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Molecular transport junctions (MTJs) are essential structures for
developing the field of molecular electronics.1–3 Several techniques
have been developed to form such junctions, including ones based
upon nanopores,4 scanning probes,5–7 Hg drop top contacts,8 wire
crossings,9 and template-synthesized materials.10 All of these
techniques can be classified as sequential approaches: the molecules
are first covalently attached to one electrode and then a second
electrode is brought into contact with the molecules or molecular
layers by either mechanical control or metal evaporation. Alterna-
tively, one-step methods for directly assembling molecules into
predefined nanogap electrodes have been developed for constructing
MTJs. With these one-step approaches, nanogaps have been
fabricated by shadow mask evaporation,11 mechanical break
junction techniques,12,13 electroplating,14 local oxidative cutting of
carbon nanotubes,15 and electromigration.16 Although researchers
have used these techniques to make impressive advances in
measuring the conductance of MTJs,5–15 the question of how to
reliably fabricate nanogaps between electrodes with the appropriate
molecular dimensions in a controlled, high-throughput, and scalable
manner remains open.

Recently, we developed an on-wire lithography (OWL)17 tech-
nique to fabricate free-standing nanogaps (Figure 1a and b). The
gaps in these systems can be scaled down to ∼2 nm in a high-
throughput and highly reproducible fashion.18 OWL relies on the
template-directed synthesis of nanorods in an anodized aluminum
oxide membrane (pore diameter ∼360 nm) by the electrochemical
deposition of desired materials.19,20 By selectively introducing a
thin sacrificial layer of Ni, one can subsequently create a gap of
well-defined thickness by selective wet-chemical etching. The gap
size is controlled by the number of coulombs passed in the
electrochemical synthesis of the Ni layer. For instance, 3 nm Ni
segments are obtained when 30 mC of charge is applied during
electrochemical deposition, while 2 nm thick segments result from
20 mC of passed charge. The structure is held together by a thin
coat of silica on one face of the wire, which is introduced prior to
the etching step. Herein, we demonstrate how OWL-fabricated
nanogaps can serve as a new testbed to construct MTJs through
the assembly of thiolated molecular wires across a gap formed
between two Au electrodes. We show how one can use OWL to
easily characterize a MTJ system and optimize gap size for two
molecular wires of different dimensions.

In a typical experiment, 360 nm diameter wire structures with
∼3 nm nanogaps were cast onto a substrate with gold microelec-
trodes and then connected to the electrodes by e-beam lithography
and subsequent chromium and gold thermal deposition (Figure 1c).
The unmodified nanogap device was immersed in a tetrahydrofuran
(THF) solution of R,ω-dithiol terminated oligo(phenylene ethy-

nylene) (OPE-1, ∼0.2 mg/mL) for 24 h, rinsed with THF,
dichloromethane, and ethanol, and then blown dry with N2. OPE-1
was selected as a molecular wire because its length is appropriate
to span the 3 nm gap defined by the OWL process, and the
oligo(phenylene ethynylene) moiety is a well-known, conductive
π-conjugated organic molecular wire from which a high quality
monolayer can be prepared.21

The two terminal I-V characteristics of the ∼3 nm gap devices
were measured at room temperature before and after molecular
assembly (Figure 2a). The empty nanogap (black trace, Figure 2a)
exhibits no conductance within the noise limit of the measurement
(<2 pA). However, the nanogap devices loaded with OPE-1 show
a significant I-V response (red curve, Figure 2a), suggesting the
assembly of the molecules across the gap with chemical connectivity
to each of the gold electrodes on opposite sides of the gap.
Consistent with this conclusion, ∼3 nm gap devices loaded with a
monothiol terminated OPE (OPE-2, Figure 1d) did not exhibit
significant current transport across this sized nanogap (red curve,
Figure 2b). In addition, 1-octadecanethiol (ODT), 1,16-hexade-
canedithiol (HDT), and biphenyl-4,4′-dithiol (BPDT) assembled in
such ∼3 nm gap devices all lead to I-V characteristics similar to
open gap structures (Figure 2b). Taken together, these data strongly
suggest OPE-1 assembles on the gold nanowires and spans the gap
in such a way that it can chemically bond to each of the gold

Figure 1. (a) SEM image and (b) TEM image of wires with 3.2 ( 0.4 nm
gaps fabricated by OWL; (c) SEM image of a device prepared with an
OWL-fabricated wire with a ∼3 nm gap; (d) molecular structure of OPE-1
and OPE-2; (e) a diagram of OPE-1 molecules spanning the ∼3 nm gap.
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electrodes that are on opposite sides of the gap. It should be noted
that the magnitude of the current measured with different devices
is different (from 0.1 nA to 300 µA with 1 V bias), which is
presumably due to the number of molecules that actually span the
nanogap and make contact with the gold segments (Supporting
Information). The roughness of the electrode surface likely
contributes to the observed variation.

Significantly, the nanogap size can be rapidly tailored to match
the size of a given molecular wire. For instance, when OPE-2 with
the length of ∼2.6 nm is assembled within ∼2 nm gaps fabricated
by OWL, an MTJ is established and rectifying behavior is observed
(Figure 3). The rectifying behavior is likely a result of the different
modes of contact between the different ends of the molecules and
the gold electrodes that span the gap. One end can chemisorb to
the electrode while the other is limited to physical contact (Figure
3, inset). These two different metal-molecule contacts induce
different electronic coupling of the interface, different injection
barriers and unequal voltage drops.22–24 For different devices, the
current magnitude varies (from 0.07 to 400 nA with 1 V bias), but
the rectifying behavior is always observed with this size gap with
OPE-2 (Supporting Information). It also should be noted that the
rectification ratio, which is defined as the forward current divided
by the reverse current, is different in each gap device. This
observation may be related to the different possible orientations of
OPE-2 within the gap due to its dissymmetric molecular structure
(Figure 3, inset). Finally, the rectifying response may imply that
the molecules do not create structures with a 1:1 ratio of the two
different possible general orientations (determined by the electrode
to which thiol adsorption occurs). This could be due to templated

assembly, where the initial adsorption event directs sub-
sequent events to create structures with a predominance of one
orientation.

These new MTJs not only provide a rapid way of matching gap
size and electrode composition with molecular electronic compo-
nents of interest (note, we have made electrodes out of Au, Pt, Pd
and Ag thus far),17 but also allow one to rapidly define the intrinsic
transport properties of the molecules that span the gaps. For
example, we studied the temperature dependent I-V characteristics
of the OPE-1-modified junction (Figure 4a) to elucidate the
conduction mechanism of the device. The monotonic decrease of
current with temperature suggests a thermally activated transport
mechanism, such as thermionic emission or hopping conduction.25

However, hopping conduction can be excluded on the basis of the
temperature-dependent voltage dependence.26 When ln(I/V) is
plotted as a function of 1/T the curves should be identical for
hopping conduction; but instead one sees a clear difference as a
function of voltage (Figure 4b). However, if one plots ln(I) vs V0.5,
a linear dependence is observed (Figure 4c), which is characteristic
of thermionic emission.25,27 This dependence comes from the
following relationship28

I)AT2exp(-qΦ- q� qV
4πε0εd

kT
) (1)

where A is the effective Richardson constant multiplied by the
current injection area, Φ is the thermal emission barrier height, k
is the Boltzmann’s constant, q is the electron charge, ε0 is the
vacuum dielectric constant, ε is the relative dielectric constant of
the OPE-1 layer, and d is the thickness of the OPE-1 monolayer.

It is important to note that the disordered film model, which
describes charge injection from a metal into a disordered organic
film, predicts a current-voltage dependence similar to the thermi-
onic emission model.29–31 This model is often used to describe
charge injection in light emitting diodes (LEDs), which have
disordered multilayers of organic molecules between the metal
electrodes in the device. We use the thermionic emission model to
describe our system because the monolayer of OPE-1 molecules
are chemisorbed to the electrodes on opposite sides of the gap and

Figure 2. (a) Representative I-V response for ∼3 nm OWL-fabricated
gaps before (black curve) and after (red curve) being modified with OPE-
1. (b) I-V response of a ∼3 nm pure nanogap before (black curve) and
after OPE-2, HDT, ODT, and BPDT modification.

Figure 3. Representative I-V response for 2 nm OWL-fabricated gaps
before (black curve) and after (red curve) being modified with OPE-2. (Inset)
A diagram of OPE-2 spanning the 2 nm gap in a nanowire fabricated by
OWL.

Figure 4. (a) Temperature dependent I-V response of OPE-1 bridging
the 3 nm nanogap fabricated by OWL. (b) Plots of ln(I/V) as a function of
1/T for different biases. (c) Plots of ln(I) vs V0.5 with biases from 0.1 to 1.0
V at different temperature. (d) Plot of the slope of ln(I) - V0.5 vs 1/T. The
inset shows the magnification of the high temperature part with linear fitting.
All of the straight lines are �2 fits for respective data sets.
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significantly more oriented and ordered than the types of molecules
found in conventional LEDs.

At high temperatures (>120 K) (red line, Figure 4d), the response
of the MTJ fits well with a thermionic emission mechanism, which
involves thermally activated charge injection from the electrode to
the OPE-1. From the slope of the line formed from plotting ln(I)
- V0.5 as a function of temperature, one can determine the relative
dielectric constant of the OPE-1 layer to be 16.4, the thermal barrier
height to be 0.19 eV, and the Richardson constant to be 21 A/cm2.
This assumes a monolayer thickness of 3 nm, the average size of
the nanogap. These values are comparable to ones reported for other
organic molecular wires.26,27 However, at low temperatures (<120
K), charge transport is dominated by tunneling.32 Consistent with
this conclusion, the I-V response is minimally dependent upon
temperature (green line, Figure 4d). Therefore, there are two
different charge transport mechanisms depending on temperature
for the OPE-1 MTJs based on the OWL-fabricated nanogaps: at
low temperature (>120 K), electrons tunnel across the barrier
through the intervening states; as the temperature increases, thermal
emission of electrons over a barrier of 0.19 eV dominates electron
injection from Au to the OPE-1 layer, thus reducing the contribution
from the tunneling process. The transition from tunneling to
thermionic emission at high temperature is likely the result of
thermal fluctuations and the onset of torsional fluctuations of the
phenyl rings in OPE-1. Others have invoked this type of torsional
fluctuation to explain transitions between different transport mech-
anisms.33 It is worth noting that this is the first experimental
observation of a transition from tunneling to thermionic emission
in a MTJ, although there are two examples of other kinds of
transport transitions: tunneling to hopping (depending on temper-
ature)34 and tunneling to field emission (depending on bias).35 The
different transition behaviors suggest the importance of local
environment and the means by which molecules are con-
tacted.36

In summary, this work is important for the following reasons.
First, it shows how one can use OWL to rapidly construct electrodes
with gaps small enough to accommodate “molecular wires”, and
that the gap size can be tailored for a given molecule. Second, the
process is high-throughput, with respect to gap fabrication, and
extremely flexible with respect to the type of materials one can
use as an electrode. Anything that can be plated in an electrochemi-
cal experiment is an electrode candidate material. Third, the
approach allows one to easily study the properties of molecular
wires, and we have created an initial testbed to identify unusual
transport mechanism differences for one type of molecular wire
(OPE-1) as a function of temperature. Indeed, from a molecular
electronics point of view, OWL-fabricated structures offer a
transport testbed of remarkable simplicity, stability, and scalability.
In addition, OWL-fabricated MTJs may be used for a variety of
applications that extend beyond electronics, including chemical and
biological sensing when more sophisticated molecules are used to
make them.
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