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Motivated by an interest in fundamental science and practical
applications, researchers in molecular electronics have insti-
gated rapid growth in this field over the past decade."
Different approaches have been developed to form single-
molecule or ensemble molecular transport junctions (MTJs),
including ones based on nanogaps fabricated by shadow mask
evaporation, mechanical break junction techniques, scanning
probe techniques, electroplating, lithographic methods, and
electromigration,” and other approaches based on nano-
pores, mercury-drop contacts, crossbar nanostructures, and
template-prepared nanowires.”! One unique feature of these
junctions is that they consist of one or a small collection of
molecules as conductive elements. This implies their great
potential for applications in building ultrasensitive functional
optoelectronic devices™™* and new classes of chemo/biosen-
sors with single-molecule sensitivity.”! However, the ability to
control the conductance of molecules through external
stimuli, which is of crucial importance to the realization of
practical molecular electronic devices, still challenges the
field of molecular electronics.!! So far, only a few attempts
have been made to investigate the conductance switching of
molecules between different states of conjugation in response
to external triggers.”) In addition, most of the previous work
relies primarily on the ex situ synthesis of molecular wires
(e.g., dithiolated molecules) which are subsequently inserted
into the nanogapped electrodes,” thus complicating the
systems because of the strong tendency of these molecules to
undergo oxidative oligomerization and aggregation.® These
problems could be circumvented by developing another
efficient chemical way that avoids the use of dithiolated
molecules and realizes the in situ synthesis of molecular wires
to bridge nanogaps. In the present work, therefore, we have
accomplished two tasks: 1) We have achieved the reversible
conductance switching of individual azobenzene units when
they are toggled back and forth between two distinct
conductive states upon exposure to different external stimuli,
such as light and pH; 2) We have achieved the in situ
construction of complex molecular wires through the imple-
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mentation of a multiple-step reaction sequence (amide
formation and coordination reaction) between molecular-
scale graphene point contacts.

Azobenzene, a typical photochromic molecule, can
undergo reversible transitions between its trans and cis
conformations when exposed to light irradiation (Fig-
ure 1a).’! The trans isomer is nearly planar, but the cis

azobenzene -N
bridge

Figure 1. a) Structures and space-filling models of trans and cis iso-
mers of azobenzene. b) Schematic representation of a graphene—
azobenzene junctions.

isomer adopts a bent conformation with its phenyl rings
twisted roughly 55° relative to each other. Theoretical
studies!"”! suggest that this transformation yields a change in
the dipole moment from near zero (trans) to 3 Debye (cis);
the trans isomer is about 0.2 eV lower in energy and it also
displays the smaller energy gap (1.98 eV) between the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO). These properties form the
basis of a light-driven molecular switch.’*!!l Therefore, it is
crucial to clarify the electrical transport characteristics of this
molecule at the molecular level. In this work, for the first time
we experimentally studied charge transport in a system where
a single azobenzene unit is covalently linked to two graphene
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point contacts (Figure 1b). An import advantage of graphene,
which we chose as the electrode material, is that it is a zero-
gap semiconductor that does not have the inherently variable
diameter and chirality of single-walled carbon nanotubes
(SWNTs). This should rule out the possibility of modulating
the junction conductance by the electrode chirality as has
happened in previous cases.1%

The graphene-azobenzene devices were fabricated by
a new dash-line lithographic (DLL) method described in
detail elsewhere.'"” The key feature of this technique is the
ability to produce carboxylic acid terminated graphene point
contact arrays with gaps of at most 10 nm. In brief, we
designed a DesignCAD file with a 5 nm wide dash line to
open an indented window in a spin-cast layer of polymeth-
ylmethacrylate (PMMA) by using ultrahigh-resolution elec-
tron-beam lithography. The graphene sheet was then locally
cut through the open window by oxygen plasma ion etching.
By exploiting the gradual etching and undercutting of
PMMA, we achieved narrow gaps between indented gra-
phene point contacts. These point contacts react with
conductive molecules derivatized with amino groups to
form molecular devices in high yields. Furthermore, the
contacts made by covalent amide bond formation are robust
and thus can tolerate a broad range of chemical treatments. In
conjunction with the unique properties of graphene electro-
des, the ease of device fabrication and the device stability
place graphene-molecule junctions as a new-generation
testbed for molecular electronics.

Figure 2a shows the structure of the azobenzene unit
used. Under optimized conditions, the maximum connection
yield for this bridge was found to be 50%, which corre-
sponded to a cutting yield of about 28 %.1"”! On the basis of
these data, the analysis of the number of junctions that
contribute to charge transport using the binomial distribution
demonstrates that in most cases, only one or two junctions
contribute to charge transport of the devices.'” Figure 2b
shows the -V curves of a representative azobenzene-
reconnected device before cutting, after cutting by means of
oxygen plasma ion etching, and after further molecular
connection. The black curve shows the source-to-drain (S-
D) current (Isp) plotted against the gate voltage (V) at
constant S-D bias voltage (Vsp = —1 mV) before cutting. The
red curve, recorded after cutting, shows no conductance down
to the noise limit of the measurement (< 100 fA) owing to the
nanogaps. After molecular connection, we observed the
recovery of the original property, albeit at reduced current
values (blue trace in Figure 2b). These observations are
consistent with our previous studies."” In the following, we
detail the switching and sensing functions of these graphene—
azobenzene junctions.

We first studied how the reconnected devices with the
azobenzene bridges responded to external stimuli such as
changes in light. Figure 2¢ shows the typical responses for
a representative rejoined device (25 working devices were
examined) upon sequential irradiation with UV and visible
light. As predicted theoretically,'® the azobenzene unit
undergoes the conformational change from the trans form to
the cis form under UV irradiation (254 nm) and becomes less
conductive (red curve in Figure 2¢). This is because the cis
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Figure 2. Photoswitching properties of devices rejoined by azobenzene
molecules. a) Schematic representation of the switching mechanism
for the molecule responding to UV and visible light. b) Characteristics
of a representative device reconnected with the azobenzene bridge
before cutting (black curve, Vsp=—1 mV), after cutting (red curve,
Vsp=—50 mV), and after connection (blue curve, Vsp=—50 mV).

c) Characteristics of the same device under UV- (1 =254 nm) and
visible-light irradiation (A >460 nm). Vs, =—50 mV. d) Time trace of
the drain current for the same device showing the reversible photo-
switching events under irradiation with UV light and visible light.
Vsp=—50 mV; Vo =0V. e) Characteristics of another reconnected
device after connection (black curve), after UV irradiation (red curve),
kept in the dark for 60 h (blue curve) and after further irradiation with
visible light (magenta curve). Vsp=—50 mV.

form has a larger HOMO-LUMO energy gap and/or poorer
energy-level alignment with the Fermi energy in the leads.
The reverse photoisomerization can be affected with visible
light and thus the conductance nearly recovered to the
original value (black curve in Figure 2 ¢). To rule out potential
artifacts, we carried out a series of control experiments using
the devices rejoined by a unit lacking the photochromic azo
groups, and the uncut and partially cut graphene FETs treated
with a solution of the azobenzene derivative. None of the
devices showed photoswitching properties under the same
conditions (more details can be found in the Supporting
Information, Figures S1-S4). To check the switching stability
and reversibility, we also performed a series of UV- and
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visible-light irradiations while monitoring the current changes
in real time at constant Vg and V; biases for the same device.
Over many switching cycles (Figure 2d), remarkably, the
devices still showed stable switching between two distinct
conductive states in a reversible manner. In related previous
reports only one-way photoswitching was observed (using
individual diarylethenes spanning either gold or SWNT
electrodes[éa’e]); here we disclose the first example of a rever-
sible light-driven single-molecule switch. In some case when
the device was rejoined by multiple azobenzene bridges, we
kept the reconnected devices in the dark after UV irradiation
for tens of hours, and after that time these devices only
showed the small conductance recovery due to the slow
thermally driven back-transformation (Figure 2¢). Note that
the reconnected devices are light-sensitive and the difficulty
of precisely controlling the light intensity hampers our
investigation of the stepwise switching dynamics of individual
azo groups.

In addition to photoswitching effects, another significant
feature of our azobenzene linker is its sensitivity to pH
(Figure 3). We expected that, owing to the presence of two
sulfonic acid groups, this molecule could reversibly react with
base and acid and thus become pH sensitive (Figure 3a). At
the initial state after connection, the sulfonic acid groups
formed pyridinium salts and showed moderate conductivity
(black curve in Figure 3b). We then carried out several cycles
of protonations (pH 1) and deprotonations (pH 12) while
monitoring the current changes at saturation for devices that
were rinsed, dried, and tested. We found that the molecular
conductance changed by more than two orders of magnitude
(from about 3.11x1072e*h™" at low pH to about 1.54x
10 e*h™" at high pH) for several switching cycles (Fig-
ure 3b,c). These results are consistent with our previous
observations, where protonated oligoanilines bridging SWNT
point contacts showed higher conductivity than the depro-
tonated forms."*! Therefore, these devices provide an ultra-
sensitive local probe for monitoring pH based on one or
a small collection of molecules. Control experiments using
either the devices reconnected by a molecule lacking the pH-
active groups, and the uncut and partially cut graphene FETSs
treated with a solution of the azobenzene derivative were
performed under the same conditions. None of the devices
showed the sensing effects during protonation/deprotonation
(Figures S5-S7 in the Supporting Information). In combina-
tion with the switching property of the azobenzene molecule
described above, these indicate an approach to integrate
multiple functionalities into single-molecule devices through
smart molecular designs for the construction of logic gates or
even molecular computers.

After having understood the switching properties of the
azobenzene molecule, we turned our attention to circum-
venting the previously mentioned problems associated with
the oxidative oligomerization and molecular aggregation of
dithiolated molecules in device fabrication and measurement
using graphene—-molecule junctions. To do this, we developed
an efficient method for the in situ construction of molecular
transport junctions by combining self-assembly and pro-
grammed chemical reactions. The two-step strategy used in
this study is shown in Figure 4 a. First we primed the graphene
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Figure 3. Sensing properties of devices rejoined by azobenzene units.
a) Schematic representation of the sensing mechanism for response of
the bridge to a change in pH. b) Characteristics of a device recon-
nected by the bridge at low pH (pH 1) and at high pH (pH 12).
Vsp=—50 mV. c) Switching cycles of the conductance of the same
device when alternatively immersed in solutions of low and high pH.
Vio=—-50mV; Vo=0V.

point contacts with the terpyridyl ligand 1, which has only
a single amino group to react with the graphene electrodes
but does have the tridentate aromatic pocket available for the
subsequent coordination chemistry (Figure 4b). There was
essentially no detectable current (<100 fA) after reaction
with 1 using the fresh lithographically cut devices (red curve
in Figure 4c). Then we immersed these primed devices in
a diluted methanol solution of cobalt acetate (ca. 10> m). In
this step some devices were connected through metal ion
coordination and thus they became conductive (blue curve in
Figure 4c). Under optimized conditions, the yield of the
working devices was approximately 21% (21 out of 102
devices tested) for the two-step connection reaction.
Multistep reactions can also be carried out within the
nanogaps in a stepwise approach (Figure 4a). After the
second step of cobalt ion treatment, we carefully screened the
I-V characteristics of the devices and determined each as
either reconnected or open. The circuits that were open
showed no conductance down to the noise limit of the
measurement (<100 fA) (red curves in Figure 4d). Each of
these devices should contain two cobalt ions, one on each
facing end of the nanogap, and each cobalt ion should be
available for further coordination. In the third step of this
sequence the hexapyridyl 2 (Figure 4b) was added (ca. 10 M
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Figure 4. n situ construction of molecular junctions. a) Schematic
description of strategies for bridging graphene point contacts through
two-step or three-step sequences. b) Molecules used for reconnection.
c) Isp versus V; plot of a device reconnected through the two-step
strategy. Vsp =—50 mV. d) Device characteristics for a device recon-
nected through the three-step sequence. Vs, =—50 mV. Inset shows
the Isp versus Vs, plot for the same device after reactions with 1 and
cobalt ions (red), and after the addition of 2 (blue) at zero gate bias.
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in chloroform), and the conductivity of these devices was
measured (blue curve in Figure 4d). The inset in Figure 4d
shows I, as a function of Vg, for the same device after
sequential reactions with 1 and cobalt ions when cut (red) and
after further addition of 2 (blue). The connection yield for this
three-step strategy was roughly 9% (9 out of 103 devices
tested). The different connection yields obtained through the
two- and three-step processes may reflect the statistical
distribution of the size of indented nanogaps formed by the
dash-line cutting process. In these experiments we synthe-
sized complex molecular wires in situ to bridge nanoscale
electrodes through multistep reactions within nanogaps,
which is rare in the field.

In summary, we have demonstrated the capability of
installing molecular functionalities into electronic devices in
a new platform of DLL-generated graphene-molecule junc-
tions. We compared the device conductance and achieved
reversible switching between distinct conductance states
when devices with an azobenzene linker were either illumi-
nated by light with different wavelengths or exposed to
different pH values, thus indicating the possibility of integrat-
ing multiple functionalities into a single molecular device. In
addition to building functional molecular circuits, we also
demonstrated a useful method for the in situ construction of
molecular transport junctions through the implementation of
a programmed reaction sequence without the use of dithio-
lated molecules. This should overcome the problems associ-
ated with molecular oxidation and aggregation. We expect
that these methods of creating nanoscale circuits and instal-
ling molecular functionalities by utilizing different functional
building blocks will be useful for the development of new
types of molecular electronic devices with diverse functions
toward practical applications.
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