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The electrical characteristics of phenylene-based molecular devices were assessed. The device consisted of nanogap electrodes and phenylene-

based conjugated molecules. One nanogap electrode was obtained by the electromigration of a Au nanowire modified with a self-assembled

monolayer (SAM) of 4,4-p-terphenyldithiol (TPDT). The other nanogap electrode was fabricated by the shadow evaporation of metals and

subsequent deposition of SAM. Some devices obtained by the electromigration of Au nanowire modified with SAMs exhibited a large activation

energy of electrical conduction of up to 0.26 eV. This large activation energy coincides with the intramolecular barrier estimated by ab initio

molecular orbital calculations. On the other hand, the devices composed of shadow evaporated nanogaps and subsequently deposited TPDT

exhibited a comparatively small activation energy. Neither device showed a clear gate effect with an electrical field up to 3MV/cm. These results

indicate that the electrical characteristics of molecular devices are affected by the fabrication process and the resultant molecule-electrode

configuration. # 2011 The Japan Society of Applied Physics

1. Introduction

A single-molecular device (SMD) is a nanodevice that
utilizes the physical properties of single molecules. An
SMD is typically composed of a conductive molecule
and electrodes on a gate-insulating layer. Both ends of
the molecule in the SMD are connected to electrodes via
chemical bonding or physical adsorption. In general, the size
of the molecule for SMD is of the order of a few nanometers.
The accommodation of such a small molecule requires
nanogap electrodes corresponding to the length of the
molecule. Such nanogap electrodes are difficult to fabricate
with conventional lithography techniques. Various tech-
niques have been employed to produce nanogaps including
electromigration,1,2) mechanical breakage,3,4) shadow eva-
poration5,6) and electrochemical platings.7,8) Recent studies
of phenylene molecules revealed that STM (Au tip and Au
surface)9) and Au nanogap electrodes10) have different
conductance characteristics. It is noteworthy that the same
molecules have different electrical characteristics in differ-
ent junction structures.

However, the relationship between device structures and
their electrical characteristics is not well understood. An
intriguing way to identify the characteristics of molecules in
SMDs and the effects of nanogap electrode structures is to
study SMDs with different types of nanogap electrodes.
In this report, the effect of device structure on electrical
conduction is investigated using two types of nanogap
electrodes; one is obtained by the electromigration of Au
wire and the other by the shadow evaporation of metals. A
phenylene-based molecule with a large steric hindrance is
selected in the expectation of producing a larger effect with
electrode structures.

2. Experiment

2.1 Nanogap electrodes obtained by electromigration of

Au nanowire

Two types of nanogap electrodes modified with TPDT
were fabricated. One nanogap was obtained by the
electromigration of Au nanowire, and the other by the
shadow evaporation of metals. First, we describe the
fabrication of Au nanowire.

We employed the widely-used electromigration tech-
nique,1,2) so here we provide only a brief summary. In the
first step, a 120-nm-thick gate-insulating layer was obtained
by the thermal oxidation of a Si wafer. Then, contact pads
for external connection were defined by the deposition of
Ti (3 nm thick) and Au (200 nm thick), and then a 15-nm-
thick and typically 100-nm-wide and 200-nm-long Au wire
without a Ti underlayer was fabricated by vacuum evapora-
tion and liftoff. As a molecule, we employed 4,40-p-
terphenyldithiol (TPDT),11,12) which is one of the simplest
oligophenyls and a model molecule with the characteristics
of poly(p-phenylene), a typical conjugated polymer with a
non-degenerate ground state.13)

Self-assembled monolayers (SAMs) of TPDT were
formed on Au surface by immersing the samples in TPDT
solutions (1mM in dehydrated tetrahydrofuran) in an Ar
atmosphere for 60min.

After the immersion, electromigration and electrical
measurements were performed in a vacuum of 10�5 Pa.
Henceforth, we refer to nanogaps obtained by the electro-
migration of Au nanowire modified with SAMs as electro-
migrated (EM) nanogaps. Although SAM formation after
the electromigration of Au nanowire is ideal because the
electrical characteristics before and after SAM formation
can be evaluated, nanogaps without SAM formation tend to
become insulated at room temperature, and conductance
cannot be subsequently altered by SAM formation. This is
probably due to the widening of the gap distance caused
by the surface energy of the Au nanostructure with a large
curvature.14) Therefore, electromigration was performed
after SAM formation on the Au surface.

The drain current–drain voltage (Id–Vd) characteristics of
the devices were mostly measured at 20K, except for the
assessment of temperature dependence.

2.2 Nanogap electrodes obtained by shadow evaporation

of metals

A detailed description of the nanogap electrode fabrication
technique by shadow evaporation can be found else-
where.5,6,11) A 20-nm-thick gate-insulating layer was
obtained by thermally oxidizing a Si wafer. The first metal
layer (2.5-nm-thick Ti and 12.5-nm-thick Au) and the
second metal layer (25-nm-thick Au) were deposited on the
oxidized Si surface at 45 and �45� with respect to the�E-mail address: goto.touichiro@lab.ntt.co.jp
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substrate normal through the patterned mask. Some
electrically shorted contacts were converted to nanogap
electrodes by the electromigration technique mentioned
above. The SAM formation and electrical measurement
procedures are the same as those mentioned in the previous
section. However, it should be noted that for nanogap
electrodes obtained by shadow evaporation, the SAM
was formed after the fabrication of the nanogaps. The
shadow-evaporated nanogaps can be evaluated by measuring
the conductance before and after SAM formation. Hence-
forth, we refer to the molecular devices with nanogap
electrodes obtained by shadow evaporation as (SE) nano-
gaps.

3. Results and Discussion

The electromigration of the Au nanowire started at around
0.5V, and the wire was completely broken at �0:8V. After
the electromigration, the initial conductance of 10–20mS of
the Au wire decreased typically to 1 �S or less. Electro-
migration was attempted for over 100 Au nanowires, but
some of the nanowires were initially broken probably due to
fabrication failure. As a result, 39 nanogaps were obtained
from the Au nanowires. Figure 1(a) is a histogram of the
resistances of nanogap electrodes with TPDT for a drain
voltage (Vd) of 0.5V at 20K. As shown in Fig. 1(a), 25
nanogaps out of 39 exhibited a resistance of 106 to 108 �.
This result is comparable to that of Danilov et al. who
reported the resistance of single-molecular devices using
oligophenylenevinylene derivatives, which has three phenyl-
ene groups like TPDT.15) Figure 1(b) shows representative
Id–Vd characteristics of EM nanogaps for gate voltages
(Vg) of 0, +40, and �40V. Although the magnitude of Id
decreased slightly at Vg ¼ þ40V (¼ 3MV/cm), no clear
gate effect was observed, probably due to the molecular
placement in the deep gap and the large thickness of the gate
oxide.

The temperature dependence of the drain current
was evaluated to identify the effect of the molecules. The
dependence was measured between 20 and 300K.16)

Figure 2 shows Arrhenius plots of the drain current at
Vd ¼ 50mV of typical EM nanogaps. According to previous
studies, the dominant current through SMDs at high and low
temperatures for small drain voltages could be a tempera-
ture-dependent hopping current (Ih) and a temperature-
independent tunneling current (It), respectively.

17,18) Hop-
ping conduction follows an Arrhenius equation; Ih ¼
AhVd expð�Ea=kBT Þ.18,19) Here, Ah is a proportionality
constant, Ea is the activation energy and kB is the Boltzmann
constant. The temperature dependence of the conductance
was fitted to Ih þ It. Some devices involve an additional
thermally-activated conduction process with a small activa-
tion energy, in addition to Ih þ It. However, the present
discussion only focuses on the process with a larger
activation energy. The activation energies of EM 1–3
exhibited values of 0.24–0.26 eV. These values are clearly
large and probably reflect the effect of the molecular
structure.

To investigate the effect of TPDT in the molecular
devices, the ab initio molecular orbital of TPDT was
calculated with the Gaussian 03 program.20) Density
functional theory (DFT) was employed as a calculation

method. For simplicity, the electrodes and bundling effects
of SAM were neglected. All full geometry optimization
calculations were performed at the B3LYP21)/6-311+G��

level.
Although p-terphenyl structure molecules have several

conformers, the most stable structures are helical and twisted
conformations (Fig. 3).13,22) The helical conformation has
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Fig. 1. (Color online) (a) Histogram of the resistances of electromigrated

(EM) nanogap for Vd ¼ 0:5V at 20K. (b) Representative Id–Vd

characteristics of EM nanogap for Vg ¼ �40, 0, and +40V at 20K.
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two arbitrary rotation angles of the phenylene group
while the twisted conformation has one arbitrary angle.
The theoretical calculation showed an energy difference of
only 32 �eV and almost the same energy levels of highest
occupied molecular orbital (�5:8 eV) and lowest unoccupied
molecular orbital (�1:5 eV) between those two conformers.
Considering the degree of similarity with the most con-
ductive planar structure, we selected a twisted conformer
with one arbitrariness for the calculation of the molecular
structure and its electron energy. The theoretical calculation
showed that the twisted conformer is most stable at a
rotation angle (�) of 38�. To analyze the relationship
between rotation angles and their energy, we evaluated the
structure of � ¼ 0� (Fig. 3), which is the most conductive
structure due to the delocalization of � orbitals over TPDT.
From the energy difference of TPDT structures with � ¼ 0

and 38�, the rotation barrier for changing the most stable
structure to a conductive structure was found to be 0.22 eV.
This value is obviously large and indicates that TPDT has a
large steric hindrance. The activation energies of EM 1–3
are in good agreement with this TPDT rotation barrier
(0.22 eV) estimated by theoretical calculation. Therefore, it
is considered that the rotation barrier of the phenylene group
comprises the intramolecular hopping barrier and dominates
the conduction at high temperature.17) It is worth noting that,
in a certain class of molecules including TPDT, steric
hindrance plays an important role in the electrical conduc-
tion.

On the other hand, the theoretical calculation could not
explain other activation energies of 0.04–0.1 eV (SE 4–7).
The origin of these conductions with a small activation
energy may be due to the granular metal surface.23) Since
electromigration forms a nanogap by breaking the metal
nanowire, the nanogap surface is usually rough. The rough
metal surface consists of grains that act as protrusions
providing various tunneling paths and deforming the SAM
structure. The SAM deformation yields intermolecular
hopping, in addition to intramolecular hopping. Therefore,
various current paths caused by the protrusions on the metal
surface yield a small activation energy. Other possibilities
are the effects of Au–S bonds and the bundling of SAMs,
which were not considered in the theoretical calculations. To
explain the electrical characteristics more precisely, the
structure of the Au surface, and the related effects of Au–S
bonds, and the bundling of SAMs should be taken into
consideration.24)

An Arrhenius plot for one device (EM 7) could be
obtained at a higher Vd [Fig. 4(a)]. Figure 4(b) shows the
activation energy (Ea)–Vd characteristics of EM 7 with the
data points of other EM nanogaps at Vd ¼ 50mV. As shown
in Fig. 4(b), the activation energy decreases with increases
in Vd. These results imply that at a higher drain voltage, the
hopping conduction barrier can be lifted, and the thermal
process plays a minor role.25)

Figure 5(a) shows representative Id–Vd characteristics
of shadow-evaporated (SE) nanogap electrodes measured
at 20K before and after SAM formation.26) After SAM
formation, the conductance increased by 4–5 orders of
magnitude at Vd ¼ 0:5V. Figure 5(b) is a histogram of the
resistances of SE nanogaps for Vd ¼ 0:5V at 20K. A
comparison with the resistances of EM nanogaps [Fig. 1(a)]
shows that the resistances of SE nanogaps tend to be about
one order higher. No clear field effect in conduction was
observed for a gate electric field of less than 3MV/cm,
except for those (e.g., SE 3) that exhibited Coulomb
blockade characteristics at low temperature. The temperature
dependence of the drain current for the SE nanogaps
[Fig. 6(a)] is qualitatively similar to that for EM nanogaps.
Namely, they show thermally activated conduction at high
temperature and temperature-independent conduction at low
temperature, and the former can be characterized by Ea,
whose Vd dependence is shown in Fig. 6(b). The Ea values
of all the SE nanogaps are less than 0.05 eV and seem not to
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Fig. 3. Twisted, helical and planar structures of 4,40-p-terphenyldithiol
(TPDT). � is the rotation angle of the phenylene group.
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reflect the intramolecular barrier of TPDT. The activation
energy of SE 3, which exhibited a Coulomb blockade,
decreased with increases in the drain voltage, while those
of SE 1 and 2, which did not exhibit a Coulomb blockade,
were almost independent of the drain voltage. The small
activation energy of SE nanogaps may be related to the
fabrication process and the resultant molecule-electrode
configuration. Our previous study reported that the electrical
characteristics of SE nanogaps can be explained on the basis
of a multi-metallic-island system.11) In short, metallic dots in
nanogaps are formed during the metal evaporation and the
observed electrical characteristics are related to molecule-
metallic dot junctions. In fact, the SEM images revealed
many metallic dots in the SE nanogaps.11) In addition to the
effect of SAM deformation mentioned previously, TPDT in
SE nanogaps appears to be indirectly connected through the
metallic dots in the nanogaps. This indirect connection of
TPDT and electrodes also yields various current paths and
could be the origin of the small activation energy.

SE 3 exhibited clear and periodic Coulomb diamond
characteristics at 20K [Fig. 7(a)]. To explain the relatively
high activation energy of the SE 3 nanogap, the device was
modeled as a single-electron transistor (SET), assuming that
a single-electron island is metallic [Fig. 7(b)]. The SET
parameters were extracted from the experimental data in
Fig. 7(a) by fitting them with a compact analytical model.27)

The SET characteristics in the extended temperature range

were simulated by the Monte Carlo method implemented in
SIMON.28) Figure 8(a) shows an Arrhenius plot of the SET
conductance at Vd ¼ 10mV for representative gate voltages
including Vg ¼ 0 and e=2Cg (Cg is the gate capacitance)
corresponding to the Coulomb blockade and conductive
conditions, respectively. The slopes on the low-temperature
side (<80K) depend on Vg. The slope for Vg ¼ 0 also
depends on the total capacitance Csum around the SET island
as shown in Fig. 8(b). On the other hand, the conductance
for Vg ¼ e=2Cg is almost flat at low temperature, and
gradually increases at high temperature (�300K), indicating
the transition from correlated tunneling in the two junctions
at low temperature to uncorrelated tunneling at high tem-
perature. This behavior of the conductance is very similar to
the experimental behavior, and can be fitted to the super-
position of thermally activated current and temperature-
independent current, Ih þ It, and Ea can also be extracted.
Indeed, the slopes on the high-temperature side can be
correlated to Csum as shown in Fig. 8(c). Interestingly, not
only the slopes in Fig. 8(b) but also the extracted Ea from
Fig. 8(c) coincide well with the charging energy of the SET
island, Ec ¼ e2=2Csum [Fig. 8(d)]. It can be concluded that
the rather high Ea of SE 3, 50meV, which is nearly equal
to the Ec derived from Fig. 7(a), is a manifestation of the
correlated tunneling caused by the metallic dots specific to
the SE nanogap. The reason for the condition Vg ¼ e=2Cg
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being realized is not clear at this moment, but, if there are
SETs with various offset charges, a conductive SET should
dominate the conduction in the entire system.

Figure 9 shows the Ea–Vd characteristics of an SE 3
nanogap obtained by simulation (Vg ¼ 0V) and experiment.
As shown, the simulation qualitatively reproduced the
Ea–Vd characteristics, thus supporting the validity of the
SET model.

Our results also showed the absence of a strong gate
effect. Recently, Song et al. demonstrated that p-benzene-
dithiol-based devices can operate as single-molecular
transistors.29) On the other hand, Lee et al. showed that
p-biphenyldithiol-based devices exhibit no gate effect.10)

Considering these studies, the nanogap electrode in our
work is sufficiently thick to shield the gate electric field via a
thick gate insulator, and therefore, TPDT may not sense a
sufficient gate electrical field. To study the gate effect of
SMDs, we need a thin gate-insulating layer and thin
electrodes, in addition to field-sensitive molecules.

4. Conclusions

We fabricated two types of nanogap electrodes. One was
obtained by the electromigration of Au wire, and the other
by the shadow evaporation of metals. Phenylene-based
molecular devices were obtained by applying TPDT to these
two types of nanogap electrodes. Neither type of nanogap
electrode with TPDT showed a clear gate effect. An
Arrhenius plot of the drain current commonly showed
temperature-dependent hopping conduction at high tempera-
ture and temperature-independent tunneling conduction at
low temperature.

The analysis of the Arrhenius plot showed that some
electromigrated nanogaps have a larger hopping conduction
activation energy, which coincides with the rotation barrier
of the phenylene group inside TPDT estimated by an
ab initio molecular orbital calculation. Shadow-evaporated
nanogaps showed a comparatively small activation energy,
which may be related to the fabrication process and the
resultant molecule-electrode configuration. Indirect connec-
tion of TPDT and nanogap electrodes through multiple
metallic dots yields various current paths, and could be the
origin of the small activation energy.
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The relatively high activation energy of some shadow-
evaporated nanogaps was explained based on the Coulomb
blockade effect assuming the presence of metallic dots,
which can be formed during metal evaporation and therefore
are specific to the shadow-evaporated nanogaps. A simula-
tion revealed that a rather high activation energy at a high
temperature and constant conductance at a low temperature
could be attributed to the single-electron tunneling effect in
the conductive state, and the activation energy was related to
the charging energy.

Our study encourages further investigation of the
electrical conduction of molecules with a large steric
hindrance and its relationship to electrode structure.
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