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ABSTRACT: Molecular conformation, intermolecular inter-
action, and electrode—molecule contacts greatly affect charge
transport in molecular junctions and interfacial properties of
organic devices by controlling the molecular orbital alignment.
Here, we statistically investigated the charge transport in
molecular junctions containing self-assembled oligophenylene
molecules sandwiched between an Au probe tip and graphene
according to various tip-loading forces (Fy) that can control
the molecular-tilt configuration and the van der Waals (vdW)
interactions. In particular, the molecular junctions exhibited
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two distinct transport regimes according to the F; dependence (i.e., F;-dependent and F,-independent tunneling regimes). In
addition, the charge-injection tunneling barriers at the junction interfaces are differently changed when the F; < 20 nN. These
features are associated to the correlation effects between the asymmetry-coupling factor (77), the molecular-tilt angle (), and
the repulsive intermolecular vdW force (F,qy) on the molecular-tunneling barriers. A more-comprehensive understanding of
these charge transport properties was thoroughly developed based on the density functional theory calculations in consideration
of the molecular-tilt configuration and the repulsive vdW force between molecules.
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he energy-level alignment of the molecular frontier
orbitals, the highest-occupied molecular orbital
(HOMO) and the lowest-occupied molecular orbital
(LUMO), with the Fermi level of electrodes (Eg) is essential
for understanding the charge transport in molecular-scale
junctions as well as the development of organic electronic
devices.'™” These molecular frontier-orbital levels that are
between both of the electrodes form the charge-injection
barriers that represent the transmission channels, which can
play a key role in the determining of the electrical characteristic
of the molecular junction.*””'® Diverse factors such as
molecular-backbone structures,'' molecular-anchoring groups,’
the Ep of electrodes,”® and the coordination geometries and
coupling strengths at the electrode—molecule contacts'> could
all impact the interfacial transmission barrier, and the
corresponding engineering is crucial for the attainment of
desirable molecular and organic-device performances.”
Furthermore, a change of the molecular conformation can
also significantly affect the transport channel, leading to a large
variability of the electrical properties of the molecular junction
in which even identical junctional constituents such as
molecules and electrodes are formed.””~"” Diverse stimuli
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such as light,18 electric fields,"” heat,”® and mechanical
stress”' ~** have been utilized to change the static structure
of the molecular conformation. In particular, the mechanical
stress-driven conformational control using a scanning probe
microscopy (SPM) technique can lead to a direct dynamic
variation of the molecular structure itself.'*'>'”*"** This
technique is very useful in an investigation of the effect of the
molecular-tilt configuration on the electrical properties of a
single or bundle molecular junction. This is because the metal-
probe tip can be directly applied to the molecules to change
the molecular-tilt angle () using a tip-loading force (Fy) or an
adjustment of the junction displacement with respect to the
surface normal.'#'>'” Recently, Kim et al. found that, by using
the scanning tunneling microscope-based breaking junction
technique (STM-BJ), the HOMO resonance-transmission
curve in a single benzenediamine molecular junction can be
shifted close to the Eg when the @ is increased by pulling the
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Figure 1. (a) (left) Schematic of a molecular junction composed of a Au/OPT SAMs/ graphene film stacked on an Au/SiO,/Si substrate under an
Fy of the Au tip using the CAFM technique. (Right) The molecular structures for (i) BPMT and (ii) BPDT are shown. (b) Representative I-V/
plots of BPDT junction at F; = 1, 10, 20, and 100 nN, respectively. Inset shows the plot of the rectification ratio, which was obtained using I (V=1
V)/I (V= —1V)l as a function of F;. (c) Representative F—N plots of BPDT junction at F; = 1, 10, 20, and 100 nN, respectively. Arrows indicate
Vr values corresponding to the transition from DT to F—N tunneling at different F;, values.

junction.'” As a result, the electrode—molecule coupling was
increased with the increased 6. The HOMO energy level
(Enomo) that is shifted by the molecular-tilt configuration can
lead to an enhancement of the charge transport and the smaller
junction asymmetry.'” The increased coupling and the shifted
HOMO level had been explained based on density functional
theory (DFT) calculation considering the different tilt angles."”
In the case of the bundle molecular junction that is based on
self-assembled monolayers (SAMs) of molecules, however, the
numerous van der Waals (vdW) interactions that inevitably
exist between the molecules might cause a distinctive electrical
behavior that would not be observed in a single molecular
circuit.”* For example, Nerngchamnong et al. demonstrated
that the vdW interaction between the ferrocene-alkanethiolate
molecules in the EGaln-based junction is majorly responsible
for the variability of the transport conduction depending on
the .., and the ngyy in the alkyl-backbone structure
(—[CH,],—), namely, the odd—even effect.”* Generally, the
magnitude of the vdW interactions depends on the chain-to-
chain intermolecular distance (d.), so it is expected to be
strongly correlated to the molecular-tilt configuration of the
SAMs.'#'>*° Although a number of experiments have
separately verified the effects of the asymmetric coupling, the
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molecular-tilt configuration, or the vdW interaction on the
charge transfer through a molecular layer, a comprehensive
understanding of the way that the electrical characteristic varies
with the correlation between among these effects is not yet
established. In addition, the measurements and theoretical
predictions regarding the way that the molecular orbital
alignment is changed by these correlations have rarely been
investigated.

Here, we report the influences of the contact coupling,
molecular-tilt configuration, and intermolecular vdW inter-
action on the charge transports through oligophenylene-based
monothiol and dithiol (denoted as OPT) molecular junctions
that are sandwiched between Au probe tip and graphene using
a conductive atomic force microscopy (CAFM) technique. We
found that the change in the charge-injection tunneling barriers
that are formed at the junction interfaces and the asymmetric
ratio of the barriers are strongly associated with the
correlational effects between the asymmetry-coupling factor
(), the molecular-tilt angle (#), and the repulsive
intermolecular vdW force (Fgw). Also, a comparison of the
tunneling-barrier experiment results and those of a theoretical
estimation that is based on the DFT calculation depending on
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Figure 2. (a, b) Experimentally obtained V7 plotted as functions of the F; and the voltage polarities (V, and V_) for BPMT and BPDT molecular
junctions, respectively. The error bars indicate the standard deviations of each Vi (~500 measurements in total). The right side of panels a and b
show examples of Vi histograms at F; = 20 nN for BPMT and BPDT molecular junctions, respectively. Each histogram plot was obtained from
35—50 individual I-V measurements. (c, d) Experimentally obtained V7 ratios, defined as [V (V=)I/IV; (V,)l, plotted as a function of F; for

BPMT and BPDT molecular junctions, respectively.

the € was made, and it is confirmed that both are in sound
agreement.

Results and Discussion. Figure la shows a schematic
diagram of the completed molecular junction employing an Au
probe tip/OPT SAMs/graphene stack on an Au/SiO,/Si
substrate, where the F; was controlled using the CAFM
technique. Self-assembled OPT molecular layers with different
numbers of the thiol groups (i) biphenyl-4-monothiol
(BPMT) and (ii) biphenyl-4,4’-dithiol (BPDT) were used as
the transport channels. The details of the experimental
method, the optimal packing structure of the OPT SAMs,
and the estimation of the contacted molecular numbers are
described in the Methods section. Figure 1b shows the
representative current—voltage (I—V) characteristics for the
BPDT molecular junction according to different F; values.
They all show the typical tunneling behavior, which mainly
originates from the energy-level offset between the Eg of the
electrodes and the nearest molecular orbital levels (HOMO
and LUMO levels).""**° In the junction fabricated without
OPT SAMs, direct Au—graphene contact was consistently
made regardless of Fy, thereby leading to the identical electrical
short due to metallic contacts (Figure S1). In contrast, the
junction fabricated with OPT SAMs did not show any
electrical shorts, not even when the I—V characteristics were
measured under F = 100 nN, thereby excluding the possibility
of direct Au—graphene contact in our molecular junctions.
Generally, the main charge-transport mechanism in the
junction containing the OPT molecules is known for
HOMO-mediated nonresonant tunneling that means the
hole is the major carrier.”*° Interestingly, the average
tunneling-current level of the BPDT junction under the same
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F is approximately 1 order of magnitude lower than that of the
BPMT (Figure S2). This current difference can be explained
by the following two factors: (i) the BPMT length (10.5 A) is
slightly smaller than that of the BPDT (11.9 A), thereby
resulting in a shorter tunneling length; and (ii) the graphene
does not form a chemisorbed contact with a thiol group
(=SH).*”** As shown in Figure 1b, the I-V characteristics
show clearly asymmetric tunneling behaviors and their
rectification ratio that is defined as II (+1 V)/I (=1 V)| was
decreased from 1.53 + 0.17 to 1.38 + 0.07 when F; was
increased from 1 to 20 nN. When F; > 20 nN, however, the
rectification ratio is barely changed regardless of F;. Similarly,
this asymmetry had been also observed in the molecular
junction consisting of symmetric amine-terminated oligophen-
yl molecules that were sandwiched between graphite and an Au
electrode.'” In the case of the Au/BPDT/Au structure,
however, the I-V characteristic exhibits a symmetric behavior
(Figure S3); considering this, the asymmetric phenomenon
might be mainly associated with the asymmetric coupling
between graphene and the Au electrode and not with the
molecular structure itself. Another noticeable feature is the
presence of two distinct transport regimes according to the Fy
dependence. For example, the tunneling currents show that the
F;-dependent characteristic when the Fy is in the range of 1—
20 nN, whereas they show the F;-independent characteristic
when F; > 20 nN, as shown in Figure 1b.

To analyze the charge-injection tunneling barriers in the
molecular junction, the transition voltage spectroscopy (TVS)
profile that exploits the plot of the In(I/V?*) versus the 1/V,
named the Fowler—Nordheim (F—N) plot, was investigated
regarding both voltage polarities.””">***° The local minimum
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Figure 3. DOS curves for (a) graphene (Gr) and BPDT near the Fermi level E; (—3.9 eV) and for (b) Au and BPDT near the Fermi level E; (—4.9

eV) at 0 = 17 (blue) and 47° (red).

in the F—N plot represents the transition voltage (V) from
direct tunneling (DT) to F—N tunneling transport, which
provides intuitive information regagding the tunneling barrier
height, as shown in Figure 1¢.>>" Similar to the tunneling
currents, the two Vi regimes are also distinguished according
to the Fy dependence. Under F; < 20 nN, the F—N tunneling
regime that is selectively marked in the colored background
gradually widened regardless of the voltage polarities, thereby
lowering the V7, as the F was increased from 1 to 20 nN;
however, this regime remained unaffected at the F; > 20 nN,
resulting in a constant Vi, as shown in Figure 1c. Furthermore,
over the entire range of F;, it was observed that Vi in the
negative-voltage region (denoted as the V_ region) is higher in
the positive-voltage region (denoted as the V. region),
implying the asymmetric transport barriers at the junction
interfaces. Because the asymmetric coupling between gra-
phene/SH and Au—S is inherently established in that junction,
the different hole-injection barrier heights (®,) that were
formed at those contacts could be responsible for the
asymmetric Vi behavior, as discussed later. These phenomena
were commonly observed in the BPMT molecular junctions as
well (Figure S4). Merging the graphs in Figure lc clarifies the
shifts in the Vi (Figure SS).

To statistically analyze those electrical properties, a
characterization of a significantly large number of the I-V
data (~500 measurements in total) according to the F; was
performed. Figure 2a,b shows the statistical Vi plots for the
BPMT and BPDT molecular junctions as functions of F; and
the voltage polarities (V, and V_), respectively. The values for
the mean and the standard deviation of the V7 corresponding
to each F; were obtained from the individual I—V measure-
ments on at least 35—50 junction positions. As an example of
the Vr values at F; = 20 nN, the V7 statistical histograms are
shown in the right sides of panels a and b of Figures 2. The
deviation in V; might be due to different contact geometries,
electrical stress-induced deformation, or different Au-tip
curvature radii.”® As shown in panels a and b of Figure 2,
the experimental Vi values in the V_ (or V,) regions for the
BPMT and BPDT junctions were decreased from 1.32 + 0.13
V (or 0.71 + 0.04 V) to 0.80 + 0.06 V (or 0.62 + 0.04 V) and
from 1.19 + 0.12 V (or 0.67 + 0.03 V) to 0.81 + 0.06 V (or
0.56 + 0.05 V) when the F; was increased from 1 to 20 nN,
respectively. Notably, the slope of the V7 line in the V_ region
was slightly steeper than that of the V7 line in the V, region,
implying less-asymmetric coupling as the F; was increased
from 1 to 20 nN. In the case of 20 nN < F; < 100 nN;
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however, the V; values for both junctions are nearly
unchanged regardless of the voltage-sweep polarities (V, and
V_). Panels c and d of Figure 2 show the Vi ratios that are
defined as IV (V=)I/IV; (V)| for both the BPMT and BPDT
molecular junctions as a function of F;, respectively. As
mentioned previously, the asymmetric V. behavior arises from
a difference of the asymmetric coupling between both
interfaces of the molecular junction.”’’ Generally, the
influence of the voltage polarities on the V7 is strongly related
to the degree of the asymmetry in a molecular junction,” so the
Vi ratio can be used to quantify them. As shown in panels ¢
and d of Figure 2, the experimental Vo ratio for BPMT and
BPDT molecular junctions decreased from 1.85 + 0.20 to 1.31
+ 0.19 and from 1.71 + 0.20 to 1.40 & 0.21, respectively, when
the F; was increased from 1 to 20 nN. At F, > 20 nN,
however, V; ratios for BPMT and BPDT molecular junctions
were almost independent of the F; magnitude and found to be
1.30 + 0.05 and 1.38 + 0.07, respectively. This result can
support the following two claims: (i) because the Vi ratio
reflects the degree of asymmetry between two electrodes at
molecular junctions, a decreased Vi ratio indicates less
asymmetry in the range of F; < 20 nN, while it is barely
changed in the range of F; > 20 nNj; and (ii) the strengths of
the physisorbed contact couplings (graphene/CH versus
graphene/SH) in the BPMT and BPDT molecular junctions
are similar. We also investigated the electrical characteristics of
the lower-packing-density OPT molecular junction sandwiched
between the Au tip and graphene for various F; (Figure S6).
Although the lower-packing-density and densely packed OPT
molecular junctions (Figure 2) showed similar Vi ratio
behaviors, those of the lower-packing-density OPT molecular
junction were lower than those of the densely packed one, and
the onset of the Vr plateau of the lower-packing-density OPT
molecular junction occurred at lower F < 20 nN, as suggested
by the difference in the molecular-tilt configuration and the
magnitude of the molecular-packing-density-dependent me-
chanical stress measured under the same F; (Figure S6).

To elucidate the origins of the asymmetric V; behavior and
the change in the Vi ratio, the density of states (DOS) and
DFT-based T(E) were calculated for bundled OPT molecular
junctions for @ = 17 and 47° and for various 7. The details of
theoretical DFT calculations are described in the Methods
section and Figures S7 and S8. Note that 8 = 17° corresponds
to the initial state without an applied F;, and 8 = 47°
corresponds to F; = 27 nN based on the Hertzian elastic
contact model (see Table S1). The DOS of graphene and
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Figure 4. (a) Schematics of the energy-level alignments for the Au/OPT SAMs/graphene junction that illustrate the different voltage drops at both
interfaces depending on the voltage polarities (V, and V_ regions) and a 7. Note that yig, = (1 — 7)V at graphene and y,, = 7V at Au. The blue
curves represent a T(E) corresponding to the HOMO orbital. The @y /¢, and the @y /4, represent the hole-injection barrier heights under different
voltage polarities, respectively. (b) DFT-based T(E) for Au/BPDT/graphene molecular junctions showing two different tilt angles [0 = 17 (blue)
and 47° (red)]. (c) Integrated T(E) peak areas at € = 47° in the V, and V_ regions, indicated by blue and red, respectively. (d) Calculated and
experimentally obtained V' ratio—# plots for BPDT molecular junction at € = 17 and 47°. Blue and red solid lines show the estimated V. ratio for
= 17 and 47°, respectively, in the range of = 0.39—0.50. Molecular tilt-angles under different F; were calculated from the Hertzian elastic contact
model. # shifted from ~0.41 + 0.02 to ~0.46 + 0.01 when F; was increased in the range of F; < 20 nN.

BPDT molecules near the Ep were calculated and analyzed
using two different molecular-tilt configuration (6 = 17 and
47°), as shown in Figure 3a. The molecular orbital peak
extended further to Eg for € = 47° than for @ = 17°, leading to
better conductivity. It should be noted that the DOS area in
the range |IE — Egl < 1 was ~16.4% larger for = 47° than for 6
= 17°, implying stronger interfacial coupling between graphene
and molecules at higher tilt angles. In other words, molecular
orbitals could be more affected by the graphene electrode
when @ = 47°, thereby widening the DOS. In addition, from
the geometry optimization in which Au and graphene were
fixed in Au-BPDT and BPDT-graphene-slab models, the bond
between graphene and the molecular thiol (—SH) anchoring
group shortened from 3.02 to 2.85 A at equilibrium when the
molecular-tilt angle was increased from 17 to 47°. A shortened
tunneling length can enhance tunneling transport. In contrast,
the DOS of Au and the BPDT molecules barely changed in the
range |[E — Egl < 1 as 6 was increased from 17 to 47°, as shown
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in Figure 3b. Furthermore, the bond between Au and the
molecular (—S) anchoring group barely shortened from 1.95 to
1.93 A at equilibrium. In this sense, the decreased asymmetry
might have originated from the stronger coupling between
graphene and the BPDT molecules when the molecular
structure was tilted to a higher angle.

From the assumption that all potential drops occur at
junction interfaces, the energy-level alignments for the Au/
OPT SAM/graphene junction can be schematically illustrated
according to the applied voltage polarities (V, and V_), as
shown in Figure 4a.'” When a finite voltage is applied, the
potential drop occurs differently according to the location of
the junction interface where the graphene and the Au electrode
come into contact. Note that yg, and pu,, are the chemical
potentials at junction interfaces, i.e., pig. ;) = (1 — 1) X V for
graphene and p,,_y = 7V for Au in the V, region (V>0),and
Her(—y = (1 = 1) X V for graphene and Hau(+) = 1V for Au in
the V. region (V < 0; Figure 4a). For simplicity, it was also
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assumed for this model that the voltage-drop asymmetry is
identical to the contact-coupling asymmetry between the
junction interfaces. Figure 4b shows DFT-based T(E)
calculated as a function of E — Ep for BPDT molecular
junctions showing 6 = 17 (blue) and 47° (red). When 6 was
changed from 17 to 47°, the first T(E) peak (related to the
HOMO level) shifted from —0.93 to —0.80 eV, close to Eg. In
addition, the T(E) peak for @ = 47° was broader than the one
for @ = 17° in the transport regime. These may be due to the
enhancement of the interfacial coupling between the molecule
and graphene, as discussed in Figure 3. Because the V7 point in
the F—N plot is one of the general features of tail integration of
T(E) fuction,”’ the T(E) peak shifting close to the Ep and
broadening can decrease Vi, in agreement with our
experimentally obtained V7 results in the range of F; < 20 nN.
To estimate the Vi ratio and # for the different molecular-tilt
configurations, the tunneling conductance (G) was estimated
from T(E)-based Landauer formalism (G o / T(E)dE). The
integrated T(E) peak areas were calculated for 8 = 17° and 47°
and 0.1 < # < 0.5 in the V, and V_ regions and are shown in
Figure S8. Figure 4c shows a representative example of an
integrated T(E) peak area plotted for 6 = 47° and 7 = 0.2 in
the V, and V_ regions marked by blue and red, respectively. It
should be noted here that the range of the 77is 0 < # < 0.5, and
the highest # (y = 0.5) indicates the symmetric contact
coupling at both interfaces. Using G and the relationship In(G)
o — (®,)"2 known as the exponential dependence of G on
molecular barrier ®,, the @, ratio (or Vi ratio), defined as
Dy )p/Ppn can be estimated. When 7 is close to 0.5, the
integrated T(E) peak area is decreased in the V, region,
indicating an increase in @y, Alternatively, the integrated
T(E) peak area is increased in the V_ region, indicating a
decrease in ®,,,, (Figure S8). Consequently, the @ (Vi)
ratio can be decreased when # is increased. The solid lines in
Figure 4d exhibit the estimated V7 ratios plotted as functions
of  for the BPDT molecular junctions tilted at & = 17 (blue)
and 47° (red), respectively. From the assumption that T(E)
linearly shifts close to Eg as 0 is increased from 17 to 47°, the
Vr ratios and 7 corresponding to intermediate molecular-tilt
configurations (i.e, 17° < @ < 47°) can be estimated (Figure
S9). From the comparison of the theoretically estimated Vi
ratios to the Vi ratios experimentally obtained at different F;,
and 6, i for the BPDT molecular junction shifted from ~0.41
+ 0.02 to ~0.46 + 0.01 as F; (0) was increased from 1 (~40)
to 20 nN (~46°; Figure 4d). The estimation of 8 as a function
of F; is included in Table S1. Because there is no particular
difference between the V7 results obtained for the BPMT and
BPDT molecular junctions, T(E) for the BPMT molecular
junction presumably shows similar #-dependent behavior. We
also demonstrated that the Vi ratio calculated from the
molecular coherent model®” considering of differently
weighted T(E) depending on the 6, which is also in good
agreement with our experimental results (Figure S10).
However, it is notable that the vdW interaction between the
aromatic molecular structures (i.e., the series of phenyl rings)
became stronger when the molecules were more tilted due to
the increase of the F 4, between the phenyl rings, which could
play a role in the limiting of the molecular-tilt configuration. It
has actually been reported that longer alkyl molecules are less
tilted under the same F; because the longer alkyl chain with its
higher F, 4 is more resistant to the tip stress than the shorter
one." In addition, the increasing of the width of the tunneling
current in the conjugation-based molecular junction according
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to the F} was further limited due to a stronger vdW interaction
between the conjugated molecules compared to the alkyl
structure.””

To quantitatively estimate the F,qy between the OPT
molecules, the intergraphene equilibrium distance and its vdW
interaction were considered because the orbital structure of the
phenyl ring is similar to that of graphene that consists of sp2-
hybridized carbon atoms.”® The well-known typical equili-
brium-spacing distances of multilayer graphene are ~3.35 A, as
shown in Figure 5a.>* At spacing distances less than this, the
F,qw could dominantly act between the graphene layers.
Similarly, it was assumed that the similar F, 4 will act between

@ F 111l
AuTip/

intergraphene distance
(3.35 A)

Graphene
(b) T T T T 1 38
F_=27nN
=~47"
; d s<3.35A
13.6.2
F, =1nN >
~40°
13.4
40 60 80 100
F_(nN)
(c) 6=40.4°
211 n=0.41
2 18r 0=47.4° 0=47.4°
g n=0.46 n = 0.46
> 15p f
\.—.—.—.—.—.—O;\.
1.2t
0 20 40 60 80 100
F_(nN)

Figure S. (a) Schematic of the Au/OPT SAMs/graphene junction
with the intergraphene distance (~3.35 A), 6, d,,, d.., Fyaw, and F* gy
as the Fy is applied. (b) Plots of 8 and d.. as a function of F;. Insets
show the schematic of the inter-electrode molecular-tilt configurations
depending on the € and the F;. At F, = 1 nN, the 6 and the d.. were
estimated to 40.4° and 3.77 A, respectively. At F = 27 nN, the 6 and
the d_. were estimated to be 47.4° and 3.35 A, respectively. (c) The
calculated Vp ratio with respect to F; considering #, 6, and
intermolecular F 4, = 171 nN at @ = 47.4°. Note that it was
assumed that # shifted from ~0.41 to ~0.46, and the 6 is changed
from 40.4° to 47.4°, when F| was increased from 1 to 27 nN. When
Fy, > 27 nN, the 7 is 0.46, and the 0 is 47.4°.
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the molecular layers when the intermolecular distance is close
to ~3.35 A at d.. = d,, X cos 0. Note that d,, is a nearest-
neighbor spacing of molecules (see the Methods section). The
average F 4w per graphene unit cell that was obtained is ~0.45
nN, and this can be estimated based on the slope of the layer—
layer binding energy per surface unit cell versus the separation
distance in the two graphene sheets.”® Because the F; of the Au
tip approaches the top of a few hundred SAMs in the surface-
normal direction, the normal component of the repulsive F gy
(F* 4w will be generated from all of the contacted molecules
in the junction at d.. < 3.35 A (corresponding to 6 > 47.4°) at
the same degree (if the total Fraw > F), leading to an
attenuation of the degree of the change of the molecular-tilt
angle (A0) (Figure Sa). With these assumptions, the Ft g can
be simply estimated by F* g = 2 X 0.45 nN X sin (47.4°) X
the number of molecules (~258), where the factor 2 indicates
1 phenyl rings per molecule. The calculated F*,; is ~171 nN,
which is much higher than the maximum applied F; = 100 nN.
It was assumed that one molecule can only generate a single
F* 4w Note that the dependency of the number of molecules
that are contained in the junction on the F is explained in the
Methods section and Table S1. In this result, it is difficult to
further tilt the molecules (6 > 47.4°), and the d_. cannot be
less than 3.35 A if the F 4, > F.. In consideration of the
intermolecular F* 4, the specific F; of 27 nN that makes 6 =
~ 47.4° and d. ~ 3.35 A can be found using the Hertzian
elastic-contact model,'*'>° as shown in Figure Sb and Table
SI.

When the F;, > 27 nN, the molecular-tilt configuration is no
longer changed by the Fy due to the larger intermolecular
F*.qw, while in the case of F; < 27 nN, sufficient space exists to
change the molecular-tilt configuration, which is shown in
Figure Sb. Therefore, the T(E) shift and its broadening can be
limited according to the magnitude of the Fj, causing the
constant V7 ratio in Figure 2 at 20 nN < F; < 100 nN. Figure
Sc shows the calculated V7 ratio as a function of Fy considering
1, 0, and intermolecular F* 4. Similar to the experimental Vy
ratio, they also show two distinct transport regimes according
to the F; dependence (F, < 27 nN versus F; > 27 nN). In
addition, the theoretical V7 ratio with respect to Fy in Figure
Sc was reduced from 1.86 to 1.35 when F, was increased from
1 to 27 nN, while it was almost independent of the Fj
magnitude at the F; > 27 nN and found to be 1.35, in
agreement with our experimentally obtained results of Figure
2¢,d.

Conclusions. In this study, the variability of the molecular
orbital alignment that is associated with the correlation effect
between the asymmetry at the contacts, the molecular-tilt
configuration, and the intermolecular vdW interaction was
investigated and modeled, causing the F;-dependent and F;-
independent tunneling. In particular, the reduction of the Vi
ratio in the F;-dependent regime is due to the enhancement of
the physisorbed contact coupling between graphene and OPT
molecules as the F; was increased, leading to the increase of
the 5. Furthermore, the F;-independent transport behaviors
(the asymmetric ratio of the tunneling currents or Vi ratio),
indicating a sustainable asymmetric coupling, were originated
from the molecular-tilt configuration limited by the inter-
molecular vdW force. In other words, the dependence of
rectification and conductance on tilt angle is robust to the
number of molecules in the junction, and the primary effect of
vdW forces is to constrain the possible tilt angles. Because one
of the motivations for exploring single-molecule transport is to
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develop bottom-up approaches to designing molecular
electronics, this is an important connection to the stress.
The present study will provide a comprehensive understanding
of the correlational effect of the junction asymmetry, the
molecular-tilt configuration, and the vdW interaction between
the aromatic molecules on the molecular orbital alignment in a
molecular-scale junction.

Methods. Sample Preparation. To fabricate the molecular
junction, approximately three layers of exfoliated graphene film
were prepared on an Au (50 nm)/Cr (S nm)/ SiO,/Si
substrate using the micromechanical-cleavage method, and this
was utilized as the bottom electrode. The graphene structure
was confirmed using Raman spectra (Figure S11). Note that it
is expected that the exfoliated graphene can relatively avoid the
unwanted interfacial variations compared to the chemical
vapor deposition (CVD)-grown graphene that potentially
includes many metallic/nonmetallic contaminations and grain
boundaries.”” To form the densely packed molecular SAMs on
the Au tip, the tip was immersed in the OPT solutions (~$-
mM ethanol) for approximately several hours in a nitrogen-gas
(N,)-filled glovebox with less than approximately 10 ppm of
O,. In addition, the SAM deposition method, by chemical
vapor deposition from a crucible at 60 °C for 1 h 30 min, was
used to form the lower-packing-density BPMT SAMs on the
Au tip.*® To remove the nonassembled residual molecules
from the Au tip, the tip was rinsed with ethanol and was blown
using N,.

Electrical Characterization. The Au tip that had been
coated with the molecules was carefully placed at the bottom
graphene electrode with a specific F; using the CAFM
technique for which the Park NX10 was utilized (Park Systems
Corp., South Korea). For the electrical measurement, the Au
tip was set as a ground, and voltages were applied on the
graphene electrode. The I—V electrical characteristics were
measured at a stationary mode under various F; values with the
DLPCA-2000 built-in current amplifier (Electro Optical
Components) at a humidity of <15%. To obtain statistically
meaningful data, the electrical measurements were repeatedly
performed at different junction positions (at least 35—50
times).

Estimated Number of Contacted Molecules. For the
densely packed OPT SAMs on the Au (111) surface, the
well-known ordered /3 X 4/3R30° (Wood's notation)
structure of the closed packed molecules with a tilt angle of
0 = 17° and a nearest-neighbor spacing of d,, = 4.95 A, which
yields a §rafting density of N, ~ 4.08 X 10" m™ was
adopted.® Several reports have indicated that biphenylenethiol
molecules showed tilt angle configurations in the range 17—
30°.°*~*! The variation might arise from different Au substrate
crystalline orientations, different synthesis temperatures, or
different methods of synthesizing SAM on Au (i.e. vapor
deposition or solution processing).”*™*' For the simplicity of
the theoretical calculations, we assumed highly compact
monolayers and 6 ~ 17°.°7 Because the scanning electron
microscopic (SEM) investigation showed an Au-tip radius of
~30 nm, and the contact radius was calculated as ~3.73 nm at
F, 1 nN using the Hertzian elastic-contact model, the
estimated number of molecules that are contained in the
junction is ~178 (Figure S12 and Table S1). It should be
noted here that a higher F; can increase the net-loading force
(P, = F_ + adhesion force) and the contact radius, thereby
resulting in an increase of the number of contacted molecules
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in the junction, and this is summarized in Table S1, while the
details are explained in the Supporting Information.

DFT Calculation. A pair of tilt configurations of Au/BPDT/
graphene junction were modeled by periodic hexagonal cells
composed of a five-layer Au(111) slab, a four-layer graphite
(0001) slab, and tilted BPDT whose thiolate (—S) and thiol
(—SH) groups are bound to hollow sites of Au and graphene,
respectively (Figure 4b, inset). The geometry was optimized
with the Perdew—Bruke—Ernzerhof functional, the Grimme
D3 dispersion correction, the SG1S5 optimized norm-
conserving pseudopotential and medium-level numerical
atom-centered basis set, a real-space grid whose density is
equivalent to a plane-wave kinetic energy cutoft of 185 Ry, and
the 6 X 6 X 1 Monkhorst—Pack k-point grid, as implemented
in the ATK 20172 code. (References are listed in the
Supporting Information). At the optimized geometry (de-
scribed in detail in the Supporting Information), the DOS
curves of BPDT/graphene and Au/BPDT partial models were
calculated at 18 X 18 X 1 k points (Figure 3a,b), and the T
curves of the full models were calculated at 36 X 36 X 100 k
points with the nonequilibrium Green’s function formalism
(Figure 4).
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