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Branched carbon nanofiber network synthesis at room temperature
using radio frequency supported microwave plasmas
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Carbon nanofibers have been grown at room temperature using a combination of radio frequency
and microwave assisted plasma-enhanced chemical vapor deposition. The nanofibers were grown,
using Ni powder catalyst, onto substrates kept at room temperature by using a purposely designed
water-cooled sample holder. Branched carbon nanofiber growth was obtained without using a
template resulting in interconnected carbon nanofiber network formation on substrates held at room
temperature. This method would allow room-temperature direct synthesized nanofiber networks
over relatively large areas, for a range of temperature sensitive substrates, such as organic materials,
plastics, and other polymers of interest for nanoelectronic two-dimensional networks,
nanoelectromechanical devices, nanoactuators, and composite mate2884 @merican Institute

of Physics[DOI: 10.1063/1.1775300

I. INTRODUCTION 1000 °C*®*° Multijunction carbon nanotube networks have
been also synthesized using pyrolysis at 11062 Gsing an

The considerable scientific interest that has arisen in cargjymina template with branched channels produced by
bon nanostructurzes since buckminsterfullefeared carbon etching™* Y-shaped junctions of carbon nanotubes were syn-
nanotubegCNF9g“ were identified has led to numerous in- ihesized by CVD at 650 °C. For carbon nanotubes synthe-
vestigations into their electronic and mechanical propertiegjzgq using radio frequency PECV®f PECVD) at around
and possible engineering applications. Catalytic chemical vegsq o nanojunction formation was observed after the ap-
por deposition of hydrocarbons is now widely used for Carplication of high electric field*
bon nanotube growth as a simple and efficient method for -, o qer 1o enable use of polymers and organic substrates

Lheir prodléc';ion.r:n additri]on_to (?NTs,bsimiIar n}_etg:)dd: have(for the CNT and CNF growththat cannot tolerate higher
leen kuse or the ;ynt f(_=,|5|s otcar_ on r;rz?no Iml 12'%0, process temperatures, we have developed a method for cata-
aiso known as carbon faments since e early S'Iytic CNF growth at room temperature using radio frequency

CNFs can be grown using catalytic decomposition of hydro'combined with microwave PECVD, where the substrate was

carbons over transition metal particles such as iron, cobalke t at room temperature by using a puroosely desianed
nickel, and their alloys at temperatures ranging from 500 to b P y g a purposely 9

1000 °C* A microwave plasma enhanced chemical Vaporwater—cooled sample holder. Instead of using high tempera-
L : - tures(>500 °C to provide the correct growth environment
deposition(PECVD) process, used for the preparation of dla-f the CNF h tlized hvd b | ¢
mond and diamond-like carbon films, has recently been used" "€ s, We have ulliized hydrocarbon plasmas to pro-
for the growth of CNTs and CNF5° However, in all these vide the energy dynamics necessary f_or the dlssomatloh_of
methods reported substrate temperatures were higher thgﬁe carbon and the subsequent catalytic growth on transition

500 °C due to the microwave plasma heating and use Orpetal particles at room temperatqre. i
additional heating source. Recently we published the evidence of carbon nanofiber

The formation of carbon nanotubes and nanofiber inter9"OWth at room temperature using rf PECVBWith an ad-

connecting networks with excellent electritahnd thermal ~ ditional microwave power source, used in this work, signifi-
conduction? could improve these parameters, even at lowc@nt numbers of branched or welded CNFs, forming inter-
concentrations, when used as conductive filling material ifonnecting networks, was synthesized at room temperature.
composite structures. The synthesis of connections betweeh{!is méthod should allow the growth of CNTs and CNFs
two or more different CNFs is important for the deve|0pmentover.relat|vely large areas on dllfferent substrates.mcludlng
of carbon nanotube-based electronic devices and conductirfRf2stics and other polymers which are extremely important
structures®” Branched carbon nanotubes have been synfor potential applications such as flat panel disptiyand

thesized using pyrolysis at temperatures of arounduel cells?* Growth of aligned carbon nanofibers on plastic

polyimide foil substrates for flat panel display applications
dpresent address: Department of Engineering, University of Cambridgetr,]as b?;ggi?rtedt.{leceT{E/EOV\iiver’ thefgrowthttemper?—
Trumpington Street, Cambridge, CB2 1PZ, United Kingdom. ure o IS stil restricting the use of some temperature

PElectronic mail: S.Silva@surrey.ac.uk sensitive plastic and organic substrates that room tempera-
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FIG. 1. A schematic of the radio frequency supported microwave PECVD
system used to grow carbon nanofibers. FIG. 2. Carbon nanofibers synthesized using rf supported MW PECVD at

room temperature, at 100 W rf power, 250 W microwave power, and
. . 70 sccm methane flow ratéa) SEM micrograph of room temperature de-
ture growth conditions will allow. The method we have usedposited CNFs(b) TEM micrograph of a CNF with a heart-shaped Ni cata-

in this work uniquely demonstrates direct synthesis oflyst particle at the tip, where the rectangle marks the area magnified in Fig.

branched and nonbranched carbon nanofibers and their intef®: (©) TEM image of the graphitic structure of the CNF, with planes
parallel to the sides of the Ni catalysd) energy filtered Ni chemical map of

connecting networks at room temperature. the CNF in Fig. 2b), demonstrating that the particle at the tip is Ni, and that
Ni does not diffuse into the CNF.

Il. EXPERIMENTAL DETAILS

The CNFs were grown using a 13.56 MHz radio fre- of the attached nickel particle, which usually is heart shaped
quency PECVD system, supported by a 2.45 GHz micro@nd completely enveloped by a layer of carljbig. 2b) and
wave power supply(Fig. 1), at 100 W rf power and 2(d)]. Bidirectional growth with a diamond-shaped catalyst
250-850 W microwave power. For the given process condiParticle in the middle of a CNF was also observed. More-

tions, the microwave and radio frequency plasma inpupver, each nickel particle was responsible for the growth of

power was kept constant during the deposition. Nickel pOW_single unidirectional or bidirectional CNF. Figuréc® re-

der(99% purity, with average particle diameter of 4, veals the presence of disordered graphene layers parallel to

was used as a catalyst in the CNF growth process. Approxf—he s_urface of the heart-shaped catalyst _particle, forming
herringbone” or “cup-stacked” structures with0.34 nm as

mately 50 mg of nickel powder was dispersed to produce a ; . ; X

uniform thin layer on the top of a graphite or silicon sub- the interplanar dl_stance. Flguredzs_hows an energy-filtered
strate. In order to keep the macroscopic substrate temperaEM (EFTEM) image formed with electrons that have
ture (25 °C) near constant, the substrate was placed on gassed through the sample and have lost a unique amount of

water-cooled sample holder and the temperature was monfn€rdy. which is characteristic to the Niedge(2p-3d tran-
tored. Methane gag99.999% purity with a flow rate of  SIions, 855 eV. Hence, Fig. &) shows a Ni map, revealing

70 sccm was introduced into the chamber prior to switchingnat the particle at the tip of the CNF is indeed Ni and that Ni

on the radio frequency and microwave power supplies. Exdoes not diffuse within the CNF to concentrations above the

periments were conducted for 15 min at a process pressuﬁaFTEM detectapility limit. -
of 12 mTorr. The TEM micrographs shown in Fig. 2 suggest that the

The CNFs were characterized using a Hitachi S_4006ip growth mechanism, for carbon nanofibers grown in this

field emission scanning electron microsca®EM) and a study is similar to the tip growth processes described by
o ., - Baker and Harri§"*®and used by Bower and co-workefo
Philips CM 200 transmission electron microscofJeEM) X ; ' )
equipped with a Gatan Imaging Filter energy loss spectromEXPlain the growth of their CNTs using microwave PECVD.
eter. Prior to the growth of carbon nanofibers, formation of small
domains of ultrafine transition metal particles occurs. These
domains act as nucleation seeds for the carbon nanofiber
growth. The size of small domains corresponds to the diam-
Analysis conducted using SEM and TEM have showneter of the CNF. After decomposition of methane on the sur-
that the average length of the CNFs is between 0.5 anthce of the ultrafine metal particles, carbon and hydrogen
20 um with diameter ranging from 10 to 100 nm with aver- dissolves in the metal creating a supersaturated surface.
age diameter around 50 nff&ig. 2A@)]. Nickel catalyst par- Nickel metal particles become supersaturated by carbon,
ticles were observed at the end of the CNFs, remote from the/hich then precipitates at the “cold-end” of the catalyst par-
substratgFig. 2). The diameter of the CNF is similar to that ticle surface to form carbon nanofiber structures. All these

Ill. RESULTS AND DISCUSSION
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methods require a high temperature to create the necessary
conditions for the synthesis of CNFs. The mechanism in-
volved in low temperature growth of CNF is not fully under-
stood yet. We therefore believe the size of the nanodomains
formed in the Ni catalyst is critical for the efficient coupling

of the electromagnetic energy of excitation source to the par-
ticle. Although the macroscopic temperature of the substrates
is low, enough localized energy is transferred into the cata-
lyst particles to generate the nucleation sites and subsequent
growth.

In addition to the well known unidirectional and bidirec-
tional morphologies, between 10% and 20% of the CNFs
illustrated in the present work are spontaneously branching
or welding during growth, with the formation of-shaped
junctions[Figs. 3a)—-3(c)]. The SEM micrograph in Figure
3(a) shows a number of welded CNFs, some of which are
indicated by the arrows. Figure¢l and 3c¢) show one such
Y-type junction that has been tilted through 26°, showing
that the CNFs are welded to form the connection. The axis of
tilt is indicated in Fig. 8c). Formation of carbon nanofiber
junctions involves complex growth mechanism that is yet to
be fully determined. As a possible growth mechanism to ex-
plain carbon nanotube and nanofiber junction formation a tip
fusion was previously suggestét?® SEM and TEM inves-
tigations conducted did not provide evidence that the tip fu-
sion had occurred at any stage of the growth process. The
electric and magnetic field effects and localized energy trans-
fer in the plasma could cause carbon-carbon bond breaking
and redeposition of the carbon atom to form the junction. We
believe that irradiation of the electrons and ions from the
plasma play significant role in carbon nanotube and nanofi-
ber welding and formation of the junctions. Terrones and
co-workers demonstrated formation of molecular junctions
of crossed single-wall CNT6SWCNTS using the electron
beam in a transmission electron microscope at specimen
temperatures of 800 °€&.Welding of crossed SWCNTs us-
ing ion beam irradiation was demonstrated employing em-
pirical potential molecular dynamiég.Authors have also
suggested that ion beam irradiation potentially could be used
for developing complicated networks of joined nanotubes.
They concluded that welding of carbon nanotubes is not pos-
sible without structural defects. Defect rich structures of car-
bon nanofibers synthesized in this work, could be very ben-
eficial for junction formation between them. Carbon
nanotube and nanofiber junction formation in plasmas could
be the proof for the role ion irradiation plays. More work is
required to investigate plasma electron and ion characterig:G. 3. Branched CNFs synthesized using rf supported MW PECVD at

tics during the synthesis of branched carbon nanofibers antf0 W rf power, 850 W microwave power, and 70 sccm methane flow rate
blish the role of electron and ion irradiation at room temperaturga) SEM micrograph showing area with branched CNF

establis . _ forming interconnecting networkp) TEM image of Y-shaped CNF junc-

Raman spectroscopy was used for structural analysis @ion, (c) TEM image tilted for 26° showing welded CNFs connection.

carbon nanofibers synthesized using rf combined microwave

PECVD. Raman spectra were taken under ambient condi- ] ) ]
tions using a Renishaw RM 100 Raman Microscefig. 4.  SPectrum of carbon nanofibers synthesized at 500 W of mi-

The excitation source was a 514.5 nni" Aaser with optical ~ crowave power shown in Fig. 4 hassapeak position around
power at the source of 20 mW. The wave numbers of thel577 cm’*, with a shoulder at around 1611 thThe posi-
main characteristic peaks in the spectra were determined Bjon of the defect induce® peak is around 1346 cth with
Lorentzian curve fitting. The Raman spectra of all forms ofa higher intensity than th€ peak(lg/15=0.89, indicating
carbon show two common features: @ peak at about relatively small size graphite clusters within the CNF struc-
1580 cm! and aD peak at about 1355 crth The Raman ture. TheG peak is due to the inplane bond stretching of all




3446 J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 Boskovic et al.

the improvement of the electrical and thermal conductivity,
over relatively large areas, even at very low nanofiber con-
centrations.
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