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walled carbon nanotubes (MWCNTs) as the top electrodes. Results indicate that our
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approach retains the molecular character of the chosen molecules [a self-assembled mono-
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layer of octadecanethiol on gold bottom electrodes] and opens the door for studying a wide
variety of organothiol candidates for molecular electronics. The fabrication scheme is
designed in a way that it can be modified into all-carbon devices in the future by using graphitic carbon bottom electrodes functionalized with nitrozoabenzene, for example, and
MWCNTs or graphene as the top electrodes. Alternatively, the scheme is applicable for
all-gold devices with gold bottom electrodes and gold nanowire top electrodes.
 2012 Elsevier Ltd. All rights reserved.

1.

Introduction

Molecules are the smallest possible switching elements for
future electronic devices. While a great many types of devices are being considered, including those using nanowires
and nanotubes as the active elements, the smallest possible
devices will be those based on zero-dimensional molecules.
One of the most important goals of such molecular electronics is to replace conventional CMOS components [1,2].
However, fabrication and wiring of these molecules, which
are called molecular junctions, remains the most challenging
aspect [2,3] of this research. In fact, most molecular electronic properties were demonstrated based on scanning
tunneling microscopy (STM). Although the fundamental
chemical and electronic properties of these molecules can
be conveniently demonstrated by using STM, these properties may be altered by integration of these molecules into
devices.
Molecular junctions reported thus far can be classified into
two main categories. The first is individual junctions which are
excellent for studies, but have the drawback that their design

does not make them compatible with formation into arrays of
junctions. Examples include break junctions [4–6] and studies
based on STM [7–9]. While the study of these individual junctions can offer good initial insights into the characteristics
and behaviors of molecules, it is known that two very similar
junctions can have different behavior due to fabrication differences [3,10,11]. In contrast, the second category is based
on arrays of junctions, but these are extremely difficult or
complicated to assemble and not necessarily reproducible
by others [12].
In the present work, we fabricate molecular junctions
using commonly available techniques that are readily reproducible by others. Because of the introduction of one dimensional (1D) materials (multiwalled carbon nanotubes,
MWCNTs) as the top electrodes, the junctions are easily compatible with current nanoscale devices with nanowires and
nanotubes, and thus scalable to arrays of molecular junctions. In addition, none of the character of the junctions is
dependent on bulk properties, so they can be further scaled
to smaller dimensions without losing the physics and chemistry that makes them unique.
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Experimental procedures

Our molecular junctions are prepared based on commonly
available techniques such as photolithography of gold electrodes, self-assembled monolayers (SAMs) of organothiol
molecules on these gold electrodes, and dielectrophoresis
(DEP) of MWCNTs across these organothiol-gold electrodes.
As schematically shown in Fig. 1a, arrays of patterned gold
pads are first deposited on oxidized Si substrates as the bottom electrodes (Fig. 1b). After annealing, these gold electrodes
are then functionalized with our organothiol SAM octadecanethiol (ODT) molecules on their surfaces (Fig. 1c). For the
top electrodes, MWCNTs were subsequently deposited on
these SAM molecules by DEP (Fig. 1d). MWCNTs are an ideal
choice for top contacts because they are always conductive
(semi-metallic), removing the need for post-growth sorting
(which is necessary for single-walled CNTs). These MWCNTs
are capable of forming stable contact with ODT without
destroying the molecules, and they can be placed with DEP
in order to build wired arrays. It should be noted that the
studied junctions are double-junctions, meaning that the current must pass through the ODT molecules twice, once each
at the surface of the gold/ODT bottom electrodes at both ends
of the MWCNTs. This double junction scheme was chosen for
speed of fabrication. A single junction can be made instead by
making one of the two electrodes with a conductive material
other than gold.
The molecular junction fabrication process is as follows.
Substrates were p-type silicon with a 120 nm thick thermal

Fig. 1 – (a) Schematic of our molecular junctions. The current
flows through one probe tip to the gold (the tips penetrate
through the ODT layer to the underlying gold), then through
the ODT to one end of the MWCNTs. Once the current flows
through the MWCNTs, it passes through the ODT to the gold
and to the other probe tip. For speed of fabrication (b, c, d),
such a double junction configuration (current passing ODTs
at both ends MWCNTs) was made. A single junction
configuration can easily be made instead by making one of
the two electrodes non-gold.
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SiO2 layer. The surfaces were first cleaned by ultrasonication
in acetone followed by ethanol, and further cleaned with an
Ar plasma in the sputtering chamber prior to the deposition
of gold films. A gold film was deposited by plasma sputtering
(Perkin–Elmer Randex Sputtering System Model 2400) to a
thickness of 60 nm. The square patterns of the gold films were
fabricated with traditional UV microphotolithography using
Futurrex NR9G–1000PY photoresist in combination with a
gold etchant step. Finally, the patterning was finished by
removing residual resist by acetone and ethanol baths. Before
SAM deposition, the gold was annealed; this is discussed in
detail in the following section. After annealing, the gold electrodes were then functionalized with ODT by a self-assembly
process where the substrates are immersed in a 2 mM ODT in
ethanol solution inside a nitrogen environment glovebox for
48 h. Upon removal from solution, the substrates are rinsed
thoroughly in a stream of ethanol to make sure no residual
ODT contaminates the surface. Dielectrophoretic deposition
of MWCNTs between the electrodes completes the junctions.

3.

Results and discussion

A series of annealing conditions were systematically investigated to flatten the surface of the as-deposited gold films
and enhance their adhesion to the SiO2 surface. This is important to form a uniform SAM on the gold electrodes. The rootmean-square (rms) roughness of the gold films was determined by atomic force microscopy (AFM, Veeco Dimension
3000) analysis at various scan areas (0.5 lm · 0.5 lm,
1 lm · 1 lm, 5 lm · 5 lm). As shown in Table 1, all samples
acquired lower rms roughness after annealing for three
hours. The optimum annealing conditions are 300 C for 3 h
in vacuum: the rms roughness is below 0.5 nm, more than
suitable for quality SAM formation. In Fig. 2, the AFM images
of the gold films after annealing at 200 C and 300 C are
shown for comparison. As shown, the gold films annealed
at 300 C are much smoother with larger island sizes. Such
a smooth surface morphology is important for SAMs of ODT
with minimum defects.
ODT was chosen as our molecules because it is a robust
organothiol with a large HOMO–LUMO gap (6.033 eV) and
should behave as an insulator [13,14] under low bias potential, making it a good test of our process. The expected shape
of the I–V curve for ODT is like that reported by Labonté et al.
[13] and confirmed by our own ambient STM study of SAM
ODT on Au (Fig. 3a). As shown, the STM signal on ODT has
(1) a well defined bias region (about ± 2 V) of extremely low
current flow (0.05 nA) centered symmetrically around 0 V,
and (2) outside the low current region, current should begin
to rapidly rise. We further compare this STM signal with that
measured from a bare gold film. As shown in Fig. 3b, the STM
current level is much higher for the gold films without ODT
and the range of bias voltage at near zero current level is very
narrow but not ignorable due to the tunneling barrier between the STM tip and the gold film.
The devices were completed by connecting the ODT coated
gold electrodes (ODT/Au) with MWCNTs, by our surfactantfree DEP technique. The MWCNTs were grown by a thermal
CVD process on a SiO2 surface [15,16]. Surfactant-free DEP
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Table 1 – Root-mean-square roughness (in nanometers) of the gold films after annealing*.
Annealing
conditions

rms (in nm) within
5 lm · 5 lm

rms (in nm) within
1 lm · 1 lm

rms (in nm) within
0.5 lm · 0.5 lm

As deposited
200 C, 1 h
200 C, 3 h
200 C, 5 h
300 C, 1 h
300 C, 3 h
300 C, 5 h
500 C

0.8908 ± 0.1438
0.7394 ± 0.5350
0.6219 ± 0.0099
0.8020 ± 0.0180
0.6118 ± 0.0715
0.5812 ± 0.1619
0.6222 ± 0.0174

0.7834 ± 0.1127
0.6340 ± 0.0140
0.5828 ± 0.0159
0.7610 ± 0.0244
0.5332 ± 0.0337
0.4272 ± 0.0139
0.5940 ± 0.0300
Damaged**

0.7090 ± 0.1104
0.6360 ± 0.0260
0.5848 ± 0.0255
0.7662 ± 0.0241
0.5394 ± 0.0275
0.4324 ± 0.0129
0.5974 ± 0.0387

* The numbers are unrounded figures.
** The film was no longer covering the surface completely.

Fig. 2 – AFM images of gold films after annealing for three hours in vacuum at (a) 300 C and (b) 200 C. Case (a) produces
much smoother surfaces than case (b).
was performed as described previously [17]. Briefly, the asgrown MWCNTs were removed from the substrates and

placed in ethanol without the use of surfactants. After optimum ultrasonication (2 h), a drop of the ethanol–MWCNT
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Fig. 3 – (a) The I–V for Au with ODT shows the predicted insulated region centered around 0 V; outside of this region, current
begins to rise rapidly. (b) Comparison of I–V taken with STM of Au films with and without ODT monolayers. When ODT is
present, the current is greatly reduced versus pure Au at all voltages.
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suspension (5 lL) is placed over the microelectrode gap while
a sinusoidal AC voltage at 30 Vpp and 2 kHz is applied between
them. The AC field causes the MWCNTs to align between the
electrodes, spanning the gap between them and completing
the device. Once completed, the junctions were tested using
a Keithley 4200 SCS. An example of a completed device is
shown in Fig. 4.
Molecular junctions fabricated using this technique show
one of two types of current–volatge (I–V) characteristics as
shown in Fig. 5. Fig. 5a shows the case where MWCNTs are
shorted to the gold electrodes. In this case, the current flow
is able to avoid the ODT layer altogether with current level five
orders of magnitude (mA level) higher than that for molecular
junctions (tens of nA level). The linear I–V behavior also suggests that MWCNTs deposited by DEP can form good contact
with the gold electrodes. The short circuit shown here can
take place by contacting an area of the gold where the ODT
layer is incomplete, which is most likely to occur on the edge
of the microelectrode. On the other hand, we also found some
of the tested junctions exhibited the expected I–V molecular
junctions with the fingerprint of ODT: a region of very low current flow centered on 0 V, outside of which the current begins
to rise rapidly and non-linearly as shown in Fig. 5b. As shown,
the I–V characters are reproducible as we scan the bias from
5 V to 5 V (as guided by the downward red arrows) and then
from 5 V to 5 V (as guided by the upward blue arrows). In
general, we found that such molecular I–V behavior was

(b) Molecular Junctions
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Fig. 5 – Two types of current–voltage (I–V) characteristics
detected from our devices. Note that the current scale differs
between the plots. (a) Shorted junctions where MWCNTs
have avoided ODT and are in contact with the gold
electrodes. (b) Molecular junctions where MWCNTs are in
contact with the ODT/Au electrodes. Repeatable scans can
be reproduced as shown (see text for description).
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Fig. 4 – Images of MWCNTs across the gap of two ODT
coated gold (ODT/Au) electrodes. The boxed area shows part
of the active region, where multiple MWCNTs are detected.
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Fig. 6 – Comparison of an ODT molecular junction 0 s I–V
behavior during the first and seventh voltage sweeps
between +6 and 6 V. After seven sweeps the resistance is
much lower, and the current gap region’s width has shrunk
significantly.
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stable and repeatable within the low bias region (about ± 4
or ± 5 V). However, when ramping the bias voltages to values
larger than about ± 6 V the current becomes unstable as
shown in Fig. 6. As shown, the current level for seventh ± 6 V
scan is much larger than the first, and approaching that of the
shorted case shown in Fig. 5a. This result indicates that the
ODT films sandwiched between MWCNTs and the gold pads
deteriorate most likely due to Joule heating during the tests.
All these data are representable results obtained from more
than three devices.

4.

Summary

We have demonstrated a simple scheme for molecular electronic devices based on commonly used techniques, namely
dielectrophoresis, UV photolithograpy, self-assembly monolayer, and annealing. Results indicate that our approach retains the molecular character of the chosen molecules (ODT
in this case), opening up the door for studying a wide variety
of candidates for molecular electronic devices. For example,
one may replace the gold electrodes with graphic carbon electrodes and covalently functionalize with nitrozoabenzene
[18]. With the MWCNT top electrodes shown here (or graphene top electrodes, which may be tested in the future), this
will lead to all-carbon molecular electronic devices. In addition, our scheme is general for any organothiol, and is even
more general if we replace the MWCNT top electrodes to Au
nanowires that are functionalized with organothio molecules,
for example. In this case, the microelectrode can be generalized to gold and lead to all-gold devices or any metallic
materials.
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