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ince carbon coils were discovered by

Davis et al. in 1953," they have stirred

great interests due to potential appli-
cations in micromagnetic sensors, mechan-
ical microsprings or actuators, high elastic
electro-conductors, high electromagnetic
waves absorber, electro-magnetic (EM)
nano-transformers, and wearable electron-
ics, etc.2~° Up to now, various properties of
carbon coils such as mechanical,® field emis-
sion,'® EM wave absorption,'’ thermal'?
and electric'® properties, and so forth have
been studied. Especially, the EM and electri-
cal properties have aroused special inter-
est. For example, the electrical properties
of carbon microcoils (CMCs)/silicone-rubber
composites on the changes in the values
of electrical parameters as a function of
CMCs content in the matrix were measured
using an impedance analyzer in the fre-
quency range of 40—200 kHz; and percola-
tion paths were observed at a CMC content
of 3 wt %.'® The capacitance with a small
value was dominant at CMC content less
than 3 wt %, and the resistance was domi-
nant at CMC content higher than 3 wt %.
Only a 1—2 wt % addition of CMCs in PMMA
beads resulted in strong EM wave absorp-
tion; however, an addition of CMCs greater
than 5 wt % resulted in decrease of EM ab-
sorption.' The temperature dependence
(in the range of 5—300 K) of the electric re-
sistance and magnetoresistance (MR) of as-
prepared and annealed CMCs were mea-
sured.”” The as-prepared CMCs show no MR,
while the CMCs annealed at temperatures
higher than 2500 °C show negative MR of
—3.5% at 5 K under the magnetic field of 5
T but positive MR of 1% at 300 K under the
magnetic field of 5 T. The dependence of
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ABSTRACT Coil-in-coil carbon nanocoils (CNCs) were synthesized by means of acetylene decomposition using

nickel nanoparticles as catalysts. The investigations revealed that there are often several CNCs self-assembled in

one nanospring. The yield of coil-in-coil CNCs was high up to 11 g in each run at the decomposition temperature of

450 °C. (NC nanodevices were fabricated for systematical examinations of charge conduction in the single CNC

and in the electrical contacts. A focused laser beam of about 70 pum in diameter was applied for selective annealing

CNC nanodevices so as to improve the electrical contacts to the CNC. Our study showed that the selective focused

laser annealing technique is an effective route to improve the electrical contacts to the nanodevice. Temperature-

dependent CNC resistances are analyzed with the Mott-variable range hopping (VRH) and Efros— Shklovskii VRH

model, revealing electron hopping conduction in the disordered CNCs with a characteristic length of about 5—50

nm.

KEYWORDS: carbon nanocoils - coiled structures -

property - electrical contact improvement

MR on calcination temperature may at-
tribute to the difference of carrier concen-
tration resulted in graphitization. The field
direction dependence of the MR shows that
the current flows helically along the fiber
constituting the CMCs. Shen et al.'® mea-
sured the electrical properties of a single
CMC with a double helix structure by a stan-
dard four-probe technique. Their study re-
vealed that the temperature dependence of
the resistance above 13 K is in accordance
with Mott—David variable range hopping,
whereas below 13 K, it is in accordance with
Efros—Shklovskii variable range hopping.
In addition, a positive MR with H?-
dependence behavior is observed at low
temperature. Recently, Chiu et al.'” mea-
sured the transport properties in a single
carbon coil from ambient temperature to
64 mK. The temperature-dependent resis-
tance was analyzed with the
Efros—Shklovskii variable range hopping
model, indicating three-dimensional elec-
tron hopping conduction in the disordered
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carbon coils with a characteristic length of about 5

nm. A CMCs sample was evaluated for use as a micro-
solenoid in a small magnetic device.'® A direct current
was supplied to the single CMC and a micro/nano-
magnetic field generated from the coil was observed di-
rectly by means of electron holography. A computer
simulation of electron holography was also done to
analyze the magnetic field quantitatively.

Moreover, nanodevices based on single semicon-
ducting nanowires have received much attention be-
cause of potential applications in nanoscaled electron-
ics. Of particular interest are carbon nanotubes' and
graphene layers® due to their unique electron band
structures, and from which p—n junction diodes and
field effect transistors have been demonstrated at the
room temperature. However, metal/semiconductor
nanocontacts of the nanowire devices are usually of
high resistances so as to bring in drawbacks in device
performance and reliability. For instance, the measured
contact resistance of carbon nanotubes ranges from
k() to M) at room temperature according to literature.
Usually people account this deviation in different Schot-
tky barrier heights to various work functions of the con-
tact metal.2' Moreover, poor contacts may result from
the barriers formed at the contact interface due to sur-
face contamination or oxidation of the nanomaterials in
prior to contact fabrication. Nevertheless one is pos-
sible to obtain Ohmic metal/nanowire contacts by
choosing suitable contact metals???* and applying ap-
propriate soldering?* or annealing.>? Nowadays the
rapid thermal annealing (RTA), widely used for fast heat-
ing samples of large area, has been a key step in increas-
ing the performance of nanowire-based transistors.?®
Among the RTA methods, the laser annealing, having
potential advantages of not only a shorter annealing
time but also a smaller annealing area, will be an impor-
tant technique in nanodevice fabrications worthy of fur-
ther studies. For example, ultrafast annealing has been
tried by using pulsed lasers in semiconducting nano-
wires for activating implanted dopants® and in nano-
particle synthesis for reducing the particle size?® 3" as
well as nanowelding them together.>

Up to now, carbon nanocoil (CNC) materials were
commonly produced by combustion chemical vapor
deposition (CCVD) of carbon source gases, for example,
acetylene and ethylene over metal catalysts such as
Fe, Ni, Cu, etc. It is notable that the mass production of
high pure CNCs still remains a large challenge. We re-
ported previously the synthesis of T-CNCs** and plait-
like CNCs** with high yield, the yields of each run are ca.
3.027 and 3.705 g, respectively. Herein, we reported
the preparation of CNCs showing a novel coil-in-coil
structure, and the yield of each run is high up to ca.

11 g. Furthermore, nanodevices based on single CNC
were fabricated and from which the electrical proper-
ties of single CNC were investigated. The conduction
mechanism is identified as three-dimensional electron
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hopping with electron—electron interaction. Especially
in our CNCs the electrons have robust Coulomb interac-
tion with Coulomb gaps ranging from several MeV to
20 MeV. Finally, we introduced a selective focused la-
ser annealing technique, which is an effective route to
improve the electrical contacts to the nanodevice. For
receiving the benefits of high anneal temperatures,
small and controllable anneal areas and in-situ electri-
cal measurement, it is an ideal route for single-nanowire
devices.

RESULTS AND DISCUSSION

Microstructures of the as-Prepared Sample. The catalytic
precursor powder was measured by X-ray fluorescence
spectrometer. The result showed that the content of ha-
lide ions is ca. 15.43033 wt %, indicating the content
of NiCl, is 28.19 wt %. Namely, the catalytic precursors
include nickel oxide and NiCl,. Notable, our previous
work showed that the catalytic precursor can be re-
duced to metallic nickel, and highly pure Ni catalyst
can be obtained after the catalytic precursor was re-
duced in H, at the temperatures of =375 °C.3*3> By us-
ing 0.163 g catalytic precursor powder as a catalyst pre-
cursor, 11 g CNCs was obtained in each run by CVD of
acetylene at 450 °C. As compared to a yield of 2.41 g ob-
tained using 51 mg of nickel oxide at 425 °C** and 3.032
g obtained using 25 mg of nickel oxide at 415 °C**
there is a significant increase in the yield of each run
upon using a larger quantity of the catalyst at higher
temperature. This result can be confirmed by
thermogravimetric-differential thermal analysis (TG-
DTA). As shown in Figure 1a, the weight loss of 98.34%
in the as-prepared sample, as the temperature in-
creased from 450—700 °C. The leftover powder of only
1.66 wt % can be attributed to the NiO powder. This re-
sult indicates that the Ni nanoparticles, prepared
through hydrogen reduction using the sol-gel method,
reveal high catalytic performance at the relatively low
temperature of 450 °C. This low-temperature CVD ap-
proach might be viable in the mass production for fu-
ture application of CNCs. Moreover, the diffraction
peaks in the X-ray diffraction (XRD) pattern (Figure 1b)
of the as-prepared CNCs can be related to typical
phases (dgoz = 0.34 nm; d101) = 0.204 nm) of graphite
structure, indicating that the formation of the graphite
results from the complete decomposition of acetylene.
Finally, Raman studies offered further information on
the possible characteristics of the graphite structure.
The Raman spectrum (Figure 1c) of the as-prepared
sample exhibits two peaks at ca. 1355.79 and 1592.02
cm ™! with approximately equal intensity. Since crystal-
line graphites (such as highly oriented pyrolitic graph-
ite) show a characteristic Raman peak at 1580 cm ™'
(called G-band), and carbon materials with disordered
structures give an intense “defect-induced” band at
1350 cm™' (called D-band)." In the as-prepared CNCs,
the appearance of D-band and the broader half-width
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Figure 1. Characterization of the as-prepared CNCs: (a) TG-DTA curves in air, (b) XRD pattern, (c) Raman spectrum.

(67.6 cm™") are evidence for the presence of disorder
and/or distortion in the sample.

The morphologies of the as-prepared CNCs have
also been examined through field-emission scanning
electron microscopy (FE-SEM) and transmission elec-
tron microscopy (TEM). The FE-SEM image (Figure 2a)
reveals that the sample obtained is CNCs with spring-
like structure and high purity. The diameters of CNCs
range from 120 to 500 nm, and their lengths are often
more than 30 wm, significantly bigger and longer than
the CNCs that we previously reported.3*3* Furthermore,
the TEM image (Figure 2b) clearly shows that most
CNCs are coiled in a regular and tight fashion with short
pitch. Showing in Figure 2c is a typical CNC which was
ruptured after being agitated in an ultrasonic bath; it
demonstrated that the coils contain many small fibers
with the diameter of ca. 5 nm. The structure of spring-
like coil-in-coil CNCs is similar to T-CNCs>3 reported be-
fore where the coils are composed of bundles of nano-
fibers of ca. 10 nm in diameter. The difference in
fabrication procedure is that in the case of springlike
CNCs, 163 mg of the catalytic precursor powder was
spread on a ceramic plate which was placed inside a
quartz reaction tube (diameter, 5.2 cm; length, 85 cm)
(see Experimental Section), whereas in the case of
T-CNGs, 51 mg of the catalytic precursor powder was
spread on a ceramic plate (which was placed the quartz
reaction tube) was placed in a stainless steel tube of
5.2 cminner diameter. The structure of spring-like CNCs
is different from that of plait-like CNCs** where two
CNCs of different handiness form an interangle of 0°. It
is apparent that the growth mechanism of carbon nano-
materials is complex and subject to subtle changes of
reaction conditions.
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Figure 3 is the variations of the yield of CNCs in
each run as a function of temperature of acetylene de-
composition. It showed that the decomposition tem-
perature has profound influence on the yield of carbon
products. At 400 °C, there is a low yield of 0.173 g. The
yield reaches the maximum value of 11 g at 450 °C.
Above 450 °C, with the increase of the decomposition
temperatures, the yield decreases. Above 500 °C, the
yield decreases very fast. The yield decreases to only
0.6 g at the decomposition temperature of 650 °C. The
results show that with the use of the Ni catalysts pre-
pared by this method, the temperature of 450 °C is most
suited to the growth of the CNCs.

Figure 2. Microstructure of the sample. (a) FE-SEM image. (b, c,
and d) TEM images: (c) CNC which was ruptured after being agi-
tated in an ultrasonic bath; (d) magnified image of the corre-
sponding position marked in panel c.
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Figure 3. The variations of the yield of CNCs in each run as
a function of temperature of acetylene decomposition.

Electrical Properties of the Single CNCs and Electrical Contact
Improvement. Figure 4a is a SEM image of a CNC nano-
device, in which multiple 300 nm-wide Cr/Au elec-
trodes with thickness of 50 nm/140 nm are arranged
with an edge-to-edge spacing of 300 nm on a 110 nm-
in-diameter CNC. By using 2-terminal and 3-terminal
measurements,? we can estimate the contact resis-
tances of devices successfully made. To understand the
quality of the nano-contacts to the CNCs, we analyzed
100 contacts in 20 devices successfully made and di-
vided them into several groups according to their con-
tact resistance. Figure 4b is the frequency distribution
of contact resistances of un-annealed samples at room
temperature. We note that no clear electrode-material
(Ti or Cr) dependence was found in this analysis. One
can see that the resistance distribution ranges in orders
of magnitude from 10* Q) to 10° (), and one-forth of
the contacts are significantly poor (resistance higher
than 100 MQ). Such poor contacts usually have rapidly
increasing resistances as temperature decreases so as to
hinder the transport measurements at lower tempera-
tures. Therefore, the devices with poor contacts re-
quired annealing treatment for improving the electri-
cal contacts before undergoing further low
temperature measurements.

The best annealing condition can reduce the con-
tact resistances from hundreds M() to ca. 100 k), a re-
duction of 3 orders of magnitude. Before employing fur-
ther studies, we carefully checked all the 2, 3, and
4-terminal resistances as well as the SEM images of the
devices after the annealing process and excluded any
that showed unexpected changes in resistance and

10k 100k 1M 10M >1q0m
100k 1M 10M 100M
Resistance (Q)

Figure 4. (a) The SEM image of a CNC nanodevice. The configura-
tion of the 4-terminal measurement presented in Figure 9 are indi-
cated. (b) The frequency distribution of contact resistances of as-
prepared samples at room temperature. Inset depicts how the
metallic electrodes contact to the CNC.
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morphology. Especially, the 4-terminal resistances of
the devices show almost the same value despite that
2-terminal or 3-terminal resistances reduce dramatically
in the annealing treatment. It reveals that most of the
CNCs show a high specific resistance of 15—45 {}/nm
under 4-terminal measurements at the room
temperature.

The temperature dependence of the CNC resis-
tance and contact resistance can provide us more infor-
mation about the charge conduction in the CNC and
the contact region. A closed cycle cryogenic system is
employed for our need, cooling the samples from room
temperature down to 10 K. As illustrated in Figure 5a,
the current-voltage (V) characteristic of an annealed
sample A1 becomes nonlinear at lower temperatures
in the bias-voltage range of several mV. The nonlinear-
ity is best presented in Figure 5b, in which the dynami-
cal conductance (G4 = dI/dV) versus bias-voltage curve
at 10 K shows a dip in the vicinity of zero-bias voltage.

A closer inspection reveals that the current follows
a power law that /(V) « V" in a large range of bias volt-
age from several mV to 100 mV. Figure 6 is the log—log
plot of the IV curves of the annealed sample A1 at low
temperatures of 10, 20, and 40 K, respectively. One can
clearly see a kink around 10 mV: At smaller bias-
voltages, the [V is found to be more linear while at
larger bias, it follows a power law /(V) « V. When T is
lower than 50 K, the nonlinearity starts to grow up and
v increases as T decreases, reaching the value of 1.6 at T
= 10 K. However, the IV curves behave more linear at
smaller bias voltages of about several mV, and the slope
in the IV curve saturates to the inverse of zero-bias
resistance.

The zero-bias resistance may reflect the charge con-
duction of the CNC in the equilibrium state. For in-
stance, that of the A1 CNC increases from about 70 k()
at 300 K to 2.5 M} at 10 K, and the temperature depen-
dence can be best fit to the following expression,

T,\Vd
R(M =R, exp[(7) ] (1)

with d = 4 in the high temperature regime (T > 20 K),
whereas in the low temperature regime (T < 20 K), d =
2. For disordered semiconductors, d = 4 dependence
can be explained by Mott variable range hopping (VRH)
of (non-interacting) localized electrons, while d = 2 by
Efros—Shklovskii (E—S) VRH model, a signature of ro-
bust Coulomb interaction between the electrons. This
property of sample A1 was also further confirmed by
cooling the sample down to 2 K (see data A1* in Table
1). Obviously the resistance is distinct after several ther-
mal cycles but the value of d is unchanged. For samples
without laser annealing treatment, the CNC resistances
also show similar temperature dependence (e.g., U3
data shown in Figure 7a). We note that the VRH behav-
ior has been observed in helical carbon fibers of 150
nm?' and several wm in diameter.?° From the result, and
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Figure 5. (a) Four-terminal /V curves of annealed sample A1, at various temperatures ranging from 270 to 10 K. (b) The dif-
ferential conductance as a function of bias voltage with a large bias range at various temperatures from 300 to 10 K.

a high specific resistance for most of the CNCs mea-
sured at the room temperature, we conclude that these
CNCs are highly disordered because of the presence of
disorder and/or distortion in the sample (Figure 1¢), and
the electrons conduct through localized states so as to
exhibit a crossover from Mott to E—S VRH?¢ from 300 to
2 K. This finding is consistent with the knowledge that
the graphene sp? lattice structure cannot form coiled
structure without large number of atomic defects, such
as 5-membered and 7-membered rings in the materi-
als.* Moreover, the E—S VRH is also confirmed in the
non-linear IV curve at low temperatures, signifying the
formation of a Coulomb gap.

To unambiguous determine the important param-
eters governing the Mott-to-E—S VRH, various works
demonstrated a universal crossover scaling form for
temperature-dependent resistance.3”*® Among them a
simple scaling form of log (R/Ro) « f(T/T,) with fix) = 1 +

10°
o 40K n=13
o 20Kn=148
10K n=16
04 — fitting
< o
=,
= D“fﬁ“i
10-2_ . o DD[”jD
10° :
10° 107 10"
Bias voltage (V)

Figure 6. The annealed sample A1 clearly shows power-law
dependent IV curves in the log—log plot at low tempera-
tures of 10, 20, and 40 K, respectively.

x (1 + x)"2 = 1)/[(1 + x)'? — 11'2 has been sug-
gested by Aharony et al.>” At high temperatures (T >>
T, the d = 4 dependence is recovered, whereas at low
temperatures (T << T,), the d = 2 result is obtained.
Here T, is the crossover temperature. Indeed, our data
can be well scaled to the universal function f(x) as
shown in Figure 8, a strong support of the observation
of Mott-to-E—S VRH. From the curve fitting, we deter-
mined for sample A1 the characteristic Mott tempera-
ture, Ty to be about 2080 K and the characteristic
Efros—Shklovskii temperature, Tgs, to be about 168 K.
From the microscopic point of view, we note that the
Mott temperature gives N(Eg)? =100 eV, in which [ is
the localization length and N(E) is the density of state
(DOS) at Fermi energy E;. In contrast, the E—S VRH origi-
nates from the Coulomb interaction and yields k/ =
3.5 pwm with a dielectric constant k. Because our CNC di-
ameters are on the order of 100 nm, the above analy-
sis would be valid only if dielectric constant has a lower
limit of 50. Considering the charge screening effect
from localized electrons, one may have k =~ 1 +
4mwe2N(Er)PP/go, and the enhancement in « is possible.
To find out the localization length, one needs the infor-
mation of the DOS, N(Eg), which have been reported
from 10" to 102! (eV~" cm™3) in previous works. On the
basis of the above analysis and an assumption that
DOS of our CNC is similar to those have been reported,
we estimate our localization length is in the range of
4,6—22 nm, a reasonable value for a 3-dimensional hop-
ping in our CNCs with 110 nm in diameter. In turn, the
dielectric constant is further determined as on the order
of 102 to 103, a much smaller value than that in ref 21
but still fulfilling previous assumptions. The Coulomb

TABLE 1. A Comparison of the Electronic Properties of the Carbon Coils Reported to Date

sample description Shen, J.Y. et al. Chiu, H.S. etal. u3 (withotIIt A1(300s A1* (A1 with
ref 16 ref 17 laser annealing) laser annealed) 2-300 K thermal cydle)
coil diameter ~2 pm ~150 nm ~150 nm ~110 nm ~110 nm
Tu (K) 2342 N/A 215 2080 227
Tes (K) 17.5 0.17 272 168 160
N(EF) (V" em™3) ~10" 44107 N/A N/A N/A
I (nm) 13.2 32 11-50 4.6—22 9.7—45
K ~10 ~10° 50—200 150—750 70—350
Coulomb gap (MeV) 0.12 15X 1073 238 37 10.5
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Figure 7. (a) Four-terminal resistances as a function of T-"2
of annealed sample A1, and un-annealed sample U3. Data
A1* are those of the sample A1 after several thermal cycles
from 2 K to room temperature. The solid curves are fit to the
expression (1) with d = 4 on the high temperature side and
with d = 2 on the low temperature side. (b) The contact re-
sistance as a function of T~' of un-annealed samples A1, U1,
and U2. The solid curves are fit to the thermal fluctuation-
induced tunneling model described in text.

gap due to charge interaction can be obtained as about
3.7 MeV for A1 and 23.8 MeV for U3 through the for-
mula, U =~ e3(N(Ep)/k3ed)"? ~ 0.905ksTe Ty 2. The Cou-
lomb gaps in our CNCs are greatly larger than those of
carbon coils reported to date, implying much weaker
charge screening effects in these CNCs. As such exci-
tons may have a large binding energy in these CNCs, an
interesting topic for future studies as that have been re-
ported in single-walled carbon nanotubes.3® Some im-
portant parameters mentioned above can be found in
Table 1 for a summary.

We may also investigate the temperature depen-
dence of the single contact resistance as shown in Fig-
ure 7b obtained by subtracting a 2-terminal resistance
by 3-terminal resistance. Because the data are obtained
by subtracting 2-terminal resistance with 3-terminal
one, relative error becomes large when the contact re-
sistance is much small than 3-terminal resistance. Re-
markably the contact resistance of annealed sample A1,
by accounting experimental errors, is almost indepen-
dent to the temperature. Notice that the contact of U2,
although having a smaller resistance than that of A1 at
room temperature, increases rapidly and surpasses at
the temperature of 100 K because of the flat tempera-
ture dependence of the A1 contact. Actually more data
has been acquired but not enough for quantitatively
getting single contact resistance. Nevertheless in gen-

4
4

(1\)

log (R/R)/A
)

-
1

0 . .
10" 10° 10’ 10° 10°
T,

Figure 8. The scaling plot for the Mott-to-E—S crossover for
the three curves shown in Figure 7a. The data can be well-
scaled to a function f(T/T,) described in the text.

eral we found 2-terminal and 3-terminal resistances of
annealed samples have much weaker temperature de-
pendences than those of un-annealed samples. At high
temperatures T > 50 K, the temperature-dependent
contact resistances roughly obey the thermal activa-
tion behavior of a Schottky-type contact in which R(T)
o exp(d/kgT) with a barrier height ®.*° However, a
closer inspection reveals that some contact resistances
saturate at very low temperature. We believe that, as re-
ported in the contacts of RuO, nanowires,*! this kind
of contacts have quantum tunneling features at low
temperatures and can be explained by the thermal
fluctuation-induced tunneling.*? The data can well be
fit to the expression suggested by Sheng et al.,*?

-
R(M =R, exp(T+—17_()) @)
In this expression the resistance follows a thermal-
activation result at high temperatures, whereas it satu-
rates to a value featuring quantum tunneling through
the barrier at lower temperatures. Assuming a contact
area of about 200 nm X 100 nm and an electron mass
similar to that in free space, one can obtain the barrier
widths in annealed sample A1 contact as roughly 10 nm
and the barrier heights as tens of MeV. However, the
barrier area cannot be judged by microscopy images
and might be smaller than expected, leading to thin-
ner but higher barriers. The barrier width of the U2 con-
tact is larger than that of annealed sample A1 contact
because of the stronger temperature dependence and
a higher saturation resistance. From the observations
above, we conclude that despite strong disorder in the
CNCs, the disorder originated from the contact region
can be reduced after the appropriate laser annealing.

CONCLUSIONS

In summary, we provide a favorable route for 11
g-scale production of springlike CNCs with novel coil-in-
coil structure by the pyrolysis of acetylene at 450 °C
over Ni nanoparticles, and no carrier gas such as argon
and nitrogen was needed. Thus, we have provided a
simple, low-cost, and environmentally friendly ap-
proach for the mass production of springlike CNCs. By
regulating the temperature for acetylene pyrolysis, one
can control the CNC yield. The study of the charge con-
duction in the single CNC and in the electrical contacts
showed the electrons hop from and to localized states
with a characteristic length of about 5—50 nm due to
strong disorder in the CNCs. At lower temperatures, the
electron—electron interaction in the localized state
forms a soft Coulomb gap of several meV, turning the
electron hopping into an Efros—Shklovskii VRH form.
On the contact resistance, the Schottky-type are often
observed at high temperatures while annealed contacts
show pronounce quantum tunneling at low tempera-
tures. The well-monitored and controlled annealing
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Figure 9. (a) The schematic for laser annealing setup. (b) The charge-coupled device image clearly shows the luminous spot,
marked by the red circle, of diameter of 300 jum on the sample. By further focus, the spot can be reduced to about 70 pm

in diameter, but hardly resolved by the CCD camera.

process successfully reduces the resistances of the me-
tallic contacts for strongly disordered CNCs, and the
contact resistance as a function of temperature is flat,
suggesting thinner barrier for electron conduction in

EXPERIMENTAL SECTION

Experimental Procedure. In our synthesis, a preparative proce-
dure similar to those of the T-CNCs* and plait-like CNCs** was
used to prepare the CNCs materials. NiCl, - 6H,0 (0.03 mol) and
citric acid (0.045 mol) monohydrate were well mixed and stirred
for 4 hin 100 mL of absolute ethanol at 60 °C. After that, ethanol
was evaporated at 80 °C and the resulting residual xerogel was
heated at 400 °C in air for 4 h to yield a catalytic precursor pow-
der. A 0.163 g portion of the catalytic precursor powder was
spread on a ceramic plate. The plate was then placed inside a re-
action tube (a quartz tube 5.3 cm in diameter and 85 cm in
length, equipped with temperature and gas-flow controls). The
catalytic precursor powder was reduced with a H, flow at 450 °C
for 3 h. After turning off the H, flow, a stream of acetylene was in-
troduced. Then acetylene was pyrolyzed at 450 °C for 1 h at at-
mospheric pressure over the reduced nickel nanoparticles. After
the system was cooled to room temperature, approximately 11 g
of “as-prepared” CNCs was obtained.

Characterization of the Samples. The phases of the samples were
determined by XRD with Cu Ka radiation (model D/Max-RA,
Rigaku, Japan) at room temperature. Raman spectroscopic inves-
tigation of the samples was performed using a Jobin-Yvon LA-
BRAM HR800 instrument with 514.5 nm Ar laser excitation. The
morphologies of the samples were examined by TEM (model
JEM-2100, Japan), and FE-SEM (model JSM-6700F, Japan) with
the equipment operated at an accelerating voltage of 200 and
5 kV, respectively. For TEM analysis, the powder samples were
dispersed in ethanol, agitated in an ultrasonic bath, and finally
deposited on a copper grid that was coated with a carbon film.

Fabrications of C(NC Nanodevices. For CNC nanodevice fabrication,
substrates were diced from silicon wafers coated with 300 nm-
thick SiO, or Si3Ng4 insulating layers on which micrometer-sized
metal pads and alignment marks are made by using standard
photolithography. The CNCs were first dispersed in alcohol, pre-
pared for random dripping on the substrates using a micropipet.
For further confining the area for CNC deposition, a windowed
photoresist as a blocking layer was coated on the substrates be-
fore the dripping. CNCs being spread on the blocking layer
would be removed from the substrates and then dipped in the
resist remover. We note that the resist window can also serve as
a sieve for the CNCs according to the window size. When the
CNC deposition was done, the positions of the selected CNCs
were carefully determined by the SEM images and were then
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the contact region. We envision the selective laser an-
nealing integrated by automatic positioning stage will
be a powerful tool in the near future for productions of
nanowire-based transistors.

used for designing the submicrometric electrical leads. Ti/Au
and Cr/Au electrodes were then patterned using e-beam lithog-
raphy and were placed on the top of the selected CNCs by ther-
mal evaporation and followed by the lift-off process. Because of
the springlike structure, the outer diameter of the CNC can be as
large as 100 nm, and a thick metal deposition is needed for a
good crossover.

Laser Annealing of CNC Nanodevices. As shown in Figure 9a, we em-
ployed a continuous doubled Yb:YAG laser (of wavelength =
515 nm), and the laser beam goes through a half-wave plate and
a polarizing beam splitter for a rapid change of the power, fi-
nally delivering a power of about 4 W on the samples. The beam
spot is about 300 pm in diameter as illustrated in the image cap-
tured by a charge-coupled device (CCD) camera (Figure 9b) and
can be reduced to 70 wm with further focusing. By mounting the
sample on a 2-axis XY moving stage and wire-bonding it to elec-
trical measurement instruments, we are able to control pre-
cisely the beam spot position and area on the substrate as well
as trace the resistance in situ.
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