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Abstract: Tubular graphite cones (TGCs) with a single-crystal nanotip have been achieved by means of
microwave plasma-assisted chemical vapor deposition using in-situ-evaporated Fe catalysts. The absence
of the disorder-induced D band in Raman spectra revealed the single-crystalline feature of the nanotip.
TGCs were found to stem from Fe catalytic carbon spherules on the order of 100 um diameter, whose
critical role in promoting both nucleation and plasma annealing in the formation of highly crystalline TGCs
is discussed. The crystalline quality of such TGCs can be further verified by the investigation of their oxidative
stability in air. All TGCs can survive up to 600 °C without any structural variations, and a few TGCs still
survive with an anisotropic etched and stepped nanotip at temperatures up to 800 °C, much better than
CNTs. Thus, TGCs with single crystalline nanotips are potential candidates for scanning probes in high-
temperature oxygen-containing environments.

Introduction synthesized carbon materials including single-wall carbon
bul hi h di nanotubes (CNTs) are defective or disorderedhich is
Tubular graphite cones (TGCs) have attracted intense atteny dicated typically by the disorder-induced D band at around

tion, hbelcause_ thheyhs?omil n;)t onlé/ a fascr:natln% extlernal 1350 + 100 cnt! in the Raman spectra. Unquestionably,
morphology with a helically faceted cone-shape but also a growing single-crystal carbon nanostructures will greatly im-

o hememme e o 0 LT, 25720 prove and stbile th physical and chemical propertes of
. ' materials and therefore widen their applications through the

straight and long carbon naqotube t?p‘Epese are some of the xclusion of various defect-induced factérs! In addition, the

best structures for use as high-resolution scanning probes alnCExidative behavior of carbon materials is of significant scientific

are_exlcellgnt lglgc_troln tem|ttters CTOh’_“p_afd with b]?th |soI|§1_ted and technological interest as this is related to carbon combustion,
conical and cylindrical Sructures. 1his IS because of a combina- q.q gasification, reactions at nuclear reactor walls and re-entry

t|0r;)_lc_)f a cgr;:_ce:: structure .(WItT. l:ée_ttelr mechanlcal,_ :]hﬁ_rr;:al shielding of space craft. It was found that the oxidation of
stability) and high-aspect-ratio cylindrical structures (with higher o yhite” started from surface defect sites and the thermal

lateral reT’IOIUt'%n an_?_gégeLfleld amlpllgcatlon factor).fl—:lowever, oxidative stability of carbon-based materials, such as diamond,
structurally robust S have only been successiully grown graphite, and CNTs, was critically related to the amounts of

on sharp Teta.ll needles (F?’. Pt, and Au) and_ planar Steelvarious defects such as edges, dangling bonds, vacancies,
subs_trat_eéi, Wh'_Ch are very difficult to furth_er manlpulatg for dislocations, and step&12Therefore, the oxidative stability of
appllgqtlons. Dlrect.g.rowth OfITGCS On,b?' S‘_J?t;a‘es IS veg such materials directly reveals their crystalline quality, i.e., the
promising because i IS hot only compatible with the current Si greater the oxidative stability the higher the crystalline quality.
semiconductor industrial processes but also helps us to undery inis paper, we report the growth of large-area TGCs with a

sliantsll_ thebgrowth nl*necr:ja:jm_s m dllie to thehno:ﬁgtﬁllync natlflr_e 0fsingle-crystal nanotube tip on Si substrates by microwave plasma
the Si su stra_ltes. na |t|on,_t e growth of highly crysta IN€ assisted chemical vapor deposition (MPCVD) using in-situ
carbon materials themselves is a challenge because of the high

melting point (3500°C) of carbor®~7 To date, most artificially (6) Gogotsi, Y.; Libera, J. A.; Kalashnikov, N.; Yoshimura, Bcience200Q
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Ca_mbrl(_jge Unl_verS|ty. (8) Dresselhaus, M. S.; Dresselhaus, G.; Jorio, A.; Souza-Filho, A. G.; Saito,
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Figure 1. Different magnification SEM images of TGCs grown on Si substrateg)and EDS spectrum (f). The dashed rectangles show corresponding
enlarged areas. (d and e) TGCs having a long straight CNT tip.

evaporated Fe catalysts. The thermal oxidative stability is also
studied using high-temperature air heating at temperatures
between 500 and 90TC.

1580cm’”

Experimental Section

A 2.45 GHz, 5 kW MPCVD system was used to grow the TGCs
with single-crystal nanotips. Two 15 15 mm Si wafers, one covered
solely with a native oxide layer and the other coated with a 160 nm
thick Fe film, were put side by side at the center of a circular stainless naidager A
steel holder. The substrates were first pretreated in a hydrogen (85 sccm) 1200 ) 13'00 ) 1 4'00 ) 15:00 ) 16IOO . 17'00 ) 1800
atmosphere by using a microwave power of 1500 W at 60 mbar and a Wavenumber (cm‘1)
negative bias of 150 V for 10 min. After pretreatment, the hydrogen . .
flow and the bias were switched off and the TGC growth was started /94ré 2. Raman scattering spectra taken from the TGC root and tip,

S . . showing the single crystalline feature of the tip.
by flowing in a gas mixture of methane and nitrogen:@®H, = 30:30
sccm) at a working pressure of 40 mbar. The substrate temperature
was measured by an infrared optical pyrometer and found to increase . .
from 900 °C during the pretreatment to 1150200 °C during the of 85-120um, W.hICh can be seen by the naked eye (Flggre
growth, which enabled the Fe evaporation, condensation, and catalyticla,)' Thesg rglatlvely Iarge. carbon spherules are essentially
growth of TGCs on the bare Si wafer. The thermal oxidation effects Uniformly distributed on the Si surface, but some of them accumu-
on as-grown TGCs were measured in a tubular furnace in air. The |ate together to fOI‘m a Stra|ght I|ne Unhke the I‘adla"y textured
samples were heated with a time ramp of 45 min and kept at the desiredcarbon nanoflake spherules covered by nanometer-sized thick
temperature between 500 and $@for 30 min. They were taken out  carbon nanoflake® there are many TGCs and tree-like carbon
after 1-2 h when the furnace had cooled down to 4@D. The nanostructures standing on the top of each carbon spherule on
morphology and structure of all TGC samples were characterized by the Sj substrates which have not been pre-coated with a Fe film
using scanning eIectror_1 microscopy (SEM) and micro-Raman scattering (Figure 1b), while neither TGCs nor any other especially
Spectroscopy, respectively. interesting carbon structures were found on the top of such
Results and Discussion carbon spherules on the Fe pre-coated Si wafer. The average

Intensity (a.u.)

Tip

After deposition for 2 h, the two Si wafers were covered by ;4 5,00 N G.: Staedler, T.: Jiang, Appl. Phys. Lett2006 89, 103112-
a layer of black-shape, perfect carbon spherules with a diameter = 103112-3.
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Figure 3. SEM images of thermally oxidized TGCs at the temperature of°@(a), 700°C (b), and 800C (c); the insets are the corresponding enlarged
images of marked rectangles in a and b; (d) an enlarged SEM image of single TGC in the marked area of c; (f) enlarged images of marked area of d.

length of the TGCs is about-418 um with a root diameter degree of disorder in carbon materials. The full width at half-
of 0.3—1 um. maximum of the G peak decreases from 26 ¢mat the root

The majority of TGCs are slender, having a small-angle sharp down to 18 cm? at the tip, which is very close to that of natural
apex (Figure 1c). As we reported previousiyiany TGCs have  single-crystal graphite, highly oriented pyrolytic graphite (HOPG),
a straight or slightly bent tip with a length in the range of-016 and graphite polyhedral crystals (14 th®1415 The slight
um and a diameter of 1020 nm (Figure 1d,e). The chemical broadening could be due to the size effect. The tip is highly
composition of such carbon spherules and TGCs including their graphitized and defect-free compared to the root.
roots and tips was analyzed by energy dispersive X-ray The crystalline quality of the TGCs can be further evaluated
spectroscopy (EDS) with an electron energy of 20 KeV. Figure by its oxidative stability by virtue of the mechanism of defect-
1f indicates that they are mainly made of carbon and small induced oxidation in carbon structurésFigure 3 shows the
amounts of oxygen~1—5 wt %). No metal (Fe) catalyst was SEM images of the TGC samples oxidized at temperatures
found on the surfaces of the Si and all as-deposited structuresbetween 606800 °C. Compared with the as-deposited TGCs,
However, after removing the top carbon structures by high- there are no changes observed in the morphology, size, and
temperature oxidation, we were able to find a number of several- number of the TGCs oxidized at 600C except for the
hundreds-micrometers sized Fe clusters to catalytically grow disappearance of some tree-like structures, which mainly consist
the TGCs. of amorphous carbon. When the TGCs underwent oxidation at

Raman spectroscopy is a nondestructive and powerful tech-700 °C for 30 min, no carbon structures were found on the
nigue and has been used to characterize the crystalline qualitycarbon spherules other than some TGCs, which had greatly
and phonon and band structure of various carbon materials.decreased in number from 280 to 3-5. They had also
Figure 2 shows typical Raman spectra of the root and tip of a decreased in length and diameter. Meanwhile, many etched pits
single TGC over a wave number range from 1200 to 1800'cm  with diameters of 0.51 um size were found on the surface of
The Raman spectra were excited with a 514 nm Kser and the spherules. After oxidation at 860G, these etched pits further
collected in a backscattering geometry with a spatial resolution increased in size to -35 um while the carbon spherules
of 1 um at room temperature. The TGC root shows a typical decreased from typically 60100 xm at 700°C down to 36-
microcrystalline graphite structure with a strong G peak at 1580 60xm. However a few TGCs with a length of-3 um survived
cm1, a small D band at 1358 cmy and a D shoulder at 1621 on top of the carbon spherules. Thus, TGCs have a superthermal
cm~L. However, the tip shows a single crystalline graphite oxidative stability in air compared to those as-grown and high-
feature with only one G peak at 1580 ctrand no D and Dy rinira, F - Koenig, J. L. Chem. Phys1970 53, 1126-1130,
bands which are both directly correlated to the defects and (15) Nemanich, R. J.; Solin, S. Rhys. Re. B 1979 20, 392-401.

J. AM. CHEM. SOC. = VOL. 129, NO. 28, 2007 8909



ARTICLES Shang et al.

e o N S
PR

¥

Intensity (a. u.)

* Fe*,C',H",N’,C,

Wt

Si
(b)

.Fe*,C"H'.N".C,

TATS

Intensity (a. u.)

Si
(©)

Figure 5. Schematic diagram of the growth model of TGCs with single-
crystalline nanotips: (a) The formation of highly condensed Eeutectic
droplets on the Si substrate by the vapor-phase precipitation of dissociated
) . ] carbon and evaporated Fe clusters from the plasma ball; (b) the nucleation
Figure 4. SEM images of the secondary (a) and backscattering (b) electron ot TGcs on the supersaturated droplet by phase separation; (c) growth of
taken from the sample after the oxidation at 9@ The insets are EDS  1Gcs with the growth of carbon spherules, which enhanced not only the
spectra taken from different spots (marked with solid and dash line circles, . cleation of TGCs but also plasma annealing of all defects in TGC tips
and upper case letters A and B), showing the presence of 100 nm sized Fey e 10 a tip-discharge effect.

clusters on the Si wafer.

0 with different atomic numbers. Figure 4b is a typical image
te“?pﬁ r?ture (up t]? 28(3@) anneale%CNTsl, Whe(;e a'_[ Ieaségﬁﬁ) taken from the same area of the sample as shown in Figure 4a.
welg tloss was Oli? at 80 an _cataysts ommgte the A large quantity of black spots and a few white spots were
IreS|duaI materlaléz.v_ _However, unI::<e fthr? as-dep03|_te_d and observed on the Si surface. Because of the atomic number of
ow-Eemperature oxidized TGCs, a 0 the TGCs oxidized at Fe being larger than that of carbon, the white spots will be Fe
800°C no longer have a perfect conical structgre and seem to while the black ones are made of carbon. This can be further
!:)e made of MO TGCs gfa“ed t_ogether. Ir_1 the middle area, thereconfirmed by the EDS microprobe. The insets of Figure 4a,b
's a protruding hump_ with a diameter S"gf.‘“y larger than that show the EDS spectra taken from the marked area in Figure
of tfhe TGClll root.thls means t:a;_the th|fcker root has tl)lt_aen 4a,b and reveal the presence of Fe which was deeply embedded
pre grentla y etc ed away, an this is of poorer crystaliine ;¢ deposited carbon structures as the catalyst for the growth
quality compared with the middle area of the TGC. Another of TGCs. Note the size of the Fe clusters is about-2p00
noticeable phenqmenon is that the oxiqlized nanotip shows 3nm, much larger than the catalysts commonly used to drive the
probe structure with a regular step (see Figure 3f). The narrowest growth. However, these bigger clusters could be evidence
section is about 15 nm in diameter and about 300 nm in length of the growth mechanism of TGCs we suggested previctsly
while the widest one is abo_ut 1.00 nm thick and 500 nm long where the growth of catalysts themselves results in the formation
and the two etched steps like in the cleaved HOPG are very o tapered structures
clear. This iS. evi.dence of anigotropic chhing, WhiCh ?n gengral The forming mechanism of various conical carbon structures
take_s place in single crys_,talllne materla}ls, eg. inSi chemical s o interesting subjeét. 1° The specific conical structure of
etchl_ng. Thu_s, the nanotips are unequivocally single crystals, TGCs implies that the growth of TGCs should differ from the
consrllstenthwnh the IRaman resu_lts_. one-dimensional mode of CNTSs, in which the diameter of CNTs

When the samples were oxidized at 900 no carbon critically depends on the size of the liquid droplet or localized
spherule§ and TGCs were found on the .SI sybstrate except forquuefied zone of the catalyst. The TGC can instead follow a
some residual granular hillocks as shown in Figure 4(a). In order nonsymmetrical two-dimensional growth mode: a faster axial
to further clarify the nanostructures after high-temperature
oxidation, a SEM was used in back scattering mode, based on(17) Merkulov, V. I.; Guillorn, M. A.; Lowndes, D. H.; Simpson, M. Appl.

) - R : Phys. Lett2001, 79, 1178-1180.
its powerful ability to distinguish between chemical elements (18) Bhimarasetti, G.: Sunkara, M. K.; Graham, U. M. Davis, B. H.. Suh, C.:

Rajan, K.Adv. Mater 2003 15, 1629-1632.
(16) Ajayan, P. M.; Ebbesen, T. W.; Ichihashi, T.; lijima, S.; Tanigaki, K.; Hiura, (19) Xia, W.; Su, D. S.; Scfilgl, R.; Birkner, A.; Muhler, M.Adv. Mater 2005
H. Nature 1993 362, 522-525. 17, 1677-1679.
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growth and a slower radial growth. The fast axial growth can is possible that the large sized carbon spherules preferred to
be driven by the same mechanism as the CNTs while the slowgrow and then enhance the nucleation of TGCs due to the tip-
radial growth can be demonstrated by either the thickening of discharge effect which induces a local strong electric field, as
inner diameters or the increasing number of outer shells. The found for such sharp needles vertically standing in a plasma
thickened inner diameters could be due to the increase of catalysiafter its diameter achieved a specific stZe¢.Similar cases have
sizes, and the increased outer shells could be due to the improvedeen found from such TGCs previously grown on planar steel
carbon supply. Here, we suggested the TGC growth originated substratedwhere there is a layer of coalesced carbon spherules
from the gradual extension of the boundary diffusion interlayer with a size of 16-25 um underneath the TGCs. As far as the
of the solid-liquid around the catalyst surface, allowing the formation of single crystalline nanotips is concerned, it is
graphitic shell to grow along two directions. Figure 5 shows a possible that the temperature of the plasma around the carbon
schematic growth model for the TGCs. At high temperature, spherules, particularly around such grown TGC tips, could close
the Fe film was evaporated and reacted with the vapor-phaseto the carbon melting point based on a same principle as the
carbon, forming eutectic clusters in the plasma ball. After tip-enhancement effect. This could anneal out all defects in the
supersaturation, the eutectic clusters can precipitate onto thenanotip, forming a single crystal.

bare Si substrate to a form a liquid droplet. Because of the very )

large temperature gradients from the plasma ball to the substratecom:lus’Ions
surface, the highly condensed droplet would become an active  In summary, large-area TGCs with single crystalline nanotips
seed leading to the nucleation of TGCs with a cap-like structure have been grown on Si substrates by MPCVD using in-situ
by phase separation. When a large amount of carbon and Feevaporated Fe catalysts. D band-free Raman spectra indicated
clusters from the plasma condense onto the liquid nuclei, the that the nanotip of the TGCs is a single crystal. The as-deposited
boundary diffusion interlayer between the solid and liquid will TGCs show excellent thermal oxidative stability in air up to
thicken and spread out as a result of seeds increasing in sizeg00 °C, better than CNTs. A Fe catalytic mediated growth
making the growth of new graphitic shells because of the mechanism for the TGCs with single crystalline nanotips is
increased carbon supply. Note the carbon supply cannot simplysuggested based on the carbon spherules enhancing the TGC
be considered as an essential factor but the variation of thenucleation in the presence of high-temperature plasma annealing.
boundary diffusion interlayer is also necessary, as this could This study enables us not only to control the growth of TGCs
lead to the carbon sources for the axial growth cfilffhe but also to open a new application field for carbon nanostruc-
variation in the boundary interlayer could be due to two reasons. tures.

One is the increase of the catalyst size, which can be )
demonstrated by a tapered inner cavity in the conical strugture. _ Acknowledgment. The authors thank V. Scardaci and A.
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