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The van der Waals interactions (vdW) between m-conjugated molecules offer new opportunities for
fabricating heterojunction-based devices and investigating charge transport in heterojunctions with
atomic thickness. In this work, we fabricate sandwiched single-molecule bilayer-graphene junctions via
vdW interactions and characterize their electrical transport properties by employing the cross-plane
break junction (XPBJ) technique. The experimental results show that the cross-plane charge transport
through single-molecule junctions is determined by the size and layer number of molecular graphene in

these junctions. Density functional theory (DFT) calculations reveal that the charge transport through
Received 17th December 2021 L l h in th l lar i ti . itive to th les bet th h flak
Accepted 29th March 2022 molecular graphene in these molecular junctions is sensitive to the angles between the graphene flake

and peripheral mesityl groups, and those rotated groups can be used to tune the electrical conductance.

DOI: 10.1039/d1sc07024j This study provides new insight into cross-plane charge transport in atomically thin junctions and
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Introduction

Two-dimensional (2D) materials such as graphene and related
heterojunctions have aroused great interest due to their unique
electrical properties and potential applications as quantum
devices.' Multilayer heterojunctions formed from 2D van der
Waals (vdW) materials are promising platforms for investi-
gating strongly correlated phenomena, such as superconduc-
tivity,** insulativity,®” and Moiré excitons,**® which are absent
in monolayer materials. Interlayer tunneling" and Coulomb
interactions® offer an additional degree of freedom for modu-
lating the electrical properties of multilayers.’® However, the
experimental investigation of cross-plane charge transport
through well-defined multilayer 2D materials remains chal-
lenging due to the difficulties in achieving atomically precise
control. Here we demonstrate that molecular bilayer graphene
(MBLG), composed of well-defined m-m stacked graphene
nanoflakes, is a solution to this problem and provide unique
insights into the cross-plane charge transport through multi-
layer structures.
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highlights the role of through-space interactions in vdW heterojunctions at the molecular scale.

Single-molecule electrical characterization techniques can
be used to investigate charge transport through molecular
junctions by trapping molecules with different lengths inside
a nanogap.**' However, when the nanogap is located between
metallic electrodes, it is essential to modify the molecule by
attaching anchor groups at each end, which binds to the elec-
trodes. Such anchor groups can significantly affect transport
through the parent molecular core. In contrast, by utilizing non-
covalent interactions to bridge between two graphene elec-
trodes, the cross-plane break junction technique (XPB]) can
access the intrinsic properties of molecules without adding
anchor groups.?”** This technique takes advantage of the -
orbital overlap between graphene electrodes and planar mole-
cules, which can form a cross-plane transport channel for
electrons passing between the graphene electrodes.

Herein, we investigate charge transport through molecular
bilayer-graphene (MBLG) junctions using the XPBJ technique
with graphene electrodes at room temperature. We find that
a single MBLG can couple to the two graphene electrodes via
vdW interactions, and that the resulting electrical conductances
increase with the atomic number of MBLG. It is also found that
the tunneling distance of monolayer and bilayer molecular
graphene junctions correlates with the thickness of the mole-
cules, which is an indicator of cross-plane charge transport, in
which current flows perpendicular to the plane of the molecule.
DFT calculations reveal that the conductance variation origi-
nates from the size dependence of the bandgap of the mole-
cules, combined with a fine tuning of the coupling to the
graphene electrodes associated with the rotation angles of the
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Fig. 1 (a) Molecular structures of MBLG-C96, MBLG-C108, and
MBLG-C114. (b) Schematic illustration of the cross-plane break junc-
tion (XPBJ) setup (left) and the sandwiched structure of molecular
junctions based on MBLG-C114 (right). The current (in yellow) passes
vertically across the plane of the molecule, which is stacked between
the two graphene electrodes.

peripheral mesityl groups. Our study demonstrates the direct
measurement of through-space charge transport in m-stacked
assemblies and using a new type of sub-nano device based on
molecular vdW stacks.

Three well-defined MBLGs, denoted as MBLG-C96, MBLG-
C108, and MBLG-C114 [(CogHp4Rg)s, (CiosHaz4Re)s, and
(C114H24R6)5, R = mesityl], were synthesized,*** whose molec-
ular structures are shown in Fig. 1a. Compared with MBLG-
C114, MBLG-C108 contains a cavity defect at its centre, and the
stable bilayer structure is obtained by two vertically stacked
graphene nanoflakes via m-m stacking interaction. Their
peripheral mesityl groups were introduced to tune the aggre-
gation behavior.>**® The graphene-based single-molecule junc-
tions based on MBLGs are constructed with our home-built
XPBJ setup (Fig. 1b), which is modified from the scanning
tunneling microscopy break junction (STM-BJ]) setup for the
gold electrode. The gold tip and gold substrate are replaced by
O-ring shaped copper wire and copper foil coated with single-
layer graphene respectively. The liquid cell alleviates solvent
volatilization, and helps to retain copper foil flatness. Nanogaps
with different sizes between the two graphene electrodes are
formed by moving the tip up and down repeatedly. The target
molecule without anchoring groups can be trapped at the
appropriate nanogap size and couple weakly to the two gra-
phene electrodes via vdW interactions. The microscopic struc-
ture of the single-molecule bilayer-graphene junction is shown
in Fig. 1b, in which electrons are transported through the
molecular junctions in a cross-plane direction.

Results and discussion

To investigate the charge transport through molecular gra-
phene, the conductance measurement of graphene-based
single-molecule junctions was performed at 100 mV bias
voltage via soft contact as in our previous work,*” in which the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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conductance feedback ranged from the lower limit of 107%° G,
(~24.6 pS, where G, is quantum conductance) to the upper
limit of 107> G, (~245.4 nS). As shown in Fig. 2a, the 1D
conductance histograms of the three MBLGs show obvious
peaks, indicating the successful fabrication of single-MBLG
junctions in the mixed solvent of tetrahydrofuran (THF)/
decane (1/4, v/v). The most probable conductances of single-
molecule junctions formed from MBLG-C96, MBLG-C108, and
MBLG-C114 are 10 > G, (~0.37 nS), 10~ °>°* G, (~0.74 nS),
and 107*% G, (~1.74 nS), respectively. Among the three
MBLGs, the measured conductance of molecular junctions for
MBLG-C96 is the lowest, because MBLG-C96 with the smallest
size bridges the two graphene electrodes, which is consistent
with our previous research.”” MBLG-C114 with the largest
number of benzene rings shows the highest 7 electron overlap,
the measured conductance of which is about 370% higher
than that of MBLG-C96. In contrast with MBLG-C114, the
structure of MBLG-C108 possesses a cavity defect at the centre,
leading to the decrease of interlayer m-electron coupling. As
a result, the conductance of MBLG-C108 is 50% lower than
that of single-molecule junctions of MBLG-C114. The one-
dimensional (1D) conductance histogram and 2D conduc-
tance-distance histogram of mixed solvent (THF/decane) show
no distinct peak and plateau (Fig. S157). Therefore, we can
conclude from the above that the conductance of molecules
with similar structures increases with increasing intermolec-
ular m-electron coupling. As in our previous study, we found
that the conductance of single-fullerene junctions decreases
when the intramolecular 7 conjugation of the fullerene
molecule is interrupted.>®
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Fig. 2 Electrical characterization of single-molecule junctions based
on three MBLGs in THF/decane (1/4, v/v). (a) All data-point 1D
conductance histograms are obtained from over ~1000 traces of
MBLG-C96, MBLG-C108, and MBLG-C114, which are selected from
over ~10 000 traces according to the plateau length. The peaks with
Gaussian fitting are the conductance signals. The inset shows the
corresponding typical individual conductance—distance traces. (b—d)
2D conductance-distance histograms of MBLG-C96, MBLG-C108,
and MBLG-C114 with the corresponding plateau distributions by
Gaussian fitting shown in the insets.
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The inset of Fig. 2a shows typical individual traces of three
MBLGs with a notable plateau. To further demonstrate the
conductance differences, 2D conductance-distance histo-
grams of MBLG-C96, MBLG-C108, and MBLG-C114 are shown
in Fig. 2b-d, respectively. It can be seen that all the 2D
conductance-distance histograms possess highly distinct
intensity clouds, indicating the formation of well-defined
single-molecule junctions of MBLGs. The plateau lengths of
molecular junctions for MBLG-C96, MBLG-C108, and MBLG-
C114 are statistically analyzed to be 1.47 nm, 1.37 nm, and 1.48
nm, which are obviously shorter than the diameter of the
carbon skeleton of these MBLGs, suggesting that charge
transport takes place in a cross-plane direction. The plateau
length of single-MBLG junctions is longer than that of
molecular junctions based on PAHs, which only have a single-
atom thickness.* This is consistent with a junction structure
composed of a stacked bilayer graphene nanoflake and two
graphene electrodes.

To further investigate the influence of the layer number of
molecular graphene on charge transport through molecular
junctions, CogH4R9 (MSLG-C96, R = mesityl) shown in Fig. 3a
was synthesized, in which mesityl groups are grafted to the
periphery of the graphene nanoflake to hinder the interlayer
stacking. Mass and NMR spectroscopy clearly demonstrated
that CocH,4Ro adopts a single-layer structure without interlayer
stacking in C,D,Cl, (see Fig. S12 and S13 in the ESIf), and
therefore Co¢H,4Ry can be regarded as molecular single-layer
graphene (MSLG). The conductance of single-molecule junc-
tions for MSLG-C96 is measured in the mixed solvent of THF/
decane, in which two kinds of typical individual conductance-
distance traces with high conductance (HC) and low conduc-
tance (LC) appear (Fig. 3b). The most probable conductances of
HC and LC are determined to be 10 *** G, (~2.56 nS) and
10" G, (~0.32 nS) from the corresponding 1D histogram
(Fig. 3c). In the corresponding 2D histogram of MSLG-C96 in
THF/decane (Fig. 3d), it can be found that the plateau length of
molecular junctions for MSLG-C96 with HC (~1.06 nm) is
shorter than that of LC (~1.44 nm). The conductance value and
plateau length of LC are consistent with those of MBLG-C96 in
THF/decane, indicating that the dimer of MSLG-C96 may be
formed in THF/decane. The conductance curves of HC and LC
show uncorrelated relation verified in the 2D cross-correlation
histogram shown in Fig. S25,f which indicated that the
appearance of each conductance state is independent during
the XPBJ process. To validate the formation of the dimer,
C,H,Cl, is mixed with the nonpolar solvent CCl, (1/9, v/v) as the
solvent to avoid MSLG-C96 aggregation. As shown in Fig. 3e, the
conductance of molecular junctions for MSLG-C96 is 10~ **° G,
(~2.51 nS), which is very close to its HC in THF/decane as
shown in the green frame in Fig. 3c and e, suggesting that the
measured LC of MBLGs could be attributed to their stacked
structures in the experiment. In our previous work, it was shown
that increasing the number of benzene rings in planar PAHs,
enhances the coupling strength between the graphene electrode
and molecules and increases the conductance of their molec-
ular junctions.” However, the conductance of MSLG-C96 with
34 benzene rings is much lower than that of anthanthrene with
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Fig. 3 (a) Molecular structure of MSLG-C96. (b) The typical individual

conductance-distance traces of single-molecule junctions for MSLG-
C96 in the mixed solvent of THF/decane. The plateau in the red frame
shows high conductance (HC) and that in the blue frame shows low
conductance (LC). 1D conductance histogram (c) and 2D conductance
histogram (d) of the molecular junctions for MSLG-C96 with two
conductance states (HC and LC) in THF/decane, which are obtained
from over ~1000 traces. (e) Comparison of 1D conductance histo-
grams of the single-molecule junctions for MBLG-C96 and MSLG-
C96 (C,H,Cly/CCly = 1/9, v/v) with Gaussian fitting. The data-point 1D
conductance histograms are obtained from over ~1000 traces of
MSLG-C96 and selected from over ~10 000 traces according to the
plateau length, and the inset shows the corresponding typical indi-
vidual traces. (f) 2D conductance histogram of the single-molecule
junctions for MSLG-C96 in C,H,Cl4/CCly, and the inset is the corre-
sponding plateau length with Gaussian fitting.

6 benzene rings. Our DFT calculations (below) suggest that this
is due to the steric hindrance of the peripheral mesityl groups
that enlarges the distance between the plane of MSLG-C96 and
the graphene electrodes. The 2D conductance-distance histo-
gram also presents a clear molecular plateau (Fig. 3f), with
a plateau length of 1.07 nm. The consistent conductance value
and plateau length of MSLG-C96 in C,H,Cl,/CCl, and its HC in
THF/decane suggest that the HC in THF/decane is the intrinsic
conductance of MSLG-C96. The plateau length difference
between MSLG-C96 and MBLG-C96 is 0.40 nm, which matches
well with the interlayer distance (~0.35 nm) of MBLGs revealed
by single-crystal X-ray diffraction,* suggesting the cross-plane
charge transport through the MSLG-C96 and the dimers.
Besides, to gain a deep understanding of evolution during the
pulling process, the averaged conductance values and standard
derivations from Gaussian fitting from the 2D histograms for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the four nanographene molecules during stretching are calcu-
lated and shown in Fig. S24.1 The distribution of conductance
variations of MSLG-C96 is much wider than that of the other
three bilayer graphene molecules, indicating that the interfacial
change between molecules and electrodes dominates during
the pulling process.

To elucidate the charge transport properties of molecular
junctions for MBLG and MSLG observed in the experiment, we
calculated the transport properties of MBLG-C96, MBLG-C108,
MBLG-C114, and MSLG-C96 using the ab initio density func-
tional theory package SIESTA*” and the quantum transport code
GOLLUM.*® Fig. 4a and b show the graphene sheets, which form
the electrodes in the calculations. The electrons are injected
from leads 1 and 2, and collected by leads 3 and 4. Each gra-
phene sheet is extended to =+ infinity in the z-direction, while in
the y-direction, periodic boundary conditions are used. The
MBLGs and MSLG-C96 are placed between the two graphene
sheets and their electrical properties are calculated (for details
see the ESIt). Fig. 4c shows the average transmission of MBLG-
C96, MBLG-C108, MBLG-C96, and MSLG-C96 (see Fig. S28-
S321). Among the three MBLGs, MBLG-C114 has the highest
transmission coefficient, originating from the smallest HOMO-
LUMO gap and the largest molecular area. MBLG-C108
possesses a higher transmission compared to MBLG-C96, due
to a stronger coupling with electrodes (indicated by wider
HOMO and LUMO transmission resonances) even though the
former has a larger HOMO-LUMO gap than the latter (Table
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Fig. 4 Theoretical simulations for molecular graphene. Sandwiched
structures of the molecular junction based on MBLG-C114 (a) and
MSLG-C96 (b). (c) The average transmission function of MBLG-C96
(salmon curve), MBLG-C108 (purple curve), MBLG-C114 (orange
curve), and MSLG-C96 (blue curve) as a function of the Fermi energy
Er, estimated by density functional theory (DFT). The average trans-
mission function is obtained from those of different contact geome-
tries (see Fig. S26-S327 for details). Fermi energy Ef is shown by the
gray vertical dashed line, which is predicted by DFT.
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S31). To understand how the molecules are sandwiched and
interact with graphene sheets in the experiment, we calculated
the transmission functions for geometries in which the angles
between the graphene flake and the side groups are around 90°
for those MBLGs. The molecular geometries of MBLG-C108 and
MBLG-C96 are obtained from the crystal data. The results show
low conductance (10~ '° to 10™° G,) between the two graphene
sheets (Fig. S281) compared to the experimental values (10~ to
10 G,) (Fig. 2a and 3e). Consequently, it is estimated that the
angles between the side mesityl groups and the graphene flake
of MBLGs would be smaller than those from the crystal
configurations. To demonstrate this feature, we manually rotate
the angle of the side groups to 30° and 10°. It is found (Fig. S29-
S327) that the transmission probabilities increase when the
angles between the core and the mesityl groups decrease. In
other words, the rotation angles of the mesityl groups tune the
charge transport between the two graphene sheets. In detail,
a higher transmission probability of 107° to 10™* G, was ob-
tained at an angle of 10° while the junctions of 30° show rela-
tively lower transmission functions, which appear in the range
of 1077 to 10°® G, (Fig. S291). Considering the dynamic
configuration evolution in the pulling process, the average
transmission functions are obtained over the 18 molecular
junctions with the side groups rotated to 30° and 10° which are
represented by the thicker black solid lines (Fig. S29t) and all
the colored lines shown in Fig. 4. The higher transmission
functions of 10° geometries make the majority contributions to
the average ones where the distance between the bottom gra-
phene sheet and the lower flake of MBLGs is 4.3 A (see Fig. S28
of the ESIT for details).

To demonstrate the effect of the side mesityl groups, the side
groups of the monomer were artificially rotated to 20°, 30°, 35°,
and 40°. It is found that a side group angle of 40° relative to the
plane of MSLG-C96 gives the closest agreement with the
experimental conductance. This corresponds to a distance
between the bottom graphene sheet and MSLG of 4.7 A (see
Fig. S30t). The distance between the two graphene sheets
calculated from 4.7 A x 2 matches with the separation in the
experiment 1.07 A. To further illustrate our results, many
different configurations (Fig. S261) between the graphene
sheets and MSLG-C96 are also considered (see Fig. S30 and S31+
for further details). These results demonstrate that the rotation
angle of the peripheral mesityl groups could be dramatically
different from those in the crystal structure and that charge
transport through the molecular junctions of MBLGs and
MSLG-C96 is sensitive to the angles between the graphene flake
and peripheral mesityl groups. It is also interesting to note that
the mesityl groups can also mediate electron transport. This is
demonstrated in Fig S32, where it is shown that by artificially
removing the mesityl groups, whilst maintaining the spacing
between the graphene electrodes, the electrical conductance is
reduced. Finally, it is demonstrated that the large area of the
molecule and a smaller HOMO-LUMO gap improve the cross-
plane conductance of the molecular junctions, which is
consistent with the conclusion of our previous studies on
PAHs.”
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Conclusions

To conclude, single-molecule vdW heterojunctions based on
molecular graphene were fabricated by employing the XPBJ
technique. The electrical conductance of molecular junctions
based on MBLG-C114 is larger than those of the smaller mole-
cules MBLG-C96 and MBLG-C108, suggesting that the size of
MBLG could be used to tune charge transport through vdw
heterojunctions. It was found that the molecular junctions
based on single-layer molecular graphene are more conductive
than double-layer molecular graphene junctions and further-
more, the tunneling distances between MBLG-C96 and MSLG-
C96 match the interlayer distance, which is consistent with
cross-plane charge transport. DFT calculations demonstrate
that the angle between the core of molecular graphene and
peripheral mesityl groups has a significant effect on the charge
transport through single-molecule graphene junctions, and the
flattening of the mesityl groups leads to higher electrical
conductance. This work provides new insight into cross-plane
transport and interactions in vdW heterojunctions, and high-
lights new strategies for designing and fabricating electronic
devices based on molecular vdW assemblies.

Methods

Synthesis of MBLG-C96, MBLG-C108, MBLG-C114, and MSLG-
C96

MBLG-C96, MBLG-C108, and MBLG-C114 were synthesized
according to previously reported literature.*»* MSLG-C96 was
synthesized and the synthetic routes are described in Section S1
of the ESL.t

Single-molecule conductance measurements

The single-molecule conductance measurements were per-
formed using the XPBJ technique with a home-built setup at
room temperature. For more details, see Section S2 in the ESL.{
As reported in previous research,* the conductance of the gra-
phene-graphene point contact is approximately 107° G,.
Therefore, the conductance traces in 2D histograms are aligned
on the x axis (AZ) as the zero point when the conductance value
is 1072 G,.

Theoretical methods

Geometrical optimization was performed using the standard
Kohn-Sham self-consistent density functional code SIESTA,
with a vdW-DF functional of Dion et al.** with exchange modi-
fied by Berland and Hyldgaard,* and a double ¢-polarized
atomic-orbital basis set for carbon and hydrogen. The cutoff
energy was 200 Rydberg, and the force tolerance was 0.02 eV
A, To compute their electrical conductance, the MBLGs and
MSLG were placed between two graphene electrodes. For each
structure, the transmission coefficients T(E) were calculated
using the Gollum quantum transport code,”® which uses the
DFT mean-field Hamiltonian and overlap matrices from
SIESTA*” and T(E) is computed using the following formula
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T(E) = TI\(E)S(E)T(E)g'(E)] (1)

where g(E) = (g0 " — Z, — %, — ¥3 — %,) " is the retarded
Green's function in the presence of the electrodes and
I;(E) = i(3_;(E) — X[ (E))/2 is the anti-Hermitian part of the
self-energies X;, which encode the electronic structure of the
semi-infinite electrodes and molecule and the electrode-mole-
cule interface. I'; determines the broadening of transmission
resonances due to the contact between the molecule and the
electrodej. gy is Green's function of an isolated molecule. Lastly,
the transmission coefficient between lead 1 and lead j, Ty/(E)
was obtained for electrons of energy E traveling separately from
lead 1 to any other leads (j = 2, 3, 4).
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