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Room-temperature growth of a carbon nanofiber on the tip of conical
carbon protrusions
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Glassy carbon was Arion bombarded with a simultaneous Mo supply under ultrahigh vacuum
conditions using a microprotrusion fabrication system that consists of a differentially pumped ion
gun and a seed-material supply source. Conical protrusions were formed by sputtering with a seed
supply, and carbon nanofibef€NF9 grew on the tips even at room temperature. The length of
CNFs reached up te-10 um, and their diameter was almost uniforf80 nm in the growth
direction. The short CNFs aligned in the ion beam direction, whereas the long ones were
non-aligned. The CNF growth on a glassy carbon surface was ascribed to the enhanced surface
texturing and to the massive redeposition of C atoms onto cones, both of which are specific to the
oblique ion bombardment: The former would lead to an increase in the number of possible
nucleation sites for the CNF growth, and the C atoms arising from the latter process would migrate
toward the conical tips, thus forming CNFs. @904 American Institute of Physics.
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Low-dimensional carbon materials, such as carbon nanczarbon surface, on which no CNF formation has been re-
tubes(CNTs) and carbon nanofibeCNF9, have attracted ported so fat! In this letter, we will deal with this morpho-
great attention in materials science and microelectronictogical modification of a glassy carbon surface.
technology since the discovery of CNTs by lijithahey Our experimental system comprises an UHV-SEM
have been synthesized by several methods, such as dascanning electron microscope; JEOL; JAMP-1,0sdiffer-
dischargé, laser ablatiorf,chemical vapor depositioti’and  entially pumped micro-beam ion gdEOL; MIED), an arc-
so on. In these methods, in general, temperatures higher thatasma gun(ULVAC; APG-1000 serving as a seeding
500 °C are necessary for the synthesis of CNTs and CNFsource, and a sample heating st&y@he ion gun and the
For a wider range of applications, however, synthesis aarc-plasma gun, both of which operate under an UHV ambi-
lower temperatures needs to be achie¥%éd. ent, are located on the sarXe-Z plane, with their incidence

lon irradiation to metals, semiconductors, and also carangles at 55° from the normal to the surfa€ég. 1). 3 keV
bon surfaces sometimes induces the formation of variouér™ ions focused into a microbeam 3@@n in diameter with
types of surface structures, such as ripples, conical protrunean ion-current densities of 88—2@#/cm?, which corre-
sions, rods, and whiskers, with dimensions from nano- tspond to the sputtering rat®) at the ion-beam center of
micrometer$® In addition, during the ion bombardment, a 10-30 nm/min, respectively, were used for sputtering. Ob-
simultaneous supply of so-called “seed” materials, whichlique sputtering is often known to enhance the formation of
differ from the surface-constituent materials, is known to en-surface roughness, especially for initially nonflat surfaces,
hance the surface texturing. Thus, ion bombardment with gompared with the sputtering at normal ion incidePd@éus,
simultaneous seed supply may have a great potential for fafihe configuration of ion beam used here is quite suitable for
ricating a desired type and size of structure on any solidhe fabrication of microprotrusions. The simultaneous Mo
substrate.

Recently, we constructed a microprotrusion fabrication y
system[ultrahigh vacuum(UHV) operatior} consisting of a
differentially pumped ion gun and a seed-material supply
source, whose etching and deposition rates are independently 55° 55°
controllablel® and have launched the systematic experiments
on surface modification by ion bombardment for a C—Mo
system. In these experiments, we found that obliqué ian

X
bombardment with a simultaneous Mo supply induces room- IL_:/

temperature growth of linear and curved CNFs on a glassy
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FIG. 3. Typical SEM images of the surface Asputtered with Mo seeding
at room temperatureS=25 nm/min, andD=0.2 nm/min. Arrowheads A
and B in Fig. 3a): see the text.

on the sputtered surface. The cones were ideally conical-
shaped with a sharp tip and were pointed in the ion beam
direction.

Cones formed under room-temperature sputterin® at
=25 nm/min with seeding were quite different in morphol-
ogy from those fabricated at small8values(Fig. 3). Sev-
eral cones had a CNF on their tip. Very interestingly, more
than one CNF never grew on their respective tips. In addi-
tion, no CNF grew without cone bases. The CNFs ranged
FIG. 2. SEM images ofa) an as-evacuated glassy carbon surface(end ~ 1fom 0.2 to S5um in length. The short CNFs tended to grow
surface Af-sputtered with Mo seeding at room temperature. Inseébjn  linearly in the cone-growth direction, whereas long ones
Enlarged SEM image of a con&= 10 nm/min, andD = 0.2 nm/min. bent. No relation between cone size and CNF length was

found[compare the length of CNFs indicated by arrowheads
seeding was carried out using an arc-plasma gun whose pakand B in Fig. 3a)]. It should be noted that the diameter
ticle evaporation mechanism is based on the pulse-triggeredas almost uniform in their growth direction for respective
local vacuum-arc discharge generated just around the met@INFs and was almost identicéBO nm) despite a large dif-
cathode edgéMo in the present work'? The deposition rate  ference in the CNF length. The yield of CNF-tipped cones
(D) of the seeding metal, Mo, was kept constant at 0.2 nmivas ~20% under this sputtering condition. Further increase
min throughout the course of the experiments. Thisalue in the population density of cones and in the yield of CNF-
was employed because it was quite suitable for the nanoprdipped cones was not observed for sputtering at a higher rate
trusion formation for Si in the previous experimeftsthe  (S=30 nm/min) with seeding at room temperature, although
chamber was pumped down t010™ ’ Pa, and the pressure a remarkable increase in the CNF length was recognized.
remained at 10° Pa during the experiments. Some CNFs reached as much as il in length.

The target material used was a glassy cartimkai Car- The ion-induced growth of carbon whiskeéts;>*éwhich
bon Co., Ltd). lon irradiations with a simultaneous Mo sup- are rather larger in size than CNFs, was studied by several
ply were carried out at both room temperature and at 120 °@roups using normal-incident ion beams before the discovery
for 100 min. After the experiments, the topography of theof CNTs, and the following features were discoveréd).
sample surfaces was carefully observed by both an UHWVhiskers exhibit an initial rapid growth process of leads or
SEM and a conventional SENIEOL; JEM-5600. fine whiskers followed by a slower, diffusion-fed proces.

Figure Za) shows a SEM image of an as-evacuatedAll of the fine whiskers point in the incidence direction of
sample surface before sputtering. The sample surface wdlse ion beam(3) Whiskers never grow on diamond or glassy
not flat; wavy grain-boundary like structure was recogniz-carbon surfaces. Since these investigations focused mainly
able. After sputtering ab= 10 nm/min with a simultaneous on the surface modification of graphite surfaces by ion bom-
Mo seeding at room temperature, the sample surface wasardment at rather high ion doses 10'° ions/cn?), the fine
sputtered stepwise due to the difference in the sputteringvhiskers, which correspond to the present CNFs, have been
yield of respective grains, as seen in Figb)2 Thus, the treated merely as a precursor to ion-induced C-whiskers. For
sputtered surface resembled abrupt precipices at the grathis reason, their features have yet to be fully revealed. As
boundaries, and small cones were sometimes observed thedisclosed in the present work, the oblique ion bombardment
A careful inspection of Fig. @) revealed fine ripples on the with a seed supply induced CNF growth even on a glassy
respective grain surfaces. The ripples were aligned perpercarbon surface, and some CNFs were nonaligned in the ion
dicular to the incidence direction of the Arion beam, as beam direction.
predicted by Bradley and Harper in their linear theory of = CNFs grew only on the cone tips, as shown in Fig. 3.
ripple formation’* Room-temperature sputtering a6  This fact strongly suggests that cone formation is a necessary
=20 nm/min with seeding produced an increase in the numeondition for CNF growth and that the nucleation site for
ber and size of grown cones with increasiSg/alue. The CNF growth is at the very top of the respective cones. As is

formation of clusters or forests of cones was also observedell known, oblique ion bombardment often enhances ion-
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dent of their growth direction, and why does no branched-off
growth occur? In addition, it is still unclear why CNFs grow
only at the cone tops. In order to answer these questions and
to elucidate the growth mechanism, the structural determina-
tion of an interface between a CNF and a conical base by
transmission electron microscope may be important. Investi-
gations into this line of questions are now under way. From
the standpoint of the synthesis of low-dimensional carbon
materials, the present sputtering method is quite simple and
has a great potential for their massive synthesis at low tem-
perature. Moreover, since CNFs grow only on the cone tips,
they may be applicable for tips of scanning probe micro-
scope.

In summary, oblique Af ion bombardment with a si-
multaneous Mo supply under UHV condition induces the
room-temperature growth of cones with either aligned or
FIG. 4. SEM image of the surface Arsputtered with Mo seeding at nonaligned CNFs on a glassy carbon surface. CNFs were
120°C.S=25 nm/min, and = 0.2 nm/min. 0.2—10um in length and about 50 nm in diameter, and grew
only on the cone tops. The yield of CNF-tipped cones and

induced surface texturing more than does normal-incidenc&NF length increased dramatically as sputtering temperature
sputtering, and entails a large amount of redeposition of spuficreased, but CNF diameter was almost identical indepen-
tered particles onto the side body of cones, especially at theff€nt of the sputtering temperature. Their growth was as-
acute angle side between the growth direction of cones angfiP€d to the enhanced surface texturing and to the massive
the substrate plarfe’ Thus, in the present experiments, the fédeposition of C atoms onto cones, both of which are spe-
enhanced texturing would lead to an increase in the numbéific to oblique ion bombardment: The former would lead to
of possible nucleation sites for CNF growth on the sputtered! increase in the number of possible nucleation sites for
surface. Moreover, the redeposited massive C atoms woul@NF growth, and the C atoms arising from the latter process
diffuse toward the cone tips, resulting in CNF formation would migrate toward the conical tips, thus forming CNFs.
even on the glassy carbon surface. The present sputtering method is quite promising for low-
In order to enhance surface diffusion, an experiment was&mperature synthesis of CNFs.
also done at 120 °C under one of the best sputtering condi-
tions (S=25 nm/min with a seedingfor CNF growth. The
result is shown in Fig. 4. Compared with room-temperatureés- lijima, Nature(London 354, 56 (1991.
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