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Nanotubes and nanofibers were grown on Ni coatings deposited by plasma generated with a pulsed
vacuum arc on silicon wafers using three different bias conditions: at floating potential (approximately
+30V respect to the grounded cathode); at ground potential; and at —60 V. An atomic force microscopy
study showed that the Ni film morphology was affected by the bias condition of the substrate. The
morphology of carbonaceous species depended on Ni-films characteristics. FE-SEM and TEM analyses
have shown that nanofibers growth was favoured on Ni coatings deposited at —60 V whereas nanotubes
grew mainly on Ni coatings obtained at floating and ground potentials. Hence, this new method to produce
the precursor can be optimized to obtain nanotubes or nanofibers varying the substrate bias for the Ni

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanostructures (CNS) have attracted much interest since
their discovery and many studies have been carried out due to
their large potential applications. In particular, CNS filaments are
good candidates for field emission applications [1]. Chemical Vapor
Deposition (CVD) is a promissory method to synthesize CNS, due
to its simple configuration and flexibility in the adjustment of the
parameters which control the CNS growth [2-4].

Nanoparticles of metal transition (Fe, Ni, Co) act as nucleation
centers for the growth of CNS and catalyze the decomposition of
the carbon source [5]. The properties of a nanostructured cata-
lyst influences on the CVD synthesis of CNS. Several methods have
been proposed to prepare systems containing metal nanoparticles
supported on different substrates [6,7], in particular on conduc-
tive smooth surface substrates, as it is required for the application
of the CNS to field emission. In this paper, the method employed
to deposite Ni films was a pulsed vacuum arc discharge. Its main
advantages, compared to the standard sputtering process, are the
highly ionized state of the evaporated material, the absence of
gases to sustain the discharge (that not only eliminates the rare
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gas contamination from the film, but also reduces the possible con-
tamination from the impurities present in the sputtering gas or
eventually from leaks in the injection line), and the relatively high
energy (about 30eV) of atoms reaching the substrate surface. In
these devices, a high current (>100 A) runs between the electrodes
generating the emission of a metallic plasma jet from the cathode.
When a substrate is located intercepting the plasma jet, a metal-
lic coating is obtained. If a non-insulating substrate is employed,
applying a negative bias to the sample, the ion impinging energy
on the surface can be increased. As the particle energy has a direct
influence on the film microstructure, the coating characteristics can
be modified changing this parameter.

The aim of this work has been to analyze the influence of the
nanostructure Ni film properties on CNS-grown characteristics car-
rying out a systematic study on the nickel deposition conditions.

2. Experimental
2.1. Nanostructured Ni-film

The nickel films were deposited onto silicon substrates with a vacuum arc dis-
charge [8]. The arc was pulsed for ~35 ms, with an arc peak current of (450+20)A
and an inter-electrode voltage of (45 & 5) V. The arc was produced by discharging an
electrolytic capacitor bank with C=0.075F, connected to a series inductor-resistor
(L=2mH, R=0.33 ), which critically damped the discharge. A grounded Ni cathode
was located in front of an annular anode. At the end of the anode, the entrance of
a magnetic duct was placed with a magnetic field strength at the axis of 290 G. The
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Fig. 1. XRD patterns of Ni films grew at different potentials.

silicon substrate was placed at 10 cm from the cathode tip into the magnetic duct.
The silicon substrate was one-side polish, B-doped, p-type and (1 0 0)-oriented. The
Ni films were obtained with two discharges performed on the polish side of the
silicon substrate. Ni coatings were deposited at three different bias conditions, at
floating potential; at ground potential; and at —60V respect to the ground. These
three bias conditions produce an effective acceleration voltage for the ions to the
substrate of 0V, —30V, —90V taking into account that in this device the plasma
potential respect to ground is approximately 30 V. Three samples were made, for
each bias condition, in order to check repetitivity. The film thickness was estimated
from the measurement of the average charge collected by the sample.

The crystalline structure of the films was identified by X-ray diffraction (XRD)
using a Philips PW 3710 diffractometer with a Cu Ko source. It was operated with
glancing angle geometry by using a Philips thin film attachment, with an angle of
incidence of 1°. The Ni film morphology was studied by tapping mode atomic force
microscopy (AFM) with a Nanoscope III Digital-VEECO.

2.2. CNS growth

CNS were grown by CVD on silicon substrates coated with Ni deposited as
described above. The substrates were placed in a quartz boat and introduced into a
chamber of a tube furnace. The chamber was purged by pumping with a mechanical
vacuum pump, followed by the injection of a 9% hydrogen/nitrogen mixture, with a
flow of 100 sccm, at 180 torr. The temperature was raised from room temperature
to 700°C, with a ramp of 15°C/s. This treatment allowed to reduce the nickel oxide
that could be generated as consequence of the exposure of the film to air. After
the temperature reach 700 °C, acetylene (10 sccm) was introduced as carbon source
keeping the above condition. The growth time was 20 min. After the growth of CNS,
the furnace was cooled to the room temperature in a nitrogen flow.

Transmission electron microscopy (TEM-EM Philips 301) and Field Emission
Scanning Electron Microscopy (FEG-SEM Zeiss LEO 982 GEMINI) were employed
to study the different morphologies. For the TEM studies the samples of CNS were
detached from the catalyst by ultrasonic dispersal in ethanol.

3. Results and discussion

The Ni films covered an area of 0.8cm?. The average charge
impinging on the surface (Q) was 2.7 x 103 C. Taking into account
the Q value, an average charge state number of the ions of 1.8, the
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coated area and the Ni density, the thickness of the layer deposited
in each discharge was estimated in 1.2 nm. When the scotch test
was performed detached of material from the Ni films was not
detected indicating that the films presented a good adhesion to
the substrate. XRD results allowed to determine that all films grew
crystallized. The diffractograms of the films deposited at differ-
ent bias voltages are depicted in Fig. 1. The films grew at floating
and ground potential presented a Bragg peak corresponding to Ni
(111).In the case of the samples biased at —60V, it was registered
a peak at 260 =43.2° that agrees with the 26 position of a NiO Bragg
peak. Then, Ni films were obtained with the lower absolute values
of bias voltages while at —60V a nickel compound was found. The
formation of this nickel compound could be promoted by the heat-
ing of the substrate surface due to the collection of a fraction of the
main current discharge on the sample. This phenomenon could be
induced by the high negative potential.

Fig. 2 displays AFM images of the surface of Ni films, for the dif-
ferent bias conditions, taken before the samples were placed in the
CNT reactor. The film surfaces were dense, composed of columnar
grains with a distance between the column top of the same size
as the column width and without the presence of voids. The films
deposited at floating potential (Fig. 2a) showed the growth of some
isolated columns of approximately 10 nm in height on a smooth
surface. From the AFM registers the estimated grain size was 1 nm
in height and ~10 nm width.

The sample coated at ground potential (Fig. 2b) exhibited the
smoothest surface with grains smaller than 10 nm in width and
1nm in height. Whereas the films deposited at —60V (Fig. 2c)
presented grains between 20 and 50 nm in width and 10nm in
height. These results indicated that the morphology of the films was
strongly affected by the bias voltage applied on the silicon substrate
during the deposition procedure.

Fig. 3 shows SEM micrograph of CNS layers synthesized by CVD
on Ni-films deposited at the three bias conditions. The obtained
CNS layers on Ni-films deposited at floating (Fig. 3a; ) and at ground
potential (Fig. 3b; ) were homogeneous layers, while those grew on
Ni-films deposited at —60V (Fig. 3c;) were inhomogeneous layers
with marked cracks. Fig. 3a,, 3b, and 3¢, correspond to the same
samples but with higher magnification.

Fig. 4 shows TEM micrograph of CNS. CNS grown on the Ni-films
deposited at floating potential (Fig. 4a) and at ground (Fig. 4b) were
typically multiple wall carbon nanotubes (MWCNT), with similar
internal diameters (4-7 nm) and external diameters in the range
17-50nm and 17-30 nm, respectively. In the first case, the wider
external diameter was consequence of the great amount of amor-
phous carbon deposited on the external wall of the MWCNT (see
the light gray area surrounded the crystalline internal walls). The
CNS grown on samples obtained at —60 V (Fig. 4c) were mostly heli-
cal carbon nanofibers (HCNF) and few MWCNT characterized by a
wide internal channel, about 40 nm (Fig. 4d). In Fig. 5 FE-SEM image
with a detail of the HCNF is shown, it can be noticed that the HCNF
were coated by carbon nanoparticles [9].

Fig. 2. AFM images of Ni-films obtained at (a) floating potential, (b) ground potential, and (c) —60V.
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Fig. 3. FE-SEM images of carbon nanostructures obtained: (a) floating potential, (b) ground potential, and (c) —60 V. Subscript ‘1’ corresponds to a 500x magnification and

subscript 2’ corresponds to a 10,000x magnification.

Considering the Ni-film morphologies (Fig. 2), the characteristic
of CNS grown on each one (Fig. 4) lead to the idea that the amount
of active nucleation centers for the growth of the MWCNT, by unit
area, was bigger as smoother the Ni film surface was. The differ-
ences in the morphology of the Ni films could be accentuated during
the CNS growth process. As a result of the high temperature of the
process (700 °C), the initial columnar grain size is modified due to
the migration of nickel atoms (or cluster) on the surface, leading
to the formation of domes with different sizes. Depending on the
size of the domes, which act as nucleation centers, different CNS
are grown on the substrates. On the Ni films with the initial low-
est roughness, nanotubes with the lowest amount of amorphous
carbon were obtained. The domes on Ni-films deposited at —60V

should evolve to a larger diameter promoting the growth of the
nanofibers. The amount of amorphous carbon observed on the CNS
walls could be associated to the number of nucleation active cen-
ters: the small number of nucleation active centers lead to the
excess of carbon which precipitated as amorphous carbon on the
walls of CNS, in agreement with other works [10,11]. The nanofibers
growth could also be favoured by the presence of a Ni compound.

From TEM micrograph (see Fig. 4b) the presence of carbon nan-
otubes (CNT) with closed and open tip, without containing the
catalytic nanoparticles, was observed (marked with circles). This
fact added to the good film adhesion suggests that the nucleation
centers remained stuck to the substrate indicating a CNT basal
growth mechanism, in accordance with Dupuis [11].
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Fig. 4. TEM images of carbon nanostructures obtained: (a) floating potential, (b) ground potential, (c) and (d) —-60V.
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Fig. 5. FE-SEM image of surface of helical carbon nanofiber (HCNF).

4. Conclusion

Carbon nanostructures were synthesized by CVD using a Ni-film
as precursor, deposited onto Si substrates applying a pulsed vac-
uum arc discharge. It was shown that the Ni-film morphology can
be controlled changing the bias voltage applied during the depo-
sition process. Besides, a correlation was found between the Ni
film morphology and the characteristics of the CNS grown. At the
highest roughness of the Ni film, mostly helical carbon nanofibers
were synthesized, while carbon nanotubes were the predominant
carbon nanostructure grown at low roughness. Moreover, on the

smoothest Ni film, the carbon nanotubes with the lowest external
diameter were synthesized. TEM image showed that the CNT were
grown through the basal growth mechanism, which can be a con-
sequence of the good adhesion between Ni-films and Si substrate
obtained with the vacuum arc technique.
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