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ABSTRACT

We performed four-terminal conductivity measurements on a CoSi 2 nanowire (NW) at room temperature by using PtIr-coated carbon nanotube
(CNT) tips in a four-tip scanning tunneling microscope. The physical stability and high aspect ratio of the CNT tips made it possible to reduce
the probe spacing down to ca. 30 nm. The probe-spacing dependence of resistance showed diffusive transport even at 30 nm and no current
leakage to the Si substrate.

One of the main issues in nanotechnology research is
developing useful methods for characterizing electrical
properties of nanoscale objects and devices. Many attempts
have been made by, e.g., patterning electrodes on the objects,
directly growing them on the prepatterned electrodes, or
using tips of scanning probe microscopes (SPM) as elec-
trodes. A multiprobe SPM has a considerable potential, as
it does not need any extra electrodes on the specimen and
enables arbitrary arrangements of probe electrodes. Several
groups have reported conductivity measurements on nano-
objects by multiprobe scanning tunneling microscope
(STM).1-8 However, their measurements were often limited
by contact problem: an electrical contact between metal tips
and samples caused damages to both of the samples and
probes, which prevented making the probe distance nanom-
eter scale with good reproducibility. For realizing nanometer-
scale measurements, carbon nanotube (CNT) tips9 can be
useful because of their high stability, mechanical flexibility,
small radius, and high aspect ratio. We have reported that a
few nm thick of platinum-iridium (PtIr) or W coating on
the CNT probe stabilized the resistance of the probe glued
on a W supporting tip down to as low as several kΩ.10,11

This is important for using the tips in multiprobe STM for
conductivity measurements.

In the present research, we have performed four-probe
conductivity measurements on a CoSi2 nanowire (NW) by
using the four PtIr-coated CNT tips with the minimum probe
spacing down to ca. 30 nm. There are two reports so far
about 10 nm scale resistance measurements done by two-
probe STM.1,2 However, two serious problems remain in the
two-probe method. First, precise control of contact condition
is required in the two-probe method because the contact
resistance between the probe and sample is inevitably
included in the measured resistance. Second, the resistance
of the sample must be (much) larger than the contact
resistance, otherwise the measured resistance is dominated
by the unwanted contact resistance between the probe and
sample, not by the sample under investigation. Owing to the
use of the four-probe method, we solved these problems as
described below. The notable feature of the CNT tips we
found was that direct electrical contacts caused no damage
electrically and mechanically on the sample as well as on
the tips even after repeated contacts. This enabled reduction
of the minimum probe spacing down to 10 nm scale
routinely. On the other hand, even using the PtIr-coated CNT
tips, the contact resistance between the tip and sample could
not be less than ca. 50 kΩ because of its very small contact
area. This means that, by using the two-point probe method,
one cannot measure the resistance of sample less than 50
kΩ. Owing to the four-point probe method, however, we
could measure the resistance as small as 2Ω, which was
much smaller than the contact resistance. Combination of
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the CNT tips and a four-tip STM is very powerful for studies
in nanoscience and nanotechnology.

PtIr-coated CNT tips were prepared by the following
procedure. First, multiwalled CNTs (MWCNTs) were soni-
cated in dichloroethane and attached at the apex of an
electrochemically etched W wire by AC dielectrophoresis
method.12 The MWCNTs, which had an average diameter
of 20 nm, were purchased from Materials and Electrochemi-
cal Research Corporation. Second, the junction between the
CNT and W supporting tip was reinforced by electron-beam-
induced deposition of hydrocarbon around the junction using
methyl isobutyl ketone (MIBK) under scanning electron
microscope (SEM),13 followed by heating at 500°C in high
vacuum. Finally, the CNT-W tip was wholly coated with 5
nm thick PtIr film using pulsed laser deposition technique,14

which stabilized the resistance of the CNT-W junction down
to less than 10 kΩ.11 Without the metal coating, the resistance
at the CNT-W junction scattered from 100 kΩ to several
MΩ from tip to tip, which was too high for the probes in
conductivity measurements. The details of the tip fabrication
and its electrical and mechanical characterizations are
discussed elsewhere.11,15

The PtIr-coated CNT tips were installed in a homemade
four-tip STM having four independently driven STM heads
under SEM.16 All electrical measurements were done in
ultrahigh vacuum (UHV) at room temperature. CoSi2 NWs
were self-assembly formed in situ by sublimation of high-
purity cobalt on a Si(110) clean surface held at 750°C in
UHV.17 The CoSi2 is known to be a high conductive metallic
crystal, and its resistivity is 31( 9 µΩ cm for the NW18

and∼15 µΩ cm for the films19 at 300 K.
Four CNT tips were made contact onto a single CoSi2 NW

under SEM observation (Figure 1). STM pre-amplifiers with
variable gains of 108 and 106 A/V were used. To detect the
contacts during tip approaching, the gain was set to 108 A/V.
The tips were made to approach beyond the point of
tunneling until the contact resistances became less than 1
MΩ. At the current-voltage (I-V) measurement, the STM
feedback loops were cut. Even if the tip physically contacted
to the NW, the contact resistance between the tip and sample
was higher than 50 kΩ. It was difficult to reduce this
resistance because of the small contact area. This is much
larger than the resistance of the metallic NW, which should
be less than 1 kΩ with probe spacing smaller than 1µm.18

Therefore, by two-terminalI-V measurements, the resistance
did not depend on the probe spacing due to the large contact
resistance at the probe contacts. When the tip contacted on
the bare Si substrate, a Schottky barrier was formed at the
tip-substrate contact. The contact resistance in this case was
always higher than several MΩ. We could then confirm that
the tips contacted on the NW only by detecting lower two-
terminal resistance.

Four-terminalI-V measurements were done by sweeping
the bias voltage between tips 1 and 4 with recording of the
current flow I and the voltage dropV between tips 2 and 3
(Figure 2). Voltage probes absorbed current less than 0.1
pA in theseI-V measurements, which is negligibly small
compared with the measurement current. The gain of the
pre-amplifiers was set to 106 A/V to detect the current up to
2 µA. SEM observation was stopped atI-V measurements
to avoid possible influence on the resistance caused by high-
energy electrons (10 kV). Figure 2 shows a series of SEM
images around the voltage probes (tips 2 and 3) touching on
a NW and corresponding four-terminalI-V curves. We
reduced the probe spacing between the voltage probes during
taking the I-V characteristics. The positions of the two
current probes (tips 1 and 4) and one of the voltage probes
(tip 2) were fixed in the measurements, and only tip 3 was
made to shift. AllI-V curves were linear. The four-terminal
resistanceR4t ) dV/dI around I ) 0 decreased with
shortening of the probe spacing. They were severalΩ much
smaller than the contact resistance. A voltage amplifier was
introduced between the STM pre-amplifiers to detect small
voltage drops resulting from the small resistance. Voltage
and current resolutions were 0.1µV and 0.1 nA, respectively,
at 106 A/V gain. Finally, tip 3 bent as shown in Figure 2e,
andR4t became 0Ω because of direct contact between the
voltage probes. The CNT tips always bend when they touch
each other under SEM observation. The minimum probe
spacing on the NW before this shortening was 30( 20 nm,
as shown in Figure 2d.

We plotted values of the four-terminal resistanceR4t as a
function of the spacing between the contact points of the
voltage probes on the NW (Figure 3). The linear proportional
relation in the range from 30 to 600 nm means diffusive
transport, and the fit line gives one-dimensional resis-
tivity F1D ) 57 ( 3 Ω/µm. By extrapolating the data
points, there seems to be no residual resistance at zero
probe spacing, which is owed to the four-point probe
configuration. The gradient decreased to 19( 4 Ω/µm above
600 nm. This is due to an increase of the NW width from
100 ( 20 to 160( 20 nm, as shown in the SEM image
(Figure 3).

We checked the reproducibility. First, the probe spacing
was reduced from 1000 to 30 nm, as shown by red circles
in Figure 2, and then it was increased up to 850 nm (blue
circles). All data are on the same fit lines with reproduction
of the gradient change around 600 nm. This indicates that
the physical contacts of the CNT tips do not cause any
significant damage to the NW. The SEM image of the NW
after these measurements also shows no trace created by the
contacts (Figure 3).

Figure 1. SEM image of a CoSi2 NW being contacted with four
PtIr-coated CNT tips (side view).
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From the values of measuredR4t and the one-dimensional
resistivity F1D, the probe spacing in Figure 2d is estimated
to be 35 nm. This is around the minimum distance we
achieved, which was limited by the diameter of the tip apex
we used, 30 nm (20 nm diameter of CNT+ 5 nm thick PtIr
layer). By using conventional electrochemically etched W
tips with the diameter of the apex typically 100 nm, the
minimum probe spacing should be larger than 100 nm.
Furthermore, the W tips are easily bent and their diameters

become larger by repeated physical contacts to samples,
resulting an enlargement of the probe spacing. The notable
feature of the CNT tips is physical stability and flexibility.
Direct electrical contacts do not change the shape of the CNT
tip. In this experiment, the length of the CNT tip did not
change at all.

We now discuss the transport properties for the NW. The
probe-spacing dependence of resistance in CoSi2 NW showed
a linear one-dimensional Ohmic feature (R4t ∝ L). This
behavior is due to a one-dimensional conduction path through
the NW without leakage of current to the three-dimensional
substrate or to the two-dimensional substrate surface. This
is because a Schottky barrier between the NW and the Si
substrate confines the current.18 The mean free path of the
electrons in CoSi2 is around 6 nm at room temperature,20

which is much smaller than the width and height of our NW
as well as the probe spacing. Therefore, our result of diffusive
conduction is reasonable. The three-dimensional resistivity
of the NW can be calculated. The width of the NW is
determined by the SEM image, and the height can be
determined by the transmission electron microscope image.17

In the probe spacing less than 600 nm, the width is 100(
20 nm and the height is evaluated to be 60( 10 nm. By
multiplying the one-dimensional resistivity, we obtain the
three-dimensional resistivity 22( 6 µΩ cm. In the same
way, we obtain 19( 5 µΩ cm for the region larger than
600 nm. These values are comparable to the previous results
(31( 9 µΩ cm) in which similar CoSi2 NWs were measured
with W tips in larger probe-spacing range.18 Also, these
values are comparable with that of molecular beam epitaxy-
grown films of CoSi2 on Si substrate, for whichF ∼ 15 µΩ
cm.19 One might expect an excess resistance due to inelastic
scattering at the NW boundaries (buried interface and
exposed surface). According to the temperature-dependent
resistance measurements of the CoSi2 film done by J. C.
Hensel et al., boundary scattering is specular and resistivity
increased only∼0.6 µΩ cm from bulk value even in a 12.5

Figure 2. SEM images of the voltage probes (tips 2, 3) at different spacings, and correspondingI-V characteristics. The current probes
(tips 1, 4) are about 1µm away from these voltage probes (see Figure 1). The bottom-right figure illustrates the four-terminalI-V measurement.
(a-d) The four-terminal resistanceR4t decreased with reducing the probe spacing. (e) The voltage probes contacted each other, and the
CNT tip 3 was bent. (d) The minimum probe spacing before the contact is 30( 20 nm. The error bar in the probe spacing is determined
by the radii of the apexes in tips 2 and 3.

Figure 3. Plot of four-terminal resistanceR4t vs spacing between
the voltage probes, and SEM image of the NW under measurement
(top view). The black arrow around 600 nm in the graph and the
white arrow in the SEM image indicate the position where the NW
width changes, resulting in a change of the resistivity. No difference
is found between before and after the physical contacts of CNT tip
3 on the NW (see red and blue circles in the graph).
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nm thick film at 4.2 K.19 Excess resistivity is expected to be
negligibly small in the 100 nm width NW at room temper-
ature.

In the ballistic transport regime, two-terminal and four-
terminal resistances (R2t andR4t) do not depend on the probe
spacing.21 They depend only on the total transmission
probabilityT23 of electron wavefunction between the voltage
probes, tips 2 and 3 (which are also the current probes in
the two-terminal measurement). A remarkable feature of the
ballistic transport is thatR4t takes any value between-R2t

and +R2t, meaning thatR4t can be negative by quantum
interference effects.22 At liquid He temperature, the mean
free path of conduction electrons in a CoSi2 film with the
thickness of 110 nm becomes ca. 100 nm.19 Therefore, at
low temperatures, we can possibly observe quantum interfer-
ence effects in resistance at probe spacing we achieved here
by using the PtIr-coated CNT tips.

In summary, we used PtIr-coated CNT tips in a four-tip
STM to achieve reliable electrical measurements on a single
CoSi2 NW. The minimum probe spacing on the NW in the
four-point probe resistance measurement was reduced to
around 30 nm, which was due to the physical stability and
sharpness of the CNT tips. No electrical changes were found
in the NW before and after repeated contacts of CNT tips,
which meant no significant damage on the sample by the
contacts. The four-terminal method with our electrical circuits
and tips made it possible to measure the sample resistance
as small as 2Ω, which was impossible by the two-terminal
method because of the large contact resistance (typically
higher than 50 kΩ) at the probe contacts. The electrical
transport in the NW is one-dimensional without current
leakage into the substrate.
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