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Abstract

Benzodifuran (BDF) single-molecule transistors have been fabricated in electromi-
gration break junctions for electronic measurements. The inelastic electron tunneling
spectrum validates that the BDF molecule is the pathway of charge transport. The
gating effect is analyzed in the framework of single-level tunneling model combined
with transition voltage spectroscopy (TVS). The analysis reveals that the highest
occupied molecular orbital (HOMO) of the thiol-terminated BDF molecule dominates
the charge transport through Au-BDF-Au junctions. Moreover, the energy shift
of the HOMO caused by the gate voltage is the main reason of the conductance
modulation. In contrast, the electronic coupling between the BDF molecule and the
gold electrodes, which significantly affects the low-bias junction conductance, is only
influenced slightly by the applied gate voltage. These findings will help in the design

of future molecular electronic devices.
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Introduction

Design and construction of electronic devices using single or very few molecules as the
active functional unit is a promising approach to further miniaturize electronic devices and
also provides a versatile testbed for many basic quantum transport concepts [1-3]. Extensive
experiments have demonstrated that the current through single molecules can be modulated
by external stimuli, such as light irradiation [4, 5], electrochemical gating [6-8], electric field
[9-14], mechanical stress [13, 15], and magnetic field [16-18]. As a result, the engineering of
diverse functions arising from rational chemical design in molecule junctions allows to real-
ize electronic components from optical switches [4, 5], diodes [19, 20] to transistors [9-14].
Particularly, single-molecule field-effect transistors (FET) have attracted enormous atten-
tion because transistors are the fundamental elements of integrated circuits. A significant
progress in building and characterizing solid-state single-molecule FETs was achieved in
2009 by Song et al [12]. Their work provided conclusive evidences that solid-state molecular
transistors can be realized by tuning the relative alignment of molecular orbital levels with
respect to the Fermi level of electrodes by the gate voltage. However, more efforts are still
needed to propel the investigation on single-molecule FETs. On the one hand, different
types of organic molecules and electrode materials should be explored in order to fabricate
molecular transistors with good functional performance, high thermal stability, and high
production yield. On the other hand, further investigation on the mechanism underlying
the gating effect in single-molecule FETSs is also required.

So far, only a few kinds of prototype molecules have been used as the conducting channel
of solid-state single-molecule FETs with a back gate or a side gate [12, 14]. In this article, we
report the fabrication of single-molecule transistors made from a m-conjugated benzodifuran
(BDF) derivative, a kind of molecule possessing fascinating photophysical and electrochemi-
cal properties [21]. Recently, Li et al. demonstrated that the conductance of both thiol- and
carbodithiolate-terminated BDFs can be tuned by changing the electrode potentials with
respect to an electrochemical reference electrode using the electrochemical gating technique
[22]. Their results indicate that BDFs may be good candidates for solid-state single-molecule
FETs. However, to realize this goal, the conducting mechanism of BDFs must be under-
stood first. For example, which molecular orbital of BDFs dominates the low-bias junction

conductance? How does the gate voltage affect the alignment of molecular orbitals of BDFs



Page 3 of 21

Nanoscale

relative to the Fermi level of electrodes? How does the electronic coupling between the BDF
molecule and the electrodes depend on the gate voltage? These questions are also essential
for all solid-state single-molecule devices. Herein, we address these issues by investigat-
ing the electronic transport properties of BDF single-molecule transistors using single-level
tunneling model combined with transition voltage spectroscopy (TVS). Our analysis reveals
unambiguously that the highest occupied molecular orbital (HOMO) of the thiol-terminated
BDF molecule dominates the low-bias junction conductance and that the shift of the HOMO
relative to the Fermi level of electrodes caused by the gate voltage is responsible for the mod-
ulation of the current through BDF molecules. In contrast, the applied gate voltage only
affects slightly the coupling strengths of the HOMO with the gold electrodes.

Experimental

Fabrication of device structures

Conventional photolithography and electron beam evaporation (5 nm Ti /40 nm Au)
were used to define the macroscopic bonding pads on silicon wafer with 500 nm SiO,. Then,
30 nm Aluminum was deposited and oxidized naturally in air to form ~ 3 — 5 nm AlOx as
dielectric layer. Lastly, a suspending PMMA mask was patterned on PMMA /MMA double
layer resist by electron beam lithography (EBL), followed by angle evaporation (20 nm Au
without adhesion layer) on the top of AlOz layer. As a result, ~100 nm wide gold nano
constriction was formed on the alumina layer.

Deposition of molecules and fabrication of molecular junctions

Devices were first cleaned by oxygen plasma to get rid of any organic residue on the
electrode surface. Then, the self-assembled monolayer (SAM) of BDF was formed on the
gold surface by immersing the sample in 0.1 mM BDF solution in tetrahydrofuran (THF). To
keep the molecules from oxidation in air, an argon environment was used for the self-assembly
process. Normally, we immersed the devices in the dilute BDF solution overnight to ensure
the formation of dense SAM. Subsequently, devices were rinsed in pure THF and blew dry
with nitrogen gun. Immediately after this, devices were wire bonded and transferred to
the low temperature cryostat. The device was mounted on the sample holder in a vacuum
chamber (<5E-5 mbar). The initial resistance of an as-prepared device was measured at low

bias (£50 mV). Then, feedback controlled electromigration (FCE) was performed
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to generate a nanogap in the gold nanowire of each device at 4.2 K. During FCE,
a bias ramping with the ramping rate of 4 mV /s was applied. As far as 2%
conductance decrease was observed, the bias voltage was retracted by 20%. A
new reference conductance value was set and the voltage ramping was restarted.
The voltage ramping cycles were performed until a target conductance (~30 k2)
was reached.

Electronic measurements

We measured current-voltage (I-V') curves of devices during electromigration in a cryo-
stat (Oxford Ins., OptistatAC-V). The I-V curves were measured using a data acquisition
board (National Instruments, PCI 6281) together with a homemade LabVIEW program. A
current amplifier (Keithley 428) was used to convert the current to voltage. The temperature
of device was controlled by the temperature controller (ITC, Model 503). The inelastic elec-
tron tunneling (IET) spectrum was measured using a Lock-in amplifier (Stanford Research
Systems 830) with an AC modulation of 9 mV at 77.77 Hz.All the devices were characterized
by SEM (FEI Quanta 600) after electronic measurements.

Results and discussion

Figure 1(a) shows the schematic of a BDF single-molecule FET. One BDF molecule
bridges source and drain electrodes by Au-S bonds. The AlO,/Al beneath the molecule
serves as the gate electrode to regulate the current through the BDF molecule. The chemical
structure of the thiol-terminated BDF molecule is given in Fig. 1(b). The anchor groups
(thiols) at two ends are protected by acetyl groups, which are removed before the self-
assembling process. Feedback controlled electromigration technique [9, 23, 24] was used
to generate a nano-sized gap in the gold nanowire. Briefly, a dense BDF monolayer was
assembled on the surface of the gold nanowire (see Supplementary Information Fig. S1).
Then, the gold nanowire was broken by the applied current to create a nanometer-scale
gap. The inset of Fig. 1(c) presents the scanning electron microscopy (SEM) image of
such a nanogap area. As we can see, a sub-nanometer gap was formed in the center of
the constriction. During the breaking process, one or very few BDF molecules bridged the
nanogap via the formation of the Au-S bonds, forming the desired BDF device. In our

measurements, thirty out of more than two hundred devices showed molecular signals. Four
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out of thirty devices showed gating effects. To present the data consistently, the measurement
results shown in figures 2, 4, 5, and 6 are from the same device.

We started our studies from the investigation on the I-V characteristics of the Au-BDF-
Au junctions. Figure 1(c) shows a typical I-V curve of such a device. As we can see, the
current increases linearly at low bias but then increases rapidly after the bias exceeds 0.4
V. The low-bias conductance can be extracted by linear fitting in the bias range of +0.1
V. Conductance histogram is constructed from 29 single-molecule devices, as shown in Fig.
1(d). Large variations (1.5x107% Gg to 3.0x1073 Gy) occur for the conductance of Au-BDF-
Au junctions. The most probable value is determined to be 3.09 nS (4x107° Gy), which is
smaller than the conductance measured in scanning tunneling microscopy (STM) breaking
junction method (2.9 x 107G)) [22]. However, the most probable value obtained in our case
is still in the distribution range of STM measurements. In the STM measurements, much
more curves (> 400) were measured and thus more geometric configurations were taken into
account. In this sense, we attribute the discrepancy in the most probable conductance value
to different junction structures constructed in these two platforms and the counting numbers.
Although more than one BDF molecules may connect the electromigrated nano
gap between the two gold electrodes, we still believe that the measured Au-
BDF-Au devices should be single-molecule junctions because only one prominent
peak is present in the conductance histogram in both our case and the STM
measurements[22]. The temperature dependence of the measured I-V characteristics
verifies that the charge transport through BDF molecular junctions is in the tunneling
regime (See Supplementary Information Figure S2).

To validate that the measured I-V characteristics indeed originate from charge transport
through the BDF molecule rather than some artifacts from adsorbents or anything else, we
measured the IET spectra of Au-BDF-Au junctions. IET spectroscopy has been accepted
as a valid characterization technique for molecular junctions, which can identify the contact
geometry and the molecular conformation through the contributions made by some specific
internal vibration modes [19, 25-27]. A lock-in amplifier was utilized to directly measure
the second harmonic signal d?I/dV? with high signal-to-noise ratio (See Experimental).

Figure 2(a) shows a typical IET spectrum of one Au-BDF-Au junction. Most features
in the IET spectrum are in good agreement with the experimental infrared (IR) adsorp-

tion spectrum and Raman spectrum of the thiol-terminated BDF molecule, as shown in
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Fig. 2(b). Several prominent peaks in the IET spectrum labeled by short red lines and
highlighted by green shadow rectangles are assigned to some specific vibration modes of the
BDF molecule. This is done by comparing the peak positions of the IET spectrum with
those in the experimental and calculated IR spectra of the BDF molecule (See Supplemen-
tary Information Figure S3). Four prominent peaks centered at 138 mV, 196 mV, 274 mV,
and 357 mV are assigned to v(18a), v(8a) phenyl ring mode, ¥(C=C), and v(CH2) mode,
respectively. Another peak at 294 mV is probably due to the vibration mode of C=N, which
is supposed to be found near the peak of C=C. We notice that the peak centered at ~390
mV appearing in the IET spectrum is absent in the IR spectrum. Known from the calcu-
lated vibration modes of the BDF molecule, this peak is contributed by the C-H stretching
mode of the phenyl ring, which is not active in the IR spectroscopy. This is not a surprising
result because no selection rules limit the presence of a particular vibration mode in the
IET spectrum. The IET spectrum can be further validated by checking the anti-symmetric
feature with respect to the zero-bias point. The IET spectra at both bias polarities show
close peak positions despite of difference in peak intensity (See Supplementary Information
Figure S3). In addition, we checked the broadening of IET peaks as a function of AC
modulation voltage (See Supplementary Information Figure S4) [28]. The full width half
maximum (FWHM) of characteristic peaks in IET spectrum broadens with increasing AC
modulation voltage, which further validates our IET spectrum measurements. Thus, the
presence of some characteristic vibration modes of the BDF molecule in the measured IET
spectrum confirms that the BDF molecule is the dominating charge transport pathway.
One can simplify the analysis of low-bias transport properties of molecular junctions by
introducing a single-level tunneling model, in which one molecular level with the energy ¢
is assumed to be in contact with the source and drain electrodes with the coupling strengths
I';, and I'g. The current through this model system can be calculated using the Landauer

formula,

h
where e is electron charge, h Planck’s constant, and f(E) the Fermi-Dirac distribution

26 +o00
vy =2 /_ 4B T(E,V)[f(E — eV/2) — f(E + cV/2)] (1)

o

function. T(E,V) is the transmission function depending on energy E and voltage V. Tt

can be approximated as a Lorentzian function,
4I' g

T(E,V) =
(E— (e + (55;5;) )2+ (T +Tr)?

(2)
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Thus, the molecular level position €, and its coupling to the electrode (I'y, I'g) can be
obtained by fitting the measured I-V curves with the Landauer formula.

Figure 3(a) shows a typical fitted curve using the single-level tunneling model. Three
fitting parameters are 0.82 eV for ¢y, 0.93 meV for I';, and 0.90 meV for I'g. By fitting I-V
curves of all devices, the level position ¢y data are constructed in a histogram, as shown in
Fig. 3(b). The histogram shows a peak at 0.7840.03 eV. This indicates that the energy
difference between the conduction orbital and the Fermi level is 0.78 eV, which is within
the bias range of our measurement. It is worth noting that the Lorentzian form of the
transmission function is a reasonable assumption for the Au-BDF-Au molecular junctions
because the obtained molecular orbital energy is much higher than the 5d states of the
uncoordinated Au site (around -1.8 eV) [8, 29].

A deeper insight into the large variations of the junction conductance can be obtained
by plotting the correlation of the molecular orbital energy €, and its coupling strength
(I'=I'y+T'g) as a function of the junction conductance (Fig. 3(c) and (d)) [30, 31]. One can
intuitively expect that the molecular orbital energy ¢, will dramatically affect the junction
conductance due to the well-known fact that the transmission coefficient of a one-dimensional
rectangular potential barrier follows T ~ exp(—/(L), where L is the barrier width and /3 the
decay coefficient proportional to /€y. However, the correlation coefficient between I' and G
is determined to be 0.87 while ¢y shows no explicit dependence on G, indicating that the
different coupling strengths in Au-BDF-Au molecular junctions are the main factor causing
variations in the junction conductance.

The transport measurements through two-terminal BDF devices present a clear evidence
on the existence of BDF molecule and its energy alignment relative to the Fermi level of
gold electrodes. Furthermore, three-terminal BDF devices with gate electrodes modulating
the carrier transport will provide more insight into the underlying transport mechanisms.
Here, we investigate the gating effect on the current flow through Au-BDF-Au devices.
We find that the low-bias conductance can be significantly modulated by the gate voltage.
Figure 4(a) shows representative I-V curves of one Au-BDF-Au junction at different gate
voltages. The low-bias conductance decreases when the gate voltage sweeps from negative to
positive values. For comparison, we performed control experiments on devices without BDF
molecules, which did not show any gate modulation effects (See Supplementary Information

Figure S5). This implies that the gating effect comes from the BDF molecule. In a typical
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BDF transistor, the applied gate voltage swept from -2.0 to 2.0 V to guarantee that the
gate leakage is much lower than the tunneling current through the BDF molecule (See
Supplementary Information Figure S6). The low-bias conductance is plotted as a function
of gate voltage in Fig. 4(b). The conductance decreases monotonically with increasing
the gate voltage. The inset of Fig. 4(b) is the corresponding two-dimensional differential
conductance stability diagram. The differential conductance is numerically calculated from
corresponding I-V data.

The influence of the gate voltage on ¢, and I" was also studied by fitting I-V curves
measured at different gate voltages using the Landauer formula (Eq. 1). Figure 4(c) shows
€o as a function of the gate voltage. The value of ¢, increases monotonically when the gate
voltage is increased, suggesting that increasing gate voltage elevates the energy difference
between the tunneling level and the Fermi level of electrodes. Generally, enhancement of
positive (negative) gate voltage lowers (elevates) the molecular orbitals (HOMO and LUMO)
with respect to the Fermi level of electrodes. In the BDF molecular device, when the gate
voltage changes from negative to positive value, the HOMO (LUMO) level shifts away from
(towards) the Fermi level of electrodes, resulting in the increase of the energy difference
(€9) for HOMO (decrease for LUMO). Therefore, given a constant HOMO-LUMO gap, the
shift trend of € as a function of the gate voltage offers an explicit evidence to identify the
dominant transport molecular orbital. Considering that the positive gate voltage lowers both
HOMO and LUMO energy levels relative to the Fermi energy level, the charge transport
in Au-BDF-Au junctions is dominated by the HOMO. This result agrees with previous
thiol-anchored molecular devices [8, 12, 29, 31]. Moreover, the ratio between the shift of
€o/e and the applied gate voltage Vi is around 40 mV/V. The ratio is defined as the gate
efficiency factor, which is 0.04 in our case. It should be noted that a change in the
dependence of the molecular orbital level shift occurs below -1 V. As the HOMO
level approaches close to the bias window, it becomes increasingly difficult for
the negative gate voltage to further elevate the HOMO level due to the charging
effects.

In contrast to the molecular level position €y, the coupling strengths I';, and I'g do not
show a monotonic dependence on the gate voltage. As shown in Fig. 4(d), both 'y and T'g
in this Au-BDF-Au device reach a minimum at the gate voltage of ~ -1 V. The coupling

strength varies between 0.4 meV and 0.6 meV when the gate voltage sweeps in the range
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from -2 V to 2 V. The close values of I'y,, I'g indicate that the HOMO of the BDF molecule
couples almost symmetrically to the source and drain electrodes. More importantly, the
small variation in coupling strength during gate sweeping indicates that the contact resis-
tance remains almost unchanged. This suggests that the conductance modulation originates
mainly from the shift of HOMO level with respect to the Fermi level of electrodes.

To further verify the gate modulation mechanism, we employed the technique of transition
voltage spectroscopy (TVS) to characterize molecular energy levels in Au-BDF-Au junctions
[30-33, 36]. This consists in replotting the I-V data in a Fowler-Nordheim (F-N) manner,
i.e. asIn(I/V?) versus 1/V. Then a minimum in this plot appears at a characteristic voltage
Virans. It has been established that the transition voltage V;,.q.ns is related to the applied bias
voltage which promotes a significant spectral weight of the transmission function into the
bias window. For molecular devices formed through Au-S bonds, V;;4,s is mainly determined
by the HOMO-dominated transmission peak [12, 32, 33].

Figure 5(a) shows the F-N plot of I-V curves at different gate voltages. A well-defined
minimum appears in each F-N plot for both bias polarities. The shift trend of the inflection in
each curve is labeled by a dashed arrow. To show the relationship between V;,....s and the gate
voltage, two-dimensional contour plots of din(Z/V?)/d(1/V) at both negative and positive
bias as a function of the gate voltage are illustrated in Fig. 5(b) and (c), respectively. All
the minimum points in the F-N plot (dIn(//V?)/d(1/V) = 0) are highlighted by the dashed
line. The absolute values of both V, . . and V,f, . shift to lower values as the gate voltage
decreases. The transition voltages at both bias polarities are linearly proportional to the
gate voltage and the gate efficiency factor is determined to be about 0.035. Therefore, the
HOMO level is further confirmed to be the nearest molecular orbital dominating the charge
transport through Au-BDF-Au devices.

We do not observe significant differences in the transition voltages for both bias polarities,
suggesting that the BDF molecule binds almost symmetrically to the source and drain gold
electrodes. The transition voltage at zero gate voltage is determined to be 0.57 V, slightly
larger than the molecular level position €, (0.46 V) obtained using the single-level tunneling
model. This is consistent with the reported relation between the transition voltage and
the molecular level position [34, 35]. Furthermore, it has been reported that the absolute
value of Vj,..ns provides a strong indication to distinguish molecular junctions from vacuum

tunneling junctions [36]. Considering that the average value of Vi.uns is 0.89 V for all
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measured two-terminal devices (See Supplementary Information Fig. S7), which is much
lower than that (1.3 V—2.5 V) measured for gold-vacuum-gold atomic junctions, we can
exclude the possibility of tunneling through vacuum junctions without BDF molecules.
Besides the gating effect on molecular level position, the peak intensity of the IET spec-
tra is also found to be gate voltage dependent, as shown in Fig. 6(a). To compare the
intensity enhancement, the amplitude of d?7/dV? at different gate voltages is normalized by
the corresponding differential conductance. Previous studies have demonstrated that strong
coupling between internal vibration mode and molecular level results in resonantly enhanced
IET spectra for conjugated molecules [12, 26]. Here, a similar enhancement effect is observed
when the gate voltage elevates the HOMO level towards the Fermi level of electrodes. How-
ever, all the measured peak intensities are strongly enhanced. Besides the vibrational modes
of the phenyl ring, the CHy stretching mode (~357 mV) is also significantly enhanced, as
shown in Fig. 6(a). Figure 6(b) shows the relative intensity enhancement of normalized tun-
neling conductance, n = do /o for v(8a) vibration mode, as a function of the gate voltage.
The enhancement can be well described by a theoretical equation [26],
SE? (Er+Q— Ey)? — (T/2)?
(Ev — Ep)?+ (T/2)?2 (Ep +Q— En)?+ ([/2)?

n= (3)

where Ep = Ep — eV, Ep is the unbiased electrode’s Fermi level, Q is the energy of the
vibration mode. FE); is the conducting molecular orbital, and dE represents the electron-
phonon coupling strength which quantitatively describes the shift of Fj; under the influence
of a particular vibration mode. The blue curve in Fig. 6(b) is the fitted result using equation
(3) to the peak intensity enhancement data. The good agreement between experimental
results and the theory further validates the charge transport mechanism in the molecular
junction. J0F is determined to be 43.8 meV, which is much smaller than the reported
value[12], suggesting that the influence of the vibration mode, v(8a), on the shift of HOMO
is weaker in this device. This is not surprising since the value of § E depends strongly on

the specific nanoscale environment of each device[26].

Conclusions

In conclusion, we have successfully fabricated BDF single-molecule FET-like devices us-

ing the FCE method and measured their gate-modulated transport properties. The conduc-

10
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tance of Au-BDF-Au junctions is increased when the gate voltage becomes more negative,
demonstrating that the HOMO of the thiol-terminated BDF molecule is the dominating
conduction orbital. Analysis in the framework of the single-level tunneling model and TVS
reveals that the reversible energy shift of the HOMO produced by the applied gate voltage
is responsible for the observed conductance modulation. Due to the not well-controllable
device structures, the low-bias conductance shows large variations. This is mainly caused
by the fluctuations in the coupling strengths between the HOMO and the gold electrodes,
rather than the changes of the alignment of the HOMO with respect to the electrodes’ Fermi
level. IET spectroscopy measurements confirm that the observed I-V characteristics indeed
originate from single BDF molecules in the junctions. These findings lay a solid founda-
tion for extending the functionalities of BDF molecular devices under other external stimuli
such as light irradiation and are also of significant benefit for future investigations on other

single-molecule devices.

Electronic Supplementary Information (ESI) available: Fabrication procedure of
BDF single-molecule transistors (Fig. S1); Temperature dependence of I-V characteristics
of a BDF single-molecule device (Fig. S2); Assignment of peaks of IET spectra to specific
vibration modes (Fig. S3); The broadening of the v(C-H) peak (~390 mV, C-H stretch of
the phenyl ring) in IET spectra due to the AC modulation (Fig. S4); The I-V curves of
pristine gold vacuum junctions (without BDF molecules) measured at different gate voltages
(Fig. Sb); Gate leakage in BDF single-molecule transistors (Fig. S6); Histogram of the
transition voltages at two bias polarities for BDF single-molecule devices (Fig. S7). See
DOI: 10.1039/b000000x/ .
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FIG. 1: Single-molecule devices made from BDF molecules fabricated by electromigration tech-
nique. (a) Schematic of a three-terminal device. The BDF molecule covalently binds to gold
nano electrodes through Au-S bonds. A back gate electrode locates beneath the BDF molecule.
(b) Chemical structure of the BDF derivative. (c) Typical I-V curve for a BDF single-molecule
junction. Inset, SEM image of typical device after electromigration and electrical measurements.
A nano-sized gap was generated in the center of the gold nanowire. (d) Statistic histogram of
low-bias conductance values by linear fitting to I-V curves in the range +0.1 V. The blue curve

represents the gaussian fitting to the histogram. The peak position is -8.514+0.17, corresponding
to 3.09 nS.
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FIG. 2: Assignment of peaks in the IET spectrum of BDF single-molecule devices to different
vibration modes. (a) Typical IET spectrum for a BDF single-molecule junction measured at
4.2 K. (b) Infrared spectrum and Raman spectrum of the BDF molecule. The peaks assigned to
specific vibration modes are marked by red vertical lines. The characteristic peaks were highlighted
by green shadows in IET spectrum, IR spectrum, and Raman spectrum. The other peak labeled

by a green dashed line is also in good agreement with that in the IR spectrum.
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FIG. 3: Analysis of I-V curves using the single-level tunneling model. (a) Single-level tunneling

model fitting (blue curve) to a typical I-V curve (black circles). Inset, schematic of single-level

tunneling model. A nearest molecular orbital €y, with coupling strength I';, and I'r (level broad-

ening I' = 'y, + I'g), to the left and right electrodes, is responsible for the charge transport. (b)

Statistic histogram of €y extracted by fitting I-V curves of all devices. The peak position of gaus-

sian fitting to the histogram is 0.78+£0.03 eV. (c) Correlation between the molecular level position

and the low-bias conductance. The data suggest a low correlation coefficient between ¢y and G.

(d) Correlation between the coupling strength I',; and the low-bias conductance G. The correlation

coefficient is 0.87.
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FIG. 4: The gate modulation in BDF single-molecule transistors. (a) I-V characteristic curves

at different gate voltages. (b) The low-bias conductance as a function of gate voltage. Inset, the

differential conductance (stability diagram) as a function of gate and bias voltage. The differential

conductance is numerically calculated from I-V curves. (c) The ey value as a function of gate

voltage. (d) The influence of the gate voltage on the nearest molecular orbital coupling strength

to the left (star) and right (cross) electrodes.
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FIG. 5: Transition voltage spectroscopy of BDF molecular devices. (a) F-N plot of I-V curves

at different gate voltages. Two dashed lines mark the shift trend of transition points with the

gate voltage in both bias polarities. 2D contour plot dIn(I/V?)/d(1/V) at negative (b) and

positive (c) bias as a function of gate and bias voltage. All the minimum points in F-N plot

(dIn(I/V?)/d(1/V) = 0) are highlighted by the dashed line. The transition voltages at both bias

polarities are linearly proportional to the gate voltage. The gate coupling efficiency is ~0.035.
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FIG. 6: The influence of the gate voltage on the intensity of IET spectrum. (a) Normalized IET
spectrum at different gate voltages. The peak intensity is significantly enhanced as the gate voltage
shifts from positive to negative values. (b) Intensity enhancement (black sphere) for v(8a) mode

in IET spectrum as a function of gate voltage. The blue line shows the fitting curve from the

theoretical equation.
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