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Smallest diameter carbon nanotubes
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Mass-selected carbon ion beam depositigiSIBD) was used to demonstrate that the diameter of

a carbon nanotube could be as small as 0.4 nm, the theoretical limit predicted but never
experimentally reached so far. The deposition was performed at an elevated temperature much lower
than the high temperature€800—-1000°C needed for deposition of carbon nanotubes by
conventional methods. High-resolution transmission electron microscopy showed that the
combination of the stress induced by the ion impact and the C migration at the temperature applied
formed graphitic sheets with their normal axis) parallel to the surface of the silicon substrate.
Some sheets closed to form multiwall nanotubes. The smallest diameter of the innermost tube was
found to be 0.4 nm. The novel use of MSIB@ pure method, catalyst free, low deposition
temperature, easily applied to large surfaces without surface pretreatment capable of
pattern-writing may significantly advance the carbon nanostructure technology20@ American
Institute of Physicg.S0003-695(00)02244-Q

Carbon nanotubés® have been extensively investigated graphitic layers is constrained only in one dimension, i.e., the
in the past decade motivated both by the possibility of studynormal to the basal planes éxis) is parallel to the surface,
ing the physics of nanostructurédne-dimensionalmateri-  but this normal may have any orientation in the plane paral-
als as well as by their exciting electrical and mechanicalel to the surface. Some planes may thus close to form mul-
applications. The diameter of the carbon nanotubes stronglijwall nanotubes. This formation of statistically distributed
affects their properties, so that its possible smallest value ha@nd oriented graphitic layers, which are subjected to a biaxial
been the subject of both theoretical and experimentastress, enables us to study the minimal size of the innermost
studies>™® Using a novel technique for fabrication of carbon nanotube formed in the multiwall carbon tubes. We have
nanotubes, mass selected carbon ion beam deposition at #s deposited-100 nm carbon films by a mass selected ion
evated temperatures, we give high-resolution transmissioReam system at Soreq NRC, Israel and have varied the depo-
electron microscopyHRTEM) evidence that the diameter of Sition parameters to optimize the formation of closed, circu-
a carbon nanotube can be reduced to 0.4 nm, which corréar graphitic layergmultivalled nanotubes
sponds to the smallest diameter of a capped carbon nanotube Figure 1 is a cross-sectional transmission electron micro-
predicted so faf. scopic(TEM) (Philips CM200FEG, 200 kYimage showing

It has been recently showhthat hyperthermaftens and
hundreds electron volt rangearbon ion deposition at el-
evated temperaturés-150 °O leads to the formation of gra-
phitic layers with their basal planes perpendicular to the sur-
face (c axis parallel to the surfageThis is due to the biaxial
stress created by the ion impact, which favors the formation
of films aligned so that the most compressible direction is
parallel to the stress. This rearrangement of the carbon atoms
in sp? bonded sites forming graphitic planes necessitates not
only energy, but a high enough temperature to allow migra-
tion of carbon atomgat temperatures below 150 °C only )
amorphoussp® films are formedl!* The alignment of the
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dpresent address: Physics department, The Hong Kong University of Sci-

ence and Technology, Hong Kong, People’s Republic of China. FIG. 1. Cross-sectional TEM image showing the graphitic planes of carbon
YAlso at: Soreq Nuclear Research Center, Yavne 81800, Israel. nanotubes grown on the flat @00 surface. Both the contrast of the graph-
9Author to whom correspondence should be addressed; electronic maiite planes and the SAED pattefimsed show that the graphitic planes are
APANNALE@cityu.edu.hk aligned perpendicular to the Si substrate.
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FIG. 3. Single-walled carbon nanotube models constructed by different tip
structures of half cages ¢&) Cg, (b) Cs6, and(c) Cyg.

Since the discovery of carbon nanotubes, the peculiar
electronic properties of this structure have attracted much
attention. It was believed that the smallest nanotube diameter
is restricted to the size of the fullerene molecule, which caps
the tube. A minimal size of 0.7 nm corresponding tg ®as
predicted and observédTheir electronic properties have
been predicted to depend sensitively on the tube diameter
and helicity of the tube lattice. The smallest diameter of car-
FIS- 2. _E’r:anl-tview HﬁT_nEnMrimma%et Sbhowir;gotzenml{lrt]i\/é?”;d tC?f?:OT” f!:;’if;o;‘bon nanotubes reportddery recently’ is 0.5 nm, the same
?ria%ivt\;lf inl(;i\;%j;rll?inéergrin?ZtrulitSrsec:s s.hown iln thlg1 ines:t.- The Ia?ro?/vas that of a Ge mOIECU|e_' Theqretlcal calculations mdlcat?
illustrates the innermost tubes. that carbon nanotubes with a diameter of 0.4 nm are possible

since they have lower energies than the graphite shdétis
dimension is the same as that of the possible fullerepg C

carbon graphitic planes_ grown perpendicular to the flat S{/yhich is the smallest carbon cage molecule. The models of
substrate surface. The inset is the selected-area electron dif-

fraction (SAED) pattern taken along §i110| direction of ;zriébsohnonz:]qattépes?’wlrt]h ?:i??:gi;fso;(’e ?].;?,C:ngso.?%nm
this sample in which two arc-like reflectioisiarked by ar- wn In g S, 1 whi - cap 9esd

rows) have been identified to be tH02 reflections(de- Cs6, and Gy, respectively. Our finding of ultrasmall carbon
noted by GOORoriginated from the aligned carbon graphitic nanotubes provides definitive evidence that indeed the small-
planes. The absence of diffraction rings indicates that all th&St pred|gted S'fz,e dls fea3|hbler.] h itiwall carb

graphitic planes are roughly perpendicular to the(@®1) In order to find out whether the multiwall carbon nano-
surface. The graphitic planes are continuous along a distanéﬂbes conte_nt affec_:ts _the overall properties qf our films, we
of about 100 nm. The high-resolution plan-view TEM image performed field emission measurements that indicated a very

of Fig. 2 clearly shows an atomic arrangement that contain!P"V turn-on voltage(3 V/um for 0.01 mA/crﬁ).. This value
a multiwall nanotube like structure in which the nanotubes'S consistent with our measurements of the field emission of

are perpendicular to the Si-carbon interface. This structure i€gular carbon nanotubes. It suggests that the properties of
manifested as a fingerprint-like pattern in Fig. 2. Most nanoin€ carbon nanotubes embedded in the carbon matrix ob-
tubes consist of 10~15 shells and the intershell spacing i&ined by the present method are similar to those of regular
0.34 nm. The innermost nanotubes, as marked by the arrovf@rbon nanotubes.

in this figure, are clearly seen to be seamless loops and their Conventional methods of carbon nanotube production
diameters are approximately 0.39—0.40 nm. This value i$arc d.|§ch35rgé,thermal deposmoﬁ, and chemical vapor
determined by using the graphitiyo,) spacing as the inter- deposition™are all performed at high temperatu(es300—

nal reference in this figure. The nanotube arrays are very000°Q, and are difficult to directly apply on a surface and
dense, while the graphite sheets having the same orientatid@ control. It is an intriguing open question left for future
to the tube walls fill in the space between them. The Fourieptudies if the controllable ion beam deposition could lead to
transform(FT) filtered image of the individual nanotube is better fabrication methods of carbon nanotubes. This novel
illustrated in the inset in Fig. 2(The FT processing was technique offers many potential advantages over conven-
carried out by first Fourier transforming the interested area ofional methods of carbon nanotube productions. They in-
the image to obtain a two-dimensional diffraction pattern.clude: (1) high purity with no need of catalyst2) simple
The filtered image of multiwalled carbon nanotube was therapplicability to most surfaces without pretreatme), low
obtained in the inverse FT by selecting the diffraction ring ofdeposition temperature(4) simple controllability of the
graphite {002 and filtering off the noisg.Noted that the nanotube size, structure, and orientation, &)dpatterning
innermost tube is seamless, while the shells contain somand writing options. The combination of all these advantages
defects like dislocationgs marked by D) resulting in the  in a single synthetic approach may open new directions for
discontinuity of the fringes. both basic studies and realization of exciting applications.
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