Electrostatic trapping of single conducting nanoparticles
between nanoelectrodes
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For molecular electronics, one needs the ability to electrically address a single conducting molecule.
We report on the fabrication of stable Pt electrodes with a spacing down to 4 nm and demonstrate
a new deposition technique, i.e., electrostatic trapping, which can be used to bridge the electrodes
in a controlled way with asingle conducting nanoparticle such as a conjugated or metal—cluster
molecule. In electrostatic trapping, nanoparticles are polarized by an applied electric field and are
attracted to the gap between the electrodes where the field is maximum. The feasibility of
electrostatic trapping is demonstrated for Pd colloids. Transport measurements on a single Pd
nanoparticle show single electron tunneling coexisting with tunnel-barrier suppressid99®
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Electrical transport through mesoscopic conductors haslose to the electrodes. Upon applying a volt@geone will
been a major research area in the past detadew the polarize conducting particles in the vicinity of the electrodes.
focus is starting to shift from artificially fabricated structures Due to the field gradient near the nm-size gap the polarized
that have a minimum size set by the limits of lithographyparticles will be attracted to the region between the elec-
techniques to “natural” nm-size objects such as clusters antrodes, in the same way as any dipole is attracted to the field
molecules~° A variety of ultrasmall and ultrafast electronic maximum. The negatively charged side of the particle will
devices has been envisioned on the basis of single condudie attached to the positive electrode and the positive side to
ing molecules’ Electron transport through molecular wires the negative electrode. As a result the electrodes will be
may involve novel phenomena that have no counterpart ilpridged with a particle if the distance between them is
inorganic structure$.The pivotal difficulty in such molecu- smaller than the particle size. The spacing between elec-
lar electronics is to attach electrical contacts specifically tdrodes can be reduced down to 4 risee below A self-
single molecules. Typical dimensions:6 nm) of rigid con-  limiting system which traps only singleparticle rather than
jugated oligomersor well-defined metal clustetsare well a few is possible. For this one needs to include a high resistor
below the resolution limits of electron-beam lithography (Rs) in series with the electrodes. After trapping a single
(~20 nm). There have, therefore, been few experiments oRarticle a current will flow between the electrodesRlf is
single nanoparticles reported to date. Recently, a few agufficiently high, the main part of the voltage will then drop
tempts have addressed the experimental goal of obtaining 370SS the resistor. Therefore the electric fie!d in the gap will
single conducting nanoparticle between two stable elecP® Strongly reduced, which prevents trapping of a second
trodes. Ralplet al. used a vertical electrode layout to mea- Particle. o o _
sure on nm-size Al grainsKlein and McEuen used planar _ 1he sample layout is illustrated in Fig. 1. Adm SiG,
electrodes that were bridged with metal colloid particles usfllM is thermally grown on a Si wafer. A 60 nm low-stress
ing the self-assembling properties of dithiol molecifes.
Break junctions have been used to measure transport through

conjugated benzene-1,4-dithiol moleculds. these first ex- ,&O_n;nv 60 nm
periments deposition of the nanoparticles was poorly con- e

/’ 2
trolled. Typically, many particles were randomly deposited
with the hope of obtaining a favorable configuration.

Here we develop a new technique, viz., electrostatic
trapping (ET), that allows for controlled deposition of a
single nanoparticle between two metal electrodes. This is
corroborated by transport experiments on a single Pd nanoc-
rystal at 4.2 K. The ET method is based on the attraction of
polarized particles to the point of the strongest electric field
(Fig. 1. If the electrodes are immersed into a liquid solvent,
the dissolved particlenolecules, metal clustersan diffuse

Si wafer

FIG. 1. Schematic representation of the sample. Pt denotes two free-
standing Pt electrode&@ashed region A ligand-stabilized Pd cluster is

@Electronic mail: bezryadi@qt.tn.tudelft.nl polarized by the applied voltage and attracted to the gap between the Pt
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FIG. 2. SEM images of the gap between two Pt electrodes lying on SiN
free-standing “fingers”(cf. Fig. 1). By additional sputtering of Pt on top of
the electrodes, the distance between them is reduced from 25 (e o

15 nm in(b), and to 4 nm in(c). Note that the sputtered Pt film has a very
smooth edge even at the nm scale.

SiN film is deposited on top. Electron-beam lithography with
PMMA and reactive ion etchingvith CHF;) is used to open
a long (~1 mm) narrow (~100 nm) slit in the SiN film with
a local constriction with 20 nm spacing. Si@3 underetched
in HF, which results in two free-standing SiN “fingers” at
the constriction; these fingers are separated by a gap of only
20 nm. Next we sputter through a shadow mask a
~20-um-wide strip of Pt(usually tens of nm thickacross
the slit onto the fingers. As a result we get two metal elec-
trodes separated by a gap 920 nm which can be reduced
down to 4 nm or less by sputtering additional layers of Pt as
shown in Fig. 2. All images are obtained with a Hitachi
S-900 scanning electron microscof®EM). During Pt depo-
sition the fingers become thicker in all directions and accord-
ingly the spacing between them slowly decreases. A few
steps of imaging and subsequent sputtering are usually nec-
essary to tune the gap down to few nanometers. Note that
this approach enables for the first time the fabrication of
stable metal electrodes separated by a distance that is smaller
than the length of existing conducting moleculéRhe resis-  FIG. 3. (a) Pt electrodegwhite) separated by a 14 nm gap(b) After ET,
tance between such electrodes is very l‘(lgh.OlS O ata5 the same electrodes are bridged by a singlé’ nm Pd particle(c) Another
V bias at room temperature example where three Pd colloids are trapped acros2@nm gap.

To test the ET principle we have studied Pd colldids.
These~20 nm metal particles are covered with a monolayertween the electrodes withouwith) the trapped particle.
of ligands (HN-CgH,—SO)Na-) which prevents coales- Since in our cas€,>Cgy ande/C,~0.15 V (see below; we
cence and makes the particles solvable in water. ET is caebtainWw(CpVZ)/2~3 eV atvV=1V. This is two orders of
ried out by putting a drop of water with solved particles onmagnitude higher than the thermal energy at room tempera-
the electrodes, and applying a voltage of 4.5 V for a fewture (kgT~0.03 eV).
seconds(with R¢=100 M()). Then we reduce the voltage The single Pd particle junctions produced by ET were
and dry the sample with a Ngas flow. After the ET the sufficiently stable to allow the study of their transport prop-
sample resistance is usually reduced by two or three ordeesties. The low-temperature transport involves single elec-
of magnitude, bubnly if there are particles in the water and tron tunneling, as expected for the double-barrier system
if a voltage was applied. SEM shows that a single or a fewformed by the Pd cluster separated from the two leads by
nanoparticles reproducibly bridge the electrodes after ETligand barriers. Typical current—voltagé~V) curves mea-
Figure 3a shows two Pt electrodes with a gapsfl4 nm  sured on a sample similar to Figl3 are shown in Fig. 4. At
before the ET. In Fig. @) one can see the same electrodesT=4.2 K the most pronounced feature is the Coulomb gap.
after the ET. ET has resulted in the deposition of a singleThe gap voltage i¥.~55 mV. This is one order of magni-
~17 nm Pd particle that touches both electrodes. The nuntude higher than is usually observed in artificial double-
ber of trapped particles is determined by the gap size. Abarrier systems. AV <V, current is blocked because of the
example where the distance between the Pt fingers low capacitance €s) of the Pd cluster which leads to the
(~26 nm) was larger than the particle size is shown in Fighigh charging energi.=e?/2Cy that is required for putting
3(c). As a result three particles are bridging the electrodesan extra electron on the nanoparticle. A rough estimate for
The electrostatic trapping energy can be estimatedVas Cy is given by the self-capacitanc€s=4megr=9.4
=[(Cp—Cg)V2]/2 where Cy4 (C,) is the capacitance be- X 10~ 1° F of the spherical (2~17 nm) particle. This yields

100 nm
=
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the height(U) of the tunnel barrier as well as the tunneling
traversal timer. The constanR* can be approximated by
the quantum resistandd.3 k() divided by the number of
guantum channels participating in the tunneling. This num-
F, 7 a=0| ber (~10) is of the same order of magnitude as the ratio of
the contact area~ 1 nm)* and half of the Fermi wavelength
40 (~0.3nmy. From the above equations one obtaibls
=eV, IN(Ry/R*)/I8a~0.25eV, L=#Aa In(Ry/R*)/lem\,
~3.4nm andr=2ah/eV,=1.3x10 *s. These values are
J-10 physically plausible. The value foc, however, is a few
times larger than the thickness of the organic shell
(~1 nm). Agreement can be achieved if we assume a high

. . . electron effective mass inside the ligand barrien*(
-0.3 0.0 V (V) 03 ~10 m), which may indicate polaronic effects.

The ET technique is very general. It can be used with
FIG. 4. Current-voltage curves measured at 4.2ofen squaresand at  polarizable nanoparticles of any type. We have, for example,
295 K (solid squares The solid curves denote fits of the KN model. Fitting also tested it successfully on micron-long carbon nanofﬁbes
parameters for these curves afg=55mV, Ry=1.1x10" Q, g,=0.1% as well as on 5-nm-long conjugated molecules of
(offset chargg and a=E 7/A=0.5. The dashed curvex=0) represents . - L .
the conventional model which assumes a voltage—independent tunnel ba¢-0de_cath|0phen%'Here' real'tl.me monltqung of the ET is
rier. possible. To trap a dodecathiophene oligomer we use elec-

trodes separatedyba 4 nm gap[cf. Fig. 2c)] that are im-

mersed into an insulating organic solvefblueng. At V
V. =e/Cs~170 mV. The experimental value is lower be- =3V only a weak (3 pA) leakage current is detected in
cause the total capacitanc€y~Cs+C,) of the particle clean toluene. Upon slowly increasing the concentration of
also includes the capacitance to the electrod@s~2C;)  molecules in the solvent no change is observed in the cur-
which here is comparable ©s. At V>V, thel-V curveis  rent. After a waiting period £ 100s), however, a sudden
not linear, as is usually observed. Instead, an exponentighcrease of the current to &1 nA level is detected which
increase of the current is found at 4.2 K. This can be exindicates the trapping of a single molecule. ET thus allows
plained by suppression of the effective tunnel barrier by thehe controlled deposition of a variety of nanoparticles. This
applied voltage. in turn opens the way to explore the transport properties of
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