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Single-crystalline RuO, nanowires were grown by using a thermal evaporation method. A control of
the sizes (width and length) and the length-to-width ratio of the nanowires were achieved by tuning
the growth time. A transmission electron microscope—scanning tunneling microscope technique
invoking one-nanocontact electrical characterization was adopted to determine the
room-temperature resistivity (~100 ) cm) of the nanowires. An e-beam lithography technique
facilitating two-nanocontact measurements was performed to establish the metallic characteristic of
individual nanowires. The authors found that a nanocontact may introduce high contact resistance,
nonlinear current-voltage characteristics, and even semiconducting behavior in the temperature

dependent resistance. © 2007 American Institute of Physics. [DOL: 10.1063/1.2428669]

The step-edge1 and e-beam lithographyz’3 techniques,
combined with thermal-evaporation deposition, were devel-
oped to make one-dimensional metal wires with high length-
to-width ratios. Resistances of those top-down fabricated
metal wires were measured as functions of temperature and
magnetic field, and topics, including weak-localization and
electron-electron interaction effects, superconducting-to-
normal metal transition, etc., had been investigated.l’3 6 The
crystalline structures of such top-down fabricated metal
wires, however, could not be readily determined experimen-
tally. The lately synthesized nanomaterials such as carbon
nanotubes,7 ZnO nanowires (NWs),8 and other metallic”'”
and semiconducting11 NWs were mostly single crystalline
according to electron microscopy analysis. Nanoscale elec-
tronic devices made of those bottom-up generated, single-
crystalline NWs have recently been realized and
demonstrated.'*™"

RuO, is an inviting electrical contact material'® with a
room-temperature resistivity of ~35 u() cm,"”” which is
about twice that of the Ru metal. It crystallizes in the rutile
structure'® and displays good thermal stability up to
600 °C." RuO, had been produced into one-dimensional na-
norods and NWs by using templates,10 chemical vapor
deposition,20 reactive sputtering,21 and other methods.” The
growth and structural characterization of RuO, nanorods had
been discussed in the literature'®**** but a control of the
length-to-width ratio and of the length and width of the NWs
have not been attempted.
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Electrical characterizations for the metallic NWs are cru-
cial for their possible applications as interconnects in
bottom-up fabricated nanoscale electronic devices, while un-
derstanding of the electrical properties of those single-
crystalline NWs is mostly lacking. In this letter, we employ a
thermal evaporation method to synthesize RuO, NWs with
controlled sizes. The characterizations of the electrical-
transport property of RuO, NWs are performed on a two-
nanocontact configuration made with the e-beam lithography
technique. Alternatively, a transmission electron microscope
holder attaching a scanning tunneling microscope probe23
(TEM-STM) providing a convenient way to obtain the resis-
tance at a specific nanosclae position is adopted for one-
nanocontact characterization at room temperature.

RuO, NWs were grown in a quartz tube inserted in a
furnace. The quartz tube was sealed and evacuated to a base
pressure of 1073 torr. A source material of stoichiometric
RuO, powder (Aldrich, 99.9%) was placed in the center of
the quartz tube and heated to 920-960 °C. Oxygen gas
(99.9%) was introduced into the quartz tube and the chamber
was maintained at a constant pressure of 2 torr. Silicon wafer
substrates with gold nanoparticles (Ted-pella, 5—40 nm in
diameter) as catalyst predeposited on them were loaded at
the downstream end of the quartz tube, where the tempera-
ture was kept at 450—670 °C. Several hours later, single-
crystalline RuO, NWs were grown on the substrates. One-
nanocontact electrical characterization was performed on a
TEM-STM system with a STM gold tip sharpened by em-
ploying focused ion beam. After the formation of a one nano-
contact between the gold tip and the single RuO, NW, the
current-voltage (I-V) behavior and the resistance of the NW
could be studied. Two nanocontacts on a single NW were

© 2007 American Institute of Physics


http://dx.doi.org/10.1063/1.2428669
http://dx.doi.org/10.1063/1.2428669
http://dx.doi.org/10.1063/1.2428669

013105-2 Liu et al.

50 100 150
Diameter(nm)

(110)

| (001)

s, Zone Axis [110]

3.1A

=1

[001]
T S'‘nm

FIG. 1. (a) SEM image of RuO, NWs. The inset shows a distribution of the
widths of the NWs. (b) High-resolution TEM image of a single-crystalline
RuO, NW with its corresponding selected-area electron diffraction pattern
(inset).

fabricated by the standard e-beam lithography technique with
contact electrodes of Cr/Au (~10/90 nm) films. Measure-
ments of temperature dependent resistance were carried out
in a “He dipper, using a Linear Research LR700 resistance
bridge operating at an ac current of 30 nA. The linearity of
the I-V curves was checked before recording the resistance at
various temperatures.

A top-view SEM image in Fig. 1(a) shows our RuO,
NWs. A rectangular cross section, with average length of
several micrometer and average width of ~90 nm, was de-
termined. A broad distribution in the width is shown in the
inset of Fig. 1(a). The crystalline structure was determined to
be the rutile structure with lattice constants a=b
=4.500+0.005 A and ¢=3.101+0.006 A by using x-ray dif-
fraction. Figure 1(b) displays high-resolution TEM image of
a single RuO, NW. As indicated, the growth direction is
along the [001] direction, being consistent with previous
results.”” The [110] growth direction as reported in Ref. 22
was not found in our samples. The corresponding electron
diffraction pattern is shown in the inset of Fig. 1(b). The
lattice constant ¢ was estimated in the TEM image to be
3.1 A.

Gold nanoparticles were used as catalyst in our growth
of the NWs. However, we found that a change in the gold
nanoparticle diameter from 5 to 40 nm did not lead to appre-
ciable variation in the width of our NWs. The control of the
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FIG. 2. (a) Average width, (b) average length, and (c) length-to-width ratio
of RuO, NWs as a function of growth time.

sizes (width and length) of the RuO, NWs was achieved by
adjusting the growth time. The width, length, and the length-
to-width ratio of the NWs as a function of the growth time
are displayed in Figs. 2(a)-2(c), respectively. The width of
the NWs varies linearly with the growth time initially and
saturates after 8 h. The length, length-to-width ratio, and
their corresponding standard deviations increase monotoni-
cally with the growth time.

A schematic drawing in Fig. 3(a), together with a high
resolution TEM image, illustrates the TEM-STM technique
for our measurements of the NW resistivity at room tempera-
ture. Though the nanocontact resistance is very sensitive to
the interfacial structures and the NWs could be differently
doped, we assume average contact resistance and NW resis-
tivity in our measurements. Typical I-V curves are shown in
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FIG. 3. (a) Schematic illustration of the TEM-STM technique. The TEM
image (right) displays a one nanocontact for electrical characterization. (b)
TEM-STM measured resistance as a function of //A of the NWs. The inset
displays the J-V curves for untreated (nonlinear) and treated (linear)
nanocontacts.
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FIG. 4. Two typical temperature dependent resistance curves obtained from
two-nanocontact electrical characterizations on single RuO, NWs having
bad (top) and good (bottom) nanocontacts. The inset shows SEM image of a
70 nm RuO, NW with two electrodes.

the inset of Fig. 3(b). Notice that the TEM-STM measure-
ment produced nonlinear /-V curves for our untreated nano-
contacts. We used the techniques of mechanical indentation,
polishing, and focus e-beam annealing to improve the quality
of the nanocontact between the NW and the electrode of a
STM tip. After these treatments, we obtained linear I-V
curves obeying the Ohmic law. The resistance R as a func-
tion of the ratio of length (/) to cross-sectional area (A) of the
NWs was obtained and fitted with the relation R=R+pl/A,
where R and p are the nanocontact resistance and the resis-
tivity of the NW, respectively. A linear least-squares fit indi-
cates R.~5 k) and p~100 wQ) cm. The p value is about
three times of the bulk value.

Temperature dependent resistances measured using a
two-nanocontact configuration (the inset) are displayed in
Fig. 4. Even though the contact resistance is only on the
order of 2—3 k) (top curve), the measured resistance al-
ready exhibit nonmetallic behavior (at low temperatures) im-
plying bad nanocontacts in this case. In the other case where
the resistance is one order smaller (bottom curve), implying
good nanocontacts between the NW and the electrodes, the
measured resistance demonstrates metallic feature all the
way down to liquid-helium temperatures. The resistivity of
our NWs was determined to be 100—300 () cm, which is in
line with that obtained from our four-point measurements
(not shown) and of the same order of magnitude of that ob-
tained from the TEM-STM technique. Based on the TEM-
STM and e-beam results, we attribute the bad nanocontact
resistance of several kilohms to the conductive rough surface
formed between the NW and the electrode.” At low tem-
peratures, the rising resistance of the bad nanocontact could
be fitted well with the electron hopping theory in granular
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metals® possibly generated in the nanocontact.

In summary, single-crystalline RuO, NWs with [001]
growth direction have been synthesized by the thermal
evaporation method. The sizes of the NWs were controlled
by the growth time. The TEM-STM technique provided a
handy one-nanocontact measurement of the NW resistance,
accompanied with a contact resistance of several kilohms.
The metallic feature of the NWs can be verified by the two-
nanocontact electrical characterization only when the contact
resistance is at least one order of magnitude smaller than
that encountered in the one-nanocontact measurement.
Metallic RuO, NWs may serve as inviting interconnects in
nanoelectronics.
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