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Single-molecule transistors (SMTs) based on fullerenes and their derivatives have been recognized as a long-sought
platform for studying the single-electron transport properties. HyO@Cg is a combination of fullerene and H, O, a typical
light molecule. Here we use the ‘molecular surgery’ technique to synthesize the HyO@Cgy molecule and then construct
the HoO@Cgy SMTs, together with the Cqy SMTs. Evidences for single-electron transport have been obtained in our
measurements, including explicit Coulomb blockade and Coulomb oscillations. We then calculate the detailed parameters
of the HyO@Cg¢y and Cgy SMTs using a capacitance model derived from the Coulomb diamond feature, which gives a
capacitance ratio of 1:5.05:8.52 for the H,O@Cgy SMT and 1:29.5:74.8 for the C¢g SMT. Moreover, the gate efficiency
factor o turns out to be 0.0686 in the HyO@Cgy SMT, about ten times larger than that in the Cgy SMT. We propose that the
enhanced gate efficiency in HyO@Cgy SMT may be induced by the closer attachment of molecular orbital electron clouds

to the gate substrate due to polarization effects of H,O.

Keywords: single-molecule transistor, fullerenes and their derivatives, light molecule, the polarization effect
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1. Introduction

The single-molecule transistor (SMT), which is a three-
terminal device that allows us to apply both bias and gate volt-
ages, has proved its potential on exploring the electrical char-
acteristics of single molecules.!'#! In an SMT, a gate elec-
tric field is utilized to control the electrostatic potential and
hence the charging state of the single molecule.>®! Among the
molecules of interest as candidates, fullerenes and their deriva-
tives are highlighted by their unique cage-like structures where
multiple atomic or molecular species may be embedded. 78]

SMTs based on Cgg and its derivatives have been shown
to exhibit distinctive properties, such as nanomechanical os-
cillations, superconductivity, quantum phase transitions, and
the Kondo effect.['%22] The combination of Cgo and H,O was
achieved using the ‘molecular surgery’ technique.!?*-2%! H,O
is a typical light molecule with the permanent electric dipole,
and its eigenstates are well separated in energy relative to kg7
inside Cgp (kg stands for the Boltzmann constant). 27}

Quantum rotations of ortho- and para-water have been
extensively studied in HyO@Cgy molecules since the sub-
tle interactions between the guest H,O and the fullerene
provide an ideal nanoscale laboratory.!*3% Furthermore,
the ortho—para fluctuations have also been demonstrated in
H,0@Cg SMTs. 3] The fluctuation between ortho- and para-
water states has been demonstrated on timescales shorter
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than 1 min.*>! However, in another single-molecule junction
study of HyO@C, it was found that H,O is electrostatically
isolated.[3°!

In this work, we fabricated SMTs based on HyO@Cg
molecules. H,O@Cgy molecules were produced by the
‘molecular surgery’ method and the devices were made by
the feedback-controlled electromigration break junction tech-
nique (FCEBI).[!337-38] Coulomb blockade phenomena and
gate-controlled I;q—Vsq curves at 2 K successfully verify the
single-electron transport. We applied a capacitance model to
quantify the Coulomb diamond feature in SMTs and obtained
a larger gate efficiency factor in HoO@Cgy SMTs compared
to Cgo SMTs, presumably due to the effect of molecular polar-
ization. Polarization effects may induce a shift of the electron
cloud towards the substrate, resulting in a larger effective gate

capacitance.

2. Method

The HyO@Cgy molecules (Fig. 1(a)) were synthesized
according to the optimized procedure reported in previous

(23,261 After the preparation of H;O@Cgy pow-

investigations.
ders (Fig. 1(b)), we dissolved them in toluene with the concen-
tration of 0.1 mmol/L and preserved it in the glove box with
an Ar atmosphere. The diluted solution exhibits a pink color

as shown in Fig. 1(b). In Fig. 2(a) we plot the schematic of the
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H,O@Cgy SMT: upon the gate oxide, an HyO@Cg, molecule
is trapped in the gap between the source and drain electrodes,
and the silicon gate electrode below the oxide extends to the
surface, allowing us to apply a gate voltage. The schematic of
the Cgp SMT is similarly plotted in Fig. S1.

Diluted in
— !

toluene

Fig. 1. Synthesis of the H;O@Cg( molecules. (a) The simulated structure of
a HyO@Cgp molecule. The red, blue and gray spheres represent oxygen, hy-
drogen and carbon atoms, respectively. (b) HyO @ Cg molecule powders pro-
duced by the ‘molecular surgery’ technique (left) and 0.1 mmol/L H,O@Cg
solution (right) made by dissolving the black powders in toluene.

The essential steps in the construction of the HyO@Cg
SMT are as follows. The gate dielectric layer, a ~ 30 nm thick
layer of SiO,, was preferentially formed on Si substrate by the
oxidization at 900 °C. The ~ 50 nm wide gold nanowires were
fabricated by e-beam lithography and e-beam evaporation on
the oxide of the chip (Fig. 2(b)). Before the FCEBJ procedure,
we deposited a few drops of HyO@Cg toluene solution onto
the surface of the chip in a glove box with an Ar atmosphere.
After the evaporation of the solution in the glove box, the chips
were wire-bonded to the sample holder and transferred into the
measurement system, where the temperature could cool down
to2 K.

Then, we performed the FCEBJ procedure at 2 K to
form a nanogap in the ~ 50 nm wide gold nanowires
and consequently fabricated the source and drain electrodes
(Fig. 2(c)).[1337-38] In the FCEBJ procedure, the current (con-
ductance) is monitored by the bias voltage which is counter
affected by the feedback of current. Once the current drops
by 1%, the bias voltage should be reset to 10 mV. The pro-
gram continues running until the resistance between the source
and drain electrodes exceeds 1 MQ at 20 mV. The diame-
ter of a single HoO@Cgy molecule is ~ 1 nm similar to that
of Cgy molecule.?*! The width of gap could be manipulated
near 1 nm after the FCEBJ procedure and thus the HO @Cg
molecule can be trapped in the electrode gap successfully. If
the HO@Cgy molecule was jammed into the gap, we com-
pleted the construction of the SMTs. We also fabricated
Cso SMTs via the FCEBJ procedure (Fig. S2) by dropping a
0.1 mmol/L solution of Cg toluene onto fresh chips.

3. Results
3.1. Single-electron transport in H;O@Cgy SMTs

To explore the electron transport properties of the
H,O@Cgy SMTs, we performed measurements using two

Keithley 2450 source meters with voltage applied to the source
and gate electrodes, respectively, and the drain electrode was
grounded. All the measurements were performed at 2 K to
guarantee the stability of the molecular junctions. We show the
Iq—Vyq curves at the gate voltages of —0.4V, —0.3V, —0.2V,
—0.1 V, 0V in an H,O@Cgy SMT (Fig. 2(d)). In the Ij4—Vyq
curves, we can observe a plateau covering the zero-bias point
where the current is suppressed, indicating a Coulomb block-
ade region. The variation of the Coulomb blockade region in
Fig. 2(d) implies the gate-controlled chemical potential of the
H;0@Cgp molecule.

In Fig. 2(e), we calculate the differential conductance
dlq/dViqg as a function of the bias voltage Vg with different
gate voltages V; using the raw data in Fig. 2(d). The differen-
tial conductance dlyq/dVyq is calculated numerically with the
formula dlsq/dVsa(Vsa) = [lsa(Vea) — Lsa(Vea — AVsa)]/AViq,
where AVyq is the step size of the bias voltage scanning. In
our experiments, AVyq is 0.2 mV. The plateau with low differ-
ential conductance is plotted against that in the Ij3—V;q curve.
At the edge of the plateau, several peaks rise, indicating the
situation when the electrochemical potential of the molecule
matches the Fermi level of the Au electrode. The peaks con-
firm the Coulomb oscillations. The conductance at the peak is
about ten times larger than that at the plateau when V; equals
0 V. We also observed the clear Coulomb blockage behav-
iors of the Cgg SMT (Fig. S3a). At the gate voltage of —3 'V,
there is a region with relatively low conductance between the
two Coulomb oscillation peaks locating at the bias voltages of
~ —0.011 V and ~ 0.024 V (Fig. S3b), which is the Coulomb
blockade region. At the gate voltage of —2.25 'V, the two peaks
merge into one since the situation is close to the resonant tun-
neling.

Then we map the differential conductance dlyq/dVyy pat-
terns as sweeping the bias voltage Vg and the gate voltage
Vg within a certain range in HoO@Cgy and Csp SMTs, re-
spectively (Figs. 3(a) and 3(b)). Regions with small conduc-
tance are colored by blue, while those with large conductance
are colored by red. To distinguish the Coulomb blockade re-
gions, the black dashed lines are drawn following the trail of
the Coulomb diamond edges. The observation of Coulomb
diamonds serves as significant evidence for the existence of
Coulomb oscillations, which are characterized by the charg-
ing and discharging behavior observed in the Coulomb island.
Each time the electrochemical potential and the Fermi levels of
the source and drain electrodes are equal, a degeneracy point
for resonant tunneling is created where the two black dashed
lines cross each other. The high conductance regions above
and below the degeneracy point correspond to the case where
the molecular potential is locked within a window defined by
the Fermi levels of the source and drain electrodes. Other-
wise, the molecule acts as a barrier to avoid the passage of
electrons. Moreover, we can observe an excited state with the
excitation energy of ~ 15 meV indicated by the black arrow,
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which may correspond to a vibrational mode induced by the
relative motion of H,O molecule and the Cg cage.*>! Due to
the large gap between the highest occupied molecular orbital

(a)
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(HOMO) and lowest unoccupied molecular orbital (LUMO)
of HO@Cgp and Cgg, we only access one degeneracy point,
which is consistent with the previous studies. [->1:22:40:41]
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Fig. 2. Coulomb blockade and Coulomb oscillations in an HO@Cgy SMT. (a) The structure of an HyO@Cgy SMT (left) and the schematic of
the molecule junctions based on it (right) formed by the FCEBJ method. (b) SEM image of the ~ 50 nm wide nanowire before electromigration
(left) and a full view of a chip containing 40 junctions. (c) Bias current versus bias voltage during a FCEBJ process. (d) Representative
I4—Vsq curves after the electromigration for five different gate voltages in an HoO@Cgy SMT. The significant difference between the curves
indicates the successful manipulation of the molecular chemical potential by gate voltages. (e) Calculated differential conductance dlyg/dVyg
as a function of the bias voltage Vg with various gate voltages V; using the raw data in (d).
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Fig. 3. Two-dimensional plots of the differential conductance
dlsq/dViq versus the bias voltage Viq and the gate voltage V, in
H,0@Cgy and Cgp SMTs. The gate voltage increases from —0.4 V
to 0 V in (a), and sweeps from —4 V to 0 V in (b). We can see the dis-
tinct Coulomb diamond patterns, indicated by the black dashed lines.
The excitation indicated by the black arrow confirms the presence of
the HoO @Cg molecule bridging the junction. According to the capac-
itance model, the capacitance ratio Cy: C; : Cy is 1:5.05:8.52, and the
gate efficiency factor o is 0.0686 in the H;O@Cgy SMT. For Cgp SMT,
Cg : Cs: Cqis 1:29.5:74.8, and « is 0.00950.

3.2. Analysis of the large gate efficiency factor

Then, we try to get the detail parameters of HyO@Cg
and Cg9 SMTs by applying a capacitance model.[*?! In this
model, the molecular quantum dot is isolated from the source,
drain and gate electrodes by three capacitors, denoted as Cs, Cy

and Cy, respectively. If the chemical potential on the molecule
equals to that on the source, a line crossing the degeneracy
point with the positive slope B = Cy/(Cy + Cy) would be gen-
erated; the other line, which also goes through the point with a
negative slope —y = —C,/C;, is generated when the chemical
potential on the molecule equals that on the drain. Thus, we
can compute the capacitance ratio (Cg : Cs : Cg) of the two de-
vices in Fig. 3, that is, 1:5.05:8.52 for the HyO@Cgqy SMT, and
1:29.5:74.8 for the Cgg SMT. As seen in other single-molecule
junctions reported,>238411 the C, /C; ratios are also not equal
to 1 in our devices, indicating the asymmetry electron trans-
port of our single-molecule junctions.

Due to the asymmetry, we plot the two-dimensional maps
of the the rectification ratios (RRs) as a function of Vg3 and
Vg in HbO@Cg (Fig. 4(a)) and Cgp (Fig. 4(b)) SMTs. The
RR is defined as RR(Vyq) = |I(Via)/I(—Vi)|- Regions with
RR < 1 are colored by blue, while regions with RR > 1 are
colored with red. Both devices show the reversion of rectifica-
tion when V, keeps increasing. This distinctive behavior may
be related to the tidal diode.*®! We calculate the RRs of ~ 10
in our single-molecule junctions.

Additionally, we calculate the gate efficiency factor «,
which equals Cy/(Cy + Cs +Cy) and turns out to be 0.0686
(H,O@Cgp SMT) and 0.00950 (Cgo SMT), where eatV,; equals
to the shift of the molecule energy level caused by the change
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of gate voltage V, and e is the electron charge. We find that
the gate efficiency factor @ of HoO@Cgy SMT is one order
of magnitude higher than that of Cqp SMT, which indicates
the conductance in HO@Cg, SMT is more sensitive to the
change of gate voltage. The larger gate efficiency factor o
means that the value of C; is possible enhanced. Because of
the value of o ~ 0.01-0.001, C; (Cy) is thus much larger than
Cs, and hardly to be changed a lot.

To explain the enhancement in ¢ of the HoO@Cgy SMT
qualitatively, one possible situation is that the electron cloud
distribution of the HyO@Cgy molecule is shifted towards the
substrate due to the existence of H,O. Recent research sup-

n.[*3 The pres-

ports this conjecture due to the H,O polarizatio
ence of the water molecule results in a higher electron den-
sity at the positions where the hydrogen atoms point to on the
carbon cage. Consequently, the electron cloud distribution is
shifted towards the gate substrate, and the value of Cj is pos-
sible enhanced as seen in Fig. 5(a), leading to an enhanced
modulation of the current through the single molecule by the
gate voltage. This is also demonstrated in our density func-
tional theory (DFT) results qualitatively. We calculated the
electron cloud distribution of HOMO and LUMO in a single
H,0@Cgy molecule (Fig. 5(b)). As we can see, the H,O re-
sults in a slightly higher electron density at the positions where
the hydrogen atoms point to as illustrated by the red arrows.
The effect of dipole moment on the gate efficiency factor has
also been observed in Ce@Cgy SMTs.[**! Except the varia-

Source

tion of electron cloud distribution induced by the embedded
H,0O molecule, other mechanisms might also play a role in
the large gate efficiency, such as large dielectric permittivity
in H,O@Cg. !

RR
8.000
a
30l (a)
4.000
20}
— | 2.000
S 10
~ o g 1.000
= i
—10r 0.5000
720-
0.2500
_30.
‘ 0.1250
~04 —03 -02 —01 0
V, (V
y s (V) RR
8.000
(b)
4.000
20}
. 2.000
z
R S - 1.000
N
0.5000
—20F
0.2500
_ ! . ; : 0.1250
B e S ]
Ve (V)

Fig. 4. Two-dimensional plots of the rectification ratios versus the bias
voltage Vi and the gate voltage V, in H,O@Cgg ((a)) and Cgp ((b))
SMTs. The rectification ratio is defined as RR(Viq) = [I(Vsa) /I(—Vsa)|-

®) o

HOMO —5.97 eV

HOMO —5.99 eV

Fig. 5. The possible junction configurations of HyO@Cg and Cgy SMTs. (a) The electric dipole moment of the water molecule, for some
reason, is oriented towards the gate substrate, which results in a higher charge density at the positions where the hydrogen atoms point to on the
carbon cage. Consequently, the electron cloud distribution is shifted towards the gate, leading to an enhanced modulation of the current through
the single molecule by the gate voltage. (b) The electron clouds of the HOMO and LUMO in Cgy and H;O@Cgy molecules. Compared to Cgp,
the electron density of LUMO in HyO@Cg is increased near the hydrogen atom (indicated by the red arrow).

4. Conclusion

In summary, we fabricated the HyO@Cgy SMTs, as well
as Cgo SMTs, to investigate their electron transport properties.
The HO@Cgp molecule was synthesized using the ‘molecu-
lar surgery’ technique and the transistors were fabricated us-
ing the FCEBJ method. We observed clear Coulomb blockade

and Coulomb oscillations in I4—Vsq measurements with vary-
ing gate voltages, thus demonstrating single-electron transport
in our devices. By introducing a capacitance model, we calcu-
lated the gate efficiency factor o from the Coulomb diamond.
We obtained a larger ¢ in the HyO@Cgy SMT, which may due

to the effect of molecular polarization. These findings may
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benefit further exploration towards HyO@Cgy SMTs and pro-
vide helpful information on single-electron transport in alter-
native devices.
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