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ABSTRACT: The advancement of molecular electronics endeav-
ors to build miniaturized electronic devices using molecules as the
key building blocks by harnessing their internal structures and
electronic orbitals. To date, linear planar conjugated or cross-
conjugated molecules have been extensively employed in the
fabrication of single-molecule devices, benefiting from their good
conductivity and compatibility with electrode architectures.
However, the development of multifunctional single-molecule
devices, particularly those with unique charge transport properties,
necessitates a more rigorous selection of molecular materials.
Among different assortments of molecules suited for the
construction of molecular circuits, Spiro-conjugated structures,
specifically spirobifluorene derivatives, stand out as promising candidates due to their distinctive electronic properties. In this work,
we focus on the charge transport characteristics of Spiro-conjugated molecules sandwiched between graphene nanogaps.
Experiments reveal significant Coulomb blockade and distinct negative differential conductance effects. Beyond two-terminal device
measurements, solid-state gate electrodes are utilized to create single-molecule transistors, successfully modulating the molecular
energy levels to achieve an on/off ratio exceeding 1000. This endeavor not only offers valuable insights into the design and
fabrication of future practical molecular devices, blessed with enhanced performance and functionality, but also presents a new
paradigm for the investigation of fundamental physical phenomena.

■ INTRODUCTION
Spiroconjugation, arising from the through-space orbital
interaction between two π-systems linked orthogonally by a
common tetrahedral atom, was originally proposed in 1967.1,2

Molecules with the spiroconjugated structure, particularly
spirobifluorene (SBF), have emerged as a key scaffold for the
design of organic semiconductors in the realm of organic
electronics,3 finding wide applications in organic light-emitting
diodes,4,5 solar cells,6,7 field-effect transistors (FETs),8,9 etc. In
the field of molecular electronics, the exploration of the SBF
structures aims to leverage their rigid three-dimensional
architecture to construct orientation-controlled molecular
layers or molecular wires that are decoupled from the
conjugated system and the metal substrate.10−12

In comparison with studies on charge transport properties of
linear conjugated13,14 and cross-conjugated15,16 molecules,
including destructive quantum interference (DQI) effects,17−19

the charge transport of SBF, characterized by an orthogonal
structure, may exhibit more intriguing features. For instance, it
has been reported that this twisted bridge structure effectively
suppresses the rate of electron transfer or tunneling.20,21 Unlike
linear-conjugated molecules, where π-electron delocalization
occurs along a continuous path, the 90° twist between the
conjugated units in the Spiro-conjugated structure limits the π-
overlap, reducing the electronic coupling between the

segments. This results in localized charge transport within
each conjugated unit, rather than across the entire molecule,
significantly slowing the rate of charge transfer. Charge
transport through the center of the SBF is considered a rate-
limiting tunneling step. Moreover, the SBF fragment offers
numerous substitution positions, and different functional units
attached to these positions can confer distinct functionalities
and topological structures on the molecules. Therefore, the
charge transport properties of single-molecule junctions
formed from individual SBFs, particularly the mesoscopic
tunability of charge transmission, are intriguing, which is
crucial for the functionalization of molecular-scale electronic
devices.22−24

In this work, we designed and synthesized two SBF
derivatives with distinct structural orientations: linear 2,7-
SBF-NH2 and orthogonal 2,2-SBF-NH2. Building upon our
well-established method25−27 for fabricating graphene-mole-
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cule-graphene single-molecule junctions (GMG-SMJs), we
introduced a third electrode as a gate electrode to modulate
the molecular energy levels. We extensively investigated the
charge transport mechanism of these single-molecule junctions
based on 2,7-SBF-NH2, achieving a high on/off ratio in the
single-molecule FET device through gate modulation. In
addition, single-molecule devices based on 2,2-SBF-NH2
exhibited a negative differential conductance (NDC) effect,
which was theoretically attributed to the bias-driven structural
distortion that partially alleviated the DQI effect.28

■ RESULTS
Fabrication of Graphene-Based Single-Molecule

Junctions. Initially, on a pristine silicon substrate, pre-
evaporated aluminum metal is employed as the gate electrode,
while naturally oxidized aluminum oxide and atomic layer-
deposited HfO2 with a thickness of approximately 5 nm serves
as the dielectric layer. Subsequently, graphene is transferred
onto the surface of the dielectric layer and patterned graphene
strips as well as source and drain electrodes are fabricated using
photolithography and thermal evaporation, resulting in an
array of graphene FETs. Lastly, dashed-line electron-beam
lithography is utilized to construct nanoscale electrode gaps,
and SBF derivatives are covalently anchored via amide bonds
through a chemical reaction. The molecular synthesis, device
fabrication procedures, and graphene FETs are presented in
Figures S1−S3. Figure 1a−c shows the schematic diagram and
optical microscopy images of graphene-based single-molecule
devices constructed with 2,7-SBF-NH2. In order to confirm
the stability and gate modulation performance of graphene
FETs, I−V curves (Figure 1d) at different gate voltages and
transfer characteristics (Figure S4) were measured. The dashed
lines in the graph demonstrate the tuning effect of the gate
voltage on the graphene Dirac point, confirming stable gate
modulation performance. In addition, I−V measurements
under different gate voltages were performed before and
after the molecular connection, resulting in the current stability
diagrams, i.e., three-dimensional plots of source-drain current

(Id) as a function of gate voltage (Vg) and source-drain voltage
(Vd), as shown in Figure S5 (empty nanogaps) and Figure 1e,
respectively. In the low bias region, the single-molecule device
exhibits negligible conduction, which is indicative of Coulomb
blockade.29−31

Temperature-Dependent I−V Measurements and
Coulomb Blockade. Typical temperature-dependent I−V
curves and charge transport properties of the devices
connected with 2,7-SBF-NH2 are shown in Figures 2a and
S6−S14. The magnitude of the current under a given bias
voltage follows an exponential decrease with decreasing
temperature, demonstrating a significant temperature depend-
ence. As the temperature decreases, the I−V curves near a zero
bias exhibit increasingly nonlinear S-shaped characteristics.
Notably, pronounced Coulomb blockade phenomena are
observed within specific bias voltage ranges, and the minimum
threshold voltage (VT) for conduction increases as the
temperature decreases.
In order to study the effect of temperature on the Coulomb

blockade, we analyzed I−V curves obtained at different
temperatures and fitted the VT values, as well as the exponent
ξ characterizing the power-law relationship between Id and Vd
when Vd exceeds VT, using the Levenberg−Marquardt
nonlinear least-squares method (Figure 2b).32,33 With an
increase in temperature, VT decreases. Above 160 K, VT falls
below 5 mV, aligning with the 5 mV voltage scan step in
measurements, indicating the point at which the current
blockade is released. Each device exhibits a current blockade,
although the VT values vary among devices, and the current
blockade can be overcome by thermal activation, surpassing
the Coulomb-energy gap.
The Arrhenius plot is a prominent tool for revealing the

transition of charge transport in molecular junctions from
temperature-independent coherent tunneling at low temper-
atures to temperature-dependent incoherent hopping at high
temperatures.34−36 Based on the temperature-dependent I−V
curves, we plotted ln Id as a function of 1000/T in Figure 2c.
At low temperatures, there is no significant temperature

Figure 1. Schematic diagram of a graphene-based single-molecule FET. (a) Schematic diagram of a single-molecule device connected with 2,7-
SBF-NH2. (b) Chemical structure of 2,7-SBF-NH2. (c) Optical microscopy images of a graphene FET device with Al as the bottom electrode and
Al2O3/HfO2 as the dielectric layer. The inset shows the complete pattern. (d) Current stability diagram for the graphene ribbon at room
temperature. The dashed line shows the position of the Dirac point. (e) Current stability diagram for the device connected with 2,7-SBF-NH2 at 2
K under vacuum.
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Figure 2. Temperature-dependent measurements and analyses of charge transport mechanism. (a) I−V curves at different temperatures for a
single-molecule device connected with 2,7-SBF-NH2. (b) I−V curves and their fits at T = 2 and 160 K at positive bias voltages, fitted by the
Levenberg−Marquardt nonlinear least-squares method. (c) Arrhenius plots of ln Id versus 1000/T at different positive bias voltages with a bias step
of 0.1 V. (d) Plots of ln(Id/T2) versus 1000/T at different positive bias voltages. (e) Plots of ln Id versus Vd

1/2 at different temperatures. (f) Plots of
ln(Id/Vd

2) versus 1/Vd at different temperatures. (g) dI/dV traces at different temperatures displayed logarithmically for a better visibility of the
Coulomb blockade regime and threshold voltages. (h) Plot of ln GV=0 versus 1000/T for the temperature range from 10 to 200 K. (i) Plot of the
slope of ln Id−Vd

1/2 versus 1000/T at positive bias voltages. The error bars correspond to the standard deviation of the slope fit for data points in
(e). (j) Schematic of Frontier molecular orbitals alignment under varying electric field strengths. The Fermi level of graphene electrodes is −4.23
eV.40
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dependence, while in the T ≥ 100 K region, a clear linear
correlation emerges, indicating a hopping transport mecha-
nism. The activation energy for hopping, ΔE = −(1/kB)[d(ln
Id)/d(1/T)], decreases with increasing bias voltages (Figure
S11).
In addition, we plotted ln(Id/T2) versus 1000/T and ln Id

versus Vd
1/2 in Figure 2d,e. Remarkably, both plots exhibit a

clear linear correlation in a region of T ≥ 100 K and Vd ≤ 0.5
V, well described by the Richardson−Schottky (RS)
equation37 for thermionic emission
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where A* is the effective Richardson constant multiplied by the
current injection area, Φ is the barrier height, q is the electron
charge, ε0 is the vacuum dielectric constant, ε is the relative

dielectric constant of the molecule, d is the length of the
molecule, and kB is the Boltzmann constant. Linear fitting
analyses in Figure S12c,d determined Φ to be 81.7 ± 3.7 and
85.1 ± 2.8 meV for positive and negative bias voltages,
respectively.
For the region of T ≤ 120 K, plots of ln(Id/Vd

2) versus 1/Vd
(Figure 2f) displays a clear negative linear correlation,
indicating that Fowler−Nordheim (F−N) tunneling domi-
nates charge transport in the low-temperature high-bias
region.38 Consequently, T = 100 K marks a distinct boundary
between F−N tunneling and thermionic emission mechanisms.
The significant decrease in VT values above 100 K aligns with
the transition of the transport mechanism.
The differential conductance (dI/dV) of the device at

different temperatures (Figure 2g) indicates an increasing
width of the Coulomb blockade region with decreasing the
temperature. In addition, the zero-bias conductance (GV=0)
exhibits exponential growth with the temperature. By employ-

Figure 3. Gate-controlled charge transport characteristics of single-molecule transistors. (a) I−V curves at different gate voltages (Vg) from −1.0 to
+3.0 V with ΔVg = 0.5 V. (b) Transfer characteristics at different negative bias voltages. (c) Current stability diagram of the device at 2 K, showing
a Coulomb blockade feature. (d) Threshold swing of the device with an estimated gate coupling parameter αg of ∼0.1. (e) Fowler−Nordheim plots
at different gate voltages under a negative bias. Dashed positions correspond to transition voltages (Vtrans). (f) Schematic of Frontier molecular
orbitals alignment under varying EEF strengths. The dashed line represents the Fermi level of graphene electrodes, which is −4.23 eV.
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ing a simple model of electron transport in Coulomb
islands,32,33 where GV=0 ∝ exp[−Ea/kBT], we generated plots
of the GV=0 curves at different temperatures to analyze the
thermal activation energy (Ea). Notably, well-defined Ar-

rhenius behaviors are observed in both the high-temperature
(T ≥ 100 K) and low-temperature (T < 100 K) regions, with
Ea1 = 77.30 ± 5.36 meV and Ea2 = 0.27 ± 0.01 meV,
respectively, as determined through linear fitting (Figure 2h).

Figure 4. NDC effect of a device connected with 2,2-SBF-NH2. (a) Schematic diagram of a single-molecule device connected with 2,2-SBF-NH2.
(b) Chemical structure of 2,2-SBF-NH2. (c) I−V curves at T = 20, 80, and 200 K. Each curve is the average of 5 measurements. (d) dI/dV traces at
different temperatures from (c), region where dI/dV < 0 are colored and filled to highlight the NDC effect. (e) Theoretically calculated I−V curves.
(f) Transmission spectra of 2,7-SBF-NH2 and 2,2-SBF-NH2 at the zero bias voltage. (g) Transmission spectra of 2,2-SBF-NH2 at several bias
voltages. (h) Theoretically calculated dihedral angle values of the central SBF as a function of the EEF strength.
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Such a significant difference in Ea between low- and high-
temperature regions arises from the transition from tunneling
to thermionic emission mechanisms at elevated temperatures.
The Coulomb charging energy can be expressed as U = e2/
2C0,

39 where the capacitance C0 depends on the product of the
surrounding dielectric constant (ε) and the Coulomb island
radius (r), i.e., C0 = 4πε0εr. Assuming that the Coulomb island
radius approximates the length of the molecule, C0 could be
calculated using eq 1. We further plotted the slope of ln Id−
Vd

1/2 as a function of 1000/T (Figures 2i and S14) and
obtained slopes of m+ = 1.28 ± 0.03 and m− = 1.40 ± 0.08 for
the positive and negative bias regions, respectively. Moreover,
C0 was determined to be ∼13 and ∼11 aF, with the
corresponding Coulomb charging energies U of ∼6.12 and
∼7.24 meV. Evidently, at low temperatures (T < 100 K), the
thermal activation energy Ea1 is significantly smaller than U,
leading to Coulomb blockade. Conversely, when T ≥ 100 K,
the thermal activation energy Ea2 is much larger than U, lifting
the current blockade.
The density functional theory calculations were conducted

to determine the energy levels of the molecular Frontier orbital
under varying external electric field (EEF) strengths (induced
by bias voltages), and the schematic of the energy level
alignments is illustrated in Figure 2j. Within a certain bias
range, although the energy gap (ΔEgap) between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) decreases as the bias
increases, and the HOMO gradually approaches the Fermi
level of graphene electrodes. However, the Frontier orbitals
remain outside the Fermi window, keeping the device in a
current blockade state. When the bias exceeds a critical value,
the HOMO level enters the Fermi window, and the ΔEgap
further reduces, leading to a rapid current increase. At higher
temperatures, the energy distribution of electrons in source
and drain electrodes broadens (the Fermi−Dirac distribution
widens), allowing the molecular HOMO level to enter the
Fermi window earlier, leading to a reduced Coulomb blockade
region.
Gate-Controllable Charge Transport. By employing

thermal activation or increasing the bias voltage, it is possible
to effectively decrease the Coulomb energy barrier and
eliminate the Coulomb blockade. However, the Coulomb
blockade effect can be harnessed as a strategic approach to
construct FETs with a high on/off ratio owing to their lower
off-state currents. As depicted in Figure 3a, the device shows
negligible modulation of the I−V curves under negative gate
voltages, while significant modulation is observed under
positive gate voltages, resulting in a noteworthy increase in
current as the gate voltage increases. The current values
corresponding to different gate voltages were extracted within a
bias voltage range of −0.2 to −0.5 V, and the transfer
characteristics are plotted, as illustrated in Figures 3b and S15.
The device demonstrates a maximum on/off ratio exceeding
1000, with a negligible gate leakage current. Coulomb blockade
effects were also observed in the current stability diagrams of
other devices (Figures 3c and S16−S19). Under negative gate
voltages, the blockade region remained almost unchanged,
while, under positive gate voltages, the width of the blockade
region decreased with increasing gate voltage. In particular, at
lower temperatures and bias voltages, these devices exhibited
an on/off ratio exceeding 1000, primarily due to Coulomb
blockade in the low-temperature and low-bias regions,
resulting in an extremely small off-state current.

Moreover, the temperature-dependent current stability
diagram (Figure S19) showed a trend of decreasing the
Coulomb blockade width with an increase in temperature,
which is consistent with the temperature-dependent exper-
imental results described earlier. Based on the current stability
diagrams, we estimated the gate coupling parameter (αg) for
different devices and calculated the corresponding subthres-
hold swing (Ss‑th), as presented in Figures 3d and S20−S21. At
a temperature of 2 K and a bias of 0.2 V, the lowest Ss‑th
achieved was ∼6.8 mV/dec. While variations in the interface
between the molecule and graphene electrodes, as well as the
dielectric layer, can lead to the difference in FET properties
among devices, the strategy of utilizing a Coulomb blockade to
construct FET devices with a high on/off ratio has been
convincingly proven effective.
To elucidate the modulation of molecular energy levels by

gate voltages, F−N plots41 were generated at different gate
voltages, as shown in Figures 3e and S22. The position of the
dashed line in the figure corresponds to the transition voltage
(Vtrans), which marks the boundary between F−N tunneling
and direct tunneling mechanisms and exhibits a pronounced
dependency on positive gate voltages. When a higher gate
voltage is applied, Vtrans shifts to a lower bias voltage. These
findings demonstrate that gate voltage, especially the positive
gate voltage, can effectively regulate the energy levels of
molecular orbitals.41,42 Figure 3f presents the calculated energy
levels of HOMO/LUMO under varying EEF strengths
(induced by gate voltages), where the HOMO energy level,
being closer to the Fermi level of graphene, primarily
contributes to charge transport. As the gate voltage increases,
the energy gap ΔEgap between the HOMO and LUMO
decreases, with a more pronounced reduction under a positive
gate voltage. Under a positive gate voltage, the HOMO energy
level more readily enters the Fermi window. Therefore, charge
transport is more significantly modulated by positive gate
voltage, which aligns with the FET characteristics of the device.
Note that this observation differs from the typical behavior of
single-molecule FETs, where a positive gate voltage usually
results in downward shift of Frontier molecular orbitals. We
attribute this discrepancy to the influence of electric fields,
generated by gate voltages of varying directions and
magnitudes, on the molecular electronic structure. Specifically,
changes in the molecular electrostatic potential (ESP), dipole
moment, and dihedral angle between the central SBF unit and
the phenyl groups occur under different gate voltages, which
are discussed in greater detail in Figures S26−S28.
NDC Effect and Theoretical Explanation. Charge

transport measurements were conducted on single-molecule
devices connected with 2,2-SBF-NH2 at various temperatures
(Figures 4a,b and S23−S24). Figure 4c shows I−V curves of
the device at temperatures of 2, 20, 80, 140, and 200 K, with
each curve representing the average of five measurements.
Notably, the dI/dV plots in Figure 4d exhibit an intriguing
feature of NDC, characterized by a decrease in the blockade
region and a gradual disappearance of the NDC effect as the
temperature increases. The presence of NDC and Coulomb
blockade features was also observed in I−V curves of other
devices (Figure S25), where variations in the size of the
blockade region as well as the value and location of current
peaks and valleys may arise due to inherent differences
between individual devices.
To elucidate the charge transport characteristics of the

molecular junction centered on the SBF, quantum transport
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calculations were performed. The theoretical I−V curve
(Figure 4e) of 2,2-SBF-NH2 molecular junctions further
validates this effect, revealing a pronounced NDC phenomen-
on at low bias voltages. Furthermore, the transmission
spectrum of 2,2-SBF-NH2 exhibits a distinct antiresonance
dip (Figure 4f), in contrast to the transmission spectrum of
2,7-SBF-NH2, indicating the presence of DQI effect. In Figure
4g, in comparison with the transmission spectrum at a zero
bias, the spectra at 0.06 and 0.18 V do not exhibit
antiresonance features. The transmission coefficient of the
resonance peak at 0.06 V is several orders of magnitude higher
than those at other bias voltages. Conversely, at 0.18 V, the
transmission coefficient of the resonance peak drops to
approximately 10−5. Consequently, in Figure 4e, the current
peak and valley appear at bias voltages of 0.06 and 0.18 V,
respectively.
Building upon the research conducted previously,28 it has

been demonstrated that Spiro-conjugated structures can
engender DQI within the resonant transport region, leading
to current blockade effects. Under the driving of bias voltage,
the symmetry diminishes as the two conjugated moieties
undergo a twist away from 90°, and the system undergoes a
pseudo-Jahn−Teller distortion, thereby resulting in the
alleviation of DQI. At higher bias voltages, strong electron−
electron repulsion impedes further transfer of electrons to the
molecule, leading to the NDC effect in certain bias regions. To
further explore this phenomenon, we calculated the dihedral
angle of the central SBF structure as a function of the EEF
strength (induced by bias voltages), as illustrated in Figure 4h.
At a zero bias, the dihedral angle of 2,2-SBF-NH2 is
approximately 90°. As the bias voltage increases, the dihedral
angle gradually augments. In contrast, the dihedral angle of
2,7-SBF-NH2 remains relatively constant at approximately 90°
with varying bias voltages. Combining these results with the
insights provided by the literature,28 we propose that this
structural distortion partially alleviates the DQI effect,
ultimately leading to the emergence of NDC.

■ CONCLUSIONS
In summary, we integrated SBF units with an orthogonal
electronic structure into graphene-based single-molecule
devices, thereby observing Coulomb blockade and NDC
effects, both of which exhibit significant temperature
sensitivity. By leveraging the Coulomb blockade effect, we
achieved high on/off ratios in the FET performance. In
addition, we find that the NDC effect arises from bias-driven
structural distortions, partially alleviating the DQI effect. These
findings underscore the potential of SBF-based molecular
devices in advancing the field of molecular electronics, offering
both practical applications and a deeper understanding of the
underlying mechanisms governing charge transport at the
nanoscale.
The Coulomb blockade effect could be particularly useful in

low-power quantum computing and single-electron transistors,
where the ability to control electron tunneling at the nanoscale
is crucial for efficient data processing. By fine-tuning gate
voltages and optimizing device geometry, it is possible to
minimize energy loss and improve the switching accuracy. The
NDC effect, on the other hand, shows promise for high-speed
memory and oscillator circuits, where rapid and sharp changes
in current can enable fast data storage and retrieval. Further
optimization through temperature control, material selection,
and environmental stability can enhance the robustness of

these effects, making them more viable for large-scale
applications. We believe that the continuous exploration of
these mechanisms will undoubtedly lead to further advance-
ments in molecular electronics and quantum technologies.
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