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Abstract: We studied a molecular junction with arylalkane self-assembled monolayers sandwiched
between two graphene contacts. The arrangement of graphene-based molecular junctions provides a
stable device structure with a high yield and allows for extensive transport measurements at 78 K. We
observed a temperature-independent current density-voltage (J-V) characteristic and the exponential
dependency of the current density on the molecular length, proving that the charge transport occurs by
non-resonant tunneling through the molecular barrier. Based on the Simmons model, the bias-voltage
dependence of the decay coefficient and barrier height was extracted from variable-length transport
characterizations. The |-V data measured were simulated by the Simmons model, which was
modified with the barrier lowering induced by the bias voltage. Indeed, there isno need for adjustable
fitting parameters. The resulting simulation was in remarkable consistency with experimental
measurements over a full bias range up to | V1 < 1.5V for the case of graphene/arylalkane/graphene
heterojunctions. Our findings clearly showed the demonstration of stable and reliable molecular
junctions with graphene contacts and their intrinsic charge transport characteristics, as well as
justifying the application of the voltage-induced barrier lowering approximation to the graphene-
based molecular junction.
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1. Introduction

The utilization of inherent molecular electronic functionality has been recognized as a
fascinating idea to create the ultimate sub-nanoscale devices that are able to offer distinctive
characteristics unavailable in the conventional semiconductor technologies [1-3]. However,
the electronic properties of a molecular junction based on individual molecules directly rely
upon the accurate control of molecular configurations in the junction, and the atomic preci-
sion essential for reproducibility cannot be accomplished with the top-down fabrication
techniques of today [4-7]. On this account, the vertical junction architectures sandwiched
with self-assembled monolayers (SAMs) are beneficial for their technological application,
but the nondestructive fabrication of SAM electrode top contacts is required [8-14]. The pro-
cess for top-contact formation should maintain the integrity and functionality of molecular
layers, while being simultaneously compatible with the high-yield construction of molecu-
lar electronic junctions. It has been revealed that molecular junctions fabricated with the
evaporation of top metal atoms indicate a very low device yield, often less than 1% [8,13].
Until now, a variety of methods have been suggested to protect molecular SAMs from the
evaporated metal atoms. Most of these methods have employed non-evaporative elec-
trode systems using a single or multilayer graphene [6,15,16], reduced graphene oxide [17],
conducting polymer [11,14], metallic nanoparticle [9,10], or direct metal transfer [12,13]
(see Table S1). In particular, graphene and its derivatives have received considerable at-
tention as the contact materials of molecular junctions due to their excellent electronic
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and optical properties [5,6,15-17]. In this study, we investigated a tunnel junction with
arylalkane SAMs as the insulating barriers, which are sandwiched between the top and
bottom graphene contacts. The bottom graphene allows for robust covalent C—C bonds
with the component molecules, and the top graphene serves as a protecting layer against
the vapor-deposited metal atoms to prevent the formation of electrical shorts. Overall, the
arrangement of molecular junctions based on a graphene heterostructure provides a stable
device structure with a high yield (>80%) and makes cryogenic measurements possible.

To explore the charge transport characteristics of molecular junctions, one of the critical
challenges is the demonstration of an easily accessible theoretical model, which is highly
desirable to design novel electronic devices with predictable transport behaviors. The Sim-
mons model has been recognized as the simplest approximation to tunneling via a constant
rectangular barrier [18], but it seems to be inaccurate for experimental measurements on
actual molecular junctions [19-21]. The original model with a constant barrier height was
previously applied to a tunnel junction containing alkanethiol SAMs, where an additional
fitting parameter & was required to achieve the best fit to the measurements [22,23]. The ori-
gin of the adjustable parameter & remains obscure. It may result from the non-rectangular
barrier, the effective mass of electrons in SAMs, or a combination of those factors [19,22,24].
Furthermore, as noticed by earlier studies [18,22], the barrier lowering induced by the
bias voltage has to be considered for a practical tunnel junction. This effect has been still
overlooked in molecular junctions. In consequence, different parameters for a molecular
tunnel barrier were often obtained from the same junctions, giving rise to a substantial
variation in the fitting results [18]. In this regard, it is essential to demonstrate a more
precise model that can be compared directly to experimental measurements. Here, we
employed the model based on the bias-voltage dependence of a barrier height to describe
the transport measurements for graphene-based molecular junctions. The barrier height
is not demanded as a fitting parameter. Rather, it is straightforwardly determined by
variable-length transport characterization and then is incorporated in the Simmons approx-
imation to simulate the experiments. Agreement between the simulation and experiments
is excellent for the cases of graphene/arylalkane/graphene heterojunctions. These results
solidify the application of the barrier lowering model to quantitative transport analysis for
molecular tunnel junctions.

2. Experimental Details

The schematic of a device structure is seen in Figure 1a, which was based on arylalkane
monolayers anchored between two (top and bottom) graphene electrodes. To fabricate
the device, a pre-patterned Au(100 nm)/Ti(3 nm) bottom contact pad was first deposited
on oxidized Si wafers using an electron-beam evaporator at the low evaporation rate
of ~0.1 A/s. A single layer graphene (from Graphene Square), grown on a Cu foil by
chemical vapor deposition, was transferred as a bottom electrode on the oxidized Si
substrate. We employed a well-known poly(methyl methacrylate) (PMMA)-mediated
graphene transfer method [25], in which a thermal-release tape was applied to the PMMA
film spin-coated on the bottom graphene. The Cu foils were eliminated in the solution of
20 g/L ammonium persulfate in distilled water for more than 10 h, and the release tapes
and PMMA were removed by warm acetone after the graphene transfer. Afterward, the
bottom graphene was patterned through a shadow mask by O, plasma treatment. For
molecular deposition, 20~50 mM diazonium compounds of arylalkanes were dissolved
within dimethylformamide (DMF). The graphene-transferred substrates were submersed
in the diazonium solution for a minimum of 24 h. Arylalkanes for three different lengths,
denoted in the following as ArC8, ArC10, and ArC12 by the number of a C atom in the
alkyl chain, were anchored to the bottom graphene via a dediazonization reaction [26].
This process allowed for a robust covalent bond between the bottom graphene and aryl
diazonium compounds. The arylalkanes on the bottom graphene were rinsed with DMF
to remove residual molecules and then dried completely in a vacuum chamber. The top
graphene and Au (100 nm) contact pad were deposited on the molecular layers, the same
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as the procedures to create the bottom electrodes. As a final step, the redundant graphene
and molecules out of the junction area were eliminated by O, plasma to avoid parasitic
conducting paths. Figure 1b shows a top-view image of scanning electron microscopy
(SEM) for the whole device fabricated, where the junction area, highlighted in a yellow
square box, ranged from 4.0 x 1078 to 6.3 x 1078 m? (200-250 um on a side). We used
a Raman spectroscopy (NOST, FEX, Seongnam-si, Korea) and atomic force microscopy
(AFM) (Park Systems, XE7, Suwon-si, Korea) to inspect the pristine and monolayer-covered
graphenes and a Keithley 4200A-SCS parameter analyzer (Keithley Instruments, Solon,
OH, USA) and Janis cryostat for transport measurements.
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Figure 1. (a) Schematic of graphene/arylalkane/graphene heterojunctions. The arylalkane (ArC8)
monolayer is sandwiched between top and bottom graphene contacts. (b) An SEM image of the
fabricated device. The active area of a molecular junction is highlighted by a yellow square box.

3. Results and Discussion

The fabrication of a molecular junction based on SAMs mostly involves the deposition
of the metal atoms for a top-side contact on a few nanometer-thick molecular layers.
This process frequently results in a short circuit failure due to direct penetration of the
evaporated metal atoms through SAMs, thus destroying the molecular junctions. To prevent
this problem, here we employed the graphene film as a protecting interlayer for the stable
formation of a molecule—electrode top contact. We also note that the graphene contacts did
not take part in the molecular tunnel junctions as actively tunable components with the
gate modulation [27,28], which was beyond the scope of the present study.

We measured the Raman spectra of the pristine and arylalkane (ArC10)-covered
graphenes transferred on the substrates (see Figure S1). Two typical prominent peaks of the
G band (1581 cm™!) and 2D band (2674 cm™!) and a large ratio (>~2.3) of Raman intensity
between the G and 2D bands indicated that the transferred graphene film was a single
layer [29]. The absence of the D peak (1349 cm™!) in the pristine graphene implied that it
was of good quality without substantial defects. The Raman peak corresponding to the D
band appeared after the attachment of the arylalkane molecules to the graphene, which can
be caused by the defects, resulting from the formation of a covalent C—C sp® bond between
the molecules and graphene [26,29]. From the line profile analysis of the AFM images (see
Figure S2), the height of the ArC10-grafted and pristine graphenes’ layers transferred to the
5i0; surface was measured as 2.5 and 0.5 nm, respectively. The offset of ~2 nm was nearly
comparable to the molecular length. In total, the results for the Raman spectroscopy and
AFM measurements consistently indicated the SAM formation onto the bottom graphene.

As the Fermi level (Ef) of electrodes is located within a large HOMO-LUMO gap of
the short-length arylalkane series, tunneling via the molecular barrier can be rationally
anticipated as the dominant transport mechanism of these junctions [22,23]. However, in
the absence of variable-temperature characterization, other thermally activated mecha-
nisms such as hopping conduction or thermionic emission cannot be ruled out. Figure 2a
shows the representative semilogarithmic J-V characteristic of an ArC8 junction measured
from the device structure described in Figure 1. It was obtained in a sufficiently wide
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temperature variation (from 298 to 78 K) and with 20 K steps to verify the conduction
mechanism. The current density barely changed, which was in agreement with the results
measured with similar metal/alkyl molecules/metal junctions. Figure 2b displays an
Arrhenius analysis of the current density. The slope of In(J) against 1/T at different biases
exhibited no significant dependence, thus manifesting the absence of thermal activation.
The measurements on ArC10 and ArC12 showed also little temperature dependence (see
Figure S3). Hence, we concluded that charge tunneling is maintained as the conduction
mechanism through arylalkane monolayers incorporated between graphene electrodes.
Now that we established tunneling as the transport mechanism, theoretical calculations
from a tunneling model could be used to simulate our molecular junctions based on a
graphene heterostructure.
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Figure 2. (a) Variable-temperature |-V characteristics with temperature variation from 298 to 78 K
with 20 K steps, displayed in different color lines. (b) Arrhenius plot of ArC8 junctions at voltages
from 0.1 to 1.5 V with 0.2 V steps.

One of the most essential parameters related to tunneling through a molecular junction
is the decay coefficient (8), which can be determined by performing the length-dependent
transport measurements based on the Simmons model [11,22,24]. Figure 3a shows In(J)
values plotted against the molecular length of arylalkanes at the different biases. By using
ACD/Lab software, the molecular lengths of ArC8, ArC10, and ArC12 were estimated to be
13.3,18.2, and 23.2 A, respectively. The tunneling current densities were calculated from the
average of approximately 80 devices per each molecule, indicating exponential dependency
upon the molecular length (d) for a given bias. This length dependence represented a
general feature of non-resonant tunneling, described by | « exp(—pd) [8,13,23]. The decay
coefficient at each bias was determined from the slopes of linear fits and is displayed in
Figure 3b. The uncertainty of the § values in Figure 3b denotes a linear fit error. The
decay coefficients ranged from 1.08 to 0.92 A~!, dependent on the applied voltages. These
values were similar to that of alkyl-based junctions with metallic contacts [13,24]. Our
analysis of this length-dependent transport showed that the arylalkane monolayer not
only maintained its molecular integrity in the junction but also predominated the charge
transport properties and was not disturbed by the graphene-molecule contacts. Overall,
temperature-independent and exponentially length-dependent |-V characteristics consis-
tently showed the non-resonant tunneling transport for these junctions. These findings
ruled out defect-mediated transport in the molecular tunnel barrier and graphene contacts,
which is typically expected to show thermally activated transport characteristics [10,13].
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Figure 3. (a) Plot of In(J) versus d for the bias range from 0.1 (bottom) to 1.5 V (top). For clarity, the
data only at 0.1 V contain the error bar, indicating the standard deviation upon averaging the current
density. The B values were determined from the slope of the linear fits (solid line). (b) Plot of B versus
V. The inset shows the bias-voltage dependence of the barrier height. The solid line indicates the
linear fit.

Within the Simmons model of a rectangular barrier (i.e., « = 1), the relationship
between the tunneling decay coefficient and barrier height (®p) is given by [21,27]:

p= 22" /g (1>

where m is the bare electron mass and / (= 27th) is the Planck constant. Using Equation (1),
the Simmons barrier heights calculated from the B values at different biases are plotted in
the inset of Figure 3b, where the barrier height linearly depends on the magnitude of the
bias voltage. Our findings indicated that the increasing bias voltage led to lower tunneling
barrier, thus decreasing the decay coefficient. This effect may be attributed to image po-
tential, which has been known to reduce the barrier height and, therefore, enhances the
probability of charge tunneling across molecular barriers [18,19]. The extraction of § and
®p was then straightforward by performing the length-dependent transport characteri-
zation, without adjustable fitting parameters. Based on the linear relation (red, solid line)
observed in the inset of Figure 3b, the voltage dependence of the barrier height could be
approximated as

®5(V) = —yleV| + Ppo @)

where ®p(V) and ®py are defined as the bias-voltage dependent and zero-bias barrier
height, respectively, in units of eV, and v signifies the degree of the voltage dependency
on the barrier height as a unitless constant. In this linear relationship, y and ®pg can be
determined from the slope and y-intercept, respectively, by which 4 = 0.21 £ 0.01 and
dpg = 1.16 £ 0.01 eV are found in the inset of Figure 3b. The voltage dependence of a
barrier height was also previously reported for porphyrin molecular junctions formed by a
conducting AFM technique without the length-dependent measurements [30].

The statistically representative |-V curves (data points) are presented in Figure 4 and
were obtained by averaging all the data measured at 78 K for each arylalkane molecule
with different lengths. The error bars indicate a 10 standard error of the mean value.
The traces of the |-V curves are almost symmetric in respect to the origin and display
a nonlinearity that was shown to be more prominent as increasing the bias We initially
tested the original Simmons model (see Equation (51)) based on a constant rectangular
barrier to simulate the representative J-V curves [18], where the barrier height was used
as a fitting parameter. Apparently, there was inconsistency between the constant barrier
approximation and the experimental ]-V curves. As seen in Figure 4, the fitted current
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density (black, solid curves) with the constant barrier increased abruptly near 1.1 V from
an almost flat value, whereas the experimental |-V data rose gradually in a sigmoidal
shape. This fitting result showed that the Simmons model based on the constant barrier
height was not suitable to characterize the |-V curves of the graphene tunnel junctions
without a further adjustable parameter.

(a) 12 — . . . . . .
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Figure 4. The statistically representative -V curves (data points), obtained by averaging all the data
measured at 78 K for (a) ArC8, (b) ArC10, and (c¢) ArC12 junctions. Black curves indicate the fitting
results of the original Simmons model with a constant barrier height, and red curves denote the
simulation of the VIBL-modified Simmons model.

Therefore, we presented an alternative method, where the Simmons model was modi-
fied with a voltage-induced barrier lowering (VIBL), quantitatively characterized by the
length-dependent transport measurements. The significance of VIBL is that it allows for
our experimental -V curves to be simulated over a full bias range of |V| < 1.5 V by incor-
porating Equation (2) as the VIBL parameter in the Simmons model. Then, the modified
Simmons equation expresses the current density through a molecular tunnel barrier as:

e eV 2d\/2m eV eV 2d+/2m eV
J= W{<¢B(V)_2> exp(— 7 ‘DB(V)_2> - <®B(V)+7> eXp(- 7 ¢B(V)+2>} 3)

Figure 4 demonstrates that the representative [-V characteristics averaged from exten-
sive measurements on the tunnel junctions can be described with the modified Simmons
simulation (red, solid curves) using Equation (3), where VIBL is included as ®p (V) in the
model. As described above, the VIBL parameter (V) was experimentally determined by
the length-dependent analysis using Equations (1) and (2). It is noted that the -V curves
were not “fitted” and, thus, there was no need for the adjustable fitting parameters. The
simulation with ®5 (V') was accurate within the errors of measurements over the entire bias
range, offering a better description for the measured J-V curves, as compared to the con-
ventional constant barrier approximation. A clear consensus between the experimental and
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simulated transport characteristics demonstrated the validity for the use of the Simmons
model combined with VIBL for the case of our graphene-based molecular junctions.

A critical verification of the VIBL approximation is if this model can exactly predict
the experimental results. For a self-consistency check, we replotted the experimental
and simulated data, as displayed in Figure 5, where the resistance R multiplied by the
junction area A is shown on a logarithmic scale against the bias voltage for each molecule
investigated [19]. Simmons earlier presented this analysis in the original paper to examine
the effect of fitting parameters on the tunneling model [18]. We note that the log plot of RA
versus V was beneficial to especially reveal the further details concerning the validity of
the tunneling model. The simulations plotted using the VIBL model (red lines) precisely
described the measurements (data points) in the whole bias region, as likewise observed
in Figure 4. The fitting results with the constant barrier model are also plotted in Figure 5
(black lines), where the disagreement between the experiment and model is much more
profound and the fits clearly seem to be not accurate over the entire voltage regime. With the
barrier height alone as a fitting parameter, the analysis of RA versus V indicated that it was
not possible to characterize the molecular tunnel junctions based on graphene electrodes.
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Figure 5. Log plots of RA versus V for (a) ArC8, (b) ArC10, and (c) ArC12 junctions. The fits with
the original Simmons model for a constant barrier height (black curves) and the simulation of the
VIBL-modified Simmons model (red curves) are shown.

4. Conclusions

The charge transport through vertical graphene/arylalkane/graphene heterojunctions
was investigated by the Simmons model combined with the bias-voltage dependence of
a tunneling barrier height. Both the temperature independence and exponential length
dependence of the measured -V characteristics clearly showed that non-resonant tunneling
is the dominant conduction mechanism in these junctions. The tunneling decay coefficients
at different bias voltages were determined by inspecting an exponential decrease in the
current density with the molecular length, for an arylalkane series contacted between



Crystals 2022, 12, 767 80f9

top and bottom graphene electrodes. The decay coefficient ranged from 1.08 to 0.92 A~
depending on the bias voltage. Based on the Simmons model, the length-dependent
transport analysis indicated v = 0.21 £ 0.01 and ®py = 1.16 £ 0.01 eV for the arylalkane
tunnel junctions. The critical parameter ®5(V) of VIBL was experimentally extracted
from the bias dependence of . Then, we employed the Simmons model modified with
P35 (V) to simulate the charge transport characteristics measured from graphene-based
molecular junctions. Irrespective of the molecular length, the representative -V data were
in agreement with the simulation without adjustable fitting parameters over the whole
range of applied voltage (|V| < 1.5 V), which was consistently revealed by the analysis of
RA versus V plots on a logarithmic scale. The high quality of the simulations justifies the use
of the VIBL-modified Simmons model for analysis of graphene-based molecular junctions.
As presented in this study, the graphene contacts in molecular junctions effectively protect
the molecular SAMs from penetration by the evaporated metal atoms, providing a stable test
bed for the transport measurement. In addition, the incorporation of a gate electrode may
become a fascinating future work to modulate the tunneling transport through graphene-
based molecular devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12060767/s1, Figure S1: Raman spectrum for a pristine and
ArC10-coverd graphene; Figure S2: AFM topographical images and line profile analyses of a pristine
and ArC10-coverd graphene; Figure S3: Arrhenius plots of ArC10 and ArC12 junctions; Table S1:
Comparison of various non-evaporative top contact molecular junctions [10].
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