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Abstract—We demonstrate a method for controlled fabrication of
single electron devices using atomic force microscopy (AFM).
The technique employs both AFM-operated nanocarving (i.e.
scraping or plowing prepatterned metallic structures) as well as
AFM-assisted nanomanipulation (i.e. controlled positioning of
nanoparticles).

Tunneling barriers are formed by dynamic plowing of ~20 nm
wide trenches through thin Au wires realized by optical and
electron beam lithography. During this AFM machining, in situ
resistance-measurements are performed until electrical isolation
is obtained. Single electron systems including one or more
isolated islands are subsequently fabricated by shifting single
nanoparticles (PbS or Au with respective diameters of 20 nm and
10 nm) into the tunneling barrier. The particle position is
controlled in situ by both AFM imaging and conductivity
measurements. The electrical properties of such Coulomb
blockade systems are investigated for both the Au and PbS
particles by transport measurements at liquid He (4.2 K)
temperature. The measured I-V curves give evidence for the
presence of Coulomb blockade effects with a step-like behavior
that becomes more pronounced with decreasing temperature.
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I. INTRODUCTION

Scanning probe microscopes have become powerful tools
to fabricate nanodevices by patterning of nanoscale structures
as well as by nanoparticle manipulation [1-4]. Atomic force
microscopy (AFM) used for direct writing of nanostructures on
semiconductor surfaces has been demonstrated by Wendel et
al. [5]; local anodic oxidation was used by Schumacher et al.
[6]. AFM techniques to manipulate and position nanoparticles
were reported by the group of Samuelson [7]. These tools are
also suitable for designing single electron systems which show
the well known Coulomb blockade effects [8-10]. Here, we
present a method for AFM-based fabrication of Coulomb
blockade systems making use of both nanocarving and nano-
manipulation.

After a description of the experimental setup we first
discuss the direct lithography of thin gold layers using the
AFM tip as a cutting tool. We then describe the lateral
manipulation of nanoparticles positioned and controlled by the
AFM tip. Finally we present and discuss initial results obtained
from the electrical characterization of these nanoelectronic
systems, fabricated by combining both techniques.

II. EXPERIMENTAL SETUP

The samples used in this study are prepared on undoped Si
wafers with an insulating SiO, top layer of 20 nm thickness.
All metallic structures (see Figure 1) consist of gold,
evaporated onto a 3 nm thick Ti adhesion layer. We apply
conventional UV photo lithography for patterning the
macroscopic (>1 um) metallic structures, such as contacting
wires and bonding pads. The narrow gold electrodes provided
for AFM-operated incision are fabricated by electron beam
lithography. These wires (labeled as ”a” in Fig. 1) are 500 nm
wide and 20 nm thick.

For imaging, carving, and particle manipulation we use a
commercial atomic force microscope (Digital Instruments,
model Nanoscope Multimode Illa, with a scanning head type
AS-130V). The maximum lateral scan range of this piezo tube
is rather large, i.e. 130 x 130 pm’, the maximum vertical range
is 6 um. Although it would be preferable, the microscope and
controlling software were not modified for the work presented
here. We operate in a clean room environment and at room
temperature. For manipulation we utilize commercial silicon
AFM-tips (Olympus, type RTESP), for plowing we use special
high density carbon (HDC) tips. The latter tips have an
elasticity modulus of 1-5 TPa [3] which is very high compared
with that of conventional silicon nitride tips, i.e. ~200 GPa, and
their wear is clearly lower. Furthermore, the radius of the HDC
tips is smaller than 10 nm.

Figure 1. Sample layout, imaged by optical microscopy. The narrow gold
structures {a}, also shown in a larger scale, are provided for AFM
nanocarving and have been prepared by electron lithography. The
macroscopic gold leads {b} and bonding pads {c} are patterned by conven-
tional ultraviolet lithography.



The nanoparticles finally acting as Coulomb islands in
between the metallic leads are either PbS aerosol-particles of
20 nm size [11] or commercial colloidal Au particles with a
diameter of 10 nm.

III. AFM NANOCARVING

The plowing of nanosized trenches through the 500 nm
wide nanowires can be achieved in contact as well as in
tapping mode. However, we find that the abrasion of the AFM
tip is smaller in the tapping mode.

For AFM lithography it is necessary to know which force
acts on the cantilever (amplitude setpoint). Here, the indenta-
tion force depends on many elements of uncertainty. When the
microscope is operated in tapping mode, the cantilever vibrates
near its free resonance frequency (here: f.,=100-300 kHz).
The distance between cantilever and sample depends on the
setpoint amplitude. For simple imaging the setpoint amplitude
is chosen to be 95% of the free oscillation amplitude and a
feedback loop keeps the vibration amplitude constant.
Scratching or punching is achieved by increasing the free
modulation amplitude to values larger than 100 nm and
reducing the setpoint amplitude by 25 % of the free resonance
amplitude. (The spring constant of the cantilevers used is 20-
80 N/m.) Subsequently, the feedback loop of the AFM is
disabled and the horizontal write velocity is adjusted to 1 pm/s.

The incision of the Au wire into two insolated electrodes is
monitored in situ by resistance measurements. (See Figure 2.)
While the AFM tip crosses the metallic wire repeatedly
(approximately 20 times) until electrical isolation is obtained,
the resistance increases from initially ~1 kQ to greater than
20 MQ which is the detection limit of the instrument connected
to the AFM setup. More sensitive ex sifu conductivity
measurements confirm that the resistance of the final trenches
exceeds 1 GQ. Note the extremely abrupt change in resistance
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Figure 2. Resistance across the gold wire during AFM nanocarving versus
the number of completed carving cycles. The line drawn is meant to guide the
eye. The maximum value obtained, i.e. 20 MQ, corresponds with the detection
limit of the ohm meter used for this in situ experiment. The inset sketches the
experimental setup: The gold wire {a} is scratched by the AFM tip {t} while
the resistance R is recorded between the contacts {c} connected by thin Al
wires to the bonding pads {b}.

(about four orders of magnitude between cycle 7 and 8) seen in
Fig.2. This shows the homogeneity of the cut along the AFM
trace.

A typical AFM image of such a trench line and the cor-
responding height profile are shown in Figure 3. It becomes
apparent that the excess material is building up on the both
sides of the trench. The lateral width of this trench is strongly
limited by both the resolution of the AFM (thermal drift, creep
between different carving cycles) and the properties of the tip
itself (tip radius, abrasiveness, elasticity modulus). We find that
the minimum width of the trench realized with the above
mentioned parameters is 20 nm even if the nominal tip
diameter is below 20 nm.

IV. AFM PARTICLE-MANIPULATION

For initial experiments on nanomanipulation, PbS nano-
particles (20 nm) were randomly deposited from the gas phase
[11]. For controlled shifting of these particles with an AFM tip,
we apply two different modes of operation: first the tapping
mode for localization of the particle and then the so-called lift
mode for moving the particle [12]. Typical results are shown in
Figure 4 (obtained in scope trace) and in the AFM images of
Figure 5. Our procedure can be described by the following
steps:

Step 1: The nanoparticles are located on the surface by
imaging in tapping mode (Figs. 4a and b). The typical scan rate
is 1 Hz and the setpoint amplitude is 20-30 nm.

Step 2: In order to displace a particle, the tip is positioned
adjacent to it (on the left hand side in Fig. 4). The slow scan
axis is switched off, so that the tip will scan a single line only.
Repeating the scan cycle for 1-2 minutes minimizes undesired
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Figure 3. AFM image (above: 3D plot, below: height profile) of a gold wire
which has been completely intersected by plowing with an AFM tip. The
cross section obtained along the dashed white line is shown below. Next to the
trench, the mean height of the gold layer (here only ~10 nm) is distinctly
increased due to the excess material displaced from the trench.
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Figure 4. Typical height profiles and change of the AFM tip-amplitude taken
in the tapping mode (scope trace) before (a, b) and after (c) pushing a PbS
nanoparticle along the sample surface. The moving distance is about 200 nm.

creep of the piezo elements. Then parameters like moving
distance, angle, and rate (recommended to be smaller than
0.2 Hz) are chosen.

Step 3: The particle displacement is started by switching
over from tapping to lift mode. When the feedback loop is
turned off a constant minimum tip height above the substrate
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Figure 6. Current-voltage characteristics of a device similar to that shown in
Fig. 5. Here, several Au nanoparticles were placed in the trench. The line is
meant to guide the eye. The threshold voltage of ~200 mV corresponds to the
Coulomb blockade expected for a particle of size 5nm, in approximate
agreement with the diameter of the nanoparticles used (~10 nm).
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Figure 5. 3D-AFM micrograph which showing a 20 nm wide trench, AFM-
carved through a gold wire. (a): before, (b): after manipulating a 10 nm Au
particle in between the electrodes.

(5-15 nm) is maintained. Hence, the nanoparticle will be
pushed forward. A change in the amplitude is clearly detectable
when the tip begins to touch the particle.

Step 4: The particle manipulation is finished by locating its
new position in the tapping mode. (See Fig. 4c.)

In the same manner particles can also be placed into the
tunneling gap. In the case of Au particles they are randomly
deposited at first from an aqueous dispersion. While the
particles are being shifted into the tunneling barrier, in situ
resistance-measurements are made to obtain additional infor-
mation on their position. Because both the width of the trench
and the size of the nanoparticle are of the same order as the tip
radius and thus the AFM resolution, we find this resistance
monitoring very useful for determining whether the particle has
indeed been placed properly. When the particle is adequately
positioned the tunneling resistance is reduced from initially
~1 GQ down to ~10 MQ at room temperature. This arrange-
ment allows us to examine single electron tunneling processes
with the nanoparticles acting as isolated quantum dots [8, 9].
Figure 5 shows AFM images of such an arrangement before
(Fig. 5a) and after placing a 10 nm gold particle into the trench
(Fig. 5b).

V. SINGLE ELECTRON TUNNELING

The physics of the present system (a small metallic island,
weakly connected to two metallic leads) can be described by
two RC circuits [8 9]. The fundamental charging energy of the
Coulomb island is then given by ¢*/2C, where C=C, + C, is
the total capacitance of the system. When the nanoparticle is
small enough, the capacitance of the system can result in a
charging energy that is larger than the thermal energy kgT
(approx. 26 meV at room temperature).

Under these conditions charge transpon across the island
will be impeded by the energy contribution e/ C necessary for
bringing an additional electron onto the island (or, vice versa,
removing an electron from it). This regime is commonly
labeled “Coulomb blockade”. In an ideal picture, current will
not flow until a threshold voltage V', =e/2C is reached.



Figure 6 shows the current-voltage trace of an AFM-
fabricated device containing Au nanoparticles. For both
negative and positive bias a threshold behavior can be seen, as
expected for Coulomb blockade. The threshold voltage is about
200 mV, corresponding to a capacitance of about 0.4 aF. This
can be compared with the self-capacitance C=2meey-d of a
metallic sphere to deduce the effective diameter of the
Coulomb island. Taking an average dielectric constant of
e¢=1.5, we obtain a value d~5 nm. The agreement between the
nominal diameter of one nanoparticle (10 nm) and the value
determined from the Coulomb blockade is somewhat poor, but
still within the range of the experimental errors, particularly
considering the simple theoretical model. This indicates that
indeed the threshold voltage observed in Fig. 6 is caused by
single electron transport. However, further studies are
necessary to substantiate these findings.

VI. CONCLUSION

In summary, we have demonstrated that it is possible to
fabricate single electron systems using nanocarving and
nanomanipulation AFM techniques. At low temperatures, we
find a threshold behavior in the /-V characteristics for both
positive and negative bias. We interpret this as a result of
Coulomb blockade in the transport of charge across the
nanoscopic islands.
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