect than SF6.
Oxygen is frequently used as a main etching gas of polymer resist, it produces typically
CO2 and H2O from the surface reaction.16 It does not leave any residual film protecting the
following etchant radicals or ions so that it is not limited by any residual layer. When we add
CHF3 molecules in the plasma, it provides more chemical species that can react with resist. In
addition they generate the fluorocarbon layer on the resist because most fluorocarbon does not
react with resist and has a relatively low vapor pressure.17 As a result, Resist III in condition (1)
shows negative etch-rate, which is an increased film thickness after plasma etching. Once the
fluorocarbon layer is formed through which the etching radical should diffuse, it reduce the etchrate significantly. Therefore, the etching reaction is limited by the etchant flux. Since the
passivation layer can be removed only by the surface reaction with oxygen radical and the ion
bombardment,17,18 the etch-rates are improved by adding oxygen. In the SF6 plasma, however,
the residual layer is known to be relatively thin, and the addition of oxygen may not improve the
surface reaction so much as CHF3 plasma.
Figure 2 shows the typical time evolution of imprinted resist lines descumed with pure
oxygen plasma. Figure 2(a) and (b) show height and width change with etching time. The images
of (c), (d), and (e) are taken after etching for 60, 120, and 180 seconds. Heights of convex resist
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lines in Figure 2(a) keeps constant until 120 seconds. As the etching rate of Resist I estimated in
this condition was ~230 nm/min, the substrate can be exposed at ~120 seconds. So the resist line
is found to get thinner after the resist in concave region is completely removed. Widths of resist
lines are decreasing with time, and their decreasing rate gets faster as shown in Figure 2(b). In
principle, the change in width is dependent on the etch-rate of lateral direction. However, the
partial exposure of the substrate may accelerate width shrinkage. In the plasma etching,
anisotropic behavior causes the smaller etch-rate in lateral (ERL) than that in vertical
direction(ERV). Therefore, in general, width change is slower than height change.
In order to evaluate the width change during etching, two gas chemistries of CHF3/O2 and
pure O2 were applied to the imprinted resist samples with changing process time. The width gets
smaller with process time as shown in Figure 3. 50% CHF3 / 50% O2 condition results in smaller
width compared to the width of 100 % O2 condition. From the fitting curves, the slopes are 35.5
(CHF3/O2) and 53.2 (O2), respectively, and if the ERL is defined as the half of the width change
with time, the ERL are 17.8 and 26.6 nm/min. Since the etch rates are 158.3 nm/min for CHF3/O2
and 108.6 nm/min for O2 condition, the ratios of ERV / ERL becomes 8.9 (CHF3/O2) and 4.1 (O2).
It means that CHF3/O2 chemistry reduces the width less than O2 chemistry.
This difference may attribute to the surface reaction of plasma species generated from
CHF3 molecules. They generate residual carbon compound on the substrate, and the chemical
composition and concentrations of carbon compound vary with the chemical composition of
substrate. During etching the polymer resist with fluorocarbon plasmas of CF411, CHF319, and
C4F820,21 molecules, the dense fluorocarbon films are generated on the surface, and protect the
subsequent reactions of the impinging ions and radicals. In general, since this film can be
removed by incident ions with sufficient energy, it plays a role inhibiting the removal of the
underlying resist especially in lateral direction due to vertical directionality of the ions in plasma
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etching. Therefore, the fluorocarbon film can enhance the anisotropy in plasma etching, i.e. the
ratio of ERV / ERL.
Even though sulfur-containing film has been expected to form passivation layer in the
resist etching with hard-mask6 which produces anisotropic behavior during etching, its role is not
quite significant as in fluorocarbon film from CHF3 plasma above. The reason can be explained
by increased polymerization on the resist surface. The fluorine-to-carbon ratio model is
frequently used for assessment of SiO2-to-photoresist selectivity. Since the basic idea is derived
from the dependency of the ratio of etchant-to-inhibitor, the selectivity increases with decreasing
F/C ratio.17,22-27 The residual species from CHF3-based plasma will be dominant in lowering F/C
ratio compared to ones from SF6-based plasma. Therefore the ability to improve the F/C ratio in
CHF3-based plasma helps to produce the stronger inhibitor film.

3.3.2. Surface Roughness
Various etching chemistries are evaluated in terms of etch-rates and surface roughness,
which are typical parameters to be considered for perfect transfers of PMMA resist patterns to
the underlying layer. The gas chemistries evaluated are Ar/O2, CHF3/O2, SF6/O2 and pure O2 as
summarized in Table I. CHF3/O2 condition shows highest etch-rate and highest roughness, and
SF6/O2 shows lowest in etch-rate, roughness and self-bias. The addition of CHF3 may enhance
the surface reaction, and a SF6 addition reduce the self-bias voltage significantly, which is
expected to be the major reason for lowest etch rate. Meanwhile Ar/O2 and pure O2 conditions
show comparable results regardless of the addition of argon. The argon addition cause the rough
surface. Since argon is an inert gas, its ion may play a role in surface roughness.
Figure 4 shows the AFM image of PMMA surface after etching with CHF3/O2 and
SF6/O2, which show the highest and the lowest roughness in Table I. The root mean squares of
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roughness (RMS) are 20.93 and 0.95 nm, respectively. The inset in Figure 4(b) is the image with
lower height scale in order to observe the shape of surface. The noticeable differences between
those conditions, which is expected to cause the difference in roughness, are the self-bias of -157
and -123 V, respectively. The other possibility is the residual layer that can change the surface
reaction with radicals and ions generated from CHF3 and SF6 plasma.
The surface roughness and self-bias voltages are investigated with changing rf power as
shown in Figure 5(a). They are evaluated after etching equal amount (~300 nm ) of PMMA film.
Self-bias voltages measured increase with rf power as expected, and the roughness increases as
well. In order to compare the etching chemistry the rf power of 70 watt is chosen, and their selfbias is approximately -160 V, which is comparable with CHF3/O2 condition. With this condition
the etch-rate is 103.5 nm/min. Even at the identical self-bias, CHF3/O2 chemistry results in the
higher roughness as shown in Figure 5(b). The roughness of SF6/O2 condition at the self-bias of
ca. -160 V is evaluated as 2.88 nm.
The cause of this surface roughness is unclear. The possibilities are the difference of
fluorocarbon layer vs. resist in etching and the discontinuous formation of fluorocarbon film.
The different response of residual layers of CHF3-based plasmas and resist to the incident ions
may cause the roughness. Furthermore, the sparse distribution of fluorocarbon film on the resist
surface leads to the formation of microscale masks on the etch region that prevent even etching
of the surface. It is reported to cause the striation in ArF photoresist as well, which is the
wrinkled shape of photoresist pattern after plasma etching.28 The striation gets worse in the high
ion energy and process time, and the deposition of a fluorocarbon polymer during dry etching. In
the other hand, the layer from SF6-based plasma may be negligibly thin, and it does not
aggravate the surface roughness. It is supported by the observation that the atomic content in the
film formed by SF6-plasma is only ~1.5% from the x-ray photoemission study. 29
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As discussed above the surface roughness is verified to be smoother in SF6/O2 chemistry
after etching imprinted patterns. It seems to be derived from the self-bias and surface reaction of
hydrocarbon radicals as discussed above. In Figure 6, the images of descumed pattern with
CHF3/O2 in (a) and SF6/O2 in (b) plasmas at ca. -160 V of self-bias are shown. Figure 6(a) shows
pits on the mesa of resist lines, but not in Figure 6(b). The new SF6/O2 condition shows the ratio
of ERV /ERL of ~4.7. It results in better anisotropic characteristics and surface roughness than
pure oxygen plasma.

3.4

CONCLUSION

The various gas chemistries in RIE descum process are evaluated in terms of width
controllability and surface roughness. CHF3/O2 condition shows good etching ability in various
polymer resists, but it causes relatively high surface roughness. The results of pure CHF3
etching, which shows the negative etch-rate, indicate that the residual film affect the surface
roughness. This residual film seems to affect the etch-rate in lateral direction as well. Therefore,
the ratios of ERV / ERL becomes 8.9 in CHF3/O2 condition that is higher than 2.7 of pure oxygen.
The SF6 plasma can form the similar residual film, but its effect is not significant because of this
content on the surface. Its ratio of ERV / ERL is 4.7 at the close self-bias condition to CHF3/O2
condition. Meanwhile, the reasons of surface roughness in CHF3/O2 are expected to be the
difference of fluorocarbon layer vs. resist in etching and the discontinuous formation of
fluorocarbon film. The different response of residual layers of CHF3-based plasmas and resist to
the incident ions may cause the roughness. Furthermore, the sparse distribution of fluorocarbon
film on the resist surface leads to the formation of microscale masks on the etch region that
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prevent the even etching of the surface. The SF6/O2 condition shows relatively low surface
roughness, but increasing self-bias voltage by changing rf power raise the surface roughness
while keeping anisotropy.
3.5
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Table I. Comparison of various gas chemistries in RIE. Etch-rates are evaluated after etching for

2 minutes, and self-bias voltages are collected at ~1 minute during process. The etch-rates are
evaluated with the thickness change measured by ellipsometer (Nanometrics). Roughness are
measured using atomic force microscopy with tapping mode analysis. The values are root-meansquared.
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A
B
C
D
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Etch-rate (nm/min)
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1 : pure CHF3
2 : CHF3 + O2
3 : pure SF6
4 : SF6 + O2
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Etching Conditions

4

Figure 1. Etch-rate evaluation for various polymer resist. Resist I is PMMA, Resist II is LOR-

2A, Resist III is Shipley S1813, and Resist IV is polystyrene.
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Figure 2. Height and width change with descum time. Height change of patterned lines in (a),
width change of 1 micron lines in (b). Images of (c) – (e) are obtained from tapping mode atomic
force microscopy, which are applied pure oxygen plasma for 60, 120, and 180 seconds,
respectively.
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Figure 3. Bar width of polymer resist as a function of descum time. The polymer resists (Resist

I) were imprinted with 1-µm line-and-width template.
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Figure 4. Surface roughness analysis after etching with (a) CHF3/O2 and (b) SF6/O2. They show

the highest and the lowest roughness. The root mean squares of roughness (RMS) are 20.93 and
0.95 nm, respectively. The inset in (b) is the image of SF6/O2 sample with height scale of 10 nm.
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Figure 5. The changes of self-bias and roughness as a function of rf power (a) and the surface

image in 70 Watt (b). The scale bar in (b) is 100nm in maximum.
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(a)

(b)

Figure 6. Images of final descumed lines of Resist I. The sample etching in CHF3/O2 plasma is

shown in (a) and 70watt, SF6/O2 plasma in (b). The z-range in images is 1.0 micron.

63

Chapter 4. Pattern-Density Dependency in Nano-Imprint
Lithography
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT

The patterning fidelity in nano-imprint lithography including the ability of polymer
deformation is the crucial point in the process optimization. It has to cover the various pattern
densities, uniformity, and different aspect-ratio features. The achievement of the fidelity is
possible based on the clear understanding of the mechanical response of polymers. This article
deals with the natures of polymers imprinted at various temperatures, and they show the pattern
density dependency in the impressed depth. Based on the results, a mechanism for the polymeric
behavior of imprinted resist is discussed.
The imprinted depths increase exponentially with temperature at the same pressure
regardless of trench width and pattern density. At intermediate temperature (180 °C) the periodic
smaller lines in dense region show the deeper depth compared to others. The periodic large lines
in dense region show second excellence. It means that the smaller lines in the dense area have a
better ability to extrude glassy polymer at the limited shear rate. The behavior in pattern
dependency is categorized into two regions – the rise in dense region is named as ‘local rise’ and
the rise in wide region is as ‘global rise’. At the restricted shear rate local rise happens first, and
then global rise follows since it need overall flows of resist from dense region to wide region
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4.1

INTRODUCTION

As an alternative technology, nanoscale imprint lithography (NIL) was suggested to
produce deep nanometer scale features with an expected low cost.1-3 A mold with nanometerscale features needs to be fabricated into a rigid material like thermally grown silicon oxide on a
silicon substrate. The mold is pressed into a thin-polymer resist film coated on a substrate, which
forms a pattern in the resist.
To make NIL be a competitive nanofabrication lithography, many issues should be
resolved such as multilevel capability, mold lifetime, defect transfer, patterning fidelity and
etc.4,5 The multilevel issue requires the accurate alignment onto the underlying pattern6,7 and the
perfect conformation in topology.8 The alignment accuracy limitation in a commercially
available stepper is ~10nm.9 To achieve this accuracy the conventional optical alignment
methods should be improved. At the same time the thermal expansion of templates and substrate
has to be considered when the fabrication processes are designed. The material of template is
related to the lifetime of mold as well, which determines the ability of production. The lifetime
issue can include the sticking of polymer on the template, endurance in high pressure,10 and
strength of high aspect-ratio feature. The defects transferred from the mold can be an intrinsic
weak point in contact-based pattern transfer. The dust and the residual polymer from previous
stamping can be transferred onto the next samples, which have a more chance to hurt patterning
compared to the optical lithography. The high aspect ratio feature can cause a resist fracture
during the mold release as well.11
The patterning fidelity including the ability of polymer deformation is the crucial point
in the process optimization.12 It has to cover the various pattern densities, uniformity, and
different aspect-ratio features. The achievement of the NIL fidelity requires clear understanding
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of the mechanical response of polymers. The combination of elastic and viscous behavior of
polymer makes it difficult. Furthermore, the complex circuit patterns with different densities and
different feature sizes make it even more. In this article, the natures of resists imprinted at
various temperatures are compared in two different polymers, and they show the pattern density
dependency in the impressed depth. Based on the results, a mechanism for the polymeric
behavior of imprinted resist is discussed.

4.2

EXPERIMENTAL

4.2.1. Mold preparation
The mold was made in 500 nm of thermally grown SiO2 on silicon wafer (100). The
patterned lines were formed from 600 nm to 3,000 nm in width using GCA 800 DSW i-line
stepper on the Shipley 510 resist spin-coated at 4,000 rpm, CHF3 plasma based reactive ion
etching (RIE). The etched depth of SiO2 is approximately 245 nm, and then Nanostrip (Cyantek
Co.) was applied after RIE to remove the resist layer.
In order to release the mold without polymer remnant on the mold surface while
imprinting, the organic layer of octadecyltrichlorosilane (OTS, Sigma, CAS#112-04-9) was
deposited on the mold surface.13 After striping the photoresist from the mold, the mold is cleaned
in UV/Ozone for 30 minutes to completely remove the organic material on the surface and to
form a hydrophilic or hydoxyl-terminated surface.14 These organic-free samples are immersed
into the OTS solution for 20 minutes, which are 0.1% solution in a mixture of chloroform
(99+%, Anhydrous, Aldrich, CAS#67-66-3), and hexadecane (99+%, Anhydrous, Aldrich,
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CAS#544-76-3), rinsed with ethanol to remove the unbound molecules, and then dried with a jet
of nitrogen. This SAM layers are recovered once every 20-cycles of imprinting.

4.2.2. Procedure of imprinting
Silicon wafers were cleaned by a 2 wt% sodium dodecyl sulfate solution (99.0+%, Fluka,
CAS#151-21-3) after being cut to 0.5 × 0.5 in2, and then rinsed with flowing DI water. After the
surfaces were cleaned and dried with a jet of nitrogen, they were treated with UV/Ozone
(Headway research, Inc., Model #PWM32) for 30 minutes to completely remove the organic
contaminants on the surface,14 which improved the adhesion of the following resist.
The Resist I (Shipley, S1813) or Resist II (5% PMMA, Mw 350 000, Tg 122 °C, Aldrich,
CAS#9011-14-7) was spin-coated onto the silicon sample with 4,000 rpm for 30 seconds.
Usually heating at ~110 °C more than 5 minutes was applied after spin-coating of the resist.
Resist thickness is manipulated by the dilution of commercial Resist I with 1-methoxy-2propanol acetate (99.5+%, Aldrich, CAS#108-65-6) and the speed of spin-coating. For Resist II,
toluene (anhydrous, 99.8 %, Aldrich, CAS#108-88-3) was used as a solvent.
A mold with micron scale grating features of SiO2 was rinsed with acetone and dried with
a jet of nitrogen. To remove acetone completely, the soft bake was done for 3 minutes on hot
plate of 110 °C. The assembly of SiO2/Si-based mold and resist coated sample was mounted
between two aluminum plates, and then transferred to the heater. After heating for an hour, the
sample assembly was moved to the imprinter, and impressed with a same pressure.
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4.2.3. Surface topology analysis
The experimental results of surface topology were analyzed using atomic force
microscope (Digital Instruments, Dimension 3000). AFM measurement was executed in tapping
mode operation with the silicon probe (Veeco Inc., OTESPA) whose spring constant is 42 N/m
and the scanning frequency is 300 kHz. 10×10 µm2 images are obtained by tapping mode at 0.5
Hz scanning speed.

4.3

RESULTS AND DISCUSSION

The depths are analyzed in the trenches of the width of 3- µm (●) and 1- µm (■), which
are in the middle of repeated dense region, the trenches in the edges of the dense pattern areas
(▲ for 1-µm and ▼ for 3-µm), and isolated trenches (♦). Each dense patterns are 1 mm width
where 1 or 3 µm lines and trenches repeat regularly, and the distance from one dense pattern to
another is 0.1 mm. Isolated trenches are ca. 40 µm far from the neighboring pattern.
The imprints were done under the same pressure as a function of heating temperature
with Resist I. The imprinted depths increase exponentially with temperature at the same pressure
regardless of trench width and pattern density as shown in Figure 1. In the mean time, the 1-µm
lines in dense area show the deeper depth at 180 °C compared to others, and their profiles are
shown in Figure 2. The profile at 210°C represents the perfect shape. The bar and space widths
are comparable, and the wide area on the right side is fully developed. The profile at 180 °C
shows the almost perfect shape in dense region, but the mesa in wide area is not developed well.
At the edge of dense area, a ridge seems to protrude by the redundant polymer from adjacent
recessed region. Negligible rises in wide region may be due to the low shear rate during
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imprinting at 180˚ C. Therefore, the smaller lines in the dense area have a better ability to
extrude polymer at the limited shear rate.

Figure 3 shows the height changes of Resist II with heating temperature. They tend to
increase with temperature as in Resist I, but the results are quite different at 210°C. The 1-µm
lines in dense region show maximum height from 180°C, and the 3-µm reaches in maximum at
210°C. The lines in edge and the isolated ones do not follow the template shape even at 210°C.
We find that Resist I have better properties in imprint than Resist II at 210°C and Resist I have a
good ability in the extrusion of various shapes at the lower temperature. Figure 4 shows the
profiles of Resist II at 180 and 210°C, respectively. In dense region, they show a similar shape in
lines and spaces, but in wide region they show a bit different shape. Small ridge at the edge of
dense area reaches almost at the maximum, but negligible rise is observed in wide region on the
right side. Since Figure 4(a) show the intermediate shape between Figure 2(a) and Figure 4(b),
we can guess the polymer properties related to the molding Resist II at 210°C are between those
of Resist II at 180°C and of Resist I at 210°C. Therefore, 3-µm in dense region shows second
excellence in to extrusion of glassy polymer.

Rise in the wide region is relatively hard in previous two experiments. The height from
the wide region to the mesa at the boundary (inset) are shown as a function of temperature in
Figure 5. The height is the maximum at low temperature (120 °C), and then goes down with
increasing temperature. The values of Resist I go down quickly from the maximum, and the
height of Resist II decreases almost linearly. This height change is related to the squeeze of
adjacent lines in dense region, whose amount is increasing at the higher temperature. Therefore,
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we can expect that the rise in wide region is related to the flow rate of resist from dense region to
wide one through the channel between the mold and substrate. Its path is relatively long
compared to the rise in dense region, and this fact causes the difficulty at low temperature.
Pattern density dependence observed above can be described by the extrusion ability. It
can categorize them into two behaviors – the rise in dense region is named ‘local rise’ and the
rise in wide region is ‘global rise’. At the restricted shear rate local rise happens first, and then
global rise follows since it needs overall flows of the resist from dense region to wide region as
shown in Figure 6. When the local rise happens, the small rise near the protruding mold pattern
is observed as in Figure 6(a) and (c). In narrow lines it shows as if two small rises are merged,
but in relatively wide lines they do not merge until the rises are enough to meet and they are
shown as two small rises as shown in Figure 6(c). If it is allowed to flow more (white arrows in
Figure 6(c)), ridges from local rise can merge together. At the higher temperature as at 210 °C in
Figure 2, the flow rate of squeezed polymer is high enough to cause the global rise as shown in
Figure 6(b) and (d). It requires high flow rate since the polymer should flow along the long
channel.

We can define that the width of dense region is W0 (=1,000 µm), the widths of lines and
spaces are W (=1 µm), the length of lines is L (=1,000 µm), the width of wide region (Ww=100
µm), the initial thickness of resist is (T=450 nm), thickness of resist in recessed region (h), the
height of imprinted lines is H and the height of mold (Hm=240 nm). In local rise, the amount of
squeezed polymer from recessed lines is almost equal to that in protruding polymer lines:
(Amount from recessed lines) = (T − h) ⋅ L ⋅ W ⋅ W0 / 2W = (T − h) ⋅ L ⋅W0 / 2
(Amount from protruding lines) = H / 2 ⋅ L ⋅ W ⋅W0 / 2W = H ⋅ L ⋅W0 / 2 .
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If it is fully developed and the rise in wide region is negligible, H can be 240 nm. Then, the
amount from protruding lines is (0.12)(1000)(1)(1000/2·1) = 6.0×104 µm2, which is the same as
recessed lines. As we know T as 450 nm, h becomes 330 nm. Likewise, we can make a balance
equation for global rise.
(Amount from dense region) = ∆h ⋅ L ⋅W0
(Amount to wide region) = H / 2 ⋅ L ⋅WW ,
where ∆ h is the change of the thickness of resist in recessed lines. From this balance, we can
expect that the final recessed thickness remained under the mold is ~320nm since ∆ h is 12 nm.
In practice, the slow global rise may happen simultaneously with the local rise. In this balances,
we assume that those rises are occurred separately for simplification.

4.4

CONCLUSION

The patterning fidelity in nano-imprint lithography including the ability of polymer
deformation has been investigated in terms of pattern size and pattern density. The imprinted
depths increase exponentially with temperature at the same pressure regardless of trench width,
and pattern density. Some exceptions are observed in intermediate temperature (180-210°C). The
periodic lines in dense region tends to show the better patterning compared to others in the order
of 1 µm line in dense > 3 µm lines in dense > lines in wide region. It means that the smaller lines
in the dense area have a better ability in imprint lithography. The behavior in pattern dependency
is categorized into two regions – the rise in dense region is ‘local rise’ and the rise in wide region
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is ‘global rise’. At the restricted shear rate local rise happens first, and then global rise follows
since it needs overall flows of resist from dense region to wide region.
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Figure 1 Imprinted depth change with temperature: Shipley. The imprinted depths increase

exponentially with temperature at the same pressure regardless of trench width and pattern
density. The 1-µm lines in dense area show the deeper depth at 180 °C compared to others.
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Figure 2. Profile Changes with temperature: Shipley.
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Figure 3 Imprinted depth change with temperature: PMMA. The 1-µm lines in dense region

show maximum height from 180°C, and the 3-µm reaches in maximum at 210°C. The lines in
edge and the isolated ones do not follow the template shape even at 210°C.
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Figure 4 Profile Changes with temperature: PMMA.
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Figure 5 The change of heights from the wide region to the mesa at the boundary as a function

of temperature. The values of Resist I go down quickly from the maximum, and the height of
Resist II decreases almost linearly. This height change is related to the squeeze of lines in dense
region, whose amount is increasing at the higher temperature.
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Local Rise

Global Rise

Figure 6 Schematics of local rise and global rise which are dependent on the heating

temperature. The black solid arrows indicate the rise of squeezed polymers. The black dotted
arrows indicate the flows for global rise, and the white dotted arrows do the additional flows to
meet two local rises.
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Chapter 5. Fabrication of Nanoscale Trenches and Molecular
Electronic Test-beds with Angled Metal Deposition
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT

A procedure using geometrical shadowing in common metal-evaporation tools to form
nanoscale metal electrodes with controlled width-to-pitch ratios is demonstrated and
characterized for feature size ~ 50 nm. The separation distance between electrodes is determined
by a simple tangential function that includes the evaporation angle and the height of the mask.
Various materials, including photoresist and metal, are demonstrated as masking materials to
form precisely controlled spaces of metal lines. Procedures for fabrication of electrical contacts
to the nano-scale electrodes, and methodologies to form nanoparticle /molecule electrical bridges
between the nano-electrodes are demonstrated and described.
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5.1

INTRODUCTION

For a future nanoelectronic devices with critical dimensions significantly less than
100nm, enhancements to optical lithography such as angular illumination, immersion lenses, and
strong phase-shifted mask features, as well as deep ultraviolet (i.e., 193 and 157 nm) lithographic
tools are being developed.1-3 In addition, several approaches have been developed for high
resolution nanofabrication including e-beam lithography,3-6 scanning tunneling microscopy,7 and
x-ray techniques.8,9

Nanometer scale spatial periodic grating patterns have applications in

optical and x-ray diffraction gratings,10-17 liquid crystal displays,18 and organic light-emitting
diodes.12,14 In most cases, the patterns are generated using holographic lithography, or electron
beam lithography. Although the holographic lithography produces large-area gratings with
accurate periodicity, the ratio of space width to grating pitch is difficult to control.
This article describes a fabrication procedure for modulation of space width-to-pitch ratio
in planar metal electrodes, and demonstrates ability to reproducibly fabricate nanoscale trench
features with metal electrode gaps of approximately 50 nm and depth of 50 nm Geometric
scaling of gap dimensions is measured and analyzed. Initial electrical tests show that nanoscale
trenches greater than 5 µm long with trench width near 50nm can be formed without electrical
shorts between electrodes. This procedure has been applied to fabrication of nanoscale electrodes
that can be used in combination with nanoparticle assembly as a test-bed for characterizing
charge transport through molecular ensembles on metal surfaces.
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5.2

EXPERIMENTAL DETAILS

The procedure developed for fabricating nano-trench features is shown schematically in
Figure 1. The process involves photolithographic patterning of initial micron-scale features,
followed by directed metal deposition at an oblique angle.19,20 Photoresist is initially patterned
onto 350nm SiO2 on 4-inch silicon wafers by an i-line stepper (GCA 800 DSW). The resist used
is a Shipley 510, spin-coated at 4000 rpm after hexamethyldisilazane treatment. After pattering
with GCA stepper, 45 seconds of developer (MF419, Shipley) is applied. Equal-space-and-linewidth patterns, i.e. their space width-to-pitch ratio is ~0.5, are formed on a die whose width
ranges from 0.7 to 3.0 µm. After development, soft-bake at 110°C is performed for 5 minutes.
The final thickness of the resist is approximately 1050 nm.
For aluminum metallization, a resistive thermal evaporator is used. It uses tungsten boat,
and approximately 180 mA of current is applied at 10-5 Torr, leading to a deposition rate of 0.2 –
0.5 nm/min. The distance from the source boat to the substrate is approximately 50 cm, and a
stationary sample stage is used for fixed-angle evaporation. Electron-beam deposition of gold
has also been achieved, and this technique may be readily extendable to other metals of interest.
These metal lines can then be further patterned and used directly, as described below, or
the metal lines can be used as etch masks to transfer the nanoscale pattern to underlying layers
using reactive ion etching (RIE). For the experiments performed here, CHF3-based RIE plasma
is applied to transfer the pattern onto the underlying SiO2. The applied plasma condition is 100
watts, 60 mTorr, 20 sccm of CHF3, 5 sccm of O2, with an electrode temperature of 20 °C lower
electrode temperature in a Semigroup capacitively-coupled tool. Nano-Strip (Cyantek Co.) is
used for removal of the resist, while aluminum etchant (Transene Company, Inc.) is used for
aluminum removal after RIE.
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The resulting surface morphology is characterized using atomic force microscopy (AFM,
Digital Instruments, Dimension 3000) in tapping mode with a silicon probe (Veeco Inc.,
OTESPA) whose spring constant is 42 N/m and scanning frequency is 300 kHz. 10×10 µm2
images are obtained at 0.5 Hz scanning speed. Scanning electron microscopy (JEOL 6400F) is
used for analysis of the cross-sectional profile.
For the electronic conduction study, self-assembled molecular monolayers are formed on
the Au/Ti electrodes. For the formation of complete SAM, organic solution with the SAM of
interest dissolved are used on the Au electrodes for more than 24 hours.21 The Au electrodes are
treated with UV ozone cleaner and ethanol for the contaminant cleaning. After SAM formation,
nanoparticles (Ted Pella, Inc.) of ~80nm diameter (i.e. larger than the 50nm electrode gap
spacing) are deposited into the nanogap region to complete the electrical test circuit. A direct
method, using nanoparticle solution drops in the gap area has been primarily used here. The
nanoparticle solution drop forms a meniscus near the probing needle, and a few particles enter
into the gap due to the dragging force of withdrawing water meniscus. We prefer to using
meniscus to avoid the possible damages on molecular layer. Once it is assembled on the
molecules having binding groups in both ends, the unbound nanoparticles are rinsed with
deionized water, and then dried with a gentle flow of nitrogen. The nanoparticles in the gap will
bridge the two disconnected SAM area whose distance is ~50nm. Current measurements for
these structures are taken under vacuum (<1 mTorr), which prevents the electron conduction
through moisture that can occur between the gap at atmosphere.
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5.3

RESULTS AND DISCUSSION

At sufficiently low pressure, evaporated metal can travel from source to substrate with no
collisions in the gas phase and result in geometrical shadowing effects on rough or nonplanar
surfaces.22 This shadowing effect is used to create nanoscale features as shown in Figure 1. As
an example procedure, photoresist is first patterned on silicon coated with SiO2, followed by
physical vapor deposition of a masking material, i.e. aluminum, applied at an oblique angle using
a custom sample stage. The oblique metal deposition forms narrow channels in the area between
the photolithographically patterned lines as shown in Figure 1(a). The arrows in the schematic
indicate the imaginary trajectory of molecules evaporated from the source crucible. The SiO2 in
the shadowed region can be removed anisotropically as shown in Figure 1(b) using a
fluorocarbon-based plasma etching. The Al masks and resist materials can then be selectively
removed with aluminum etchant and resist remover (Nano-Strip). The final structure of trenches
in SiO2 on silicon is illustrated in Figure 1(c). The width of the resulting channel-gap can be
reproducibly scaled to less than 100nm.
Figure 2 shows scanning electron microscopy (SEM) images of photoresist mask patterns
covered by metal deposited at various oblique angles. For these samples, ~500Å of aluminum is
evaporated by resistive evaporator at ~5x10-6 Torr at approximately 1 Å /sec. The pictures show
the metal coverage formed at a 25° evaporation angle in Figure 2(a), 2(b) and 45° in Figure 2(c),
respectively, and the resulting space width that remains uncovered by metal is approximately
308, 303, and 1070 nm, respectively. The dark region located on the left side of lines is the
shadowed region. The starting photoresist lines in Figure 2(a) and 2(b) have different pattern
period and width, and the resulting space width is not significantly affected at this scale. The
pattern period and width determine only the pitch to the adjacent line. A comparison of Figure
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2(b) and 2(c) shows that the shadow dimension depends primarily on the height of the
photoresist and the evaporation angle. The height of the photoresist is approximately 1050 nm as
measured by cross-sectional SEM. Figure 3 shows the AFM images of fabricated trenches in
SiO2 after removing the mask material, corresponding to the structure shown schematically in
Figure 1(c). The images in Figure 3 cover a 10 x 10 µm2 area, and height contrast is 500 nm. The
images show the clean and parallel boundaries of the fabricated trenches. When the lithography
defined photoresist edge is uneven, the roughness of the metal boundary can be significant. To
test scaling of this procedure, the dimension of the resulting metal gap was measured for a range
of evaporation angles, and the results are shown in Figure 4. The black circles in Figure 4
indicate the width measured by SEM directly following metallization of thin aluminum. Open
circles indicate the width measured by tapping mode AFM following the removal of the
photoresist and aluminum mask materials after reactive ion etching. For the data points in Figure
4, 3-5 measurements are taken at each value for deposition angle and processed statistically. The
data in Figure 4 demonstrate that the space width decreases monotonically with decreasing
evaporation angle. One could expect that the data should follow a tangential function:

(Space width) = (Height of resist) · (tan θ)

(1)

where θ corresponds to the angle from the normal of the surface to the evaporation source. The
broken line in Figure 4 corresponds to values expected from this simple geometric scaling, and
the experimental points follow the expected trend very well. The deviation may include the
uncertainty in the angle of sample stage, the angular distribution of molecules emitted from the
source, and the variation in fabricated samples.
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The other parameter that controls the space width-to-pitch ratio is the height of the resist.
Various heights of photoresist and SiO2 were tested with a deposition angle of 45°, and the trend
in gap size with feature height is shown in Figure 5. As expected, the space width reduces as a
linear function of the mask height. The broken line represents values from equation (1), and the
experimental data follow the expected trend. SEM images of resulting the space width formed
using step heights of 650nm and 50 nm are shown in Figure 6. For a deposition angle of 45°, the
slope of space width vs. mask step height obtained from the experiment is close to 1.
This fabrication process has been extended to form nano-scale channels between metal
plates as shown in Figure 6(b). To find the minimum gap attainable with the equipment used, the
mask height or evaporation angle is reduced and conductivity is measured until electrical
connection between adjacent metal lines is observed. The minimum gap dimension can be
estimated by considering the angular distribution of evaporated metal particles and roughness in
the lithographically defined line-edge. The angular distribution may be determined by the
operating pressure, which is related to the mean free path of particles. The surface roughness of
the masking layer will cause non-uniformity in the gap width. Photolithography and etching of
masking layers, followed by thermal evaporation of Al give sufficiently smooth surfaces to
achieve gap dimensions less than 50nm, as shown in Figure 6 (b). Other PVD techniques for
metal deposition, such as electron-beam evaporation,, also show comparable results. However,
sputtering in argon plasma, for example, gives rise to a rough boundary in the shadow region,
consistent with gas phase collisions in the higher pressure process.
The process described here utilizes the directional deposition associated with PVD and
lithography to define sub-lithographic features over fairly large areas. The obliquely deposited
metal can be used as a mask for reactive ion etching, enabling high aspect ratio trenches to be
fabricated at the nanoscale. We have applied this nanoscale trench fabrication method to create a
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nanoscale gap between metal electrodes as illustrated in Figure 7. In this process, a metal layer
is lithographically patterned on SiO2, as shown in Figure 7(a)-(c), to form as sharp edge for the
angled shadow mask. For this experiment, 90 nm of gold was deposited on 10 nm of titanium
and patterned with a contact aligner (MAS6, Karl Suss) to form contact pads (100 x 100 µm2)
with micron-scale (20-50µm) separation. The Au/Ti are wet-etched using aquaregia (HCl :
HNO3 : Water = 1 : 1 : 1) for gold, and titanium etchant (Transene Company, Inc.) for titanium.
After removing the photoresist, the second metal is evaporated at an oblique angle as above as
shown in Figure 7(d). The metallization at an oblique angle forms nanoscale gaps in the between
the electrodes defined by the photolithography as shown in Figure 7(f). Since the oblique
metallization covers all areas except the shadowed region, the sample requires a second
lithography step to disconnect the pads and form the final test structure. The dimension of the
second lithographic pattern determines the final long dimension of the nano-trench (which is less
than the width of the initial metal electrodes) as shown in Figure 7(g). The second lithographic
pattern step uses the same processes for etching and strip as in the first metal patterns, and the
lithography process does not affect the shape or size of the nanoscale gap formed by metal
evaporation. Example AFM images of nanoscale electrodes formed with this process between
gold electrodes are shown in Figure 7(h). Electrical conductivity across the nano-gap was
measured for several samples, and the results are shown in Figure 7(j). Results are several
current vs. voltage traces made for two different sample structures, and the circuits show
negligible current level of ~10-14 Amperes with ≤1.5V applied, indicating that the nanoscale gap
generated by the shadowing technique is electrically open. For the initial set of nano-gap
electrodes fabricated, 9 sites were available on each sample prepared, and of these sites,
approximately 2-3 showed functional performance. Future improvements are expected to lead to
significant improvements in the yield of the nano-gap device fabrication.
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We have also developed techniques to form bridging contacts between the nanoelectrodes using adsorbed metallic nanoparticles. Figure 8(a) shows an AFM image of
nanoparticles assembled on the gap, illustrating the structure of a metal-nanoparticle-metal
assembly. Two points indicated with arrows are connected by the nanoparticles. The currentvoltage behavior of the nanoparticle-bridged samples is shown in Figure 8(b). The resistance
calculated for one nanoparticle-bridge ranges from 110 to 132 ohms. Since the bulk electrical
resistivity of Au is ~2.44×10-8 Ω -m, and if we assume that the nanoparticle is equivalent to a
wire with length 80 nm, the resistance measured is equivalent to a cross-sectional area of 15 – 18
nm2, which is to be <0.2 % of hemispherical area of the 80 nm nanoparticle Figure 8(b) also
shows

current-voltage

characteristics

of

metal-molecules/nanoparticle/molecules-metal

assemblies, where molecules are formed as self-assembled monolayers (SAMs) on the gold
electrodes before nanoparticle deposition. The evaluated molecular layers are xylyldithiol and
hexanedithiol. The measured current are in order of nanoparticle only (metal) > xylyldithiol
(conjugated

molecule)

>

hexanedithiol

(saturated

molecule).

For

the

case

of

molecule/nanoparticle/molecule measurement, the two SAMs between the metal electrodes are
equivalent to two resistors in series. Xylyl dithiol SAM shows an approximate straight line I/V
relationship at room temperature, indicating ohmic conductance with resistance ~300 kΩ through
one molecule/nanoparticle/molecule bridge with an 80 nm nanoparticle. The same bridge
structure formed using a hexanedithiol SAM shows a curved behavior and a significantly lower
current (10-8 A range) and non-ohmic I/V curve over ±1.0V, consistent with commonly observed
tunneling behavior through the molecular in the junction. The resistance of approximately 108Ω
measured for hexanethiol is comparable with the resistance of ~107Ω measured using conductive
probe AFM.23 Its resistance difference may be attributed to the contact area, and the contact area
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of conductive AFM measurement is one order of magnitude larger than the area of nanoparticlenanogap method. The other possible reason is conductive probe AFM is accomplished under the
atmosphere, and the moisture can affect the current behavior while measuring. This result
demonstrates that the nanoscale trench fabricated using angled metal evaporation can be
applicable in characterizing molecular conduction.

5.4

CONCLUSION

A fabrication process for modulation of space width is shown, and its ability to fabricate
nanoscale trenches for a nanoscale electronic device is demonstrated. The proposed method uses
geometrical shadowing effects in the physical vapor deposition process. The space width can be
manipulated by the evaporation angle and the step height of the mask, and the trends follow the
expected geometric scaling. We demonstrate the above behavior with the masks of photoresist
and patterned metal. In order to form nanoscale trenches, the pattern boundaries should be clean
and sharp. Further, the operating pressure is a crucial parameter, since it determines the
directionality of evaporated metal molecules. This fabrication procedure is anticipated to be
useful in preparing deep nanoscale trenches, and for forming test structures for molecular and
nanoscale electronic devices.
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Figure 1 The proposed fabrication procedure. (a) Physical vapor deposition (PVD) of masking

material, i.e. aluminum (Al), is applied with an oblique angle sample stage on the photoresist
(PR) pattern. (b) Reactive ion etching is applied to remove the SiO2 in shadowed region. (c) The
masking materials are removed. The arrows indicate the imaginary trajectory of molecules
evaporated from the material source crucible. The metal molecules moving along the dotted
arrow form the boundary of shadowed region.
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(a)

(b)

(c)

Figure 2 Photographs of scanning electron microscopy of aluminum-covered mask patterns.

The metal coverage formed at evaporation angle of 25° in (a) and (b), and at the angle of (c) 45°
process, respectively. (a) and (b) show the dense pattern region, and (c) shows the isolated line.
The space width uncovered by metal is approximately (a) 308, (b) 303, and (c) 1070 nm,
respectively.

91

13°

7°

2 µm

2 µm
45°

25°

2 µm

2 µm

Figure 3 Atomic force microscopy images of fabricated SiO2 trenches after removing mask

materials. Images cover the 10 x 10 µm2 area, and height contrast is 500 nm, and the scales are 2
µm.
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Figure 4 Space width shadowed during the metallization as a function of evaporation angle. The

width directly following metallization of aluminum (●), and the width following the removal of
mask materials (○). Multiple measurements are done and processed statistically. The broken line
indicates the calculated values based on equation (1).
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Figure 5 Space width as a function of mask height at a fixed deposition angle of 45°. The

calculated values from equation (1) are presented by a broken line.
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(a)

2 µm

(b)

Figure 6 Images of fabricated space using different mask heights. The mask height of (a) 650

nm results in a 650 nm space width and that of (b) 45nm produces a ~50 nm space width.
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Figure 7 Fabrication procedures for nanoscale gap. (a)-(d) show the cross-sectional and (e)-(h)

show the plane view of patterns of proposed processes. The schematics in (a)-(h) are not scaled,
and the thickness of each layer and space widths are exaggerated for simple explanation. The
arrows in (d) are the imagined trajectory of evaporated metal molecules. The broken lines in (e)(h) indicate the cross-section lines for (a)-(d). (e) and (g) show the patterns of defined photoresist
as a plane view. White lines in (f) indicate the clear area after second metallization, while all the
other areas are covered with the metal-2. (h) shows the final shape of the metal pad whose gap is
~50nm. (i) shows the AFM image of the nanoscale gap area, and (j) shows current-voltage
behavior of 5 different samples, which prove the disconnection of the two electrodes.
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Figure 8 An AFM image of nanoparticles assembled on the gap, illustrating the structure of a

metal-nanoparticles-metal assembly in (a). Two points indicated with arrows are connected by
the nanoparticles. The current-voltage behavior of the nanoparticle-bridged samples with or
without molecular self-assembly layer is shown in Figure 8(b).
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Chapter 6. Molecular Conductance and Contact Resistance in
a Metal-Molecule-Metal Junction
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT

Molecular conduction has been measured using nanoparticles adsorbed on molecules,
where the nanoparticle bridges a nanoscale gap (~ 50nm) between gold electrodes. Successful
formation of a gold nano-particle metal bridge is demonstrated to study conductance and contact
resistance of a several molecules and molecule/metal contacts. From the results of electrical
conduction, we estimate the contact area of ~20.1 nm2, enabling the number of molecules
between nanoparticle and surface-bound molecules to be approximated. Based on the conduction
mechanism of direct tunneling, we extract the contact resistance of alkanethiols and alkylamines
on the Au from the length dependence of resistances in low bias, and calculate the tunneling
probabilities of chemically adsorbed contacts (Au-amine and Au-thiol) as well as physically
adsorbed contact (-CH3:Au). Since the nitrogen bound on Au surface has lower atomic orbitals
(2s22p3) compared to the sulfur that has 3s23p3 atomic orbitals, the contact resistance of
alkylamines is found out to be smaller than that of alkanethiols by approximately a factor of 2,
and the smaller resistance is ascribed to a smaller bond dipole for the more weakly-bound
alkylamine.

The advantages of the demonstrated nanoparticle-bridge method for electrical

characterization of molecular structures are discussed.
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6.1

INTRODUCTION

Electronic conduction through adsorbed molecules that are end-bound on metallic
surfaces has been demonstrated with various methods. Initial studies of electrical
characterization of molecular layers utilized analytical instruments such as scanning tunneling
microscopy 1-4 or atomic force microscopy (AFM) with a conducting probe.5-10 These techniques
are ideally suited to measure local electron transfer through organic monolayers by virtue of their
high spatial resolution. Additional benefits of these methods are that they allow both spatial
selections of the molecular layer and in-situ measurements of selected molecules. An additional
method for measuring electron transport through organic monolayers makes use of a mercury
surface, which provides support for the alkanethiol self-assembled monolayers (SAM) and is
used to build a junction consisting of two opposing surfaces with interposed SAMs.11-13
There are also several microfabrication approaches to measure conduction through
organic monolayers. One approach uses a mechanical break junction in a notched gold wire to
form metal-molecule(s)-metal junctions.14,15 This junction can be fabricated by breaking a small
metallic wire and introducing molecules with end-groups reactive to this metal into the gap. The
wire can be adjusted so that the gap between the two facing electrodes is a distance comparable
to the length of the molecule that will contact it. It has been shown that it is possible to measure
molecules whose length is less than 1 nm, and ideally metallic break junctions can be used to
characterize a single molecule.14 Another proposed approach is to fabricate nanoscale pores on a
silicon nitride layer to measure the conduction through a SAM of molecular wires sandwiched
between top and bottom metallic contacts.14,16 E-beam lithography and plasma etching are
applied to prepare pores in the silicon nitride film suspended from the crystalline silicon wafer.
The diameter of a pore is ~30nm and the length of the demonstrated molecule is 1.2 nm.14
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A significant challenge in molecular electronics is the fabrication of nanoscale features
that can readily and reliably accept the desired molecular device element. The dimension of the
nanoscale feature should be comparable to that of the molecule to enable reliable contact.
Various methods for nanoscale gap fabrication have been studied and described in the
literature.16-18 Electron beam lithography is widely used for deep nanoscale features less than 100
nm. The patterns are then transferred to the underlying materials via anisotropic reactive ion
etching.16,17

Typically this process can generate

smaller patterns than conventional

photolithography. Nanowire gaps have also been fabricated with electromigration in gold.18
Approximately 8 nm gaps have been fabricated on

20 nm nanowires using the

electromigration.18 Carbon nanotubes have been used to create nanoscale gaps defined by the
diameter of an individual carbon nanotube.19 Gaps, whose widths are 20s nm, are formed by the
evaporation of chromium metal onto a single nanotube.
This paper presents an alternative method to prepare nanoscale gaps between two metal
electrodes, and demonstrates electrical conduction through molecules-nanoparticle-molecules
assembly. In addition, electronic transport through SAMs is also investigated with various
lengths of alkanethiols and alkylamines to extract the contact behavior. Through the modeling
describing direct tunneling of electrons, we extract the contact resistances, tunneling
probabilities, and barrier heights. The method provided here uses physically evaporated metals
such as aluminum, gold and titanium, and is based on conventional microfabrication processes
such as lithography and chemical etching. A self-assembled monolayer of organic molecules
forms on the two fabricated metal electrodes. Nanoparticles assembled along the gap connect the
two metal electrodes. The current through metal-SAM/nanoparticle/SAM-metal layers have been
measured. This proposed method can form the molecular-metal junction without thermal damage
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on the organics that might be caused in succeeding processes, and it allows for large scale
fabrication as well.

6.2

EXPERIMENTAL METHODS AND RESULTS

6.2.1 Preparation of electrical test-beds
The procedure to fabricate nanoscale metallic gaps (nanogap) using micro-patterned
electrodes and oblique angle metal evaporation is described in detail elsewhere20. The electrodes
are formed using the sharp edge of a lithographically patterned metal layer deposited on
thermally grown SiO2-coated silicon (100) wafers. Gold (90 nm in thickness) on a titanium
(10nm) layer is evaporated at approximately 1 Å/sec in an electron-beam evaporator at ca. 5 x
10-6 Torr as shown in Figure 1(a). Figure 1(b) shows the patterned photoresist after washing
exposed resist. The gap between pads is as large as 50 µm, and the dimension of pads are 100 x
100 µm2. The patterned metals are etched by chemicals such as aquaregia for gold (HCl : HNO3 :
Water = 1 : 1 : 1), and titanium etchant for titanium (Transene company, Inc.). Removal of the
photoresist is achieved with stripper whose results are shown in Figure 1(c) and (e), and the
second metal is then evaporated at an oblique angle as shown in Figure 1(d) and (f). Since the
oblique metallization, that is metal-2, covered the entire area except the shadowed region, which
is adjacent to patterned metal-1, it requires a second lithography step. The width (dimension
perpendicular to the direction of gap distance) of the second pattern should be smaller than that
of the first one. The shadowed region remains between probing pads, resulting in a nanoscale
gap as in Figure 1(g). The same processes are applied to the etching and strip as the first metal
patterns. Finally, the nanoscale gaps are formed as illustrated in Figure 1(h). Figure 1(i) shows an
AFM image of final shape of the nanoscale gap between two Au/Ti electrodes. Figure 1(j) shows
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the results of current-voltage measurement, and the open circuit shows a negligible current level
of ~10-14 A. It means that the nanoscale gap generated by shadowing effects is completely
disconnected. A more detailed discussion of this procedure as well as the experimental results is
available elsewhere20.

6.2.2 Nanoparticle assembly
For the electronic conduction study, self-assembled molecular monolayers are formed on
the Au/Ti nano-electrodes. After SAM formation, Au nanoparticles (Ted Pella, Inc.) of ~80nm
diameter (i.e. larger than the 50nm electrode gap spacing) are deposited into the nanogap region
to complete the electrical test circuit. For the formation of complete SAM, the starting nanogap
gold electrodes are treated with ultraviolet ozone cleaner and then rinsed with high purity
ethanol. After drying them with flowing nitrogen, the clean samples are preserved in the filtered
argon purged vials to avoid the contamination from any organics and oxygen. Organic solution
with the SAM of interest dissolved is injected into the vial by the disposable syringe with 200
µm filter to form SAMs on the Au electrodes for more than 24 hours.21 Removal of the
unbounded molecules is achieved by rinsing them with copious amount of ethanol, and drying
with flowing nitrogen. Several different methods have been studied to assemble the 80 nm
nanoparticles along the gap. A electrophoretic force with direct current22 and a dielectrophoretic
force with alternative current have been used to pull nanoparticles into the nanoscale gap as
described elsewhere23-25.

A more direct method, using nanoparticle solution drops in the gap

area has been primarily used here. The nanoparticle solution drop forms a meniscus near the
probing needle, and a few particles enter into the gap due to the dragging force of withdrawing
water meniscus. Although it is found that the successful rates are comparable to each other, we
prefer to using meniscus to avoid the possible damages on molecular layer. Once it is assembled
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on the molecules having binding groups in both ends, the unbound nanoparticles are rinsed with
deionized water, and then dried with a gentle flow of nitrogen. This method of forming
molecule-metal junctions in aqueous solution is preferred over other metal electrode formation
approaches such as physical vapor deposition, or chemical etching, because it avoids possible
damage during the fabrication processes. The nanoparticles in the gap will bridge the two
disconnected SAM area whose distance is ~50nm as shown in Figure 2(a). The figure shows
AFM images, where nanoparticles bridging the nanogap are shown in the circled area. Current
measurements for these structures are taken under vacuum (<1 mTorr), which prevents the
electron conduction through moisture that can occur between the gap at atmosphere. Figure 2(b)
shows the AFM image of an example nanogap structure after nanoparticle assembly where no
particle connections are made across the gap region. In both Figures 2(a) and 2(b), nanoparticles
are visible dispersed on the electrodes away from the contact gap region.
The current-voltage behavior of the nanoparticle-bridged samples is shown in Figure
2(c). It shows linear behavior, and junction resistances of 55.2, 44.2, and 32.9 ohms are
measured when the nano-electrode gap is observed by AFM to contain, respectively, 2, 3, and 4
nanoparticle bridges in parallel. If the resistance for one particle is calculated, it ranges from 110
to 132 ohms. Since the bulk electrical resistivity of Au is ~2.44×10-8 Ω -m, and if we assume that
the nanoparticle is equivalent to a wire with length 80 nm, the resistance measured is equivalent
to a cross-sectional area of 15 – 18 nm2, which is to be <0.2 % of hemispherical area of the 80
nm nanoparticle (assuming spherical shape) The Au nanoparticles as received are coated with
citrate stabilizing cap, which does not seem to play a role in the resistance measurement. For the
gold nanoparticles between gold electrodes, the scaling of the measured resistance is consistent
with the expected changes in contact area between the nanoparticles, involving physical contact
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at the metal/metal interface. The basic approach of using particles to form two series
metal/molecule/metal bridges is similar to that reported by Long el. al. and Amlani et. al.,
however, our nanoscale gap allows smaller electrode areas to be measured and smaller resistance
at the metal/metal particle interface than reported previously.26-28 The small resistance of
nanoparticle/metal interface has an advantage of being neglected when the molecular
conductance is considered.

6.2.3 Conductance through molecular monolayer
Figure 3 shows current-voltage (I-V) characteristics of metal-molecules-nanoparticlemolecules-metal assemblies. Figure 3(a) is the behavior of xylyl-dithiol, and Figure 3(b) is that
of hexanedithiol. Since both consist of two SAMs between metal electrodes and nanoparticles,
their circuit equivalent is two resistors in series. Figure 3(a) shows an approximate straight line
(ohmic) relationship at room temperature for applied voltage of ±1V, corresponding to a
resistance of ~380 kΩ through one 80nm nanoparticle. Figure 3(b) shows a non-linear behavior
and a significantly lower current level of 10-8 A. The shape is typical of tunneling current
through a dielectric, and has been widely observed for charge transport through molecular
monolayers.9,29 The resistance of hexanethiol measured here, approximately 108 Ω, is higher than
~107 Ω observed using conductive probe AFM.30 In general, alkanethiols have bigger resistances
than those of alkanedithiols31, due to the higher resistance expected for the physical –CH3/Au
contact formed for the hexanethiol as compared to the S/Au bond for the hexanedithiol.
Therefore, the bigger resistance observed in our nanogap test-beds is likely due to the smaller
contact area in this structure as compared to that for the CPAFM tip.
For the case of xylyl dithiol (p-xylene-dithiol or 4-methylbenzylmercaptan), STM
studies32,33 indicate that the resistance of a single molecule is expected to be 18±12 MΩ.33 This
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value is comparable to the resistance of 22 MΩ of benzene-1,4-dithiol measured by mechanically
controllable break junction.14 Based on these values, the total number of molecules adsorbed and
measured in our nanogap gold bridge structure can be estimated. Assuming simple linear scaling
of molecular resistance in parallel, the current values shown in Figure 3 are consistent with
current flow through ~95 of xylyl dithiols on each side of the nanoparticle/metal bridge.
Therefore, this nanogap structure probes ~200 molecules in total. Considering that the projected
area of single molecule33,34 is expected to be 0.214 nm2, this suggests a contact area in the
nanogap to be 20.1 nm2 between the nanoparticle and the SAM, which is very close to the value
of 15-18nm2 obtained above from the analysis of the gold/gold contact area.

The conductance through the alkanethiol molecules is characterized in the nanogaps as
shown in Figure 4 (a) and (b). The data sets show results of ≥3 measurements made on a single
sample. The average is taken over 2-3 number of samples, where approximately 9 measurements
are made for each sample for each condition. Since they have only one thiol at the end of the
saturated alkyl chain, the contacts between molecules and nanoparticles are physically adsorbed.
Figure 4 (a) shows the I-V behavior of monolayer as a function of number of methylene units, (CH2)n-, where n is 6 (C6SH), 10 (C10SH), and 12 (C12SH). The current is observed to
decrease exponentially as the number of methylene units in the molecule increases. It can be
understood that the transmission probability of electrons from one methylene to next one is less
than 1, and that of its chain becomes less because its combinatorial conduction probability
becomes even smaller. The electrical conduction through the saturated molecules acts like a
resistor since they have no conjugation in molecular structure, which results in a relatively wide
bandgap ( >7 eV ).35 If we assume that the chemical potential of metal electrode lies between the
wide HOMO-LUMO (highest occupied molecular orbital-lowest occupied molecular orbital) gap
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of the molecule, then the electrons flow is primarily due to tunneling.

Specifically, the

conduction mechanism of these metal-molecule-metal structure is direct tunneling through a
barrier which is higher than the applied bias (Vapp < Φ B/q). 29,31
The Simmons model is often used to describe conduction in the direct tunneling regime
as
−
qV
q
)⋅e
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(1)

where h (h=2π ħ) is Plank’s constant, ΦB is barrier height in the insulator-metal interface, α is a
dimensionless adjustable parameter, and m is mass of the electron. The adjustable parameter (α)
is used to correct the simple rectangular barrier model to account for the effective mass of the
electron.
In the low bias regime, equation 1 can be approximated as a simple expression which can
be used to extract the contact resistance (R0) and the structure-dependent factor (β).
R = R 0 exp( β s) .

(2)

The structure factor β is related to energy barrier height and effective mass of the electron. A
semilog plot of average resistance as a function of number of methylene in SAMs is shown in
Figure 4 (b). The average is taken over 2-3 number of samples, where approximately 9
measurements are made for each sample. From a least squares fit to equation 2, the slope of the
graph in Figure 4(b) yields β and the y-intercept gives ln(R0). The resultant slope is 0.967/CH3 or
0.88/Å, assuming the length of one methylene is 1.1 Å. The contact resistance R0 is 5.6 MΩ.
The ellipsometric thicknesses of SAMs are 6.7 (C6SH), 11.0 (C10SH), and 13.0 (C12SH) Å,
respectively. Therefore 1.1 Å/CH3 is reasonable, and it is close the reported value of (1.12
Å/CH3).36
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Au was deposited on the AFM tip is coated with titanium layer for improving metal
adhesion. Contact mode AFM is used for electrical characterization. The force that is smallest
(~2nN) exerted on the SAM and conductive in electron flow was applied at the room
temperature. Figure 5 (a) shows current-voltage curves for alkanethiol SAMs on Au measured
with an Au-coated AFM tip. The I-V data measured for SAMs of different length of alkanethiols
show similar shapes to those in Figure 4 (a), although the absolute values are quite different. All
the measurements are accomplished with the same tip to avoid the possible error from changing
the tip. The resistances measured by CPAFM are 1.3, 0.5, and 2.7 % of those measured in the
nanogap structure (Fig. 4a) for the C6, C10, and C12, respectively. This difference ascribed to a
larger contact area for the CPAFM. Figure 5 (b) shows a semilog plot of average junction
resistance as a function of number of methylene units, -(CH2)n-. It is clear that the resistance
increases exponentially with the number of carbons in the chain, similar to that observed above.
From the linear fit, the slope gives β = 1.15 / Å and the y-intercept gives R0=17.8 kΩ. This value
of R0 is 0.63 % of that obtained from the nanogap, consistent with a larger contact area for the
CPAFM method. The contact resistances measured by CPAFM are 15.5 ~ 234 kΩ, which
depends on the load and tip radius.9,30,31 Based on the area calculated from the xylyl dithiol
above, the contact area of CPAFM is estimated to be 3.17 x 103 nm2 (=20.1 nm2 × R0 of
Nanogap ÷ R0 of CPAFM ). If it is assumed that the shape of tip contacted with SAM is a
hemisphere, its estimated radius is ~22.5 nm, which is close to the expected value.9

As in the case of alkanethiols, the self-assembly of alkylamine molecules have been
investigated on the thin film gold 37 and gold nanoparticles.16,38,39 In contrast to the alkanethiols,
amine-terminated n-alkanes do not spontaneously adsorb to Au surfaces from high-polarity
solvents, because the Au vs. N interaction energy is insufficient to compete with polar
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solvent.37,40 However, they are believed to be stable for periods of at least several hours.37 We
form the alkylamine SAMs with hexane for 48 hours, and then characterize them right after
SAM formation. I-V behavior of these SAMs measured in the nanogap structure is shown in
Figure 6. The amine groups are bound on the Au/Ti electrodes, and the methyl tails are adjacent
to the Au nanoparticle, similar to the case of the alkanethiols. Figure 6 (a) shows the I-V
behavior of the monolayer as a function of number of methylene, -(CH2)n-, where n is 6
(C6NH), 10 (C10NH), 12 (C12NH), and 18 (C18NH). Similar to the alkanethiols, the current
level decreases with increasing number of methylene units. The I-V characterization and
nanoparticle assembly have been performed immediately after SAM formation. The current
levels decrease exponentially with chain length, as expected for a nonresonant electron tunneling
mechanism. We find that the current in multiple measurements tends to be more dispersed in low
bias regime, especially for the longest molecule studied (n=18). I-V curves are relatively straight
to extract the resistance at the low bias less than |0.3 V|, which is used to extract the contact
resistance (R0) and the structure-dependent factor (β) as shown in Figure 6 (b). The β obtained
from the slope is 1.38/CH3 or 1.25/Å and the R0 from the y-intercept is 51.3 kΩ. The
ellipsometric thicknesses of alkylamine SAMs are 6.7 (C6NH), 12.0 (C10NH), and 13.0
(C12NH), and 19.7 (C18NH) Å, respectively.

Figure 7 (a) shows I-V curves for alkylamine SAMs on Au measured with an Au-coated
AFM tip. The current levels are higher than those measured in the nanogap (Fig. 6), similar to
that observed in the alkanethiol experiments. The resistances calculated at ±0.3 V in CPAFM
are 3.3, 3.8, 2.5 and 1.4 % of those in Figure 6 (a) for the C6, C10, C12, and C18 respectively.
The resistance ratios for the alkylamines are somewhat larger than for alkanethiol case, and the
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reason for this difference is not presently clear. Figure 7 (b) shows a semilog plot of average
junction resistance, and the slope of fitting line gives β = 1.16 / Å and the y-intercept gives R0=
1.7 kΩ. The value of R0 is 6.5 % of that measured in the nanogap. From the alkylamine
experiment, the currents are consistently one or two order higher than in alkanethiol, independent
of whether the measurements are done by CPAFM or in the nanogap. This difference clearly
shows the effect of the head group in determining current flow.

6.3

DISCUSSION

6.3.1 Contact resistance
When two metallic electrodes are separated by an insulating molecular film, the Fermi
level of the electrodes is positioned within the energy gap of the insulator. Thus, the role of
insulator is to form an energy barrier that impedes the electron transport between electrodes. The
electrons can flow across the insulator if (a) the electrons in the electrodes have enough thermal
energy (kBT) to surmount the potential barrier and flow through the unoccupied molecular orbital
or (b) the barrier is thin enough for electrons to penetrate through the insulator by the tunneling
effect. Mechanism (a) is related to the thermionic emission and hopping conduction, whereas
mechanism (b) is direct and/or Fowler-Nordheim tunneling.41-43 According to the I-V
characteristics and the junction distance dependence of the junction resistance, the electron
transport through metal-molecule-metal junctions is tunneling through the rectangular energy
barrier.31,43 As in equation (1), it depends on the energy barrier, electron mass, and applied bias
as well. However, it is not expected to depend on the temperature.43
Using the simplified Simmons model (equation 2), the contact resistances are extracted
from the I-V data obtained from measurements in the nanogap and CPAFM studies. The
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resistance is dependent on the distance between the electrodes, contact area and the size of the
smaller barrier height. That is, when the Fermi level of one metal is aligned close to an energy
level in the molecule, the effect of the other distant energy level on the tunneling is expected to
be negligible.43 Therefore, we can estimate the barrier height from the resistance study. The
measured R0 values are in the following order: alkanethiols in nanogap > alkanethiols in
CPAFM > alkylamines in nanogap > alkylamines in CPAFM . The difference from the testbeds structure is due to changes in the contact area, and the difference with head groups is
expected from changes in the barrier height.
The barrier heights estimated from the non-linear fitting of Simmons model, equation (1)
result in 2.7±1.3 eV in alkanethiols and 1.2±0.3 eV in alkylamines in the nanogap structure, and
3.4±1.5 eV in alkanethiols and 2.3±1.0 eV in alkylamines in CPAFM structure, respectively.
These results are summarized in Table I. Wang et. al.44 reported ΦB = 1.42 - 1.83 eV in
alkanethiols sandwiched between two Au electrodes in a 45 nm silicon nitride pore. Relatively
high barrier heights are expected due to the lack of electronic coupling of CH3:Au nanoparticles,
since they have a negligible force exerted on the SAM. Estimated electrostatic force of a sphere
of radius 40 nm, which arises from the electrostatic attraction9,45, is approximately 0.09 nN at the
bias of 0.3 V.
The correction factor α is similar for the different head groups, but is dependent on the
test-bed structure. The results from the nanogap are smaller than those from CPAFM . If a
rectangular barrier is assumed, the value of α is related to the effective mass. The effective mass
is not expected to depend on the test structure, so this observed difference is not understood.
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6.3.2 Transmission Probability
The transport of electrons through a molecular monolayer can be considered to be a one
electron elastic scattering problem. The molecule acts as a defect between two metallic reservoirs
of electrons. An electron injected from the source flows with transmission probability T(E) at a
certain energy E to collide with part of the molecule and finally reach the drain. The resistance of
the junction can be described by the Landauer formula in terms of the transmission probability
T(E) and the quantum of conductance (2q2/h): 31,35,46
R=

h
,
2q NT

(1)

2

where N is the number of molecules in the junction. The quantum of conductance, which is the
maximum value of conductance for one energy level device, has the value of (12.9 kΩ )-1 or 77.3
µS. One level device can have two electrons, which are spin-up and spin-down, so it becomes the
twice of the conductance of single electron.46 As shown in equation (2), the overall transmission
probability can be written as the product of three terms: i) TElec1, the probability of electron
transmission from electrode 1 to the molecule; ii) TMolecule probability for transmission through
molecule; and iii) TElec2, the probability for transmission from molecule to electrode 2.
T = TElec1·TMolecule·TElec2.

(2)

T = TElec1·TMolecule1·TNP1∙ TNP2·TMolecule2·TElec2

(3)

T≡ TElec·TMolecule·TNP

(4)

In the nanogap structure, the probability is better described as equation 3, which includes
transmission from molecule 1 to one side of nanoparticle (TNP1) and one from the other side of
nanoparticle to molecule 2 (TNP2). To simplify this expression, we will take an interest in the half
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of the equation 4, since this formula is symmetry under the assumption of TElec1=TElec2, TMolecule1
=TMolecule2, and TNP1=TNP2.
For the alkane, the transmission through the molecule (TMolecule) is expressed with
transmission through each methylene (TCH2) as (TCH2)n where n is the number of methylene in
alkane chain. Finally we can expand equation 1 as
Rn =

h
1 1
1
,
2
2q N Tsub Ttip (TCH 2 ) n

(5)

and the contact resistance (n=0) can be expressed as follows:
R0 =

h
1 1
.
2
2q N Tsub Ttip

(6)

From the resistances of hexanedithiol (Rdithiol) and hexanethiol (Rmono) results, we can get the
ratio of TCH/TSH by taking the ratio of resistances, i.e. Rdithiol/Rmono, under the assumption of the
number of molecules (N) measured. The calculated value of TCH/TSH is 3.82 x 10-2. Taking the
logarithm of equation 5 we obtain
ln R = ln(

1
1
h
) + n ⋅ ln(
).
2
TCH 2
2q N ⋅ TSH ⋅ TCH

(7)

Using linear fitting, we can extract TCH3 and N∙ TSH∙ TCH, which are ~0.38 and 2.03 x 10-3,
respectively. Since we have two equations for TSH and TCH, then we can get TSH and TCH as a
function of N. Likewise, we can extract N∙ TNH∙ TCH, from the resistances of alkylamines with
different number of methylene, which is 1.65 x 10-2. As we already have TCH, we can extract the
function of TNH as a function of N. The calculated transmission values are shown in Figure 8.
As expected, the predicted transmission values through the contact junction are
significantly lower for the case of physical adsorption (TCH) than those of chemical adsorption
(TNH or TSH). The junction with a covalent bond results in higher transmission due to the
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electronic coupling of molecular terminals with Au electrodes. The contact transmission in
CPAFM with various metal electrodes shows similar results as above.31 The contact between the
metal and the molecule clearly plays an important role in electron transport through the junction,
and physically adsorbed contacts form a higher barrier than the covalent contacts.
The calculated value for alkylamine SAM transmission probability (TNH) is ~15 times
larger than that of alkanethiol SAM (TSH). Transmission probabilities change with approximately
the same magnitude when the Fermi potential of the metal electrode is changed. Therefore, it is
expected that the barrier height will change with the nature of the atoms σ-bonded covalently
with Au covalently, as discussed below.

6.3.3 Resistances of single molecules : alkanethiols and alkylamines
The tunneling current through the σ-bond of an alkane chain has been predicted to be the
predominant pathway of electron tunneling.13 Therefore if we assume that both tunneling from
one molecule to the adjacent one and direct conduction from electrode to electrode are
negligible, we can calculate the resistance of single molecule from the resistance data in Figure
4. As mentioned in the discussion of Figure 3, the expected contact area between the Au
electrode and the Au nanoparticle is ~20 nm2, where ~95 molecules are connected. Based on
these values, resistances of single molecules are calculated. For alkanethiols, 8.64 x 1010 Ω for
hexanethiol, 4.34 x 1012 Ω for decanethiol, and 2.83 x 1013 Ω for dodecanethiol. As expected,
larger values are obtained compared to the analysis of conjugated molecules. As mentioned
above xylyl dithiol was expected to be 18±12 MΩ and the benzene-1,4-dithiol gave 22 MΩ,
respectively.14,33 For alkylamines, 3.60 x 109 Ω for hexylamine, 1.04 x 1011 Ω for decylamine,
1.89 x 1012 Ω for dodecylamine, and 2.38 x 1015 Ω for octadecylamine. The results discussed are
summarized in Table II.
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6.3.4 Band offset in metal-molecule junction
From the contact resistance study using different work function metals, the barrier height
decreases with increasing metal work function.30,31 It means that the barrier height between
HOMO of alkanes and Fermi level of metal electrodes is reduced by changing the higher work
function metal. Likewise, Au-amine bond may lower the barrier with respect to the Au-thiol
bond. It can be explained that the nitrogen bound on Au surface has lower atomic orbitals
(2s22p3) compared to the sulfur that has 3s23p3 atomic orbitals. According to linear combination
of atomic orbital theory, Au-N can show lower Fermi level than Au-S structure. Its lower Fermi
level may play a role as a high work function metal in (Au-N)-alkane junction. In other words,
amine raises the effective work function of Au more than thiol. Based on these ideas, we can
figure out why alkylamine SAM shows better conductance and lower contact resistance.

6.3.5 Measurement issues for interconnection
The electronic conduction passing through adsorbed molecules that are end-bound on the
metallic surfaces has been demonstrated with various methods, which can be categorized into
two groups. One is the use of analytical instruments such as scanning tunneling microscopy1-4 or
atomic force microscopy with a conducting probe.5-10 , the crossed-gold-wire tools26,47,48, and
mercury drop.11-13 A second group of methods is based on fabrication approaches such as a
mechanical break junction,14,15 or nanoscale pores.14,16 The nanogap structure used here can be
considered a fabrication approach, and we have demonstrated that it can be used to characterize
the interconnection of nanoscale molecular devices. On the other hand, the method using
analytical tools have a good spatial resolution and produce reliable results, but they have a
inherent restriction when the electrical circuit connecting functioning molecules is required.
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After formation, molecular layer are quite vulnerable to mechanical or thermal damage
that may be caused during following fabrication steps. This severely limits the conventional
microfabrication processes that can be applied. Results presented here demonstrate that the
assembly of metallic nanoparticles on a SAM surface can be a reliable method for molecular
characterization. Furthermore, the nanoparticles bridging two electrodes covered with active
molecules do not exert the significant force on the SAM (less than 1 nN). Applied force can
physically distort molecules and change their conduction properties. Therefore, the approach
presented here is likely interconnection method for future molecular devices.

6.4.

CONCLUSIONS

We have demonstrated a nanoparticle bridged nano-gap as an alternative fabrication
process for molecular electronic test-beds. Metallic nanoparticles are used to connect the
electrodes in various methods such as dielectrophoresis, electrophoresis and dragging with water
meniscus. Due to the possible damage to the molecular monolayer from electronic bias, the water
meniscus method is preferred. Current vs. voltage properties of a wide range of self-assembled
molecules have been studied, including xylyl dithiol, hexane dithiol, alkanethiols (C6SH, C10SH,
and C12SH), and alkylamines (C6NH, C10NH, C12NH and C18SH). From the resistance at low
bias (-0.3 ~ +0.3 V), the contact area of nanoparticle and SAM is found to be 20 nm2, consistent
with ~95 molecules in contact junction, which allows single-molecular resistances of σ-bonded
alkane chains to be extracted. Those resistance values range from 3.60 x 109 to 2.38 x 1015 Ω.
The effect of chain length on the molecular resistance is studied, and the contact resistances,
barrier height in molecule-metal contact, and transmission probabilities are compared through
the numerical modeling of direct tunneling. The transmission probabilities are in order of TC-C >
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TAu-N > TAu-S > TCH:Au. We show that the barrier lowering by Au-N bond causes the conduction
barrier shift to produce the higher conductance or lower contact resistance in a Au-N structure.

6.5
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Table I. Summary of Fitting parameters in Simmons tunneling model.
Alkanethiol (-SH)

Alkylamine (-NH)

α

ΦB

α

ΦB

Nanogap

0.91±0.14

4.3±1.6

0.90±0.18

2.4±1.0

CPAFM

0.94±0.10

3.4 ±1.4

1.0±0.01

1.7±0.6

Table II. Summary of resistances of individual molecules evaluated in nanogap structure.
Alkanethiol (-SH)

Alkylamine (-NH)

Hexane (C6)

8.64 x 1010 Ω

3.60 x 109 Ω

Decane (C10)

4.34 x 1012 Ω

1.04 x 1011 Ω

Dodecane (C12)

2.83 x 1013 Ω

1.89 x 1012 Ω

Octadecane (C18)

-

2.38 x 1015 Ω

Andres et. al. presented the resistance of xylyl dithiol to be18±12 MΩ.33
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Figure 1. Fabrication procedure for nanoscale gap. (a)-(d) show the cross-sectional and (e)-(h)

show the plane view of patterns of proposed processes. The schematics in (a)-(h) are not scaled,
and the thickness of each layer and space widths are exaggerated for simple explanation. The
arrows in (d) are the imagined trajectory of evaporated metal molecules. The broken lines in (e)(h) indicate the cross-section lines for (a)-(d). (e) and (g) show the patterns of defined photoresist
as a plane view. White lines in (f) indicate the clear area after second metallization, while all the
other areas are covered with the metal-2. (h) shows the final shape of the metal pad whose gap is
~50nm. (i) shows the AFM image of the nanoscale gap area, and (j) shows current-voltage
behavior of 5 different samples, which prove the disconnection of the two electrodes.
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Figure 2. Images of atomic force microscopy of nanoscale gaps after nanoparticle assembly in

(a) and (b), and current-voltage behavior through the bridged nanoparticles (c). Two points are
connected by means of nanoparticles in (a), and no nanoparticle on the gap is found in (b) after
nanoparticle solution treatment. (a) shows the current behavior like (c), and (b) shows the
negligible currents of <10-12 A.
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Figure 3. Current-voltage characteristics of molecules-nanoparticle-molecules assembly.

Molecular SAMs are (a) xylyl dithiols and (b) hexanedithiols. Currents are measured under the
vacuum and at room temperature.
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Figure 4. (a) Current-voltage curves of alkanethiol SAMs on the Au/Ti electrodes. Measured

data are divided by the number of nanoparticles assembled on the Nanogap. (b) Semilog plot of
resistance as a function of number of methylene in alkanethiol molecules. Inset in (b) is the
schematic of nanoparticle-Nanogap assembly.
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Figure 5. (a) Current-voltage curves of alkanethiol SAMs measured in conductive probe AFM

method. Solid line is calculated from a Simmon’s model by fitting optimal parameters to the
experimental data. (b) Semilog plot of resistance as a function of number of methylene in
alkanethiol molecules. Inset in (b) shows the schematic of CPAFM measuring alkanethiol SAM.
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Figure 6. (a) Current-voltage curves of alkylamine SAMs (C6NH, C10NH, C12NH, and

C18NH) on the Nanogap. Measured data are divided by the number of nanoparticles assembled
on the Nanogap. (b) Semilog plot of resistance as a function of number of methylene in
alkylamine SAMs. The measuring methods are same as in Figure 4.
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Figure 7. (a) Current-voltage curves of alkylamine monolayers measured in conductive probe

AFM method. (b) Semilog plot of resistance as a function of number of methylene in alkylamine
monolayers.
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Figure 8. Calculated transmissions of molecule-metal contacts from the current-voltage data

measured in Nanogap structure. The horizontal line represents the transmission of a single
methylene-methylene covalent bonds from the equations of equation 7.
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Chapter 7. Conductance and Contact Resistance of metalself assembly layer of alkanethiols and alkylamines
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT

Conductance through alkanethiol and alkylamine SAMs on gold film was compared
using test-beds of nanoscale gap - nanoparticle assembly. From the simplified Simmon’s model,
we could extract the contact resistances of metallic junctions with different anchoring headgroups – amine and thiol. It is found that the contact resistance drops attribute to the lowering the
barrier height, which is the difference of chemical potential of metal electrode and highest
occupied molecular orbital, for hole flowing.

128

7.1

INTRODUCTION

The electronic conduction through adsorbed molecules that are end-bound on the metallic
surfaces has been demonstrated with various methods. Initial method for measuring electron
transport through organic-molecular monolayers makes use of a mercury surface, which provides
support for alkanethiol self-assembled monolayers (SAM) and is used to build a junction
consisting of two opposing surfaces with interposed SAMs.1-3 As a microfabrication approaches,
a couple of methods are proposed such as a mechanical break junction in a notched gold wire to
form metal-molecule(s)-metal junctions4,5, nanoscale pores on a silicon nitride layer to measure
the conduction through a SAM of molecular wires sandwiched between top and bottom metallic
contacts4,6, and nanowire gaps fabricated with electromigration in gold.7
Although electron transport across organic molecules as a function of molecular structure
has been studied using various measurement methods, the nature of conductance through
molecular layer still remains questionable. The metal-alkanethiol-metal junctions have been
attracted great attention, because of their relative simplicity.8-13 Especially, gold-alkanethiol-gold
structures have been investigated in various aspect including the elucidation of the electron
transport mechanism,8-11 the effects on conductance as a function of work function of metal
electrodes,12,13 the comparison of transmission probabilities of chemical adsorbed vs. physical
adsorbed interface13, and etc.
This paper presents a comparison of conductance and contact resistance in alkanethiols
and alkylamines which have different head groups, whose self-assembled monolayers (SAMs)
are measured in Nanogap test-bed structure.14
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7.2

EXPERIMENTAL

The separation of Au electrodes in electrical test-beds (Nanogap) is ~50nm, whose
fabrication procedure is proposed elsewhere.14 Nanoparticles introduced onto the Nanogap after
forming SAM on the Au/Ti electrodes bridge the separated Au electrodes. The bridged gap
provides the conduction through Au-SAM-nanoparticle-SAM-Au structure, which is symmetric
configuration. Since alkanethiol and alkylamine SAMs have saturated carbon chain, an
equivalent circuit can be a series of two resistors.
The empty Nanogap samples are treated with ultraviolet ozone cleaner and then rinsed
with high purity ethanol prior to SAM formation. After drying them with flowing nitrogen, the
clean samples are preserved in the filtered argon purged vials to avoid the contamination from
any organics and oxygen. Alkanethiol solution (1-5 mM in ethanol) is injected into the vial by
the disposable syringe with 200 µm filter to deposit SAMs on the Au electrodes for more than 24
hours in room temperature.15 Removal of the unbound molecules is achieved by rinsing them
with copious amount of ethanol, and drying with flowing nitrogen. For the alkylamine, hexane is
used as solvent and rising medium.16,17
80 nm nanoparticles (Ted Pella, Inc.) are assembled along the gap by the dragging force
of water meniscus. The method is that nanoparticle solution drops on the gap area and then it will
form meniscus near the probing needle if the probe is partially dipped into the solution. If the
needle is put near the gap, a few particles enter into the gap due to the dragging force of
withdrawing water meniscus.18,19
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7.3

RESULTS AND DISCUSSION

The thicknesses of the SAMs were measured with a Rudolph Research Auto El III
ellipsometer equipped with a He-Ne laser (632.8 nm) set at a fixed incident angle of 70°. A
refractive index of SAMs were assumed to be 1.45.20 All measurements were performed at room
temperature under ambient, and the three data were collected for each sample right after
removing the samples from the vials.
The ellipsometric thicknesses of alkanethiol SAMs are 6.7±1.1 (C6SH), 11.0±0.6
(C10SH), and 13.0±1.1 (C12SH) Å, respectively. Therefore 1.1 Å/CH3 is the reasonable
assumption, and it is not much far from the previous value (1.12 Å/CH3).21 For the alkylamines,
thicknesses are 6.7±0.6 (C6NH), 12.0±0.6 (C10NH), and 13.0±0.6 (C12NH) Å, respectively.
The thicknesses of alkylamine SAMs are comparable with those of alkanethiols, so we can
assume that alkylamines have a unit length of 1.1 Å/CH3 in normal direction.

The alkanethiol molecular SAMs are characterized on the Nanogaps and using Au-coated
conductive probe AFM. Since they have only one thiol at the end of saturated alkyl chain, the
other contacts of molecular tail (CH3) : nanoparticles or molecular tail (CH3) : AFM probe are
physically adsorbed. The resistances get higher exponentially if the number of methylene
increases as shown in Figure 1. It can be understood that the transmission probability of electron
from one methylene to next one is less than 1, and transmission of its chain becomes less because
its combinatorial conduction probability becomes even smaller. The electrical conduction
through the saturated molecules acts like a resistor since they have no conjugation in molecular
structure, which results in a relatively wide bandgap ( >7 eV ).22 If we can assume that the
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chemical potential of metal electrodes lie between the wide HOMO-LUMO (highest occupied
molecular orbital-lowest occupied molecular orbital) gap of molecule, then the electrons flow
through the tunneling. The conduction mechanism of these metal-molecule-metal structure is
direct tunneling through the barrier higher than applied bias (Vapplied < Φ B/q). 9,13
At low bias regime, the mathematical model can be approximated to a simple expression,
which is used to extract the contact resistance (R0) and the structure-dependent factor (β) such as
energy barrier height, etc.11
I = I 0 exp(-β s) or R = R 0 exp( β s) .

(1)

The graph obtained in the Nanogap yields the slope of β and the y-intercept of ln(R0) by means
of the least mean square fitting. The resultant slope is 0.967/CH3 or 0.88/Å when we assume the
length of one methylene is 1.1 Å, and the contact resistance R0 is 5.6 MΩ. The results from CPAFM give β = 1.15 / Å and the y-intercept does R0=17.8 kΩ. The portion of R0 in CP-AFM
turns out to be 0.63% of that from Nanogap. The reported contact resistances measured in CPAFM are 15.5 ~ 234 kΩ, which depends on the load and tip radius.11-13

As in the case of alkanethiols, the self-assembly of alkylamine molecules have been
investigated on the thin film gold

17

and gold nanoparticles.6,23,24 In contrast to the alkanethiols,

amine-terminated n-alkanes do not spontaneously adsorb to Au surfaces from high-polarity
solvents, because the Au vs. N interaction energy is insufficient to compete with polar
solvent.16,17 However, they are believed to be stable for periods of at least several hours.17 We
form the alkylamine SAMs with hexane for 48 hours, and then characterize them right after
SAM formation.
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The current levels through amine SAMs decrease exponentially with chain length, which
is expected to follow nonresonant electron tunneling mechanism. I-V curves are relatively
straight to extract the resistance at the low bias less than |0.3 V|, which is used to extract the
contact resistance (R0) and the structure-dependent factor (β). Figure 2 shows the resistances of
monolayer as a function of number of methylene, -(CH2)n-, where n is 6 (C6NH), 10 (C10NH),
and 12 (C12NH). For the Nanogap experiments, the β obtained from the slope of the fitting line
is 1.38/CH3 or 1.25/Å and the R0 from the y-intercept is 51.3 kΩ. From CP-AFM study, the
slope of fitting line gives β = 1.16 / Å and the y-intercept does R0= 1.7 kΩ. The portion of R0
turns out to be 6.5% of that from Nanogap. The currents through Alkylamine SAMs are one or
two order higher than those in alkanethiol SAM at the same measuring method, although they
have an identical saturated σ-bonded chain. The only difference that causes the conductance is
the head group that is bound to the Au electrodes.
According to the I-V characteristics and the junction distance dependency of the
resistance, the electron transport through metal-molecule-metal junctions can be modeled as a
tunneling through the rectangular energy barrier.13,25 It depends on the energy barrier, electron
mass, and applied bias as well. However, it does not depend on the temperature.25
Using the simplified Simmons model, the contact resistances are extracted from the I-V
data obtained by Nanogap and CP-AFM study. The resistance is dependent on the distance
between the electrodes, contact area and the smaller barrier height (When the Fermi level of
metal is aligned close to one energy level, the effect of the other distance energy level on the
tunneling is negligible.25). Therefore, we can estimate the barrier height from the resistance
study. The measured R0s are in the order of alkanethiols in Nanogap > alkanethiols in CP-AFM
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> alkylamines in Nanogap > alkylamines in CP-AFM. The differences may attribute to the
contact area and the different head groups that cause the barrier height change.
From the contact resistance study using different work function metals, the barrier height
decreases with increasing metal work function.12,13 It means that the barrier height between
HOMO of alkanes and Fermi level of metal electrodes is reduced by changing the higher work
function metal. Likewise, Au-amine bond may lower the barrier with respect to the Au-thiol
bond. It can be explained that the nitrogen bound on Au surface has lower atomic orbitals
(2s22p3) compared to the sulfur that has 3s23p3 atomic orbitals. According to linear combination
of atomic orbital theory, Au-N can show lower Fermi level than Au-S structure. The intuitive
Fermi energy level location is depicted in Figure 3. The three degenerate gold s orbitals at -10.9
eV are divided into two levels – two in -9.6 eV and on in -12.7 eV,26 which bond with p orbital
in sulfur or nitrogen. Its lower Fermi level may play a role as a high work function metal in (AuN)-alkane junction. In other words, amine raises the effective work function of Au more than
thiol. Based on these ideas, we can figure out why alkylamine SAM shows better conductance
and lower contact resistance.

7.4

CONLCUSION

We have investigated the resistances of alkanethiol and alkylamine SAMs on gold film.
The electrical measurements have been accomplished using both Nanogap-nanoparticle
assembly and conductive probe AFM. Based on the Simmon’s direct tunneling model, we extract
the contact resistances with different surface bound functional groups (amine and thiol). The
improvement in contact resistance in alkylamine SAMs may attribute to the lowering the barrier
height for hole flowing. Therefore we find out that the low energy of the nitrogen atomic orbital
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may increase the effect work-function of Au electrodes so that it produces the higher
conductance or lower contact resistances in Au-N structure compared to Au-S bonding.
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Figure 1 Semilog plot of resistances of alkanethiols as a function of chain length. They are

measured in Nanogap and CP-AFM methods. The fitting lines are calculated based on the Eq.
(1), and β and R0 are extracted from the slope and y-intercept.
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Figure 2 Semilog plot of resistances of alkylamines as a function of chain length. They are

measured in Nanogap and CP-AFM methods. The fitting lines are calculated based on the Eq.
(2), and β and R0 are extracted from the slope and y-intercept.
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(a)

(b)

Figure 3. Intuitive Fermi energy level location by considering the bonding between gold s

orbitals and surfer p orbital.
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Chapter 8. Investigation of conductance in metal-self
assembly junction with head groups
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT

The electrical measurements have been accomplished using the Nanogap-nanoparticle assembly.
The conductance is evaluated in saturate alkane SAM and conjugated biphenylene group SAM in
terms of surface bound head groups. Isocyanide (NC) terminal shows better conductance than
thiol (S) terminal groups. The conductance through the molecular SAM with S terminal and NC
terminal tends to increase when the molecular length is short and when the terminal group has
NC terminal. The length dependence is due to the nonresonant tunneling that the conductance
through junction decreases exponentially with the electrode distance. The NC terminal may have
a reduced barrier height due to the Fermi level shift. The shift may be caused by the lower
energy p-orbital in carbon of CN terminal and the dipole, and it attributes to the better
conductance.
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8.1

INTRODUCTION

Electronic conduction through various adsorbed molecules that are end-bound on the
metallic surfaces has been investigated in molecular electronics. The metal-alkanethiol-metal
junctions have been attracted great attention, because of their relative simplicity.1-5 Especially,
gold-alkanethiol-gold structures have been investigated in various aspect including the
elucidation of the electron transport mechanism,1-4 the effects on conductance as a function of
work function of metal electrodes,5 the comparison of transmission probabilities of chemical
adsorbed vs. physical adsorbed interface5, and etc.
The existence of chemical bond between metal and semiconducting organic molecule
also affects the junction behavior. The difference between physically adsorbed and chemically
adsorbed contacts is up to two orders of magnitudes in saturated alkanethiol based junctions.6
These results suggest that the absence of a chemical bond creates an additional barrier. It leads to
a decrease in transmission function of contacts and therefore to a reduction in the conductance.
This contact effect appears to be less important in π-conjugated molecules than that in saturated
ones. It is believed that the π-orbitals of the molecule overlap with the metal will affect electron
density even without a chemical bonds.7
This paper presents a comparison of conductance in two conjugated and two saturated
molecules with isocyanide (NC terminal) and thiol (S terminal) end groups. We will discuss the
difference in conductance that may be attributed to the different behavior in head groups.
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8.2

EXPERIMENTAL

Molecules used in this study are shown in Figure 1. The conjugated ones are 4Biphenylene

ethynylene

isocyanide

(I),

4-Biphenylene

ethynylene

acetate

(II),

4-

Biphenylisocyanide (III), and 4-biphenylthiol acetate (IV). Molecule C10NC stands for decane
isocyanide, and molecule C10SH is commercial decanethiol (Sigma-Aldrich).
The separation of Au electrodes in electrical test-beds (Nanogap) is ~50nm, whose
fabrication procedure is proposed elsewhere.8 Nanoparticles introduced onto the Nanogap after
forming SAM on the Au/Ti electrodes bridge the separated Au electrodes. The bridged gap
provides the conduction through Au-SAM-nanoparticle-SAM-Au structure, which is symmetric
configuration. Since alkanethiol and alkylamine SAMs have saturated carbon chain, an
equivalent circuit can be a series of two resistors.
The empty Nanogap samples are treated with piranha solution for 10 seconds and then
rinsed with high purity ethanol prior to SAM formation. After drying them with flowing
nitrogen, the clean samples are preserved in the filtered argon purged vials to avoid the
contamination from any organics and oxygen. Molecular solution (1-5 mM) is injected into the
vial by the disposable syringe with 200 µm filter to deposit SAMs on the Au electrodes for more
than 14-30 hours in room temperature.9 Removal of the unbound molecules is achieved by
rinsing them with the copious amount of ethanol, and drying with flowing nitrogen. The solvents
are tetrahydrofuran, anhydrous (THF, Sigma-Aldrich) for I – VI, C10NC, and C18NC. Ethanol is
used for C10SH and C18NC.
80 nm nanoparticles (Ted Pella, Inc.) are assembled along the gap by the dragging force
of water meniscus. The method is that nanoparticle solution drops on the gap area and then it will
form meniscus near the probing needle if the probe is partially dipped into the solution. If the
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needle is put near the gap, a few particles enter into the gap due to the dragging force of
withdrawing water meniscus.10,11

The electrical measurement is done under vacuum (

~1 mTorr) after assembling nanoparticles.

8.3

RESULTS AND DISCUSSION

The thicknesses of the SAMs were measured with a Rudolph Research Auto El III
ellipsometer equipped with a He-Ne laser (632.8 nm) set at a fixed incident angle of 70°. A
refractive index of SAMs were assumed to be 1.45.12 All measurements were performed at room
temperature under ambient, and the three data were collected for each sample right after
removing the samples from the vials.
The ellipsometric thicknesses of SAMs are 13.0±2.65 (I and II), and 11.0±1.5 (III and
IV) for biphenyl groups, and 10.5±0.7 Å for alkane groups, respectively. Therefore 1.1 Å/CH3
is the reasonable assumption, and it is not much far from the previous value (1.12 Å/CH3).13 For
the biphenyl groups, 5.5Å/Ph is good approximation.
The alkanethiol and alkyl isocyanide molecular SAMs are characterized on the
Nanogaps. Since they have only one binding group at the end of saturated alkyl chain, the other
contacts of molecular tail (CH3) : nanoparticles are physically adsorbed. The conductance gets
lower if the number of methylene increases as shown in Figure 2. It can be understood that the
transmission probability of electron from one methylene to next one is less than 1, and
transmission of its chain becomes less because its combinatorial conduction probability becomes
even smaller. The electrical conduction through the saturated molecules acts like a resistor since
they have no conjugation in molecular structure, which results in a relatively wide bandgap ( >7
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eV ).7 If we can assume that the chemical potential of metal electrodes lie between the wide
HOMO-LUMO (highest occupied molecular orbital-lowest occupied molecular orbital) gap of
molecule, then the electrons flow through the tunneling. The conduction mechanism of these
metal-molecule-metal structure is direct tunneling through the barrier higher than applied bias
(Vapplied < Φ B/q). 2,5
The current levels through alkyl isocyanide SAMs decrease with chain length, which is
expected to follow the electron tunneling mechanism as in alkanethiols. The conductances in
C18SH and C18NC are quite low and comparable each other. The current through C10NC
SAMs is approximately one order higher than those in C10SH SAM at the same measuring
condition, although they have an identical saturated σ-bonded chain. The only difference that
causes the change in conductance is the head group that is bound to the Au electrodes.
I-V curves are relatively straight to extract the resistance at the low bias less than |0.3 V|,
which is used to extract the conductance at low bias regime. C18SH shows 6.64×10-14 ± 9.54
×10-14 V/Ω and C18NC shows 4.80×10-14 ± 1.31×10-14 V/Ω. C18NC shows a bit higher
conductance than C18SH. C10SH shows 1.51×10-11 ± 1.77×10-12 V/Ω and C10NC shows 1.94
×10-10 ±1.38×10-10 V/Ω. C10NC shows one order of magnitude higher conductance than C10SH.
It is derived from the contact resistance because most potential applied is localized on the
interfacial region.14,15 From the contact resistance study using alkane SAM on Au electrode, the
contact resistance is ~10% lower for RNC/Au junction than for the RS/Au junctions.5 The
molecular monolayers of C18SH and C18NC have a relatively long tunneling distance between
electrodes. It causes the sub-pA scale current and less effective contact barrier behavior.
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The SAMs of conjugated molecules with thiol and isocyanide end-groups are
characterized on the Nanogaps. The conductance gets lower if the molecular length increases as
shown in Figure 3. The conductance levels are in the order of (III) > (I), (IV) > (II). We can
extract the conductance from the relatively straight I-V curves at the low bias less than |0.3 V|.
The calculated conductances are 1.34×10-8 ± 3.80×10-9 V/Ω (I), 4.26×10-10 ± 6.71×10-11 V/Ω
(II), 1.29×10-7 ± 1.99×10-8 V/Ω (III) and 2.10 ×10-8 ± 1.86 ×10-9 V/Ω (IV), respectively. (I) and
(IV) show the comparable conductance, and the others show the distinct differences. The
conductance tends to increase when (1) the molecular length is short and (2) the terminal group
has CN terminal. It is identical tendency for the σ-bond alkanes.
In the case of nonresonant tunneling, the conductance through junction is dependent on
the electrode distance:
G=G0·exp(-βd)

(1)

Where d is the electrode separation determined by the SAM thickness, β is the tunneling decay
parameter that depends on the molecular bonding structure, and G0 is the conductance if d is
zero. The reciprocal G0 is the contact resistance. β is found experimentally 0.42 ± 0.07 A-1 for
non-resonant electron tunneling through oligophenylene molecules.4 The second contribution in
conductance can be the bond-length alteration. The size of HOMO-LUMO gap is found to
increase with the extent of bond-length alternation.8 Since the triple bond that has a greater bondlength alternation in molecules of (I) and (II) can cause the larger energy gap, it aggravates the
conductance.
The CN terminal group changes the conductance one or two order of magnitude in
biphenylene system. The CN terminal may have a reduced barrier height in molecular-metal
junction compared to the S terminal junction. From the theoretical study, a density of state
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(DOS) peak is found near the Fermi level for the system with CN terminal. This peak is closer to
the Fermi level compared to the S terminal and lead to good electron transport under a small
bias.16 The carbon atom that binds with Au with a chemical bond in CN terminal has a lower
energy of the p-orbital. The low energy p-orbital can shift the Fermi level of metal in the low
energy direction. If we can assume the molecular backbone of diphenylene group keeps the
identical band structure, lowering Fermi level by the headgroup can reduce the barrier between
the HOMO and effective Fermi level.
The other possible reason for better conductance in CN terminal is the effect of dipole on
the metal Fermi level. When monolayers form different dipole configurations, they will produce
different work function changes. The modulation of work function of metal affect the barrier
height between the metal and SAM, and eventually result in different electron conductance.
Surface bounded sulfur atom in the alkanethiol has a comparable electronegativity with an
adjacent carbon. The sulfur does not change the Au Fermi level much. In CN terminal, nitrogen
has a bigger electronegativity compared to the carbon. The CN terminal changes the Au Fermi
level. Since the dipole directing away from the metal surface, it reduces the Au Fermi level. The
change in metal Fermi level accompanying adsorption of an molecule can be estimated from a
function of the normal component of dipole moment of an individual molecule in the monolayer
(µmol,⊥), and the static dielectric constant of the molecular layer(ε ):
∆Φ =

N ⋅ µ mol ,⊥

ε ⋅ε0

,

(2)

where N is the areal density of molecules, and ε0 is the permittivity of vacuum.17,18
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8.4

CONCLUSION

In conclusion, we have investigated the conductance of σ-bonded alkanes and π-bonded
biphenylene groups with thiol (S terminal) and isocyanide (CN terminal). The conductance tends
to increase when the molecular length is short. It is due to the nonresonant tunneling that the
conductance through junction decreases exponentially with the electrode distance. The second
contribution in conductance is the bond-length alteration. Since the triple bond that has a greater
bond-length alternation in molecules can cause the larger energy gap, it aggravates the
conductance. The conductance is better when the terminal group has CN terminal. The CN
terminal may have a reduced barrier height in molecular-metal junction compared to the S
terminal junction. The lower energy p-orbital in carbon of CN terminal can shift the Fermi level
of metal in the low energy direction, and the induced dipole in CN terminal reduces the Au
Fermi level. Lowering Fermi level by the CN terminal can reduce the barrier between the
HOMO and effective Fermi level, which attributes to the better conductance.
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Figure 1 Chemical structure of evaluated molecules. (I)-(IV) are conjugated molecules, and
C10NC, C10SH, C18NC, and C18SH are the saturated molecules with different endgroups –
isocyanide and thiol.
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Figure 2 Semilog plot of current-voltage characteristics of decanethiol and decane isocyanide.
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Figure 3 Semilog plot of current-voltage characteristics of (a) I and II and (b) III and IV.
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Chapter 9. New Fabrication Method for Molecule-Metal
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Dept. of Chemistry, North Carolina State University, Raleigh, NC 27695

ABSTRACT

As a new approach for the interconnecting elementary molecular devices, Au
nanoparticle dimer bridged by conjugated molecule is assembled on the nanoscale electrode gap.
Oligo Phenylacetylene-bridged gold nanoparticle dimer was prepared for the demonstration. The
diameter of Au nanoparticles is ~40nm, and the length of its dimer estimated is ~80 nm. Since
the gap distance between electrodes is ~50nm, the dimer can reach two electrodes with length
direction. Resistance measured at low bias regime is 2.2 ± 0.64 GΩ at room temperature, which
is comparable with the single molecule conduction.
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9.1

INTRODUCTION

The electronic conduction through adsorbed molecules that are end-bound on the metallic
surfaces has been demonstrated with various methods. Utilizing analytical instruments such as
scanning tunneling microscopy

1-5

or atomic force microscopy with a conducting probe.6-12 is

ideally suited to measure local electron transfer through organic molecular monolayers by virtue
of their high spatial resolution. The crossed-gold-wire tools have been used to investigate the
conjugated molecules such as OPE (Oligo phenylene ethynylene) and OPV (Oligo phenylene
vinylene).13-15 It is calculated to be ~103 molecules in the junction in the 10 µm wires, whose
spacing is controlled by magnetic field generated by deflection current through Lorentz force.15
An additional method for measuring electron transport through organic monolayers makes use of
a mercury surface, which provides support for the alkanethiol self-assembled monolayers (SAM)
and is used to build a junction consisting of two opposing surfaces with interposed SAMs.16-18 A
mechanical break junction in a notched gold wire form metal-molecule(s)-metal junctions.19,20
This junction can be fabricated by breaking a small metallic wire and introducing molecules with
end-groups reactive to this metal into the gap. The wire can be adjusted so that the gap between
the two facing electrodes is a distance comparable to the length of the molecule that will contact
it. It has been shown that it is possible to measure molecules whose length is less than 1 nm, and
ideally metallic break junctions can be used to characterize a single molecule.19 As a fabrication
approach nanoscale pores on a silicon nitride layer was proposed to measure the conduction
through a SAM of molecular wires sandwiched between top and bottom metallic contacts.21,22
E-beam lithography and plasma etching are applied to prepare pores in the silicon nitride film
suspended from the crystalline silicon wafer. The diameter of a pore is ~30nm and the length of
the demonstrated molecule is 1.2 nm. Since the second metallization is accomplished after the
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SAM formation on the nanopore, the self-assembled molecular layer is sandwiched between top
and bottom metallic contacts. Therefore it has no limitation of molecular length, in principle. In
order to avoid the thermal damage to the molecular layer, they proposed to use low evaporation
rate (~0.3 Å/sec). 21
The Challenging part of molecular electronics is fabricating a nanoscale gap between two
electrodes where the desired molecular device will reside. Its dimension should be comparable to
that of the molecule’s so as to enable in-between deposition of the molecules. Various methods
for nanoscale gap fabrication have been studied in the literature tried.22-24 Electron beam
lithography is widely used for deep nanoscale features less than 100 nm. The patterns are then
transferred to the underlying materials via anisotropic reactive ion etching.22,23 Typically this
process can generate smaller patterns than conventional photolithography. Nanowire gaps have
also been fabricated with electromigration in gold. Approximately 8 nm gaps have been
fabricated on 20 nm nanowires using the electromigration.24 Carbon nanotubes have been used
to create nanoscale gaps defined by the diameter of an individual carbon nanotube. Gaps, whose
widths are 20s nm, are formed after removal of nanotube under the chromium metal evaporated
onto a single nanotube. 25

9.2

EXPERIMENTAL

Fabrication procedure of nanoscale metallic gaps (Nanogap) is proposed using
microfabrication processes such as photolithography, etching, and metallization as described
elsewhere26. They form with the assistance of the sharp edge of lithographically patterned metals
on thermally grown SiO2 on silicon (100) substrates. Gold (90 nm in thickness) on a titanium
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(10nm) layer is evaporated in an electron-beam evaporator at ca. 5 x 10-6 Torr. Their deposition
rates are approximately 1 Å/sec. Probing pads designated as metal-1 for electrical measurements
are patterned by photolithography with a contact aligner (MAS6, Karl Suss). The gap between
pads is as large as > 10 µm, and the dimension of pads are around 100 × 100 µm2. The patterned
metals are etched by chemicals such as aquaregia for gold (HCl : HNO3 : Water = 1 : 1 : 1), and
titanium etchant for titanium (Transene company, Inc.). Removal of the photoresist is achieved
with stripper, and the second metal is then evaporated at an oblique angle. Since the oblique
metallization, that is metal-2, covered the entire area except the shadowed region, which is
adjacent to patterned metal-1, it requires a second lithography step. The width (dimension
perpendicular to the direction of gap distance) of the second pattern should be smaller than that
of the first one. The shadowed region remains between probing pads, resulting in a nanoscale
gap. The same processes are applied to the etching and strip as the first metal patterns. Finally,
the nanoscale gaps are formed as shown in Figure 1 (a). A more detailed discussion of this
procedure as well as the experimental results is available elsewhere26.

9.3

RESULTS AND DISCUSSION

Phenylacetylene-bridged gold nanoparticle dimer was prepared to bridge the two electrod
es on the Nanogap structure. Phenylacetylene oligomers (PAO) were used as a linker because of
their rigid conformation and potential candidate as molecular wires.27 A solution of citratecapped Au particles prepared in a sodium citrate buffer to stabilize nanoparticles. PAO dissolved
in 2:3 THF:ethanol mixture (THF is miscible in water) and added to Au particle solution slowly
while the solution stirred. Low nanoparticle concentrations, slow addition and stirring were all
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used to reduce the probability of large aggregate formation. The linker was deprotected in-situ in
citrate buffer solution that was basic for the deprotection to occur once the linker was added to
the nanoparticle solution. The dimer structures were evaluated using transmission electron micro
scopy (TEM). Figure 2 shows the TEM images of dimers (a) and the schematic of phenylacetyle
ne-bridged Au nanoparticle dimer (b). The diameter of Au nanoparticles is ~40nm, and the lengt
h of its dimer estimated is ~80 nm. Purification for removing unbound nanoparticles and remaine
d chemicals in the solution was accomplished using size exclusion chromatography.28

Assembling colloidal dimer nanoparticles between two electrodes was accomplished
using template-assisted self-assembly. On the patterned surface, the particles can be assembled
into the template with the assistance of physical confinement. An aqueous dispersion of particles
is added into the template, and the capillary forces exerted on the surface drags the particles
across the surface until they are physically trapped into the step.29,30 The method used in the
experiments is that nanoparticle solution drops on the gap area and then it will form meniscus
near the probing needle if the probe is partially dipped into the solution. If the needle is put near
the gap, a few particles are entered into the gap due to the dragging force of withdrawing water
meniscus during evaporation. Using meniscus can avoid the possible damages on molecular
layer compared to the dielectrophoresis or electrophoresis methods.
The diameter of Au nanoparticle (size variation < 10%) is chosen to be smaller than the
distance of electrodes of the Nanogap. Only if the dimer is assembled in a length direction, it can
show conductance of phenylacetylene-bridged Au nanoparticle dimer. The current through the
single Au nanoparticle whose diameter is 80 nm was relatively as high as ~2mA at 0.1 V.
Therefore the current through molecular bridge distinguishes easily from the current through Au
nanoparticle.
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Figure 3 shows the current-voltage characteristics of phenylacetylene-bridged dimer. The
curves are approximately linear at low bias regime (< 1.0 V) and show a variation in relatively
high bias regime. Resistance measured is 2.2 ± 0.64 GΩ at the voltage of –0.5 V - +0.5 V. This
value is comparable with the resistance (1.7 ± 0.4 GΩ) of single oligophenylene-ethynyldithiol
(OPE) measured with STM. OPE was inserted into a C11 alkanethiol film with nanoparticle
attached.15 Blum et. al. assume that most of the insertions are single, isolated molecules and that
the measurement have been done for individual OPE molecule.15 Since they have inserted an
OPE into the C11 alkanethiol layer, their resistance can be underestimated owing to the
tunneling through C11 alkanethiol layer. As well as the structural difference, it may be a reason
for higher resistance in our result.

9.4

CONCLUSION

In conclusion, new approach of interconnecting molecules using metallic nanoparticle
dimer and nanoscale gap is proposed. The nanoscale gap was prepared through conventional
microfabrication processes, which has an advantage in circuit formation. The synthesis of
phenylacetylene-bridged Au nanoparticle dimer is demonstrated, and the dimers are assembled
into the nanoscale gap for the electrical characterization. The method proposed is expected to be
useful in connecting nanoscale circuit elements for the molecule-based electronic devices.
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Figure 1 TEM images of assembled dimmer (a) and schematic diagram of nanoparticle-

molecule-nanoparticle assembly. Scale bar in (a) is 100 nm.
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100nm

Figure 2 Image of dimer assembled between two metal electrodes. Resistance measured is 2.2 ±

0.64 GΩ at the voltage of –0.5 V - +0.5 V.
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Figure 3 I-V Characteristics of assembled nanoparticle-molecule-nanoparticle.
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Chapter 10. Selective formation of self-assembled molecular layer
using electron-assisted desorption
Changwoong Chu and Gregory N. Parsons
Dept. of Chemical & Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

ABSTRACT

The selective adsorption of SAM on Au plates by means of electron supply is proposed
to develop the pliable manipulation of self-assembling molecular elementary devices. According
to the alkanethiolate desorption study from Au surfaces, the reductive electrodesorption reaction
happens due to the electron supply. It causes the desorption of the chemisorbed molecules
without C-S bond breakage. When it is applied on the two adjacent metals during the formation
of SAM., the growth rate of the SAM on the biased Au film is reduced significantly due to the
inhibition of formation of chemical bond with Au. The selective adsorption method is applied to
the two metal patterns whose distance is ~50 nm, which is an electrical test-beds for the
molecular resistors. The electrical characterization is in good agreement with the selective
formation of molecular layer on metal.
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10.1

INTRODUCTION

Molecular self-assembly processes have been preferred approach for building
elementary circuits in molecular electronics. This approach was applied for various building
blocks as an elementary electronics such as the molecular wires and resistors,1-5 rectifier,6-8 thin
film transistors,9 and negative differential resistances.10,11 In particular, the self-assembly
monolayer (SAM) on metals attracts the considerable interests because of its application to
fabrication processes for nano-scale devices,12-14 mechanical modification of metal surfaces,10 a
chemical and biochemical sensors,15 and interconnecting molecular devices.10,16
The challenging part of molecular electronics is fabricating a nanoscale gap between two
electrodes that the desired molecular device will bridge. Its dimension should be comparable to
that of the molecule’s so as to enable in-between deposition of the molecules. Various methods
for nanoscale gap fabrication have been studied.10,17,18 Furthermore, the selective binding of
molecules is quite useful for the fabrication of molecular circuits. It provides the method to insert
a molecule with specific function onto the designed site and eventually to fabricate complex
circuit.
In this article, we propose the selective adsorption of SAM on Au plates by means of
electron supply. It is demonstrated on the two adjacent metal films whose distance is ~50 nm,
and compared in the standpoint of the electrical resistances.

10.2

RESULTS AND DISCUSSION

Study for the alkanethiolate desorption from Au surfaces was proved that reductive
electrodesorption reaction follows the reaction:
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RS-Metal + solvent + e = [RS-]solvent + Metal

RS-Metal stand for the adsorbed alkanethiolate molecule on the Metal substrate, e for the
supplied electrons, and [RS-]solvent for the solvated desorbed alkanethiolate. According to the
reaction study, the electrodesorption takes place without C-S bond breakage.19,20 The
alkanethiolate desorption from Au surfaces in hexadecane have reported that activation energy
increases 0.84 kJ/mol per methylene unit21 and that the stabilization energies are on the order of
1.5 kJ/mol per methylene unit.22 The reductive electrodesorption is required to supply these
energies. The SAM adsorbed on the gold was removed by the supply of electrons with the
potential to -2.0 V, referred to the saturated calomel electrode, in an electrochemical cell
containing electrolyte.20
Figure 1 show a schematic diagram of selective formation of SAM in two adjacent
electrodes. During the formation of SAM on Au electrode, the potential is applied on one
electrode with respect to the other electrode as shown in Figure 1(b). The applied potential may
inhibit the formation of SAM, but the molecules may stick freely on the other electrode that is
the electron drain. The reduced rate of SAM formation results in selective formation of SAM as
shown in Figure 1(c). The electrical characterization of SAM is allowed by assembling Au
nanoparticles onto the gap. Figure 1(d) shows the assembled nanoparticle that bridges two
distinct electrodes.
To evaluate the effect of bias on the growth rate of SAM film on the Au film 5 mM of
decanethiol solution in ethanol was used. Thin Au (90 nm) / Ti (10 nm) layer was deposited on
the SiO2/Si substrate using electron-beam evaporator. After rinsing with fresh piranha (H2SO4 +
H2O2) solution and flowing deionized water, the Au film was dipped into the decanethiol solution.
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Two Au samples were used in the same solution, and one is applied bias (-2.0 V) and the other is
grounded to promote the current flow. The thicknesses of the SAMs were measured with a
Rudolph Research Auto El III ellipsometer equipped with a He-Ne laser (632.8 nm) set at a fixed
incident angle of 70°. A refractive index of SAMs were assumed to be 1.45.23 All measurements
were performed at room temperature under ambient, and the three data were collected for each
sample right after rinsing the samples from the solution.
The growing thickness of decanethiol SAMs as a function of incubation time is shown in
Figure 2. The SAM growing faster in grounded Au film than the SAM on biased sample. After
forming the monolayer in grounded Au, the biased Au sample forms 2 – 3 Å of decanethiol film
which is not complete monolayer.
This selective formation process is applied to the π-conjugated biphenylenethiol. The
solvent used was ethanol (anhydrous, Sigma-Aldrich). The applied potential is -2 V for the
inhibition of SAM formation. The current through the solution ranges 10-6 - 10-5 A during
selective formation. For a better conductance through the solution, 0.1 M NaOH aqueous
solution is added.20
Figure 3 shows the current-voltage characteristics of biphenylenethiol SAM at room
temperature. The curves of SAM-Au particle (SA) show more than twice in the conductance
compared to the SAM-Au particle-SAM (SAS) structure. The calculated resistances are 17.0 MΩ
in SA and 46.7 M Ω in SAS, respectively. Its difference in resistances shows that the SAM on the
biased electrode is very thin and negligibly participates in the current because the Au electrodeAu nanoparticle have a relatively low resistance of 110 Ω.24 The curves of SAS structure show
the symmetric behavior in resistances, while the curves of SA structure show a bit asymmetric
curves. We guess that it attributes the physical contact at the interface of molecule to Au particle

166

but the other side of molecule has chemical bond with Au electrode. Zhou et. al. showed the
asymmetric curve with the same biphenylthiol, which was expected due to the physical contact.25
However, the our measurement do not show the strong asymmetric behavior as shown in their
nanopore structure, which is presently unclear.

10.3

CONCLUSION

We proposed the selective adsorption of SAM on Au plates by means of electron supply
and demonstrated it on the two adjacent metal films whose distance is ~50 nm. The SAM growth
rate is quite low in the biased Au film compared to the grounded electrode. The electrical
characterization was performed for the selective deposition of SAM bridged by the Au
nanoparticle, which shows twice of resistance and slight asymmetric curves. This method
provides pliable assembly for molecular electronics and can be used to compose molecular
circuits by connecting two different functioning molecules like a diode.
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(a)

(b)

(c)

Figure 1 Schematic diagram of selective formation of SAM in two adjacent electrodes. Cleaned

Au film is patterned for the simple circuit in (a). Formation of SAM on Au electrode with the
potential applied on one electrode in (b). The applied potential may inhibit the formation of SAM,
but the molecules may stick freely on the other electrode that is electrically floating. The reduced
rate of SAM formation results in selective formation of SAM as shown in (c). The assembled
nanoparticle bridges two distinct electrodes for the electrical characterization of SAM.
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Figure 2 The ellipsometric thickness of decanethiol SAMs as a function of incubation time. The

bias sample (-2V) is immersed into the decanethiol solution with the unbiased sample within 2
cm apart. The samples are rinsed with ethanol prior to thickness measurement.
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Figure. 3 The current-voltage characteristics of SAMs. The curves of biphenylthiol-Au particle-

biphenylthiol (O) and Au particle-biphenylthiol SAM (•) are shown. The characterization is
accomplished under vaccum at room temperature.
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