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We present a robust approach to fabricate stable single-
molecule junctions at room temperature using single-layer
graphene as nanoelectrodes. Molecular scale nano-gaps in
graphene were generated using an optimized fast-speed feed-
back-controlled electroburning process. This process shortened
the time for creating a single nano-gap to be less than one
minute while keeping a yield higher than 97%. To precisely
control the gap position and minimize the effects of edge
defects and the quantum confinement, extra-narrow grooves
were pre-patterned in the graphene structures with oxygen
plasma etching. Molecular junctions were formed by bridging
the nano-gaps with amino-functionalized hexaphenyl molecules

1. Introduction

Single-molecule devices, in which individual molecules are
utilized as active electronic components, have blossomed into a
powerful platform for exploring novel phenomena at the
molecular scale and paving the way for electronic devices
downscaling to the single-molecule level." Much progress has
been made in the past decades. On the one hand, many
methods have been developed to create nanometer-spaced
electrodes, such as break junctions®? and scanning probe
techniques.®” On the other hand, a wide range of characteristic
functions were demonstrated in single-molecule devices includ-
ing rectifiers®, transistors"®'?, chemosensors"*' and
switches!>'®. Moreover, various fundamental physical phenom-
ena beyond conventional electronic transport properties have
been observed, such as quantum interference, electromechanic,
thermoelectronic, optoelectronic and spintronic effects."’*!
Despite these successful achievements, there are still some
general challenges remaining in single-molecule devices. One
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by taking advantage of chemical reactions between the amino
groups at the two ends of the molecules and the carboxyl
groups at the edges of graphene electrodes. Electronic trans-
port measurements and transition voltage spectroscopy analysis
verified the formation of single-molecule devices. First-princi-
ples quantum transport calculations show that the highest
occupied molecular orbital of hexaphenyl is closer to the Fermi
level of the graphene electrodes and thus the devices exhibit a
hole-type transport characteristics. Some of these molecular
devices remained stable up to four weeks, highlighting the
potential of graphene nano-electrodes in the fabrication of
stable single-molecule devices at room temperature.

of these challenges is the room-temperature stability, which is
required for practical applications. In experiments, gold is the
most preferred electrode material in metal-molecule-metal
junctions, because gold is chemically inert under ambient
conditions and many anchor groups can bond to the gold
surface. However, the high mobility of surface atoms of gold at
room temperature leads to the instability of the molecule-gold
bond in ambient conditions.”?? Alternatively, graphene has
demonstrated as one of the most promising electrode materials
for stable single-molecule devices at room temperature due to
the following advantages.”>* Firstly, atoms in graphene are
stable at room temperature owing to their strong sp> C—C
covalent bonds. Even the nano-gaps are formed at room
temperature, the graphene electrodes will be stable for a long
time. This enables us to generate nano-gaps in graphene
structures firstly and interlink the electrodes using molecules
subsequently. In this way, the risk of decomposing the
molecules due to the local high temperature during the
generation process of nano-gaps can be avoided.**?” In
addition, the electronic transport properties of the junctions
before and after molecule connection can be directly compared
to make sure the successful molecular connections. Secondly,
the atomic thickness of graphene may result in least screening
of an applied gate-field and thus enhances the gate coupling in
three-terminal devices.

Several groups have reported the fabrication of molecular
devices using few-layer or single-layer graphene (SLG) as
electrodes.*¥=% Two distinct experimental approaches have
been demonstrated to construct graphene nano-gaps, i.e. the
dash-line lithographic plasma etching and the feedback-
controlled electroburning.?#%%3% The former is the local
cutting of graphene using oxygen plasma etching in an array of
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holes formed with dashed line e-beam lithography in PMMA
layer. The latter is Joule heating induced break-down of
graphene in the presence of oxygen, and the process evolution
is controllably performed using a feedback control system.
Despite these inspiring progresses, challenges still exist in the
fabrication of graphene nano-electrodes. One challenge is the
complexity and the corresponding low yield of device fabrica-
tion. For the electroburning method, when employed with pre-
patterning, this technique can have a precise control over the
gap size and position while keeping a high yield up to
95%.%"*" Another challenge is the consuming time during the
electroburing process. Although the application of SLG allows
to fabricate junctions in large arrays, the present feedback-
controlled electroburning process will cost a lot of time.
Furthermore, the influence of edge defects and the quantum
confinement effects might become more and more nonnegli-
gible with the narrowing of graphene and formation of nano-
gaps.”™® However, these issues have rarely been considered
comprehensively up to now.

Here we report a robust approach to fabricate stable
molecular junctions at room temperature using SLG as the
nano-electrodes that were grown by chemical vapor deposition
(CVD) on Cu and then transferred to silicon substrate. We
optimized the initial device structure as well as the feedback-
controlled electroburning process to achieve a high efficiency
and a high yield. Amino-terminated hexaphenyl aromatic
molecules (4,4'-diaminohexaphenyl, DAHP) were used to bridge
the graphene nano-gaps. The current-voltage characteristics
and room-temperature stability of the fabricated graphene-
hexaphenyl-graphene (GHG) molecular devices were measured
experimentally, and the conduction mechanism of these GHG
molecular junctions was investigated by employing the non-
equilibrium Green'’s function formalism combined with density
functional theory (the NEGF + DFT approach).

Experimental Section

Device Fabrication

Photolithography and electron beam evaporation (5 nm Ti/40 nm
Au) were used to define a grid of alignment marks with 500 um
pitches on the silicon wafer coated with 300 nm thermal silicon
dioxide. The CVD-grown SLG was separated from the copper
substrate using the electrolytic bubbling method and transferred
to the silicon substrate with the alignment grid.*" An optical
microscope (Carl Zeiss Axio Imager) was used to map the position
of SLG flakes with respect to the alignment grid. Raman
spectroscopy (LabRAM HR800, Jobin Yvon/Horiba company) was
used to assess the quality of the SLG. Electron beam lithography
(Raith 1501) was employed to pattern electrodes with channel
lengths of 1 pum. Subsequently, metallic source/drain electrodes
(5nm Ti/45 nm Au) were deposited using the electron-beam
evaporation. The electron beam lithography was used again to
pattern windows in PMMA (A4 950k). The SLG between Ti/Au
electrodes was etched into a notched ribbon with two extra-narrow
(80 nm) grooves using oxygen plasma etching.
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Fabrication of Nano-Gaps by the Electroburning Process

We used an optimized fast-speed feedback-controlled electro-
burning process to generate nano-gaps in graphene. The electro-
burning process was conducted in air at room temperature inside a
probe station (Lakeshore TTP4). The process was controlled using a
homemade LabVIEW program based on a data acquisition board
(National Instruments, PCl 6281). A voltage ramp (1V/s) was
applied to the source-drain electrodes while recording the
corresponding source-drain current continuously at a sampling rate
of 50 KHz. The conductance measured at 0.1V was set as the
reference value. When the conductance was decreased by 5%, the
applied bias was retracted by 20% immediately. The end
conductance in the last cycle was used as the reference value for
the next cycle. The voltage ramping cycles were repeated until a
target resistance (500 MQ-1 GS2) was reached.

Formation of Molecular Junctions

For molecular connection, we used the method described in the
literature.”” DAHP molecules were first dissolved in anhydrous
pyridine (Alfa Aesar, 99.5%) with the concentration of 0.1 mM.
Then the graphene devices and 1-(3-Dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (Alfa Aesar, 98%, EDCI) were added
into the DAHP solution for connection for over 48 hours in dark.
EDCI was used as a carbodiimide dehydrating/activating agent. To
prevent the molecules from oxidation, the molecular connection
process was performed in argon environment. After that, the
devices were taken out from the solution and rinsed with acetone
and ultrapure water. Finally, a N, gas stream was used to blow the
devices dry.

Electronic Measurements

We recorded current-voltage (/-V) curves of GHG molecular devices
in a vacuum probe station (LakeShore TTP4). The /-V curves were
measured using a data acquisition board (National Instruments, PCI
6281) together with a homemade LabVIEW program. A low-noise
current amplifier (Ithaco 1211) was used to convert current to
voltage. All device measurements were performed in vacuum (P <
1x107* Torr) at room temperature. Devices were characterized by
scanning electron microscope (SEM, Raith 150Il) after electronic
measurements.

Theoretical Calculations

We use the SIESTA code to compute the atomic structure of GHG
molecular junctions and the quantum transport code SMEAGOL to
study their electronic transport properties.*>*? SIESTA is an efficient
DFT package, in which the atomic cores are described by improved
Troullier-Martins pseudopotentials and the wave functions of the
valence electrons are expanded with a finite-range numerical
orbital basis set.">* We construct a double-zeta plus polarization
basis set for the H, C, N and O atoms. The generalized gradient
approximation within the Perdew-Burke-Ernzerhof formulation is
used for the exchange-correlation functional.””’ The interlayer
distance of the graphene sheets is set to be 15 A in order to model
isolated two-dimensional graphene electrodes. After performing
geometric optimization by conjugate gradient the residual forces
acting on the atoms in the device region are smaller than
0.02 eVA™".

SMEAGOL is a practical implementation of the NEGF+ DFT
approach, which employs SIESTA as the DFT platform.”**! The unit
cell of the extended molecule comprises two graphene electrodes
with zigzag edges passivated by hydrogen atoms and the
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hexaphenyl molecule embedded between them. Here the transport
is assumed to be along the z-axis and the graphene electrodes are
placed in the y-z plane. We always consider periodic boundary
condition along the y-axis, so that the graphene electrodes are
infinite. The total transmission coefficient T(E) of the junction is
evaluated as

1 - -
T(E) = T(k,E)dk
© Q1psz /DBZ ( )

where Qg is the length of the one-dimensional Brillouin zone
(1DBZ) along the y-axis. The k-dependent transmission coef-
ficient T(k, E) is obtained as

(M

T(k.E) = Tr[rGhraGy ] 2)

Where Gfis the retarded Green’s function matrix of the extended
molecule and I, (I'p) is the broadening function matrix describing
the interaction of the extended molecule with the left-hand (right-
hand) side electrode. Here, we calculate the transmission coefficient
by sampling 8 k-points in the transverse 1DBZ.

2. Results and Discussion
To fabricate graphene electrodes, we started with CVD-grown

SLG on a copper substrate. The whole process is schematically
shown in Figure 1. The SLG was transferred from the copper

A
R
SRS
IR P

Figure 1. Schematics for the fabricating process of nano-gaps in single-layer
graphene (SLG). (a) SLG was transferred to a degenerately doped silicon
substrate coated with 300 nm thermal silicon dioxide; (b) Contact pads

(5 nm Ti/45 nm Au) were fabricated on top of the graphene layer by using
electron-beam lithography and metal evaporation; (c) Two narrow (80 nm)
grooves were patterned between Ti/Au electrodes using electron beam
lithography; (d) The SLG between Ti/Au electrodes was patterned into a
notched ribbon with two extra-narrow (80 nm) grooves by oxygen plasma
etching; (e) The feedback-controlled electroburning process was performed;
(f) One nano-gap was generated in the graphene structure located between
two prepatterned grooves.
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substrate to a SiO,/Si substrate using the electrolytic bubbling
method (Figure 1a).*" Contact pads (5 nm Ti/45 nm Au) were
fabricated on top of the graphene layer by using electron-beam
lithography and metal evaporation (Figure 1b). Then the SLG
between Ti/Au electrodes was patterned into a notched ribbon
with two extra-narrow (80 nm) grooves using e-beam lithog-
raphy and oxygen plasma etching (Figs. 1c and d). The distance
between Ti/Au electrodes was set to be 1 um and the width of
the graphene between grooves was 2 um (Figure 2b). The initial
low-bias resistances of the as-prepared devices were in the
range from 300 Q to 2 KQ (See Figure S1 in the Supporting
Information). We generated nano-gaps in the graphene
structures using the feedback-controlled electroburning proc-
ess (Figures 1e and f), which was performed at room temper-
ature in air.

Figure 2a is a typical current-voltage (/-V) curve recorded
during the feedback-controlled electroburning process. During
the first few ramps, the /-V characteristics was nonlinear likely
due to the removal of contaminants adsorbed on the SLG by
the current annealing as reported previously.>?*® Afterward,
the current started to decrease at 2.8V, indicating the first
electroburning event. Then the feedback program swept the
voltage back by 20% and another voltage ramp started. With
the evolution of the electroburning process, the conductance
decreased successively and the power needed to trigger the
electroburning also decreased. Note that our electroburning
process could generate a nano-gap in one minute benefitted
from a high ramping-up rate and only 20% sweeping back of
the applied bias in every cycle. This is much faster than the
electromigration process performed in gold nanowires, which
can be as long as several hours”* The consuming time is
significant in practice when creating graphene nano-gaps in
large numbers.

Using our structure and program, we not only shortened
the consuming time of individual nano-gaps, but also improved
the yield. Table 1 shows the statistical results of nano-gaps that
we fabricated. We prepared three batches of samples and the
numbers of devices are respectively 96, 189 and 94. For each
device, we used our feedback-controlled electroburning pro-
gram to fabricate a nano-gap. The yields are quite high, which
are 98%, 98% and 97%, respectively. Therefore, the overall
yield is as high as 97%. Considering the low probability of
interlinking nano-gaps with single molecules, high fabrication
yield of nano-gaps is critical.

To characterize the gap geometry, we took SEM images of
several devices after electroburning. Figure 2b shows a repre-
sentative nano-gap in the graphene structure. The gap is
precisely located between two prepatterned grooves, which is
an evidence of a precise control over the gap position.
Benefitting from the extra-narrow groove size (80 nm), the
transition from the grooves to the gap is rather smooth. The
purpose of this design is to keep the size of the graphene near
the gap as large as possible, so that the effects of edge defects
and the quantum confinement can be minimized. Since the
gap size is beyond the resolution of SEM, we cannot directly
obtain an accurate gap size from the SEM characterization.
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Figure 2. Fabrication of nano-gaps in graphene structures. (a) Current-voltage traces recorded during the feedback-controlled electroburning process. The /-V
trace of the first cycle is in red. (b) SEM image of the graphene nano-gap. (c) Typical current-voltage data (black dotted line) of a SLG nano-gap fitted with the
Simmons model for tunneling (red line). Fitting parameters: gap size d=1.91 £0.02 nm, barrier heights @, =0.59+0.01 eV and ®;=0.57 +0.01 eV.

Table 1. Statistical results of fabricated devices.

Devices fabricated

Controllably EB

Molecule connected Survived two weeks

1st batch 96 94(98 %)
2nd batch 189 185 (98 %)
3rd batch 97 94(97 %)

5(5%) -
29(16 %) 1
25(27 %) 17

One indirect way to estimate the gap size is by measuring
the tunneling current through the nano-gap. Figure 2c shows a
typical tunneling current as a function of the applied voltage of
a graphene nano-gap fabricated by electroburning. The current
is in picoampere range when the voltage is varied from —0.5V
to 0.5 V. The nonlinear /-V data can be perfectly fitted with the
Simmons tunneling model (See Eqg. (S1) in the Supporting
Information),®” as shown by the red curve. Setting the
tunneling cross sectional area A as 5nm? we extract a
tunneling gap distance of 1.91+£0.02 nm and barrier heights of
@®,=0.59+0.01 eV and ©,=0.5740.01 eV. The barrier heights
are comparable to that reported previously.?>*"

The tunneling current curve could be nicely repeated by
sweeping the voltage many times, indicating that our SLG
nano-gaps were stable (See Figure S2a in the Supporting

electroburning process in air and the local temperature was
also very high during the course of electroburning, some
carbon atoms at the edges of graphene nano-electrodes were
expected to be oxidized to carboxyl groups.”'?® These carboxyl
groups can react with amine groups that molecules have on
both ends”®* In summary, the graphene electrodes have
several attracting features including the nanometer separation,
edges decorated with carboxyl groups, room-temperature
stability and the absence of gate-dependence. These features
make the graphene nano-gaps suitable for constructing single-
molecule devices.

As a demonstration, we used DAHP molecules to bridge the
as-prepared graphene nano-gaps. The amino groups at the two
ends of the DAHP molecule would react with the carboxyl
groups at the edges of graphene electrodes forming graphene-

Information). Moreover, we did not observe any gate-depend-
ence of the conductance at a fixed bias voltage (See Figure S2b
in the Supporting Information). Because we conducted the

d
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hexaphenyl-graphene

(GHG) junctions connected through
amide groups at the two molecule-electrode interfaces, as
schematically shown in Figure 3a. A significant advantage of
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Figure 3. Electronic measurements of graphene-hexaphenyl-graphene (GHG) devices. (a) Schematic of a single-molecule device made from a hexaphenyl
molecule covalently interlinked to SLG electrodes. (b) Typical current-voltage curves before (red line) and after (black line) hexaphenyl molecule connection.
Inset: the same current-voltage curve plotted in a semi-logarithmic scale. (c) Low-bias conductance histogram of GHG devices. The most probable
conductance value determined from the Gaussian fitting (blue line) is (1.3+£0.7)x 10~° G,. The insert shows a typical current-voltage curve of the GHG device
in the low-bias region (black dotted line) and the least-square linear fitting (red line).
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graphene electrodes is that the -V curves before and after
molecule connection can be compared directly. A distinct
current increase may indicate that one or few molecules have
interlinked the nano-gaps. Figure 3b shows such a comparison
of a representative device before (red line) and after (black line)
DAHP molecule connection. As we can see from the inset of
Figure 3b plotted in a semi-logarithmic scale, an increase in the
tunneling current over one order of magnitude was observed.
We fabricated 373 nanogaps, out of which 59 devices showed
distinct current increase after the connection of DAHP mole-
cules. As listed in Table 1, the yield of molecular devices is up to
27%. Due to the uncontrollable atomic structures of edges of
the graphene nano-electrodes and the varieties of the mole-
cule-electrode interfacial configurations, the measured -V
curves were qualitatively similar but quantitatively different.
The current always increases linearly at low bias and nonlinearly
at high bias.

The low-bias conductance can be extracted from the least-
square linear fitting to the /-V data in the bias range from
—0.1V to 0.1V. The low-bias conductance histogram of 59
devices is shown in Figure 3¢, which can be fitted with a
Gaussian distribution. The most probable conductance value is
determined to be (1.34£0.7)x107° G, from the Gaussian fitting
(blue line in Figure 3c), where G,=2e’h is the quantum of
conductance.

We can get more insights into the electronic transport
properties by looking at the transition voltage spectroscopy
(TVS).®? Figure 4a shows the Fowler-Nordheim (F-N) plots of
the -V curve (black line) shown in Figure 3b. Two obvious
inflections marked with blue arrows appear in the F-N plots at
the biases of +0.46 V and —0.44 V. As shown in Figure 4b, the
statistical results of the measured transition voltages of all these
59 devices show that the most probable transition voltages at
positive and negative polarities are 0.36+0.14V, and —0.38+
0.14V, respectively. TVS analysis provides direct information
about the energy level alignment and the coupling symmetry
at the two molecule-electrode interfaces. The almost same
absolute values (~0.4 V) of the measured transition voltages for
both bias polarities indicate that the hexaphenyl molecule
binds nearly symmetrically to the two graphene electrodes, and
that a conducting molecular orbital centering at ~0.2 eV above
or below the Fermi level of the graphene electrodes dominates
the electronic transport.

Device stability remains one of the great challenges in the
field of molecular electronics."2 The strong covalent structure
of graphene promises stable electrodes at room temperature.
Combined with the covalent amide linkages, our GHG single-
molecule devices are expected to be stable at room temper-
ature. This is an advantage over those constructed with metal
electrodes. To test the stability of our single-molecule devices,
we measured the /-V curves of the same device at different
times. Figure 5 shows the -V curves for the same GHG single-
molecule device measured immediately after connection (blue
line), two weeks (red line), and four weeks (green line). It is
worth noting that no significant changes were observed in the
I-V curves. This device was kept at room temperature in
vacuum between two consecutive measurements. Statistically,
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Figure 4. (a) F-N plot of a typical current-voltage curve of a GHG device. The
transition voltages for positive polarity (+0.46 V) and negative polarity
(—0.44 V) are labelled by blue arrows. (b) The statistical histogram of
transition voltages. The most probable values determined from Gaussian
fitting are 0.36+0.14 Vand—0.38 £0.14 V, respectively.
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Figure 5. Current-voltage characteristics for the same GHG single-molecule
device measured immediately after connection (blue line), two weeks (red
line) and four weeks (green line). No significant changes were observed in
the current.
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more than 52% of the devices fabricated in the second and
third batches could remain stable for two weeks even after
several times of high bias (~1 V) electrical measurements (See
Table 1). Because only 5 devices were successfully fabricated in
the first batch, we did not test their stabilities.

To obtain a deeper understanding on the conduction
mechanism of these GHG single-molecule devices, we theoret-
ically investigated the electronic transport properties of GHG
single-molecule junctions employing the NEGF + DFT approach.
Figure 6a shows the optimized atomic structure of one
hexaphenyl molecule bonded covalently via amide linker
groups to two semi-infinite graphene electrodes with pyridinic-
N doped zigzag edges. Considering that pristine graphene is a
zero-gap semiconductor and that the graphene electrodes in
our devices exhibit n-type transport behavior (See Figure S1 in
the supporting information), we use nitrogen-doped graphene
as the electrodes. More importantly, the nitrogen dopants have
been proved to downshift the Dirac point of the graphene
electrodes and markedly increase the density of states (DOS)
around the Fermi level (E), but affecting marginally the
alignment of frontier molecular orbitals relative to E.** Here
the graphene electrodes are doped with nitrogen atoms at a
concentration level of 3.6%, which means that one carbon
atom is substituted with nitrogen in a rectangle graphene cell
containing 28 atoms (Figure 6a). It should be noted that,
besides the zigzag edge of the graphene electrodes in our
junction model, armchair and chiral edges may also exist in our
fabricated GHG single-molecule devices. Because zigzag, arm-
chair and chiral edges have different electronic properties,®**
the I-V characteristics of GHG junctions with different graphene
edges may also vary quantitatively.

In Figure 6b we present the computed equilibrium trans-
mission spectrum of the GHG single-molecule junction. The
transmission coefficient at E; is calculated to be 1.6x107°,
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which is in excellent agreement with the measured value of
1.3x107°. Eigenchannels calculated at selected transmission
peaks around E; are also given to visually determine the
dominant molecular orbitals for carriers transport.***” One can
notice that these eigenchannels are delocalized over the
molecular backbone and extend into the graphene electrodes
(Figure 6c). By comparing these three eigenchannels with the
lowest unoccupied molecular orbital (LUMO), the highest
occupied molecular orbital (HOMO) and HOMO-1 of the
isolated hexaphenyl molecule with amide groups at the two
ends (see Figure S4 in the Supporting Information), we can find
that the transmission peaks located at —0.24 eV and —0.43 eV
are respectively dominated by the HOMO and HOMO-1 orbitals
of hexaphenyl, and that the tail of the HOMO-dominated peak
extends above E; and thus determines the transmission around
E;. In contrast, the LUMO-dominated transmission peak is well
above E; and positioned at 2.25 eV. Interestingly, a small sharp
transmission peak appears at —0.62 eV and the eigenchannel
analysis reveals that it exhibits no distinct characters of
molecular orbitals of the gas-phase hexaphenyl molecule with
amide groups at the two ends. This new state is predominately
localized at the amide linker and stabilized by the presence of
the well-known edge states of the zigzag-terminated graphene
(See Figure S5 in the Supporting Information). On the basis of
the appearance of the strongly localized interface state, we
speculate that hexaphenyl interacts strongly with the graphene
electrodes through the amide linker groups and forms a new
conducting channel with the edge states of the graphene
electrodes.

Finally, we calculate the -V characteristics and the corre-
sponding F-N plot to clarify the role of frontier molecular
orbitals of hexaphenyl in the TVS of the GHG single-molecule
junctions (see Figure 6d). As we can see, the electric current
increases linearly at low bias but then increases rapidly after the

b o3 .
e
E 3xlﬂ$
015 Pos
E =0.1 0 0.1
" :
-0.8 0 0.8 1.6 24
E-E_(eV)

In(I/V?)

19 0 0.2 04
4 6 8 10 12 14 16 18 20 22
1V (V)

Figure 6. Theoretic calculations of the atomic structure and electronic transport properties. (a) The optimized atomic structure of a GHG junction; (b) The
equilibrium transmission spectrum, the inset is a zoom-in graph on the transmission around E; (c) Eigenchannels calculated at selected peak positions; (d) The
F-N plot of the GHG molecular junction, the inset shows the /-V curve in a linear scale.
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bias exceeds 0.2 V. Correspondingly, a well-defined minimum
appears in the F-N plot and the transition voltage is
determined to be 0.27 V, which is very close to the measured
value (0.4 V). Because the HOMO-dominated transmission peak
determines the electric current within the bias window of
+04V due to the symmetric junction structure, we can
unambiguously conclude that the transition voltage is dictated
by the HOMO and the GHG single-molecule junctions con-
structed with amide linker groups display a hole-type transport
characteristic.

3. Conclusions

We have developed an optimized method for controllably
fabricating nano-gaps in CVD-grown SLG using a fast-speed
feedback-controlled electroburning process. In combination
with pre-patterning by e-beam lithography and oxygen plasma
etching, we were able to fabricate nano-gaps of ~2 nm with a
high yield of 97%. Graphene-molecule-graphene junctions
were made with hexaphenyl molecules interlinked to the
graphene electrodes through amide linkages. Electronic trans-
port measurements together with TVS analysis validated the
formation of covalently bonded single-molecule devices. Our
studies show that some of these molecular devices are stable
for a long time at room temperature. The NEGF+DFT
calculations of graphene-hexaphenyl-graphene devices agree
well with the experimental measurements and specify the
HOMO-dominated transport. This scalable approach opens the
road to fabricate stable single-molecule devices at room
temperature.
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Single-molecule junctions are con-
structed using hexaphenyl molecules
interlinked to graphene electrodes
through amide groups. Molecular
scale nano-gaps are generated in the
graphene by an optimized fast-speed
feedback-controlled electroburning
process. Some of the obtained
molecular devices are stable for up
to four weeks, highlighting the
potential of graphene nano-electro-
des in the fabrication of stable
single-molecule devices at room tem-
perature.
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