-; I me3ewt N6TKNEngl i sh transl ati on of PCT application METHOD OF AND
APPARATUS FCR SYNTHESI ZI NG HI GHLY ORI ENTED, ALI GNED CARBON NANOTUBES FROM

AN CRGANrEC 5 NONpE-Totyla (ﬁaﬂ, ebléﬁicfhgggl] The present inviestjahoi@dades to a

"met hod o esi zi ng oriented carbon nanotubes from an
organic liquid and an apparat us for use in carrying out the nmethod as well

as carbon nanotubes nade by the nethod. Back round Art [©

nanot ubes, which possess unique electrical and mechani cal mmmmmmm l\ have
a high potential applicability tSPEMFIGATEOMNNOt echnol ogl'es SI]J as fiel
eni ssion el ectron sources, nanoscal e el ectronic devices, chem'@al stor age

systens, and nechanical reinforcenent materials. [0003] Since carbon
nanot ubes was JdMVETHRO BN O ANDAAPRARARPUSS FORSYNTHESIZING el ectric

apparat e, o vANGRLYO R RIEARIRSRIE CARROR RAND SRR (7 o

carbon nanot ubes. These syrfFROMsANORGANECdALIQUdIbe able to produce
carbon nanotube in large quantities and al so to synthesize carbon nanot ubes
havi ng a specific function. Such specific functions are, anong others, the
function @clﬁﬂlﬁ:@erﬂeﬁ&e catalytic ability for a hydrocarbon, the function
to electr condensat.e has and he ¢ ta t g C
subl i natl[@rq%zlguirﬂmcd?lbe&ﬁnﬁaﬁ YﬁB se{l ﬁ% at gﬁggdggr%@eﬁ%h(ﬁ ure
t hat agr eﬂSgneﬂFdeIthanp@d tcacbbarnfinotubes fr{)ﬁhOﬁA] ofigenizyliyuedi sndetrhods
so far osed have been found. however Q b r odu ar bon
nanotubes I@%ﬁ”ﬁﬁ%{ °§| &4 jlﬂsf:ajé%lﬁlgfn ?eut ¢ blﬁ (Z égegjellg E?%sg% ri:and
” | ess maaotubes med dody tae nbethegabl i ed to thel r i ndustri al productl on.

ot her problemw th these prior nmethods is that the nanotubes aligned

thereby on a substrate are week in their bonding strength with the
Engl i sh tBapkgnound Aft PCT application PCT/JP02/ 06235 substrate and are

thus har d[é)t(ﬁ’dg. Ze 01{ 000/ o thulb 80Uyt R g\ﬁ@%?&e 8Ofe C@l@%@f‘lcﬁ@n%rﬂ?es

can be synt In |large uanfltles an using the nost
updat ed Smemhamnoabgyxoﬁmlwaﬂqﬂve dyhigle ngéemﬂab applicpiilibndtegthenent

enpl oyed fl{fotrlae min é&?h%%qggﬁ FsWEPCEsS f e-merbmi i%h! le186t 65 S§Akiels®

supply at wcost " an nanot ec no ogy ucts which with the_ best
use of theannbeple predpeinonde oflegieSon RGBLE s Séﬁéagﬁncﬂ’%frﬂipﬁy and

excel | enty,ochanical 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 is that the nanotubes aligned
thereby on a substrate are week in their bonding strength with the
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-Disclosure of the Invention [0006] Wth the aforenentioned prior-art

probl ems taken into account, the present invention has for its objects to
brovi de B IbNEEhaLIRTAC CRabfhaYs, 2, carbon nanot ubeeniaariedses (o be
produced at | ow cost an arge guantities and an apparatus for use in
carrying out the met hod as wel|l as carbon nanotubes nade by the nethod, the
carbon nanot ube or nanotubes being firmy bonded to a substrate as highly
oriented and densely aligned thereon. [0007] In order to achieve the first

of the olg‘]u%tﬁafgaahldog%jmh@v}ealdIﬂ@rlfandslepr ovi ded in accordance with the
present inven tho nt hesi zi ng. orient d, al i gned ,car bon
nanot ubed0 ppéﬁng g? cﬁff%a }flh g ¢ A9 bc?(?rrpﬁg Bed& e

st epls of g fxﬁh@bﬂz&kdi lsluqagg@t uwlnﬂ;lth@.s bahtddup hh?adlsxgoaoi@tf wsinfy rthfei Inm)slr hfl ne
i nsul ar particle c 0S t | east one.net ic el enent e
sai d subéipr‘{rﬂ dhz‘?} nP]E‘ﬂ@ %gaY’d |E1’ﬁ’thp? thﬁweob‘éﬁ B?a%nﬁlagbﬁg %ldtng t he
sai d SUbWﬁbm@ﬂp@&@@lddet he thedSbgemigbasdneton paocosgafhen, |1quwd1th:e a

pr edet er mi ne eratu reb r t ubes
B e synt meserels” ThovRRPITY Savdvethanhdl PETh ienPidRao6s" BRgapeEr.

[ 0009] Theh&dh evizh tleadtesonesaref ahki anédeemgntopefrtidsi ah cahboaamwlnbtub@hup is
conposed s &ﬁaferab one 1o {lmre el ements selected fromthe group which
consi st s &¢ BHICRANANY fce F% '0] The organic |iquid may be al cohol) e. g.,
met hanol or ethanol. The Si substrate may be heated to a predeterm ned

t enper at ‘Qass' n eI AN ric current therethrough. [0011] According
to this gh-tenperature -2 Engl i sh transl ati on of
v appl i [80iedn Wik JFha/ 06fp36 niptioged phrivmeaxt Spreblesns attelfesy minto

tTrer eon vvlth ei.th i e f r I ed, of,

. o\ Fdebuiin, Fher prlslpLoit bR ARF KA JHEHLE 68 SATRRSS

particl essmftheesmmrmleéhedl that adlavsta icawrbed namltubeyor)rnamfetléle%@@sbq ate

and fi rm(}?'r[(ﬁﬂpc%%jaq:hfrlg&pcoé)cr ﬁhlae]b:;fg%eghgi'ﬂ | sh Fd al(ﬂ app Q'al?ﬁsffo'i'”ﬁé(e

bonded t Substrate I q F particles. Then,
heati ng timecSirsimgsontidhe m@thﬂcblasmrmbbaatm sy neandiuhg sam addec by e

current txﬁ%’fﬁ%)ﬁr%ﬂ%hcﬂl%ncﬁ%‘ﬁ B o g ﬂ'o‘ﬁubbg%éirﬂgnffﬂ?ﬁly\”b%'nfﬂewthathe

Si  subst rat 0’ be deco yacaaytlc reaction in a thernal
non- equi |stﬂvshxmtgt@tb1g1®1ﬁ@mnéadbm stegtfeludigmed tlh@aaono the

super sat Ugjeed 59 Y aep t%f a%H?JbJ PhREH r& 8 dOPhat R cttRe hBRIR I iabR viee
l'iquid particles. en, the sh a{ﬂ? tenperature gradi ent between the

hi gh- t er’rp@r%neut% P$|0V$@|‘b@tllnaﬁéc% FRee With the IFegant dnvieqiien e thed

thereto wi | y%ﬂ%@dﬂﬁ% o] B‘Pf' SigHEed él’i‘gné&n@aiﬁ@oﬂlﬂ&hét@@éé iftbas 49 be
pr eci pltatec? hei . r “sur aces (gere form n% g{owth nucl ei ¥Vth t hese

growt h nu%#&aﬂnléolﬁﬂph‘&o%ﬁya%‘i%bﬁ anditad HarHBRTISSERS SERRE IS £oTTRIRG

ISI qwg P%Eéﬁb@ﬁ}atéameﬁ aab@t% ﬂieﬁx\/édm of dlh mncﬁlﬁtnrnp@rpénch Cwlsalat o t he
| Ssupbstrate .s ace I'S netno .C permt.s us

’erl al B 1@&*& B?r’é‘rﬂ"s@gnﬂ%ﬁFUeﬁ%d’qenmcq{édb(ﬁrﬁ}gm‘?%ﬁia‘fx%%sr‘}'g@om&lbﬁi
process, @hb@ts@tlbou\acﬁﬁg theoshict baild Wy so, at}beiﬁmtelmoﬂla\#maemmémmmgs are
grown con urrent

producti o F‘i?r‘tdh %ﬁ% 4 ‘?e’f%‘lﬂs‘%niroe ﬁ E‘é’ %géﬁ[jg ?grtn l lr}g‘m% rlfejfl%e of

single chqhaﬂ Tekes 1 Feed ielp &t imatde tcefmbemauuset wiezebyl higbdg 3priented,
(&h0| ce anong a variety of types

Fur t her nor t hi,s met ho i.ch
of the orf§ ﬁﬁp@ﬁ ?Qﬁh‘Hl ngléxogg\[\)'re (fp %%lzfeubes can be synthesized, which
contain a[()(m&]rréhhemmﬂlsartmttatmhhmeﬁmblyaalﬁlmulﬁma@ There is al so

ded t t t
Synt hes: 2| TREHT GhRE" 5714t bt h5t PRRRA MabdlSR el SRl IS (AR said,
that it chmpdwgess canpossd is mrlefémblryebaemmglm elegrannd;s Isiedette dafragnl i ng
f | I t t t at
nmeans for 0%5’:,\,2‘ }&%gﬁﬁac'o%sf? '%agf g-.e |(?y?§esN as to maintain it at a

t enper at uF b0| reof a condensi ng_neans, for
condensi nf0@h@l sEhd erg;mmcllml |mameb@mlnghghs@oas methaasd qmesbhanal.

origi nal II"h%u"Sq &D@é&até may be heated to a predetermined temperature by

passing an electric current therethrough.
[0011] According to this method, exposing to a high-temperature



-English translation of PCT application PCT/JP02/06235 and returning the
sane into the said liquid tank a substrate hol di ng neans having an

el ectrod ans, f or, passi n, eIe i c current through Sypstrate
“in the s%rbg rﬁ‘lnSl foqnu?ﬁﬁgﬁ hcatt{oéls i nl et means for %g%ﬁﬁjﬂégoal r from

the said apparat us and a tank sealing neans for sealing the said liquid
tank to prevent the said organic |iquid becom ng gaseous in phase from
flying off. [0015] This apparatus nakeup allows an organic liquid to be

hel d at 6113{] EFRRIAHYA S0 eS8 tsl%@tfétse b@mbagtmer@tn mﬂht&ehaumsthaw@t a
hi gh grow tenPerature and enaples hig |ent e&, ate n E bon
nanot ubedit® ¥e %%%llafeﬂart[% ‘]’Olﬂlpé’ée eapﬁ:;a & 6 *31% BteBy I a*Ha¥i fied
portion Qaflthbﬁ tHeIEBRIC Rd @l tbsoémﬂ@rﬁﬁd Iamctml@tsudsm@nto@n@msom @i nel
mater i al ORGPt HRRET g oo 1 S tREs R Re A Dehon e i eSR bty
materi a n
rr? xi ng }[MhtIH'é Fife aﬁfbdlﬁ@?pﬁgﬂ%lé‘é} bibﬂ b@xqu?borbmdédmm he s(i)oaabswaﬁte )
avi ng or Jintraduci e _.ijner a er i nd.nat e t§r|s
of the ga@ﬁregéf | 10§ or YA cﬁ% dyi P @F es, }f%nelé%%gpﬁg @’r? 1
expl osi Orbtﬁﬁstb'ellté\l g ian Hiph |te§¢1ﬂpér&ﬁﬂ1ke bﬁOb&]ssTﬂngranl $labﬁmcplcu\rreiﬂti in
accordanc Bthe present invention hl?i}ﬁ Qi ent ed, A edtc% OR.
nanotubes Lepgh ¥all cAusRathe e adF ptif Wid ntt s é?lé'ﬂg%n elb angned
on anfl fléﬁlﬂ)s/tfrh@@deﬂ be fae&nmmo ‘ dr ﬁdye a)veatatlynﬂ: ariaehioar jrergpethieubhr to,
an entire_ surface..t hereo Terelsa i th
the preseM?PiGiEnt hrdthI%tmt% g?l HBq® ’éﬁ)?%n% I@% %&rﬁldetg‘r?l ”1%3@?'{;8'3{"19@ "
Iract teasap%sa}tm{aaédssmmm bxfnsu[nelmdomh&s:l anebonaat@nkyimo thoed, fnqual
eng ste er,
e Tyt fRRERed OPRENC e t%ﬁ%&@%h%’%@ﬁ@ﬁf%@%e&ﬂ@%@ ove,

t he carbo ens yal'ig on-a ed to a Si
subst r at ehrg/lertenmuiratnnrerﬁledubetmndsyuﬂaae awd the erganie hquﬁdi@einahenéof

are readi hj b
o oh ar e AGRRP AT fneoly Curitn AR M e I Pat @E&?%‘Ir o
readily nheipmatp:dsateld@)n eheg suafacteel cher@mZQImAngcgmvh@l noclele Wikkent
I nvention,, ¢ I t f

applicati %}h %C?? Q%ggﬂg‘%@%ﬁé’ﬁ gg}lglgd F'l%v(\}l @Eg‘ Ec%gréﬁ}lgg frggﬁ};e
nanot echnfinegyFer diwids lsr\dmrf(.lltllermke:sattl‘ltzenbelsmeJts}labEtﬁc gimw]uénpra)péﬂ@(‘éso%f
carbon napol hBes (A9rie MY EhsttalOWuthide. and in large quantities.

[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 in that it comprises: a liquid tank for
retaining an organic liquid; a cooling means for cooling the said
organic liquid so as to maintain it at a temperature lower than a
boiling point thereof;i a condensing means for condensing the said

organic liquid becoming gaseous in phase into its original liquid phase

_3_



-Brief Description of the Drawi ngs [0023] The present invention will better
be understood fromthe follow ng detailed description and the draw ngs

at t ached hesel,q, S0OW NG 85 &RIubeilchHShr ati ve forms of enogimmeaiogysst he
en n

“present in ion. hi's connection, it should be noted that such forns
of enbodinment illustrated in the acconpanyi ng drawi ngs hereof are intended
inno way to limt the present invention but to facilitate an expl anation
and understanding thereof. In the drawings: Fig. 1 is a diagram

i | ustratimp rbherideyRe Afarad @npatlas waid diqeyhthaki zi sgbbigiteyholdient ed,
al i gned carbon Banotubes from aa organi c {.figqui d i.n acco%a?ntce with the
present MORRSi BAVENE. aB edectrgig mMeans | iy BAISABEa2Gr SIER-THECHAM T of
carbon napebyeas tﬁ&%@ﬁﬁs&ﬁﬁtﬂ&id@nalﬂhgrg@ird orightue dii:lni(iia;cemr dneﬁﬂe gag h t h)e
present inyention Fig. 3 shows inmage EM (Sganni n ectr r@scope
bf “the. cAPUtn TaRBE GRS TeJHTIRS 7f Bl theRNA- PRRGLETNY ARTEM (Prdn
Resol uti @R alimnsiasisoforrsealimnn tHecrsasdoiguidf tahle synitessintedhe asich
nanot ube Fi g. .5.shows, further inmages h RTEM of yntchesi zed carbon
nanot ube %&8§18 lk%ﬁbﬁﬁomgegwqﬁ%ﬁxﬂpgﬁSglvtlcrgpbtéﬂgﬁ%no fiibe grown on a Si
subst r at oion 58t Mariel a el divs nvalsdwopvsa 15ENs | amgagaofic dag bioh tndmothebdsat
synt hesi zed w t hout havi ng t,he hydtogen plas t t S 1f or
Car ryi ng acg?nm%a:fﬁ&%ﬂpyvg& ﬁ%‘?&{s hggl(e%flﬁa??lggéaéﬁé%ﬁpggéﬁ?gﬁﬁvae%ﬁg%ﬂm | |
be descridiewilntemipairatuire h araf eerabbed ohsghlyabdeended sabigniedpl eandberat i on
t her eof iIIusttrate]g ilbn t he dra\évi&g figures. [0025] At the outset, nention
i s made JFRUNEUERIG ﬁssya&tgbec? ®f the -5 English translation of PCT
| i cat i[001BTT/A1R02 406 285p ayat e svlse b ya ahggbifye dmicatien ofailiqggeedavse bon
ot ube ;or nanagtubes fro 1§ cqljiguid J.F of; e, esent
i nventi onl.lqtlffgzlé] gﬁ%‘?nﬁe(linsaa}gd giegg?g%di WEE r?lg %ﬁg‘ﬂt L@%rrgkglg%ggfﬁgﬁrw
appar at uswhstefsyinchesimpigohi gfil yher begavic knunigedscihponawandedpedli r om

an organig, Lo dtﬂ&f‘ﬁ%&?%%o ik M“%h@rﬁéﬁﬁed NY§Aid Yrgalhie SyRidesi s

apparatus I'ncludes a ul d” chanmber or tank for an"organic liquid a water
cool i ng medtts agr hord thenicagsinhg dn gapdotignkon burdingt s out side a substrate

hol der 5 [L()(U]]ﬂm}ﬁisﬁg l‘?aéi'ﬁ%s%%ﬁtﬁe nsl Ergr hat AsTudiay BRe ei'r%%%’:ﬂ@%'uﬁlﬁ@f
afh

passing an electric’ curre rough t substrate "3; a condensi ng neans 7
conpri si ejimiplagealtheyristk phtthe gasified; liawdsosganic MHFINEGWAHY adH si ng
vapor nm I LfodibAUWOb 49 n Py e ihStheaBRdiddid@n to return the
vapor todt?}]é;ﬂ talﬂhglﬁgg%gg@? %:Ougrlhﬂﬁ%?g tﬁe, ilqui d glnl% 1, a valve 8 for

i nt r oduci Ky 1 grah:elé@ndlﬁa pigp oprp¥idedir inetacREdanse Mattd ntheerrgsenhe

condensi nﬂl@ﬁ@énm%}ﬂyt@ﬁeﬁ%ﬂﬁa@i%nﬂlﬁ cAFBani Kahbeibdk, ldhd sadtbuizeld dint | y
sealed in the liguid tank 1 b%/l t he |g 9. {00 Q{Lﬁl‘ﬂ or der. éo ermtdc(zrbon
nanot ubesthat BEcByGAIhOL Ragothhss ke 8FPaRIE A on; ppd f)B‘QVal?(Ué §
desi gned { &8RNt guBstMR Ol Cahilquiribrbeda peprardiculer | tyyenr hartire s
boi | i ng poi nft anchthefsubstrate at a high gromh tenperature. Al so, a
’)ori zedSFLa58si 6% porti on of the organic liquid is returned upon
ondensat [(01 $lo Théde t her alsan phevidedashefadcordasesptwith othe heresgahi c
liquid asir&\bgntrig\r/lv Hthhelgrl gxl'ie%r%gd, 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 Si 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



-further so that there may be no risk of the gasified |iquid organic m xing
with air and then causing an expl osion or burning. Al so, having the neans
for intrqducing, the inert funther elimnates the ri jfied
“liquid o(rlhg’é\"’ﬁfsrcfl 'iﬁa%iﬂnaél% ?%pgi%rapé’r%lcfat 8n causi ng an expl zﬂé?ga"%@ %%fﬁ ng in
the liquid tank. [0028] Mention is next nmade of a nethod of synthesizing
hi ghly oriented, aligned carbon nanotubes froman organic liquid in
accordance with the present invention and using the synthesis apparatus
shown in &irthebizel £X6W! BodtS ABESr didledy, indaihi BAnbbecindlvlapeotacts
conposed of . S, tFe tallic thin fijlmis a Fe thin film the orbganlc
liquid i svhighanake tﬁ%ob@‘]t tRe ofj urlig papeeriigs Of sarhgmpamotlpps can
conduct i g peduesiian R cebeantlin daFge tiahtitied i s built up thereon, e.
g., by sputPering in -6 _ English translation of PCT application

PCT/ JP02/ 06235 an argon atnosphere, to a filmthickness that is selected to

meet W t hBacfanéi&ib8oPUf BREEDPwhReachi eved since the filmthickness
determ nes_t aneter and .density of .nanotubes being synthesi zed. [ 0030]
The Si s%@tz?ijt gﬁ}?av?’i‘?gset%e 1pgepg} f'f"llﬁn E’&ftt‘ r 3?)6 tHEﬁ@B%tqorsaeeé{BH’seg{? 0 a
hydr ogen foll Bs#in @nde bigide @d dalscaigteopenaidir thof dBa@En gFhiattitlasdma hieretd ment
makes the .Fe thin film bego fi.ne Idquid rtigcles which.arge distributed
i nsul ar | ySRR%EING h‘ée@alguﬂg]t“tggf%hé(ﬁd flf’?fnrﬁ b(‘fﬁﬁgagllﬁgm‘t gf jfﬁ% é’fﬁggﬁfe
with the hiwdmgen. fhashis abanectioss ithehbubd bé quitddpahat cdveh doirfer ofi n
their dianeter,.and di.stribution. [Q031] The Si substirate expes o] e
hydr ogen %‘P&Qﬂﬁrﬁeéltdil?ﬁ'@%?jé%‘ﬁ ’trheaé%b%?‘?oé{lgaﬁgllﬁgr %aWﬁ’@ﬁe%seﬁ(rg]Pge%%‘g

ar at usiyalenidied. i ,noMwi ah tbslitrhéertheuppés@at wh v bntisvhbudl tol facahdatberreaf t er

N2 gas i.ntraqoduced through,thg.valye 8 r epl he residual air in

the synt hee’él?]'?“éi%ﬂ)%?aﬁ‘hi “ﬂﬁé&é&ﬂ‘ﬁ?“?&é@ﬁf"f@ﬂ ?8%?1&2’1‘%1& S'c current is
passed t hrough tHig. 9 isudsdisaranbedillvesmativeg ehecrakiesp Hft anhepparhtusi
substrate, The ectri u t ect. in it t t Si
substrat ef%agy’a’%{‘%%é?gt ﬁ}%ﬁ@fq O§% ,e%an h?g”lesd scg?géltlegggt(}?gg% 1}r};g)r(f:f}li%&E}de i's
mai nt ai neorghuicnigq tibd inyaxtdoedasceBuith tbe madecot imvendrm); gas are produced
fromthe surfaces. he _Siy; r i i r Ltk th Pybbl es.
Here, it is necg[-glgélréyt;| ﬁa{il%sﬁgi%r_re]?hgsntg\ﬁmfg?geéﬂ%fﬁ?a@%gﬁ%g?s% ?@ﬁ%erature
| oner t hananpsubes Isymdhesized ushagtan orgensndiquid sn asspedanse githhehoat er
cool i ng nﬁ e idNSPrioft; 9asi fied portion of the nmethanol liquidis
returned Dy e condensing neans 7 to the |iquid phase which is returged to
the |iquid tank Hig.[dodswerHanages hesiSEMppacarning sEleataon nMigeossope
ment i OnedoPPRé(%afrBBn%%hé{ﬁPbéé QBnPRELRMA ;N whi ch the carbon nanotubes being

synt hesi zed grow_ to a desired length. [0034] The growth_nechapi sm of the
c;r bon nanotgbesF'@ynt Hesisha $ n Hgégﬁﬁc[in@é( EM'I_IIRT[ﬁM pr&'&’g’( ?ﬁ@%?l]tqté?lni s
consi der e¢ya3sHRBLI AN RRL AL ANiBXHBRIR) | SoNertheagayfthakierd ncubbeh the
substrate 1s conposed of Si, the netallic thin filmis a Fe thin film and
or ganpénlof'?ljb?d is nethanol. [0035] Fig. 2 is a diagramillustrating a
owt h mechani snr. sashews fulldd ShigandtHRITEM RETtheopsyselidgined

PCT/ JP02/ 06235 .
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 Carrying 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



-nhanot ubes synt hesi zed using an organic liquid in accordance with the
present invention. In the Figure, the surface of the Si substrate 3 is held

o the suvrhith bETRRT S EpBn RS T 5 2%t onper edrP BHOEREL “Goc

Al so, the surface of the Si substrate 3 is covered with nmethanol gas 21,
and there exists a sharp tenperature gradient fromthe Si substrate surface
towards the liquid. It is considered that this sharp tenperature gradient

coupl ed w ﬁ‘tHe@‘isQﬁt@'hﬁtg‘tha&ﬁbﬁBe&f aﬁ%xwd BEPb SR WA n Gt WHd @4en RUHOhES C
reacti onetrrn t he net hano{ ga In ttlgg eenerat es, carbon atons that

penet r at TPH §1x pEEARIligyL |1&uff,l‘€if3°dalratqc@l witlhshe pyragent myendem ytic
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-English transl ation .of PCT application PCT/JP02/ 06235 attached to the SEM
unit, it was confirned that the carbon nanotubes were chem cally conposed

. of carbog, %ﬁglﬂetra{lgla'tﬁ)n (%fela@h‘yap?)?ﬁgmfoﬁom the Figure thatparhwsd/gsds carbon

nanot ubes Ich are hi y dense and coaxially oriented is obtained
according to the synthetlc met hod of the present invention. [0044] Fig. 4
shows i mages by HRTEM (H gh Resol ution Transm ssion Electron M croscope) of
the synthesized carbon nanotube. As is apparent fromFig. 4, the carbon

nanot ube 4rs aBgshcalirhysghetd eto wnfifrar thickalelsevhatnis mﬂletcl:edlaiy)enmét Wit
mul ti-layered nanotube had its | ayers ace apart from n a
di st ance %of pﬁr@fuiﬂ PHFPOSCHO nBRot Rhee e p ygg‘%}glﬁ?%?/m

and sone Jftethfmesrthes At r amdedahaity oflnaandltubeSMngr‘ﬂynthmgecﬂn The
carbon n es..had,.theji r otrdla S bet ween
13 and ﬁaﬁ%m th“? 1RRger ﬁ%e‘&%}ﬁ&%& &)119 E sﬁ’ﬁbgﬂl ‘#u 48 ?bc%%gﬁag%tubes
had a ratdxposkdt teia hyddogent plasahs aumd shed tedt htcémenspermrtglragoﬂ B&MGbout
1.2 to 2.,.1.. So |attice ms tch d i and
surface s pg% Spih YrEALMER gna%zﬁxgt % con@ %e&@ﬁt%g‘gmguglﬁéqqli‘gﬁﬁal
oxygen atpzmnqdjeeduﬂﬁdhbyremdemmbaaiea] yhisuladgcovenstlon Siheubistsatestamdt e
surface. ]1. Fi sho f e e d
ﬁ% bo 'bfg ﬁls ’I‘He Peﬁf’é)o'gl gg §J1 'fly(ﬁ greExep Real&s

carbon n from ure, he t on nanot ube

i s cl osednaikes ameal fmst loqne}qal pactickgs Sweforas anbitheir sld@amaterh@ml gure

has been ogf H ? to be Fe. And as such, Fe on the Si substrate was

det ect ed 'R rlgg Bn of the ti p of each of a few carbon nanotubes. The

'bon ndfoBlleSThm e shkstratecsxposst itngthm htdrogebs plasmasis dasposedich in
e

formof a0 %&E&ra‘f@e}io{(%qd'g]m'\l?ﬁ% stﬁmh§ a%)rP%(asct&%V\@f P{1goﬁ7]whﬂcﬁ hi s

Exanpl e, $&2% FE° 29 esis condi ti ons as Ver & adopt ed
except the Ltsheemf sulppiledenwmlenpmﬂﬂtamés Ithdasf efthea‘ﬁéiftQMS]tl%&dNﬁ &®% hanol

to be abl t t oy &

t enper at ulr%eﬁggtlgég] |n a (gn%?ﬁl%l qwt§ répp%%acgﬁh\gﬁglgfége%gng%r%%re of
70C. [ 0048jn aylsapmmu@nth&mg@t y HRTEM of a carbon nanotube then grown
on the Si [h(ﬁH}bﬁt N&£e,! Ant QEec%Yﬁ?@ﬁ&‘réhﬂ%dpQ%éh %rBQ@h "bﬁe' Sl @ﬂ%t@ﬁtef rom

Fig. 6, e carbon nanot u then for ma%/e ear | ql i sh
transl at |}b¢i%¢e@¢hea@1§ICtb%d¢%4 tockeapbd 0%239 ﬁH#f(ﬁN%ﬁ elggtric carze R
car bon naﬁoéé{lé%te&-qﬁ ﬁ%rg%Bu&@w&pﬁﬁaBQﬁeasf ghibstftet ek ra talipesataré ube

shel | thickness ranging from 2 5.8. The carhon, nanot ubes gs those in
Exanpl e 10ﬁ1§@0tq5e|4n@|‘gblse%%lﬁc&?‘é)s“elﬁl\ﬁntthn%ﬁg% t iHRaprtadaedafurfpg4o]
Next, an %Br'rﬁh'e%@hB\Mbel’@b%aﬂ%b@fQﬂbtl@&ﬁ@l g8 saéqiwdwcefmﬁdmoah@f a

ot OOl el B i G e L AT e
fﬁiel ggt ;?t?ffw?@?g@a;? Egaotm%emaﬁg(r{blt he l&(mfneataﬂibdsat es uémpdaadnser at es
F.)st ant i ]\alﬂvié%r tli"@ flf%ckf‘?l\]/][éhge igt: il r? ﬁ§ dﬁ% §| as rea‘fﬁnnﬁt the
water cooling means 2. Also, a gasified portion of the methanol liquid
is returned by the condensing means 7 to the liquid phase which is
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 is 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 is methanol.
[0035] Fig. 2 is a diagram illustrating a growth mechanism of carbon



-[0052] Nanely, Exanple 1 was carried out in nethanol for a Si substrate
formed wwth a Fe thin filmbut not subjected to the in-hydrogen plasna

t reat men E.ggf%g%ngﬂagtoﬁzompgﬁgui%ges of carbon nangiipaposyiHd3esi zed

“wi t hout thEéll\?ilng e in- sha treatment. As is apparent fromthe
Fi gure, the carbon nanotubes synthesized with the Si substrate formed with
a Fe thin filmbut not subjected to the in-hydrogen plasm treatnent were
irregular in arrangenent and wi despread in dianmeter. It is seen that all

the car bep fandledbesntiasivbil |l esingi A8 ergareid Jiguyvdrinoascoramcenwhtie the

substrate, sonme .of which stigk one ot her. to et hi | i ke. beans.
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synt hesi 21424 bah nA8vL e Ienipeitarre ofiidbru D905y s wdnilenthegmoethanol

per pendi cul ar. to,.the Si suflystrat 0054 hanqgl .and ethangl .are .each one

of the rrggi“’éiorﬁﬂﬂﬁcsp alf ¢ ‘?cﬁﬂﬁ-&c Tﬂgyt]/}herwgé’coﬁ"ﬁ)rﬁtéggel{aq& 3§e a\?itn% t heir

respect i ¢@ntid ddtugepef absuaf 664 98Tsandhe & nxackhehtherBiasubdtvateh Jais

t hey may expl ode or. burn into al t colorless f.lane. [The saf n
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t her eof teatabytitadctioheofoFgabiings gbbdtat uniyie pEnglyits reaghiginaindheof PCT

application #CT/JPQ2/0 5 3 at I n j N 0j The

safety isthlé%Bg Féfe 4t ‘?F‘ea%?{é ctg{r'?lai gx\ﬁ%%%%] +%1ﬁ%(ﬁg %lct)ggrlsspo¥ﬁgt

H)I ementptriatraicé | imstor dhedfineeiiei biguids pauticlen 32.oTonmtikartble aathlsthanol
the organic |iQw d; | i 1) Vi . v S t her

sel ect ed 1t «Slsorbf()fgrdgeah? cEE It:lﬂqeurinftlziglsaﬁqﬁl oﬁgﬁ%k?%ﬁcgﬁ%ﬁ\réﬁegln%{aﬁggs@%govlgri ous

types andctramet ubes conposed of or containing another or other elenents

t han car 210656 d t o] f .S i Ak Ogs
i gni y - or00Relq 1Y dentARHl bl e Do Re IR0y XM A i
liquid i pactdokeda?izewhich tise spmezeaturatasht tlerdwikdl. v dhes etampeTREWER t ant

features. [ Ofiafk Fiia: tBe 08 RABPANQL WRefd & aUBBE {he Ra¢Bba!l Xidmsr ARCLI ON
in a therfl non-equi | |.Br| um state. Al so, the end of grow h, of car hon
nanot ube the ifine Fsoligud: pantiste 2% tehe precitated opher surface; ture

in the Ortﬂ?élje%g] Foith th € ang Ry ERHU AL L8k h drd8a8Iw BRION the Aecdr 9 udusly

surroundi ng thé substrate allows a_large tgf[rperﬁttir,e gr adi ent tg be.greated
in a direvapbiedewpthdiashion: atemshErambthe dike slie flaguIdMaisle fRe™itbt

portion ofy A, ROhAPAUAHPBn 1ALSthBE IB EEFWE G Yhe Mieldiuent is considered
to be an Ilg)g;portant generative power for the growth of a carbon nanotube in

a directi r FEFRAORUE b 1§ HeEpes trate surface. [0059] Third, the
met hod of [RFK]has StIRGC TWLAMDILO the Masentadaventhiyh ipuiresst r E9®I7y %) npl e,

SRR R A T SRR
rement s sabétralte ovirgeal logwirdsitivity of 02000 -nanandobeng idnst2hesl doped

Bccor dingMBU RS ieSent BPnytn 1O S tho Tt SRFRE Ehis ERRBRT BRRE. 173

materi al ggpeesiriedllyyin heetont iaaed ithenoby ietshtmgiwithr g H64 ihgnirofhdusceri al

dosor ot ahid BrgriRns e R e aRRE 1 Bhl y ori ant ed.. aligned car bor

nanot ubes[G0391 dhher(1§MMiSi biuhstrhtenhadcomtabbin diloh ofh25 mresdricki bediit i on

all ows CaﬁBOPhé‘Pe”oorE Lbl%fe%pq{twﬂ%% 8 ALY dfPFHAh e PW AN RD;EORE to 12
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
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~-English translation.of PCT application PCT/JP02/06235 synthesized in bul k
and at | ow cost Al so, the nmethod of synthesis according to the present

i nvent i op, bl gs. adapLAldGc Pl BLXARELY Of existing Si terhpebamizes and is

" thus adaptngdls rral m production. The present nethod requires
nei ther vacuum nor any gaseous source material and is thus suitable for
industrial production. Further, it should be~ a basic technology for the
synthesis of a variety of types of nanotubes and nanotube | ayer, especially

an extregghyeh fRAkkathrd©chnal daved drumbki ngd babblys maret firesedndisioged
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r r
to the p g§eﬁ%1 W dnt %%nk%@%é&pﬁt{}l@g ib%nﬁoq ﬁ@ém?%ﬂg?@éﬁ%§%‘ﬁ%ﬁ%ﬂ¥d' "
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char acterie?élae]l'arwtrﬁ 3% REAPPFeRsUEs &b n{‘; 8 Ag a sug rate with a
bui | dup twimheoitsoffoealk hpsirfti Iforasedi na msaubstmmet issirdgce onpesedvdsent
hydr ogen TSTIRREA LTS HER: MhhCeReged ﬁa'ﬂ}ezBS%%%Z%SHWW%%%%%' b
mant o&qaw: S1I31gmuiate \aasrmdeneamerdedntmmgent‘adar@vmé 9 gﬂ(g’hﬂy
ented, aligned. c 0
cﬂq aor enltggg éﬂ?se&a% eceﬂ}géltm&ege readed g%%ﬁ@% 9k the

synt hesi Z1 d 'CArbon. nanot ubes fr an“or ganic
liquid ascaafbtom‘ nanbtuheslbalcmnie lcngem.nelenzéh in that said substrate is a

Si subst r[%;(ﬁolr]n g‘rganl ; qvé)f His%ébtshg?l $m (S(Qﬂxi( ngr |Eq@tc§1qm qm&rb%@oﬁgy bon

nanot ubes I qui orth in characteri.zed in
t hat sai cbfathé emstboon@amstableiscsehdresizeds Higi c'ih( éa‘-ilbp‘ﬁﬁlﬁuél ﬁ’& 1 sed

IS one or e 8l ABRYiGuss) GHRA df PAHBAR LR & aclemie%f Watge 00

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 Si 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 if it is 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
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-4. A nmethod of synthesizing highly oriented, aligned carbon nanotubes from
an organic liquid as set forth in claiml1, characterized in that said

Sorgani ¢ g A fandlG0b per AJTRLERA OF Synthesi zi ng Iy @ilspdo@itisd.
al i gned cardbon nano Ubes  fr6m organic liquid as set forth in claim1l,
characterized in that said al cohol is nethanol or ethanol. 6. A nmethod of
synt hesi zing highly oriented, aligned carbon nanotubes from an organic

liquid as set forth in claim1, characterized in that said step of heating

to a predakgERbAGY (IRTBTML Hhet GONPhE @nfirméd tHtOthsRakbanshahofbed PCT
application PCJ/JP02/ 06235 heat.in

b assin electric current through
said Si Suexs chemicallyngomppses: o Cﬁgpggyﬁ‘ﬁoﬁgsﬁgi ngllc’ﬁag \PeEm r@dtﬁ‘e °
al i gned cEyghgR ARPhUbesdls REr@Gaben AadotAbthathidh e@eiigfly: densé @uid t ank
for retaining an onganl diquid a,cooli ang for o{in i& %r ani c
i qui d seoasialvmignded isobiaiacd Arsordtug do| sy pRaRUS BEFRPAC SN
t her eof gnggﬁﬂgq%w@@tﬁg@ns fpr.cordfnsing Sﬁid organic |iquid becom ng
gaseous i se..into,its origina I qui Lor rn io said liquid
tank a sJ@Qﬁﬂgtguﬁold?ngshﬁﬁﬁg Hﬁ%@ﬁﬁgahg%Pe%ﬁ?@ﬁ@dnegﬁégﬁorq%ﬁgﬁpﬁﬂnbnq
el IeCEri c 'Dﬂil}i@ﬁﬁséibhoumes&icﬂl sMsdroatcepen sdi dthe ganywtHdsived asaibuart gas
inl et means for

regovi ng air from said t d t.ank |
for seal HEPAHIRE1 AP FREMET IR JiAE: SaTE CRTAR CANYNE BolBMAGY
gaseou; i gepflase vrifermf | yidlgow! f .a®d Hingltiylaoydrent. edThal i gnddi-tay &wed
nanot ubes

nenet e SORREAGH 16 1L et SRR AR BB p s BlA o
entir eofs0r3aeant Mireeohirbén thgbtyber fenthd, malst great aee bun feamotariks,

i nalr 2?155 le,ozrgg Cf;f?téiet}g;%xzeuggﬁget%{z‘ z(l;)f' ipx%ngoﬁtl%?,e§narraediﬁg%e%] {P(ei?rlie%rgt(ﬁq ,T}%]ual
carbon nanotubes had their outer diameters ranging and distributed
between 13 and 26 nm with 20 nm as the center of distribution. The
carbon nanotubes had a ratio 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 is
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
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[0049] Next, an example is shown which substantiates the catalytic
function of a Fe thin film.
[0050] Namely, using a Si substrate not formed with the Fe thin film,
Example 1 was carried out to make a synthesis from methanol, but
failed to grow carbon nanotubes as in the Example. This result
demonstrates the catalytic role of Fe.

. [0051] Next, an example is shown which substantiates the
effectiveness of the in-hydrogen plasma treatment.
[0052] Namely, Example 1 was carried out in methanol for a Si
substrate formed with a Fe thin film but not subjected to the
in-hydrogen plasma treatment.
[0053] Fig. 7 shows SEM images of carbon nanotubes synthesized
without having the in-hydrogen plasma treatment. As is 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 is 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 is effective to synthesize
carbon nanotubes which are uniform in system and grow
perpendicular to the Si 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 is assured, however, if the high-temperature substrate
is immersed therein and thus prevented from contacting with the
atmosphere. In this system designed by the present inventors, use 18
made of a water coolant for the heated organic liquid and of

condensing a gasified portion thereof to maintain the organic liquid at
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or containing another or other elements than carbon.
[0056] It should be noted that a method of synthesizing a highly
oriented, aligned carbon nanotube or nanotubes from an organic
liquid in accordance with the present invention involves several
. important features.
[0057] First, a carbon nanotube is formed by a catalytic reaction in a
thermal non-equilibrium state. Also, the end of growth of a carbon
nanotube is its root portion on a substrate surface where the
temperature 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 is 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 is 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 in accordance with the present invention
allows carbon nanotubes aligned as highly (coaxially) oriented to be
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important technology for making hollow nanotubes and doped
nanotubes.
[0061] Also, an apparatus according to the present invention for
. synthesizing highly oriented, aligned carbon nanotubes from an
organic liquid allows synthesizing carbon nanotubes in bulk, at low
cost and in safety.
[0062] Further, highly oriented/aligned carbon nanotubes according
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.
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What is claimed 1s:

1. 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 said substrate having said buildup to a hydrogen
plasma; and

. heating said substrate exposed to the hydrogen plasma in an
organic 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 is a Si 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 is
composed is 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 is 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 is 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
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7. An apparatus for synthesizing highly oriented, aligned
carbon nanotubes, characterized in that it comprises:
a liquid tank for retaining an organic liquid;
a cooling means for cooling said organic liquid so as to
maintain it at a temperature lower than a boiling point thereof;
a condensing means for condensing said organic liquid
becoming gaseous in phase into its original liquid phase for return
into said liquid tank;

‘ a substrate holding 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 Si 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.



