. ) ke3exu<6r TLOEngl i sh transl ati on of PCT application PCTIJP02106235

SPECI FI CATI ON METHOD OF AND APPARATUS FOR SYNTHESI ZI NG HI GHLY ORI ENTED,
ALl GNED CARBON NA| BES | C LI QUID Techni capcipi gpeb/6§9551] The
,, TRt GRS ALY P AR b

pr esent of synthesizing aligned and oriented
car bon nanot ubes froman organic liquid and an apparatus for use in

carrying out the nethod as well as carbon nanotubes nade by
Backaround Art [0002] Carbon nanotubes, which possess uni qu\“ @m‘ \\and
nmechani cal properties, have a hlghEm@q@A@[()@ppl i cabili ty uture

nanot echnol ogi es such as field em ssion el ectron sources, nanost&l
el ectroni c devices, chem cal storage systens, and rrechanl cal rei nforcerrent

gﬁterials 5000 @IEQ@@Q&NU‘HPPARQ&T%MB@YN’EHESIHN@ hodi c
eposit produce an_electric a carbon

el ectrode in a HUGHLEARIENTHD, m@@ (gé'&;ﬁgt gb@hmﬁues have
been proposed for synthesi ZRFRONMRADPORGXONUCEEIQUI3e synt hesi s techni ques
aimto be able to produce carbon nanotube in |arge quantities and also to
synt hesi ze carbon nanot ubes having a specific function. Such specific
functi onSrp@(g}gmmmt hers, the function to suspend the catalytic ability

for ahchocarﬁ tﬁefunctlon eIetroI Z& 2 con sg e t he
catal yti oGOt i fpFessns §GHPP&ﬂEﬂ a§ﬁ§ ¢ oY ﬁgﬁo begH ?ﬁﬂﬂge an
oriented grighel shaustiehted airbagr ﬁfamo\nubbssﬁrom amarganid drquidnandoan

[ 0004] The synthesis nethods so far sgad. hav en f o] o]
be capabl @PBRIFY rndls@allﬁoﬁaﬁﬁﬁ’cﬂg ‘29 ﬁ? @[e%hgél esdq#%(sit gngﬁgﬁ{)?or
themto bgansedbées nigdedcthandetlood) ess than t he nethods can be applied to
their industrial production. Another problemw th these prior nethods is

t hat the nanotubes aligned thereby on a substrate are week in their bonding
strength Biatkgiband Artgl i sh translation of PCT application PCT/JP02106235

Substrat € AP Callis . M AEr Mol Cebt Ul gh o chebtaTAORHA |

car bon na SiZed I'n uanti ti a | ow cost
usi ng thenmmxtanmdht pﬂoﬁerﬂxeshdnﬂwya h@ghep@ﬁpnélalbwpmlwmt&f ta #heeri al

and equi p nt eg]l];) §feq%%lgg?%§ %Ef&)reﬂﬁg . elHe€fon | “soer:és be

p055|ble nanot echnol ogy products whi.ch
with the haatosua]ae ofelehizramucqudep'nmmrt cbsmiﬂa&arﬁ)warga%not%&%m&pe and

functional | v excell $2infdfcitd SithfaidRRe I nvention

[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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[ 0006] Wth the aforenentioned prior-art problens taken into account, the
-present invention has for its objects to provide a synthesis nethod that

al l ows a_carpon nanot ube anat to be produced at poiraypEoséesnd
‘| ar ge qugrﬂghﬁ%e?aﬁﬁ RIvY %‘S%Q?a@ SIH: glﬁmuse in carrying out the nmethod as

wel | as carbon nanotubes nmade by the nethod, the carbon nanotube or
nanot ubes being firmy bonded to a substrate as highly oriented and densely
al i gned thereon. [0007] In order to achieve the first of the objects

geprélt ﬁgﬁ%&aﬂbsﬁi‘ﬁ?%ta% ?ré%hﬁlﬁgﬁﬁ{w&%i%ﬁ&mr dance with the present invention

esi z n(g oriented, gﬁipgne car bon € notuggﬁ f%)m an
organi c 1[0§05d, Itharewkdr beedadvianFageqys ¢ prRan; RALPWREH/ C4R6 P¥ ng a
subst 1 at e bt sF 08! {WRrERCHEMMIPieR BRI dtl lamlow fdose ismpg ath@anbstl es
conposed at least one metalljc el enent %Pﬁ:fnﬂh%f?efgl d gt%%i%faa} d
havi ng t hep datedl 13 1teaBnobosy h§ar oREdmples i%g %t AY §ai d substrate
exposed t&gﬁi&ﬂ%@i&gr&ﬁﬁ%ﬂ@imﬂéﬁSarséiﬁgﬁiﬂ@dﬂoﬂl@ﬁbmsa’mradettemﬂnbd
t enperature Whereby higlily oriented, al ne%éﬁgr bon réan%flgi)qeﬁsy $r%duct
synt hesi zeessipbode] sTrdlE a2t leubepshiand dn, r BRI LECRROQRY B0 ¢ 0009)
The sai d @h;ibRasithOfRe Bt hs6 ofl reninighenpiopertbes odichbon dapotsbes
conposed IS &rﬁ erab i/yone ﬁr nore el enments selected fromthe group which

consi sts afe Fencg gxcellgBYol The organic liquid may be al cohol, e. g.,
met hanol or ethanol. The Si substrate may be heated to a predeterm ned

tenperature hy passin af el eg.tri c current therethrough. [0011] According
to this r@&fgﬁ——éﬁ-égé%%%—%%%?“ ' g fFgh-tenperature -2 - _ English translation
of PCT appoelt i witlPChhiP0afd 6 8h tivyrdgemigi-asta prodilemsbstalser figiaed
thereon wwth eithet a thin Fe .film,.or fj ignsul: kel dyof
e. g., FeagtQhRht ,ti\ﬁ I§TEsSente 1BVERLIOR hgr&?hifﬁ%gai?ﬁe{cggbgéo%ggfpﬁg 2
parti cl esgphtHegianpiethod vhat zallowst ai catheh inenotarke ognmanetebes fi9sbeat e
and firmy bonded thereto, or th i j . p i i
bonded topf?l‘g“%? Apdtoxy é’,osf (gl%ék?%rdm ng lﬁer?eafﬂel ?#:@%Qﬁgﬁ}ﬁ f(:hreﬁéﬂéeThen,
heating the cairrgitbgtowt ehe anathodhas engldras cacboy panetwenma eglw ithe
current therethrough wll caus | | QU : | BoMé ®f at he
Si substr&@?‘t‘{ﬁq’b Y&RY 8333“%)9{1§80§{ %ﬁé} Hr%a(.(:)tg %%% fflﬁﬁellyt?%l?%%? 2
non- equi | ghbktratet a dighly eriextedandadenselsnaligned thegeay t he
supersat u spl ution 0. . Car it 6felli ABoVe,
i@é@?ksﬂlﬂff T ?é}efcgﬁigvg {K@%fﬁ BPHR BBFedtt fhdt@68e 0

l'iquid pa arp tenperature gradient between the
hi gh- t enpehateris Frowidest imtaccoudnnce wikh tthe Bregenc INVERIPN & Htathod

I 0% ( . ™ e o b
brect pi t abEos Rtk Tg B, Srpdiitdd] wfiered Rarbon dertbndrd '.vg‘f’% Chese
growt h nuehcghnd:@hiqtlildouﬂiqrwmpﬂzieddlwtgﬁt Ah OB EEBRTIe ST A Fogming

5 doubsl o gt ' bR of di I fitin dilmeopefidiecihanldo t he
Si substr&t g@ér%fgc%‘pﬁgbz%waﬁi’ Fhevebsl of

I S et hod, V\/nhch Eerrrits usi E]%Ea E%w d
material gudtidespomposedesmi leastqons metalin eleniedta eXDOSTRE AR TP Y
process, %'&:b%‘e’?ﬁeo‘ffa%‘iﬁ% Hodusd innildabsto at hgdregbad Miseiabundahettiegs are

grown con rentl'y over "an entire Si substrate surface all ows_thei S

product i otheFsaidesubstrateeerdestfete; ﬁh% héygfogmst%%ané%daﬂot%.&'ggﬂg?s

single cr X%&@{Dd ”ﬁ;?ﬁ thedeybshiabe dbniperataye nmherélay . highly] oriented,
y

Furt her nore, i s method V\Qich permts a choice anong a variety of types
of the orgdhgredicgabgn Banekybes ags R 11e%tthes can be synthesized, which

contai n amoplplenthsafd 8ubRtsaty NepréferabinrdSi subddtdte.There is al so
provi ded in accordance with the present inygnti a . ;
synt hesi zi[Q§ 08l gl o?qlt\glnt%td, eapt PRe Mt cngﬁ%{%%écsg?cﬁar g@t félrilbzggnlin
that it copiapSis Bohiptded ipkefarabletaaiorgmareoelpanents sglacted foaring
means for cooling thﬁ_srgid ors‘(%ani Ii@ui% acN s to muintainit at a

t enper at urtdr8 SHRUP (WA CABRY ﬁgot;]gfen % #BFeor” a condensj ng means _for
condensi nqadle)ésqilﬂe organic ligwid ohapdmerabeplyels eous.,imephanel joxt ethanol.

O e bR Mdstrate mapobbHeAlAhh! fFedbtcRii ARP!baR dditure by

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

._..2_.



and returning the sanme into the said liquid tank a substrate hol di ng neans
‘havi ng an el ectrode neans for passing an electric current through the said

substrate in the sajd. or L& liquid an inert gas inlet NhedHOVi ng
air frombyedt ‘irangiﬁﬁ%&ﬂgbir?d)p lctag]r?l? seal i ng means forﬁgza |d;lg the said
liquid tank to prevent the said organic |iquid becom ng gaseous in phase

fromflying off. (0015] This apparatus makeup allows an organic liquid to
be held at a terrperature | ower than its boiling point and the substrate at

hi gh \ Bi®de
ﬁane?ubg}%%&%ngﬁ esi ze%i]gfl%%&zf&hﬁggﬁte}%f&% Mthaévﬂggreggh N asified
portion dilm e fingaim sulairquarticke scepmmpnsed Qafnd3 réet :;Fa e etppgnty lng Pl
liquid phaﬁﬁefqﬁe %i‘teehlﬂn %Brﬁé’&ﬁﬁé Fngfp Ht@cl‘érsgé*f‘h(éddrﬂéltéisaﬁm tlige r aw

mat eri al her Here may be nqg risk of the Si | or anlc
mi xi ng wdmtmbmtaddms‘éarbaamﬂge% %hﬂtéﬁ%ﬁ By ]ﬁ'ﬂﬁ d?g(&‘ﬁ g?

of the ¢ heyel FRThl %oﬂdkédhﬁf th|el i neﬁbstﬂm ri sk
havi ng ¢ 1 amians, ffkuladt pASHELEN o MRkl .

anic_m xjng wWth ai then in
expl osi orthmrebyr rfogming t hae jBei cll“i‘g‘ﬁ]k Papaess T ‘“e“’l @51%8 %W d8Y in

accordancsqﬂygn Q gh%opaesmrg% 'ﬂé&ﬁﬁbt@'ﬁhf\é gbyy palsisting edn aéhegtlﬂd caripent
nanot ubes ar [

acteri zed I'n that. such car bfn nﬁnotuqbers] are g @ﬁ ﬁgned

on and fitheretbsaush wallacause,tae rorgamiee Ay, thi, aGBEY 2L FEUPAr o,

an Nt LT Sdbdirage bchgotecbilbided sy cal eaeamqormaodmumaacnhemaé wi th
te

t he present |nvent|on hi ori

ned car baon
char act erngREqH %bﬂ?néu%tf?t@altﬁo o % E { ‘ém@o%%qﬁ‘)&biggﬁt &, t}éaual
in |engt hsuﬁ\@fisa{t%sfta%eedsmg@maff s{x@H%]rnE@d mrrbbnuatenhsamtremhpead'dnabove

t he car bon nanot ubes |ch re aI| a Si
subst r at eF eI RATES %?lt @geﬁqu‘@n%i‘%m g(P d‘:%ﬁi‘;gnéjl rdelegltﬁ gce %Hépgof
are readi Hiﬂ\ﬁbit@t en§Dsubsttate surfadecand| mrga'nsc bai dradjiaeendbes
R, A L o o 5 PO RS

di | b 0 t
Irﬁ\ellelnt Yonbe(‘pﬁkf te;edtawehemsubﬁace@ ther&glfpsmlgg;mw aHigieip fith |
applicatign PCT/JP / 062 thesi Y
nanot echn %&%P}Y&ﬁd‘gcﬁﬁ% %ﬁ{}r‘rﬁkguﬁ?ﬂ s@?g) IP%&S gﬁﬁx cuar?ﬁ)abglegiﬁé%geﬁrto?%gng
carbon nafigleubRe diquite pastictes] atarbow cosnotwbes ngrawgeimuantdirpeonpy j ef
Description of the .Dr S d:0033 t invention will better be
under st ooBeFPeRAIGH 8% q%% c}é%gtr; gg%(fe(lpptlon and the draw
attached p@oe2b Thiwi ngetdard,ai which us)terrmntee Uongs af réh‘bomﬁl@ﬂgﬂf apde
present invention. In this C SRy dt,m Rekor s

ﬁgmpquﬂ;swmﬁn yn%[gﬁg i ¥he ddn Bﬂap%eﬂﬁtc%ﬁ br $10ke

of enbodi acconpanyi ng draw ngs hereof are i nt ended
in no wayallows rh)w tost pmeduntmmvéhso,ohhwnetbodawhepfﬁhis'enaﬁowbﬁ%u%rﬁ on

d under st andi | 0khe, d ;
?|n| ug?rg'[ %ﬁanﬁg gggﬁg bUek Nen AEAWLBOS] Filbtraté %L?ffﬁbé%ﬂfﬁﬁs t e1r

an apparatus for synthesi hly orient
al i gned cmdmn prradutcmhns Fuothen bhganpéhodqw%&rﬁw ég‘@ogﬂaﬁ’t&? éﬂ‘ﬁ D&
present | o rﬁé 8P 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; a condensing means for condensing the said
organic liquid becoming gaseous in phase into its original liquid phase
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Fig. 2 is adiagramillustrating a growth nechani smof carbon nanotubes
synthesi zed using an organic liquid in accordance with the present

invention Fig. 3 shows i by .SEM ( Scanni ng El ectron gof the
“car bon thﬁb‘e@aW]ﬁttWé’s&B]gﬁ%ﬂ%’h%t@ ows i mages by HRTEM:?H gE g@sol ution
Transm ssion El ectron Mcroscope) of the synthesized carbon nanotube~ Fig.

5 shows further inmages by HRTEM of the synthesized carbon nanotube~ Fig. 6
shows an i mage by HRTEM of a carbon nanotube grown on a Si substrate in

et hanol and F| . f r hoddine t hout
havi ng t I*?é“b 8 %I asna SS'E%{Ir ea rre?tltlg sgga 1@@{3@%&9%@;%%@@@@ nilg

n
| nvent i orm{-:-ﬁﬁ§4hahteng| aaf tedectnode gnesnst @hvlé?ﬁstlé‘rg v Ielﬁét’gésef"‘lrf)%tl n
ol tilgtor %ﬁf&ﬁ@cgaid’ |30k 1fn°rtl7£% be Bt Higuad; taherm@frt gas

illustrat e draw n | gures. (0025 e outset, nent s ,made
of an appalet uneaggefor avfemwemgs air APDAT ki spEn p%lﬁacna]fl on

PCT/ JPOZiS/eTgrqgﬁ%ng ﬁ%@&l@eﬁf al?n% Y Yo A4 mﬁﬁa tahkgmedpﬁwmm thaneaide or

nanot ube anic 1 qui I n accor.danc t he ? esent inventi on.
[ 0026] Fi(g'.ga.hmsh@.u hecaming gaseans 1y nHhas B&ARM hpar at us for

synt hesi f][' r@qs,gi % %Pﬁﬁaﬁi’s nahkeaﬁdanaWann@fgeameﬁqhﬁanooabech@ahat
l'iquid in-acc ce

t i t
i ncl udes atemﬂmtmadbéverot {ig[izg noflb:nrgggﬁiggﬂldc{h 3/1‘1%8 g‘%@a?ﬁ%ﬁb@l ng

means 2 f a0t P qtﬁ&dt@nlﬁbteérh hlgp @nie:ntxéd a aligised acerbah der 5
for hol d|§lr a suggﬁtgte%e der hav:rﬁg el ectrodes 4 for passing an

electric l@&h@‘é‘h‘?eﬁ ﬁ?%WBme%Sgtrat e 3; a condensing neans 7 conprising a

pluralityjgf 16/}at}€1rsocqfh|el A pTaliB{;‘és 6vherelbpal igagified pmﬂﬂensoﬁtgheaqmgranmde
fromthe organlcll § its vap rlza.tlontor ?fha Rast Rot he

li quid fo]rlquétldranPH énﬁﬁ ?géu’i"ﬁ“tr fo ’ﬁsv‘élfl'génﬁ bqu FEFici /g gas
and a |idyQstbafl %hl’sl‘l%ph% s(;{ba;threatcﬂ'g’mhdeh(ﬁudt Fees ctdimdarwnglaﬂtﬂ'mal 7 and

t he valve 8. The gani c uid 10 is h l, d enli d

tank 1 by tlllt&hﬂ-"dt ere GG?V] F’nnBrT:i‘éllk P@% a% fésgib %ﬁgno ﬁﬂ" {A xgﬂg

ts¥nt hesi zg,qtﬁ raqmgﬂ@ttn@gfduwsmlg?mncb:?;ﬂbsm:rftﬁpdrwnmmg sI desi gnedt to (rirllal Rt ain
eorgan iquid at, a te ature | qwer e

substrate @q gsr? BWt’tgnR ey Or,&lnstsga“c{ Moot Z%;S&b“%’agsflfﬁ gfr

port Ibon Oélﬁrﬁt%egtrelgaﬁh@ risle Lufdthesfgrae}]fledeldqum) rorcgcannde rmaXlnF‘]g‘t V‘Sl@ht Wdt al’lﬂel
can be no wasteful. consu on o e Qr e raw nateria

“and furt hEReREAUSNE I g%ﬁrﬁ?%’e ﬁ%’ E%%fq{ ﬂ% @fhh elglk (1U| d organl C
m Xi nngl {60 8Y d’Bhdré heﬁ QﬂBGI rmcoamdedplmsl accaxdanaen wath A L Q t1 e t he

means for . intraduc e el t t ﬁ

gasi fied MPEeRHOD bhﬁ?ty ﬂtqunn g‘flgglfé?(rﬁ %ﬁg’oﬁhh%@gg?ﬁgbgﬁ&gé 1% e&

burmh ng |0hhh€hsddhquafb¢mnkan¢tﬁﬂ|&$) amdemlysalnﬁn@dm%r& 2

synt hesi zi ng hi orie i Ofpana B galire

Yo ntceota T (et SR briBhbeR, pRRFbURRAIEOTbANaE 8

e’ present 1 nven usi ng the synthesis
appar at us safpfaee th\efecgf 1. An exanple is here taken in which the substrate

i's conposTﬂg?ﬁLSxPetrFodge)ﬂf c%ltd*ula ofil 148 | aclofkan nv@‘ﬂthmthtehe pEgaml C

liquid is substrate WhIChI eIetrlc? % .
conduct i venventlmsheghhsn@rwrebmbdahﬁnﬁé eauorr mapatabgs; | ag;ﬁc gdin ¢

9., by Sp"ébta%ré@&l'&arbon 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

_4_



-6 English translation of PCT application PCT/JP02/ 06235 an argon
-at nosphere) to a filmthickness that is selected to neet with a particul ar

purpose to be achieved si, the filmthickness determ h@gmt er and
‘densi ty &mehphotrapekatiog %ngé%ﬁwé@iailé?&. (0030] The Si su g??‘faiﬁ)eﬂ%aw ng the

Fe thin filmbuilt up thereon is exposed to a hydrogen plasma and heated at
a tenperature of 850C. This plasma treatnent nmakes the Fe thin film becone
fine liquid particles which are distributed insularly over the Si substrate

and firn nded { her . The i e nmake
the 11 no Sreatied Acred oty SRAHaRLY] ahponaneteaniole pRoduses mekes
[0031] Thehfsh sudke rthiech estpusedftwnigue wapggtelﬁsmfa%a’% NENPYIES AP t he

substrat g hol der i : I iffesFig. 1, which is then
suppl i ed%/ﬁ Pﬁoﬁgfggﬁ'%lfo%cgﬁgta?ﬁg%%é??gg a%s*&&ltz)leggas i ntroduced through the
valve 8 to replace the residual air in the synthesis apparatus therewth.

[ 0032] t. i i ssed through the Si substrate between
the el ect Sqribtidro 'H%E }%u 5 ?ate. The e{){gctri c curt gér@i S gﬁl ected
in magni tl0023dudthe hpresent Snvendian awallyhethex cheepnderaton & K8 this
sel ect ed ifuge 3 {Abal A dihé ndrhkdnggntdteathed Bligrle¢s nuade
of net han@ﬁ%@@%ﬁgﬁ}%ggcgﬁfﬁn@?he surface OL the%éi sgb rate \Mil ch is
covered vildwimgseeniaipl dilustpative forms, ol mpgdiment; hPTEECES be
mai nt ai n%ﬁl %t?oﬁ.emﬁ'i;ﬁié”c%nln‘é‘ﬁ’%fqﬂ,hﬁ” shb@l80bé im@taithat suwch tfornts ©fend
it is cool'ed using 't

e water cooli means 2. Al.so, asified porti of
t he met haembodimant ii;l,lurséwatwédlrby‘?lgﬁeaemgﬁéﬁyﬁggnéﬁfﬁg”lﬁﬁsoe}f%ge‘ﬁfi &‘glgd
phase miﬁl‘neﬂl}?{(ﬁiﬂrx{@%éﬁ toMBnl it 08t & piraBknd inf@a3Rin Buet sy fabilitate an
apparatus 1s _held in the state ntioned a oi/e g\%r a‘gi%én time period in
Whi oh t heexphamatinn R dBud oRstag 0ap B eTeoE A th LERRINER: r ed | bngt h.
[0034] The growtpy greghanhsdi gfrdrhiciltastreningndiaimeakeypt bbsiivegparatus

accordance with the, present. jnvention,is,consjder a pane | gw. An
exanpl e ifomeyat Qé’rzﬁntgagéﬁhhﬁ W?EﬁeQ’h@I%%4 (rjcaatrg)%lnsiqa%%?% g’f&@i ,th he
?8})?55 [ Ii Bflé%n{d li@uié_a ia E@C(jﬁlﬂlahd;ei Wj{iﬂanhetp’u&mg;a\ini\mnﬁlqni dis rrectahanol7.
ig. is_a diagram.illustrati a qgro c . r _

Engl i sh transl atfih %flgW@lﬁ%ﬁ%ﬁ?%ﬁ%ﬁ&gﬁgﬁfﬁg‘z@@%@&? &’bgg #Bou
synt hesi zg¢ nétB8s Ay ivtasiied hisiuigdan romercdagued wit acedrdapreeswith the
invention. In the Figure, the surface of the Si substrate 3 is held at an
el evat ed PERPRAGIRYEIBOMout 900C whil e the net hanol |iquid adjacent to
:[AI he SU{ 1;1 ace 011: t]’n@g_fS'Bt ﬁy@wbrﬁhgg?siltsyf&EM e(ScanmggeE%ﬁcﬁr@?ﬁM@;ﬁeﬁﬂong%

so, e surface.o e Si.substr . S covered wi met hanol gas :
and t her e°Z>@i‘§t%aré’o%ﬁﬁﬂogghﬁgrsé'm%é%b?%%i ent fromthe Si substrate surface
towards the |iquitlg. | t4 i sslowsi démegeshatbyt hi ERFEM t SFpghat dResobptidient
coupl ed wi,it h the. catal yfic io f j n alpdt Rrithedige @Y & hont
reacti onmﬁﬁaﬂ%’l}?@i‘?\%noﬂﬁ%@%bl, M\A%rggg?ﬁé,t urgﬁ gener as?yes carbon atons that
penetrat engiigtubles fine Fe liquid particles 22. To wit, the catalytic
reaction of Fe ig.a thep = i §..L.al t fEeTEAEH Al GFhIRRsBicls.
[ 0036] The genergil%d 52%110%861 ortrglggeindeltg?gtggb?nto a fine Fe Iiguhi d particle
22 which icarbupenanotubeed therewith. The tenperature gradient across the
22 to be preci pi AEed SRS A e B B e e e aronin
nucl eus t foar ad®i swhsttatiesin hthwanohtamdousl y supplied with carbon atonms from
the fine Fe |iquigdpaytd 223 NIt tmlafa@ s" 88 U drbidiniin #n 6tulbes syarthiesibzed 3
grows on the nuchﬁ’saf[%g%‘gf %ngorIrpl e %%iss next shown.

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
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[0038] In this Exanple, use was nmade of high-purity (99.7 % nethanol for
the organic liquid. Al so used was a (100) face-oriented Si substrate having
alowresistivity of 0.002 -cm. and. being 10 x 20 x 1 i j The Si
"subst r at @n@@hvﬁﬁﬁébt&ﬁ‘dofc]f‘ggr?é’d’,mﬁﬂo& super soni cal | y ?igggz:jeiato(?r/g&asr?d t hen
by etching with a 3 % hydrofluoric acid (hydrogen fluoride) solution.

[ 0039] The (100) Si substrate had a Fe thin filmof 25 nmthick built up

t hereon by sputtering in Ar gas and thereafter was subjected to the

i n-hydrogen pl asmaet t Uy S EHRE A NSl 085RakofWhes tine
peri od o%y?(??‘ﬁlsﬁ%togsa ?@Emngroergé%?%(ﬁ’eggﬁgg% strength of the Fe thin film
to the sfpstr aheorguhicdifuidniniaecordapgetwiihothe Prosgat wyepdifRnucl ei for

t he grow f.ycar.hon « t P@&]ﬁ i heSHRE ag dhpaRoatds on
t he subst[kieggglhg‘lylgeri gg(r}? %Bgia% gn ggﬁé‘? ?gea terféplgég)t ur 0?99300 by
passi ng dodi spethegjzing Buighlyh orientedat aigngd p@:rb%pnaeawﬁﬁs from an

PCT/ JP02/ 06235 qurrent ther ‘ I ¢ bPhessymttresior med,
rising td)rtgﬁéuﬁgfﬁ‘élnd]oﬁnl%%l(}?gaglgggggg‘tgﬁéﬁt%ﬁgi%?&%&%te sur.face vaas

covered vappatdteseincudessa liteid ehpathen pe tgn e R HGRANL AW D2 ¢ he
liquid tap I {ﬂaebaq*g - cok ld HguiB 12 v mdes edtsbderaant ai n
t he net ha‘ﬁgféﬁ Fgﬁf‘é‘%g a te%pﬁférga%oudrl,gngg%r Ehan itg bojli HOi nh and _so
was the carbsivateghetder 7 for rhelliag 2 vspbsitats g;org*‘ﬁn%g‘ll Phe M At H&nol
l'i qui d. Tglt% ﬁo(fégbgtfoqtﬁa%ﬁmegﬁt eleR t¥RScuBasiy thirdisglghenswpsirade 3; a
radi ati on ﬁerrrqrreter with 1ts focal point focused on a SUbiié{ﬁatt %lér%ace
area whoseondemsing v eanss’ COTBRTIRRE R SLurAlYe 0L VAFEr £00 g‘gs e
through the §olsHEShA!Eorén $Thigyaboedniadenfiith tilre odganig lideidydonbn. |t
was observed t%at. the substrate tﬁrrper ature decr ease%e%l ﬁsiﬁ@%ﬁ@r bon
nanot ubesitSevaperizastpn tonretang thep paney te; g}.‘e FIgRHLOF e&&g by SEN
g(SC;in”LngliEh?&gE%ﬂg W Gr GﬁBiHJS)f%onintth&liﬁahbgl) ngam ahdsa djthOhesatz earripsg.

a) shows "an i mage .t ake rom obl i quel y above-o in a
pl ane of ﬂl%&%ﬁ&é?a%gﬁ)lh?ét&i the W@“Eiﬁﬁ’%rmgalf“tea&s Fh%nﬁ%}ge?&a?ggl%ca gg t he
upper sur facen Rf 1igfedceo hsneaneightts swuledeian therligeid danfk Briowighienlidhe
| ower part ©of the Figure indicates side faces of the carbon nanotubes grown

densely afld perpendicular to the Si substrate. Fromthe Fi gure, it is
clearly spgopthain tdideratdgrermaitocabbenvhanbtabes ciuabieasyatbesized from

| engt h have grown .petpendi qul ar_to_the $i t he
entire Sitheprgane é&q‘gc | %ﬂ?faﬁfsg.ls ﬁ%? éé%gv@ g{r:‘ﬁggﬁA&?ﬁ%éeQ% Itlitr?e
carbon na Best ot témpedabife lowerttharsitsbbiingtpointr andtthe pnbatrate; s

seen that stripped off fromthe Si s rat ] t ych
are coaxi af aa:l?dggq%’éﬂwﬂh LR IR YIS ?ﬁ%%’h% g?gﬁgﬁe@g{mt esgﬁgtﬂl gﬁﬁﬁgw}?\%
anot her t ghkrpamibuiquéd tiberetafrmed wpont ¢con densataont s that ghersLan s

draw t oget her t rma flat. ihe. Wb t 3 F inAterS8EANS i f
itisa bF’é?cWalsgﬁ{}ﬁ St qaBligh §E HHE Qg&%nc ftlﬁ‘eﬂgrﬁésjalgé(??yrénn ver cane of f
Wi t hout afuetlier ol thatcéhamppmay be naeriskeof ghe gasaigds L‘él}“ r B8RP ched
w th sonet hing hard, [Q04 T xi al r her 5o hadkopes

i ncr eased "X e V%ﬁh}starlgt ghtd e%%g?latcaru esq{\k/g\gg?lncﬁrggg{o.ﬂ he nanot u%es rgw

| onger | eigivinigsthevim ans for iwtrodupingtie (imeat gafepdiey ¢Bmanales i ce
_9_  English translati | CatikPe REVh £i2aAd28emichasheg dam t he
SEM uni t, rﬁsk\ﬁgst%c%oga%irﬁr%%?{%ggr?ﬂ%%%cfﬁﬁhm%%not ubes were chemi cal |§
conposed efxpdasivononbormingtin shelegwid tankn fromthe Figure that a bimdl e
of carbon u i.ch.a i dense mrdhedaxifakyuthesihgdhighly

obt ai ned a[@@g%l ngé?%&hgssg}ﬁtxﬁeﬁ%d?ret m of .the pr esgnt i nveit il%ﬁl‘ {r9044]
Fig. 4 showsenbedesalignedreraxhenyh RUMRESonfP N AR s OFBALES ot '

M croscopegccggd%ggesm esiedppas o NAreitiba. Asd i sistmparthet dymthesiy. 4,
t he carbon nanotube i's bas| caI,Py gentle, uniform, holl [%Védv ang hich th

mul ti - | ayepmardive shiown |1y &gy hafAdt GFamBLe i Shers dpked AR W afﬁar} $rom
one anot Ny itra:dis! 86189 08k dOoB%iNh e Thtadiborthinafidhutiesa e thin fibws

part are unitorm and SQHE_ of tgem re somewhat irregular, in radius over
thei r | engthe omgenicalEdAdiaNBetBaYOad their outer dianmeters rangi nggand
di st ri but q@gei]weeie K 308s2fate) whith 28 slocisidally cemdarctive distwashedon.

Th b b h ati.o of thei | I j ¢
‘angi ng {reatdeaned, 3 Fs thin s it g Fhefedil d0k BY sHiRtprhi pness

found in the edge and surface areas of the tube walls. This is considered
to be due to radical oxygen atons produced by uneven catal ytic reactions on
the Si substrate surface. [0045] Fig. 5 8hows further images by HRTEM of

t he synthesi zed carbon nanotube. As is seen fromthe Figure, the tip of the
carbon nanotube is closed with an al nbst one-piece cap. Seen as a bl ack
spot in the Figure has been confirmed to be Fe. And as such, Fe on the Si

o —- Y




[0046] Next, Exanple 2 is shown. [0047] In this Exanple, too, the sane
synthesis conditions as in Exanple 1 were adopted except the use of

di fferent tenperatures and of et hano| instead of nethan to

‘f or m car Boglishrfgnnplasionofd CL applicatie®as heated to a tgﬂ)rr%e&aft{%r/@é)‘iog 860C
in an ethanol liquid which was held at a tenperature of 70C . [0048] Fig. 6
shows an i nage by HRTEM of a carbon nanotube then grown on the Si substrate
in the ethanol liquid held at 70C. As is apparent fromFig. 6, the carbon

nanot ube then formed is ne 0 f th
appl i cat i%h apgqpﬁtd@&?@%%% ﬁoolal \va&iatnh C@ﬂ%‘ Stlma%/t:airaé; géaclrtggi £ Idoegifuvlgle The
carbon nanopupticulad pumidse ofo t hei rarpmvl@sl t sinagpetheediln hit ﬁléggss

f 2.2 t had
Cherr o dletanfiinesoats liphiteh Uit E‘@Pﬁé*’???é@“ﬁ%@?& By szddna
exanpl e l[903N\/\ﬂ‘h/d1|Sahsubbmad:BthaVB$gtﬂ]ﬂ@ shin falm bui o‘ﬁpo‘f %rqﬂél i n

film [005,@55'\@”% % hYBEed %aksﬁﬁﬁséﬁatl?eMd faQrﬁf&@xﬂ%éfaﬂ\ﬂ% 52 8500 . fi | m

Exanpl e e a synthesis anol ut f ai l&\d to
grow car bbhlswqdaSnbwstmatmenmenEkaﬂrp ke Fgithin grome f19e Jligpy

catal vt G 95l ool Q93 hiderbusad 1 BETRLE 'o%e&hﬂh\@ $higeibstuhed antd at es

the effe I n- rogen plasm e 0052], Nanel
Exanpl e fivmdychonded ﬁmretn r?él@ﬁaﬁ?moﬁ‘lﬂre wlsf‘ @h‘g‘si} <£g A]r@ﬁn}/ﬁ t%jls% Fe

thin film byt Nafy SURMGCIGHui® pRStidledY Hi8efmp! ias nthdiveatiamneter 0O5A]
Fig. 7 sHOReSE |érsra§g§ ]ﬁqlclar btgn nanot ubes synt hesi zed wi t hout having the
I n- hydrog(hstpilashrantreat ment. As is apparent fromthe Figure, the carbon

nanotubes[cw gﬂ%%e . Eggfrm &pggmtﬂﬁtnefmme&d tplaanfe mhimpfosbdn but

not subje ogen eat.ment_were jrr
ar r angemeom t&xﬁdswbéébagﬁee SY’P{h‘?%‘S sRRRATRlYs gﬁig‘t%e cYPiGh

nanot ubes; i me%émmn oug b dmﬂd’eeftenbhtalsatléz gase of
whi ch sti c%< ?})&gngﬁg? %

hi I|ke bea r S
seen thatlnﬂrédluﬁeﬂy&hﬁgﬁﬁgpltgﬁrﬁaf\‘ n{eon 4 8?]:%}&?':%/@%1{1 g ag%H:ey ztgte
carbon na Qr@th@s thef®gigh.n system and grow perpend| cular to the

05
ﬁmzf

Si substr I\/Eth nol .and eth nol are ga
Kby aZy € %‘Eﬂrb?lcé’sré'e q}.ﬁ Q@Sﬁﬁg ﬁg‘ﬂ]@h respeg?| veﬁt:)tm ling

organic |
poi nt's Ofbéfw%% Y eTet2ede¥ViE o Qrmattaﬁi@&vsubstaate Theyelespriexpheator

225, el iR B el LSO B s, g
t hus preVSPtﬁb"U Oahaomiasctsehg:twdt burfmamgphmcbe isnmaingained HHBE gned
D o Fhe b AT P Me e Rl e
organic | bﬁ!ﬂfd’ceabf tlﬂ Si substrate, which is covered with these bubbles. Here,
it is necessary that the methanol 10 be maintained at a temperature
lower than its boiling point, and to this end it is cooled using 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
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English translation of PCT application PCT/JP02/ 06235 a tenperature | ower
than its boiling point. The safety is thereby nmade all the nore certain.
[0055] In the forms of i r}pl enent i,ti on illustrated, nentilg(gTyﬁ%z 5onI y of
‘et hanol Easdishttransiatiogy ofihel sPPATREOR quid. 1t will be obvi‘ous however ,
that the use of other selected types of organic liquids allows nmaking
carbon nanot ubes of various types and nanotubes conposed of or contai ning
anot her or other elenments than carbon. [0056] It should be noted that a

met hod of synthesizing a.highly. arien | §s : e
nanot ube§af‘¥‘§1‘ﬁ o9 ?%zfeﬁ ‘ﬁ%{lélcg %%a%’:%%ar%%n%g%\?\nﬂt]}%ﬁt% Eg&br e en?‘H ?lr}\%hrﬁ i on
i nvol ves p&@\senalidmmmnﬁnfgw Figaire] 6bs7purface; of theaPbsnbsirateitels s

formed bg,fqugg&nagrgglggag@&teewgwa DGR o P HRIC! v RileUth StbehafbBo,

t he end arbon nanotube 1s its root portign.o a]((gubstrate
£

surface heuil tadjacempetat the swurfiace of gtlne cSi i sjbekrasn Beld ELYe:
[ 0058] Second, the |igui u ale @ I t2h 08 3 i

{enper a dPBggEAfEs of HHout BORPIARG, KhE, Submicelbf the ST owead 2 b
subst r at eovertdcwithimbthanohgasodi, pard itberefexistarh R axRnbRPETatHI S

| arge te'?xf’a[@%igigg\gﬁxﬁg;tﬁgt diS uystides egufacae (3 drmorthantligat®r dti ve

power for .car bon nanotube in a dié,ecti oné‘gﬁrﬁendi&g% r to

t he substoumsideved atleat [thd5ophaKpr tempred afre ogr 3¢ty QUL Y3 ER 4F NG t o

the pr ese&httrahgﬁ%r‘ééﬁﬂgi St P belBEy abolY & uirRjudipyrolyechigityod daaghal | y)
al’l

oriented, ned car bon nangtupe to be forned o¥er a I@rﬂeca(aetr ea, %3§
i nt r oducimgthaoohegas ebnt Whicht H& Bl Ehe SR ETALSS ¢ FBTRBE, O Rui"G2I | ows
a carbon paggbllle fitd'aRA! HhRS FIOREfhid Wartivles! 22EMo avite| sirerasalytibe
synt hesi urther, a carbon napotube qiﬁijgdl ng to,the lgresent é%/gﬂtl on

i s hol | owreadioarck Mes ipeaf thermalinenze riup stage generaes;
utili Zati&‘@xﬁg. its capillary action. Industrial Applicability [p060] As

wi | | have been appreciated fromjihe foregoin escri.ption,ge. h
synt hesi zmﬂﬁé‘]‘i ¢ ganexrated car @ﬂeag%@gbBﬁgﬁg%tteubggof? ofﬁﬁggﬁ%rggr#g
liquid i ngéﬁﬁeréﬂaﬁge Whidh the supeasturavedt thorawliths Thebsampewitues
aligned a L ghly (coaxiﬁl Iéé or,l ent ﬁd togsoe - 12 Eﬂglé‘%’rﬁ&{%%hfé iiﬁn of
PCT appl i eeadigntpasroinsnpogd s Rgfap eqwdace caiied Mg FITWESE A so,
t he met hogh ©ffi sy M &1asdsi Bpeetitle2 dot he mrezipitatedvemtd smrfacowbereof,
adaptation of _.a yariety of existing Si hnql ogi i AfRRed for
i ndust ri athexreby EoHBIRE 3 BTOW ]b}lg]seé}ﬁ £ﬁé¥%°§g g’%‘%ﬁ??ggmﬁz‘. tkﬁgﬁl VaCU'l}gl nor
any gaseoppphiwdc witht €4ilsdn artdms frons thei fiakl Fef biquiddpsrticte 2% saidbt i on.
Further, 1t should pe a basic technokogy,for ' f a variety of
types of %ﬁé@ﬁBL&tgﬁH an%&q}bélq élnlb,e %%;é@i“}aﬁh%s%{r? g)%ﬁ%urrgl y i mportant
t echnol ogjo 7] MBkhagpleol liemewnshowas and doped nanotubes. [0061] Also, an
appar at us ing, {0 the present _inv i r gy mt b 23 9ghty o,
ori ent ed, [(g‘%&g]:}‘ cﬁbbsonﬁﬁaﬁbq e 5 o‘?ngén%g?&gniog &tﬁﬁis%&%ﬁrt?o&ggm )
synt hesi zietheaidloforndnooupanic higuidk Also wead soas addd O fasgrengnted y]
Further, highly oriented/ ali . ACHPd Bdid et PO 0Pt asent
i nvent i onSggﬁk%aetesbﬁﬁrggiazg%&ﬁﬁégtlﬁg%?ﬁf%Pg‘?ggggﬁﬁcdl3 of ¢arpon nanat ubes
ori ent ed, madgried dizghl Theoai asupstustiechwarerashed; pnd vglaansdortirst
products brinds,akaitly YA"AGHINSXGRN' fkn B Rlin Witkling WXhyarefluobigh
usabi lity>"?
g 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
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English translation of PCT application PCT/JP021/06235 O ains: Wat is
claimed is: 1. A nethod of synthesizing highly oriented, aligned carbon

nanotubes froman organic liquid, characterized in that i ' t he
‘st eps of Enfgdishi tngnaladionseliBe appliakiopy; | dup thereon of %éTWdi) mor fine

insul ar particles conposed of at |east one netallic el ement 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

predet erm ned {enperat ure reby high ri T1adld :
B e oynt RusFouk tHErefh it rRa 2 iaken Hlube OF BRERcE o A fo FRRRD LSl ! ubes
car bont na;pottlgbemémncﬂn loqwiahisutfage) died Sordubstnase apur pce was

aracterized iyn that, sai r ' '
cynt hosi ZORERRGRI. Eh $ & Dubbigs; IE femPerhudtsl thoamotalol AR B8 | |
als set t f Q]Lhte\tl\}nlqmdlmrrk 1, resmtacthouty 68°C n Theacoeing means;2twa en‘l"'ﬁé%ea‘il ic
el enen Lch sai ui ' i heye
fromt he%_ﬁr_&ﬁl%l.gh%ggng&s saﬂtl)?l ﬁgi ge%gtnf I . %;ef%mr?reetek}gd of &gar?fggifgfﬁg
PIO?P:‘]y orbolatutrfgi_ ipaintgrmddcaobmmaﬂm upedensiRENMAAIENi € b9 qLEPEORL SRt

in _claim C er . gedin h1d ' haui gy i

A et hod Vgﬁp%?ﬁ?ﬂiespgfit%éhhi BEF PR té’t‘]n?%h B b o e e
organi ¢ |tequp eéra@sizetwaormieaisuredanging il:lha%t%f:'é i sad atipn HeraemetfEonol

i gned. COFBonitagr b eROint SRR T M ISURSLEANIO TusfRcs Bimean FE O )

char act ertiezepler aturteaw asatel bst measunedatThe eﬂﬁcﬁflﬁrcéﬁéfagltrﬂwd[jgﬁﬁ%‘?g}? ure

coTbr S€he aé‘siﬁ%ﬁ&ﬁldté Pwtarsaﬂlsiiﬁtthﬁi‘e&finpﬁraékpjnhi(i_%aﬂh;@mf@]i/el PORWOh 235

? v)s/rag obser%e?intﬁate CtthreI sculc)gtrrraetgtte;[n%glbclgthu?eald%cxs'éassg Sgtern%th? ‘as the

carbon nanotubes became longer in length.
[0041] Fig. 3 shows images by SEM (Scanning Electron Microscope)
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 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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7. An apparatus for synthesizing highl [ [
y oriented, aligned carbon nanotubes
.characterized in that it conprises: a liquid tank for retaining an organ|c1

liquid a cooling neans for_cooling said or
. ganic liquid t
at a t enPaghisbrgangagiontafdiCh 2BICAHY poi nt t hereof a c?ﬂ%’g@go%gdgr?egngl ?olrt

fpnden5|ng said organic |iquid becom ng gaseous in phase into its original
hlqyld phase for return into said liquid tank a substrate hol ding neans
aving an el ectrode neans for passing an electric current through said

substrateln sa orga [ i

rom sai atkpeheduattin g EM, e, ds P dohtidReq o a?é%“?%“‘géﬁénmmu.“‘?aﬁ'kr

:3 0 alr S\m?Q&ex&abﬂeﬁﬁ@amychnmus@dbeﬁOal‘hgngd@@@usltlW fSre&ﬁ\ li‘(ﬁTl SFf f .
ori en I

carbon n St“GSe aa‘b‘éﬁ@g‘? QQ%ar}gﬁggﬁg%Bgﬁgé?I&H?dlﬁ%c@rh@y' &eﬁmmﬁgtc ? ate

over, an@ogmsnyeammtpéndlqhﬂaanedcgcwmdmgltpet%ﬁyaé e'EWe‘F‘@éﬁOEQOfSﬁP Gh

oriented, ali ned car.bon nanot ubes, characterized in that such carbon Y

nanot ubedP 158 ('fdébYl I ori ent ed, equal l e
-15 . As. ADOAA FigA Aé. AshosisA Srmegesns. by b Hoﬁx'é%Manq}{ %?‘##%d padid e’

;;;gfﬁ;llk&i‘f<ﬁxsm %f?&%caﬁcﬁla] c C%’E CeﬂfCCthe synthgs1zed carbon

a] cTa] caImEEEthMN/MB 16)@}9 ngéca b q‘}%‘] Ca}’CAa%accla g;ia]c;
el C%ﬁ%ﬁﬁﬂ.@?ﬂ sl aFhe cai depenpc
L;ﬂ;ﬂ;fmwmwmw i s R B
he () - LY1 C‘%l?@xcaﬂ}f lfg?ﬁﬁnmaﬁg%bés €dr "thQ¥mfu%t(patt hoediiforoboand

some of them are somewﬁat 1rreg1g1a2r in radius over their length. The
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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hollow and multi-layered carbon nanotube. The carbon nanotubes had
a ratio of their radius to tube shell thickness ranging from 2.2 to 5.8.
The carbon nanotubes as those in Example 1 had their tips each
closed with an almost one-piece cap.

[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 is
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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all the more certain.
[0055] In the forms of implementation illustrated, mention was made
only of methanol and ethanol for the organic liquid. It will be obvious,
however, that the use of other selected types of organic liquids allows
making carbon nanotubes of various types and nanotubes composed of
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 1is considered to be an important
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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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 layer, especially an extremely
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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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.



