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Abstract

We investigated the electrical characteristics of molecular electronic devices consisting of
benzenedithiolate self-assembled monolayers and a graphene electrode. We used the multilayer
graphene electrode as a protective interlayer to prevent ﬁlamentary path formation during the
evaporation of the top electrode in the vertical metal–molecule–metal junction structure. The
devices were fabricated both on a rigid SiO2/Si substrate and on a ﬂexible poly(ethylene
terephthalate) substrate. Using these devices, we investigated the basic charge transport
characteristics of benzenedithiolate molecular junctions in length- and temperature-dependent
analyses. Additionally, the reliability of the electrical characteristics of the ﬂexible
benzenedithiolate molecular devices was investigated under various mechanical bending
conditions, such as different bending radii, repeated bending cycles, and a retention test under
bending. We also observed the inelastic electron tunneling spectra of our fabricated graphene–
electrode molecular devices. Based on the results, we veriﬁed that benzenedithiolate molecules
participate in charge transport, serving as an active tunneling barrier in solid-state graphene–
electrode molecular junctions.
Keywords: molecular electronics, benzeneditholates, multilayer graphene (MLG), ﬂexible
electronics, inelastic electron tunneling spectroscopy (IETS)
(Some ﬁgures may appear in colour only in the online journal)
controllable break junctions (MCBJs), electromigrated nanogap fabrication, scanning probe microscopy, the fabrication of
eutectic gallium–indium junctions, and various solid-state
device fabrication methods [2, 9, 11–17]. In particular, vertical-type solid-state devices based on an evaporated metal–
molecule–metal junction structure have received signiﬁcant
attention as a general test-bed platform for investigating the
charge transport characteristics of molecular junctions.
However, the direct metal evaporation process used to form

1. Introduction
Molecular electronics, in which single molecules or molecular
monolayers are used as active components of electronic
devices, has been widely studied as the ultimate miniaturization of electronic devices [1–10]. Various attempts have
been made to produce molecular junctions for the purpose of
investigating the characteristics of charge transport in the
molecular regime, using approaches such as mechanically
0957-4484/16/145301+08$33.00
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the top electrode can easily create electrical shorts via the
formation of ﬁlamentary paths through the molecules, which
results in junctions that are unsuitable for characterization
[18–24]. To solve this problem, various approaches have been
proposed, for example, introducing an interlayer between the
top metal electrode and molecular layers conducting polymer
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), multilayer graphene (MLG), or reduced graphene oxide [25–34]. In addition, novel fabrication techniques in which the top electrode can be produced without
causing damage to the molecular layer, such as direct transfer
methods, have been proposed [35, 36]. The ultimate aim of
these various approaches is to improve the reliability of
molecular electronic devices. Among these methods, MLG–
interlayer-based molecular junctions in particular offer various advantages by virtue of their graphene electrodes. Graphene is a two-dimensional sheet of carbon atoms with
excellent electronic properties [37, 38]. It can be synthesized
as large-area, ﬂexible, and conductive ﬁlms that are suitable
for use as electrodes [39, 40]. Using such graphene ﬁlms as
interlayer electrodes in molecular junctions, a previous study
demonstrated a high device yield and stability over a long
period, accompanied by the capability of mass production,
nontoxicity, and low contact resistance comparable to that of
pure metal–molecule–metal junctions [29]. However, to date,
only one kind of molecule (i.e., alkanethiolate) has been
studied as a test-bed molecule for this type of molecular
junction. In addition, the fabrication of graphene–interlayer
molecular junctions on ﬂexible substrates has not yet been
demonstrated. It has only been demonstrated that molecular
devices with a conducting polymer (PEDOT:PSS) interlayer
can be fabricated using various kinds of molecules (alkanethiolates, diodes, and photoswitching molecules) on ﬂexible substrates [26–28, 31, 34]. Furthermore, the inelastic
electron tunneling spectroscopy (IETS) characteristics of
graphene–interlayer molecular junctions has not yet been
veriﬁed. Therefore, extending our understanding of graphene–interlayer molecular electronic devices is a great
necessity.
In this study, we report the electrical characteristics of
molecular electronic devices fabricated from benzenedithiolate self-assembled monolayers (SAMs), both on a rigid
SiO2/Si substrate and on a ﬂexible poly(ethylene terephthalate) (PET) substrate. We used an MLG electrode as a
protective interlayer to prevent electrical shorts in the vertical
molecular junction structure. We investigated the fundamental charge transport characteristics of the benzenedithiolate molecular junctions. In particular, the reliability of the
electrical characteristics of the ﬂexible molecular devices was
studied under various mechanical bending conditions. IETS
of the graphene–interlayer benzenedithiolate molecular devices were also characterized.

junctions. We followed the same junction fabrication process
that we have previously reported [19, 28, 29, 35]. In brief, the
bottom electrodes (30 nm Au/5 nm Ti) were ﬁrst patterned
via a shadow mask using an electron beam evaporator operating at a rate of 0.2 Å s−1 on a p-type (100) SiO2/Si
(300 nm) or a ﬂexible PET substrate. Then, optical lithography was used to create 2 μm radius holes through walls of
photoresist (AZ5214E from AZ Electronic Materials). Each
sample was immersed for 3 h in a 5 mM molecular solution
diluted with ethanol in a N2-ﬁlled glove box, causing SAMs
to form on the exposed Au surfaces. For this study, we chose
three different benzenedithiolate molecules: benzene-1,4dithiol (BDT), biphenyl-4,4′-dithiol (BPDT), and p-terphenyl4,4″-dithiol (TPDT), as shown in ﬁgure 1(c). After the SAM
deposition, an MLG ﬁlm was transferred to cover the surface
of each sample using the direct metal transfer method, as we
have previously reported [35]. To produce the MLG interlayer, an MLG ﬁlm was ﬁrst grown in a chemical vapor
deposition chamber on a Ni (300 nm)/Ti (10 nm)/Si substrate
(under a gas ﬂow of 15 sccm CH4 and 20 sccm Ar/H2 at
20 Torr for 10 min at 900 °C). After growth was complete, a
layer of poly(methylmethacrylate) (PMMA, 950PMMA A5
from MicroChem Corp.) was spin coated onto the ﬁlm as a
dummy layer, and support tape was attached to the PMMA.
Then, the Ni of the substrate was etched using an iron(III)
chloride (FeCl3) aqueous solution. The MLG ﬁlm was then
placed onto the molecular layer to make contact through the
van der Waals interaction. Afterward, a few drops of isopropyl alcohol (IPA) were applied to the molecular layer to
form a ﬁne contact via the surface tension of the IPA solution
during its vaporization [41]. Then, the sample was dried for
∼12 h, and the PMMA was removed with acetone. The top
electrode was deposited in the same way as the bottom
electrode (15 nm thick Au), using the same patterned shadow
mask, with the evaporator operating at a rate of 0.1 Å s−1.
Finally, the remaining MLG ﬁlm was removed by means of
an oxygen plasma treatment under 10 sccm of O2 gas at 50 W
of forward power to prevent the formation of any direct
pathway though the top and bottom electrodes. Electrical
measurements were performed using a semiconductor parameter analyzer (Keitheley 4200 SCS) and a probe station
system (JANIS Model ST-500). Figure 1(b) presents optical,
scanning electron microscopy (SEM), and cross-sectional
transmission electron microscopy (TEM) images of our
molecular devices fabricated on the rigid substrate. More
detailed device fabrication schematics and the properties of
the MLG ﬁlm are provided in the supplementary information.
IETS measurements were performed at 4.2 K using a
custom-made cryogenic vacuum chamber in which BDT
molecular devices were mounted inside a liquid He dewar.
Each device was placed on a 16-pin IC chip carrier socket and
then electrically shielded inside the vacuum chamber. The
detailed circuit diagram of the IETS setup is provided in
ﬁgure 4(b). The current was measured using a digital multimeter (Agilent 34410) with a 16-bit digital-to-analog converter as a DC source and a low-noise current ampliﬁer
(Ithaco 1211). The ﬁrst (dI/dV) and second (d2I/dV2) derivatives of the current with respect to the voltage were

2. Experimental details
Figure 1(a) shows a schematic illustration of the device fabrication process for our graphene–interlayer molecular
2
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Figure 1. (a) Schematic illustration of the device fabrication process for the graphene–interlayer–electrode molecular junctions. Left: bottom

electrode deposition and photoresist wall formation. Middle: SAM deposition and MLG transfer. Right: top electrode deposition and
molecular device completion. (b) Optical, SEM, and TEM images of the molecular devices. (c) The three types of molecules with their
chemical structures: BDT, BPDT, and TPDT.

unoccupied molecular orbital than do saturated molecules
such as alkanethiolates, higher conductance is expected. By
replacing BDT with BPDT and TPDT (thereby increasing the
number of phenyl rings), we could measure the decay coefﬁcient (β) per phenyl ring and compare this β value with
previously reported values [45–49]. Figure 2(a) shows the
statistically derived current density–voltage (J–V) characteristics on a logarithmic scale for all working BDT, BPDT, and
TPDT molecular devices with graphene electrodes on the
rigid SiO2/Si substrate. Comparison of J–V characteristics
between Au/BDT/Au, Au/MLG/BDT/Au, and Au/
PEDOT:PSS/BDT/Au junctions was given in the supplementary information. We fabricated a sufﬁcient number of
devices to conduct a statistical analysis for each type of
molecular junction, and we identiﬁed the operating devices by
ﬁtting the histograms based on a Gaussian distribution function. The range of operation for the devices was determined to
extend from μ−σ to μ+σ where μ is the Gaussian average
of the current density (in units of A cm−2) at 1 V and σ is the
Gaussian standard deviation. The error bars marked at ±1 V
represent the standard deviations of the operating devices.
From the operating devices, the log-averaged current densities
(J) at 1 V for BDT, BPDT, and TPDT were found to be
2.90 A cm−2, 2.39 A cm−2, and 1.62 A cm−2, respectively.
These results indicate that the current density decreases with
an increasing number of phenyl rings. Note that the difference
per ring is smaller than that observed in the case of alkanethiolate molecular junctions because benzenedithiolate
molecules form a smaller tunneling barrier than do alkanethiolates, i.e., benzenedithiolate molecules exhibit a smaller
tunneling decay coefﬁcient (β). Figure 2(b) presents a semi-

measured following the standard AC modulation technique
using a lock-in ampliﬁer (LIA, Stanford Research Systems
SR830). The root-mean-square (rms) AC modulation bias
was 5 mV at a frequency of 503 Hz. The reference phase was
−90° when the second harmonic was measured for d2I/dV2
(there was no phase shift for the ﬁrst harmonic). Finally, the
DC voltage was swept from 0 to 0.3 V.

3. Results and discussion
Although alkanethiolates are a common choice for molecular
junction test-beds, benzene-based conjugate molecules are
also important because their conjugate electronic structure can
induce interesting electrical behaviors with various advantages [42–44]. We chose three types of benzenedithiolates
because they are the simplest and most widely studied conjugate molecules in the ﬁeld of molecular electronics and also
one of the most promising families of prototype molecules for
studying the fundamentals of charge transport. Choosing
benzenedithiolate molecules allowed us to compare the data
measured from our fabricated MLG–interlayer molecular
devices with those from benzenedithiolate molecular junctions fabricated using other known methods. Various studies
have indicated that the primary mechanism of charge transport through benzenedithiolate is non-resonant tunneling
(when the applied voltage is not too high), in which the
current density exhibits an exponential dependence on the
molecular length, as in the case of alkanethiolates [45–48].
However, because conjugate molecules have far smaller gaps
between the highest occupied molecular orbital and the lowest
3
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Figure 2. (a) Statistically derived J–V characteristics of all working BDT, BPDT, and TPDT molecular devices with graphene electrodes. (b)

A semi-log plot of the J values at different biases versus the numbers of phenyl rings in the BDT, BPDT, and TPDT molecular devices. (c)
Semi-log plot of the current densities measured at different biases from 0.2 to 1 V as a function of the molecular length. This graph shows an
exponential decrease in the current density as the molecular length increases. (c) J–V–T measurements of a BDT molecular device. The
temperature was varied from 80 to 280 K in increments of 40 K. (d) Arrhenius plot of the J–V–T measurements of the BDT device, presented
to verify the type of charge transport occurring in the device.

resonant tunneling; this is consistent with the results of previous studies [47, 48].
We also fabricated the same BDT molecular devices with
MLG electrodes on a ﬂexible PET substrate. PET is attractive
for use as a substrate for molecular junctions because it offers
various advantages such as outstanding durability, thermal
stability, and weatherproofness [50, 51]. Moreover, PET is
insoluble by organic solvents such as ethanol and acetone.
Because our device fabrication process entails several steps of
solution processing (SAM deposition in an ethanol solution
and PMMA removal in acetone), a PET substrate is a suitable
choice for the fabrication of our molecular devices.
Figure 3(a) shows the J–V curve for the BDT molecular
devices on the PET ﬂexible substrate under ﬂat conditions
(bending radius=∞). This graph shows that the order of the
current density is the same as that for the devices fabricated
on the rigid substrate. The reliability of the electrical characteristics of the ﬂexible molecular devices was also examined under various bending conditions. Figure 3(b) presents
the current densities measured at 0.8 V under different
bending conﬁgurations (bending radii of ∞, 10 mm, and
5 mm). The current density remained nearly constant
regardless of the bending radius. This result demonstrates that

log plot of the J values at different biases, from 0.2 to 1 V,
versus the numbers of phenyl rings in the molecules of the
BDT, BPDT, and TPDT devices. This graph shows an
exponential decrease in the current density as the molecular
length increases. Based on the non-resonant tunneling model
(J = J0 e-bd , where β is the decay coefﬁcient and d is the
molecular length), we could determine β by performing a
linear ﬁt for each bias. The average β value was found to be
0.33±0.02 Å−1 (1.36±0.06 per phenyl ring), in good
agreement with previously reported values [45–48]. To
determine the characteristics of the tunneling transport
through our molecular junctions, we performed a temperature–varying current density–voltage (J–V–T) analysis to
identify the temperature dependence of the J–V characteristics. Figure 2(c) depicts the J–V–T measurements of the
BDT molecular devices. The temperature was varied from 80
to 280 K in increments of 40 K. Figure 2(d), which represents
an alternate means of plotting the dataset presented in
ﬁgure 2(c), shows the Arrhenius plot (J versus 1/T) to verify
the type of charge transport occurring in the device. This
graph shows the temperature-independent characteristics of
the current density, which imply that the primary mechanism
of charge transport in our molecular junctions is indeed non4

Nanotechnology 27 (2016) 145301

Y Jang et al

Figure 3. (a) J–V curve for the BDT molecular devices on the ﬂexible substrate under ﬂat conditions (bending radius=∞). (b) Current

densities measured at 0.8 V in different bending conﬁgurations (bending radii of ∞, 10 mm, and 5 mm). (c) J–V characteristics measured
throughout 103 bending cycles of repeated 5 mm radius bending using a bending machine. (d) Retention characteristics of a molecular device
with a 5 mm bending radius. A voltage of 0.8 V was applied in intervals of a duration that was increased in increments of 100 s up to 104 s.
(e) Retention characteristics with voltage switching between +0.8 and −0.8 V at intervals of 10 s, where the current persisted up to 5000 s.

performed concerning IETS measurements of alkanethiolate
SAMs in nanopore structures, single alkanethiolate or BDT
molecules in MCBJs, and electromigrated nanogap junctions,
as well as the use of scanning tunnel microscope techniques
[48, 57–60]. Recently, we reported the results of IETS measurements of pure metal–molecule–metal solid-state junctions
fabricated using a direct transfer method [36]. However, the
IETS characteristics of graphene–interlayer molecular devices
have not yet been veriﬁed. Thus, we studied the IETS spectra
of our BDT molecular junctions with MLG electrodes, which
were found to be consistent with previously reported theoretical and experimental results [48, 59–66]. From this, we
ascertained that IETS signals can be successfully observed in
graphene–interlayer molecular junctions and conﬁrmed the
molecular signatures in these junctions. The principles of
IETS have previously been explained in the literature
[61, 62]. Here, we will brieﬂy reiterate them. When a negative
voltage is applied to an Au/MLG electrode, its Fermi level is
raised (ﬁgure 4(a)). Then, an electron on the Au/MLG
electrode begins to tunnel into the empty states of the righthand Au electrode through an energy-conserving process
known as elastic tunneling (black arrow). Alternatively, the
electron can also tunnel through the junction with an energy
loss by delivering an energy quantum, ħω, into a localized
vibrational mode of the molecule. This energy is used to
excite the molecule’s vibrational mode. The electron is
eventually transmitted through the molecule through an
inelastic tunneling process (red arrow). The inelastic channel
is available only if the bias V0 exceeds the speciﬁc phonon
energy ħω/e. When only the elastic tunneling channel is

the electrical characteristics of our molecular devices do not
degrade under mechanical distortion. Figure 3(c) shows the
J–V characteristics measured throughout 103 bending cycles
of repeated 5 mm radius bending using a bending machine
(see the inset of ﬁgure 3(c)). This result conﬁrms the endurance of our devices under continuous, repeated mechanical
stress. We also performed a retention test with a 5 mm
bending radius, as shown in ﬁgure 3(d). A voltage of 0.8 V
was applied for intervals of a duration that was increased in
increments of 100 s. Under these conditions, the currents were
maintained for up to 104 s. Figure 3(e) shows the result of a
similar measurement conducted with voltage switching
between +0.8 and −0.8 V at intervals of increasing duration
in increments of 10 s, in which the currents were again well
maintained for up to 5000 s. In addition to bending tests, we
also examined the stability of ﬂexible devices by analyzing
bending strain ε of devices for each bending radius R, which
is given in the supplementary information. Based on these
results, we can conﬁrm that the electrical characteristics of our
molecular devices with MLG electrodes are well preserved
regardless of mechanical stress.
In addition to fundamental current–voltage characterization and temperature-varying measurements, various techniques are available for investigating the charge transport
characteristics of molecular junctions, including transition
voltage spectroscopy, noise spectroscopy, thermoelectric
measurements, surface-enhanced Raman spectroscopy, and
IETS [52–56]. IETS in particular has been proposed as a
powerful tool for the detection of unique vibration modes of
molecules in a tunneling junction. Several studies have been
5
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Figure 4. (a) Energy band diagram describing the principles of IETS. The black arrow represents elastic tunneling, and the red arrow

represents transmission through the molecule via an inelastic tunneling process. The inelastic channel is available only when the bias voltage
V0 exceeds the speciﬁc phonon energy ħω/e. (b) Circuit diagram of our IETS setup. (c) I(V), dI/dV, and d2I/dV2 plots of a BDT molecular
device with a graphene electrode. In the d2I/dV2 plot, IETS peaks can be observed at 21, 82, 136, and 209 mV.

proportional to dI/dV and d2I/dV2, respectively; then, after
adjusting parameters such as the LIA amplitude, LIA sensitivity, current ampliﬁer sensitivity, and transformer factor, we
identiﬁed the exact dI/dV and d2I/dV2 values. Additionally,
the IETS measurements were performed at 4.2 K to prevent
thermal broadening of the signals. Figure 4(c) shows the I(V),
dI/dV, and d2I/dV2 plots of our BDT molecular devices with
MLG electrodes. The current measurements were performed
from 0 to 0.3 V. The current–voltage (I–V) graph appears as a
smooth curve without any kinks. This shape indicates that the
contribution from inelastic tunneling is far smaller than the
elastic tunneling current, causing the slope shunts in the I–V
graph to be barely noticeable. However, the conductance (dI/
dV) curve abruptly increases at certain speciﬁc voltages. The
shape of this graph shows clear evidence of inelastic tunneling. In the d2I/dV2 plot, an obvious inelastic tunneling

open, the current will increase linearly with an increase in
voltage. However, when the inelastic channel becomes
available at the threshold voltage (V0=ħω/e), this effect
creates a small shunt in the slope of the I–V curve. In the
conductance (dI/dV−V) graph, a step is formed at V0. At the
same time, a peak appears in the second derivative (d2I/
dV2−V) graph, namely, an IETS peak. Multiple peaks can
be observed if multiple molecular vibrational modes exist;
therefore, analyzing the positions of the IETS peaks informs
us of the intrinsic vibrational characteristics of the molecule
(s) in a junction. Figure 4(b) presents the circuit diagram of
our IETS setup. Because the inelastic tunneling current is a
very small portion of the overall tunneling current, it is
necessary to use an AC modulation technique with LIAs to
directly identify the second derivative of the current. We
measured the ﬁrst and second harmonic signals, which are
6
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electrodes and may thus contribute to the development of
reliable device fabrication platforms and future applications
of molecular electronics.

phenomenon is evident. Several peaks are apparent at 21, 82,
136, and 209 mV, namely, the IETS peaks. The ﬁrst peak, at
21 mV, is the ν(Au–S) peak, which corresponds to a strong
stretching energy between the thiol end groups and the Au
atoms in the bottom electrode [48, 59–66]. The other three
peaks originate from the intrinsic vibrational modes of the
phenyl ring. The second peak, at 82 mV, is expected to arise
from the C–C–C in-plane bending mode γ(C–C–C) and the
S–C stretching mode ν(S–C) [48, 59–66]. The third and
fourth peaks, at 136 and 209 mV, originate from the ν(18a)
C–H in-plane stretching and ν(C=C) stretching modes
[48, 59–66]. Our experimental results are well consistent with
various previous IETS theories and experiments regarding
Au–BDT–Au single-molecule junctions [48, 59, 60, 64, 66].
As a result, the role of the BDT molecule as an active
transport channel in our molecular device was conﬁrmed by
this IETS experiment. One interesting feature is that the
intensity of the peaks decreases in the following order: ν(Au–
S)>γ(C–C–C) and ν(S–C)>ν(18a)>ν(C=C). This
means that electron tunneling through the Au–S bond is the
most favorable inelastic pathway in this junction. Lin et al
theoretically suggested that the origin of the intensity ordering
of the IETS peaks of an Au–BDT–Au junction is the rotation
of the BDT molecule around its S–S axis and that this rotational freedom permits variations in the intensity of each peak
[64, 66]. The other noticeable feature is that no clear trace of
the graphene electrode is observed in the IETS signals even
though MLG exhibits a strong Raman shift peak at approximately 1580 cm−1 (196 mV) [67]. Moreover, many other
IETS peaks of graphene have also been reported recently [68–
71]. However, in this study, we observed only the molecular
peaks. This ﬁnding implies that the graphene electrode in this
metal–molecule–graphene system yields only weak signals
and that the weak graphene peaks were overlapped with
stronger molecular excitations. However, further theoretical
and experimental studies of the electron–phonon interactions
in molecular junctions with graphene electrodes will certainly
be necessary in the future.
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