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ABSTRACT: The aim of molecular electronics is to miniaturize active electronic devices and
ultimately construct single-molecule nanocircuits using molecules with diverse structures
featuring various functions, which is extremely challenging. Here, we realize a gate-controlled
rectifying function (the on/off ratio reaches ∼60) and a high-performance field effect
(maximum on/off ratio >100) simultaneously in an initially symmetric single-molecule
photoswitch comprising a dinuclear ruthenium-diarylethene (Ru-DAE) complex sandwiched
covalently between graphene electrodes. Both experimental and theoretical results consistently
demonstrate that the initially degenerated frontier molecular orbitals localized at each Ru
fragment in the open-ring Ru-DAE molecule can be tuned separately and shift asymmetrically
under gate electric fields. This symmetric orbital shifting (AOS) lifts the degeneracy and breaks
the molecular symmetry, which is not only essential to achieve a diode-like behavior with
tunable rectification ratio and controlled polarity, but also enhances the field-effect on/off ratio
at the rectification direction. In addition, this gate-controlled symmetry-breaking effect can be
switched on/off by isomerizing the DAE unit between its open-ring and closed-ring forms with light stimulus. This new scheme
offers a general and efficient strategy to build high-performance multifunctional molecular nanocircuits.

■ INTRODUCTION

Single-molecule electronics, in which one or a few molecules
are used to construct an electronic component, is regarded as a
complementary technological option to conventional Si-based
microelectronics and thus has aroused tremendous interest
from researchers with interdisciplinary backgrounds.1−4 Until
now, various functionalities have been realized in both single-
molecule junctions and large-area molecular junctions,
including switches,5,6 memristors,7,8 rectifiers,9,10 field-effect
transistors (FETs),11,12 and so on. To this end, the fabrication
of multifunctional molecular nanocircuits using devices such as
single-molecule FETs and single-molecule rectifiers is consid-
ered to be a crucial step toward bringing these devices into
daily life,13 as illustrated in the international semiconductor
industry roadmap released in 2016, rather than simply
continue to follow Moore’s law.14

FETs are one of the most elementary components in
electronic circuits, and molecular-scale FETs combined with
other functions, like rectification and switch, promise potential
applications in information technology.15 The typical working
mechanism for single-molecule FETs is to tune the molecular
orbital energy levels relative to the bias voltage window,
however, most of the reported on/off ratio of single-molecule
FETs were rather moderate (∼10).11,16−18 Recently, anti-
resonance states were utilized to suppress the off-state
conductance, achieving on/off ratios of around 2 orders of

magnitude.19,20 Different inspiring approaches are still in great
need to improve the performance of single-molecule FETs. To
integrate additional functions into single-molecule FETs, a
general idea is to control classic single-molecule diodes with
gate, which was proved not so effective in modulating either
the rectification ratio or the FET on/off ratio.21,22 The
formidable challenge is that the asymmetrically electronic
feature through a molecular junction is difficult to change in a
specific molecular diode. Moreover, to change the rectification
ratio of a single-molecule diode in situ is of significance as it
can save tedious chemical synthesis that have been commonly
used to modulate the asymmetry of the molecular kernel. Here,
we demonstrate an unprecedented gate electric-field-induced
symmetry-breaking effect with photocontrollability in an
initially symmetric single-molecule junction, which simulta-
neously leads to a tunable rectifying behavior and good FET
performances, thus realizing multiple functions within one
molecular junction.
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■ RESULTS AND DISCUSSION
Diarylethene (DAE) derivatives have been intensively used to
construct molecular switches for more than two decades
because they can undergo reversible and rapid photo-
transformations between open-ring (o) and closed-ring (c)
isomers with superior thermal stability and fatigue resist-
ance.23,24 Here, we designed a dinuclear Ru-DAE complex
containing two Ru fragments [H2N−p-C6H4−CC-
(dppe)2Ru]

+ (dppe = 1,2-bis(bipehenylphosphino)ethane) at
two mirror-symmetric α-positions of the two thiophene rings
(Figure 1a and Scheme S1). As shown in Figure 1b, quantum

chemistry calculations based on the density functional theory
(DFT) for the gas-phase isolated Ru-cDAE and Ru-oDAE
indicate that the two forms have different geometric
configurations of their Ru nuclei and frontier molecular
orbitals (FMOs). In Ru-cDAE, the Ru nuclei are in the same
plane as DAE, with the FMOs delocalized symmetrically
throughout the entire molecular backbone bridged by strong
conjugation. In contrast, in Ru-oDAE, the two thiophene rings
are in C2 symmetry (antiparallel conformation) and two Ru
nuclei are located above/below the central plane, because of
the broken orbital conjugation and the steric repulsion
between two Ru fragments.25 Correspondingly, paired nearly

degenerate FMOs are localized on each side of the molecular
backbone: the localized HOMO-L/R and LUMO-L/R (Figure
1b). Such unique orbital localization feature provides the high
possibility of tuning their FMOs either collectively or
separately, thus laying a foundation for the novel electronic
properties described below.
The device fabrication process of graphene-Ru-DAE-

graphene single-molecule junctions (SMJs) is described in
the Supporting Information. We first investigated the photo-
switching property of the Ru-DAE-reconnected SMJs, which
demonstrated reproducible conductance switching (Figures 2a,

b and Figure S11) under alternating visible/ultraviolet (Vis/
UV) light irradiation in vacuum at room temperature,
consistent with previous studies.26−32 This reversibility was
confirmed further by time-dependent UV−vis absorption
experiments (Figure S4), nuclear magnetic resonance
(NMR) investigations (Figures S2, S5, and S6) on a reference
compound mimicking the junction chemical structure
(Scheme S4) and theoretical transmission calculations (Figure
S23).
Using an ionic liquid as gate dielectric (with a ∼7.5 Å thick

electrical double layer, Figures S9 and S10) which has been
demonstrated as an effective method to tune molecular orbital
energies,33,34 we investigated the FET behavior of the Ru-DAE
SMJs and their tunability. As a result, it was found that the Ru-

Figure 1. Device structure of a graphene-Ru-DAE-graphene single-
molecule junction and associated FMO diagrams. (a) Schematic
representation of a graphene-Ru-DAE-graphene single-molecule
transistor with ionic liquid gate dielectric that highlights the light-
stimulated DAE isomerization between the closed-ring and open-ring
forms (Ru-cDAE and Ru-oDAE). (b) FMO diagrams for Ru-oDAE
and Ru-cDAE, showing distinct differences.

Figure 2. Reversible photoswitching and field-effect characteristics of
an individual Ru-DAE SMJ. (a) Current−voltage (ID−VD) curves of
individual Ru-DAEs in open-ring (dark) and closed-ring (red) forms
at VG = 0 V. (b) Real-time measurement of the current passing
through a Ru-DAE molecule that switches reversibly back-and-forth
between its closed-ring and open-ring forms upon exposure to
ultraviolet (UV: 365 nm) and visible (Vis: 650 nm) lights,
respectively. VD = 0.1 V and VG = 0 V. (c, d) Representative gate-
dependent ID−VD characteristics for the open-ring form. (e, f)
Representative gate-dependent ID−VD for the closed-ring form.
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DAE SMJs (both Ru-oDAE and Ru-cDAE) exhibited obvious
gate-dependent current−voltage (ID−VD) characteristics (Fig-
ures 2c, d for Ru-oDAE; Figure 2e, f for Ru-cDAE; Figures
S12−S14). The current passing through these junctions
increases as the gate voltage (VG) becomes increasingly
positive or negative, which is indicative of ambipolar
characteristics. Interestingly, we also found that the Ru-oDAE
output characteristics under gate electric field show clear
asymmetric conductance behavior with bias dependence
(Figures S12 and S16−S18) and the rectification directions
under the positive and negative gate electric fields are opposite
(Figure 2c, d; Figures S13 and S14), though the I−V plots at
the zero-gate voltage are nearly symmetrical (Figure S15).
Specifically, we calculated the rectification ratio (RR, Ion/Ioff) at
each bias voltage under different gate voltages and found that
the RR increases with increasing |VG| (Figures 3a and Figure

S19a). In contrast, when we performed a similar analysis for
Ru-cDAE SMJs, the ID−VD curves under different gate voltages
were nearly symmetrical and RRs at each bias were close to
unity, independent of the gate voltage (Figure S19b). Note
also that the gate-dependent ID−VD curves of both Ru-oDAE
and Ru-cDAE (Figure 2 and Figure S13) were measured in situ
before and after device UV irradiation. On the basis of this fact,
we concluded that the gate-controlled rectifying behavior in
the Ru-oDAE SMJs is induced by the gate electric field,
excluding other potential artifacts that possibly result from
device-to-device variations at the molecule−electrode inter-
faces.
Statistical analysis of RR at ±1.0 V bias (VG = ± 2.0 V)

among different Ru-oDAE devices indicated the high

rectification performance (Table S1) with mean and maximum
values as ∼19 and ∼61, respectively. In addition, the FET
property at the rectification polarity exhibited an exceptional
behavior: the mean on/off ratio is ∼59 with the maximum
value as high as ∼144 (Table S2). For the reverse bias range
where the off-state of rectification appears, the FET behavior is
moderate with an on/off ratio of <10.
As the open-ring DAE unit works as a weakly conjugated

bridge to connect the two Ru fragments, their localized FMOs
are separated well, meaning that each Ru fragment can be
tuned and manipulated independently. At VG = 0 V, the
molecular system is symmetrical and the perturbed (p)-FMOs
of the left fragment (LF) and the right fragment (RF) are
degenerate. When VG is applied, the Ru fragments at each side
in Ru-oDAE are gated asymmetrically because they are located
at different potential positions in the gate electric field (Figures
3b and Figure S24). This asymmetric gating effect breaks the
energy degeneracy and causes asymmetric orbital shifting
(AOS) of the two Ru fragments (Figure 3c, assuming the
situation as what is shown in Figure 3b), resulting in an
electronic profile close in spirit to the D-σ-A scheme in the
original Aviram−Ratner rectification paper.35,36 The physics of
this process is captured further by calculating the quantum
charge-transport properties of the molecular junction in
combination with graphene electrodes using the DFT within
the nonequilibrium Green’s function (NEGF) technique
(calculation details are presented in the Supporting Informa-
tion). As shown in Figure 3d, the induced asymmetry becomes
larger with increasing VG: The p-HOMO shifts upward and the
p-LUMO shifts downward, thus the energy gap between them
(ΔEgap) getting smaller, as well as that between p-FMOs and
the graphene Fermi level. According to the energy-dependent
Landauer formalism of quantum transport, the energy gap
between p-FMOs and the Fermi level of the electrodes plays an
essential role in the current under low bias voltages: A smaller
gap size allows more electrons to enter the Fermi window
within the applied bias range. Consequently, we conclude that
VG can enhance the charge transport, thus improving the FET
behavior observed above.
The wave function calculations of the transport scattering

states shown in Figure 3e demonstrate that p-LUMO and p-
HOMO are separately contributed from each local fragment
(LF and RF, respectively), which further verifies the AOS
process shown in Figure 3c, d. Such AOS is essential to the
intrinsic molecular rectification mechanism: Positive and
negative biases have opposite effects on the transmission gap
(level misalignment), thus leading to significantly different
transport processes (mechanism details can be seen in Figure
S26). This working principle is similar to those previously
reported.22,37 Note here that we demonstrate the physical
mechanism by considering only one polarity for VG in the
discussion above. Obviously, if the direction (or polarity) of VG
is reversed, the AOS process and rectification effect will then
be opposites to the original effects, which is consistent with the
experimental observations shown in Figures 2c, d (Figures S13
and S14). Additionally, the relative spatial position of LF and
RF is stochastic in real device systems: LF is above or below
the RF. In the case where LF is below RF, the rectification
direction should be opposite to that shown in Figures 2c, d;
this has also been observed experimentally (Figures S13 and
S16−S18). These Ru-oDAE SMJs represent an intrinsic
molecular rectifier established in an initially symmetrical
single-molecule junction including source/drain electrodes of

Figure 3. Rectification and theoretical model of Ru-oDAE SMJs. (a)
Gate-dependent rectification ratio for another Ru-oDAE SMJ (Device
2). For the corresponding ID−VD characteristics of this device, see
Figure S11. (b) Gate-induced electric potential distributions in the
central region of Ru-oDAE SMJs at VG = 6 V obtained through
NEGF-DFT simulations. The scaling unit of the color bar is eV. For
an intuitive demonstration, the molecule positions are also marked
and plotted. LF and RF denote the left Ru fragment and the right Ru
fragment, respectively. (c) Schematic illustration of the AOS
processes of the two Ru fragments under VG. The local FMOs of
the LF and RF are coded using orange and blue colors. Orange and
blue arrows indicate the orbital-shifting tendencies of LF and RF. (d)
Transmission spectra of Ru-oDAE SMJs for different VG values. Ef is
the Fermi level of the graphene electrodes. (e) Real-space
distributions of scattering states of p-HOMO and p-LUMO of Ru-
oDAE SMJs.
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the similar size; it differs from previous reported cases in which
asymmetry was induced using extrinsic methods, including
chemical strategies such as donor−acceptor structures,21,22,38,39
electrode materials,40 anchoring/spacer groups,36,41,42 and
molecular intercalation43 and physical methods, e.g. ,geometric
asymmetry between both electrodes of the same material,9,37

where asymmetric electrostatic environments were introduced
at the molecule−electrode interface in the presence of polar
solvents, thus inducing the rectifying behavior. In addition, a
novel rectification mechanism has been reported based on self-
assembled monolayers,10 where the electroactive ferrocenyl
moiety was typically placed asymmetrically between a platinum
surface and an EGaIn tip by inserting a long alkyl chain on the
platinum side and Coulombic interaction induced an increase
in the number of conducting molecules under forward biases,
thus realizing RRs exceeding 1 × 105.
Essentially unlike the open-ring isomer, there exist strong

conjugation and orbital delocalization between two fragments
in Ru-cDAE, making it difficult to tune LF and RF separately.
As shown in Figure S25, there is no obvious AOS under
different gate voltages, which implies that the symmetry is
maintained throughout the molecular backbone with VG, i.e.,
no rectification effect appears (Figures 2e, f and Figure S13).
Therefore, the application of different gate voltages induces
only the general FET effect. For the moderate FET
performances, it should be attributed to the delocalized
electronic structure, which contributes to relatively large off-
state current. Furthermore, we designed and synthesized a
control molecule (see Scheme S3) with the similar structure to
Ru-DAE, in which the DAE unit is replaced by a phenyl ring
and the two Ru fragments are placed at each para-position,
respectively. No obvious rectifying effect appears in the gate-
dependent ID−VD characteristics of SMJs reconnected by this
control molecule (Figure S22), which clearly proves that it is
the conjugation difference that dominates the distinct gate-

dependent behaviors between open/closed-ring isomers. Note
that (1) there is a C2 symmetry in the open form (2 antiparallel
conformations), which has a helicoidal chirality with 2
enantiomers with the P or M helicity, whereas in the closed
form, there is also a C2 symmetry with 2 enantiomers (with 2
chiral carbons, one methyl up and one methyl down with
respect to the diarylethene plane); (2) there is a tiny length
change in molecular length (∼0.14 Å) between the closed-ring
(∼31.15 Å long) and open-ring (∼31.29 Å long) forms; (3)
the linkage amide modes might be asymmetric under an
applied field.44,45 What is left unclear is that in addition to the
symmetry breaking mechanism, whether the rectification
synergistically originates from the chirality, the length change
(which might be influenced by electrical fields), the asymmetry
of amide bonds under electrical fields or another associative
mechanism.
The asymmetric gating effect in the Ru-oDAE system can

also induce a high degree of charge transfer between LF and
RF. In Figure 4a and Figure S27, we found that charge transfer
produces a built-in polarization electric field from right to left
(opposite to the external gate field). When the gate is loaded,
the external gate field is stronger than the built-in polarization
field, thus dominating the effect. When the gate (i.e., the
external field) is offloaded, the gate-induced charge transfer
cannot disappear rapidly because the weakly conjugated bridge
suppresses free movement of electrons and charges. The built-
in field will thus start to dominate and form a p−n junction
system, which leads to another rectification process (Figure
4b). This new type of rectification shows the opposite polarity
to the rectification effect when VG is loaded (Figure 4c, d;
Figures S20 and S21). Additionally, this rectification is
sensitive to the charge retransfer process and thus expected
to decay over time. After sufficient time, this off-loaded
rectification phenomenon will disappear, which is consistent
with the experimental observations shown in Figures 4d, e. The

Figure 4. Decay process of rectification after the gate voltage is offloaded. (a) Differences in the electron density distribution within the Ru-oDAE
backbone between VG = 6 V and VG = 0 V, obtained through NEGF−DFT simulations. (b) Schematic illustration of the rectification mechanism at
the moment when VG is offloaded. A p−n junction is formed and connected via a weakly conjugated (W−C) bridge. (c) ID−VD characteristics of
another Ru-oDAE SMJ (Device 3) before and after VG is loaded. (d) Time-dependent ID−VD characteristics of the Ru-oDAE after VG is offloaded.
(e) Rectification ratio decay with time. The charge transport behavior finally restored to its original state before VG is loaded.
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rectification ratio decays with time at a decreasing rate, but not
in a single exponent way. Note that the decaying time scale
qualitatively agrees well with other studies on intramolecular
electron transfer in cobalt−iron Prussian blue analogues.46−48

This rectification decay process after the gate voltage is
offloaded further verifies the AOS scheme as discussed above.
The detailed study of the charge relaxation process is out of the
scope of this work and will be the subject of the next report.

■ CONCLUSIONS
In this work, we achieved in situ controllable multifunctional
single-molecule devices with photoswitching, rectification and
FET performances. The key is that gate voltage can be used to
induce the AOS process that leads to the corresponding
symmetry-breaking effect in an initially symmetric molecule,
thus realizing the rectification function with practical features:
an on/off switch, polarity control, and magnitude modulation.
This AOS process also enhances the FET performances with
the maximum conductance variation larger than 2 orders of
magnitude. Rational molecular design with various structures
and functions offers a wealth of possibilities for constructing
high-performance multifunctional molecular integrated cir-
cuits, paving the way toward real applications.
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