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Single-molecule field-effect transistors (FETs) are promising to
break the development bottleneck of device miniaturization, which
is of great significance for realizing the development of more than
Moore. However, the field-effect properties under gating need
to be further improved. Here, we design an azulene-based single-
molecule FET with two opposite dipole moments in a single molecule
and ionic liquid gating. This kind of FET shows ambipolar character-
istics and better gate controllability with a high on—off current ratio,
which is about five times higher than that of single-molecule FET
based on the naphthalene molecule. According to both experimental
and theoretical research, the high efficiency of gate control is related
to the inherent dipole moment of azulene, which results in a lower
conductance in the off-state, higher polarizability of azulene, and an
effective energy level shift of the molecule. These studies offer a
proven method to build single-molecule FETs with high gating
regulation efficiency, thus promoting the development of practical
single-molecule electronic devices.

Introduction

The original intention of molecular electronics is to use single
molecules to construct electronic devices and realize the min-
iaturization of electronic devices.'™ Single-molecule field-effect
transistors (FETs) have the potential to be used as core
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elements for constructing logic circuits.’” Due to the inher-
ently small size of the single-molecule FET, it has the potential
to extend Moore’s law to the single-molecule level, breaking the
development bottleneck of device miniaturization.*** Mean-
while, it is also a powerful tool for exploring quantum transport
and novel physical phenomena.*™? Therefore, single-molecule
FETs have been widely studied. Single-molecule FETs are
generally constructed by sandwiching a molecule between
two electrodes, and the charge transport through the single
molecule is regulated by the gate electric field. The working
principle of the traditional silicon-based FETsS is to control the
carriers through the gate voltage, while the working principle of
the single-molecule FETs is to control the relative position
between the molecular energy level and the Fermi level of the
electrode through the gate voltage in the tunnelling region.?*™>?
In this working mechanism, the key development issue currently
facing is how to improve the regulation efficiency of gating.

In order to efficiently realize the field-effect properties of
single-molecule devices, the regulation efficiency of gating can
be enhanced from two aspects. On the one hand, the gate in a
single-molecule FET requires a better design to effectively apply
a strong gate electric field to the single molecule. A lot of work
has been done to overcome this challenge.>'***2% A typical
example is the ionic liquid gate,”®*” which modulates charge
transport of the single-molecule FETs by utilizing the electrical
double layer of ionic dielectrics. Since the thickness of the
electrical double layer is at the molecular level and the capacitance
is large, the electric field applied to the molecule can be quite
strong.”® On the other hand, the molecule in the single-molecule
FETs should be redesigned to enhance the molecular response to
the electric field,”>*° such as increasing the polarizability of
molecular orbitals.”*" In addition, to improve the on-off current
ratio, which is a key parameter of the single-molecule FET,
reducing the off-state current is an effective method. For instance,
single-molecule FETs based on molecules with destructive
quantum interference effects are designed and can exhibit
low conductance in the off-state, leading to a high on-off
current ratio.?” To further improve the on-off current ratio of
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Fig. 1 Structure and charge transport of single-molecule junctions. (A) Schematic illustration of the graphene-based single-molecule junction with ionic
liquid gating. (B) Theoretical dipole moment versus electric field for azulene and naphthalene. (C) Molecular structures of AM and NM with amine terminal
groups at both ends. (D) Experimental /-V characteristics for AM-based single-molecule junction and NM-based single-molecule junction measured at
220 K at Vg = 0 V. The inset shows corresponding differential conductance (d//dV) versus Vp.

single-molecule FETs, other possible factors that can enhance
the gate controllability and reduce the off-state conductance
need to be explored.

Azulene is an aromatic 10mn-electron system composed of a
5-membered ring and a 7-membered ring. The 5-membered
ring possesses a partially localized negative charge, while the
7-membered ring possesses a partially localized positive charge,
resulting in an inherent dipole moment of ~1.08 D.**™*
Furthermore, azulene has higher polarizability compared to
the traditional aromatic naphthalene, an isomer of azulene that
has no intrinsic dipole moment. From the theoretical calculation
in Fig. 1B, it can be observed that the slope of azulene is larger
than that of naphthalene, which represents the molecular
response to the electric field. This shows that under different
electric fields, the dipole moment of azulene changes greatly,
indicating that the polarizability of azulene is higher. Here, we
design single-molecule FETs based on azulene molecule (AM)
and naphthalene molecule (NM), the latter being the control
(Fig. 1C), with ionic liquid gating on the platform of graphene-
based single-molecule junctions (SMJs) (Fig. 1A). The single-
molecule transistors with ionic liquid that provides a strong
gating electric field can achieve efficient regulation of charge
transport. By designing two azulene groups in AM, two opposite
dipole moments are located in the molecular charge transport
channel to reduce the off-state conductance. According to the
experimental and theoretical studies of the two systems,
AM-based single-molecule FETs exhibit a higher on-off current
ratio and better gate controllability compared with NM-based
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single-molecule FETs, which is due to the reduced off-state
conductance and more efficient energy level shift of AM with
gating.

Results and discussion

1. Design and construction of single-molecule FETs

The synthetic procedure of AM and NM is detailed in the ESI.{
Stable single-molecule junctions were constructed by connecting
AM or NM to graphene electrodes through covalent amide bonds
(detailed fabrication process in Fig. S2 and S3, ESIf). A small
droplet of ionic liquid is placed on the array of graphene-based
devices and the gate electrode (Fig. S4, ESIT). N,N-Diethyl-N-(2-
methoxyethyl)-N-methylammonium  bis-(trifluoromethylsulfo-
nyl)-imide (DEME-TFSI) (detailed structure in Fig. S5, ESI) is
chosen as ionic liquid because the similar sizes of positive and
negative ions (~7.5 A) can maintain a symmetric electrical
double layer (EDL) under opposite gate voltages. More impor-
tantly, the thickness of the geometric EDL is ~7.5 A, which is
much less than the molecular length (~30 A), thus providing a
strong electric field to modulate charge transport through single
molecules. From the experimental I-V characteristics, both
molecules are proved to be connected to the graphene electrodes
(Fig. 1D), and the AM-based single-molecule junction exhibits a
lower current than the NM-based junction. Correspondingly, the
differential conductance for AM is much lower than that for NM
(Fig. 1D inset). On the one hand, it is because the symmetrical
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dipole moments of AM can suppress the current. On the other
hand, the dominant transport orbital p-HOMO of AM is farther
away from the Fermi level (Fig. 4B) and more localized (Fig. S7A
and C, ESIT) than NM. Therefore, by symmetrically designing
two azulenes with intrinsic opposite dipole moments in AM
(Fig. 1B and C), the conductance of the device is successfully
reduced, providing a basis for good field-effect properties.

2. Field-effect characteristics of single-molecule FETs

Transfer characteristic is an important parameter to evaluate
the performance of field-effect transistors. It refers to the
modulation of current by the gate voltage (V) when the bias
voltage (Vp) is fixed. The transfer characteristics of the
AM-based single-molecule FET at different bias voltages are
shown in Fig. 2B. It can be observed that as the Vg increases
from —2 V to 2 V, the current decreases and then increases,
forming the lowest current point near Vp = 1 V. Similar behavior
occurs in the NM-based single-molecule FET (Fig. 3B), but the
lowest current point for NM is always higher than that for AM,
regardless of the bias voltage. Additionally, the current
variation of NM is less sensitive to the gate voltage than that
of AM, which might be related to the higher polarizability of
AM. Furthermore, the on-off current ratio, that is, the ratio of
maximum and minimum value of |Ip|, varies with the applied
bias voltage and has a maximum value near the zero-bias
voltage point. The highest on-off current ratio for NM is ~36
(Fig. 3B inset), while the highest on-off ratio for AM reaches
~200 (Fig. 2B inset), which is 5.5 times of the NM value.
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The change of the on-off current ratio with bias voltages
indicates that the gate controllability of both single-molecule
FETs decreases with the increasing bias voltage. In another
word, as the bias voltage increases, the conductance of the
single molecular junction is less sensitive to the gate voltage.
This huge difference in on-off current ratios should be related
to unique symmetric dipole moments, as AM with symmetric
dipole moments has a lower current in the off-state in compar-
ison with NM without dipole moments, resulting in a higher
on-off current ratio. In addition, the control system with a non-
symmetric structure shows that the on-off current ratio is
related to the orientation of dipole moments (Fig. S8 and S9,
ESIT). This result is consistent with the previous prediction,
proving that the current in the off-state can be lowered and the
on-off current ratio of the single-molecule FET can be signifi-
cantly improved by introducing two opposite dipole moments
in the molecular junction.

The field-effect properties of the single-molecule transistors
are further studied to reveal more charge transport properties
and understand the mechanisms. The changes in I,-Vp char-
acteristics and the changes in differential conductance dz/dV
versus Vp with the gate voltages for AM-based single-molecule
FETs are shown in Fig. 2C and D, respectively. As can be
observed in these figures, the conductance decreases and then
increases as the gate voltage Vs changes from —2 V to 2 V for
the AM-based single-molecule FET. The turning point is 0 V.
Similarly, when Vi changes from —2 V to 2 V, the conductance of
NM decreases and then increases after Vs = 1 V (Fig. 3C and D).
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Fig. 2 Field-effect characteristics of AM-based single-molecule FETs. (A) Schematic illustration of the AM-based single-molecule FET with ionic liquid
gating. (B) Transfer characteristics at Vp = —0.1, —0.3 and —0.5 V. Inset shows Vp-dependent on—off current ratio. (C) |/p| versus Vp characteristics at
-2V < Vg < 2V with a step of 1 V. (D) Corresponding differential conductance (d//dV) characteristics at —2 V < Vg < 2 V with a step of 1 V. (E) Two-
dimensional visualization of d//dV plotted versus Vg and Vp. The dashed lines represent the boundary between resonant transmission and non-resonant
transmission.
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Fig. 3 Field-effect characteristics of NM-based single-molecule FETSs. (A) Sc

gating. (B) Transfer characteristic at Vp = —0.1, —0.3 and —0.5 V. Inset shows Vp-dependent on-off current ratio. (C)
-2V < Vg < 2V with a step of 1 V. (D) Corresponding differential conductance (d//dV) characteristics at

dimensional visualization of d//dV plotted versus Vg and Vp. The dashed lines
transmission.

Different turning points indicate that the abilities of gate control
and the molecular orbital characteristics for AM and NM may
be different. The two-dimensional conductance mapping of
differential conductance dI/dV versus Vg and V, for both AM
and NM are further plotted to show the results more visualized
(Fig. 2E and 3E). The low-conductance regions in blue and green
show off-resonant transport through the highest occupied
molecular orbital (HOMO) or the lowest unoccupied molecular
orbital (LUMO), while the high-conductance regions in orange
and red indicate that the conductive frontier molecular orbital
of the molecule shifts to the bias window. For AM, the low-
conductance region shows a nearly complete diamond shape in
the 2D conductance mapping, indicating either HOMO or LUMO
contributing to the charge transport can enter the bias window
at certain gate voltages. For NM, the diamond shape is not
complete, which means only HOMO can be modulated into the
bias window by the gate. Therefore, only AM-based FET exhibits
ambipolar characteristics and can be tuned more efficiently by
the gate, which is in agreement with the prediction that the
polarizability of the molecule can enhance the molecular
response to the electric field, thus improving the gate control.

3. Working mechanism of single-molecule FETs

The different field-effect behaviors of AM and NM can not only
be explained by the different dipole moment and polarizability
that are discussed in the previous section, but are also related to
the shift of energy levels. To further understand the difference,
the field-effect properties of two single-molecule FETs are

7806 | J Mater. Chem. C, 2022, 10, 7803-7809
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theoretically simulated. As is illustrated in Fig. 4A, the molecular
energy levels can be regulated by the gate voltages. When the
molecular energy level, either HOMO or LUMO, shifts into or
just approaches the bias window, the conductance will be
enhanced. Specifically, when Vg is negative, the molecular
energy levels shift upwards. In this case, HOMO is close to the
bias window and becomes the dominant charge transport chan-
nel, while LUMO is far away from the bias window. When Vj; is
positive, they move in the opposite direction and LUMO is closer.
Thus, the relationship between molecular levels and the Fermi
level of graphene is of great significance. By calculating the
energy bandgaps of these two molecules and comparing them
with the Fermi level of graphene (Fig. 4B), it is obvious that the
Fermi level of graphene is between the HOMO and LUMO of the
two molecules. Theoretically, by applying different gate voltages,
the molecular orbitals can be tuned close to the Fermi level of
graphene. As is shown in Fig. 4B, the bandgap of NM reaches
~3.64 eV, while the bandgap of AM is only ~2.98 eV. The
HOMOs of both molecules are close to the Fermi level of
graphene, thus the LUMO of AM is much closer to the Fermi
level of graphene than that of NM. Therefore, modulating the
LUMO of AM to the Fermi level of graphene requires a lower gate
voltage, which is the reason why the AM-based single-molecule
FET exhibits ambipolar properties.

Since zero-bias transmission spectra can show the energy
level shift and charge transport mechanism more clearly, the
transmission spectra at different gate voltages for AM and NM
were simulated (Fig. 4C and D). The p-LUMO and p-HOMO of

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Working mechanism for single-molecule FETs. (A) Schematic band diagram of molecular orbitals relative to the Fermi level of graphene electrode
under different gating. (B) Calculated molecular orbital energy levels of isolated molecules, and the Fermi level of graphene deduced from experiment
results. (C) Gate-dependent zero-bias transmission spectroscopies for AM-based single-molecule junctions at —2 V < Vg < 2 V with a step of 1 V.

(D) Gate-dependent zero-bias transmission spectroscopies for NM-based single-molecule junctions at —2 V < Vg < 2 V with a step of 1 V. The

downward triangles mark p-HOMO and upward triangles mark p-LUMO.

AM are higher than those of NM. In particular, the p-HOMO is
the dominant transport molecular orbital that determines the
on-state current. Therefore, the on-state current of AM is higher
than that of NM. Furthermore, for AM-based single-molecule
FETs, the off-state current is lower than that of NM because the
symmetric dipole moments of AM can suppress the current. All
of these reasons result in a higher on-off current ratio for AM.
Here, the Fermi level of the system is set to be zero. As the
applied gate voltage increases, both the transmission spectra of
two molecules move leftwards, which means that the energy
levels shift down with the increasing gate voltage. For AM, when
the gate voltage is between —2 V and 0 V, the perturbed HOMO
(p-HOMO, marked with a downward triangular) of AM is close
to the Fermi level of the system, which is the dominant charge
transport channel. As the gate voltage sweeps from —2 Vto 0V,
p-HOMO gradually shifts away from the Fermi level of the
system, decreasing the conductance. When the gate voltage
continues increasing from 0 V to 1 V, p-HOMO continues
moving away and perturbed LUMO (p-LUMO, marked as an
upward triangular) begins to approach the Fermi level of the
system. However, both of them are far away from the Fermi
level, indicating an off-resonant transport, which is similar to
the experiment results that the low-conductance region keeps
expanding until V; reaches 1 V. As the p-LUMO moves closer to

This journal is © The Royal Society of Chemistry 2022

the Fermi level with the increasing gate voltage, the conduc-
tance is enhanced. These simulations clearly explain the reason
why the conductance decreases as Vi changes from —2Vto 0V,
while the conductance increases with increasing positive Vg
for AM.

For NM, the trend of transmission spectra shift with the
increasing gate voltage is similar to AM. One of the differences
is that the shift of transmission spectra of NM is relatively slow,
indicating that the response to the gate control of AM is better.
When the gate voltage increases from —2 V to 1 V, the p-HOMO
of NM moves away, decreasing the conductance; when the gate
voltage keeps increasing, p-HOMO is quite far away from the
Fermi level of the system, but p-LUMO is not near the bias
window enough due to the large bandgap of NM, which means
there is no charge transport channel near the bias window,
resulting in a low conductance. Thus, the off-resonant region
continues expanding at Vi = 2 V, which is in agreement with the
experimental field-effect properties of NM, though without a
diamond-shaped characteristic.

Conclusions

In conclusion, we demonstrate an azulene-based single-
molecule FET with two opposite dipole moments, which is
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modulated by ionic liquid gating. Compared with NM-based
FETs, AM-based FETs exhibit better gate controllability, whose
maximum on-off current ratio reaches ~200, which is about
five times higher than that for NM. The higher on-off current
ratio for AM is a direct consequence of the unique opposite
dipole moments of AM that can reduce the conductance in the
off-state. Meanwhile, the diamond shape of the low conduc-
tance region in the 2D conductance mapping for AM indicates
that the molecular orbitals of AM can be more effectively
modulated by the gate, and AM-based FET shows ambipolar
characteristics. This can be explained by the higher polariz-
ability of AM that enhances the molecular response to the
electric field. Additionally, the effective energy level shift of
AM with gate voltages and the small bandgap of AM may also
result in the diamond-shaped low-conductance region, which is
further proved by the theoretical simulation. Thus, introducing
two opposite dipole moments to the single molecule and
enhancing the polarizability of the molecule can effectively
improve the on-off current ratio and the gate modulation.
This work provides an effective way to improve the efficiency
of gate control and promotes the development of single-
molecule FETs. This kind of single-molecule FET is promising
for practical applications such as quantum sensors and logic
circuits.
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