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Nanowire metal-molecule-metal junctions containing dithoilated molecules of dodecane (C12), oligo-
(phenylene ethynylene) (OPE), and oligo(phenylene vinylene) (OPV) were prepared by replicating the pores
of sub-40 nm diameter polycarbonate track etched membranes. Bottom Au-S or Pd-S contacts were made
by potential-assisted molecule assembly onto the tips of the first segment of the electrochemically deposited
nanowires. Top S-Ag or S-Pd contacts were formed by depositing Ag or Pd nanoparticles, which also
served as a thin seed layer for electrodeposition of the second nanowire segment. Room-temperature current-
voltage (I-V) measurements of individual nanowires show that the conductance of junctions formed with
π-conjugated oligomers are several orders of magnitude larger than the saturated alkanes, with the OPV
junctions having the highest conductance. The molecular wire junction conductance was also found to be
dependent on the metal contacts with symmetric Pd-Pd junctions yielding the best metal-molecule coupling
and highest conductance.

1. Introduction

Molecular electronics promises to deliver ultrahigh-density
memory and logic circuits that can be realized with dimensions
well below the scaling limits of conventional top-down fabrica-
tion methods associated with silicon technology.1 Considerable
progress has been made toward this end by developing test beds
to characterize the electrical transport properties of individual
molecules or small assemblies of molecules. Measurements have
been taken on individual molecules using scanning-tunneling
probe contacts2,3 and controllable break junctions.4-6 These
studies have revealed fundamentals related to conduction
through aromatic molecular wires and switching in nitroaromatic
molecules7 as well as coulomb blockade and kondo effects in
C-60.8 Self-assembled monolayers (SAMs) of molecules have
been characterized with top metal contacts formed using atomic
force probes,9-12 mercury drops,13,14 low-temperature evapora-
tion,15,16electroless deposition,17 and crossing metal wires.18,19

Molecular junctions fabricated with SAMs of nitroaromatics20,21

and rotaxanes22 have exhibited technologically important prop-
erties such as negative differential resistance (NDR) and bistable
memory.

We recently described a method17 to fabricate Au-16-
mercaptohexadecanoic acid-Au nanowires using electrochemi-
cal template replication, which produced approximately 1011

nanowires in each synthetic run. In this paper, we report on the
synthesis and electrical transport properties of 30-nm diameter
in-wire metal-SAM-metal junctions that incorporate three
different molecules: saturated alkane chains of dodecane (C12),

π-conjugated oligo(phenylene ethynylene) (OPE), and oligo-
(phenylene vinylene) (OPV) in dithiolacetates (Figure 1) and
three different metal contacts: Au-SAM-Pd, Au-SAM-Ag,
and Pd-SAM-Pd. Our previous process was modified to use
potential-assisted assembly23 to enhance molecule diffusion in
the template pores, which allowed us to form well-ordered
SAMs on the nanowire tips in a shorter amount of time. We
also employed new methods for seeding the thiol-terminated
SAMs with Ag and Pd nanoparticles before electrodepositing
the top metal nanowire segment. Room-temperature current-
voltage (I-V) measurements of these molecular junctions show
that for a particular pair of metal contacts the conductance of
OPV molecular wire junctions are approximately 1 order of
magnitude larger than the OPE molecular wire junctions and 3
orders of magnitude larger than the C12 insulating junctions.
Current densities obtained for in-wire junctions formed with
S-Au contacts are comparable to those measured using a
crossing-wire test bed.19 In addition, junctions formed with
symmetric S-Pd contacts had higher conductance than those
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Figure 1. The molecular structures of the C12, OPE, and OPV
molecules investigated in this paper.
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formed with asymmetric S-Au/S-Pd or S-Au/S-Ag contacts.
This is in good qualitative agreement with theoretical predic-
tions24 that the S-Pd interface provides a lower barrier for
transport than S-Au or S-Ag, which are both similar.

These results demonstrate that in-wire molecular junctions
fabricated using template replication may facilitate rapid screen-
ing of the electrical properties of metal-molecule-metal
devices containing different molecular structures, end-groups,
and metal contacts. In addition, these “functional nanowires”
may also serve as building blocks for interconnecting molecular
device junctions directly into ultrahigh-density electronic circuits
through bottom-up directed assembly methods.25,26

2. Experimental Section

Chemicals.Polycarbonate track-etched (PCTE) membranes
(pore sizes of 0.01µm, thickness of 6µm) were purchased from
Osmonics Inc. Au, Ag, and Pd electroplating solutions were
obtained from Technic Inc. All other chemicals were used as
received without further purification. The synthesis of the
compounds (Figure 1) has been described elsewhere.19,27

Nanowire Preparation. Prior to electrodepositing the metal
nanowires, one side of a PCTE membrane was coated with a
20-nm Cr and 120-nm Au thick seed metal by thermal
evaporation. The Au surface of the membrane was then placed
onto a Ag plate, which served as a cathode during electrodepo-
sition. The electrochemical cell was completed by centering a
glass tube terminated in an “O”-ring seal on top of the membrane
and securing the assembly together with a clamp. In all cases,
a Ag/AgCl electrode was used as the reference electrode and a
Pt wire as the counter electrode. The bottom Au nanowire
segments were electroplated at a constant potential of-0.9 V
(EG&G PAR M273 potentiostat) to a length of approximately
3 µm. The bottom Pd segments were grown by performing
cyclic voltammetry in the Pd plating solution between 0 and
-0.3 V at a scan rate of 20 mV/s for 5 cycles and then
holding the potential constant at-0.3 V for the duration of the
growth.

Potential-Assisted SAMs. Planar control samples were
prepared using silicon substrates coated with 20-nm Cr and 120-
nm Au by thermal evaporation. Prior to molecular assembly,
the Au surface was cleaned in NH4OH/H2O2/H2O (1:1:5) for
15 min, rinsed in DI water, and dried in a N2 flow. According
to protocols developed previously,23 SAMs were formed at a
constant potential of+400 mV (vs Ag/Ag+/ACN) and 0.1-
0.5 mM molecular concentration. The solutions were prepared
with a mixed solvent of EtOH/MeOH/acetone (15:1:2) and a
supporting electrolyte of 0.5 mM tetrabutylammonium perchlo-
rate (TBAP). Monolayers were assembled directly from the
thioacetyls without base/acid deprotection to avoid forming
disulfide-linked multilayers. After incubation for 1-6.5 h in
an inert atmosphere, the resulting SAMs were deprotected to
form free thiol ends with the addition of 0.5% NH4OH for 5
min. Blocking experiments were performed on samples with
electrode areas of 0.45 cm2 by cyclic voltammetry from-0.2
to +0.6 V at scan rate of 50 mV/s in 1 mM K3[Fe(CN)]6 and
0.1 M KCl aqueous solutions. The same procedures were used
to deposit SAMs on the tips of the Au metal nanowires within
the membrane pores.

Nanoparticle Seeding and Top Metal Electrodeposition.
Pd nanoparticle seeding was accomplished by first soaking the
PCTE membrane in 3 mM (NH3)4PdCl2/H2O for 12 h to adsorb
Pd ions onto the free thiol end of the SAMs. The Pd ions were
then electrochemically reduced to Pd nanoparticles in a Pd
plating solution by cyclic voltammetry from 0 to-0.3 V (or

-0.4 V) at a scan rate of 20 mV/s for 5 cycles, after which the
potential was held at-0.3 V (or -0.4 V) for 5-10 min.
Similarly, Ag nanoparticle seeding was initiated by soaking the
PCTE membrane in 10 mM AgNO3 for 15 min. The Ag ions
were then chemically reduced to Ag nanoparticles by immersion
in 25 mM NaBH4 for 5 min and development in commercial
silver enhancement solution (Sigma, Silver Enhancer Kit) diluted
1:2 with DI water for 1 min. After capping the SAMs with the
Pd or Ag seed layers, the top segment of the Au nanowires
were electrodeposited by gradually stepping the constant
potential from-0.3 V to-0.9 V until the Au segments emerged
from the PCTE surface. The residual Au layer was wiped off
of the PCTE membranes leaving the nanowires inside the
pores.

Nanowire Assembly and I-V Characterization. The
nanowires were released from the PCTE membrane by being
dissolved in dichloromethane. Electrical characterization was
facilitated by electrofluidically aligning individual nanowires
between pairs of metal electrodes (5µm long, 1µm wide, 3-5
µm gap) that were defined lithographically on an oxidized silicon
wafer using procedures published elsewhere.28 Briefly, align-
ment took place by dispersing 10µL of the nanowire suspension
onto arrays consisting of 100 metal electrodes that were biased
with an alternating voltage of 5 Vrms at 10 kHz. The bias was
maintained until the dichloromethane evaporated, which typi-
cally occurred in less than 1 min. After alignment, I-V
measurements of individual metal nanowires and in-wire metal-
molecule-metal junctions were carried out at room temperature
using an Agilent 4155C semiconductor parameter analyzer.
Electrical connections were made using a Micromanipulator
7000 probe station and low-noise coaxial probe holders,
permitting measurement of sub-100 fA current levels.

Ellipsometry. The thickness of the SAMs deposited on planar
control substrates was determined using a dual-mode automatic
ellipsometer L116A (Gaertner Sci. Corp.) with He-Ne laser
light (632.8 nm) incident at a 70° incident angle. The thickness
was measured based on a refractive index ofnf ) 1.5, kf ) 0.
The ideal monolayer thickness was calculated from a molecule
length between the dithiol groups using a bond length of 0.24
nm for Au-S bond.

3. Results and Discussion

Metal-SAM-metal nanowires were synthesized by electro-
chemical template replication in nanopores of a polycarbonate
track-etched membrane, which produced nanowires with diam-
eter of 30-40 nm. Template replication29,30,31has been used to
fabricate large quantities of (1011/cm2) monodisperse nanowires
that incorporate different metals or junctions (i.e., semiconduc-
tor, conducting polymer, etc.) along the length of the wire. The
nanowire diameter is determined by the pore size, and their
length is controlled by adjusting the amount of charge passed
during electrodeposition at a constant potential. We formed
metal-molecule junctions at the tips of nanowires by depositing
SAMs of C12, OPE, and OPV molecules using a potential-
assisted assembly method, which results in well-ordered SAMs
with shorter incubation times. Compared to chemical assembly,32

where the open circuit potential is approximately-0.5 V (vs
Ag/Ag+/ACN), electrochemical assembly at+0.4 V improves
molecule diffusion into the membrane pores and molecule
adsorption at the tips of nanowires. SAMs were formed directly
from the thioacetyls without base or acid deprotection to prevent
multilayer formation due to the oxidative coupling of the
terminal thiol groups forming disulfide-bridged species. More-
over, the remaining thioacetyl protected-groups also prevented
oxidation of the SAM when exposed in air.
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Table 1 compares the experimental and calculated thicknesses
and blocking ratio of three different molecular monolayers
assembled onto Au and Pd planar control samples. The measured
SAM thicknesses were approximately equal to those calculated
theoretically, indicating that the potential-assisted assembly
method forms a single molecular monolayer rather than a
multilayer. The resulting SAMs also show good blockage of a
redox reaction of ferrrocyanide/ferricyanide couple, where the
oxidation/reduction decreased by more than 93% after SAM
adsorption. On the basis of these values for the blocking ratio,
we expect that defects in the SAMs (e.g., pinholes) and tip
surface roughness would result in fewer than 5-10% of the
nanowires with electrically shorted junctions.

The electrical integrity of molecular junctions can be very
sensitive to the methods used to form the top metal contact.11,33

We demonstrated previously17 that incorporating electroless seed
layers formed by sequential reduction of a Sn-Ag-Au nano-
particle multilayer onto carboxylate-terminated SAMs was
effective at preventing junction shorting during electrodeposition
of the top nanowire segment. However, it was difficult to
investigate the properties of the metal-molecule junction due
to the complex interfacial coupling between the seed layer and
the molecule. Here, we incorporated metal seed layers based
on depositing a thin layer of metal nanoparticles (i.e., Ag and
Pd) by chemical or electrochemical reduction of metal ions
adsorbed onto the free thiol end of the SAM. The nanoparticles
serve as a protective layer that minimizes shorting of the
molecular junction and as a seed layer to initiate growth of the
second nanowire segment at a potential low enough to prevent
desorption of the SAM (e.g., less than-0.4V). These procedures
simplified the top metal-molecule contact interface and allowed
us to study the electrical properties of Au, Ag, and Pd metal
contacts to molecules with symmetric thiol end groups.

Nanowires were aligned between pairs of lithographically
defined Au electrodes by AC electric-field-assisted assembly.28

The concentration of nanowires in suspension was adjusted to
obtain a high yield of single nanowire alignment. Figure 2 shows
scanning electron microscope (SEM) images of a single Au-
OPE-Pd nanowire that contacting on a pair of 100× 300µm2

metal electrodes used for on-wafer probing. As is evident from
these images, the 6µm long nanowire spans the 3.5µm wide
gap with short segments of the nanowire contacting the left-
and right-hand electrodes. Such nanowires are suitable for
electrical measurement because the molecular junction is nearly
centered in the gap between the two metal electrodes.

Several control experiments were performed before the
nanowire molecular junctions were characterized electrically.
First, the leakage current was measured between pairs of large
area metal electrodes prior to nanowire alignment to verify the
quality of the test structure. In all cases, the current was found
to be less than 200 fA for voltages of(1 V, which is much
smaller than the levels of current expected for the molecular
junctions studied here. Second, the resistance of the structure

following alignment of 30-40 nm diameter solid Au nanowires
was determined. Linear I-V properties were observed for all
the Au nanowires that were measured, with currents of ap-
proximately 50µA at 10 mV. This results in a total nanowire
and contact resistance of approximately 200Ω, which gives a
maximum contact resistance between the metal nanowire and
bottom electrode of approximately 70Ω.34 This confirmed that
contact resistance between the 40 nm diameter Au nanowire
and the measurement electrode was negligible compared to the
expected resistance due to the molecular junction.

Electrical properties of the molecular nanowire junctions were
measured at room temperature for SAMs of C12, OPE, and OPV
molecules. Figure 3 shows typical I-V characteristics of Au-
SAM-Pd junctions plotted on a semilogarithmic scale. Error
bars are included to demonstrate the range of currents measured
on 10 or more nanowires prepared in multiple synthetic runs to
address the junction-to-junction and run-to-run reproducibility
of this method. Despite relatively large error bars, these data
indicate that the OPV and OPE molecular wire junctions have
much higher conductance than the insulating C12 junctions. In
particular, the representative current measured at a bias of 1 V
for OPE junctions is 5µA, while that of the OPV junctions is
20µA. These values of current are approximately 2 and 3 orders
of magnitude larger than the C12 junctions, which are 40 nA
at a bias of 1 V. The device-to-device variation that we measure
could be due to differences in nanowire diameter and contact
area (i.e., number of molecules participating in transport).

The trends in conductance measured in these nanowire
junctions of C12< OPE< OPV are in very good agreement
with previous experimental data obtained using crossed-wire
test bed junctions and with theoretical analyses of conductance

TABLE 1: Potential-Assisted Self-Assembly of C12, OPE,
and OPV Molecules on Planar Au or Pd Substratea

molecule substrate time block % D (exp) D0 (calcd)

C12 Au 3.5 h 93% 1.6( 0.1 nm 1.63 nm
OPV Au 6.5 h 98% 2.5( 0.1 nm 2.30 nm
OPE Au 5.0 h 99% 2.4( 0.1 nm 2.27 nm
OPE Pd 5.0 h 93% 2.4( 0.2 nm 2.27 nm

a The blocking ratio and experimental and calculated values of SAM
thickness are provided in the last three columns of the table. The
blocking ratio of the SAM is deduced by (1- ISAM/IAu)% from the
redox current of ferricyanide/ferrocyanide solution.

Figure 2. SEM images of a Au-OPE-Pd nanowire contacted at each
tip by a pair of Au pads at (a) lower magnification and (b) higher
magnification.
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through alkanes and molecular wires.19 In accordance with a
complete alkanethiol coverage9 of 9 × 10-10 mol/cm2 and a
molecular structure model with minimized energy, the area
occupied by a single molecule is approximately 0.2 nm2 for
C12, 0.28 nm2 for OPE, and 0.7 nm2 for OPV. From these
values, we estimate that there are approximately 3500, 2500,
and 1000 molecules in well-ordered 30 nm diameter C12, OPE,
and OPV junctions. Although the exact nature of the junction
(i.e., SAM and contacts) is not well understood, our I-V data
suggest that the current per OPV molecule at a bias of 1 V is
approximately 1 order of magnitude larger than that of the OPE.
Theoretical works propose that the higher conductance of OPV
as compared to OPE can be attributed to the higher coplanarity
of OPV that results in improvedπ conjugation35,36 and the
shorter bond-length alternation,19,37causing a smaller HOMO-
LUMO gap for electrical conduction. Electrochemistry measure-
ments36,38have also verified that the OPV backbone is a better
molecular wire than the OPE backbone.

The zero-bias resistances of our C12 nanowire junctions are
approximately R0 ≈ 6 × 107 Ω as determined from the slope
of the linear segment of the I-V curve between(10 mV. This
corresponds to a resistance per molecule of about 2× 1011

Ω/molecule that was calculated assuming 3500 C12 molecules
per nanowire junction. Values of R0 have been measured for
small bundles of 75 molecules9 and individual molecules12 with
symmetric Au contacts by CP-AFM and were shown to vary
between 8× 1011 Ω/molecule for C12 monothiols and 8× 109

Ω/molecule for C12 dithiolates. It has been suggested that
dithiolates are more strongly coupled to both the top and bottom
contacts through Au-S chemical bonding, which results in
lower overall junction resistance.11 The values of resistance per
molecule measured in our asymmetric Au-S-C12-S-Pd
nanowire junctions are intermediate between those determined
by CP-AFM. Such variations could be expected due to large
differences in sample preparation (i.e., electrodeposited vs
mechanical top contact) and contact metallurgy (Pd vs Au).

Figure 4 shows the I-V characteristics of the same molecular
nanowire junctions on a linear scale (lefty axis) and the assoc-
iated molecular conductance (righty axis) for biases of(1 V.
There is a notable increase in the conductance gap from approx-
imately 0.2 eV for OPV, 0.7 eV for OPE, and 1.2 eV for C12
molecular junctions, which follows from the differences in the
energy gaps of the molecules investigated. In addition, several
of the SAM junctions exhibit a slight asymmetry in the con-
ductance gap around 0 V. It is possible that this asymmetry is

due to the differences in Au and Pd coupling with the thiol end
groups of the molecule, which results in different contact
barriers.39

Conductance through metal-molecule junctions was also
found to be dependent on the coupling and contact between
metal and molecule.11,24,39-42 Figure 5 shows I-V characteristics
of OPE junctions with three different metal contacts, Au-Ag
or Au-Pd and Pd-Pd, plotted on a semilogarithmic scale. Each
of these metals is very reactive with the thiol end groups of the
OPE and forms a stable metal-S chemical bond. These I-V
characteristics show that the typical current at a bias of 1 V of
the Au-Ag and Au-Pd junctions is approximately 5µA, while
the current of the junction formed with Pd-Pd contacts is nearly
an order of magnitude larger. This confirms that the metal-
molecule interface plays a strong role in charge transport in
molecule junctions, with the symmetric S-Pd contacts resulting
in junctions with the highest conductance.

Figure 3. Semilogarithmic I-V characteristics of Au-SAM-Pd
junctions formed from C12, OPE, and OPV molecules. Error bars are
included for each junction to show the range of currents measured on
10 or more nanowire junctions prepared in multiple synthetic runs.

Figure 4. Linear I-V characteristics (lefty axis) and conductance
dI/dV (right y axis) of Au-SAM-Pd junctions shown in Figure 3.
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Corresponding I-V characteristics plotted on a linear scale
(left y axis) and the associated molecule conductance (righty
axis) for biases of(1 V are shown in Figure 6. Here it is noted
that the symmetry and width of the conductance gap also
depends on the molecule-metal interface. In our nanowires,
the gap is approximately 0.7 eV for Au-OPE-Ag junctions,
which is nearly equal to that of Au-OPE-Pd junctions (see
Figure 4). A smaller gap of 0.4 eV is measured for the Pd-
OPE-Pd junctions. The conductance gap is nearly symmetric
about 0 V for junctions with Au-Ag and Pd-Pd contacts.

Seminario et al.24 have investigated theoretically using a
Green function approach the conductance of phenyl molecules

with symmetric thiol and isonitril end groups contacted by
metals including Au, Ag, and Pd. These calculations suggest
that the S-Pd contacts will result in junctions with the highest
conductance, while the S-Ag and S-Au contacts will have
similar and much lower conductances. Similar differences are
also noted for NC-based contacts using the same metals.
Measurements made using nanopore test beds42 supported the
conclusion that NC-Pd produced junctions with higher con-
ductance than NC-Au contact. The data presented in this paper
is also consistent with this theoretical analysis. In particular,
lower values of current observed with one or more of the
contacts are formed by S-Au or S-Ag bond in comparison to
the junctions that contained symmetric S-Pd contacts. More-
over, the asymmetric behavior in the conductance gap of the
Au-Pd junction may be due to the larger contact barrier of
S-Au limiting electron transport in the Au-OPE-Pd junc-
tion.39

In conclusion, we have fabricated and characterized the
electrical properties of nanowire molecular junctions synthesized
in large quantity using electrochemical template replication
techniques. We investigated junctions formed using three
molecules, C12, OPE, and OPV, and three metal-molecule
contacts, Au-Ag, Au-Pd, and Pd-Pd. High quality junctions
were made by incorporating potential-assisted self-assembly to
produce well-ordered monolayers in a shorter assembly times.
Moreover, Ag or Pd nanoparticles were (electro)chemically
deposited on top of the thiol-terminated SAMs to serve as a
seed metal for growth of the second nanowire segment. We
found that π-conjugated dithiol oligomers were very good
molecular wires with the OPV molecules having higher
conductance than the OPE molecules. The Pd-Pd metal contact
resulted in molecular wire junctions with the highest conduc-
tance and hence the best electronic coupling to the molecular
junction. Such “functional nanowires” fabricated using simple,
reproducible methods such as those presented in the paper will
facilitate self-assembly of individual molecular devices into
large-scale memory and logic circuits.
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