
Chemical Fabrication of Heterometallic Nanogaps for Molecular
Transport Junctions

Xiaodong Chen†,§, Sina Yeganeh†, Lidong Qin†, Shuzhou Li†, Can Xue†,§, Adam B.
Braunschweig†, George C. Schatz†,*, Mark A. Ratner†,*, and Chad A. Mirkin†,*

†Department of Chemistry and International Institute for Nanotechnology, Northwestern
University, 2145 Sheridan Road, Evanston, IL 60208
§School of Materials Science and Engineering, Nanyang Technological University, 50 Nanyang
Avenue, Singapore, 639798

Abstract
We report a simple and reproducible method for fabricating heterometallic nanogaps, which are
made of two different metal nanorods separated by a nanometer-sized gap. The method is based
upon on-wire lithography, which is a chemically enabled technique used to synthesize a wide
variety of nanowire-based structures (e.g., nanogaps and disk arrays). This method can be used to
fabricate pairs of metallic electrodes, which exhibit distinct work functions and are separated by
gaps as small as 2 nm. Furthermore, we demonstrate that a symmetric thiol-terminated molecule
can be assembled into such heterometallic nanogaps to form molecular transport junctions (MTJs)
that exhibit molecular diode behavior. Theoretical calculations demonstrate that the coupling
strength between gold and sulfur (Au-S) is 2.5 times stronger than that of Pt-S. In addition, the
structures form Raman hot spots in the gap, allowing the spectroscopic characterization of the
molecules that make up the MTJs.

Molecular transport junctions (MTJs) are essential structures for developing the field of
molecular electronics.1-3 One of the major challenges in building MTJs is the development
of reliable methods for fabricating nanogaps, nanostructures that have metal electrode pairs
separated by a few nanometers that enable electrical contact to targeted molecules. To date,
five approaches have been evaluated for making nanogaps: (1) the mechanical break
junction technique,4,5 which is based on the mechanical breaking of a metal wire into two
electrodes with a gap; (2) electromigration,6-8 which involves passing a large electrical
current through a gold nanowire to cause the electromigration of gold atoms and eventual
breaking of the nanowire; (3) local oxidative cutting of carbon nanotubes with an oxygen
plasma and a lithographic mask;9 (4) microscopic gap narrowing by electrodeposition of
metal in the gap;10-12 and (5) shadow mask evaporation, in which nanoobjects, such as
carbon nanotubes, nanowires, and nanofilms, are used as masks to make nanogaps.13-15

Although impressive advances in making and characterizing MTJs have been made based on
these techniques,3 there are still major obstacles and limitations. For example, mechanical
break junction and electromigration techniques require an expensive e-beam writer to
generate nanowire patterns on substrates, and the yields of working devices are extremely
low (typically less than 5%).16 Furthermore, techniques explored to date have focused
primarily on the fabrication of symmetric nanogaps, where the two electrodes are made of
the same metal. Approaches for making heterometallic nanogaps, where the two electrodes
are made of different metals, are interesting and useful for the field of molecular electronics
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both from fundamental and technological standpoints. Such structures, in principle, would
allow researchers to tune the work functions of the electrode materials to better match the
HOMO and LUMO of the molecules inserted in the gap. In addition, they may be extremely
useful in the area of orthogonal self-assembly where adsorbate molecules can selectively
assemble across such structures in a highly oriented fashion based upon different functional
groups which are selective for the two metals.17 So far, only one method for fabricating
heterometallic nanogaps has been reported, involving the electrodeposition of a second
metal on a pre-existing lithographically defined electrode.18 The methods for making
heterometallic nanogaps that involve narrowing procedures with micrometer-sized
electrodes are complicated, difficult to control, and often very low yielding. Therefore, the
development of efficient and highly parallel methods for fabricating heterometallic
nanogaps with tunable dimensions would be a major step forward for the field of molecular
electronics.

Recently, we developed a chemistry-based nanofabrication technique, on-wire lithography
(OWL),19 to prepare a wide variety of nanowire-based structures (e.g., nanogaps and
nanodisk arrays) with control over composition and morphology. The obtained structures
have been used for prototyping nanostructured materials for use in molecular
electronics,20,21 surface enhanced Raman spectroscopy,22,23 plasmonics,24 and energy
conversion studies.25 OWL allows one to prepare gaps with feature size control down to 2
nm, and therefore it is ideal for creating testbeds for studying MTJs.20 The method is high-
throughput, provides control over electrode length and composition, and allows one to tailor
the gap size to molecular dimensions. Herein, OWL is used to fabricate heterometallic
nanogap structures in a massively parallel manner. The obtained heterometallic nanogaps
are used to construct MTJs through the assembly of thiolated molecular wires across a gap
formed between two electrodes made of Pt and Au, respectively.

As a proof-of-concept, we use OWL to fabricate heterometallic nanogaps composed of
platinum and gold. In a typical experiment, ~9 μm long, multisegmented Au-Ni-Pt-Au-Ni
nanowires (diameter ~360 nm) were synthesized by sequential electrochemical deposition of
gold (~3 μm), nickel (~10 μm), platinum (~2 μm), gold (~3 μm), and nickel (~1 μm) into
AAO templates (Anodisc 47, Whatman).26 (Note: a dash denotes the physical connection
between segments, while an underscore (used later) indicates a gap between the segments.)
The length of each segment can be controlled by monitoring the charge passed during the
electrochemical deposition process (Figure 1a). The first nickel segment (10 nm) is a
sacrificial layer, which can be removed subsequently to create a gap of well-defined
thickness between the gold segment and the platinum segment by selective wet-chemical
etching. The Ni segment thickness, and therefore 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 second Ni segment is
used to demarcate the position of the platinum segment after the OWL process. The
multisegmented nanowires are released from the template (Figure 1a) by removing the Ag
backing layer in a solution of methanol, 30% ammonium hydroxide, and 30% hydrogen
peroxide (4:1:1, v/v/v) and the dissolution of the AAO membrane in 3 M NaOH. By
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)
experiments, one can see that a ~10 nm nickel segment is sandwiched between the gold and
platinum segments (Figure 1 b and c). After the multisegmented nanowires were released
from the template, they were dispersed on a glass substrate. A layer of silica (50 nm) was
deposited on the nanowire-coated substrate by plasma-enhanced chemical vapor deposition
(PECVD). Sonication releases the nanowires from the glass substrate and exposes the
unprotected side of the nanowire. Dissolution of the nickel sacrificial layer with a HCl
solution yields wires with heterometallic nanogaps whose dimensions can be precisely
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controlled and where the electrode segments are fixed to an underlying silica coating.
Significantly, SEM and EDS experiments clearly show that the nickel sacrificial layers have
been removed, resulting in the formation of Au_Pt heterometallic nanogaps (Figure 1 d and
e). In addition, we can make Au_Pt heterometallic nanogaps with smooth rod ends (Figure
1f) by an in situ two-step electrochemical process.27

This technique can be applied towards the fabrication of small heterometallic nanogaps (for
instance, 3 nm and below what can be probed by EDS), which can be used in MTJ
fabrication. In a typical experiment, 360 nm diameter wire structures with ~3 nm Au_Pt
heterometallic nanogaps were cast onto a substrate with gold microelectrodes and then
connected to the electrodes by e-beam lithography and subsequent chromium and gold
thermal deposition (Figure 2a). The unmodified nanogap device was immersed in a
tetrahydrofuran (THF) solution of α,ω-dithiol terminated oligo(phenylene ethynylene) (OPE,
~0.2 mg/mL) for 24 h, rinsed with THF, dichloromethane, and ethanol, and then blown dry
with N2. OPE 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.28

The two terminal I-V characteristics of the ~3 nm gap devices were measured at room
temperature (under vacuum (1×10-3 torr) in the absence of light) before and after molecular
assembly. The empty nanogap exhibits no conductance within the noise limit of the
measurement (< 2 pA). However, the nanogap devices loaded with OPE show a significant
I–V response with rectifying behavior (black curve, Figure 2b), suggesting the assembly of
the molecules across the gap with chemical connectivity to each of the metal electrodes on
opposite sides of the gap. Importantly, only rods treated with the molecules have Raman
spectra consistent with the OPE structure, and only these rods exhibit a rectification
response. The rectifying behavior is likely a result of the different modes of contact between
the ends of the molecules and the different electrode materials that span the heterometallic
nanogap. One end of the molecule forms an Au-S connection while the other end forms a Pt-
S connection (Figure 2c). These two different metal-molecule contacts induce different
electronic coupling at the interface, different injection barriers, and unequal voltage drops.
Furthermore, we deduce that hole transport from Au to Pt is enhanced leading to larger
currents in the positive voltage regime than in negative bias where holes go from Pt to Au,
and 30% of the OPE devices exhibited this rectification behavior. The remainder yielded no
current above the noise limit of the measurement (~2 pA). Indeed, they exhibited current-
voltage characteristics similar to the empty nanogap structures (indicating some failure in
the construction of the junction). This success rate is significantly higher than that reported
for other approaches.16

To analyze the asymmetric MTJ, we present a simple model based on the non-equilibrium
Green’s function technique.29 We consider the single-level system in Figure 3, whose
Green’s function is given by

(1)

where ε0 is the single-level energy, and ΓL, R are the couplings of the molecule to the left/
right electrodes. In the Landauer limit of elastic tunneling,30 the current (I) can be written as
a function of the applied voltage (V),
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(2)

where the Fermi functions are given by fk = [1 + e(E−ηkV)/kBT]−1. The η parameters describe
the voltage drop across each interface, and we make the usual assumption that these are
proportional to the couplings: ηL = ΓR /(ΓL ΓR) and ηR = −ΓL /(ΓL + ΓR). Thus, rectification
originates from the asymmetric voltage drop across the interface due to different molecule-
electrode couplings (see Figure 3). We use Eqn. 2 to fit to the experimental measurement
and obtain ΓAu = 23 meV, ΓPt = 9.4 meV, and ε0 = 0.56 eV. Thus, we find that the Au-OPE
coupling is roughly 2.5 times stronger than Pt-OPE, leading to the observed rectification.

SERS measurements directly on the nanogaps confirm that the OPE molecules assemble
within Au_Pt heterometallic nanogaps. Sub-100 nm OWL-generated nanogaps have been
shown to act as Raman “hot spots” with enhancement factors as large as 108,21,31 so
molecules assembled within nanogaps can be identified spectroscopically by SERS
measurements.32,33 Theoretical calculations of extinction spectra of Au_Pt-Au gap
structures reveal that adding a sub-50 nm long Pt segment does not affect the extinction
spectra of the nanogap structures significantly (as compared with the homometallic Au_Au
structure, Figure S2). This suggests the possibility of obtaining a SERS signal from
molecules assembled within the nanoscale Au_Pt heterometallic gaps. Therefore, we
synthesized Au (2 μm)-Ni (3 nm)-Pt (23 nm)-Au (2.4 μm) multisegmented nanowires
(Figure 4a), which were then used to fabricate Au_Pt-Au heterometallic nanogaps using the
procedure described above. The Au_Pt-Au heterometallic nanogaps were functionalized
with OPE and subsequently characterized by confocal Raman and conventional bright-field
microscopy (WiTec Alpha300). Samples were excited using a He-Ne laser (632.8 nm,
Coherent Inc., Santa Clara, CA) with ~0.2 mW intensity. The confocal Raman images
(Figure 4 b) were obtained by integrating the spectral intensity from 1500 to 1700 cm-1,
where 1593 cm-1 corresponds to the C-C ring stretch mode of OPE.34 The observed SERS
signal from the Au_Pt-Au heterometallic junction is comparable in intensity to the
homometallic Au_Au junctions with a 3 nm gap size (Figure 4d).

To help interpret the SERS results, we have calculated electromagnetic fields for the
heterometallic Au_Pt-Au nanogaps and the homometallic Au_Au nanogaps in vacuum using
the discrete dipole approximation (DDA) method.35,36 Here, only the light polarization
parallel to the longitudinal axis of the wire nanostructure is considered since the coupling of
the two plasmonic structures (such as for dimers in our previous work23,37) is most
important for light polarized along this axis.38 The grid spacing is 5 nm in all calculations
and the gold dielectric constants are from Johnson and Christy.39 As one example of such a
calculation, Figure 5 presents the resulting SERS electromagnetic enhancement factor (∫|
E|4ds) for the nanostructure as a function of location along the longitudinal axis of
nanostructure, which is excited at 633 nm. For the two nanostructures considered in this
figure, the Au segment length, Pt segment length, gap width, and diameter of the rod are
1000, 10, 10 and 360 nm, respectively. It was determined that the magnitude of the SERS
enhancement factor at the gaps is larger than at the ends of the rods, which is in good
agreement with our observed results (Figure 4). The peaks in the experiments are much
broader than those in the calculations, as expected due to the lower spatial resolution and
heterogeneity in the Raman microscopy experiments.

In summary, we have demonstrated a new method to chemically fabricate heterometallic
nanogaps with tunable gap dimensions in a very high yield and in massively parallel fashion
(approximately one billion of these dispersible heterometallic gap nanostructures are in one
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experiment). Furthermore, this kind of heterometallic nanogap structure can be used for
fabricating MTJs, which demonstrate rectification as a result of the different metallic
interfaces available for chemical modification on opposite ends of the gap. In addition, the
fabricated Au_Pt heterometallic nanogaps exhibit SERS enhancement behavior at the
heterometallic junction, which can be used to spectroscopically identify molecules
assembled within them. This method is complementary to inelastic electron tunneling
spectroscopy, which has been used to study junctions fabricated by template-based nanowire
device.40,41 We anticipate that this new method of fabricating and characterizing MTJs
based on heterometallic nanogaps will be used to create a wide variety of nanoelectronic
devices with diverse functions and applications that derive from the types of metals used to
make the electrodes and the molecules assembled with in them. Indeed, this initial work
points towards the intriguing possibility of forming a bifunctional molecule capable of not
only forming a MTJ within such heterometallic gap structures but also self-organizing and
orienting within such structures based upon functional groups that direct the molecule ends
to the corresponding electrode materials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Scheme to prepare Au_Pt heterometallic nanogaps by OWL. SEM image of
multisegmented nanowires before (b) and after (d) OWL. EDS line scan of a
multisegmented nanowire before (c) and after (e) OWL. (f) SEM image of Au_Pt
heterometallic nanogap with smooth rod ends.
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Figure 2.
(a) SEM image of an OWL-fabricated device with a ~3 nm Au_Pt heterometallic nanogap.
(b) Representative I-V response for a ~3 nm OWL-fabricated heterometallic nanogap device
modified with OPE. Theoretical fitted I-V curve (red curve). (c) A sketch of the device
depicting the OPE molecules spanning the ~3 nm gap.
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Figure 3.
The single-level model used for theoretical fitting is shown. At zero bias, the chemical
potentials in both electrodes are nearly equal. When voltage is applied, however, the gold
level will be more strongly pinned due to the larger Au-molecule coupling. This leads to
resonant transport and higher current for positive voltage (increasing Pt chemical potential)
and non-resonant transport and lower current for negative voltage (increasing Au chemical
potential).
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Figure 4.
(a) SEM image of an Au (2 μm)-Ni (3 nm)-Pt (23 nm)-Au (2.4 μm) multisegmented
nanowire. (b) Representative Raman spectrum of OPE after assembly within a
heterometallic Au_Pt nanogap structure. 2D confocal scanning Raman images and cross-
section of the Raman intensity vs the location along the longitudinal axis (white line in c and
d) of OPE modified (c) heterometallic Au_Pt nanogaps and (d) homometallic Au_Au
nanogaps. Optical image (inset of c and d), which is simultaneously obtained, shows the
orientation of the nanostructures.

Chen et al. Page 10

Nano Lett. Author manuscript; available in PMC 2011 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
(a) Electric field contour (|E|2) of the Au-Pt_Au heterometallic nanogaps calculated with
DDA in vacuum. (b) Enlarged contour for the Au-Pt_Au heterometallic nanogaps to clearly
shows the electromagnetic hot spot at the junction. (c) The ∫|E|4ds intensity profile along the
longitudinal axis is plotted for Au-Pt_Au heterometallic nanogaps (black curve) and Au_Au
homo-nanogaps (red curve). The field enhancement is modeled for 633 nm radiation for the
nanostructure with the following geometry: Au segment, 1 μm; Pt segment, 10 nm; gap
width, 10 nm; diameter of rod, 360 nm; and grid spacing, 5 nm.
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