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LI QJ D Technical Field [0001] The present invention relates to a method of
synt hesi zing aligned and oriented carbon nanot ubes fr o @f/Ja0@a0éZ34 i qui d
and an apparatus for use in carrying out the nethod as well as carbon
nanot ubes made by the nethod. Background Art [0002] Carbon nanotubes, which
possess unique electrical and nechanical properties, have a high potential
applicability to the future nanotechnol ogies such as field em ssion

el ectron sources, nanoscal e el 2EfOhFECALi@Ns, chenical storage systens,
and nechanical reinforcenent materials. [0003] Since carbon nanotubes was
di scovered in a cathodic deposit roduced with an el ectric discharge
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Background Art
[0002] Carbon nanotubes, which possess unique electrical and

mechanical properties, have a high potential applicability to the
future nanotechnologies such as field emission electron sources,
nanoscale electronic devices, chemical storage systems, and
mechanical reinforcement materials.

[0003] Since carbon nanotubes was discovered in a cathodic deposit
produced with an electric discharge brought about using a carbon
electrode in a fullerene forming apparatus, a variety of techniques
have been proposed for synthesizing carbon nanotubes. These
synthesis techniques aim to be able to produce carbon nanotube in
large quantities and also to synthesize carbon nanotubes having a
specific function. Such specific functions are, among others, the
function to suspend the catalytic ability for a hydrocarbon, the
function to electrolyze a condensate phase and the catalytic function
for SiC sublimation. Such carbon nanotubes must have an oriented
growth structure that agrees with such a particular function.

[0004] The synthesis methods so far proposed have been found,
however, to be capable of producing carbon nanotubes only at a yield
just enough for them to be used in research and far less than the
methods can be applied to their industrial production. Another
problem with these prior methods 1s that the nanotubes aligned

thereby on a substrate are week in their bonding strength with the
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[0005] It would be advantageous if carbon nanotubes can be synt| Eiﬁé%ﬁ%e}ﬁbos
| arge quantities and at a | ow cost using the nost updated Si technol ogy,
for exanple, by the use of a material and equi pnent enpP6fedPozvochessSi

sem conductor process. Then, it will be possible to supply at | ow cost and
i n bul k nanot echnol ogy products which with the best use of the unique
properties of carbon nanotubes are functionally excellent. Disclosure of
the Invention [0006] Wth the aforenenti oned prior-art problens taken into
account , sthetimtesend dre ehusdratthéo fhoandkes obj ects to provide a synthesis
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havi ng e sai ydrogen pl asma; and heating the said
substrate exposed to the hydrogen plasnma in an organic liquid to a

pr edet er iga%s &P I V@Q%L%?y hi ghly oriented, aligned carbon nanotubes
are synt substrate is preferably a Si substrate.
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in carrying out the method as well as carbon nanotubes made by the
method, the carbon nanotube or nanotubes being firmly bonded to a
substrate as highly oriented and densely aligned thereon.
[0007] In order to achieve the first of the objects mentioned above,
there is provided in accordance with the present invention a method
of synthesizing highly oriented, aligned carbon nanotubes from an
organic liquid, characterized in that it comprises the steps of: forming
a substrate with a buildup thereon of a thin film or fine insular
particles composed of at least one metallic element; exposing the said
substrate having the said buildup to a hydrogen plasma; and heating
the said substrate exposed to the hydrogen plasma in an organic
liquid to a predetermined temperature whereby highly oriented,
aligned carbon nanotubes are synthesized.
[0008] The said substrate is preferably a Si substrate.
[0009] The said at least one metallic element of which the said
buildup is composed is preferably one or more elements selected from
the group which consists of Fe, Co and Ni.
[0010] The organic liquid may be alcohol, e. g., methanol or ethanol.
The Si1 substrate may be heated to a predetermined temperature by
passing an electric current therethrough.

[0011] According to this method, exposing to a high-temperature



[ 0011] According to this nethod, exposing to a high- tenperature -2 12
Decenber 2005 PCT/ JP02/ 06235 hydrogen plasma a Si substrate formeddbabeomos
with either a thin Fe filmor fine insular particles conposed of, e. g., Fe
element, will cause either the thin Fe filmto becone fPﬂ@/vM}R/D@%& of
nanoneters in size distributed insularly on the Si substrate and firmy
bonded thereto, or the fine insular particles to be firmy bonded to the Si
substrate, thereby fornmng fine Fe liquid particles. Then, heating the Si
substrate to a high tenperature by passing_an electric current therethrough
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these growth nuclei continuously supplied with carbon atoms from the
fine Fe liquid particles, carbon nanotubes grow in a direction
perpendicular to the Si substrate surface.
[0012] This method, which permits using a raw material and
equipment commonly used in the conventional semiconductor process,
allows low-cost production. Also, the method whereby nanotubes are
grown concurrently over an entire Si substrate surface allows their
mass production. Further, the method wherein the Si substrate need
not be of single crystal makes the substrate of low-cost material.
[0013] Furthermore, by this method which permits a choice among a
variety of types of the organic liquid, so-called doped nanotubes can
be synthesized, which contain an element or elements other than
carbon. ,
[0014] There is also provided in accordance with the present
invention an apparatus for synthesizing highly oriented, aligned
carbon nanotubes, characterized 1n that it comprises: a liquid tank for
retaining an organic liquid; a cooling means for cooling the said
organic liquid so as to maintain 1t at a temperature lower than a
boiling point thereof; a condensing means for condensing the said

organic liquid becoming gaseous in phase into its original liquid phase



retaining an organic liquid; a cooling means for cooling the said organic
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with air and then causing an explosion or burning.

[0017] Also, having the means for introducing the inert gas further
eliminates the risk of the gasified liquid organic mixing with air and
then causing an explosion or burning in the liquid tank.

[0018] There 1is also provided in accordance with the present
invention highly oriented, aligned carbon nanotubes, characterized in
that such carbon nanotubes are densely aligned on and firmly bonded
to a Si substrate over, and oriented perpendicular to, an entire
surface thereof.

[0019] There is also provided in accordance with the present
invention highly oriented, aligned carbon nanotubes, characterized in
that such carbon nanotubes are coaxially oriented, equal in length,
and fastened together.

[0020] So constructed as mentioned above, the carbon nanotubes
which are densely aligned on and firmly bonded to a Si1 substrate over,
and oriented perpendicular to, an entire surface thereof are readily
machinable into, e. g., a device.

[0021] The carbon nanotubes which are coaxially oriented, equal in
length, and fastened together are readily machinable into, e. g., a
device.

[0022] According to the present invention, carbon nanotubes can be



whi ch are densely aligned on and firmy bonded to a Si substrate over, and
oriented perpendicular to, an entire surface thereof are readily,
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explanation and understanding thereof. In the drawings:

Fig. 1 is a diagram illustrating the makeup of an apparatus
for synthesizing highly oriented, aligned carbon nanotubes from an
organic liquid in accordance with the present invention;

Fig. 2 is a diagram illustrating a growth mechanism of carbon
nanotubes synthesized using an organic liquid in accordance with the
present invention;

Fig. 3 shows images by SEM (Scanning Electron Microscope)
of the carbon nanotubes synthesized;

Fig. 4 shows images by HRTEM (High Resolution
Transmission Electron Microscope) of the synthesized carbon
nanotube;

Fig. 5 shows further images by HRTEM of the synthesized
carbon nanotube;

Fig. 6 shows an image by HRTEM of a carbon nanotube grown
on a Si substrate in ethanol; and

Fig. 7 shows SEM images of carbon nanotubes synthesized

without having the hydrogen plasma treatment.

Best Modes for Carrving Out the Invention

[0024) Hereinafter, the present invention will be described in detail
with reference to suitable forms of implementation thereof illustrated
in the drawing figures.

[0025] At the outset, mention is made of an apparatus aspect of the



on a Si substrate in ethanol; and Fig. 7 shows SEM i mages of carbon
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Modes for Carrying Qut the Invention [0024] Hereinafter, the present
invention will be described in detail wth reference toPSUitRId/e6585 ns oOf

i npl enentation thereof illustrated in the drawing figures. [0025] At the
outset, nention is nade of an apparatus aspect of the -5 12 Decenber 2005
PCT/ JP02/ 06235 synthesis of a highly oriented, aligned carbon nanotube or
nanot ubes froman organic liquid in accordance with the present invention.
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organic liquid 10 is thus tightly sealed in the liguid tank 1 by the lid
9.

[0027] In order to permit carbon nanotubes to be synthesized from
the organic liquid, this apparatus is designed to maintain the organic
liquid at a temperature lower than its boiling point and the substrate
at a high growth temperature. Also, a vaporized or gasified portion of
the organic liquid i1s returned upon condensation so that there can be
no wasteful consumption of the organic liquid as the raw material and
further so that there may be no risk of the gasified liquid organic
mixing with air and then causing an explosion or burning. Also,
having the means for introducing the inert gas further eliminates the
risk of the gasified liquid organic mixing with air and then causing an
explosion or burning in the liquid tank.

[0028] Mention is next made of a method of synthesizing highly
oriented, aligned carbon mnanotubes from an organic liquid 1in
accordance with the present invention and using the synthesis
apparatus shown in Fig. 1. An example is here taken in which the
substrate is composed of Si, the metallic thin film 1s a Fe thin film,
the organic liquid 1s methanol.

[0029] The Si substrate, which is electrically conductive, is washed

and cleaned, a Fe thin film 1s built up thereon, e. g., by sputtering in



having the neans for introducing the inert gas further elimnates the risk
of the gasified liquid organic mxing with air and then causing

explosion or burning in the liquid tank. [0028] Mention is next 1%2365618 er, 2005
met hod of synthesizing highly oriented, aligned carbon pamoiRbEscbs®mM an
organic liquid in accordance with the present invention and using the
synthesis apparatus shown in Fig. 1. An exanple is here taken in which the
substrate is conposed of Si, the nmetallic thin filmis a Fe thin film the
organic liquid is methanol. [0029] The Si substrate, which is electrically
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suppl i edmaikes nﬁnehalﬁnie lhqand tiherteafdser uhaforN gas thiemt r ddavedterhraoudh t he
val ve 8 1st'iﬂplhﬁ%?1 the residual air in the synthesis apparatus therewth.

[ 0032] Xt, an electric current is passed through the Si substrate between
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synthesis apparatus therewith.

[0032] Next, an electric current is passed through the Si substrate
between the electrodes 4 to heat the Si substrate. The electric current
is selected in magnitude such that the Si substrate has a temperature
of 930°C, and this selected current magnitude is maintained during
the synthesis. Bubbles made of methanol gas are produced from the
surface of the Si substrate, which 1s covered with these bubbles. Here,
it 1s necessary that the methanol 10 be maintained at a temperature
lower than its boiling point, and to this end 1t is cooled using the
water cooling means 2. Also, a gasified portion of the methanol liquid
1s returned by the condensing means 7 to the liquid phase which i1s
returned to the liquid tank 1.

[0033] The synthesis apparatus is held in the state mentioned above
for a given time period in which the carbon nanotubes being
synthesized grow to a desired length.

[0034] The growth mechanism of the carbon nanotubes synthesized in
accordance with the present invention 1s considered as mentioned
below. An example is here again taken in which the substrate is
composed of Si, the metallic thin film is a Fe thin film and the organic
liquid 1s methanol.

[0035] Fig. 2 is a diagram illustrating a growth mechanism of carbon



it is necessary that the nethanol 10 be mmintained at a tenperature | ower
than its boiling point, and to this end it is cooled using the
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synt hesi zed grow to a desired |l ength. [0034] The growth nechani sm of the

car bon nanot ubes synthesized in accordance with the present invention is

consi der @mﬂﬁcurm@t b?ﬂ@l@es&@ﬂow‘nfg‘ aQ%@E"Fbﬁxé sid@rdeiagaicoriaker whtwkheh the
substrate is nposed of _Si hEerretaI |cth|nf|Im|saFethlnfgImand

t he orgatl?llésePFdéﬁ"&qtéo%tlﬁaﬂb? T0USs] tHe gurbace of dieagratih $1iader dtisng a
growt h machani smofeleanbon te]nZl)@?Qﬁ\Eﬁb?ronQQ@uP@_@@@Z‘fv Q@%@h@aﬂ%%l

synt hesi zed usi ng an organ l1quid in accordance with the %ﬁ
i nventi omtdYid B aceghr &0 the surkagee odf thReoSs syhptatst & 3] §1 elPd & an

el evat ed ¢t giRaratiteeo Pl bakaut 02004 14bi lt@let berfrthanahe Biaiigs@ditacents to

the surface of the Si substrate 3 is held at a tenperature of about 60C.
Al so, t h&O¥EFehcEdE maEhanokgast 2at @rsd ithergot®isds s ipet AEHA T afagenl,

and thereg,gxisis proshartﬁet FIPeRAMELte O5RERAL ok dhes ﬁql@ﬁarahe @urface
towards the ||qui considered that this sharp tenp ture grg{el ent

coupl ed ®PERIGHE ctd’taé’i ﬁmé %PFBnt%mplféaEPilﬁggr%kﬁd%t & 0P

reactionchialigc J®EHANK Feaprdlgs WhiotR hnuh %ﬁ%ﬂﬁh@& &e?dtb@ﬁ Al eB% t hat
penetrate i r]to the fine Fe lh%ﬁlzihd particles 2 t he cat al yt| C

reacti onToft oh gafhetlval W edfi 1 $bi u&leélleé?ée%eﬁé?‘]é?%s PN thatons.

[ 0036) les@r@%@f@tmocah@mn@t@@smﬁn@t mtleldletsoza fihevfte {n&uitalpaicticle
22 which is superzagurated her e The tenperature radi ent acrgss t he

Si subst F4RENSEr PicEecHus S e by eg |1Hm tHetei fenER 19y GRdPparticl e
22 to begpeed.pitated on a surface thereof, thereby formng a growh

nucl eus n,..Whi ch i s then conti nuousl : : ..
%8858? The generated carbon atoms genetrate into a fine Fe liquid

particle 22 which 1s supersaturated therewith. The temperature
gradient across the Si substrate surface causes the carbon atoms in
the fine Fe liquid particle 22 to be precipitated on a surface thereof,
thereby forming a growth nucleus thereon, which is then continuously
supplied with carbon atoms from the fine Fe liquid particle 22 with
the result that a carbon nanotube 23 grows on the nucleus.

(0037] Example 1 is next shown.

[0038] In this Example, use was made of high-purity (99.7 %)
methanol for the organic liquid. Also used was a (100) face-oriented Si
substrate having a low resistivity of 0.002Q -cm and being 10 x 20 x 1
mm? in size. The Si substrate was washed and cleaned, first
supersonically in acetone and then by etching with a 3 % hydrofluoric
acid (hydrogen fluoride) solution.

[0039] The (100) Si substrate had a Fe thin film of 25 nm thick built
up thereon by sputtering in Ar gas and thereafter was subjected to
the in-hydrogen plasma treatment at a substrate temperature of
850°C for a time period of 20 minutes to increase the adhesive
strength of the Fe thin film to the substrate and to form fine Fe
particles in order to form nuclei for the growth of carbon nanotubes.
[0040] This Si substrate was disposed on the substrate holder 3 of
Fig. 1 and heated to a temperature of 930°C by passing a direct



supplied with carbon atonms fromthe fine Fe liquid particle 22 with the
result that a carbon nanotube 23 grows on the nucleus. [00371 Ex g@e lis
next shown. [00381 In this Exanple, use was nade of high-purity ( _e«;e%)erzoos
met hanol for the organic liquid. Also used was a (100) fagergphenedsSi
substrate having a low resistivity of 0.002 Q-cmand being 10 x 20 x 1 mmB
in size. The Si substrate was washed and cl eaned, first supersonically in
acetone and then by etching with a 3 % hydrofluoric acid (hydrogen

fluoride) solution. [00391 The (100) Si substrate had a Fe thin filmof 25

nm t hi ck chuirbht tlh)aﬂelﬂﬁli eaghwa Saugtaetﬁhﬁgaélnoﬂrbtgﬂﬁleandet-heﬁoeeté@r riEs g

subj ect ed to, the jin-hydro Iasgg treaamfg S ubstrate tf erature of
850C for t thﬁenb%th lofh Bl i ELe1 (AR Rct Bais 1t RROAHHES: vaTar eldth of
the Fe ”&'o_ﬂefé&r{ifit(h thes@%bﬁstmat;etaredtmpfe@ﬁméraﬂtﬂ‘r@ a1l qguid amder to
form nucl ei for %1 rowth of ca}Pbon %a,@o bes. 00401 This Si substrate
was di spéSedligh! Bt 31 SN HRF O3 tof gootl%alm%@d%% geeded

t enper at ttbenoatn&%(iﬁ t@hepaﬁétl{wn@l digerd 42 Deranhera?@Pd RBWé ¥R 96235
current ther.ethroug e nurereh%of bybbl es were forped, risin to the

net hanol A% ¢gdigd %Qﬂrrtt (:f’ené s ubSPFaPa s FeicE™ hua t80\f§r‘38ﬁgw

these bukbliesizdde Isefmehat uf e tofe Hmeeﬂeaxh@lnolhdmﬂm dThe he éhﬂé‘tldit'feank 1
rose to about 60C. The cool i ng rrga was needeg %}ffagﬁl ntain the rret hanol
liquid at te PR SATSITAt 0F2S | BReF UF R u?t%g Poi PPHG2poE 15 8 0P

condensi Rgi tHeans Eowl rﬁ@ﬁt’tﬁrfo@us\édpQﬁi zed sROtE 9fe of uthieemeideanol Hdsqui d.

The Si substrate eratyre was ne sing an optical i

t her nonet éfnp%?’ctﬂlqet Aok Cp B GRS W s ]éle egtId G Ed I%%ﬁ%%gléﬁg;’g%’V\hose
tenper at yhe BassdksthateeagyrnedinThmeal Qﬁtfdaﬁ‘glﬁllﬂhld@nﬁuﬁ)aﬁ@&ﬂlet arough. Ithe Si
substr ol bec, TLOLA! e L0 OTLI e U Lng e oM D AL tes obger ved
becane | eagebni ﬁlahengbbs He@@41¢ 16hger 3nsleoms hi. mages by SEM (Scanm ng
I SRR R T TN
cl eavage.of the carbon nanotubes synthesized. Fig. 3( a) shows an SEM image -

taken from obliquely above of carbon nanotubes in a plane of cleavage.

Seen flat in the upper part of the Figure indicates the upper surface

of the carbon nanotubes and seen striped or fibrous in the lower part

of the Figure indicates side faces of the carbon nanotubes grown

densely and perpendicular to the Si substrate. From the Figure, it is

clearly seen that the carbon nanotubes which are coaxial and equal in

length have grown perpendicular to the Si substrate and densely over

the entire Si1 substrate surface.

[0042] Fig. 3(b) shows an SEM image of the carbon nanotubes

stripped off from the Si substrate. From the Figure it is seen that

stripped off from the Si substrate, the carbon nanotubes which are

coaxial and equal in length lie in the state that they stick to one

another to form a bundle thereof. Also, the ends of the carbon

nanotubes draw together to form a flat profile. With the naked eye, it

is seen as 1if it 1s a black lump. The carbon nanotubes on the Si

substrate never came off without an external force applied to them, e.

g., unless they are scratched with something hard.

[0043] The axial growth rate of the carbon nanotubes increased as

the substrate temperature was increased. The nanotubes grew longer

lengthwise with time. With the EDX (Energy Dispersive X-ray) device



Seen flat in the upper part of the Figure indicates the upper surface of
t he carbon nanotubes and seen striped or fibrous in the | ower pa th
Figure indicates side faces of the carbon nanot ubes grown dense{érmc%Pbergoos
perpendi cular to the Si substrate. Fromthe Figure, it |§Cnng@Qk%2§gen t hat
t he carbon nanotubes which are coaxial and equal in |ength have grown
perpendi cular to the Si substrate and densely over the entire Si substrate
surface. [0042] Fig. 3(b) shows an SEMinmage of the carbon nanotubes
stripped off fromthe Si substrate. Fromthe Figure it is seen that

strippedaeidiciddnvte SENMUbSET,attew akhe tfarhed nlammhbecsalwncnaafoeub@@axi al
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carbon nanotubes had a 1at10 of their radius to wall or shell thickness
ranging from about 1.2 to 2.1. Some lattice mismatches and defects
were found in the edge and surface areas of the tube walls. This 1s
considered to be due to radical oxygen atoms produced by uneven
catalytic reactions on the Si substrate surface.
[0045] Fig. 5 shows further images by HRTEM of the synthesized
carbon nanotube. As is seen from the Figure, the tip of the carbon
nanotube is closed with an almost one-piece cap. Seen as a black spot
in the Figure has been confirmed to be Fe. And as such, Fe on the Si
substrate was detected in a region of the tip of each of a few carbon
nanotubes. The carbon nanotubes have their roots resting on the
substrate surface, each in the form of an open tube.
(0046] Next, Example 2 is shown.
[0047] In this Example, too, the same synthesis conditions as in
Example 1 were adopted except the use of different temperatures and
of ethanol instead of methanol to be able to form carbon nanotubes. A
Si substrate was heated to a temperature of 860°C in an ethanol
liquid which was held at a temperature of 70°C.
[0048] Fig. 6 shows an image by HRTEM of a carbon nanotube then
grown on the Si substrate in the ethanol liquid held at 70°C. As is

apparent from Fig. 6, the carbon nanotube then formed is a nearly



between 13 and 26 nmwith 20 nmas the center of distribution. The carbon
nanot ubes had a ratio of their radius to wall or shell thicknes

fromabout 1.2 to 2.1. Sonme |attice m snmatches and defects V\erzlzf%%ﬁgllbigﬁzoos
the edge and surface areas of the tube walls. This is coO%iJderedcain be due
to radi cal oxygen atons produced by uneven catalytic reactions on the Si
substrate surface. [0045] Fig. 5 shows further images by HRTEM of the

synt hesi zed carbon nanotube. As is seen fromthe Figure, the tip of the
carbon nanotube is closed with an al nbst one-pi ece cap. Seen as a bl ack
spot inh@H@WFBgdr@N’lélslbﬁéfﬁfb@ﬂﬂﬂ)pﬁeﬂapét‘b@eFE‘heAﬁéllb@nsrmthlldéei)rhatd‘ne Si

substrat g, ‘é@ﬁoe g 186k P9 ald] @ e% B ﬁfelghc%&lkﬂeé’é r&H n ffl%nfxe%/zct% Bog

nanot ubes. on nanotu ave thelr roots re substrate
sur f ace, Tbachaﬂmomheah@rtnrbéﬁ aﬁ bhese tubelx§B046] 1Né)<8td @@Wplt@sz daghshown.

[0047] 10.thysyBreapl ,mggpm%hglesc%ng%lzynt hesis conditions as in Exanple 1

wer e adopt ed except the use o t tenperatures and of ethanol
i nst ead X048t Rdest, ab peaantle to showm cahbdn svdrdruséstesathsi catdstiat e was

heated tg,a.tt rlrp) r@tgtérghgi r860C | n an ethanol |iquid which was held at a
tenperature o [ 004 55;9 6 shows an image by HRTEM of a carbon

nanot ubel GG l\éamﬂiyowsmé as isusttrate nat fiomaned trartdl the dla ahhelfdrat 70C.
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rangi ng &éﬂ%‘n%t?a §h§ cat;pﬁlgqrotpgrg)frla@otubes as those in Exanple 1 had

their tlﬁ) 55).3 closed wth an_al nost one-piece cap. [0049] Next, an
exanmpl e G omemcﬁnsut@sqaaﬁpi%t d§ t RBowat alWhich fuwkttagHiates Rd hin

film [O%Q&mbl@ﬁ%lsg,of%@%%ﬁmsg&ﬁa[c@manﬁieaft%@ﬁ with the Fe thin film
Exanpl e Els was carried out to ymake a syntheS|s fromnethanol, but failed to
and
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in-hydrogen plasma treatment.

[0053] Fig. 7 shows SEM images of carbon nanotubes synthesized
without having the in-hydrogen plasma treatment. As 1s apparent
from the Figure, the carbon nanotubes synthesized with the Si
substrate formed with a Fe thin film but not subjected to the
in-hydrogen plasma treatment were irregular in arrangement and
widespread in diameter. It 1s seen that all the carbon nanotubes lie
while being curved in various ways on the substrate, some of which
stick to one another to make something like beams. From this, it is
seen that the in-hydrogen plasma treatment 1s effective to synthesize
carbon nanotubes which are wuniform in system and grow
perpendicular to the Si1 substrate.

[0054] Methanol and ethanol are each one of the most common
organic liquids. They are colorless liquids having their respective
boiling points of 64.96°C and 78.5°C. When contacted with air, they
may explode or burn into almost colorless flame. The safety of an
organic liquid 1s assured, however, if the high-temperature substrate
1s immersed therein and thus prevented from contacting with the
atmosphere. In this system designed by the present inventors, use 1s
made of a water coolant for the heated organic liquid and of

condensing a gasified portion thereof to maintain the organic liquid at



effectiveness of the in-hydrogen plasma treatnent. [0052] Nanely, Exanple 1
was carried out in nmethanol for a Si  substrate fornmed with a Fe L i

but not subjected to the in-hydrogen plasna treatnment. [0053] F}%bleé;an{sdﬁ%\;\!gos
SEM i mages of carbon nanotubes synthesized w thout havi ngocthedanedyss ogen
plasma treatnment. As is apparent fromthe Figure, the carbon nanotubes
synthesized with the Si substrate forned with a Fe thin film but not
subjected to the in-hydrogen plasna treatnment were irregular in arrangenent
and w despread in dianmeter. It is seen that all the carbon nanotubes lie
whi | e beiange tiperaduird Ivardotisanays tarilimepsubst Thkesafeond sofh emeibghmasdd ck to
one anoth o0 make sonething |like beams. Fromthis, it is seen that the

i n- hydrogﬁﬁw tblea@ﬁéetcreéé?hlént is effective to synthesize carbon nanotubes

whi ch ar d0umis of m i e $ysinem Aingh pdeave n e pendivcdtrate 8 O nidrgtiSin suhshrade.

0054] Met hanol a et hanol, are each one of the st. n,, Or gani.c

oo s ol L gl aat SR ols s orendie TrabiE Ty B HiS usoi nt s
of 64. 996G andveS. Dlat Whenusontfacilad welkdrtad rtypdieyf omay nex pldel oallowd i nto
al nost col OE:" ess flane. The%éhsbaf etg of . an organi c.liquid.is assured,

however, MRXERE GRHLY BASGtI0GSOk HBEI Y ST LYPFS & W5 6P PASE % R
prevent edf ¢OMOenhacihothad bh dther demsphetRanl tnitbuis syst em desi gned by

(e P eSO AV S SL 1 L58, St PR, 7 MELEE o001 208 for (e Degte”
organi c lorGehtedt allgndd Decbobern2006u1RCTHIPA2MR6RAB2sa [t emperat ukga hoyer
than its ?oi Id' nﬂ? poi:ntl; The saf. tyths jtpr}eretﬁ/ madgn all t hVe more ceg%a}nn.
[0055] | iEHkt £ B nBCOITd bt entntat £BR PEEGERF at RUCTHER i SV ULES mdGE T BhI y of
net hanol iangowtahetnfdatharest he organic liquid. It will be obvious, however,
car bon ndiDoTBed 6F ovaritg 1t et iR I RbTiBLe L ampetat e et B A ng
anot her dhernhelr relremgntisibrivam caialben. Als0058]e lendhdukgdoehnot ed ¢dhdtora
met hod Ofnasalgl&{’beesi%si NG 2 1h(;ogch|}¥0rtion on a substrate surface where the
tempervature in the organic liquid can be controlled.
[0058] Second, the liquid surrounding the substrate allows a large
temperature gradient to be created in a direction perpendicular to the
substrate surface which is the root portion of a carbon nanotube. This
large temperature gradient 1s considered to be an 1mportant
generative power for the growth of a carbon nanotube in a direction
perpendicular to the substrate surface.
[0059] Third, the method of synthesis according to the present
invention is extremely simple, yet allowing highly (coaxially) oriented,
aligned carbon nanotube to be formed over a large area. Also,
introducing another element or other elements into the source liquid
allows a carbon nanotube or nanotubes doped with the element or
elements to be synthesized. Further, a carbon nanotube according to
the present invention i1s hollow and can thus be filled with a material

as desired by the utilization of its capillary action.

Industrial Applicability

[0060] As will have been appreciated from the foregoing description,
a method of synthesizing highly oriented, aligned carbon nanotubes
from an organic liquid 1n accordance with the present invention

allows carbon nanotubes aligned as highly (coaxially) oriented to be



oriented, aligned carbon nanotube or nanotubes froman organic liquid in
accordance with the present invention involves several inportaniybealb£9005
[ 0057] First, a carbon nanotube is formed by a catalytic reaction in a
thermal non-equilibriumstate. Al so, the end of growh ofPcCa/&Robos23manot ube
is its root portion on a substrate surface where the tenperature in the
organic liquid can be controlled. [0053] Second, the liquid surrounding the
substrate allows a large tenperature gradient to be created in a direction
perpendi cular to the substrate surface which is the root portion of a

car bon nanothubeizethiis bldk gentleapeloat wastgrabioenthé snedhsidef exnihdzsan
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Applicability 6 i /e p iated fr t he eg
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nanot ubesanfotolean organic liquid in accordance with the present invention
allows c n u i s, hi ghl: v _( ¢paxj,al e q _be --12 12
ecenber 10008 PoTTrpod) oRsnEr B e ettty SROFRE R s PR ol EhBnater )
met hod ofysyhesieshng higddydimgented,healpgasdntcarhpent nanotinbews faeapt ani on of

a variety. 8| St ' eézjtmg [ RN t i pdu i al
mass pr%h%%?}cgg%&%d;g%rﬁgez%nt rreﬁ:%%ﬁ?%gélﬁqrblé)? %123] t tg?)ae\%aglguﬁeg%’r agng”’
gaseous 6otir 88 dmat erifely.-and is thus suitable for industrial production.

Further, [ppsshopldiher ahgais daehpoledy fon theymhesishel A¥anigLy

to the present invention can be synthesized in the form of a bundle of
carbon nanotubes oriented, aligned highly coaxially, which when used
in a variety of products brings about various excellent effects

including extremely high usability.



of types of nanotubes and nanotube |ayer, especially an extrenely inportant
technol ogy for making hol |l ow nanot ubes and doped nanotubes. [00 S
apparatus according to the present invention for synthesizing h?%%¥€§n£%r2%85
oriented, aligned carbon nanotubes froman organic |iqubPdTalPoa&®6235

synt hesi zi ng carbon nanotubes in bulk, at low cost and in safety. [00621
Further, highly oriented/aligned carbon nanotubes according to the present
i nvention can be synthesized in the formof a bundle of carbon nanotubes
oriented, aligned highly coaxially, which when used in a variety of
product s Weim@s about various excellent effects including extremely high
usability. 12 THJP02/ 06235 Clainms: What is clainmed is: 1. A
met hod of syntﬁggﬁg?gécﬁggﬁﬁgqgriented, al i gned carbon nanotubes from an
organic liquid, characterized in that it conprises the steps of: formng a

substrate with ? %' xln%l’dﬂotdhgfeﬁ%&tq{ 71 nhlfg'}h 8fienft'e'a? éﬂ%gleﬂr c?f‘ﬁ%hc! es
conposed of at lTeast one netallic éﬁenen?; exposi ng sard stibstrate having
sai d bui hduptubea frydnogenor gd msmbiqadd deatactgrizaiddis udsttr at ecexposed t o
t he hydrggg%ﬁgbggﬂg inan organic liquid to a predeterm ned tenperature
wher eby ghl'y” "oriented, aligned carbon nanotubes are synthesized. 2. A
met hod of synt hisimzimg sisgtiistrate enttdd a Ahiibhe tdentsom ohandhube8lfr om an
organi ¢ ki gui set . ' i .~ +ghar ri ] aid

substr at ?n?eghgs%falsﬁ%éﬁlgg(%%?b&ﬁﬁrg&ﬁgé %?ng%fehgéeﬁginﬁéwﬁ%gﬂ%néori ent ed,
al i gned car bon expastiuherrifdr smbot yart chavgus csad detldept boin glvdirﬁg@_n
characte?ﬁg d:Mnpdhat said at least one netallic element of which said
bui I dup i's conposed is one or nore elenments selected fromthe group which
consi sts of Fe, heatirg shiid subyrase herep ose dyint Hesihsidig geirgpilgsvrd ent @4,

aligned GaEhAt liquid to a predetermined temperature whereby highly

oriented, aligned carbon nanotubes are synthesized.

2. A method of synthesizing highly oriented, aligned carbon
nanotubes from an organic liquid as set forth in claim 1, characterized

in that said substrate 1s a S1 substrate.

3. A method of synthesizing highly oriented, aligned carbon
nanotubes from organic liquid as set forth in claim 1, characterized in
that said at least one metallic element of which said buildup 1is
composed 1s one or more elements selected from the group which

consists of Fe, Co and Ni.

4. A method of synthesizing highly oriented, aligned carbon
nanotubes from an organic liquid as set forth in claim 1, characterized

in that said organic liquid 1s alcohol.

5. A method of synthesizing highly oriented, aligned carbon
nanotubes from an organic liquid as set forth in claim 1, characterized

in that said alcohol 1s methanol or ethanol.
6. A method of synthesizing highly oriented, aligned carbon

nanotubes from an organic liquid as set forth in claim 1, characterized

in that said step of heating to a predetermined temperature comprises



nanot ubes froman organic liquid as set forth in claim1l, characterized in
that said organic liquid is alcohol. 5 A nethod of synthesizin }

oriented, aligned carbon nanotubes froman organic liquid as sgtzrt?%r%%eri%oos
claim1, characterized in that said al cohol is nethanol parr/gpbbhangoss6. A
met hod of synthesizing highly oriented, aligned carbon nanotubes from an
organic liquid as set forth in claiml, characterized in that said step of
heating to a predeterm ned tenperature conprises - 14 12 Decenber 2005

PCT/ JP02/ 06235 heating by passing an electric current through said Si
substrat éheatindrbyappacal gsid efesyit basieanhnghhogbhhysord Shtseadstahiqgned car bon
nanot ubes, characterized in that it conprises: a liquid tank for retaining
an organic liquid; a cooling nmeans for cooling said organic liquid so as to
maintain it at & tanmpedpgparetdowssr tdiantle digidg nhgoiyntotibatedf ; agned
condensi ngngeans fo; ondensi ng sai ddor gta}ni c.li qlui d. becom ng gaseous in
phase i ntGTPLE BRPGFRAFSH FYRF ACHHASRS fBrt 4t thr P MPAL Sai d 1iquid tank: a
substrate hol di agigeadsahdkvfngraimieliagt40de gaeandidoid; passing an electric
current through said substrate ip said.organic. liquid;, an inert gas i nl et
means for renmpvPngORIIIE r BIA N dtppCARE: Salth Arganie searithgShedss Wor
seal i ng sahthidiauitdat anterhpepheneatiowsai that gapbidih g gwidt kdeesbng gaseous in
phase fromflying off, 8.. Hghly oriented, aligned carbon nanotubes, .
characterized i A THYCRYUNP c B HORS naRbt JHES A8 densYy aF $ YRk g’ﬁ”ﬁﬁd
firmy baradethid® gsSiousubstphtiee oMo, 18NGrogiredit &dpdr pérdiec fibarrettarnan
entire surface tlhere f. % H ghly oriented, aligned carbon nanotubes,

char act erf$&d 3 DIt t&8BER carbon nanot ubes are coaxially oriented, equal
in length, andaf asthenedtd ogeldierg means having an electrode means for

passing an electric current through said substrate in said organic
liquid;

an inert gas inlet means for removing air from said apparatus;
and

a tank sealing means for sealing said liquid tank to prevent

said organic liquid becoming gaseous in phase from flying off.

8. Highly oriented, aligned carbon nanotubes, characterized in
that such carbon nanotubes are densely aligned on and firmly bonded
to a Si1 substrate over, and oriented perpendicular to, an entire

surface thereof.
9. Highly oriented, aligned carbon nanotubes, characterized in

that such carbon nanotubes are coaxially oriented, equal in length,

and fastened together.



