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experiments on single molecules and metal clusters
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Electron-beam deposition is used to fabricate free-standing carbon nanoelectrodes separated by a
gap of less than 5 nm. Fabrication is carried out under direct visual control in an electron
microscope. After coating the carbon electrodes with a thin metal(&lign, AuPd such structures

can be used to study electrical transport properties of single mole@utgs conjugated polymers

or metal nanoclusters. The fabrication process of the nanowires is described in detail. Furthermore,
we suggest electrostatic trapping as a new method to bridge the electrodes with a single conducting
nanoparticle in a controlled way. This principle was tested successfully on Pd nanoclusters and
carbon nanotubes. @997 American Vacuum Socieffs0734-211X97)13704-0

I. INTRODUCTION much smaller than the resolution limits-10—20 nm of the
. conventional electron beam lithographfor example, rigid
. There has been_muﬂch speculatlor_1 abogt the prospect %njugated oligomers of well-defined length are usually up
molecular electronics,” i.e., electronic devices with single to about 5 nm in lengtA.Second, one has to find a way to
molqcules as _the active elemehtShis may provide an at—. bridge those electrodes with a single molecule. In this article
tractive direction for the future development of electronlcWe present a solution to both two obstacles

et poss s e o S, OV Mo offbrcaton of small gaps akes chaniage
9 b 9 9 o . ?]f the electron beam depositigBBD) of amorphous carbon

Yhich can be achieved in a scanning electron microscope

frequencies. Since different combinations of atoms give aTSEM).6 The SEM provides direct visual control which is an

almost infinite variety of chemical properties of resulting . . .
y prop 9 important advantage with respect to standard lithography.

molecules, as is obvious from chemistry, one may expect, . . .
y y exp C\N|th EBD we can grow two free-standing carbon wires to-

that molecules with desired electronic properties can be syn- d h oth d adiust th bet th o b
thesized as well. Many examples of molecules with an elecl/ards €ach other and adjust the gap between them 1o be as

tronic functionality have already been synthesized, e.g.Small as 3 nm. This is §ufficiently small to bridge the elec-
guantum wires such as conjugated polymers, moleculaflrOdes by. a\{allable 00”199"’“90‘ ohgomérs. ,
The principle of EBD is known since the pioneer work of

switches, molecular rectifiers, eté Direct dc measurements 6 . .
Broers and co-worker®® If the electron beam in a SEM is

of electrical properties of single molecules are lacking how-

ever. Usually experiments probe the conducting properties decused at a spot, it locally decomposes organic contamina-
a macroscopic amount of molecules. Here, hopping of eleciion molecules which usually are present in a small amount
trons between molecules dominates transport. As a cons@! the sample surface. It can, for example, be an ultrathin film
quence, the intramolecular charge transport has not been wélf the pump oil due to a bad vacuum of the system. The
studied. This strongly contrasts the interesting theoreticafl€Composition of organic material leads to the deposition of
predictions for electron transport through single molecula@ "gid" solid material which is a mixture of amorphous car-
chains® Direct measurements of transport through singlePon and some polymefss soon as the contamination mol-
molecules will allow the verification of this, and are prereg-€cules in the e-beam spot are transformed into amorphous
uisite for an assessment of the feasibility of molecular-scaléarbon, new organic material diffuses from other parts of the
electronics. Such experiments constitute the motivation fopample surface to the top of the carbon hill. The growth
the technical developments of nanoelectrodes and electrgrocess thus proceeds continuously in time. As a result, by
static trapping reported in this article. The new techniquedixing the e-beam at a spot, a vertical carbon needle with a
presented here may enable transport studies on single mdMgh aspect ratio can be deposifeBy scanning the beam it
ecules. is possible to locally cover the sample with carbon, which
There are two major problems which have to be solved tgubsequently can be used as a protecting mask during an
enable electrical transport experiments on single moleculegtching procedure. This method is known as contamination
First, it is necessary to prepare conducting electrodes sephithography which has a high resolution of about 10 nm.
rated by a distance which at most equals the length of the Deposition of individual molecules or metal nanoclusters
molecule which has to be measured. This presents a diffbetween two metallic electrodes is an issue which is being
culty because the available molecules of interest are usuallgursued by many research grodp$t In order to bridge the
electrodes with a single conducting molecule or a metal clus-
dElectronic mail: bezryadi@qt.tn.tudelft.nl ter we suggest a new method, viz., electrostatic trapping
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SFK; plasma. In the next step we slightly underetch the SiN
film in HF acid to form an undercut. Due to this undercut, a
thin AuPd film sputtered across the slit has an interruption of
the order of 100 nm in width. Within this gap we grow two
amorphous carbon needles towards each other. The needles
are grown in a SEM using the electron beam deposition tech-
nique. An advantage of this layout is that the electrodes are
free-standing, so one can evaporate metal on tftenim-
prove their conductivity or to reduce the spacing between
them) without making a short cut. The leakage resistance
between the gold contact pads is very high, abodt Ddue
Vil Nt to the thick SQ layer. Another advantage is the possibility to
XN N D RS image trapped particles with SEM, or—after a slight modi-
fication such as etching a hole through the Si wafer—with
transmission electron microscogyEM).
The fabrication steps are as follows. We start with a Si
4 5 wafer covered with a um thick thermally grown siliconox-
= ide layer, and a 60 nm thick ultralow-stress SiN film made
. by low-pressure chemical-vapor depositidriThe next step
is the etching of a long slit in the SiN film. Before etching, a
Fic. 1. Schematic view of the sample. It includé$ a Si wafer,(2) a 1 um 309 m_n film of polymethylmethacrylate(PMMA) (950 K) .
thick SiO, film, (3) a low stress 60 nm thick film SiN@) a 10 nm thick ~ 'eésist is spun at 5000 rpm onto the sample to protect the SiN
AuPd film with contact pads, an@®) electron beam deposited carbon elec- film. Patterning of the resist is carried out in an electron
e o ot o s e v . o o s patter generator. The it usually s about 100-150
trodes. A metal film(not shown is sputtergd ongtop of the free-standing hm in width and a few mm In. qugth. After the slit I? made
carbon electrodes to improve their conductivity. by means of reactive ion etching in ag#fasma, we slightly
underetch the underlying SjQwith HF acid. The etching
rate of SiN in 40% HF solution is 4 nm/min; Sj@ etched
(ET). This is a universal technique which can be used withat a rate of about 1500 nm/min. Underetching during about
any type of conducting particle. The principle is the follow- 20 s results in a free-standing SiN membrane of approxi-
ing. Suppose we have two closely spaced electrodes whiamately 500 nm in width divided into two parts by the slit as
are immersed in a dilute solution of molecules or nanoclusit is shown in Fig. 1. Next we sputter across the slit a strip of
ters in some nonconducting solvent. If now a voltage of, saygold or gold palladium of 10-20 nm in thickness and about
1V is applied to the electrodes, then a very strong electriQ0 um in width. For the pattern definition of the strip a
field, 1 V/m for a gap of 10 nm, will appear. Note that the mechanical shadow magkot shown is used. The mask is
electric field will exhibit a strong gradient, falling off quickly made from a Si wafet100) by anisotropic etching in KOH.
outside the gap. This field will polarize conducting nanopar-The slit cuts the gold strip into two parts separated by the
ticles in the neighborhood of the gap. The polarized particled00 nm gap. It is inside this gap that we grow the carbon
will be attracted to the point of the strongest field, i.e., to thenanowires starting from the edges of the gold film. Due to
region right between the electrodes. The positively chargethe underlying Si@layer the leakage resistance between the
side of the molecule is attracted to the negative electrode antlu electrodes is about 1Q while the total area of Au
the negative side to the positive electrode. The electrodeslectrodes including the contact pads is a few square milli-
thus will be connected by the molecule if the distance bemeters. The high value of the leakage resistance is important,
tween them is sufficiently small. because it acts as a parallel resistance to that of the single
Below we discuss the sample layout developed for experinanoparticle which is localized between the carbon elec-
ments on single moleculeSec. 1), then we reiterate the trodes during the measurements. And we will see below, a
principle of EBD and present details of fabrication of the single particle can have a rather low conductivity*
free-standing carbon wires interrupted by a nano¢fagc.

lII'). Metal coating of these is presented in Sec. IV. Finally,I | ELECTRON BEAM DEPOSITION OF

we present some first results of electrostatic trapping of P REE-STANDING CARBON NANOWIRES
nanoparticles and carbon nanotul§gsc. \j.

The last two steps of the fabrication process are the
growth of two carbon nanowires towards each other and
ll. SAMPLE LAYOUT FOR TRANSPORT coating them with a thin metal film to improve their conduc-
EXPERIMENTS ON SINGLE NANOPARTICLES tivity. These issues will be described in details in this and the

The sample layout is shown in Fig. 1. The sample consistaext section, respectively. As indicated in Fig. 1, the nano-
of a silicon wafer covered with a film of SiOand a thin  wires are attached to the gold electrodes with the underlying
low-stress SiN film. A narrow slit is etched in the SiN film in SIN membrane and stay within the plane of the membrane.
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Fic. 2. A free-standing amorphous carbon wire of about 10 nm in width,
grown by a slow linear scan of the electron beam across the slit in the SiN
membrane. The electron beam deposition was done after sputtering of a 20

nm thlctl.( A;JP?h film gn th?i men;brane_a The metal f_||mt makestel;ectrlcal_FlG. 3. Two free-standing carbon nanowires grown towards each other using
connection to the carbon wiré and provides a convenient amount of organif, gjactron beam deposition technique. They are separated by a distance of

contamination which is necessary for the EBD. The electron beam scan rat:foout 4 nm. Gold grains visible behind the whiskers are not in focus because

was about 3 nm/s. they are lying about 0..um below the nanowires, on the bottom of the
groove (see the sample layout in Fig).1The small value of the gap is
achieved by zooming in the SEM on the area around the gap. This results in

The growth process should be stopped when the desired did-thickening of the tips of the electrodes. The acceleratiqn voltage and the
tance between their tips is achieved. We have succeeded ?ﬁbeam current were 30 kV and about 20 pA correspondingly.
making this distance as small as 3 nm. The low limit is
determined by the resolution of SEkdbout 1 nm for our
Hitachi S-900 SEM and the growth rate which is between 1 slit, close(~5 nm) to the membrane edge. Initially the signal
and 10 nm/s in our case. The latter can be reduced if necesf secondary electrons is zero because the beam does not
sary by cleaning the sample in oxygen plasma or stopped bgross anything. The deposition of carbon starts on the mem-
cooling to 77 K. brane regardless of the fact that the beam does not todh it.

In practice, free-standing horizontal carbon nanowires aré\fter some time(~10 § the carbon needle reaches the
fabricated in the following way. We focus the beam on thee-beam and some secondary-electron signal appears. When
gold film near the edge of the membrane and then move ithe signal reaches a certain level, we step the beam away
slowly (~1 nm/9 towards the slit. Initially the deposition from the membrane edge and wait again till the needle
occurs at the gold film but as soon as the beam leaves theaches the beam. This procedure is carried out repeatedly.
membrane a free-standing carbon needle starts to grow pa®f course such an algorithm can also be applied to a con-
allel to the membrane, inside the slit. If the e-beam sweepinuously moving beam. The feedback process usually re-
rate is too high, i.e., higher than the deposition rate, thesults in somewhat thicker rods than the linear scan method.
needle cannot follow the beam and the growth process is Now let us see how a gap of a few nm can be achieved.
interrupted. If on the other hand the e-beam velocity is todOf course one can grow two whiskers towards each other
slow, a sheet of carbon rather than a rod is formed with d&om the opposite sides of the slit. But it is difficult to make
large size in the direction of the beam, which is much highem small, say<5 nm, gap from the very beginning, because it
than the width in the direction perpendicular to the beam ands not possible to observe the first nanowire while growing
to the motion. To grow a thin symmetric carbon rod we startthe second one, since the beam does not scan the area for
scanning the beam with a high velocity across the slit periimaging but moves along with the second carbon wire. How-
odically, and then slowly decrease the beam velocity untilever, an initial gap of, say, 30 nm can easily be made in this
the growing carbon wire can follow the beam. The width ofway. Then to reduce the gap it is sufficient to zoom in the
electron beam deposited needles usually is between 5 and B8EM on the nanowires near the gap, i.e., the tips of both
nm (see for example, Fig.)2If necessary it can be reduced carbon needles should be visible on the SEM screen. During
down to about 3 nm by a slow etching in an oxygen plasmathe ordinary imaging the process of continuous deposition of
The electron beam deposited carbon is poorly electricallycarbon slowly proceeds at all points of the area that is
conducting, especially at low temperatures. Consequentlgcanned by the electron beam. Consequently the nanorods
carbon nanowires can be used as a template for the fabricgrow in size and the gap between them decreases continu-
tion of narrow one-dimensional metal wires, or more sophis-ously. When the distance between their tips reaches desired
ticated patterns by simply depositing a metal film on¥op. value, the SEM is switched off. The smallest gap we did

An alternative way of making free-standing structuresfabricate by this method was less than 3 nm. An example is
takes advantage of the feedback control of the signal of seshow in Fig. 3. Note that the amorphous carbon nanowires
ondary electron$’ In this case the beam is positiongdthe  are very rigid and chemically inert, so the gap is very stable.

JVST B - Microelectronics and Nanometer Structures



796 A. Bezryadin and C. Dekker: Nanofabrication of electrodes with sub-5 nm spacing

It does for instance not change when the sample is cleaned

796

with different solvents or acids. 10°
As we have seen, EBD is a powerful technique for nano- 108
fabrication. It provides the possibility of fabricating struc- 107
tures of nm dimensions under direct visual control. It does 6
not require resist and, accordingly, EBD is not limited to 5 107
fabrication of structures on a planar surface. It gives a pos- ~510%}
sibility to grow free-standing nanostructures. A possible T 104
drawback is the use of a surface contamination as a precursor 3
which commonly is supposed to arise from the bad vacuum. 107 ¢
This may render the process not well-reproducible because 102}
the contamination depends on the cleanliness of the SEM 10!

machine. The level of the contamination in our Hitachi SEM
is very low. Therefore the deposition is very slow or it does
not occur at all if the sample has been cleaned by an oxygen

; o . . Fic. 4. Square resistand®; vs film thicknessd, for various sputtered thin
plasma or through a wet etch in aquar O5:HCI, 1:3). films. Solid squares represent AuRt1) films on SiN. Solid circles denote

We have optimized the technique for better repmdUCib”'AuPd films on a very thirt0.3 nm sticking layer of chromium which serves
ity by investigating cleaning procedures and well-to suppress the granularity. HeRe is shown vs the total thickness of AuPd
characterized precursor materials. We have tried various opnd Cr film. Open symbols show the square resistance of films which are
ganic liquids as precursors. The liquid should wet the surfacgPUtered onto carbon wires grown by EBD.
to form a thin uniform film and it should not be too volatile
in order to have it stay on the surface when the sample is
exposed to the vacuum inside the SEM. It was found thamaterial should not oxidize. Also the metal film should not
liquid paraffin (a mixture of hydrocarbons fromgH,; to  be thick, otherwise it will reduce or even close the gap be-
C,gH3g) gives a very high deposition rate of about 100 nm/stween the electrodes. We have investigated the efficiency of
or higher. To form a thin paraffin film on the surface the the gold palladium(4:1) as a coating material. The square
sample can be immersed in a solution of the paraffin in cyresistance of films sputtered on a smooth dielectric surface
clohexang1:100 and then dried in a flow of nitrogen gas. It (SiO, or SiN) is plotted versus the film thickness in Fig. 4
is a good precursor but the EBD rate is very high. Hexade¢solid squares The resistance starts to rise very sharply,
cane (GgHs,) turned out to be a more suitable precursor foreven on this log scale, when the thickness becomes lower
our applications. This organic liquid wets our sample surfacéhan 3 nm. SEM imaging shows that below this value the
and can be decomposed by the electron beam. The preserfggn consists of isolated grains. The granularity can be re-
of traces of this slightly volatile liquid on the surface pro- duced if one first sputters a few A of Cr. In this case, even a
vides a convenient EBD ratérom 1 to 10 nm/s To cover 2.5 nm film has already a quite low resistanRe, ~ 10*
the sample with this liquid precursor it is sufficient to put a (Fig. 4, solid circles Note that after sputtering of the Cr
drop of GgHs, On the surface and then dry the sample in afilm, the sample was exposed to air for about 1 min before
nitrogen flow during a few seconds. A convenient way tothe subsequent sputtering of AuPd was carried out.
contaminate the surface and enable EBD is to sputter a thin A qualitatively different behavior of the film resistance
metal film. In this case the contamination is due to the badersus thickness is found when the film is sputtered onto the
vacuum in the sputtering machine. In both ca$€gH;,  carbon wires such as shown in Fig. 2. The resistance of such
precursor or sputtering contaminatjd&BD occurs in a very films drops exponentially with decreasing thickness, which is
similar way and results in carbon wires of similar sizes andslower than for films on a planar substrate. The difference is
quality. EBD occurs also in the TEM under the influence ofprobably due to the fact that in two dimensids the pla-
the parallel, very broad beam of electrons. By cooling thenar substratea percolation path appears at some critical size
sample down to the liquid nitrogen temperature it is possibledf the grains. This leads to the jumpwise drop of the square
to stop the deposition process and image the sample withongsistance. The metal film on a carbon nanowire is effec-
modifying the amorphous carbon nanostructures. tively one-dimensional because the metal-grain size is of the
same order of magnitude as the wire diameter. Therefore
there is only one possible path, and it is improbable that all
IV. METAL COATING OF THE CAREON grains on this path are touching each other. Now if there is at
ELECTRODES least one interruption, then electrons have to tunnel across it

The resistivity of EBD amorphous carbon usually is quite (probably through the carbon substiafEhe size of interrup-
high (107 to 16  cm at room temperaturand rather irre-  tions will probably be inversely proportional to the film
producible. For transport experiments one needs electrodekickness. The resistance then is an exponential function of
with a sufficiently high and predictable conductivity. This the film thickness. The current—voltage characterisfiost
can be achieved by coating the carbon needles with an amoshown of all ultrathin coating films are linear.
phous or small-grain-size metal film, by sputtering or evapo- The metal coating technique also provides an alternative
ration. If the experiment has to be done in air the coatingvay of making small gaps. In Fig. 5 we present two nan-
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necessary before the desired small gap size will be achieved.
Let us mention also a third possibility, which has not been
verified in our study. By using organometallic compounds as
precursor material one can grow needles which consist of
metallic nanograins surrounded by amorphous catBaiis

may yield a rather low resistivit0.01Q cm). This implies a
carbon electrode resistance ofl0 k() (without coating
which is sufficiently low for molecular transport experi-
ments.

V. ELECTROSTATIC TRAPPING OF SINGLE
CONDUCTING NANOPARTICLES

Suppose we have two electrodes with a spacing smaller
than the length of a molecule or a metal cluster. Then, a
single nanoparticle may be fixed between the electrodes by
means of ET. The principle of ET is the following. First we
apply a voltage to the electrodes thus creating a strong elec-
tric field in the gap. If a conducting nanoparticle comes close
to the gap it will be polarized by the electric field near the
gap. Then, like any dipole, it will be oriented along the field,
and will be attracted to the region of the strongest field, i.e.,
to the gap between electrodes. The positive side of the po-
larized molecule will be attracted to the negative electrode
and the negative side to the positive. The molecule thus will
bridge the electrodes. This principle of electrostatic trapping
Fic. 5. Free-standing carbon nanowirgsight in the pictures (a) before !S expected to WO_rk for any t_ype of conducting nan_OpartICIeS'
and(b) after coating with a thin AuPd film. The coating reduces the spacingl-€-» molecules with delocalized electrons, metallic clusters,
between the electrodes by approximately 11 (irom 16 to 5 nm. Note carbon nanotubes, etc.
that this is a f_actor of 3 smaller than the sputtered film thickness which is  Tq bring the molecules close to the electrodes one by one,
about 30 nm in the present case. one can immerse the electrodes in a dilute solution of mol-

ecules. Another possibility would be to expose the electrodes

to a vapor of molecules in an ambient inert gas. Molecules
ogaps between carbon needles, before and after coating withill diffuse and from time to time come close to the gap.
a 30 nm film of AuPd. By choosing the appropriate size ofHere they will be trapped electrostatically as explained
the initial gap and the AuPd film thickness, it is possible toabove. As soon as one molecule is trapped, a current will
reduce the gap down to 5 nm by coating, as shown in Fig. Sflow between the electrodes, and the sample can be with-
Note that right after the coating the sample was cleaned idrawn from the solution or vapor. Clearly, a good solvent for
oxygen plasma&50 W) for about 5 min. In independent tests ET should not conduct electrically, so there is no current
we have verified that such cleaning does not etch the AuPHetween the electrodes before a molecule is trapped. Also it
electrodes. The cleaning is necessary to remove organic coshould not be polar, since this would lead to screening of the
tamination to enable the high-resolution imaging without de-ield in the gap.
positing a new layer of carbon. It was also found that the It is interesting to note that if one applies a series resistor
oxygen plasma etches away the underlying carbon so onigs between the voltage source and electrodes, with a value
can obtain free-standing gold palladium wires. much higher than the resistance of the mole&g then the

We thus have demonstrated two ways of making elecelectrostatic field in the gap will be strongly reducdy a
trodes separated by a very sme#t5 nm) distance. In the factorRs/R,,) as soon as one molecule is trapped. As a con-
first technique, a nanogap desirablesize is fabricated by sequence, trapping of a second particle may be prevented.
EBD under visual control in SEM. Then electrodes are We have tested ET on carbon nanotubes and palladium
coated with a few nnfsay 4 nm thin film to improve their  colloid particles. These have been chosen because of their
conductivity. The gap reduction caused by the coating igelatively big size which provides the possibility to image
small, about 1-2 nm in this case, because, as shown in Fighem with SEM and directly verify the efficiency of the ET.

5, the gap reduction is smaller than the sputtered film thickCarbon nanotubes are long cylindrical molecules containing
ness by a factor of-3. The second possibility is to start with only carbon atom$’ Single-wall nanotubes were synthe-

a quite large(e.g., 20 nminitial gap and then sputter suffi- sized by Smalley and co-worket$They are not solvable in
cient metal to reduce the gap size to the desired value. Thany known solvent but can be ultrasonically dispersed in
smooth coatindFig. 5b)] makes this process quite repro- various organic liquids. We have used cyclohexane where a
ducible, but nevertheless a few steps of sputtering usually agmall amount of soot containing the nanotubes was dispersed
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Fic. 6. Variation of the current flowing between the electrodes during a

trapping experiment. The voltage was fixed at 4.5 V; the series resistor was
10 MQ. The distance between the electrodes was about 150 nm.

ultrasonically. After excitation during a few minutes the soot
was not visible any more and the suspension was transparent.
It contains Smgle nanotubes, bundI.eS of paraIIeI nanowbeﬁe. 7. (a) Bundle of nanotubes that has been trapped electrostatically be-
(“ropes”®), tangles of ropes, and pieces of amorphous cartween two AuPd electrodes separated by a slit of about 150 (bmA
bon. Therefore only a part of the trapping experiments retoroidal nanotubgRef. 21 The thicknesses of the ropes are about 6 and 25
sulted in a single rope lying across the electrodes. nm, respectively.

Trapping events can be detected by measuring the current
between the electrodes in real time. During ET the curren
usually changes as shown in Fig. 6. In this experiment w
applied 4.5 V to the electrodes through a series resistor of 1
M. Then we put a drop of the nanotube dispersion in cy
clohexane on the electrodestat 10 s. After about 30 s a
finite current was detected which indicates that a nanotub,
rope is trapped on the electrodes. Upon drying the liquid
t = 50 s the current did not change. In some cases a consi ig. 8 we present two examples.

erable reductioriabout one order of magnitulief the resis- Preliminary transport measurements show that the room

tance was observed during the drying. Examples of nanOtUbt%mperature resistance of single Pd nanoparticles trapped be-

ropes that are trapped electrostatically are shown in Fig. 7. IRNeen two electrodes has an exponential dependence on the
Fig. 7(b) we observe a toroidal nanotube. This circular form bias voltage, i.eR = exp(— VIVy). The origin of this expo-

of carbon nanotubes was discovered recéfltljransport ex- nential behavior may tentatively be attributed to the voltage

perT|r;]1en§|_on thﬁ ganotubtla ropes Vé'” beFr;((ejportltlaq delsewh;a r&apendence of the tunnel barrier separating the particles from
hi he met r? Waz gsg tESt% 03 co l?éﬂ[])artm ®$he electrodes. The barrier in this case is formed by the or-
which were synthesized by Schmid and co-workershese ganic shell of the Pd particles. Tunneling through a mono-

are almost identical Pd nanqparhcles of abou'g .29 nm in dIL'slyer of insulating organic molecules was studied by Boulas
ameter. They are covered with a layer of stabilizing ligands al,2 who also observed an exponential drop of the resis-

- . . t
of about 1 nm in thickness which prevent the coalescence ot?ance with increasing voltage tA K we observe a gap in the

the particles. Due to the organic shell, the particles are SOIV(':urrent versus voltage characteristics indicating Coulomb

able in vyater. Water has aﬂmte_cpnductwny, which in fac_t 'S hlockadé* effects. Details of the transport experiments will
much higher than the conductivity of a single Pd partlclebe reported elsewhere

bridging the electrodes. This renders it impossible to observe
trapping events directly in real time. Trapping can be
achieved, however, in the following way. First we put on theVl- CONCLUSIONS

electrodes a drop of water with dissolved Pd particles, then We have demonstrated a technique of nanofabrication of
apply a voltage of 4.5 V to the electrodes through a serieglectrodes separated by a gap of less than 5 nm. It is based on
resistor of 100 M) which leads to a current of about 30 nA. electron beam deposition of amorphous carbon and is carried
After a few seconds the voltage is reduced to 0.45 V, and theut in a scanning electron microscope under direct visual
water is removed with a flow of dry nitrogen gas. The resis-control. Also we have suggested a new method of electro-
tance between the electrodes before the trappingtatic trapping which provides a possibility to bridge the

rocedure is very high (16Q) and stays high after the
rying if no particles were solved in the water, or if the
oltage was not applied. Only if we use water with solved
‘particles and apply a sufficiently high voltage, we observe a
reduced resistanc@ few Q1) after the drying. Inspection
With SEM shows that one or a few particles are trapped in
e gap, depending on the distance between the electrodes. In
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