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The ultimate goal of molecular electronics is to understand
and control single-molecule devices with robust and identical
molecular transport junctions! To this end, discrete
approaches have been developed for molecular junction
fabrication, including break junctions? scanning probe
techniques,®’! sandwich electrodes,® lithographic methods,”
mercury drop electrodes,”’ and others.” In this study, we
describe another efficient method to build molecular elec-
tronic devices using point contacts made from graphene as
electrodes (Figure 1). Graphene is a remarkable material with
extraordinary electronic properties.’l Its high mobility and
the ease with which it is doped with either holes or electrons
make it useful as a platform for sensors, electrodes in field-
effect transistors, and as transparent contacts for photovoltaic
devices.’! Herein, we pattern single-layer graphene (SLG) to
create point contacts. We create molecular electronic devices
by covalently attaching molecules so that they bridge from
one graphene point contact to another. This method is related
to one that we recently developed to measure the conductivity
of individual molecules that are immobilized within gaps in
a single-walled carbon nanotube (SWNT) through amide
bonds.’® These SWNT contacts have yielded functional
molecular devices that detect molecular conformation trans-
formation, protein/substrate binding, and DNA hybridiza-
tion.'”) This approach is promising, but the connection yield is
relatively low (generally 3-5 per cent) and the device-to-
device properties vary mainly owing to the variability in the
properties of the SWNTs that depend on their chirality and
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Figure 1. A depiction of single-molecule devices based on graphene
point contacts.

diameter. Graphene does not have the inherent variability of
SWNTs and could therefore circumvent these problems. We
cut SLG precisely using plasma etching through a polymeth-
ylmethacrylate (PMMA) mask in which a dash line is
lithographically patterned. This process, which we call
“dash-line lithography”, yields graphene point contacts by
“indenting” the etching into the masked region of the
graphene (Figure 2a-c). This etching process produces car-
boxylic acid-terminated graphene point contact arrays with
gaps that are less than or equal to 10 nanometers. These point
contacts react with conductive molecules derivatized with
amines to form stable molecular devices in high yields (as high
as 50 per cent) via amide linkages. These devices can tolerate
large changes in the environment. For example, we demon-
strate that these devices are able to respond to chemically
reactive metal ions.

The process that we developed uses uniform large-area
SLGs of high quality by chemical vapor deposition (CVD) on
copper foils (details can be found in the Supporting Informa-
tion)."! Using nondestructive PMMA-mediated transfer and
wet-etching techniques, we transferred SLGs onto degener-
ately doped silicon wafers that were coated by a 300 nm thick
layer of thermally grown silicon dioxide (Supporting Infor-
mation, Figure S1). Raman spectroscopy (Supporting Infor-
mation, Figure S2d), and high-resolution transmission elec-
tron microscopy (Supporting Information, Figure S2¢) reveal
that the CVD-grown graphene is a single layer. After oxygen
plasma etching through a photolithographically patterned
resist mask, we obtained graphene sheets that were 250 um
long and 40 um wide. Then by using a second lithographic
process, high-density patterned metallic electrodes (5 nm of
Cr followed by 40nm of Au) separated by 7 um were
deposited onto the SLG sheets through thermal evaporation
(Figure 2d). With the metal pads as source (S) and drain (D)
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graphene sheet that was completely
cut to give indented point contacts
(a total of about 210 pairs). The gaps
are too small to be seen in SEM, but
it can be located and directly imaged
with atomic force microscope
(AFM). The relatively large size of
the AFM tip makes it difficult to
determine with precision how small
the gaps are. Considering the imag-
ing convolution of the AFM tip, we
estimate the statistical size range of
the typical gap arrays of 1-10 nm for
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the AFM micrograph in Figure 2e.
We hypothesize, on the basis of
similar work on SWNTs and the
graphene,*>'? that the oxidation
initiates the continuous erosion of
graphene from the defects that were
either present before etching or
were induced by the plasma. Given
the strongly oxidizing condition

0.00m | induced by oxygen plasma, we

Figure 2. Fabrication of indented graphene point contact arrays. a) A DesignCAD file with a 5 nm-
width dash line (A, 150 nm; B, 40 nm) used for the cutting process. b) Precise cutting of graphene
sheets by oxygen plasma through an indented PMMA window defined by electron-beam lithography.
c) Indented graphene point contacts formed by oxidative cutting were functionalized by carboxylic
acid end groups and separated by as little as a few nanometers. d) An optical image of integrated
graphene FETs located in the center of each pattern. Inset shows the optical image of a whole
pattern. €) SEM and AFM images of a representative indented graphene point contact array. Inset:

the height profile of the SLG (SLG thickness, ca. 0.7 nm).

contacts and the silicon substrate as a back gate (G), the
graphene devices can be electrically tested, and we find an
average sheet resistance of about 0.7-10 k€.

Figure 2 a—c illustrates the new method designed to create
uniform graphene point contact arrays separated by a few
nanometers. We designed a DesignCAD file with a 5 nm-
width dash line (A exposed to electron beam (e-beam)
separated by B; Figure 2a) to open an indented window in
a spin-cast layer of PMMA by using ultrahigh-resolution
electron-beam lithography. The graphene sheet was then
locally cut through the open window by oxygen plasma ion
etching (15 Pa, 30 W RF power, 15 s exposure). By exploiting
the gradual etching and undercutting of the PMMA, we
achieved narrow gaps between indented graphene point
contacts. In addition to the lithographic and etching con-
ditions, the A and B parameters shown in Figure 2a are also
crucial. We systematically explored the influences of values A
and B on device fabrications (details can be found in the
Supporting Information, Figure S4-S7). On the basis of these
investigations, given the scattering of the electron beam and
the intrinsically limited resolution of the electron-beam
writer, we finally fixed A at 150 nm and B at 40 nm for the
following device fabrication and molecular connection.

This dash-line lithography proves efficient to create
molecular-scale gap arrays with carboxylic acid end-group
functionality. Figure 2e shows the scanning electron micro-
scope (SEM) image over large areas of a representative
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expect a prevalence of carboxylic
acid end-groups on the cut edges of
SLG sheets. By screening the cur-
rent-voltage (I-V) characteristics of
the graphene devices before and
after oxidative etching, we identified
completely cut graphene transistors,
which were directly used for subse-
quent reconnection.

To demonstrate the efficiency and universality of the
contacts developed above, three different molecular wires (1-
3, circa 2.2, 2.7, and 3.1 nm in length, respectively) that are
terminated with the requisite amine functionality were used
(Figure 3a; details can be found in the Supporting Informa-
tion). We bridged molecular-scale gaps along the cut lines in
graphene sheets by amide bond formation. This is done with
a pyridine solution containing amines and the carbodiimide
dehydrating/activating agent EDCL" Figure 3b-d show the
comparison of the I-V curves of the representative devices
reconnected by molecules 1 to 3 before cutting, when cut, and
after connection, respectively. The black curves show the S-D
current (Igp) plotted against the gate voltage (V;) at constant
S-D bias voltage (Vsp = —1 mV) before cutting. We note that
all the devices in Figure 3b—d before cutting exhibit p-type
electric field effects with little gate-dependence because the
neutrality point (Iyp) shifted to the more positive value, which
is probably due to chemical doping and/or charge transfer
induced by etching agents and polymer resists used (iron
nitrate and PMMA). The red curves, taken after cutting, show
no conductance down to the noise limit of the measurement
(<100 fA) owing to the nanogaps. After molecular connec-
tion, in all cases we observed the recovery of the original
properties, albeit at reduced current values (blue traces in
Figure 3b-d). These observations are consistent with our
previous cases of rejoining SWNT leads in a similar way,
where the gate modulates the nanotube conductance more
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Figure 3. Reconnection of graphene point contacts by molecules 1-3.
a) Molecular bridges (1 to 3) spanning SLG point contacts. b)—

d) Device characteristics of the representative devices reconnected by
each molecule (b for 1, c for 2, and d for 3) before cutting (black
curves, Vsp =—1 mV), after cutting (red curves, Vsp=—50 mV), and
after connection (blue curves, Vs, =—50 mV), respectively. Inset: the
drain current (Isp) as a function of the S-D voltage (Vsp) of the same
device after connection at zero gate bias.

strongly than that of the molecules, which is probably due to
the mismatch between the nanogap size (a few nanometers)
and the dielectric thickness (ca. 300 nm). To demonstrate
the technological reliability, we fabricated many more recon-
nected devices by each molecule (Supporting Information,
Tables S1-S3).

One remarkable advantage of this method is the ability to
produce graphene point contact arrays on wafer scale. This
allows us to optimize and calibrate the etching process. We
define the cutting yield (Y uun,) as the fraction of graphene
FETs on a chip that are electrically disconnected after oxygen
plasma etching and the connection yield (Y omnecion) aS the
fraction of the completely-broken devices that are recon-
nected after molecular connection, respectively. By keeping
other parameters constant, changing the etching time (the key
parameter) generates different yields of the cutting. We then
investigate the relationships among the cutting yield, the
molecular length and the chemical connection yield from
about 5000 tested devices (each containing circa 210 graphene
point contact pairs). Interestingly, we found that the con-
nection yield has a nonmonotonic dependence on the cutting
yield. The evolution of the resulting connection yields as
a function of the cutting yields for each molecule is shown in
Figure 4a—c. In all cases, the connection yields gradually
increased to a peak value at the beginning of the cutting yield
increase and then gradually decreased. Such behavior is
reasonable because the larger cutting yields generated by
using longer etching times produce the statistically bigger
gaps. When the dominant gap size at a given cutting yield
matches the length of the molecules, this cutting yield gives
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Figure 4. Statistical data of the connection yields as a function of the
cutting yields for each molecule (a for 1, b for 2, and c for 3). The
simulated curves are shown in black.

the maximum connection yield. Under optimized conditions,
the maximum connection yield for connection of molecule
1 was found to be about 33 %, which corresponds to the
cutting yield of 25 %. Moreover, for longer molecules (2 and
3), the relatively higher cutting yields are required under
identical conditions. For molecule 2, the maximum connec-
tion yield is as high as about 50 %, which corresponds to the
cutting yield of 28%. For molecule 3, the maximum con-
nection yield is 33 %, which corresponds to the cutting yield of
31%. These connection values significantly exceed previous
studies (Refs. [1c,f] and [1g], and references therein), in which
the connection yields were much lower using metal or SWNT
leads.

To address the number of junctions that contribute to
charge transport, we theoretically calculated the probability
of the reconnected devices with n rejoined junctions (G,) by
using the binomial distribution:

m! 1 m-—n
ml’ (1-p) n=012 ..,m o))

G,=
where m is the number of graphene point contact pairs (210 in
the current case) and p the probability of connection success
for a random junction. Considering the fact that the device
becomes conductive even if only one junction is reconnected,
the Y onnection €an be expressed by the formula:

_ _ m! 0 m
Yeonnection =1 =G =1— ml’ (1-p) 2

where G, is the probability of devices without any recon-
nected junctions. By taking the Y .ccion Values from the
experiments, we can obtain the p value. Then, based on the p
value, the ratios of single-junction or double-junction devices
to the overall reconnected devices [G,/(1—G,)] are calculated
(ca. 70 % and 24 %, respectively) when the connection yield is
about 50 %. If the connection yield is in the range of 20-30 %,
the ratio of single-junction devices to the overall reconnected
devices is even higher (82-89 % ). These suggest that in most
cases, only one or two junctions contribute to charge transport
of the devices. On the basis of this analysis and the data from
transport measurements, the device resistance and the
molecular conductance can be estimated. For example, the
resistance of the device reconnected with the sulfone
molecule (1; Figure 3b) increases from about 1.02 kQ
before cutting (Vsp = —1 mV) to 0.19 x 10° Q after connection
(Vsp=—-50 mV). Then the molecular conductance for 1 in
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this device is calculated to be about 0.14 ¢*/A. Similarly, the
molecular conductances for 2 and 3 used in Figure 3¢ and d,
are calculated to be about 3.97 x 1072 and 5.32x 1072 ¢¥h,
respectively. Statistically, the average molecular conductances
for molecules 1-3 are about 0.12, 4.63x 1072, and 4.85x
10% é¥/h, respectively (Supporting Information, Tables S1—
S3). One factor that hampers our ability to extract more
quantitative information for single molecules is that these
conductance values vary from device to device for any given
molecule. Realization of atomic level precision in the cutting
procedure, and precise control of the molecular conformation
on the substrate within the graphene gaps and the contact
configuration, are challenges for future studies to overcome.

To rule out potential artifacts from the connection
reaction, we carried out systematic control experiments. In
one experiment, we used a complex analogous to 3 in which
methyl groups replaced the amino terminals. As these
molecules cannot react with graphene leads, no reconnection
current is expected (Supporting Information, Figure S8). In
a second control experiment we used just the single terpyridyl
ligands with single amine functionality (4 in Figure 5a). Being
able to connect covalently to only a single electrode ensures
that this species should not conduct. In fact none of the
devices showed any detectable current, thus excluding the
possibility of molecular aggregates as the agents of conduc-
tion. In another experiment, we used 1,12-diaminododecane
because it is about the same length as the sulfone molecule 2
but lacks the conjugated backbone. Again, none of the
devices showed any detectable current (Supporting Informa-
tion, Figure S9). This remained the case even when a sulfone
was subsequently added; presumably the carboxylic acid sites
were already passivated by the alkyl amine. In another
experiment, gaps placed in a pyridine solution that contained
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Figure 5. a) Strategy for studying the reversibility of coordination
reactions. b) s, versus V, data of a rejoined device by molecule 3
under sequential treatments of EDTA and cobalt ions. Inset: three
representative switching cycles for the same device when alternately
treated with EDTA and cobalt ions. Vsp =—50 mV.
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the coupling agent but lack any conjugated diamines did not
show any electrically connected devices. Furthermore, when
we immersed these same gaps in a fresh coupling solution that
contains molecule 1, some of the devices did then become
conductive (Supporting Information, Figure S10). Each of
these control experiments was performed on about 100
devices to yield a statistically significant null-result.

The contacts made by covalent amide bond formation are
quite robust and tolerate broad chemical treatments, thus
offering the chance to study the reversibility of coordination
reactions (Figure 5). Figure 5b shows the cycles of decom-
plexation and complexation with cobalt ions for a device
reconnected by molecule 3. After we immersed the recon-
nected device in a solution of ethylenediamine tetraacetic
acid (EDTA), it became an open circuit (red curve in
Figure 5b). When we introduced Co(OAc), again, the
device nearly returned to its original conductive state (blue
curve in Figure 5b). Moreover, after several cycles of alter-
nate treatments of EDTA and Co(OAc),, the device still
showed good conductance switching (Figure 5b inset). Con-
trol experiments using either the reconnected devices by 1,
which lacks the terpyridyl ligand, or the uncut and partially-
cut devices treated with a solution of 3, were performed under
the same conditions. Upon treatments of EDTA and Co-
(OAc),, all the devices showed the opposite phenomena to
those described above (Supporting Information, Figures S11—
S13), which is most likely due to chemical doping or charge
transfer induced by chemical adsorbates.” These results
might provide a potentially valuable method for the fabrica-
tion of devices that can recognize individual metal ions.

In summary, we have described a method for fabricating
reliable and functional molecular transport junctions in high
yield. First, the key advantage of this technique is that the
dash-line lithography is able to produce indented molecular-
scale graphene point-contact arrays. This methodology cir-
cumvents two main challenges facing researchers studying
molecular electronic devices: low-yield device fabrication and
ill-defined contacts between molecules and electrodes. Our
lithographic method allows the chemical preparation of
a large number of molecular devices through a well-defined
covalent amide bond in high yields (as high as 50 per cent).
The molecular devices prepared in this fashion show excellent
reproducibility and stability. Second, these molecular junc-
tions allow controllable and diverse functionalization with
specific capabilities and detect specific molecular scale
activities. In addition to their potential use in building
molecular devices, such as switches and sensors, these
capabilities can provide an interface between molecular
electronics and biological systems.!"”! Finally, these molecular
electronic devices and ability to integrate these hybrid devices
into current complementary metal oxide semiconductor
(CMOS) technology has the potential to create multifunc-
tional integrated circuits as a significant step towards practical
molecular electronics.
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