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Nanomechanical shuttles transferring electrons from one electrode to another, in groups or individually, offer
a solution to the problem of controlled charge transport. We report the fabrication of shuttle junctions consist-
ing of a gold nanoparticle embedded within the gap between two gold electrodes and attached to them through
a monolayer of molecular “springs.” When a voltage bias is applied, the nanoparticle starts to oscillate,
transferring electrons from one electrode to the other. Measured /-V characteristics have been compared with

the results of computer simulations.
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In 1998, Gorelik et al.' proposed a mechanism of charge
transport based on shuttling of electrons by an oscillating
metallic nanoparticle mechanically coupled via elastic mol-
ecules to two nanoelectrodes [see Fig. 1(a)]. For low applied
voltages where the nanoparticle is stationary the device is
similar to a single-electron transistor (SET).? When a suffi-
cient voltage bias is applied to the electrodes the nanoparticle
starts to oscillate, transferring an electrical current /=2Nef
that is proportional to the vibration frequency f and the num-
ber of electrons N residing on the nanoparticle, which, in
turn, depends on the applied voltage and the size of the nano-
particle. One of the potential advantages of the shuttle junc-
tions is that, in contrast to SETS, only one tunneling barrier
is open at a time." This prevents simultaneous tunneling of
two electrons through the barriers (so-called cotunneling
effect’*), thus increasing accuracy of the single-electron
transport. Exploitation of the shuttle mechanism could poten-
tially lead to the development of a new generation of nano-
mechanical electronic devices, such as transistors, current
standards, very sensitive electrometers, sensors, logic gates,
and memories with ultralow power consumption and high
speed of operation.

Interest in electron shuttles and, more generally, in the
fundamental properties of electromechanical coupling in
nanostructures, initially generated by theoretical papers'~-
(see also Ref. 7 for a review) has grown tremendously over
the last few years®™!7 as experimentalists made the first at-
tempts at the practical realization of such devices. There
were reports about manufacturing of different nanoelectro-
mechanical systems (NEMS) using semiconductor fabrica-
tion technology. In these systems the charge transfer was
performed by a flexible semiconductor element such as a
silicon beam resonator,'® clamped GaAs beam,'® cantilever,?”
and silicon nanopillar.21 However, the functional elements of
all these devices are comparatively large (larger than 100
nm), work at a fixed frequency, and usually required an ad-
ditional ac driving voltage to set up oscillations of the flex-
ible element at its resonant frequency. Very elegant experi-
ments have been performed by Park et al.*> who measured
electron transport through a molecule of Cg, that was trapped
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between two electrodes during the electromigration process.
However, as Cgy molecules are only ~1 nm in diameter, it
was impossible to take an image of the molecule inside the
nanogap and thus to confirm that the current was indeed
transported through a Cg, molecule. There are many other
electromechanical nanosystems that are currently the subject
of intense study by theoreticians and are awaiting practical
realizations. These include shuttling of superconducting
Cooper pairs>?>?* and spin-polarized electrons.? In the latter
case giant magnetotransmittance effects are predicted.?

In the present work, we describe the fabrication and prop-
erties of metallic electromechanical nanoshuttles consisting
of a 20 nm gold nanoparticle embedded in the gap between
two electrodes and attached to them through a monolayer of
flexible organic molecules. We have found that the geometry
of shuttle junctions suggested by Gorelik et al.' [Fig. 1(a)] is
very inconvenient from the point of view of fabrication as it

a) == Q=- Ne
\"/74 -2

FIG. 1. (Color online) (a) Theoretical model of an idealized
shuttle junction and illustration of the shuttling process (Ref. 1) and
(b) experimental realization of the shuttle junction. The device con-
sists of a 20 nm gold nanoparticle attached to two gold electrodes
through monolayers of octanedithiol molecules serving as springs.
The inset in Fig. (b) shows how the nanoparticle is attached to the
electrode through a monolayer of elastic molecules; due to the cur-
vature of the particle and electrode, some molecules are over-
stretched within the gap.
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FIG. 2. (Color online) Assembly of shuttle junctions. (a) A
pseudo-three-dimensional (3D) atomic force microscope (AFM)
image of electrodes used for fabrication of a shuttle junction; (b)
and (c) images of fabricated shuttle junctions; and (d) sequence of
AFM images taken during manipulation of a 20 nm nanoparticle
into the gap between two electrodes. Scale bars are (a) 100 and
(b)—(d) 200 nm.

requires a high-precision matching between the size of the
gap and the shuttle diameter. To reduce requirements to ac-
curacy of fabrication we have elaborated a structure which is
depicted schematically in Fig. 1(b). We fabricated the nano-
electrodes with rounded edges so that small variations in the
nanoparticle diameter are less critical than in Fig. 1(a).

Shuttle-junction devices were formed on the top of a sili-
con wafer coated with a ~1 um SiO, layer. Planar 30-nm-
thick gold nanoelectrodes separated by a gap of 10-20 nm
were fabricated using electron-beam lithography followed by
lift-off. When parameters of exposure, metal deposition, and
the lift-off process are optimized, this technique gives
smooth electrodes with rounded edges required for the de-
sign shown in Fig. 1(b). Figure 2(a) shows an example of
nanoelectrodes used for fabrication of our shuttle junctions.
All images were taken using a VEECO Multimode Illa
atomic force microscope and WSxM software®’ used for mak-
ing pseudo-3D AFM images.

To assemble shuttle junctions, we initially covered the
nanoelectrodes with a monolayer of 1,8-octanedithiol, which
have a length of approximately 1.2 nm. Then nominal 20-
nm-diameter gold nanoparticles (G1652 Sigma-Aldrich)
were adsorbed by immersion of the electrode assembly into
aqueous gold sol. An AFM image of the area around the
nanogap was taken, and one of the nanoparticles was ma-
nipulated into the gap using the AFM tip. Figure 2(d) shows
a sequence of AFM images obtained during such a manipu-
lation. Figures 2(b) and 2(c) show AFM images of some of
the shuttle junctions. Current-voltage characteristics of the
fabricated devices were measured at room temperature in a
shielded dry box to protect samples from moisture and to
decrease electromagnetic noise.

Figure 3 shows experimental /-V curves for some fabri-
cated shuttle junctions. The experimental I-V curves show an
abrupt rise in the current that can be attributed to the onset of
shuttle oscillations. However, this happens at significantly
higher voltages than predicted (0.16 V) by the theory.' The
discrepancy is probably related to the fact that in the theo-
retical model the nanoparticle is connected to the electrodes
via two elastic molecules (one on each side). In our devices
the nanoparticle is attached through a monolayer of mol-
ecules. As the gap between the spherical nanoparticle and an
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FIG. 3. Experimental (symbols) and simulated (dotted and
dashed lines) current-voltage characteristics for shuttle junctions
fabricated in the present work. The dotted line corresponds to os-
cillations in the case of zero pinning and the dashed lines to the case
of finite pinning in the system (see text). Insets show the shuttle
displacement as a function of time for two points, one of which is
below and the other is above the transition into the shuttling regime.
The leakage current through a monolayer of octanedithiol mol-
ecules is shown by dashed-dotted line.

electrode is nonuniform then some molecules should be
overstretched [see inset in Fig. 1(b)]. This would result in
“locking” of the nanoparticle at a particular position within
the gap so that the nanoparticle is stationary at low voltages.
At higher voltages a significant electrostatic force arises that
allows the nanoparticle to break bonds with the overstretched
molecules and start to oscillate.”® As further experimental
proof of this picture, we observed hysteresis of the I-V
curves when increasing and then decreasing the applied volt-
age (inset in Fig. 4). There might be also some other reasons
for the restriction of motion of the nanoparticle. For ex-
ample, as shown in Ref. 9, van der Waals forces may
strongly pin the nanoparticle, thus resulting in a strong in-
crease in the shuttling onset and the appearance of hysteresis.

To simulate effects which might restrict the motion of the
particle, we have added a pinning potential to the theoretical
model! and found that the simulated I-V curves (dashed lines
in Fig. 3) give much better fit to our experimental results
than without pinning (dotted line in Fig. 3). For simulations
of the nanoparticle dynamics we used the model proposed in
Refs. 1 and 29, with the addition of a potential U:
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FIG. 4. To prove that current does flow through the nanoparticle
in the shuttling regime (curve 1) we removed the nanoparticle from
the gap using the AFM tip. This resulted in a drop in the current
through the device of several orders of magnitude (curve 2). Inset
shows the hysteretic behavior of /-V curves obtained for a working
shuttle junction in regimes of increasing and decreasing applied
voltage.
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ad’x/ df* +dx/ dt+ wix=nu+4n’x—U'. Here the first term de-
scribes the particle inertia with dimensionless mass «, the
second term is related to the viscous force, and the third term
is assomated with the elastic force having the dimensionless
rigidity wo The right-hand side describes both the electro-
static force acting on the nanoparticle carrying n electrons
(where the dimensionless voltage u is normalized by the
Coulomb blockade threshold V) and the pinning force which
is described by the dimensionless potential U with the prime
denoting a spatial derivative. We used the simplest parabolic
potential; i.e., U'=F.x/d for |x| <d and 0 otherwise. Here,
F. is the maximum pinning force and d is the size of the
pinning trap. The position of the particle x (the central posi-
tion corresponds to x=0) is normalized by 2L where L
~1 nm is the size of the gap between particle and an elec-
trode, while time ¢ is normalized by a characteristic time 7,
which is determined by v1scosny Electron tunneling is de-
termined by the probabilities P; 1x to jump from either the left
(L) or right (R) junction toward either the rlght (+) or the left
(-) durmg time Ar P[R—AIAGLR/{e R; R[l exp
(-AG; r/E7)]}, where AGL  is the decrease in the free en-
ergy in the system as an electron tunnels; tunneling resis-
tance RiR obeys exponential law  R;(x)=Rg(—x)
=R, exp(xL/\) with a constant R, (which was taken 1
TOhm) and the tunneling length X is less or about 0.5 A,
and E;=kpgT is the thermal energy with 7=300 K. It is im-
portant to stress that the energy change AGL r depends on
the particle position as AGLR—O 5eV.(1-4x?)[£2jn+u/
(1+2jx)] with j=*+1 for (R/ L) indices. At first glance, these
equations contain many adjustable parameters. However, we
can estimate most of them. Indeed, V.. is fixed by the capaci-
tance of the shuttle and is about 0.16 V. Parameter « is de-
termined by the shuttle mass M=8X10"% kg: «
=L’M/eV tt=3/1} if 1, measured in nanoseconds. As mea-
sured in Ref. 30, the elastic constant for one molecule is
about 5X 107 N/m. Assuming that shuttle is linked by ten
molecules we estimate the elastic constant K as 5
X 1072 N/m, resulting in wy=(KL*/eV,)"?=1.4. So we
have only three fitting parameters F., d, and t, which are
determined by pinning and viscosity, respectively.

Damping (or equally 7,) can be readily extracted from the
slope of the I-V curves at large enough voltages (V>V,). We
found #,=2000 ns for all three experimental curves. Note
that damping only slightly affects the threshold value (see,
e.g., Fig. 3 in Ref. 9) and cannot be responsible for the high-
voltage thresholds found in our experiments. This is clearly
seen in Fig. 3 where two fitting curves with and without
pinning (all other parameters are the same) are shown for the
top experimental /-V dependence. Unfortunately, we could
not find a way to determine the pinning profile from experi-
ments. The specific shape of the electrodes does not allow
association of this pinning with, say, image charges studied
in Ref. 9. Therefore, we decided to use a pointlike pinning to
minimize the number of adjustable parameters. Fitting the
onset of shuttling, we obtained (F.,d)=(150,1073),(95,4
X 1073),(130,4 X 107%) for Fig. 4 (top, middle, and bottom
dashed curves, respectively, also compare with zero pinning
curve shown by dotted line). Note that we also tried to vary
the location of the pinning center and found that this results
in a rescaling of (F.,d). For simplicity, we assumed that the
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pinning center is located in the middle of the sample.

At low voltages, the shuttle is in the locked state and the
electrical current through the device is due to sequential tun-
neling of electrons from the source electrode to the nanopar-
ticle and then to the drain electrode. The shuttle junction in
this regime is similar to a double tunnel junction. As the
voltage is increased the electrostatic force applied to the
nanoparticle will grow, first, because more electrons will re-
side on the nanoparticle and, second, because larger electric
field will be applied to it. Eventually a voltage will be
reached where the nanoparticle can escape its locked position
and start to vibrate.*!

The amplitude of vibrations will increase until a balance
is achieved between dissipated and adsorbed energies. The
number of electrons transferred in one cycle will depend on
the capacitance, C, of the shuttle, its vibration frequency, and
applied voltage, V. Transition to the shuttling regime mani-
fests itself as a sudden increase in the transmitted current.

A comparison of the experimental and simulated I-V
curves enabled us to estimate several important parameters
of our shuttle devices. Naively, the maximum number of
electrons carried by a nanoshuttle is determined by the con-
dition N,,,,=[CV/e+0.5].! For larger N, the addition of an
extra electron becomes energetically unfavorable. For our
gold spherical particles with radius R=10 nm, we estimate
self-capacitance as C=4meoR~10"'® F, which provides
Npax of about 20 electrons for the applied voltage of ~3 V.
However, if damping is strong then the shuttle may carry
fewer electrons as it will not be able to approach an electrode
close enough to get the maximum load. The actual number of
electrons sitting on the nanoshuttle will fluctuate within a
certain range (N—AN,N+AN) thus producing fluctuations in
the average electrostatic force applied to the particle. The
shuttle starts to oscillate as soon as the electrostatic force for
N+AN electrons exceeds the pinning force. However, the
nanoparticle can get stuck if the occupation number reduces
(e.g., N=AN) due to fluctuations. This sticking may be due
to the factors mentioned above, such as the van der Waals
force or due to rebinding of “overstretched” molecules to the
electrodes or nanoparticle. Such events produce occasional
breaks in shuttling and the associated sudden steps in the I-V
curves, which are clearly seen in both experimental and
simulated curves. Three simulation curves which were ob-
tained for slightly different values of the pinning force and
the size of the pinning trap are presented in Fig. 3. As can be
seen, these small variations in the pinning parameters have
significant effect on the shape of the /-V curves and the num-
ber of the steps observed. Two insets in Fig. 3 show shuttle
displacement as a function of time at points below and above
the depinning threshold, at V=3 V, for one of the simulated
I-V curves. Below the threshold, the nanoparticle is making
rare attempts to oscillate when the fluctuating number of
electrons accumulated on the particle becomes large enough.
However, it becomes retrapped again as soon as the number
of electrons sitting on it fluctuates to a lower value. This
process, a “precursor’ to the depinning, produces a small
current below 3 V. Above the threshold the nanoparticle os-
cillates but the oscillations are quite irregular and, impor-
tantly, the amplitude of displacement of the nanoparticle var-
ies significantly. The nanoparticle rarely approaches the
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electrodes closely enough to gain the maximum charge
(Npax=20 for 3 V), and on average it carries only four to
seven electrons.

Finally, in order to prove that the measured current in our
experiments was transferred through the nanoparticle rather
than being caused by leakage, we have performed several
tests. First of all, we checked that octanedithiols have a high
leakage resistance. It is known that results obtained for con-
ductance of organic monolayers strongly depend on geom-
etry of the probes and environment.?>* So we tried to keep
these parameters the same as in our studies of shuttle junc-
tions and prepared test samples by depositing from solution
20 nm gold nanoparticles on an Au (111) surface, prelimi-
nary coated with a monolayer of octanedithiols. Then, using
the tip of a scanning tunneling microscope, we applied volt-
age between individual nanoparticles and the Au (111) sur-
face and measured current through the layer of molecules.
The observed currents did not exceed 0.25 nA at 5 V (dash-
dotted line in Fig. 3), which is much smaller than the current
transferred by shuttles. We also compared characteristics of
a working shuttle device (curve 1 in Fig. 4) with the same
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device but from which we carefully removed the nanopar-
ticles (curve 2 in Fig. 4). After the nanoparticle was re-
moved, current through the device dropped to the level of
noise.

In conclusion, we fabricated shuttle junctions consisting
of a 20 nm gold nanoparticle attached to two electrodes
through a monolayer of flexible organic molecules. Mea-
sured current-voltage characteristics have been compared
with results of computer simulations and found to be in cor-
respondence with the shuttling mechanism of charge trans-
port.
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