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Single Electron on a Nanodot in a Double-Barrier Tunneling Structure Observed
by Noncontact Atomic-Force Spectroscopy
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A single electron has been observed on a nanodot in a double-barrier tunneling structure by noncontact
atomic-force microscopy at fixed separation. Frequency shift-voltage dependence of an Au-coated
cantilever/vacuum/1-decanethiol protected Au nanodot/1-octanethiol self-assembled monolayer/Au sub-
strate structure deviates from the theoretical parabolic curve, which is attributed to the change in the
number of quantized electrons on the Au nanodot caused by the Coulomb blockade phenomena.
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Nanomechanical single-electron devices have attracted
considerable attention due to their interesting phenomena
and are expected to function as novel devices in the field of
nanoelectronics [1-8]. In nanometer-sized double-barrier
tunneling structures, electron tunneling is restrained and a
number of electrons on Coulomb islands are quantized due
to Coulomb blockade (CB) phenomena. It should be noted
that the polarity of the number of electrons on a Coulomb
island strongly depends on the ratio of the tunneling resist-
ance between the Coulomb island and two reservoirs
[9,10]. In these double-barrier tunneling structures, elec-
tron transport can be modulated when soft organic links
that enable Coulomb islands to vibrate are introduced as
tunneling barriers [1].

For better understanding the operation of nanomechan-
ical single-electron devices, the observation of a single
electron on a nanodot in a double-barrier tunneling struc-
ture is important. We have developed a simultaneous mea-
surement system based on scanning tunneling microscopy
to measure the displacement current and tunneling current;
a scanning vibrating probe is used in this system [11-14].
By using this system, we have observed the motion of
electrons on Coulomb islands by measuring the displace-
ment current staircase using an electrical method [9,10,15].
Further, several methods for measuring the electrostatic
force by atomic-force microscopy (AFM) have been pro-
posed in order to study charges on a sample surface [16—
18]. Atomic-force spectroscopy (AFS) is a highly sensitive
technique for detecting the electrostatic force; this tech-
nique employs the frequency modulation (FM) detection
method of noncontact AFM (nc-AFM) in ultrahigh vacuum
(UHV) [19,20].

In this Letter, we measure the cantilever frequency shift
(Af)-sample voltage (Vg) characteristic in a double-barrier
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tunneling structure that consists of an Au-coated
cantilever/vacuum/1-decanethiol [CH;(CH,)qSH, C10S]
protected Au nanodot (C10S-Au nanodot)/1-octanethiol
[CH;(CH,),SH, C8S] self-assembled monolayer (SAM)/
Au substrate. We demonstrate and discuss single-electron
counting on a C10S-Au nanodot caused by the CB
phenomena.

The sample that comprises C10S-Au nanodots on an Au
substrate is fabricated as follows. The Au substrate is
prepared by a vacuum evaporation method onto cleaved
mica. Before the evaporation, mica is heated at 673 K for
1 h. The postanneal is fabricated at 623 K for 8 h to form an
atomically flat Au(111) surface. The Au substrate is then
immersed in a solution of C8S in ethanol for 48 h to form a
SAM. C10S-Au nanodots are spread on C8S SAM by
adding a solution of C10S-Au nanodots to toluene. The
diameter of the Au core is estimated to be 3.3 = 0.6 nm
from the transmission electron microscope image [21]. The
typical cantilever resonant frequency and tip radius are
315 kHz and 50 nm, respectively.

Figure 1 shows the experimental setup based on UHV
nc-AFM for measuring the frequency shift A f-sample
voltage Vg characteristic. When an electron tunnels on
the Au core of a nanodot, the number of electrons on the
nanodot varies; this results in the addition of an electro-
static force on the cantilever. The electrostatic force thus
applied Vg is measured from the Af-Vg characteristic.
Throughout the experiment, the vacuum pressure is main-
tained below 3 X 10~8 Pa and the measurements are car-
ried out at 100 K.

Figure 2 shows the typical series of Af-Vg measure-
ments of the C8S SAM/Au (111) sample without C10S-Au
nanodots; these measurements were carried out in the
voltage range of —1 to 1 V by changing the z-axis position
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FIG. 1. Experimental setup of atomic-force spectroscopy.
Equivalent circuit is also shown. C; and R; denote the capaci-
tance and tunneling resistance between the Au cantilever and Au
core, respectively, and C, and R, denote the capacitance and
tunneling resistance between the Au core and Au substrate,
respectively. Cy is the capacitance between the Au cantilever
and Au substrate. Laser diode, photodiodes, autogain controller,
and phase lock loop are denoted as LD, PD, AGC, and PLL,
respectively.
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of the cantilever in steps of 1 nm successively. As shown
in Fig. 2, the Af-Vg characteristics become parabolic
curves and have a peak at a voltage of 0.50 V, which
corresponds to the contact potential difference V.
During the measurement, the separation and the amplitude
are maintained within *0.05 nm and at 5.00 =
0.01 nm,,_,, respectively.

An nc-AFM image of C10S-Au nanodots on the sample
is shown in the inset of Fig. 3. From this image, their
diameter is estimated to be 7 nm. Since the length of
C10S and the diameter of the core are 1.7 nm and 3.3 =
0.6 nm [21,22], respectively, the typical diameter of the
C10S-Au nanodot should be approximately 6.5 nm. This
diameter of 6.5 nm agrees with the diameter of the ob-
served C10S-Au nanodots in the nc-AFM image. The
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FIG. 2. Af-Vg dependence on C8S SAM without C10-Au

nanodot, obtained by changing the z-axis position of the canti-
lever.

density of C10S-Au nanodots was
560 um~2.

Figure 3(a) shows the A f-Vg characteristic of the C10S-
Au nanodot at the crossing point in the AFM image in the
voltage range of —1 to 1 V. In Fig. 3(a), the Af-Vy
dependence resembles a parabolic curve. Vy is evaluated
as 0.17 V from the peak voltage in the A f-Vg character-
istic. Because of the electrostatic force of attraction be-
tween the Au cantilever and Au substrate, A f decreases as
Vs becomes different from V4. During the measurement,
the average cantilever position and the cantilever oscilla-
tion amplitude are maintained at less than 0.04 nm and
3.62 = 0.01 nmy_,, respectively. It is noteworthy that two
kinks are clearly observed at Vg of —0.62 and 0.70 V. The
tunneling current is not observed within the current level of
*200 fA, as shown in Fig. 3(b).

The free energy consists of the electrostatic charging
energy, and the work done by the voltage source, U, can be
expressed as [20]

_ qZ _ Cl Vq—ClCZVZ—@
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approximately

Vi

where V is the voltage of (Vg — V,), g is the charge
residing in the Au core, Cy is the sum of the tip-Au core
C, and the Au core-substrate C, capacitances, and Cj, is the
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FIG. 3 (color online). (a) Experimental A f-Vg characteristic of
a double-barrier tunneling structure (solid line). The dashed line
shows the theoretical parabolic curve calculated by using the
least-square method in the voltage range of —0.15 < Vg <
0.15 V. (b) Tunneling current-sample voltage characteristic.
Inset: nc-AFM image of the sample (60 X 60 nm?). Af-V mea-
surement is performed on top of the single C10S-Au dot in-
dicated in this image.
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cantilever-substrate capacitance. The electrostatic force
acting on the tip, F, is given by differentiating U with

respect to the vertical position z (F = —dU/dz), as fol-
lows:
1 GCI q2 C%‘/2 1 GCO
== —|=—-GCVqg+ +-—V2 (2
CZEBZ[Z v 2}281 @

The first term is derived from the charge in the Au core
and its image charge on the tip; however, it is negligibly
small under the experimental conditions [20]. The second
term is derived from the charge in the Au core and the
polarized charge on the tip. The third and fourth terms are
derived from the polarized charges of the tip substrate and
cantilever substrate, respectively; these terms have para-
bolic characteristics.

Since the cantilever oscillates at the resonant frequency
fo, the position z can be expressed as z = dy + Ag[1 +
cos(27f1)], where d,, is the least distance between the Au
cantilever and Au substrate, A is the cantilever oscillation
amplitude, and f is cantilever vibrating frequency. The
frequency shift Af ( = f, — f) is given by the following
equation according to the first-order perturbation theory
[23]:

2 (s

Af = — Jo [ g, cos(2mrfob)dt, 3)
kAO 0

where k is the Au cantilever spring constant. Af is ex-

pressed as

Af = Afl + AfCB’ (4)

where Af| is the frequency shift caused by the sum of the
third and fourth terms and Afcp is the frequency shift
caused by the second term in Eq. (2). Since the third and
fourth terms are proportional to (Vg — V4)? in Eq. (2), Af;
tends to be proportional to (Vg — V,)2. Therefore, A fcp is
calculated by subtracting A f| from A f and is expressed as
Afcg = Af — a(Vg — V). In the Coulomb gap, it is
noted that A -z becomes zero because ¢ = 0. Therefore,
the parameter « can be evaluated by fitting the theoretical
term of (Vg — V,)? into the measurement curve of A f-Vg
characteristic within the Coulomb gap.

Figures 4(a) and 4(b) show the normalized capacitance
C/4mer and differentiation of C/41rer with respect to the
dependence of the normalized position (z/r) observed in
the mirror image of a point-charge model of a charged
sphere (radius r) at the distance x below the conducting
plate [24]. It should be noted that the capacitance C is
proportional to 4mer, which is equal to the capacitance of
the sphere with radius 7 in free space. By assuming a radius
of 1.7 nm, a separation of 1.7 nm, and the relative permit-
tivity of C10S as 2.6 [25,26], the minimum Coulomb step
width A = e¢/C; becomes 0.25 V.

Single-electron charging in an individual InAs quantum
dot has been demonstrated by Stomp et al. [20]. Based on
experimental Af-Vg characteristics, they evaluated the
voltage width between two kinks as 3A. In Fig. 3(a), the
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FIG. 4. (a) Normalized capacitance C/4mer  and

(b) differentiation of C/4mer with respect to the dependence
of the normalized position (z/r) in the mirror image point-charge
model of a charged sphere (radius r) at distance x below the
conducting plate.

voltage width between the two kinks is 1.32 V. By consid-
ering the theoretical minimum Coulomb step width of
0.25 V, a voltage step width of 1.32 V should be attributed
to 3A. The theoretical parabolic curve is calculated by
using the least-square method in the voltage range of
—0.15 < Vg <0.15 V, which is almost equal to the theo-
retical minimum Coulomb step width (broken line in
Fig. 3(a)]. Further, o and V, are obtained as —88 Hz/V?
and 0.24 V, respectively.

Figure 5(a) shows the experimental Afcg-Vg curve.
Since an attractive force is applied on the Au cantilever
in the voltage ranges of approximately Vg < —0.2 V and
Vs > 0.3 V, the polarity of the number of electrons on the
Au core is opposite to that of the charge on the Au
cantilever. This indicates that the tunneling resistance be-
tween the Au cantilever and Au core (R;) is greater than
that between the latter and the Au substrate (R,) [9,10].
According to the full orthodox theory for a two-junction
system, the tunneling processes across the junctions can be
derived from a basic golden rule calculation. Hence, the
average number of electrons on the Au core, n(Vg) [ =
g/ e, where e is the unit charge (e > 0)], can be calculated
by assuming the following parameters: R, Cy, R,, C,, and
the fractional residual charge Q [24,27,28]. Assuming that
3A = 1.32 V, C, becomes 0.36 aF. The theoretical n(Vs)
curve as shown in Fig. 5(b) is obtained using the following
parameter values: R;/R, =50, C, =036 aF, C, =
0.34 aF, and Q, = —0.092¢. In Fig. 5(a), the theoretical
electrostatic force Fcg due to the charge in the Au core and
the polarized charge on the tip is also shown; here it is
assumed that (0C/dz)/(4me) = 0.12 (z/r = 1.5). It is
evident that the theoretical Fg agrees well with the ex-
perimental Afcg-Vg curve. Consequently, the Afcg-Vg
dependence can be attributed to CB phenomena. The frac-
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FIG. 5 (color online). (a) Frequency shift caused by the CB
(A fcp)-Vs curve (solid line). Theoretical electrostatic force Feg
from the charge in the Au core and the polarized charge on the
tip by assuming (0C/dz)/(4me) = 0.12 (z/r = 1.5) (dashed
line). (b) Theoretical n(Vg) curve obtained for parameter values
of RI/R2 = 50, Cl = 0.36 aF, C2 =0.34 aF, and QO =
—0.092e.

tional charge O, of —0.092¢ is attributed to the 40 mV
shift of the Coulomb staircase. It is noted that the voltage
shift of the Coulomb staircase is independent of V; this is
because V4 is estimated as 0.24 V.

In conclusion, Af-Vg characteristics have been mea-
sured in a double-barrier tunneling structure that con-
sists of an Au-coated cantilever/vacuum/1-decanethiol pro-
tected Au nanodot (C10S-Au nanodot)/1-octanethiol self-
assembled monolayer (SAM)/Au substrate. Further, the
charging of a single electron on a colloidal Au nanodot
due to Coulomb blockade phenomena has been observed
by the AFS technique. This study is significant for the
development of nanomechanical single-electron devices
such as electron shuttle devices with self-excitation by
using a colloidal nanodot.
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