
論文 / 著書情報
Article / Book Information

Title Individual transport of electrons through a chemisobed Au nanodot in
Coulomb blockade electron shuttle

Authors Yasuo Azuma,Norihiro Kobayashi,Simon Chorley,Jonathan
Prance,Charles G. Smith,Daisuke Tanaka,Masayuki
Kanehara,Toshiharu Teranishi,Yutaka Majima

Citation J. Appl. Phys., Vol. 109,   ,

発行日/Pub. date 2011, 1

公式ホームページ
/Journal home page

 http://jap.aip.org/

権利情報/Copyright  Copyright (c) 2011 American Institute of Physics

Powered by T2R2 (Science Tokyo Research Repository)

http://jap.aip.org/
http://t2r2.star.titech.ac.jp/


Individual transport of electrons through a chemisorbed Au nanodot in
Coulomb blockade electron shuttles

Yasuo Azuma,1,2 Norihiro Kobayashi,1,2 Simon Chorley,3 Jonathan Prance,3

Charles G. Smith,3 Daisuke Tanaka,2,4 Masayuki Kanehara,2,4 Toshiharu Teranishi,2,4 and
Yutaka Majima1,2,5,a�

1Materials and Structures Laboratory, Tokyo Institute of Technology, Yokohama 226-8503, Japan
2CREST, Japan Science and Technology Agency (JST), Yokohama 226-8503, Japan
3Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3 0HE,
United Kingdom
4Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba,
Ibaraki 305-8571, Japan
5Department of Printed Electronics Engineering, Sunchon National University, Sunchon 540-742, Republic
of Korea

�Received 22 September 2010; accepted 10 November 2010; published online 19 January 2011�

The individual transport of electrons through a chemisorbed Au nanodot is observed in accordance
with a nanomechanical vibration of the Au nanodot on a cantilever at 86 MHz; the experimental
setup consists of a scanning tunneling microscopy probe/vacuum/chemisorbed Au nanodot/
cantilever. In the tunneling current-distance characteristics, a constant current of ef �where f is an
eigenfrequency of the cantilever �86 MHz�� is observed as a plateau over a distance of 0.35 nm; this
plateau is five times wider than that observed in the case of physisorbed Au nanodots. Coulomb
blockade electron shuttle devices with chemisorbed Au nanodots are one of the candidates for
current standard devices. © 2011 American Institute of Physics. �doi:10.1063/1.3525833�

I. INTRODUCTION

Nanomechanical Coulomb blockade electron shuttle de-
vices have attracted considerable attention owing to their
unique characteristics, and they can be potentially employed
in the field of nanoelectronics.1–12 In nanometer-sized
double-barrier tunneling structures, electron tunneling is re-
strained, and the number of electrons on Coulomb islands, n,
is quantized because of a Coulomb blockade �CB�. The po-
larity of electrons on a Coulomb island is highly dependent
on the ratio of the tunneling resistance between the Coulomb
island and the two reservoirs.13 Gorelik et al. proposed a
theory for electron transport due to mechanical oscillation of
the Coulomb island, i.e., the shuttle mechanism.1 They also
predicted the self-excitation of the Coulomb island oscilla-
tion at the eigenfrequency of the center of mass of the sys-
tem. This was attributed to the charging and discharging pro-
cess on the Coulomb island, which occurred on the
application of a dc voltage when the Coulomb island was
movable and the ratio of the tunneling resistance between the
Coulomb island and the two reservoirs was periodically in-
verted. When the Coulomb island shuttles, the probe tunnel-
ing current due to the electron shuttle is expressed as I
=gnef , where g is the prefactor, n is the average number of
electrons on Coulomb island, gn is the average number of
electrons transported in each cycle, e is the unit charge, and
f is the oscillation frequency of the Coulomb island. Under
the ideal condition discussed by Gorelik et al., i.e., n=1, an
electron and a hole are individually transported per cycle of
the Coulomb island oscillation, i.e., gn=2 and I=2ef .1

There are several trials for observing the tunneling cur-
rent due to the electron shuttle, I=ef , in the door-bell struc-
ture fabricated by the Si process on the application of an rf
signal.3,10 In these systems, the Coulomb island is oscillated
by the external rf signal. However, the tunneling current I
=ef has not been observed in these systems owing to the
high capacitance of the sample structures.

We have demonstrated the electron shuttle phenomena in
nanometer-sized double-barrier tunneling structures with a
scanning vibrating probe,13,14 and we have successfully ob-
served the nanomechanical Coulomb blockade electron
shuttle phenomena, I=2ef , in a cantilever-type Coulomb
blockade electron shuttle device; the experimental setup con-
sists of a scanning tunneling microscopy �STM� probe/
vacuum/octanethiol ��CH3�CH2�7SH;C8S��-protected Au
nanodots �C8S-Au nanodots�/Au–Ti-coated SiO2 cantilever/
vacuum/Si back electrode. The cantilever is oscillated by the
application of an rf signal having a frequency �f� of 86
MHz.15

In our previous study, the C8S-Au nanodots, i.e., the
Coulomb islands, were physically adsorbed on the Au–Ti-
coated SiO2 cantilever; however, they were not strongly an-
chored. It is well known that the electron tunneling phenom-
enon is highly dependent on the tunneling distance; for
instance, the tunneling probability is approximately ten times
greater when the tunneling distance is decreased by 0.1 nm
in vacuum and by 0.2 nm in alkanethiol molecules.26 Nano-
mechanical Coulomb blockade electron shuttle devices es-
sentially exhibit mechanical perturbations in their own driv-
ing mechanisms; hence, excessive mechanical oscillation
results in an excessive increment in the probability of the
tunneling and co-tunneling phenomena. These conditions are
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not suitable for observing the Coulomb blockade electron
shuttle phenomena. Therefore, a strong anchoring between
the Coulomb islands and the cantilever and fixed structures is
crucial to the observation of a stable tunneling current due to
the electron shuttle.

In this study, we demonstrate the individual transport of
electrons through chemisorbed Au nanodots in accordance
with the nanomechanical vibration of the Au nanodots, using
a setup that consists of an STM probe/vacuum/chemisorbed
Au nanodots/cantilever. We show the probe tunneling
current-distance characteristics whereby the quantized cur-
rent nef is observed on the application of an rf signal. We
also discuss the stability of these characteristics in the case of
nanomechanical Coulomb blockade electron shuttles with
chemisorbed Au nanodots, as compared to those with phys-
isorbed Au nanodots.

II. EXPERIMENTAL

The cantilever was fabricated on the Si substrate using
the same technique as that described in the previous report.15

A cantilever pattern �length L=5 �m; width w=2 �m� was
etched via electron beam lithography on the SiO2 �thickness
h=1 �m�/Si�100� �600 �m� substrate. After the formation
of the resist pattern, a 40-nm-thick Ni layer was evaporated
as a mask on the SiO2 substrate via fluorine reactive ion
etching �RIE�, and the cantilever pattern was transferred by
the lift-off process. The exposed SiO2 was etched via fluorine
RIE; next, the Ni mask was removed by using dilute nitric
acid. The Si layer was then wet-etched by employing a mix-
ture of KOH and isopropyl alcohol, thereby forming a free-
standing cantilever structure. Au �80 nm�/Ti �1.5 nm� was
evaporated on the substrate; then, annealing was carried out
at 598 K for 45 min in order to flatten the Au layer.16 The
cantilever eigenfrequency was evaluated by using the probe
tunneling current-frequency characteristics, as demonstrated
previously; it was found to be approximately 85.7 MHz.17

The Au–Ti-coated SiO2 cantilever was immersed in a 1
mM solution of C8S in ethanol for 12 h to form C8S self-
assembled monolayers �SAMs�. Immediately after the for-
mation of the C8S SAMs, the cantilever was immersed in a 5
mM solution of decanedithiol �HS�CH2�10SH;C10S2� in
ethanol for 7 h in order to partially substitute C10S2 for C8S.
It is important to note that if the SAMs are fabricated using
a C8S/C10S2 mixture solution and not by the sequential pro-
cedure described above, the C10S2 molecules lie such that
their axes are parallel to the surface.18 After the formation of
the C8S and C10S2 SAMs, the cantilever was immersed in a
0.5 mM solution of C8S-Au nanodots in chloroform for 7 h.
Part of the C8S molecules surrounding the Au cores were
substituted by the C10S2 molecules anchored on the cantile-
ver; therefore, the C8S-Au nanodots were anchored by
C10S2 molecules.19,20 Finally, the cantilever was rinsed in
chloroform in order to remove the physisorbed Au nanodots
from Au–Ti-coated SiO2 surface. As a result of these proce-
dures, the Au nanodots directly anchored on the Au–Ti-
coated SiO2 cantilever via C10S2 remain intact. Using a
transmission electron microscope image, the diameter of the
Au core was estimated as 3.4�0.4 nm.

Figure 1 shows the experimental setup of a cantilever-
type nanomechanical single-electron shuttle device; it con-
sists of a STM probe/vacuum/C8S protecting molecule/Au
core/C10S2 molecule/Au–Ti-coated SiO2 cantilever/
vacuum/Si back electrode. The three terminals, i.e., the STM
probe, Au–Ti-coated SiO2 cantilever, and Si back electrode,
were used for observing the probe tunneling current under
the resonant vibration of the cantilever. The cantilever was
oscillated by applying an rf signal �frequency: f� and a dc
substrate voltage Vsub to the Si back electrode. The probe
tunneling current between the STM probe and the Au–Ti-
coated SiO2 cantilever, I, was measured by varying the dis-
tance between the probe and the cantilever at the STM
sample voltage VS. The experiment was conducted using an
ultrahigh vacuum STM �JEOL, JSPM-4500XT�. In this pro-
cedure, the vacuum pressure was constantly maintained be-
low 3�10−8 Pa, and the measurements were carried out at
100 K.

III. RESULTS AND DISCUSSION

Figure 2 shows the I-VS characteristics in the double-
barrier tunneling structure consisting of the STM probe/
vacuum/C8S protecting molecule/Au core/C10S2 molecule/
Au–Ti-coated SiO2 cantilever, observed in the case of the
marked C8S-Au nanodot without cantilever oscillation; the
inset is an STM image of the nanodot. The Coulomb stair-
case is clearly observed. In this measurement, the dc voltage
applied to the Si back electrode, Vsub, was the same as VS so
that the cantilever was not bent by an electrostatic force be-
tween itself and the Si back electrode.

According to the orthodox theory for a two-junction sys-
tem, the tunneling processes across the junctions can be de-
rived from a basic “golden rule” calculation; therefore, the
theoretical I-VS curve can be obtained on the basis of the
following parameters. R1, the tunneling resistance between
the STM probe and the Au core; R2, the tunneling resistance
between the Au core and the Au–Ti-coated SiO2 cantilever;

Bias T

Vsub

VS

Cantilever

Si (back electrode)

A
86 MHz

f

FIG. 1. �Color online� Experimental setup of cantilever-type nanomechani-
cal Coulomb blockade electron shuttle, which consists of STM probe/
vacuum/C8S protecting molecule/Au core/C10S2 molecule/Au–Ti-coated
SiO2 cantilever. The cantilever is oscillated at the eigenfrequency of 86
MHz by the application of an rf signal and Vsub to the Si back electrode
below the cantilever. The amplitude of cantilever was 0.28 nm. The probe
tunneling current between the STM probe and the Au–Ti-coated SiO2 can-
tilever is measured by varying the distance between the probe and the can-
tilever at VS.
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C1, the capacitance between the STM probe and the Au core;
C2, the capacitance between the Au core and the Au–Ti-
coated SiO2 cantilever; and Q0, the fractional residual
charge.21–23 Figure 2 shows the theoretical curve with the
following parameters: R1=260 G�, R2=220 M�, C1

=0.17 aF, C2=0.44 aF, and Q0=0.05e C. The theoretical
curve is in good agreement with the experimental I−VS char-
acteristics in the voltage range of −1.2�VS�1.5 V; the
number of electrons on the C8S-Au nanodot, n, is evaluated
as shown in Fig. 2. The tunneling resistance between the Au
core and the Au–Ti-coated SiO2 cantilever is estimated as
R2=220 M�. This value is closer to the tunneling resistance
of C10S2 �630 M�� �Ref. 24� than to that of a C8S mol-
ecule, which is of the order of G�, as reported
previously.15,23,25–27 This result implies that the Au nanodots
are not physisorbed on the C8S molecules but chemisorbed
via the C10S2 molecules.

Figure 3 shows the experimentally determined relation-
ship between I and the d �i.e., distance between the probe
and the cantilever� on the application of an rf signal to the Si
back electrode of cantilever-type nanomechanical Coulomb
blockade electron shuttle devices with chemisorbed Au nan-
odots. The same sample and substrate voltages �VS=Vsub

=1.2 V� are applied, and the cantilever oscillates with an
amplitude of 0.28 nm and an eigenfrequency of 86.0 MHz
when a 6-dBm rf signal is applied to the Si back electrode.17

Before the measurements were carried out, the set-point
probe tunneling current was set to 5 pA. Then, the feedback
circuit was turned off and the probe approached the cantile-
ver. As can be seen in Fig. 3, a plateau is observed from 0.02
to 0.37 nm at a tunneling current ef of 13.8 pA. Despite the
set-point probe tunneling current being set to 5 pA, the initial
probe tunneling current increases to 13.8 pA; this value is
maintained over a distance of 0.35 nm. Similar plateaus are
also observed in the case of physisorbed Au nanodots �also
shown in Fig. 3�; however, the width of the plateau is 0.07
nm, i.e., approximately one fifth of that in the case of chemi-
sorbed Au nanodots. Several plateaus and kinks are ob-
served, at which the probe tunneling currents are integral
multiples of 2ef =27.6 pA. These phenomena were also ob-
served in the case of cantilever-type nanomechanical Cou-
lomb blockade electron shuttle devices with physisorbed Au
nanodots, as reported previously.15 Therefore, the plateau at
the tunneling current of 2ef corresponds to individual elec-
tron and hole transport per cycle of the Coulomb island os-
cillation, whereas the other plateaus at which the probe tun-
neling currents are integral multiples of 2ef correspond to
the single-electron shuttle phenomena due to the quantized
number of Au nanodots.

As discussed previously, the magnitude of the tunneling
current at plateaus is an integral multiple of nef; this corre-
sponds to single-electron shuttle transport due to the quan-
tized number of Au nanodots, and it causes the current paths
between the STM probe and Au–Ti-coated SiO2 cantilever to
be parallel.15 The physisorbed Au nanodots were embedded
in the Au–Ti-coated cantilever by employing the Langmuir–
Blodgett technique; therefore, a number of nanodots were
distributed in a close-packed manner. Hence, the number of
Au nanodots contributing to single-electron shuttle transport
increases when the change in distance is below 0.1 nm. On
the other hand, chemisorbed Au nanodots were chemically
anchored by C10S2, which partially exists on the Au–Ti-
coated cantilever; hence, the density of Au nanodots is about
30 nanodots per 100�100 nm2.19 Thus, the density of
chemisorbed Au nanodots is clearly less than that of phys-
isorbed Au nanodots. In this case, the number of Au nan-
odots contributing to single-electron shuttle transport re-
mains virtually unchanged because of their sparse density.
Consequently, as shown in Fig. 3, the plateau width in the
case of chemisorbed Au nanodots is 0.35 nm, i.e., five times
greater than that in the case of physisorbed Au nanodots.

In the tunneling current-distance characteristics for the
physisorbed Au nanodots �also shown in Fig. 3�, the set point
current �15 pA� was almost equal to ef =13.8 pA; hence, a
plateau was observed at the tunneling current of ef
=13.8 pA. However, a clear and stable plateau correspond-
ing to ef was not observed in the case of cantilever-type
nanomechanical Coulomb blockade electron shuttle devices
with physisorbed Au nanodots. In the case of physisorbed Au
nanodots, when the STM probe approaches the Au–Ti-coated
cantilever and contacts a terminal of C8S protecting mol-
ecules, R1 is ideally equal to R2 because both the tunneling
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FIG. 2. �Color online� Probe tunneling current-sample voltage characteris-
tics observed in the case of marked Au nanodot without rf signal. The
theoretical Coulomb staircase �solid line� is also shown. Tunneling current-
distance characteristics are observed at a sample voltage of VS=1.2 V
�shown by the vertical dashed line�. The inset is an STM image �40
�40 nm2� of Au nanodots on the Au–Ti-coated SiO2 cantilever.
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resistances are attributable to C8S molecules. Based on this
condition, the polarity of electrons on an Au core changes
periodically with the cantilever oscillation. Therefore, the
tunneling current due to the electron shuttle, 2ef , is ob-
served. In other words, electrons and holes are individually
transported per cycle of the cantilever oscillation. On the
other hand, in the case of chemisorbed Au nanodots, when
the STM probe approaches the Au–Ti-coated cantilever and
contacts a terminal of C8S protecting molecules, R1 is
greater than R2 because R1 and R2 are attributable to C8S
with a tunneling resistance of 3 G� and C10S2 with a tun-
neling resistance of 220 M�, respectively. Considering the
initial difference in the tunneling resistances and the ampli-
tude of the cantilever �0.28 nm�, it should be impossible to
invert the ratio of the tunneling resistance between an Au
core and the two reservoirs when the cantilever is oscillated
because of the initial difference between R1 and R2. Under
this condition, the polarity of electrons on an Au core does
not get inverted, and the number of electrons n periodically
changes from n=0 to �1, not n=1. Therefore, a stable pla-
teau is observed at a shuttle current of ef =13.8 pA, as
shown in Fig. 3.

In Fig. 3, the plateau is observed at a shuttle current ef
=13.8 pA in the range of d=0.02–0.37 nm; then the shuttle
current increases to 2ef =27.6 pA in the range of d
=0.37–0.45 nm. This result implies that the ratio of tunnel-
ing resistances, i.e., R1 /R2 is nearly one, and n periodically
changes from n=1 to �1 around d=0.37 nm. If the protect-
ing molecule of the Au core was only CS8 with a tunneling
resistance of 3 G�, the distance at which R1 /R2=1 would
correspond to that at which the STM probe contacts a termi-
nal of C8S protecting molecules. However, the protecting
molecule between the Au core and Au–Ti-coated cantilever
is C10S2 with a tunneling resistance of 220 M�; hence, the
distance at which R1 /R2=1 does not correspond to that at
which the STM probe contacts a terminal of C8S molecules.
Moreover, the STM probe should slightly penetrate into the
C8S protecting molecules because the tunneling resistance of
C8S is greater than that of C10S2. Note that in the case of
chemisorbed Au nanodots, the shuttle current 2ef due to in-
dividual electron and hole transport is observed in the range
of 0.45–0.37=0.08 nm, which nearly corresponds to the
range in which 2ef is observed in the case of physisorbed Au
nanodots, i.e., 0.07 nm.15 Under both these conditions, the
STM probe touches and sometimes penetrates into the C8S
protecting molecule. This physical contact disturbs the
sample conditions and might result in an unstable shuttle
current. Therefore, the shuttle current of 2ef is observed in a
relatively small distance of below 0.1 nm.

On the other hand, although the length of the C8S mol-
ecule �1.24 nm� is smaller than that of the C10S2 molecule
�1.59 nm�, the tunneling resistance of C8S is greater than
that of C10S2. Therefore, in the asymmetric structure of
STM probe/vacuum/C8S protecting molecule/Au core/
C10S2 molecule/cantilever, a condition of R1�R2 should be
maintained over a large range of d without touching the C8S
protecting molecule, as compared to the symmetric structure
of STM probe/vacuum/C8S protecting molecule/Au core/
C8S molecule/cantilever. Although the polarity of the elec-

trons on an Au core does not get inverted and individual
electron and hole transport is not observed, the stable shuttle
current ef is observed over a large distance of 0.35 nm be-
cause of this asymmetric and chemisorbed structure.

IV. CONCLUSIONS

We demonstrated individual electron transport through a
chemisorbed Au nanodot under nanomechanical vibration of
the Au nanodot on a cantilever; the experimental setup used
consists of a STM probe/vacuum/C8S protecting
molecule/Au core/C10S2 molecule/cantilever. In the probe
tunneling current-distance characteristics, a constant tunnel-
ing current ef due to the nanomechanical Coulomb blockade
electron shuttle was observed over a distance of 0.35 nm for
chemisorbed Au nanodots; this distance is five times greater
than that for physisorbed Au nanodots. From these results,
we conclude that Coulomb blockade electron shuttle devices
with chemisorbed Au nanodots are one of the candidates for
current standard devices.
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