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Nanosized gap structures have been fabricated via electromigration-induced breaking of
gold-palladium nanowires. The application of low breaking voltages resulted in gap junctions
exhibiting single-electron tunneling signatures at low temperature �2 K�, which are attributed to the
formation of metallic nanoclusters during the electromigration process. Strikingly, the I–V
characteristics of most samples displayed a close similarity to those typically attributed to electrical
transport through single molecules contacted by incorporation into electromigration gaps. The
finding that the breaking of bare nanowires alone is sufficient to create rich differential conductance
features should be taken into account in future electrical studies on molecular-scale structures.
© 2005 American Institute of Physics. �DOI: 10.1063/1.1991988�

The continuous increase in the integration scale of semi-
conductor devices is a major driving force for the develop-
ment of modern electronics. Present day commercial micro-
processors consist of transistors with feature sizes as small as
90 nm, while in research laboratories transistor action has
been demonstrated using a metal-oxide-semiconductor field
effect transistor �MOSFET� with a gate length of just 6 nm.1

The ultimate limit of integrated technology would be elec-
tronic devices comprising single molecules contacted be-
tween metal electrodes. Although it is currently not possible
to fabricate such small junctions reliably on a large scale,
various experimental approaches have been followed to gain
a first insight into the electrical behavior of small molecular
structures. Towards this end, scanning probe methods,2–4

sandwich junctions,5,6 as well as break-junctions created
through mechanical7,8 or electromigration-induced9–12 break-
ing of metallic nanowires have been employed to contact a
small number of organic molecules and investigate their
electrical properties.

Break junctions produced by electromigration are par-
ticularly useful owing to their compatibility with standard
silicon technology and mechanical robustness. As an impor-
tant advantage over mechanically controlled break junctions,
nanogaps obtained via electromigration can be easily gated
by an external electrode. In a typical electromigration experi-
ment, the bias voltage across a thin metallic wire is ramped
up to the point where it breaks due to the migration of metal
atoms. For the purpose of contacting molecules, such wires
are normally coated with self-assembled organic monolayers,
with the aim of trapping molecules inside the junction during
the subsequent breaking process.10,11 In these experiments, it
is of great importance to distinguish the electrical current
which flows through molecular states from tunneling cur-
rents across gap regions without molecules. Here, we dem-
onstrate that even in the absence of intentionally introduced
molecules, the break junctions reveal differential conduc-
tance features closely resembling those typically attributed to
electrical transport through single molecules.

High resolution electron-beam lithography �EBL� was
used to pattern 20-nm-wide metallic nanowires �MNWs�.
The wires were fabricated on a silicon �Si� substrate with a

100-nm-thick thermally grown SiO2 layer on top. In order to
avoid widening of the MNWs due to the proximity effect,
electrodes required for electrical addressing of the nanowires
were defined in a subsequent EBL step. The two EBL pro-
cesses were aligned with the aid of a marker system pat-
terned within the first step. The MNWs consisted of a 1
-nm-thick titanium �Ti� adhesion layer and 7-nm-thick gold-
palladium �60% Au+40% Pd� layer, implying a total con-
ducting cross section of �8 nm�20 nm.

The AuPd MNWs were broken by ramping the bias volt-
age until the electrical current density reached a critical
�breaking� value JB at which the wires fail. Identical results
were obtained for all applied sweeping rates, which ranged
between 1 and 6 mV/s. After the breaking point, the applied
voltage was reset to zero, thus completing one breaking
cycle. The current at the breaking point was found to be IB

�550 �A for the investigated MNWs, corresponding to a
breaking current density of JB�3.4�1012 A/m2. On the
other hand, the effective applied breaking voltage VB=RIB
strongly depends on the total resistance R=RS+RW of the
circuitry connected to the voltage source, where RS is the
series resistance of the system and RW is the resistance of the
MNW. The resistance of the gap created within the MNW is
much larger than RS and RW. Consequently, at the instance of
breaking, the voltage VB drops entirely across the gap region
and influences the dynamics of the gap formation. Since the
electric field in the gap is proportional to the applied voltage,
shorter gaps are expected at lower breaking voltages. For this
reason, the breaking properties of a large number of nano-
wires ��100� were studied using different breaking voltages.
All breaking procedures and electrical measurements were
performed at low temperature �T=2 K�.

The breaking voltage can be expressed as VB=RSIB
+�WLWJB, where �W and LW are the resistivity and length of
the MNWs, respectively. The series resistance RS and the
length LW were reduced by adjusting the geometry of the
electrodes patterned in the second EBL step in order to lower
the breaking voltage. The series resistance depends on the
electrode width, thickness, and material, while the length of
the MNWs is governed by the distance between the elec-
trodes. The electrodes were made of Au and AuPd, with a
thickness in the range of 8–70 nm, and a separation of
70 nm�LW�10 �m. For these dimensions, the measureda�Electronic mail: roman@fkf.mpg.de
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breaking voltages were in the range 1 V�VB�50 V.
The dependence of gap size on the breaking voltage was

studied by scanning electron microscopy �SEM�. In case of
small breaking voltages �VB�1 V�, the obtained gaps were
too small to be resolved by SEM �Fig. 1�a��. A very small
low-bias resistance was found after the break �65 k� for the
sample shown in Fig. 1�a��, suggesting a gap size in the
sub-nanometer range. By comparison, slightly larger break-
ing voltages �VB�1.2 V� resulted in larger gaps ��10 nm�,
which could be resolved by SEM �Fig. 1�b��. Inspection of
the gap region reveals that it still contains metal, most likely
in the form of very small clusters �a few nanometers in
size�.13 Under these breaking conditions, the electric field in
the gap is apparently not sufficient to completely separate the
metal clusters in proximity to the ends of the broken wire.
The presence of the clusters explains why the low-bias resis-
tance ��500 k�� is considerably smaller than the resistance
estimated for direct tunnelling across the 10 nm wide gap
��1 G��. Indeed, the electrical properties of the break junc-
tions resemble those of short gaps incorporating metallic is-
lands which are introduced after the formation of the
gaps.14–16 Finally, for breaking voltages larger than 2.5 V,
the electric field in the gap creates a sufficiently strong elec-
tron wind to completely disrupt the wire. Hence, upon wire
failure, the electrical current drops to a very low level. I–V
curves measured after the break reveal featureless tunneling
behavior with a typical low-bias resistance in the range
above 1 G�. SEM images of such samples display relatively
large gaps ��20 nm�, with no detectable inclusion of metal
clusters �Fig. 1�c��.

The small gaps obtained with VB�2.5 V were further
investigated due to their relevance for contacting small mol-
ecules. These samples showed stable and reproducible elec-
trical behavior. Figure 2�b� depicts a I–V curve of the sample
whose breaking characteristic is shown in Fig. 2�a�. The cur-
rent fluctuations at voltages exceeding the breaking voltage
used in the first cycle �1.2 V� are assigned to tiny reorgani-
zations of the metal clusters inside the gap, caused by the
electron flow. Upon ramping the bias voltage above �1.4 V,
an abrupt current decrease can be observed, which is attrib-
uted to structural rearrangements of the clusters, probably
associated with the movement of clusters by the electron
wind.17 As a consequence, the effective gap size is increased
and the tunneling current significantly reduced. Moreover,
we found that under opposite bias the clusters can be moved
back to their original position, whereby the previous current
level is restored, consistent with other reports.18 However,
since the exact contact geometry is different, the features in
the I–V curves are not exactly reproduced.

The number of breaking cycles �six cycles in Fig. 2�
required to fully separate all clusters inside the junction and
hence maximally reduce the electrical current turned out to
be dependent on the breaking voltage applied within the first
cycle. Lower breaking voltages led to a smaller low-bias
resistance after the first break, and a larger number of break-
ing steps were required afterwards. It is worth to note that
similar step-like breaking characteristics as in Fig. 2 were
observed even if the samples were broken in one run, i.e.,
without resetting the bias after each cycle.

After each breaking cycle, the electrical transport prop-
erties of the obtained structures were investigated in more
detail. The differential conductance measured on the sample
in Fig. 2 is plotted in Fig. 3. After the first and second breaks,
multiple peaks are clearly visible �Figs. 3�b� and 3�c��. The
number and position of these peaks varied from sample to
sample, reflecting different metal cluster configurations in-
side the �10 nm gaps. After the third and fourth breaks
�Figs. 3�d� and 3�e��, the metal clusters became further sepa-
rated, leading to a decrease of the background tunneling, and
the appearance of a prominent gap �0.2 V� in the gd plot
�corresponding to a low-bias resistance of 42 and 630 M�,
respectively, for the present sample�. These features were
reproducibly found in many samples. After the fifth break,

FIG. 1. SEM images of AuPd nanowires broken at �a� VB=1.0 V, �b� VB

=1.2 V, and �c� VB=3.1 V. The gaps are located in the vicinity of cathode.
The scale bar applies to all three images.

FIG. 2. Successive breaking characteristics of a AuPd nanowire at low
temperature �2 K�. Within each breaking cycle, the bias voltage is ramped
up to the breaking point and reset back to zero after the break occurs. Initial
I–V curve �a� is linear with a resistance of 2.1 k�. Second �b�, third �c�,
fourth �d�, fifth �e�, and sixth �f� breaking curves pass through the breaking
points of the previous cycle, confirming that the break geometry did not
change between successive breaks.

FIG. 3. Differential conductance gd of the broken nanowire in Fig. 2, mea-
sured at low temperature �2 K�, before breaking �a�, and after the first �b�,
second �c�, third �d�, fourth �e�, and fifth �f� break. Curves �a�–�f� match with
the respective I–V curves �a�–�f� from Fig. 2.
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the gap around zero bias has increased to �0.6 V �Fig. 3�f��,
which results in a very high low-bias resistance �5 G� for
the present sample�. This behavior suggests an almost com-
plete separation of the clusters, giving rise to very low, fea-
tureless direct tunnelling current.

The discrete clusters located within the 10 nm gaps can
be modeled as capacitors in a multiple tunnel junction
formed between the electrodes.14 For such a configuration,
Coulomb charging dominates the transport properties, as
confirmed through the observation of Coulomb gap and dif-
ferential conductance peaks in Figs. 3�d� and 3�e�. From the
measured Coulomb gap of �0.2 V, the average size of the
clusters is estimated14 to be �3 nm, which is of the same
order as the grain size of the evaporated thin AuPd film, and
below the resolution limit of the SEM used in this study
�5 nm�. The irregular spacing between the Coulomb peaks is
attributed to the presence of more than two tunnel
junctions,14,19 and/or the influence of quantized electron
states in small metal clusters.20–22

In conclusion, the electromigration-induced breaking be-
havior of metallic nanowires was investigated at low tem-
perature for different breaking voltages. At low breaking
voltages, nanometer-sized metal clusters remain in the gap
after the break, leading to Coulomb blockade phenomena at
low temperatures. The observed differential conductance fea-
tures bear a striking similarity to those frequently attributed
to charge transport through single molecules between two
metal electrodes. These results underline the importance to
exercise caution when interpreting electrical transport data
obtained from nanogaps fabricated in the presence of mo-
lecular layers.
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