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Abstract: Achieving gate control with atomic precision, which
is crucial to the transistor performance on the smallest scale,
remains a challenge. Herein we report a new class of aromatic-
ring molecular nanotransistors based on graphene—molecule—
graphene single-molecule junctions by using an ionic-liquid
gate. Experimental phenomena and theoretical calculations
confirm that this ionic-liquid gate can effectively modulate the
alignment between molecular frontier orbitals and the Fermi
energy level of graphene electrodes, thus tuning the charge-
transport properties of the junctions. In addition, with a small
gate voltage (|Vs|<1.5V) ambipolar charge transport in
electrochemically inactive molecular systems (Eg>3.5 €V) is
realized. These results offer a useful way to build high-
performance single-molecule transistors, thus promoting the
prospects for molecularly engineered electronic devices.

Stimulated by the initial proposal that a single molecule
could be used as the functional unit in the circuit of electronic
devices,!l researchers have been making great efforts to
realize various functionalities at the single-molecule level,”
as well as to probe and understand the intrinsic properties of
materials at the atomic/molecular scale.” The development of
single-molecule transistors, in which a single molecule is
sandwiched between two nanogapped electrodes while the
energy levels of the resulting molecular bridge are controlled
by a third proximal electrode,® is particularly attractive
because they form a basic element in molecular nanocircuits
for future practical applications.’! Because the inherent
characteristics of molecular orbital energy levels is one of
the most critical factors influencing charge transport in
molecular junctions, this three-terminal device architecture
also provides a universal strategy to explore quantum trans-
port and novel physical phenomena of single molecules.>* In
addition to Coulomb blockade!” and Kondo resonance,?'
three-terminal devices have been employed to probe
vibron-assisted charge transport in single-molecule junctions
such as Frank-Condon blockade,® and to reveal the fine
structure of individual single-molecule magnets and the
presence of magnetic anisotropy.”*”?! As gate electrode
allows the electrons to repel and attract from the molecules,
it can be utilized to oxidize and reduce molecules, thus
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enabling the investigation of the transport properties of
molecules at different charge states.!'”

Several approaches have been developed to fabricate
molecular junctions with a gate electrode in a transistor
configuration. In general, there are two main kinds:*'" one is
back gate, which is well used for electromigrated molecular
junctions and mechanically controllable break junctions
(MCBIJ);"! the other is electrochemical gate, most widely
used in scanning tunneling microscope (STM) break junc-
tions.'”] Though significant observations were achieved, we
cannot ignore the limits. For back gate, the molecule-gate
coupling is generally weak, thus a high gate voltage is needed
to apply an efficient electric field to the molecular junction,
which is energy-consuming. Owing to some thermally-
induced effects, most transistor behaviors were only observed
in vacuum at low temperatures. In addition, at present
because of the technique limits, it is difficult to precisely
control the molecule-gate coupling, resulting in poor repro-
ducibility. It seems that electrochemical gate is able to
compensate the deficiency of back gate.'! Though electro-
chemical gate can result in a strong and reproducible gate
field to modulate charge transport across single molecules; its
liquid state and complex configuration prevent it from
fundamental research at low temperatures (owing to the
coagulation of the aqueous electrolyte solution) and further
step toward real applications.

To overcome the above-discussed problems, we intro-
duced an ionic liquid as a gate dielectric to construct single-
molecule transistors (Figures 1a,b), by using graphene-mol-
ecule—graphene single-molecule junctions (GMG-SM1Js) pre-
viously developed in our group.'" As a result of the good
stability of the graphene electrode materials and the covalent
amide linkages, the contacts of the junctions are robust, thus
ensuring the exploration of the device function from the
intrinsic properties of the connected molecule. In addition,
the two-dimensional nature of graphene results in weaker
screening of a gate electric field in comparison with three-
dimensional metal electrodes. We chose an ionic liquid as the
dielectric layer because it is an established and effective
strategy to modulate charge transport in semiconductor
devices.!"”! First of all, the applied gate voltage drops across
a geometrical electrical double layer (EDL) of about 7.5 A
thickness with a large capacitance (Figure 1b), which is
determined by the size of cation and anion of used ionic
liquid, thus leading to a strong electric field to single-molecule
junctions. Different from the aqueous electrolyte solution,
ionic liquid has a large liquid temperature range (melting
point is ca. 180 K),"! and can keep its EDL unchanged even
when it freezes. In single-molecule transistors, the gate
responses depend on several key factors including the
strength of molecule—electrode interface coupling, the gate
coupling coefficient, and the dominant molecular orbital
property. Previous reports observed that molecules that
conduct through the lowest unoccupied molecular orbital
(LUMO, n-type) show an increase in conductance with
positive gate potentials and a decrease in conductance with
negative gate potentials, while molecules that conduct
through the highest occupied molecular orbital (HOMO, p-
type) show the opposite trend.'"”! In the study of molecular

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

14027


https://doi.org/10.1002/anie.201807465
http://www.angewandte.org

Angewandte

Communications e Stetin) Cherie
. o similar size, N,N-diethyl-N-(2-methoxyethyl)-N-meth-
© ' ' ylammonium bis(trifluoromethylsulfonyl)imide
e (DEME-TFSI), as shown in Figure 1b.
145A To investigate the efficiency of ionic liquid gating,
wnl P~~~ | WE designed three electrochemically inactive phenyl-
2124 based molecular structures with different molecular
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Figure 1. Graphene—molecule-graphene single-molecule junctions with ionic-
liquid gate dielectric. a),b) Schematic illustration for the setup of single-
molecule transistors and molecular structures for DEME" cation and TFSI~
anion, which have similar sizes, approximately 7.5 A. ¢) Molecular structures of
biphenyl, triphenyl, and hexaphenyl molecules with amine ends as the anchoring
group. d) Optical image of an array of GMG-SMJs with common gate electrodes
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detailed in the Supporting Information. These three
molecules differ in the number of phenyl rings and
thus the molecular length. Because the EDL thickness
is comparable to the molecular scale, the molecular
length is expected to play a significant role in realizing
effective gate control. Previous studies proved that in
fully conjugated molecular systems, the HOMO-
LUMO gap decreases as the conjugated length
increases.””! The absorption spectra in Figure2a
show a clear decrease of the optical energy gap as
the aromatic chain becomes longer, which is consistent

at the middle top and middle bottom, covered with a small droplet of ionic

liquid.

junctions with small HOMO-LUMO energy gaps, such as
substituted perylenetetracarboxylic diimide molecular junc-
tion with an energy gap of around 1.72 eV, switching between
electron- and hole-dominated charge transports as a function
of gate voltage can be observed, which demonstrated a single-

molecule ambipolar field-effect transistor.'® In addi-
tion, for electrochemically active pyrrolo-tetrathia-
fulvalene or porphyrin molecular junctions, the
ambipolar conductance phenomenon was also
observed when the gate voltage swept through two
redox transitions.'"™ Herein, we demonstrate tuna-
ble charge transport in GMG-SMJs with an ionic
liquid gate, which affords the ambipolar conductance
behavior in the electrochemically inactive molecular
systems with a large HOMO-LUMO energy gap
(Figure 1c¢), owing to the adjustment of aligning the
dominant conducting molecular orbitals (HOMO or
LUMO) and the Fermi energy level of graphene
electrodes.

Figure 1d shows the optical photograph of an
array of single-molecule transistors. By using nano-
gapped graphene point contacts formed through

with the calculated energy diagram in Figure 2b.
Correspondingly, the conductance of the single-mol-
ecule junctions decreases with the molecular length
increases (Figure 2c and Supporting Information,
Figure S2): The conductance value at 1V follows the
exponential formula G o exp(—AL), with =023A"" or
0.99/phenyl, which demonstrates the tunneling transport
behaviors with molecular length dependence®! (Supporting
Information, Figure S3). Such conductance differences can

a dash-line lithographic method described in detail
elsewhere,"! individual molecules were covalently
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linked to graphene electrodes with amide bonds to
form single-molecule junctions (details of device
fabrication are described in the Supporting Informa-
tion). At last, a small droplet of ionic liquid was
placed on top of the devices, covering the array of
graphene-based molecular junctions and the gate. To
produce the symmetric EDLs when the opposite gate
voltages are applied, we chosen the ionic liquid
consisting of positive and negative ions with the

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Charge-transport properties and energy levels of biphenyl, triphenyl,
and hexaphenyl single-molecule junctions. a) Normalized UV/Vis absorption
spectra for all three molecules measured in dimethyl formamide. b) Calculated
molecular orbital energy levels of isolated molecules, and the graphene Fermi
level deduced from experimental results. c) I-V characteristics of biphenyl/
triphenyl/hexaphenyl-reconnected molecular junctions measured at room tem-
perature at V=0 V. d) Calculated zero-bias transmission spectroscopies for all
three molecular junctions, when no gate voltage is applied.
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also be explained well by the theoretical transmission
spectroscopies as shown in Figure 2d. Collectively, these
results set the foundation for the following investigation of
the dependence of the field-effect properties of molecular
junctions on the molecular length and energy gap.

To explore the field-effect properties of the junctions, we
placed a droplet of the ionic liquid to cover the devices
(Figure 1d) and controlled the charge transport behaviors via
applying different gate voltages. Specifically, we measured the
current—voltage (Ip—Vp) characteristics of these three differ-
ent molecular junctions at different gate voltages, changing
from —1.5 to 1.5V with an interval of 0.01 V, and then
complied these gate dependent I,—V}, curves into a current (|
Iy|) mapping as a function of V}, and Vi as shown in
Figure S4 (Supporting Information). It is clear that each
device exhibits obvious gate voltage-dependent current
characteristics. We extracted the current values at a fixed
bias voltage (V,=—-0.5 V) under different gate voltages in
each molecular junction and plotted the transfer curves, as
shown in Figures 3 a,c,e. With the change of gate voltage from
—1.5 to 1.5V, the conductance of biphenyl molecular
junctions decreases monotonically, while triphenyl and hex-
aphenyl molecular junctions show ambipolar conductance
characteristics: first decreases and then increases with the
turning point of around 0.5 V. To further understand such gate
dependent behaviors of the junctions, two-dimensional visu-
alizations of differential conductance (dZ/dV) plotted versus
Vi and Vj, for all three junctions are shown in Figures 3b,d.f,
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Figure 3. Gate-controllable charge transport in single-molecule transistors.
a),c),e) Transfer characteristics for biphenyl (a), triphenyl (c), and hexaphenyl (e)
molecules at V,=—0.5 V. b),d),f) Two-dimensional visualization of d//dV versus

Vi and V;, for biphenyl (b), triphenyl (d), hexaphenyl (f) molecules.
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where the green-blue low conductance region is owing to off-
resonant transport through the HOMO-LUMO gap and the
outside red-orange high conductance region corresponds to
the frontier molecular orbitals coming into the bias window.
The nearly complete diamond-shaped structures can be
distinguished in the conductance mapping of triphenyl and
hexaphenyl molecular junctions, which demonstrate that
HOMO and LUMO successively contribute to charge trans-
port, thus leading to the ambipolar characteristics of the
junctions. Figure S6 shows another set of representative data
(from about 50 different functioning devices for each single-
molecule junctions) showing the similar field-effect behavior,
demonstrating the reproducibility and reliability.

To rule out potential artifacts, we made the similar
measurements on graphene ribbons with the similar device
structure, which showed totally different conductance char-
acteristics (Figure S7) from those of molecular devices. The
transfer curve in Figure S7b shows that the graphene is p-
doped, resulting from the fact that the used graphene was
doped during the wet transfer process.'l In addition, as the
current of graphene ribbons is much larger than that of
molecular junctions, the gate response of molecular junctions
should exclusively originate from the molecules.

To understand the gate-tunable conductance behaviors of
molecular junctions, we consider the effect of gate potential
on the alignment of the molecular frontier orbital energy
levels and the Fermi level of graphene electrodes. Applying
a positive potential to the gate electrode causes the aggrega-
tion of anions around the gate electrode and thus
induces the build-up of corresponding cations around
both the graphene electrodes and the molecular
junction (Figure 1b, likewise applying negative poten-
tial to the gate electrode causes the aggregation of
cations around the gate electrode and thus induces the
build-up of corresponding anions around both the
graphene electrodes and the molecular junction). The
build-up charges around the molecule and electrodes
act as a gate voltage to electrostatically shift the
energy levels of molecular orbitals and Fermi level of
graphene electrodes: more positive charges cause
a downshift in the molecular orbitals and an increase
of the graphene Fermi level; negative charges cause an
upshift in the molecular orbitals and a decrease of the
graphene Fermi level. As a result, this shift brings
molecular LUMO closer to the graphene Fermi level
and pushes molecular HOMO away from the gra-
phene Fermi level or the HOMO closer to the
graphene Fermi level and pushes molecular LUMO
away from the graphene Fermi level.

To further understand the experimental observa-
tions and confirm the idea proposed above, we
simulated the transport properties and their respon-
sive behaviors to gate voltages for all three molecular
junctions. The theoretical methods and device models
used are detailed in the Supporting Information
(Figures S8-S13). In Figures 4a,b, we give the varia-
tion of zero-bias transmission spectra under different
gate voltages for triphenyl and hexaphenyl single-
molecule junctions, respectively. As the gate voltage
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Figure 4. Working mechanism for graphene-molecule-graphene single-molecule
transistors. a),b) Gate-dependent zero-bias transmission spectroscopies for
triphenyl (a) and hexaphenyl (b) single-molecule junctions at —1.5V<V;<15V
with the step of 0.5 V. The downward triangles mark p-HOMO and upward
triangles mark p-LUMO. c) Energetic diagram of the alignment of molecular
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All three electrochemically inactive aromatic chain
single-molecule junctions exhibited gate-controlled
conductance behavior, in which the gate efficiency
was found to be largely dependent on the relationship
between the molecular length and the EDL thickness.
Both triphenyl and hexaphenyl molecular junctions
exhibited ambipolar charge transport characteristics,
resulting from the change of the dominant conducting
orbital from HOMO to LUMO as the gate voltage
changed from negative to positive. This is the first
time of realizing ambipolar charge transport with
a small gate voltage

(] V6 |<1.5V) in electrochemically inactive molecu-
lar systems with a large energy gap (Eg>3.5eV).
Therefore, this device architecture provides a reliable
strategy to modulate charge transport, making an
important step toward practical single-molecule tran-
sistors. As the ionic liquid can keep its EDLs
unchanged below its freezing point, such single-

orbitals relative to the graphene electrode Fermi level in triphenyl and
hexaphenyl single-molecule transistors under different gate voltages.

sweeps from —1.5 to 1.5V, the transmission spectra move
down as a whole in energy relative to the graphene Fermi
level (set to zero). In particular, when the gate voltage is
smaller than 0.5V, the transmission peak just below the
graphene Fermi level, which corresponds to the perturbed
HOMO (p-HOMO, marked by downward triangle in Figur-
es 4a,b) of triphenyl/hexaphenyl molecule, resides in or near
the bias window and dominates the contribution to the device
conductance. With the gate voltage changing from —1.5 to
0.5V, p-HOMO gradually moves away from the graphene
Fermi level, leading to the decrease of conductance. When the
gate voltage further increases from 0.5 to 1.5V, perturbed
LUMO (p-LUMO, marked by upward triangle in Figure-
s4a,b) becomes closer to the graphene Fermi level and
behaves as the dominant conducting molecular orbital. As p-
LUMO approaches the graphene Fermi level, the conduc-
tance is gradually enhanced. Figure 4 c shows a brief Scheme
of energy level shift under different gate voltages, which
clearly illustrates the whole picture.

For biphenyl single-molecule junctions, interfaces among
biphenyl molecule, graphene electrode and ionic liquid are
complex due to the small length of biphenyl molecule; and
Fermi level pinning might occur as charge is transferred to
biphenyl molecule (Detailed discussions are provided in the
Supporting Information). Figure S15 shows the calculated
zero-bias transmission spectra under different gate voltages
when one hole is located at the biphenyl molecule, which
correctly reproduces the experimental trend: When the gate
voltage varies from —1.5 to 1.5V, p-HOMO moves away
slowly from the graphene Fermi level, while p-LUMO no
longer comes into the bias window, leading to the monotone
decrease of conductance.

In conclusion, on the basis of the platform of GMG-SMJs,
we demonstrate an efficient way to modulate both the
molecular orbital energy levels and the Fermi level of
graphene electrodes by using an ionic liquid as a gate
dielectric, thus realizing gate-controllable charge transport.

14030 www.angewandte.org

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

molecule transistors can be further utilized for
exploring gate-dependent quantum transport and
novel physical phenomena of single molecules at
cryogenic temperatures.
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