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Shaping carbon nanostructures by controlling the synthesis process
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The ability to control the nanoscale shape of nanostructures in a large-scale synthesis process is an
essential and elusive goal of nanotechnology research. Here, we report significant progress toward
that goal. We have developed a technique that enables controlled synthesis of nanoscale carbon
structures with conical and cylinder-on-cone shapes and provides the capability to dynamically
change the nanostructure shape during the synthesis process. In addition, we present a
phenomenological model that explains the formation of these nanostructures and provides insight
into methods for precisely engineering their shape. Since the growth process we report is highly
deterministic in allowing large-scale synthesis of precisely engineered nanoscale components at
defined locations, our approach provides an important tool for a practical nanotechnolog901©
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Controlled (deterministi¢ large-scale growth of nano- of 100 nm in diameter on a Si substrate using conventional
scale structures, including carbon nanotubd€NTs) or  electron-beam lithography and electron-gun metal evapora-
nanofibergCNFs9, is an important step in the realization of tion, followed by dc plasma pre-etching with ammonia and
practical nanoscale devices for applications in scanning miannealing at elevated temperatures700 °C) in a vacuum
croscopy, nanoelectronics, and biological probes, among otlthamber with a base pressure ofl X 10 ° Torr. Plasma-
ers. Deterministic growth of a nanoscale structure implies thenhanced chemical-vapor depositit’ECVD) was used to
precise control of its shape, location, and orientation. Tgproduce vertically aligned carbon nanostructurg$?®
date, only cylindricaltubulap structures such as CNFs have Briefly, a mixture of a carbonaceous gas and an etchant
been synthesized in a deterministic wWeyYet, the ability to (40—60 sccm of acetylene and 80 sccm of ammonias
precisely engineer the shape of nanostructures in a largeised. The etchant is needed to etch away graphitic carbon
scale synthesis process is a very important aspect of nan¢itm that continuously forms during the growth from the
fabrication. For example, a conical structure provides subglow discharge and would prevent the formation of CNFs/
stantially higher mechanical and thermal stability than aCNCs by completely covering the catalyst nanoparticles. The
narrow cylinder, although a cone has lower resolution as gubstrates were heated directly by placing them on a heater
scanning microscopy tip for measuring high-aspect-ratio feaplate (the cathode of the plasma dischargad the growth
tures(e.g., a deep, narrow trenchnd would require higher temperature was-700 °C. The total gas pressure during the
electric fields when used as a cold cathode in field-emissiogrowth was~2-5 Torr, the dc glow discharge current was
devices® For applications such as these, the truly ideal tipmaintained at 100 mA, and the discharge voltage was
would have a conical base and a small-diameter, high-aspect-510-575 V.
ratio cylinder as a cap. This structure combines the stability By adjusting the growth parameters such as the ratio of
of the cone with the advantage of the cylinder for high-acetylene (GH,) to ammonia (NH), vertically aligned
resolution measurements and field emission at low appliegNCs rather than CNFs, can be formed. Herein the word
fields. Indeed, many of the functional nanoscale devices ennano” refers to the tip diameter of the CNCs; the CNC
visioned for nanotechnology require the ability to preciselyheight and base diameter can be grown to micrometer dimen-
engineer the nanoscale shape of components during the sygipns, if desired. An example of a vertically aligned CNC
thesis process. Progress toward this goal is often stymied byiray synthesized using PECVD is shown in Fig)1The
the lack of a fundamental understanding of the synthesis prqumarkable aspect of the growth process is that the tip diam-
cess. In this work, we report the controlled synthesis of carpter of the cone does not increase during growth, and is
bon nanocone¢CNCs and, from these, carbon nanostruc- getermined by the size of the catalyst droplet. In contrast, the
tures with cylinder-on-cone shape, along with a model of thg,ase diameter of the CNC, as well as its height, increases
synthesis process explaining these results. with growth time, i.e., conditions can be selected to permit

In order to initiate growth of a single CNC or CNF, ot |ateral and longitudinal growth. Consequently, very tall
formation of a single catalyst nanoparticle is requiteld.  cones with sharp tips and large robust bases can be formed.
t_his work, _n?ckeI(Ni) catalyst nanopatrticles were formeq by Furthermore, by changing the growth parametérs this
first depositing an array of catalyst d¢f) nm Ni/10nm T 456 the relative acetylene conjetihe cone angle can be
controlled. Examples of vertically aligned CNCs with differ-
dElectronic mail: merkulovwi@ornl.gov ent cone angles are shown in Figgb)land Xc). Higher
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FIG. 1. Scanning electron microscog$EM) images of(a) an array of .
carbon nanocones fabricated using plasma-enhanced chemical-vapor depo- ? Precipitation @ - reactive .
sition with excess of a carbonaceous gasetyleng of individual carbon * .> of C from etchant species

nanocones witlib) larger(~15°) and(c) smaller(~5°) cone angles grown
with gas flows of 60 sccm £1,/80 sccm NH and 55 sccm ¢H,/80 sccm
NH;, correspondingly; and ofd) nanoscale cylinder-on-cone carbon tip directio
synthesized by first growing a carbon nancd6é sccm GH,/80 sccm
NH;), followed by growing a carbon nanofiber with the relative acetylene
content reduced50 sccm GH,/80 sccm NH). The growth times for the
nanocones iffa), (b), (c), and(d) and for the nanofiber ifd) were 15and 5  FIG. 2. Schematic representation of the growth(@fa carbon nanofiber
min, respectively. All images were obtained using a Hitachi S4700 high-using conventional thermal CVDb) a vertically aligned carbon nanostruc-
resolution SEM. ture using PECVD, andc) a carbon nanocone formed due to additional
precipitation of C at the outer walls during PECVD.

glow discharge

acetylene content yields higher cone angirsreased lateral
growth rat¢, and reducing the acetylene content can bringa|5° at the walls of the growing, initially cylindrical VACNF.
about a transition between the formation of vertically alignedPrecipitation occurs due to an excess of acetylemensuf-
cones and cylinders. ficient ammonia etchaptwhich leads to the carbon deposi-

The formation of the nanocone structure involves thetion rate being higher than its etching rate. Of course, carbon
growth of both a central cylindrical CNF and sloped outerions and neutrals “consume” reactive etchant species in the
walls in essentially separate yet simultaneous processe8as phase as well. The net result is growth in two directions,
Growth of CNFs “from the tip” using conventionahermal rather than one: verticallycatalytic growth via diffusion of
chemical-vapor depositiofCVD) (Ref. 6 occurs in a three- C through the Ni particleand laterally(by precipitation of C
step processti) decomposition of molecules of a carbon- from the discharge at the outer walls of the VAONEon-
aceous gage.g., acetyleneat the surface of a cataly&t.g., sequently, a conical structure, or a carbon nanocone, can be
Ni) particle;(ii) carbon diffusion through the catalyst particle formed[Fig. 2(c)].
and subsequent formation of a supersaturated solution of C  TO further investigate and confirm this growth mecha-
and Ni(or metastable carbigleand(iii) precipitation of C at nism, high-resolution transmission electron microscgi-
the base of the catalyst particle. As a result of this growth EM) studies of these CNCs were performed. The corre-
mechanism, the catalyst particle moves away from the subsPonding images are presented in Fig. 3 and clearly show
strate on the growing tip, and a CNF of approximately con-
stant diameter is formed beneath[Eig. 2(@]. The CNF
diameter is determined by the catalyst particle size.

In contrast, in PECVD growth of vertically aligned
CNFs (VACNFs), for which the gas source consists of a outer Walth
carbonaceous gds.g., acetylenecombined with an etchant (precipitated C)
(e.g., ammonig the growth process is quite different. In ad-
dition to thermal decomposition of acetylene, various species
formed in the glow discharge are present as well. These spe- (b) ‘
cies include C neutrals, C ions, and reactive etchant speciesf;
(H*, N*, etc) that are formed from plasma decomposition
of acetylene and ammonj&ig. 2(b)]. The neutrals move in
random directions, whereas the electric-field lines govern the
direction of travel for the ions. We note that in our case the
Debye shielding distance is of the order of 10f." This
distance is significantly larger than the CNF heightfew  FIG. 3. TEM images of carbon nanocon@&NCs with (a) smaller andb)
um), and therefore, VACNFs are located in the dark space oferger cone angles. The gentral channel of all CNCs is a carbon nanofiber
the glow discharge. If the acetylene content is increased reld2'Med due to the catalytic growth process, while the thick outer walls are
. . . . . due to precipitation of excess C from the glow dischafgeHRTEM image
tive to that of ammonia, then in addition to the vertical showing the detailed structure of the CNC channel and outer walls. All

growth process described above, carbon begins to precipitai@ages were obtained using a Hitachi HF-2000 TEM.
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that CNCs with both small and large cone andlegs. 3a)  thermore, the presence of a nanoscale Ni particle at the apex
and 3b), respectively have an inner channel of approxi- of a cylinder-on-cone nanostructure can be quite useful for
mately constant diameter that is nearly equal to the Ni catascanning microscopy of magnetic materials. The growth
lyst nanoparticle size. As we surmised, this channel is surmethod iscompletely deterministias the tip location, the
rounded by solid walls whose thickness is proportional to thdengths of the cone and the cylinder, the cone angle, and the
cone angle. The more detailed structure in the vicinity of thediameter of the cylindrical section all can be controlled. Con-
CNC tip is shown in Fig. &). This image shows the solid, sequently, these tips can be tailored to suit specific applica-
nanocrystalline structure of the outer wall, as well as theions.

separated inner walls that form the channel. The bamboo-like

structure of VACNFs(the periodically internally capped : ) ) :
channel was already reported in our previous workhese and P. H. Fleming for assistance with the sample preparation.
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