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ABSTRACT: Here we present a solution-based assembly
method for producing molecular transport junctions
employing metallic single-walled carbon nanotubes as
nanoelectrodes. The molecular junction conductance of a
series of oligophenyls was successfully measured, high-
lighting the potential of an all-carbon based approach for
the fabrication of solution-processable single-molecule
junctions for molecular electronics.

We describe the assembly and electrical characterization of
solution-processable molecular transport junctions
(MT]Js) fabricated employing metallic single-walled carbon
nanotubes (SWCNTs) as nanoelectrodes. Due to the many
potential benefits envisioned for molecular scale electronics,
there has been significant effort in the fundamental under-
standing of metal-molecule-metal systems and their optoelec-
tronic applications.'~* Different strategies have been developed
to form MTTJs, including scanning probe techniques, lithographic
approaches, and mechanical/electromigration break junc-

9—13 : .
The use of carbon-based nanoelectrodes, in particular,

tions.
has emerged as a promising approach”'*™" because of the
intrinsic nanoscale size of CNTs and graphene and the reduced
electronic mismatch granted by having molecules and electrodes
of the same material (carbon atoms).”**'

Nevertheless, despite the substantial progress in single-
molecule electronics from both fundamental and technological
standpoints, challenges remain.”” Principal among these are the
time and cost involved in nanogap fabrication, the reliable
control of the nanogap size, and the need for a facile (and
scalable) technology for the establishment of electrical contact
between individual molecules and metal electrodes.

Solution-based self-assembly methods represent a powerful
approach to overcome the aforementioned limitations. Work in
this context has typically focused on colloidal metallic nano-
particles as building blocks for fabricating nanogaps, that were
then bridged to lithographically prefabricated electrodes.””* A
combination of top-down and bottom-up approaches has further
been exploited by Bjornholm et al. for the fabrication of gold
nanorods as potential nanoelectrodes for single-molecule
investigations.* >

-4 ACS Publications  ©2016 American Chemical Society

2905

Herein we present a facile solution-based assembly method for
producing MTJs by covalently linking metallic SWCNTs with
electrically functional molecules. As a proof of principle, the
single-molecule junction conductance of a series of oligophenyls
was successfully measured. This work highlights the potential of
an all-carbon-based approach for the fabrication of solution-
processable single-molecule junctions for molecular electronics.

For our studies we employed DNA-wrapped SWCNTSs>
separated by chirality and electronic structure via a polymer
aqueous two-phase separation method.”’~*’ (DNA-assisted
dispersion further leaves only the terminal ends of the SWCNT's
available for direct functionalization.)*° Building on our recent
bottom-up assembly strategy for the formation of end-to-end
CNT junctions,” we linked metallic single-chirality (7,4)
SWCNTs in amidation reactions with three different diamine
conjugated molecular linkers, containing 1, 2, and 3 phenyl rings
[see the Supporting Information (SI)]. To confirm junction
formation we cast low-coverage films on doped silicon wafer
substrates coated with a hydrophobic layer (see the SI) shown to
induce partial alignment of DNA-wrapped CNTs’' and imaged
them with atomic force microscopy (AFM).

The starting metallic SWCNTs before reaction had an average
length of 473.7 + 179.5 nm (see Figure SI-1). Figure 1 shows a
representative AFM image of linear SWCNT junctions typically
obtained employing p-phenylenediamine (PPD) as the molec-
ular linker. The average length of the segments was found to be
838.3 + 470.4 nm, strongly indicating the formation of molecular
junctions. Similar behavior was found for the other two
molecular linkers employed in this study: benzidine and 4,4"-
diamino-p-terphenyl, which exhibited an average junction length
of 1109.9 + 546.6 and 1105.3 + 569.1 nm, respectively (see
Figures SI-2 and SI-3).°>*

Because of the small diameter of the SWCNT's employed in
this study (~8 A), and due to steric hindrance effects, it is
expected that only one molecule can bridge the nanotubes.
Moreover, the presence of predominantly linear junctions, rather
than branched, from all three linkers employed strongly indicates
the presence of a single bridging molecule; two or more
molecules would present multiple bindings sites that might
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Figure 1. (Top) Schematic of a PPD-linked molecular junction. (a)
AFM topographical image of molecular junctions formed using PPD as
the molecular linker. (b) Normalized histogram showing the length
distribution of the observed molecular junctions. The average length of
838.3 + 470.4 nm was determined from ~100 nanotubes.

induce the formation of branched CNT junctions. To further
confirm the presence of predominantly one molecule between
SWCNTs in the junctions, we carried out density functional
theory (DFT) calculations at PBE0-D3/SV(P) level of theory
considering water as the solvent (COSMO model)**~’ (see the
SI). Our calculations show that the formation of linear junctions
where two molecules bridge two nanotubes is energetically less
favorable than the junctions with one bridging molecule (see
Figures 2 and SI-7—9). A second molecule in the junction

1-molecule junction 2-molecules junction
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+2«
AE=—70.2 kJ/mol

Figure 2. Reactions of formation for linear junctions with one and two
bringing molecules. The energies were obtained at PBE0-D3/SV(P)
level of theory considering water as the solvent (COSMO model).

induces a significant strain, increasing the energy of formation by
~68 kJ/mol.*® At the same time, the entropy decreases because
of the restrictions to rotations and vibrations induced by the
second molecule. Therefore, the formation of SWCNT junctions
linked by two molecules is unlikely to occur. These findings allow
us to reasonably assume that we are assembling predominately
single-molecule junctions.

To investigate the electrical properties of the MT]s assembled
in this study, we measured their current—voltage (I-V)
characteristics as a function of the distance between a metallic
AFM tip used as a mobile electrode and a fixed macroscopic
metal electrode (see Figure 3 and the SI). This approach”*”*’
allowed us to record force-controlled I-V responses (in
PeakForce TUNA mode, Bruker) at different locations along
individual SWCNT molecular junctions.

Figure 3a shows a representative conductive AFM*' image of a
PPD-SWCNT junction. The substrates were subject to cleaning
procedures (see the SI) in order to eliminate salt residues from
the buffer solution and to facilitate the removal of the DNA
wrapped around the tubes, as they could affect the electronic
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Figure 3. (a) Representative conductive AFM image of a MT] formed
using PPD as the molecular linker and interfaced to a macroscopic metal
electrode. (b) Representative I—V curves recorded at selected points
across the MT]J: red line for measurements in close proximity to the
macroscopic electrode and blue line for measurements at the far end
from the macroscopic electrode. (c) Phase AFM image of the MTJ
shown in (a). (d) Schematic of the conductive AFM measurements on

the MTTJs.

properties of the nanotubes. The contact resistance of the
SWCNT was determined by acquiring I-V curves in close
proximity to the macroscopic electrode (between 30 and 120 nm,
see Figure 3b and schematic in Figure 3d). We determined in this
way a resistance (R) of ~25 KQ that is the typical contact
resistance for single SWCNT's using metal contacts.*”** We did
not observe any noticeable increase in resistance along the
nanotube within this distance range, as indeed expected for short
SWCNTs.* On repeating the measurements along the same
SWCNT we obtained the same R within a 4% error, indicating
that the AFM tip did not damage the SWCNT surface.

To determine the junction resistance, we measured -V
characteristics of the MTJ at the far end from the macroscopic
electrode (see schematic in Figure 3d). The junction resistances
were determined from the inverse slope of the I-V curves
recorded in the linear region, which was between —50 and 50 mV
(see Figure 3b and the SI). Employing this approach, we
determined a resistance of ~3.1 M for individual PPD-
SWCNT junctions. This significant increase in the measured
resistance across the MTJ (from KQs to MQs) is in line with the
expected presence of a PPD molecule bridging SWCNT
segments. In a similar way, we measured the resistance of
SWCNT junctions formed with benzidine and 4,4”-diamino-p-
terphenyl linkers (see the SI).

The resistance values were plotted in histograms in semilog
scale, and the peaks were fit to Gaussians (see Figures SI-10—
12).* The center values were then taken as the junction
resistances.** From the inverse of these values we determined the
molecular junctions conductances of the SWCNT-based MT]s.
Table 1 summarizes our results. The average conductance values
for the three oligophenyls are in good agreement with the
literature values.*

The measured conductance decays exponentially with
molecular length. The tunneling decay constant f can be
estimated making use of the eﬂuations typically employed to
describe nonresonant tunneling: ***” G = G_exp —(fiL) or R = R,
exp(PL). Here G. (R.) is an effective contact conductance
(resistance) of the molecular wire junction, while § is the
tunneling decay constant, and L the tunneling distance taken to
be the length of the molecule.**
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Table 1. Molecular Linkers Employed and Measured
Molecular Junction Conductance Values

molecule conductance (G,)

PPD 80X 107 +24 %107
benzidine 14X 103 +55%x 107
terphenyl 18X 107"+ 42X 107°

Figure 4 shows the plot of junction conductance vs molecular
length for the series of oligophenyls employed in our
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Figure 4. Measured conductances of oligophenyl SWCNT-based MT]Js
plotted against number of phenyl rings.

investigations, ie., with 1—3 phenyl rings. The plot fits an
exponential form with an estimated decay constant of 0.5 A™,
ie, 1.9 per phenyl ring. This result is in reasonable agreement
with the values of ~1.8* and ~1.7***’ per phenyl ring measured
in metal-molecule-metal junctions via scanning probe-based
techniques. Moreover, this is further evidence for tunneling
conductance through the aromatic rings employed in our
SWCNT-based MTJs.”"

Extrapolating the plot fit (for R) to zero length, we can further
estimate the contact resistance of the SWCNT-molecule-
SWCNT junctions to be ~108 KQ (see Figure SI-13), ie.,
comparable to the contact resistance found for Au-molecule-Au
junctions (~360 KQ).* This value indicates that the molecule-
SWCNT coupling is rather strong, as expected for amide bonds
linkages that possess a partial double-bond character.

In conclusion, we have presented a strategy for the fabrication
of solution-processable MTJs that employ molecular building
blocks assembled between metallic CNT electrodes. The
molecular conductance of a series of oligophenyls was measured,
and the average values were found to be in line with the literature
values. The main advantage and novelty of the approach
presented here is the low-cost/simplicity of integration via
assembly in (aqueous-based) solution. To our knowledge, this is
the first example of solution-processable carbon-based MT]Js. We
anticipate that this new method of fabricating MTJs will be
employed to produce a variety of solution-processable nano-
electronic devices.
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