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DESCR2P T= ON CARBON NANOTUBE ASSEMBLY AND
MANUFACTURI NG METHOD THEREOF Technical Field 5 The
present invention relates to a carbon nanot ube
assenbly forned by assenbling carbon nanotubes each
having the sane nunber of graphene sheet |ayers and
to a manuf act ur tpgenstdnmEkR thee eoixr @gBackgr ound of
the Invention A carbon nanotube is a kind of fibrous

CARB OO NANOTUBE ASSEMBLIYUREDWIENE FACAIITENEC MEENS DA EEREQOF
| ayered in an annual growth ring shape, and is a
nanocar bon fiber having an extrenely high aspect
ratio where its diameter is 0.43 nm15 to several tens

redhmopanmeEery,gwhile its length reaches nornmally 100
nmto several hundreds of mcronmeters. The graphene

sheetrheptdoned: hfﬁeehr&qloqatxeeﬁ@t!eéy% \é’hé%l%k%n ‘}?a{ll?gﬁube

atom having an sp2 hybrldlzed orbital, which forns

as@éﬁ'ﬁﬂ( £ 9L 8RSV ta%’se'n?oii)ﬁ 2= m%@?ﬁﬁe%f e§ ﬁrhav:l.ng

0 hexagon. A cdrbon nanotu one grap ene
- N@ﬁ ony b
hsaEer el nezf tng?dﬂégbr evi %@agp as lévwf\ﬁ)g%kﬁA cgg’%g}néjngrﬁl& ut a
e s is called a
ég%§$gF8§ﬁ%£g car gﬁ Eghggﬂ e" 25 (hereinafter
abbrevi ated as DWCNT). A carbon nanotube forned' of
t hree graphene sheets is called atriple-walled 1

2G84 LD, NNt k¥héhfre|g ter abbreviated as 3WCNT). A

e ‘%
car on nano orne our graphene sheets is
callgq

carbon nanotube is a kind of fibrous carbon having
a structure where graphene sheets are layered in an annual
growth ring shape, and is a nanccarbon fiber having an
extremely high aspect ratio where its diameter is 0.43 nm
to several tens of nanometers, while its length reaches
normally 100 nm to several hundreds of micrometers. The
graphene sheet mentioned here indicates a layer where a
carbon atom having an sp? hybridized orbital, which forms
a crystal of graphite, is located at the apex of each
hexagon.

A carbon nanotube formed of one ¢graphene sheet is
called a single—walled carbon nanotube {(hereinafter
abbreviated as SWCNT). A carbon nanotube formed of two
graphene sheets is called a double-walled carbon nanotube
(hereinafter abbreviated as DWCNT). A carbocn nanotube

formed of three graphene sheets is called a triple-walled
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a quad-wal | ed carbon nanotube (hereinafter abbreviated
as 4WCNT) . A carbon nanotube forned of five graphene
sheets 5 is called quint-walled carbon nanot ube
(hereinafter abbreviated as 5WCNT). A carbon nanot ube
formed of six or nore graphene sheets is often

c&£abbadnddbsune (Medd ryakted %%%EQE%U% 3WCNT). A

(hereinafter abbreV|ated as . Hereinafter, or

céfgbﬁaﬁhﬁgﬂdﬁéF%d%ﬁ%dn&ﬁbgéqu8%@gﬂ5%é“§ﬁ@@ts l? called

nanot ube, it Is expressed meani n

qﬂ%ewgyggge% beﬁﬂ §¥Y§N¥%fboe91 ngglfevlﬂgﬁlaheaébs%ﬁz%%hed as

eet

4V§’C1|Gfeagoﬂaé%{]§%g Egﬁ% tﬁoé ¢ '%Q%c%bé/f Gar$ bon%%tlé){irgpg Pgeets

d u raI orm-an e splra
t hat varlo

1%ﬁ'yés.efia§9' r%f)ertl S S0 nd A b wRBERE o ierePhatter
SFERETEE DA I NAT O PR DERaFRS refheteot six

facturi t hod CVD th
or IR & 3%%%%&%‘31%%%56 Sa taw aé?@ﬁemc% Shpd in sum,

schar t ho Si aphjte el ectrode, | aser
migh SR ALTaN TR T GUPA DRRTE LOM b A REeag rod as
For __exanpl e kol aey, P and other six witer
uedg) ) phelETE4RALf 3 - Sl*r%ww%ﬂf%rﬁ@getmPéar@alraaﬁlber of
25 nanot ubes fronlcarbon nmonoxi de, " Chemi cal Physics
LR BRnoBYRE  pht b3 P Tre88ed Pafenngl) s thereing
IS descrlbed 2 a nethod for nanufacturlng SWCNTs by
tR% BBt FSHER$ Bn2Sof e atHeMT fronoxi de under a high

pressure using iragn
On a cylindrical surface of the graphene sheet, a

formation is shown in which a hexagonal mesh that is formed
by carbon atoms is rolled up in a spiral form and the spiral
state is called chirality. It is known that various kinds
of physical properties of the carbon nanotube differ in
response to the number of graphene sheet layers, diameter
of tube, and chirality.

A carbon nanotube manufacturing method uses a CVD
method using organic compound vapor as a raw material, an
arc discharge method using a graphite electrode, a laser
evaporation method, a liguid phase synthesis method, etc.

For example, in Nikolaev P and other six writers,

“Gas~phase catalytic growth of single-walled carbon

nanotubes from carbon monoxide,” Chemical Physics Letters,

vol. 313, pp. 91-97, 1299 (Document 1), there is described
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particles as a catalyst, and only SWCNTs can be

sel ectively manufactured according to this nethod. 5
Furthernore, in S. Maruyama and ot her six witers,
"Gowmh of vertically aligned single-walled carbon
nanot ube filnms on quartz substrates and their optica

afd SRbBORYr meNF ' , _ .
% 208- 3%3@, %503 ( Docﬁ?r{éﬁtg I‘ﬂzﬁ)sj %?qh%h?feé f%?diigghrséeb} rEPpngtion

of0%é¥5§ﬁ|%3ﬂ3§laeﬂﬂﬂﬁgﬁ‘H”Xi? §e%%f%é”ﬁ§f €iron
by a

a CVD nethod using ethanol a aw material.

péPEietlléesraEais‘%iarﬁlafsafrgtn otog@f gﬂ%&hfzasc;:gr"n'sgg sVEN S ve1y

I n H sanori SIX Wl
N ' f_hi rity.d e | c¢arbon nanot ubes
m %M?%Eﬁﬁ§§§a&£%§?ﬁyéisg%geggglﬁ%§§Q§Cbnference
Abstr Book _of 26th, Fullerene Nanotuhes General .
e e g o ad by AR e B Sl Sk W jters.
w10 January 7th 04 Doc nt 3), .there
G B ot b Wt B0V AR ar | P e TR €0 carbon
nanpt ube m xture contai nin 0% to 20 60% S by a.
n e hE R i T s PP ks hhaERd nd pbgix dpfical
cat al yst cqyri%F in ziolites_and using an al cohol as
A AW REYer | alCh SR TonBRY§iCss MeftL¥or chetkPlys PP-
e_nunber. of raphene sheet |ayers of the carbon
2%&%93%?%% $ROCRRGIE 2 s inqRd 1% 42 hp e eforpiiogd for
use, there is geperally used a nethod in_which
S%iﬂ?%?&&&w JH T HafBlabeY AV ES oPBepvERL ST FRLY by a CVD
transm ssion el ectron m croscope to count, on

mepRedy ASiLEY | HeyRR0 1t RS furbRY Be LSkl of graphene

sheet
On the other hand, as a method for manufacturing

DWCNTs, in Hisanori Shinohara and other six writers,
“Synthesis of high purity double wall carbon nanotubes by
the CCVD method using zeolites,” Conference Abstract Book
of 26th Fullerene Nanotubes General Symposium, Fullerene
and Nanotubes Research Society, p.100, January 7th, 2004
(Document 3), there is disclosed a method for
manufacturing a carbon nanotube mixture containing 50% to
60% DWCNTs by a CVD method using metallic fine particles
as a catalyst carried in zeolites and using an alcohol as
a raw material.

Additionally, as means for checking the number of
graphene sheet layers of the carbon nanotubes which those
skilled in the art normally use, there is generally used

a method in which individual carbon nanoctubes are observed
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| ayers which appear on a wall surface of the carbon
nanot ube . Means for estimating a proportion of a
carbon 5 nanotube having a predeterm ned nunber of

| ayers to an assenbly of nunerous carbon nanotubes is
as follows. Specifically, the assenbly is observed by

by ey t kansd®s58Mone! BELERTdR CIPSCPPE copReNt ol NBount, on
nunber of |ayers of each of the nunerous carbon

oBROPLHRES e hbdELd tale LARGYP b %ﬂag%s%?icgfgghg%% sheet
e n

proportion is estinated as the nu gf car
LR BT R Rl B AL HREReS, A Ebfpegarpon
e [36keHs 18-S ATS L NERLEONS 5 carbon
ndPSLOR, Mo DR AR o o PECD S0 o an
Success_has not_been attained up_un

Str res tiLl
@ SR L e BRREHREs 28 e e B 58P S odrbod®  tollows.
nanpt ubes .each, havi n i nl certajh si.ngle nunber .
SRR 1S ChbB Y+ AP Vi ks S8V Ard tr R s s om
Inpurities such as nmetallic fine particles and carbon
e P b B e R RS | TR AR Y pF BB BRRARE 1F EgE oByeach
i.dation processi and thermal oxidation processing. .
oL N IRPFELS K T Do RIS X hRPER &4 @ € randdn is
ifferent. in__the nunber, of graphenpe sheet Iagers,
detiiﬁnrem?:ipﬁﬁet eF PeaRFOPA I 0B 17 © S hhhates pénkhg number of
simlar crystal structure, chem cal properties and

CHRMRITIRAFUPES Bedd D P hermirgfiqunkersof layers

cansiderably difficult to selectively extract
with respect'to the total number of carbon nanotubes thus

extracted.

Disclosure of the Invention

However, even if any of these conventionally known
manufacturing methods is used, its product results in a
mixture of carbon nanotubes having various structures.
Success has not been attained upuntil now inmanufacturing
the assembly of carbon nanotubes each having mainly a
certain single number of graphene sheet layer, except for
SWCNTs. Impurities such as metallic fine particles and
carbon particles contained in the product can be removed
by oxidation processing and thermal oxidation processing.
Meanwhile, the carbon nanotubes, which are different in

the number of graphene sheet layers, tube diameter, and
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only a specific carbon nanotube fromthe mxture. 5 On
the other hand, in the case of actively using

physi cal properties relating to the nunber of graphene
sheet | ayers of the carbon nanotubes to apply as a
carbon material having a new property, the nunber of

coigphers,, shaele | a¥erenf1 ¢ he iGay PR HQ?Sstructure,
contained in the 10 carbor material shoul d be

ct@@m &atzl ﬁ!réb@@t%esAﬁﬁQfQEB&'e)trléél %%Q?f@ PeGEother.

devel'op a techni que Of selectivel manut act uri ng

TI‘P@£ bop. qaﬂw{gefd@egb@geal%%r ital e d&?l dec@ggm'y thract

ayers e present In ntion alns to SO

0B 9" et pLablem Ao PLAW desin CALDAN NANOL ube

e forne of " carbon nano ubés “havi ng

i nloh aaag%ttm deghhed PR of A ap) gggtglpegiamﬁmg

| ayers béing ~ availabl'e” as Vari ous
o FREERE Drvdle fBhed SR kB8 8RN s ifnpe™® '@a%a%raphene
eSS REehE ERAL RGBS BB DEReL RS, (00 Ed o
SRR RE %é%%%dtp%o""%ﬁa?r’icltﬁw FoeRBRg 19d araphene
sm€°{i.aaf??5as2a§£‘%?gf§ EEE o B RO RERAged in the
cae"&%ﬁ%hnq‘jg%*aggae%piﬁ???;iewepiﬁ‘éé‘i Byex cAAYSETnILY,
jj%gF% ion is caused at the surfaces of, nmetallic fine

&L expeclredtq QFiV@Ja%Ii?ia\/i fa);k]rélque of selectively

manufacturing carbon nanotubes having a certain desired
number of layers.

The present invention aims to solve the
aforementioned problem, and provides a carbon nanotube
assembly being formed of carbon nanotubes having mainly
a certain desired number of graphene sheet layers and being
avallable as_various kinds of carbon materials for an
electron source or the like.

The present invention provides a method that is
capable of selectively manufacturing carbon nanotubes
formed of graphene sheets whose number of layers is n
{(hereinafter referred to as n-walled carbon nanotubes).

The method of manufacturing n-walled carbon
nanotubes according to the present invention is one type

of the CVD methods using metallic fine particles as a
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provided thereto. Then the resultant is heated to a 5
predet erm ned carbon nanotube growth tenperature to
bring organic conmpound vapor to be served as a raw
material in contact therewith, so that carbon

nanot ubes are grown on the netallic fine particle

catslgees. metare@@ntmetm&ni@mgm?é/@am% §iH@'§§r9ﬂcles
the reason why only the 10 desired n-wal |l ed carbon

adapotifre wes e, nele ARt €1 68 he @-&usew val ytﬂan@mgesg of

but a m xture of many types was obt ai ned

nSORAYERL %ﬁecaimla@ggt,u nug %5;1#5{@% té%%lty is

The pr esent I nventors have oun out cause

p]!@ylaedhea&épeﬁsond'ﬂ,gﬂsﬁ t@%slatﬁtr%&@"'éﬂ B8ed to a

particles int ne par reduc

f
P il Qi e Rl i e Mﬁ??hﬁ?é&e@e o bring
onGREREEPrdld Mt %‘e e SRL il G bh e faclial in
d
ol CRETehi AR trSSsS JE R R arh bR e S Bes GRodtRYn on
ul arl t t | t
g %@?S}ﬁ%rﬁ'% ﬁ%ﬁ?ﬁs S ARHTSe S Fur t R srorRresent
|n a d|t| ese co ditions, . the partic
i S55s MVS e le: Bt %?Pnshﬁaﬁﬁ%%g& only the
BB e el Bl b S S B 0 edeeto ve
| ed b b b | ect ly
s%a%a?s&&i&ﬁ N ChERA RY BoR g TbdbARY obUpgs was

follo .
ocbtalne in the conventional carbon nanotube

manufacturing method. The present inventors have found
out that the cause lay in heating conditions of the
metallic fine particles in the metallic fine particle
reduction step or carbon nancotube growth step.
Specifically, according to the fact found out by the
present inventors, heating time and heating temperature
of the metallic fine ©particles in each of the
aforementioned steps as well as introduction timing of
organic compound vapor in the carbon nanotube growth step
are particularly important to selectively manufacture
n-walled carbon nanotubes. Furthermore, in addition to
these conditions, the particle diameters of the metallic
fine particles are adjusted to a predetermined value

according to a certain desired number of n, whereby only
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Specifically, when heating is carried out under a

reducing 5 atnosphere to provide a catalytic activity
to the nmetallic fine particles, aggregation anong the
metallic fine particles is started under sone heating
conditions. The particle dianeters deviate toward an

de&exPagdi ng- gL § geki oé]ar]f){)ﬂmlf?ﬁig%?% carglaﬂe be s lectlvely

Consequently, desired 6n nanotub

n&ANR9L he pnuf actured. Moreover, if  original
variations 1n particle dianeters of the netallic fine

par t izel es,. ?5@0&@ c%%l Mari %td%%}/mkude Ccuécaﬁl:iﬂatsyhefollows.

nunbér of Tayers Carbéh €S acco 4
I nt or e.repeate
seiee Skt WSS, PP ER BRAR T ealEno
ti,cl e di b ,
at’ﬂ“%% P B L B8 & e THEL et AP AP e Y FE. %fasetrv%v@glw
for the |od of tinme hefore the ro h of th
E105 péit bl BBes @ BATERE AR [ATORFnd Bar t1eFellig Tine
tarted. Th 20 |t t he present
pasrntiéafﬁanlsiﬁiee: b e T SO b ABPBELGERIchBRg - The
rin nethod of the present inventign includes
oo LR et e B T ATH 2t SHOVEEA BB PAPERAIG This Goion
a edeterm ned particle dianmeter, on a substrate,;
fq%%t?né’%&F%%t%q¥Q?flngoﬁéﬁq%ﬁ%glﬁozﬁ@Slred n-walled
predeterm ned tenperature of 300C to 400C in a

cardiiii Rgcdthspheraned Qmisbapideatiwredr sHprgeazer, if

thereof; heating the netallic fine particles to a
original'variations in particle dlameters of the metallic

fine particles are large, variations will occur in the
number of layers of carbon nanotubes accordingly.

Accordingly, the present inventors have repeatedly
made studies on manufacturing conditions under which the
original particle diameters can be maintained without
aggregation among the metallic fine particles for the
period of time before the growth of the carbon nanotubes
on the metallic fine particles is started. The studies
result in the present invention.

Specifically, a carhon nanctube assemnbly
manufacturing method of the present invention includes the
steps of:

forming metallic fine particles, having a
predetermined particle diameter, on a substrate;

heating the metallic fine particles to a
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predeterm ned reaction tenperature in a reactor; and 5
i ntroduci ng an organi ¢ conpound vapor into the

reactor to grow carbon nanotubes on the netallic fine
particles in such a way that a tinme during which the
tenperature of the netallic fine particles exceeds

p ¥R8& el 160 Wﬁa%?r@e%r 3bBect B8 @Sbi"%di?lfsatfgﬁucing

before the 10 gro the carbon nanot ubes

aﬁﬁ@{:#ﬁgr%f ey c‘igﬁsgeﬁteid]ﬂi’%gént he argg.{raféégs];rg:t eeoraec()ﬁ;

partfcles is started. 1n manuf uring

t he an e .y usihg .t he [1ic fine
part?%%ggﬂgg aqgggalﬂg$?£f?%%is ?ggﬁiréﬁgﬁﬁgfﬂfﬁ% T a
ol & ticles .be heated 15 . n the steps of
o{FA8 iRl BRSERI ok e R pEfles” i f cFed i orand
the grow h,of .t he carbon nanotubes. In ,this case,
al't hatgr SHECABr Bkt i TrO DR L fot SPRPEUAChe VaRGY | dide the
i s_remarkabl e when t enper at ur,e exceeds 450C, it can,
£ 4R k3o tdarBHOYh&r Miifh RECGHRER B8P (e cBPbGH Yo fine
nanpt ubes on the netallic fine particles is, started,
PEHet Ch§§r éght PO Parfony 2iet 2 Fc & i W BartiiciRg #hiich the
revent ed by rbon adhered onto the netallic fine
teﬁ%‘???éfﬁ&ﬁe aﬁdggﬁem%@gﬂr%ﬂgﬁt%ﬁed}a@gtﬁ&l §7 SGreedangS0°C
) nQ{e. Accordingly, in aorder to maintain the particle
isjicdfbistOREs 1 hE hRVaFl fer2bhe Retdqad id dsime kefore the
redeterm ned value and to selectively grow n-walled
ILCH 1P I &R6t GBERONt RRRPERP SFud Syt akteR g Reergthe heating
tenperature of the nmetallic fine particles exceeds
ofx5gee Wabadd 4F thi ReaPprddet ke i Asd StGATELESF t he
period of tinme before the growmh of the carbon
nanofbé&d § Raiipfaehuiingy method of the carbon nanotube

assembly using the metallic fine particles as a catalyst,
it is required that the metallic fine particles be heated
in the steps of the reduction of the metallic fine
particles and of the growth of the carbon nanotubes. 1In
this case, although the aggregation of metallic fine
particles is remarkable when a temperature exceeds 450°C,
it can be considered that when the growth of the carbon
nanotubes on the metallic fine particles is started, the
aggregation among metallic fine particles is prevented by
carbon adhered onto the metallic fine particles, and the
aggregation does not progress any more. Accordingly, in
order to maintain the particle diameters of the metallic
fine particles at a predetermined value and to selectively

grow n—-walled carbon nanotubes, the time during which the
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the heating of the netallic fine particles is started.
5 According to the fact found out by the present
inventors, the upper |imt time is 600 seconds, and
300 seconds or fewer are nore preferable. Mreover,
in the carbon nanotube assenbly manufacturing nethod

teﬂ%oémtBEESS@tth@vfﬁ@'i:iaqu’ié hﬁ%&_ %%%gcqgrg g WU &0 450°C

e tenperature of the netal articles excee

Q,Q . t 1ter|{ %re%?e%’deﬁggfﬁﬁﬁ%'gfj%i%e ff%VFrthe]: %\r/eap%?d ?g time

eriod o or e € organi ¢ conpound
0t ed i t a t cLi.on
oot rE O S ERE R adbl e B i in e rag atter
anticles is started.. .\Wepn. the_growth of carbgn
e b ER0R & (R Sl Ard 1Y R BaPOrO el fS SBaAtAEted-
t he regati,on anp the, netalligc fine particles is
AR Ot s T Dot UBOVEUE Bl ERf PERBFDY dnventors,
consi dered. a.case where th row h start 20 tinme of
CRE MR hahblibel 1Ot BR0dEPECRYP | (RIS PPome adds or
out si de. Hence, in_the present invention, as a
fe?@?%ﬁ%ﬁ%emPGF1ﬂﬁ§??ﬁ%bgﬁring whi ch the tenperature of
the netallic fine particles exceeds 450C, it is
possIBFEVE L use I ti ' SwheF 3 HRONet AFPE TR assembly
particles, reach a 25 predeterm ned reaction, .
napGEFt e bt BIaR@ thRd g fahie PESSSAINA RV EPRE 188 /o gy time
material js introduced into the 9 reactor, instead of
dugd@cyr ot H-Bt aF et | FtMpR I bon fhnothBeshetad ke fine

period of time before the organic congound vapor is
Parfdicolite S TR 85 thel t ealet ®redfe¥ally 600 seconds or fewer

for the period of time before the organic compound vapor
is introduced into the reactor at the reaction temperature
after the heating ¢of the metallic fine particles is
started.

When the growth of carbon nanotubes on the metallic
fine particles is started, the aggregation among the
metallic fine particles is prevented as described above.
Herein, there is considered a case where the growth start
time of carbon nanotubes cannot be directly judged from
the outside. Hence, in the present invention, as a
reference for the time during which the temperature of the
metallic fine particles exceeds 450°C, it is possible to
use a time when the metallic fine particles reach a
predetermined reaction temperature and the organic

compound vapor as a raw material is introduced into the
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reaction tenperature after the heating of the netallic
5 fine particles is started, the tine during which the
tenperature of the netallic fine particles exceeds
450C is 600 seconds or fewer, nore preferably 300
seconds or fewer, whereby the aggregation of netallic

rdd deoPar ticke8agl SofURR. S??@wﬁf}g Ghe rtl:iiorﬁeyof carbon

di aneters are nai ntai ned. I0 Consequently,

na46St g s ﬁéﬁdgﬁéf %f@&owbet?iﬁggbe%é&' EhL chllt%%nic

manuf act ur ddi ti y, the predetermned reac
t a . €. ' it ] Vi_Qus
A AR TEr Tone AETRE e of Al Y grefe8R e ene
5 I Li.c fine ti.cl.e t erature.at which, .
e TR refieit EPEE o RS P SHEN cofl BBunifeflLic
when_the . organi.c conpound vapor isS. introduced int.o
e Pgé:ctlcgzﬁegrsiurltshe§ﬁgFgfe%i’n ﬁ\% ctai"rrﬂ)%nd]]ﬁr?&%bg?’l(:h the
assenb manuf act uring .met hod of the.present o
t o FiRe PhoF B He' 50 1 T i RAELAPLE DA ReR EaglS0°C
ot tallig fineéﬁgrticles to a %;edetgrnig%p
18 Sperdt uPBIFeCfedifH0bC 4RECABFE LG AP LY v&Y Fefonds or
reduci ng atnosphere to cause reduction at their ,
feufH aodte TR 6 et 79 3¥ 8P 251 ORe &t g terd Hetdns @ainkcles
. particles tg thg Eredeternined reaction tenperature.,
15§ IR ot gRct AR Of Beuperdfalfe ddraé%%ﬁ?risn@éﬁt Ped Aesned.
in reducing a tinme during which the nmetallic fine
CopsyqqeeBELY1008¢ Redidrd Ve bhper aRube e pEali wges can
450C, there_.is a case in which reduction cannot be

bec finkrcht ety staratastugedmtal Iic fine particles

satisfactorily in this _
Additionally, the predetermined reaction

temperature means a temperature at which it is obvious
beforehand that the carbon nanotubes are grown on the
metallic fine particles, and a temperature at which the
growth of carbon nanotubes 1s started immediately when the
organic compound vapor 1s introcduced inte the reactor.
Furthermore, 1in the carbon nanotube assembly
manufacturing method of the present invention, there is
included the step of heating the metallic fine particles
to a predetermined temperature between 300°C and 400°C
inclusive in a reducing atmosphere to cause reduction at
their surfaces before the step of heating the metallic fine
particles to the predetermined reaction temperature.
Although the feature of the present invention lies

in reducing a time during which themetallic fine particles

10
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condi tional range. Consequently, a catalytic activity
is 5insufficient, and an irregularity in the
catalytic activity occurs, thereby making it
difficult to selectively manufacture only desired
n-wal | ed carbon nanotubes. Accordingly, in the

2% 6588k clin¥eNtd Oy @igftglé:teé he, JBL 3k bl gtz;ifsioo’nbec parhleless

are heated to the 10 pre rmned re

cd SOPEL AL HE Bn FRAMIH M6 rggﬁﬁb%nbigagéﬁg%éﬁf%td%{é | Yurfaces

caused at a tenperature ween
i N ' .t 0 pr.avid sary. c t LVIity. .
otmareRETiE: ide o Br BIGTRY G EL P kR B0bk  1X - et
ive .r tion i.s not sati factorié rQgressed., .
B L R PR B el Bh I e et Al aY FRETViey 15
. a at.ign of netallic fine rti.cles ,may he started. .
R B e p P et £ o TR TRt vl odtts o Feaytic
to. be between 300C .and 400C i ncl usi ve,, and .i,ts. .
SHO T RY tIHE-UF S pr i 5BPY 4G bRBndd or AOEdICHKE  to
600 seconds or nmore . 20 is particularly preferable.
SMETEBVER Y MBS TEAHHRE n bk b eRkER| yp-walled carbon
manuf acturing nethod of the present invention, the
nafiQHEPEEN nBE FFE REAYr chRER REE SN brisresnbl gnsdpetore
or hi %her._ When the reaction tenperature is 500C or
thenwemetssl hier e fig t BddenkSLehat ate gh®ake®df to the
anor phous carbon has priority thereby decreasing the
PLAAFHE BTN E§RSdH O T eifriabescext $@HEfy Ve reaction is
Accordingly, the reaction tenperature is desirablg
sepbtf B LRitgHEr Calbandht F e iempeha tedse heftween| H0f Reand
reaction tenperature to a
400°C inclusive to provide a necessary catalyticactivity.
When the heating temperature is lower than 300°C,
reductive reaction is not satisfactorily progressed.
When the heating temperature exceeds 400°C, the
aggregation of metallic fine particles may be started.
Thus, the temperature for the reductive reaction needs to
be between 300°C and 400°C inclusive, and its holding time
is preferably 480 seconds or more, and 600 seconds or more
is particularly preferable.

Moreover, in the carbon nanotube assembly
manufacturing method of the present invention, the
predetermined reaction temperature is preferably 500°C or
higher. When the reaction temperature is 500°C or lower,

there is a tendency that the growth of amorphous carbon

has priority thereby decreasing the yield of the carbon
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tenperature higher than 1300C, a material that can 5
W thstand a high tenperature as a construction
material for the substrate and the reactor nust be
used, resulting in an increase in restriction on the
apparatus. Thus, the reaction tenperature IS

u‘?.{ﬁ%@%’q. RS T orbor at ureo o35 B b mer S ¢ Fragtion
%i%k%&f@& ﬁ%%f%%ﬁ%& §0§€E 59 gggﬁgéiﬂrhégﬁhh%le, in

ern1ne range iS'redquire ara

t#eiﬂ‘g’%m%éi: A %%%érét“ﬁ;cg%éi‘%ee St Repbiid ks

teﬁé‘%r%ﬁ rr%?. %agheet i EO06 og Pacha CREdA g thAY can

o SPHRER il Pl B L SR A S
pm Accordi ngl

f%r e”sﬁ%n%taaseagﬁensw R T b it AR et Rt ing

resent invention, it is 20 preferable that the
é&tFﬁﬁﬁﬂa%%éjhﬁ?éﬁﬁ%??%ﬂ%‘ﬁhﬁﬁ@ﬂ@&?a¥ﬁ¢5§rfoFH€& the
y the radi ati on heater having a peak of energ
r%ﬁﬁ%%?ﬁlt&ﬂﬁ%ﬁ%&?F@n%ﬁwQF?%%ﬁébéﬁ\kﬁ%@eﬁgpﬁ(%OWQFO
pmto 1.7 pm As a netal that nakes up netallic fine
part i@ esdenghat e telpe Sreing wgécéhé%ertewgature
as a catalfst for carbon nanotube growth reaction,
ohhdhes wetall bast iBReP2 L ifcha wefeeted4PPSH tlﬁesgrtoﬁp be
consi sting of cobalt, nolybdenum nickel, and iron or
wigih by the nrrdet perdned remaseddois, raguined dhmthg rate

method, it is preferable to
of temperature rise of the metallic fine particles in a

rande where a temperature exceeds 450°C be increased to
some degree. For this reason, it may be better to use a
radiation heater, which serves as a heating source for the
metallic fine particles, and which has a peak of energy
spectral distribution in a range of wavelength of 1.0 um
to 1.7 pm. Accordingly, in the carbon nanotube assembly
manufacturing method of the present invention, it 1is
preferable that the heating of the metallic fine particles
be performed by the radiation heater having a peak of
energy spectral distribution in a range of wavelength of
1.0 pm to 1.7 um.

As a metal that makes up metallic fine particles,
it is preferable to use one that acts as a catalyst for

carbon nanotube growth reacticon, namely, at least one
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use a di pping nethod using a solution (preferably,

et hanol 5 solution) containing ions of these netals or
a sputtering nethod using these netals or alloys of
these nmetals as a target. Furthernore, as an organic
conmpound serving as a ram1 naterial for the carbon

t S St ne
e3P % ed el eﬂgzcﬁ e gro > ofo%% a%tiﬁa DEobalt,

conpoun ect ane

%qﬂﬂgﬁ, t n d _acet.y t one
mog n’poun'élm Fgc%?%e f?%#nstﬁgggro%% lon%?h%%of:h% anotra‘lS
ol t und, sel ected fr
PutbhBBRRY b ﬁ%%\s%t RetERED ahe ot AcBhe b Le to
15_derivatives, of these t carb not
uSEg SRR TR LEPGT T Rg et Mt S b OPnEPpPAgabL v, ethanol
i.nvention having.the afore i oned ur es,

SOgHe R b SR HEL RS HaMRer Tof PGy H‘&%‘e]sﬁé’e‘% ¥ pRpdtening
t he nmanuf actured carbon nanotubes to a desired 20
me& qu;u%JtngS Eaﬁl PEFa™to% el pavfi efetdeafemisa bf as a

the netallic fine particles be adjusted to be within
taygsfredet ermined range according to n. As a result of

resear ches i ndependently made by t he present

[ nveﬁFBFQequr%asa%@éhOﬁfé&Pé'h’r"édzquﬁ?uﬁdnﬁﬁ’ﬁVé@ﬂ PEl 8 Taw

di aneter of the 25 netallic fine particles mght_be
mager 4l (i fidhe G HeoR haRO tH®Gor ditnd st Br@ﬁwaﬁh@rt@wse

sel ectively manufacture. 13 n-walled carbon nanotubes.

atghegistt eal gomnrwirderel ockedeérrte b engioiar oy methane,

singl e-wal I ed (one- malled% carbon nanot ubes, the
ethang cpgopane, butane, ethylene and acetylene, at least

one compound selected from the group of methanol, ethanol
and propanol, or at least one compound selected from the
group of benzene, naphthalene, anthracene, and
derivatives of these,.

In the carbon nanotube assembly manufacturing method
of the present invention having the aforementioned
features, in order to adjust the number of graphene sheet
layers n of the manufactured carbon nanotubes to a desired
value, it is required that the particle diameters of the
metallic fine particles be adjusted to be within a
predetermined range according to n. As a result of
researches independently made by the present inventors,
it has been revealed that a mean particle diameter of the
metallic fine particles might be set to the following range

according to n in order to selectively manufacture

13
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di aneters of netallic fine particles forned on the 5
substrate are 8 nmor less. In order to selectively
manuf act ure doubl e-wal | ed carbon nanot ubes, the
particle dianmeters of netallic fine particles forned
on the substrate are 8 nmto 11 nm In order to

niﬁ%ffégvgg% Lﬁgﬁbgg%%ﬁiple-malled 10 carbon

nanot ubes, the particle dianeters of netallic fine

part F%éﬁ%%%?ég??&éhio Sybstrat %ealreeci}%vgﬂH gléﬂnﬁlf‘é‘&ture

In o nmanuf act are quad- wa

: i cl ' f llic, .
S p e R Y S A AT
.18 15 | d l.ectivel f act
T RE 188 P Bon gt s DA BLT e cf & BREePEr sthe
f netgllic fine parthcles formed on the substrate
Sugjrsetji% Anft§ 21 Hh °Fn*&Fdition, the particle
di aneters of the netalli, i ne Barticles according to

lic
he Bheher oenPRaR S e L "SaPia custe, Sy d s 1 ed
fqoll owin . Specifically, just before the growh of
CaHUD M ARIONBSs LPSPeA tAFle dHARe rRF sl f @qtablic Tine

particles formed on the substrate were heated to _end
PaHe! ¢ keific fPgMmed PR ahBeh&aTigr # Bache® # nm to 11 nm.
predeterm ned reaction tenperature, the .substrate was
25 qiBnOREE ot ¢ odmlechicret Yir BapufiasiRuT it Esdidigrgvalled
organi ¢ conpound vapor and the netallic fine ) .
cazaan Al baleRe the Babsicdie disme psarabdahahl hicghine
resol ution Scanning Electron Mcroscope (hereinafter
Perdiigted foraedigh thessunsonabeMpre Spechhi &gl I4p nm.

t he observation was nade
In order to selectively manufacture quad-walled

carbon nanotubes, the particle diameters of metallic fine
particles formed on the substrate are 15 nm to 18 nm.
In order to selectively manufacture quint-walled
carbon nanotubes, the particle diameters of metallic fine
particles formed on the substrate are 18 nm to 21 nm.
In addition, the particle diameters of the metallic
fine particles according to the present invention are
values measured by the following way. Specifically, just
before the growth ¢of carbon nanotubes started after the
metallic fine particles formed on the substrate were
heated to end the reduction step and heating reached a
predetermined reaction temperature, the substrate was
guenched To room temperature without introducing organic

compound vapor and the metallic fine particles on the

14
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of the dianeters of the netallic fine.particles just
before 5 the growth of carbon nanotubes started after
the end of the reduction step. Then, the neasurenent
was made of the particle dianmeter of each of the
reduced netallic fine particles seen in white color

sd%ﬁ?gtéE%éf@ggﬁs;é?‘{%%a]ig lg eﬁf.gﬁurllg?cgfgrcgbnt ecanning

particle dianeter ¢ metal' Fi'c fine particl
O e s PR O B M e Cn e SRER Y B R tom
iLcle | t I heri cal . sh .. By th
< SRADELS) Be0", PRI PR Ye A OO0 Pl DS mace
h th to t h 15 ded
o AL PP L S o8ar BE M Aot S6e LaE AT b Fdenguarn efore
o AR B Bl HRRE B4 A PERE bl She ena o
nanot ube . assenbly), which has not been manufactured
theg reguction SteRsenbRfrnallRgraa snFemaht am mesiq edgthe
as_various kinds 20 _of carbon naterials for an ) )
Pkt + BnOdGmMTRBr o EheaSkeP T BRECITIANEEG, mehe Idakpohiine

nanot ube assenbly of the present invention is i
PadelstF 1 BEdSRS™ He! Pt BRI R LOIN ity theySEM( inagesrpohng a
nanot ube assenbly, which is an assenbly 25 of carbon
ot ubed UH FRR¥FRG rgrowthoh Paubselgt ediampier wpfchthe
a proportion of double-walled carbon nanotubes to 15
nededt bbhC nhhbBeubes tont @i hed tilwnak esenbndiica s arvalue
nor e. i) A carbon nanotube assenbly, which is an
ofagsehpiny flaatbon Harfoties Wigeetlilye powwarophape of the
substrate,
metallic fine particle is not a perfectly spherical shape.
By the development of the aforementioned
manufacturing method, the present inventors Thave
succeeded in manufacturing a carbon nanotube assembly
having an extremely high wall number purity (proportion
of n-walled carbon nanotubes to the entire carbon nanotube
assembly}), which has not been manufactured sc far, as an
assembly having a size that can be used as various kinds
of carbon materials for an electron source or the like.
Specifically, the carbon nanotube assembly of the
present invention is described as the following (i) to
(iv) .
(i} A carbonnanotube assembly, which is an assembly

of carbon nanotubes directly grown on a substrate, and in

which a proportion of double-walled carbon nanotubes to
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and in which a proportion of triple-walled carbon 5

nanot ubes to carbon nanotubes contained in the

assenmbly is 50%or nore. (iii) A carbon nanotube

assenbly, which is an assenbly of carbon nanotubes

directly grown on a substrate, and in which a
cﬂ@gﬂrﬁéﬁat%e%ueghwﬂﬁ G Ry ANy ilsovtg% or more.

car bon nanot ubes contal ned 1 n the asse i's 50% or

nor e. (s V) carhgn,na se jch_js an .

asseéﬁfﬁ ofe%a?gon Hgno u ggugﬁreggFén%} 3ﬁ”é§1 18 an

t ' ' p rti f quint-walle
2SR IO Er b hao B PRORRL I8 ool e §Erate,
e assenpl y.is_50% or re,. Mbreover, .in t resent
L8y Daorehebey Tl ottt orEhRhs {7 S édhecatbon

metallic fine rticles on,the substrate, it .is
ndROEIBES 5 StoR nERr) MRS GOt PaL b8 rbame assembly
. nag %ube assenbl i es described in the above (i) to
9 § i REWHi?HF t he growth directions of carbon

nanot yhes are oriented unifornmy along a normal |ine

di r eddi*on wi £h Cﬁég’ﬁé’ctnﬁac’t%%uﬁfsa?@é“ Y{h&'hich is an

substrate, Furthernore, a field em_ssion display of
agsR L ¥@hca eon MaRe FBRessd i Rgridieproet By asitRstrate,

t he carbon nanotube assenbly of the present invention
angl 1 whyicdt PoR TR el on 16T AEEF arAd e egbon nanotubes

manuf act uri ng nmethod of the carbon nanotube assenblg
LpfcaFROPr 3B URRRNEPBR21INE] sipokReppesemply is 50% or

sel ectively manufacture specific n-walled carbon
more,

t
n .
alnvéHE|6ﬁ,

(iv) A carbeon nanotube assembly, which is an
assembly of carbon nanotubes directly grown on a substrate,
and in which a proportion of gquint-walled carbon nanotubes
to carbon nanotubes contained in the assembly is 50% or
more.,

Moreover, in the present invention, by increasing
deposition density of the metallic fine particles on the
substrate, 1t is possible to appropriately obtain the
carbon nanctube assemblies described in the above (i) to
(iv) in which the growth directions of carbon nanotubes
are oriented uniformly along a normal line direction with
respect to the surface of the substrate.

Furthermore, a field emission display of the present
invention is characterized by using the carbon nanotube

assembly of the present invention as an electron source.
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nanotubes in a range of n =1 to 5 as an assenbly
having 5 a size that can be used as various kinds of
carbon materials for an electron source or the |iKke.
According to this manufacturing nethod, it is
possi bl e to manufacture the assenbly, which is

ori@g%?éyd%ﬂgn?g h o MRL ALY dlﬁg ﬁggmolehe carbon

nanot ere IS NO nee ect

néxPSEhB'eCaQs‘é’ﬁ 5 o%gt%}l?%}n ?Qgh‘ﬁbfnfr 'P;L%I{“ i “E%bﬁos%ble

pes "o arb I'S” pOsSi

uf asse f _carbon n otubes h
sa%ef? #égﬁ e PR PR e ety t 50 i Ebon
t s. of deV|ces 15 Furt her t he car bon
nafQEHRP ;‘? 3F (e & I’pgr%s%ﬁ b IoEBon 98 Sh shidifkoREving
nanot B on the urface have the same _nunber of
aarlgﬁhﬁ 8 LsRBBOT A asc‘éﬂ“ﬁéls ira5 alsprBordiatRE1als
such as . .a field em ssion dis devi ce, and .al so can
f?%p?BV@Lﬁﬁﬁ%ﬁg ﬁPH&&%ﬁOQOtgﬁaﬂ&ﬁ%nus%FEQrH%%ﬁuEﬁ this

hysi cal properties dependi ng ,on the nunber of

mag‘?‘égﬁ@ﬁélr e ehefs. 18 s A%TEHPpEi bR BEAtHeacture the

EXamnn s Fig. 1 s a schematic viewillustrating one
%Iﬁ’a#ér E@Ud?h a 0 hoH L Raddt e FaRdf adt Mailgly n-walled
apparatus Fig. 2 is a tenperature profile show ng a

qu/b%n@ﬁaatqwm@ coddits onthA B ahpl 88, Teed 30 Shect a
SEM i mage of netallic fine particles on a substrate

St hf hedniiwaRdaplesrion3nagodnd e fram g mixsugegpdphany
showi ng particle dianeter

types of carbon nanotubes, and it 1is possible to

manufacture an assembly of carbon nanotubes having the

same characteristic and to facilitate uses to various

types of devices.

Furthermore, the carbon nanotube assembly of the
present invention, since the carbon nanotubes on the
surface have the same number of graphene sheet layers, can
be easily used to devices such as a field emission display
device, and also can i1mprove various kinds of

characteristicsrelatingtx>physicalpropertiesdepeﬁding

on the number ©f graphene sheet layers.

Brief Description of the Drawings
Fig. 1 is a schematic view illustrating one example
of a carbon nanotube manufacturing apparatus.

Fig. 2 is a temperature profile showing a

17



10

15

20

25

5 distributions of netallic fine particles on a
substrate obtained in Exanples 1, 3, 7, 9 and 10.
Fig. 5is a TEMinage of the carbon nanotubes
manufactured in Exanple 1. Fig. 6 is a TEM i nage of
t he carbon nanotubes 10 manuf actured in Exanple 1.

maFﬂlgf?Zth§1§1C?TlEr%4ﬂE§§g§o%f tz{] g%snanot ubes

manuf acture is a TEM i mage of

th b
e ST RO %%“3%‘5‘{ B PR R o scaes
I E TEM

or{‘a%“é@%%%%ﬁca 2?%%%28 ﬁa TAEPRI 4T B '”a%%ﬁ

11 TE f th b tub

rranh?&?gt ured | e : ]ég]i)ﬁar ggvgjg{]gsu%g%éﬂcqﬁagéjﬁmeter

oS R BB R B o e

fact [ le 1. Fi 14 TEM

Obganfrﬁggcg%ggﬁ‘laﬁ%ﬁ?ogggég 3rran 'faé?GPé"d]:Qi gxan‘pl |em;ge18

Fig. 15 is_a TEMinage of the carbon nanot ubes

manuf&&tur 8d % megve%magﬁg°§6§@?a°ﬂﬂ@?%&@@%ﬁtUbes

t he carbon nanot ubes _manufactured in Exanple 1.
manufactured in Example 1

Fig. 6 1s a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 7 is a TEM image of the carbon nanotubes
maﬁufactured in Example 1.

Fig. 8 1is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 9 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 10 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 11 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 12 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 13 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 14 is a TEM image of the carbon nanotubes

manufactured in Example 1.
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5 Fig. 17 is a graph showng estinmated results of the
nunber of graphene sheet | ayers of carbon nanot ubes
manufactured in Exanples 1, 3, 7, 9 and 10. Fig. 18 is
a graph showi ng estimated results of the nunber of
graphene sheet |ayers of carbon nanotubes 10

manufget ur ed 4y Bxanppgs 1]ma1:%els o310 Rt O%JPb?E abr]‘gtubes

is a graph show ng di aneter s bat 1 on

m%ﬁpﬂggﬁ]@e@%{aﬁ%%ﬁow ngExarrpI es 1, 3, 7, 9 and 10.

a Raman spectrum of the 15

carban Jenotubes i SJs ot BB eappby ndtotibes

]ﬁc
a grap ShOMAng a Rama

nan Cg S nuf %ureg g Exanple 1. Fig. 22 is an SEM
g% s 5 ﬁgﬁ’ fube assenbly manufactured in

Exa 23 .i EM i mage of e carbon
AN &@eslfr&ﬁuﬁa&rﬁpéa ﬁ%@aﬁp?égémaﬁe&? ohLes e
nl'jaeof the carbon n ubs manuf actured i n Exa
nugn % T 9.0 25 ISR FEN i Cofl d ¥Rt Earbon SRR B EUbeS
manuf actured in Exa .. Fi 26 is a TEM.i mage of
aFBER hddbtEpRE 1f€§ emuf act ur & 37 EkQrpl e 3.
F| g. 27 is a TEMinmage of the carbon nanotubes
manufact-uddd 1 SnaE%ﬁiﬂlb showigy ostigaterEMesalbsopf the

t he carbon nanot ubes
number of graphene sheet layers of carbon nanotubes

manufactured in Examples 1 to 3 and 5 to 10.

Fig. 19 is a graph showing diameter distributions
of carbon nanotubes manufactured in Examples 1, 3, 7, 9
and 10.

Fig. 20 is a graph showing a Raman spectrum of the
carbon nanotubes manufactured in Example 1.

Fig. 21 is a graph showing a Raman spectrum of the
carbon nanotubes manufactured in Example 1.

Fig. 22 is an SEM image of a carbon nanotube assembly
manufactured in Example 3.

Fig. 23 is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 24 1is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 25 is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 26 is a TEM image of the carbon nanotubes
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5 manufactured in Exanple 3. Fig. 29 is a TEMi nage of
t he carbon nanotubes manufactured in Exanple 3. Fig.
30 is a TEMimage of the carbon nanot ubes
manufactured in Exanple 3. 10 Fig. 31 is a TEM i nage
of the carbon nanotubes manufactured in Exanple 3.

i i T i of., t he car bon nanot ubes
m%%ﬂﬁ?éé?ﬁ%ggjfﬁMkigﬁgﬁg fﬂ Fig. 33 is a TEM i nage of

t he r pbon.,panot ube 5 ,manuf actur i n, Ex le 3.

Fi'g. 37020 TEM Pl of THE® cBborr Rant LReE nanotabes

manuf act ured Jin anpl.e Fig. 35 is a TEM i nage of
nahe %gﬁﬁgﬁcﬂéﬁbﬁgg%gglﬁhﬁﬁfactured in Exanple 3. 20

Fig. 36 is TEM i of, t he ca%pon nanot ubes

manuFadurdl i 7 Efa 3139q. 037 thea PP Rage e tubes

t he_carbon nanotuybes _manufactured in Exanple 3. Fig.
magpI{ac U?Eﬁrﬁﬁhg%xaFP#ﬁ% -ar bon nanot ubes 25

manuf actured in Exanple 3. Fig. 39 is a graph shomﬁng

a Rafei¥ -spéct rifn 8f tH8 173 %%r Bdn RFRRotiAEon nanotubes

manuf actured in Exanple 3. Fig. 40 is an SEM i nage of

maphER o RENJTuER 8BBe®bI3» nanufactured in Exanpl e 4.

Fig. 41 is_an SEMimage of a carbon nanotube assenblg
Fig. 30 is a T image of the carbon nanotubes

manufactured in Example 3.

Fig. 31 is a TEM image of the carbon nanotubes
manufactured in Example 3. |

Fig. 32 1is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 33 1s a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 34 is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 35 is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 36 1s a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 37 is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 38 is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 39 is a graph showing a Raman spectrum of the
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5 manufactured in Reference Exanple 1. Fig. 42 is a
graph show ng particle dianmeter distributions of
netallic fine particles on a substrate obtained in
Exanpl e 6 and Conparative Exanple 1. Fig. 43 is a
graph showi ng estimated results of the 10 nunber of

. b
e s e ot AR e e AR e e 1

Fig. 44 is SEM LpBg f a r bon .nanqt ube. assenb
s rk o SR g ey § 4 AR N R g o Ly
il oW 15 .manyfacturing condition in
m%%ﬁ%gfgfﬁ§%¥kggngﬁ§mfl%ﬁ > 46 is a TEMimage of the
car ban. nanat ubes uf actured in anple 7. Flg. 47
o A B hhgS Br SRR HA RGO R GARREY TRHaFAEE P Sqembly
i n anple 7..20_Fig. 48 is_a TEM image of the carbon
m?}%Hgté&gg’sre%ah’af REfETEPGS, %ﬁfml\f@ 7 Fig. 49 is a TEM
i mage_of the carbon nanotupes = nmanufactured in Exanple
7. Fiflt950 1% 2 TEM i fHRPBf $hevd@doRatdnbligesdigheter
manuf actured in_Exanple 7. Fig. 51 is a graph shomﬁn%
dLs REARK IRt raf Betedd 1 2 fFf 008 oA L hdfdtibeyn @ substrate
manufactured in Exanple 7. Fig. 52 is a TEM i mage of
ohhalegthod MerdlBbes & matdif aeligeed i hv exBipre e i g.

53 is a TEM i mge of the carbon nanotubes
Fig. 43 is’a graph showing estimated results of the

number of graphene sheet layers of the carbon nanotubes
manufactured in Example 6 and Comparative Example 1.

Fig. 44 is an SEM image of a carbon nanotube assembly
manufactured in Example 6.

Fig. 45 is a temperature profile showing a
manufacturing condition in Comparative Example 1.

Fig. 46 is a TEM image of the carbon nanotubes
manufactured in Example 7.

Fig. 47 is a TEM image of the carbon nanotubes
manufactured in Example 7.

Fig. 48 is a TEM image of the carbon nanotubes
manufactured in Example 7.

Fig. 49 is a TEM image of the carbon nanotubes
manufactured in Example 7.

FPig. 50 is a TEM image of the carbon nanotubes
manufactured in Example 7.

Fig. 51 is a graph showing a Raman spectrum of the
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5 manufactured in Exanple 10. Fig. 54 is an SEM i nage
of a carbon nanotube assenbly manufactured in Exanple
12. Fig. 55 is a schematic cross-sectional view of a
field em ssion display according to the present
invention. 10 Fig. 56 is a TEMinmage of the carbon

13098 UBeso MBI AGLaced Ju Examibe Lo Bige 8T 1S @ TEM

Phe €At bonna nanuf i'n Exanpl e

. TEM f th t ub
rranungcq (365 ERarphe 294, 0do 855 AP rogiane tubes

ca bonﬁranot bes nyactured in Exanple 1. Fig.

m%ﬁ??@ UfeE Xpe @ﬁ% carbon nanot ubes
nanufacturgg in Exanple 1. 20 F| . 61 is a TEMim

of tfi&%arBdn Handt ur Bliei (F BB élaiHOtUbes

Fi 62 is a TEMimage of the carbon nanot ubes

qﬂﬁkﬁ%@?ﬁﬁ&i%%}%&éﬁﬁﬂ@ 39%9Fig. 63 is a TEM i mage of

t he carbon nanot ubes 25 manufactured in Exanple 3.

Fi g. ¥4 - 9%l EMVR iSRG A 9 ¢ IR GaFBER MaRenffasbe s sembly

manuf actured in Exanple 3. Fig. 65 is a TEM i nage of
mpHEL 2GEBER ShaibtEmesP lgadi# actured in Exanple 3. 5

Det ai | ed Description of the Preferred Enbodi nents
Fig. 55 1is a schematic cross-sectional view of a

fieldemissiondisplay according to the present invention.

Fig. 56 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 57 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 58 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 59 1s a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 60 is a TEM image of the carbon nanotubes
manufactured in Example 1.-

Fig. 61 is a TEM image of the carbon nanotubes
manufactured in Example 1.

Fig. 62 is a TEM image of the carbon nanotubes
manufactured in Example 3.

Fig. 63 is a TEM image of the carbon nanotubes
manufactured in Example 3,

Fig. 64 is a TEM image of the carbon nanotubes
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A carbon nanotube assenbly manufacturing nmethod of
the present invention includes a netallic fine
particle formng step, a reduction step, and a CVD
step. The netallic fine particle formng step is a
step of formng 10 netallic fine particles on a

ma?x‘fﬁ%rc‘?:ﬁﬁ:e Thfnrﬁgﬁﬁ&aloé‘ 3Step is a step of causing

uction a fihe particle surface to

pr owEdie a ¢at al yt |ac ?ﬁ#{' VIIM%STEDS QE/g ste b?lcalf%’ﬁg‘aubes

of gro hg "Carbon "hanot ubes

nd P hBotit R it h2°LL?¥,“oﬂgn2“nLl e 0"

manuf act uri ng nmet hod according to the present
invention for each step. [Metallic Fine Particle

Fornh gt First, a substrate is prepared.
Dataite %rha?épmo .?h?sPﬁegfﬁron%dt%mbgéiﬂmm%ﬁ
glass, a silicon S|ngle crystal, various kinds of
cer afi CETRAR BaRaFyde pHsdiwd hprvanpfacsipy hpg method of
quality of the substrate nust be snpoothly polished to
th%r?ﬁﬁé?%—i‘m e Hel par tReileded th Betaddiled i tperEicle
di ameter, and a surface roughness (RVB) 25 is set to
%%#égatﬁ‘iﬁgev@r aFeAUrEi oresstenl t dh aan@]‘@l ALemnd The
t hi ckness of the substrate nmay be used, an increase
neRalhlgedt neapaditiche fAEMIHISs AR PRl tepmekef prming
technically difficult to rapidly heat the netallic
ngiakligarfiing egarfitcdes eduicti ovlsitepabad affher veeduction
Thus, the thickness of the substrate may be about 5
steip ol 5| @sstep Apferabsiimy pregurcdd.on et sabstatatlelic fine
desirably
particle surface to provide a catalytic activity. The CVD
step is a step of growing carbon nanotubes using the
metallic fine particle as a catalyst. The following will
explain a preferred embodiment of the carbon nanotube
manufacturing method according to the present invention
for each step.

[Metallic Fine Particle Forming Step]

First, a substrate is prepared. As a substrate
material, it is possible to use silica glass, a silicon
single crystal, various kinds of ceramics, and metals.
Furthermore, the surface quality of the substrate must be
smoothly polished to form metallic fine particles with a
desired particle diameter, and a surface roughness (RMS)

is set to preferably several nmor less. Although any size

and thickness of the substrate may be used, an increase
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subj ected to precision cleaning, as pretreatnment, with
a detergent, water, an alcoholic solvent, etc., under
supersonic vibration in order to uniformy form
nmetallic fine particles with a desired particle

di anmeter. 10 As a netal t hat nakes up metallic fine

._pa l e ac t I f r,carhon .
lnna%%%&beéﬁ 8%ﬂh i S useé b@%? |ca % ¥¥fna§ be ?
tt.er one selected fr
cegttitabhyi ?.f%co%efﬁo%% PeoT yﬁbee%n%hﬁ. bR AL £ine
i.r.an_ .or an ese 15 The |d
Pa&.t Abes dh Qe laaTPE TERE Spardrtresid’ adfhsedthe
a ordlng e nb r aphene sheet | a ers of
FISH Bon Tt (IBS L5206 Seuraes abedt 5 mh o Less.
SpeC|f|caIIy in the case of nmanufacturin
si ngfELGE IR NG aPEEP 3Dt ulbds sihetaatic $sndesirably
%rrtlcle group having 20 a particle dianeter of 8 nm
SUgH 924 10 RF AEYSERTY Fe eadubRE r a2 8. PTALAGItMOM / iwith a
t he case of manufacturin doubl e-wal | ed carbon
deggisiembs, e hetal 13t 3 hecpaddiccl 80 lyedip h&litgr a under
particle dlaneter between 8 nmand 11 nm 25 i ncl usive
SUpsEFer 5e| yibbatween isver e hmanm afonmler foggsetisllic
formed on the substrate. 24 Furthernore, in the case
fige mantbelesi g th ra pesialdedant bod enahianbssr -a
metal lic fine particle group having a particle '
di ankser Betigeenthatnmedes 1 rmeteAdligsifine particles,
(preferably, between over 11 nmand 15 nmor 5 |ess)
a metpdrhpdtonctheasubstatabyst for carbon nanotube growth
is used. Specifically, i1t may be better to use at least
one metal selected from the group consisting of cobalt,
molybdenum, nickel and iron or an alloy of these metals.
The particle diameters of the metallic fine
particles are adjusted according to the number of graphene
sheet layers of the carbon nanotubes to be manufactured.
Specifically, in the case of manufacturing single-walled
carbon nanotubes, a metallic fine particle group having
a particle diameter of 8 nm or less is formed on the
substrate.
In addition, in the case of manufacturing
double-walled carbon nanotubes, a metallic fine particle
group having a particle diameter between 8 nm and 11 nm

inclusive (preferably, between over 8 nm and 11 nm or less)

is formed on the substrate.
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Moreover, in the case of manufacturing quad-wall ed
carbon nanotubes, a netallic fine particle group
having a particle dianeter between 15 nmand 18 nm
inclusive (preferably, between over 15 nmand 18 nm
or less) is fornmed 10 on the substrate. Stil

noreqver.. L n the case of nuf act uri ng uint-wall e .
car b%u%%kﬁ%?ﬁlger&’ a rét al Irir:i%ce fi 7&Sart ioc](iqe H@'rblbtacg‘urlng
having a.particle dianmeter between 1 and_.21 nm .

CT PR Bord o raaBh S BEEREET oePerg i Grbi D8 RFGicle
15 Ieﬁsé.is forneq:pn thg_sub trate. In ad ition,égpen

IERRP P& P Bp @ AFC 1ol &1 Fieme; YWeePeldedimapad 15 nm

. froma spherical shape, particle dianeter control is

0 PRER e, (RS EABK Yhd SHOPEBSOV K akbt B 21 15 nm or
regarded as a particle dianmeter. 20 A first nethod of

199P i A§ AU coRi fEpariPerEdtenaving a desired
particle diameter on the substrate is a magnetron
sput IRV Bt hda. Lige camssfammnulacopad ith quad-walled
filmformng chanber of a nmagnetron sputtering

cyppararaso i evacaanetag s £ nghrgacdehe NEx@upahaving
nobl e gas such 25 as argon gas is introduced to the

a fpamticrid nglienaiser hotwagpushtS the prebslifenmo apolnsive
0.1 Pa or 3 Pa. As a target, 25 one that is nade of

(e heshbilhe BESHWEENOVERY SN &NG &8 umerl l@wblais formed
negative high voltage is applied to the target to

opether sudmitnateéng. Single atons enitted fromthe
target surface by sputtering or netallic fine
par t iStliglsl 5 bt howlkewst erirsi Zthar ecadher ed omsgruifeecturing
substrate placed

quint-walled carbon nanotubes, a metallic fine particle
group having a particle diameter between 18 nm and 21 nm
inclusive (preferably, between over 18 nm and 21 nm or
less) is formed on the substrate.

In addition, when the outer shape of metallic fine
particle deviates <from a spherical shape, particle
diameter control is performed, such that the shortest
diameter is regarded as a particle diameter.

A first method of forming metallic fine particles
having a desired particle diameter on the substrate is a
magnetron sputtering method. The substrate is stored in
a film-forming chamber of a magnetron sputtering apparatus
to evacuate up to a high vacuum. Next, a noble gas such
as argon gas is introduced to the film~forming chamber to

adjust the pressure to about 0.1 Pa or 3 Pa. As a target,
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at a position opposite to the target. The particle
dianeters of the netallic fine particles are
adj ust abl e according to the sputtering condition. The
particle dianmeters can be reduced, as 10 power to be
input to the target is small and as a discharge tine
[ t epe ped fj I 0 j .

onaezjta{s?%dfgolqgggut%cfo.éf?jlé _y[f g%ﬂ%&ntgeergg%}%g ar ggﬁﬁ'% 8

e, adj | n.t.he r f several.seconds or

ussrgew@@\b/’e ra% ¢ ? eiﬁg%ts?gcg‘af st g(la% v%)urh?%ﬁ@? TOT ea%’%%% %gt ?% n?::h‘lE narget
particle dianmeters.of netallic fine parti.cles

tof HShEAFE GRULBEP B Cean Do Obeni o od WY L AsEreR athe
di scharge_tinme, Since the., shorter the discharge tine

targey h%‘g’éﬁrﬁFPePYt YR TIPS T IF (Rt 1€l gl&ieaﬂ?@trefrjsdes
.are, a selection of appropriate 20 di.scharge tine

WiH ST hEEV ST PR PR FHPAFE ORI Hhet SRESEF A Placed
shortened to a predeterm ned val ue or |ess as

aty &RQ eHL IRNS SERRE hEBhS@ R oFAFE§ et al lic fine
particles having a desired particle dianeter on the _
subs?P&teH%?Q%ch dig-ediehet hed. e dipeésattic fine
method is a nmethod in which the substrate i s dipped in

Pag gt Le f ot i nsiiM e 2l fetagcordingn bad e haraviitering
therefrom in which a solvent thereof is renoved, and

conglithi @R - nefC&lY iRaFLA€ Lgardi aledeqre cdepdd t eadogache as
substrate. As a solution used in the dip-coat nethod,

powey §o BepbBBUSI 8ot Bhaskatgss| Lsivnat haanflsa o dilsstharge
by di ssol ving

time is shortened. Specifically, & power density may be

adjusted to about 0.2 to 1 W/ cm?, and a discharge time may
be adjusted in the range of several seconds or several ten
seconds.

Furthermore, variations in particle diameters of
metallic fine particles (standard deviation) can be
controlled by adjusting a discharge time. Since the
shorter the discharge time is, the smaller the variations
in particle diameters are, a selection of appropriate

discharge time allows the variations in particle diameter

. to be shortened to a predetermined value or less as

required.

A second method of forming metallic fine particles
having a desired particle diameter on the substrate is a
dip-coat method. The dip-coat method is a method in which

the substrate is dipped in a solution containing a metal
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metallic salts such as acetate, nitrate, and chloride,

whose netal is to be deposited, in a solvent such as

et hanol, acetone, water, etc. In.the case of formng

the nmetallic fine particles 10 on the substrate using

the di p-coat nethod, the particle dianmeters of the
.netallic .fin articles can be.controlled neta
108 B G P ROh HReER S 1B dRe FomFLYFEL thereos
.metal_ion,concentratian,is, the |ler, the partjcle
L8 Rnel o A hf AR M nl Pl ar 8ar tiC1Es are
dCbnvers§$y, 15 the higher the netal ion concentration

FPROSIHE] HYelPEhEUBHE#ERe di aneters are. Moreover,

the particle dianeter can be controlled by adjusting

substh@t 8 ot BRI Ussedt R obRer diRmceaE matdiodonlit is

concentration. The substrate withdrawal speed affects
PeREIDLIF F&r NS 8ngolH tian itdiat dimmhitained byddiseelving

reduce the variations in particle dianeter, it is
neggafdia sakgsiceucthasupsetate winhdrahel speddchloride,

Accordingly, the substrate wthdrawal speed may be
whepggtelalni s fehba deyosikad .t he pactlivimt diugteesr eshdnol,

the variations in particle 25 dianmeter as required
agelenea walderer mitwed val ue. Ot her than the magnetron

sputtering nethod and 27 dip-coat nethod, it is

possilit eche ¢asm Olfe foptmlng ctié meetpditic|Bondgrangiales

desired particle dianeter by shortening a deposition
on i hipe i fulasvaenemutd i mg f o en dfp proeds mesitodd, asheapaumicle

deposition, etc., thereby making. 5 [Reduction Step]
diameters of the metallic fine particles can be controlled

by metal ion concentration in the solution. The lower the
metal ion concentration is, the smaller the particle
diameters of the metallic fine particles are. Conversely,
the higher the metal ion concentration is, the larger the
particle diameters are. Moreover, the particle diameter
can be controlled by adjusting substrate withdrawal speed
other than the metal ion concentration.

The substrate withdrawal speed affects the
variations in particle_diameter. In order to reduce the
variations in par?icle diameter, it is useful to reduce
the substrate withdrawal speed. Accordingly, the
substrate withdrawal speed may be adjusted in such a way
that the particle diameter and the variations in particle
diameter as required reach a predetermined value.

Other than the magnetron sputtering method and
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The surfaces of the netallic fine particles formed on
the substrate are often oxidized, and the carbon

nanot ubes are difficult to be uniformy grown if |eft
unprocessed. For this reason, reduction is caused at
the 10 netallic fine particle surfaces before the

T whi
A {RL008 FRRR S O5, Boio 0T B, Wike HaBy il fine
%%@%é?%sli glk‘éﬁ%' SEeh T b BN s e skfes%or’éening
rticl heat ed to a red m ped r.educti ve
%%??aﬁ 5 10, 3 WRBFBEY: o ?%ml@gca}g%aeaﬁ such
wetaA c f artlcle surfaces. In order to nake

aﬁh%acPHPe %ﬂo%#gfﬁ rr &G or Fhezs cnﬂﬁ%bngtnosphere

ucjn as such as a hydrogen gas, a diluted
hydr é%ﬂL§% gag ar¢® car bon nonoxi de gas is
introduced into the reactor. Moreover, in the case of
a regﬂﬁ|ﬁ?%§%§§§h@ﬁeth@bN%§4ﬁ%@CafhyﬁrEgéﬁkﬁ%ﬁsaformEd
hydrogen concentration is preferably 1 volune
o‘f’pei‘:él@nt 2YessT afst e2Trur PhEFHDr exigiZndbssaingl | Ahehecarbon

reactor is not particularly limted, and 25 a pressure
nahgiiag sf rieth 041 £f4d aul Wosopde sulpitépemdm edrowh alf left

tenperature for the reductive reaction is 300C 28 or
urpgmeessede r dQictingd ¢ v catsddgchtiothésnearislicc at the

fine particle surfaces. Furthernore, in the present
netavkhi Confings desctlpde | sterfadas| sbedquier edhtdatcarbon

time during which the tenperature of the netallic
narqicupast @¢lcesyexereds 5 450C be 600 seconds or fewer

before the growth of the

The substrate on which the metallic fine particles

are formed is stored in a reactor, and the interior of the
reactor is kept in a reducing atmosphere, and the metallic
fine particles are heated to a predetermined reductive
reaction temperature, whereby reduction is caused at the
metallic fine particle surfaces. In order to make the
interior of the reactor in a reducing atmosphere, a
reducing gas such as a hydrogen gas, a diluted hydrogen
gas and a carbon monoxide gas is introduced into the
reactor. Moreover, in the case of a reducing atmosphere
containing a hydrogen gas, a hydrogen concentration is
preferably 1 volume percentage or more. Furthermore, a
pressure in the reactor is not particularly limited, and

a pressure ranging from 0.1 Pa to 10° Pa is preferable.

If a temperature for the reductive reaction is 300°C
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carbon nanotubes is started. It is difficult to
sufficiently progress a reductive reaction under such
a condition. Thus, reduction nust be caused at the
surfaces of the netallic fine particles beforehand at
400C or |ower 10 at which the netallic fine particles

oSG SRRk LA, P o Hibiag o oo

300€ pad. 49 duct ;
et .Sc%ﬁw 5t o3 PSaet P ERout o Qﬁ%@&%ﬁ%ﬁﬁ”%rﬁ%enuon,
talli ticl
"3&%%@0 SRR Lt iS Eatnd SR A Bet SRerar Apghwhich
a halding tinme at the

nunber purit eover
thaﬁ)o %mﬁsmt&ﬁ%% ‘?ﬁ g%atﬂtﬁfea%iwt hd T RBELE lesa g ¥ ppeds

#ﬁ) preferabu¥ 480 seconds or npre, and 600 seconds or
© bar&%ar 3CANES| P hbPe Ioffenthkhe SROMditheE the
time is 20 bel ow the above-nentioned lower [imt,

CaRRRRt | BANPEURGS s fietRAERf -causéd afst hisiffaeds to

of the netallic fine particles. As a result, the
SVl bohCRARSt BRI RRE BorBEUGHS(E fTerehtion giawe such a

[ Manuf acturi ng Apparatus of Carbon Nanotube 25
comssehbPPl FrHusy redaetdbamplus bbeacauseidastuthaguriaces

ggaratus 29 that can inplenent a carbon nanot ube
ofasbempealdsuf Areupahg ivdefobedouining ato 408 C or lower

present invention. At the center of a reactor 11,
att meyiech stipt aeedad l ifcufidee patiel aleshareahbonvaggregated.

evacuation and gas replacenent. 5 At the outside of
In hethernaterdabe 18, thitereenpepaduitedfor the reductive
reaction 1is between 300°C and 400°C inclusive, the
reductive reaction can be sufficiently progressed without
aggregating the metallic fine particles. As a result, it
is possible to manufacture carbon nanotubes with a high
wall number purity. Moreover, a holding time at the
above-mentioned temperature for the reductive reaction is
preferably 480 seconds or more, and 600 seconds or more
are particularly preferable. When the holding time is
below the above-mentioned lower limit, reduction is not
sufficiently caused at the surfaces of the metallic fine
particles. As z result, the carbon nanctubes tend to be
insufficiently grown.

[Manufacturing Apparatus of Carbon Nanotube

Assembly]

Fig. 1 is an example of a manufacturing apparatus
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with a radiation heater (favorably an infrared ray
furnace) 12 having a peak of energy spectra
distribution in the range of wavelength of 1.0 pmto
1.7 m and a substrate 16 on a substrate hol der 15
placed in the 10 interior of the furnace tube 14 can

t tun'i 25 y; 9em%§&’d|$ heggg%oﬁThe tﬁg?@%géur a8 embly

e su strat nmeasure t her neter

mﬂ?ﬁ\@éc%ﬁ %e 1‘&}1&? @@éﬁftdl\l\ét‘% ‘E‘?%t %léseedntpylﬁavent&on.

contr ol n suc e a predeter m ne

t enpegr.at r qnng ef ore 5 At, the quts
of t g'arilélg%t gF%%rf gucﬁenag léUp&K}eFFnéle paﬂzaced a
vi ded hese

rgiyh “Shpriea § EEE j&'#?g%f%[?%lﬁ@fasaamg%as dfRitaent.
A T Bl eR R YR it Ar e ot oot obhkrg it provided

nechani sm 20 (not shown) ch as mass

iRt ol Fara ‘fionTh%eﬁé&&c. oy Ve i rerrgaed ray
are supp h%g t he |n#er|or of a raw materi al vesse
eGSR P buuh BRVAGen B4 Kot (S RAVeTPAF HFeus i A T3at ion
, Structured to be heatable to a predeterm ned

1% ebP8r FEHE b9 a RS 8 Bn® fa hal e hal h7gpmyo and a
that vapor of a raw material 10 filled in the

SURREFREE cbf P& génetiBETatea Rohdeantlvapdraced in the

pressure. 30 The raw material vapor generated in the

intretrsr of the Twahageeriwhevddseranibes dpppoirat ¥ oand
the furnace tube 14 in the reactor 11 through the

rapd 4bY 7hpadEsendditd yt P eradattrero fu thet Rabsdduetagl s is
gas or inert which is 5 supplied through the

mead yee s bye t%%mm@zem@ opénpeyer supply to the heater

12 is controlled by a control device 17 in such a way to
e a predetermined temperature programmed beforehand.

At the outside of the reactor 11, a reducing gas
supply line 1 and an inert gas supply line 2 are provided.
These gases are supplied to the manufacturing apparatus
through a valve 3 and a valve 4. Each gas flow can be
controlled to a constant value by a flow control mechanism
(not shown) such as a mass flow controller, etc.

The reducing gas and the inert gas are supplied to
the interior of a raw material wvessel 21 through a valve
5. The rawmaterial vessel 21 is structured to be heatable
to a predetermined temperature by a heater 8 and a water
bath 9, so that vapor of a raw material 10 filled in the

interior can be generated at a constant vapor pressure.
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of a valve 6 is appropriately adjusted, thereby making
it possible to control each supply rate of the
reduci ng gas, the inert gas and the organic conpound
vapor independently. 10 Each of the above gases
supplied to the furnace tube 14 is used in the

ti r fai t t FC,fi rticles o
T ek R ERA Pt IERTEdTdck Be BRYSALSE 8P e
carbon npanot ube growth.reaction on the .netallic finpe
r A P LS ANSETRCUA & GUPRIGHIAI T g @ ByE PrEGuEEPe 14
..and 15 the like |s_evacu tedgto the outsid of6%$e
xR e EACH I b FERGIAT GebFcdodg S bn S8eReriint Ly or
trap, and an .evacuati o device 19 such as an oil , ,
tOr‘?be‘g’P?rp -0 AHRPL TERHF YRt B Sredhif 2CEHS ng2 appartut el s
havin% tge structure shown_in Fig, 1 can be used in
SURR L bAfY tRREUBY ThRINA T BR St epPrbuthaPsé A Srexthogpening
steB. [CVD step] After, reduction is caused at_ the _ . )
ofs @ Fadeie & ienaPrreRHizkelynadpastiededhgrehy making it
reduction step, these are wused as a catalyst to grow
PatellehPbbA FRAGEABeS2Cn SEPPAGYiTE toh O (the nRdi¢aBPegas,
that the reduction step and the carbon nanotube
the owtifnestlep B@Ton@isuoushe capiidediisut CPMBRPYURRe Vapor
~same apparatus. This is because when the netallic
inderepdenitdiYes with reduced surfaces are exposed to an
oxi di zi ng at nosphere such as atnospheric air, the fine
par t Eglcd odr theesbave grisdH s S ed ndhe cdarahgtiectube
5 activity is decreased to make it difficult to grow
l4das peskd in the reductive reaction of the metallic fine
particles on the substrate placed in the furnace tube or
the carbon nanotube growth reaction on the metallic fine
particles. An evacuation gas containing a by-product and
the like is evacuated to the outside of the system through
a removal device 20 such as a cold trap and an evacuation
device 19 such as an oil rotary pump.

Additionally, the manufacturing apparatus having
the structure shown in Fig. 1 can be used in not only the
reduction step but also a next CVD step.

[CVD step]

After reduction is caused at the surfaces of the
metalliic fine particles in the reduction step, these are
used as a catalyst te grow the carbon nanotubes. In

addition, it is desirable that the reduction step and the

carbon nanotube growth step be continuously carried out
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carbon nanotubes. In order to grow the carbon

nanot ubes on the netallic fine particles, the
netallic fine particles are heated to a predeterm ned
reaction tenperature to cone in contact 10 with the

organi ¢ conpound vapor. The followng will explain
d ' .\Wh th t ' Fj .
by, T SR b ek R e 76 Y e BobrDh Wit G fmstaiiac

reduct i ' t th f f th tall
e A s S eng IR T AP LT85T (MRS pPORIRY 8 an
os5h Bt BB FRAET PR At af bPe SHA T hotigh Lihe the Tine
reactjon tenperature differs accordin% to ki nds of )
PaktLF & @ur&p%%saﬁdf%%%da#e&rg%ﬁﬁe corffdtinds qatpiytic

used, as. a raw material, about 6000C to 1000C is

aqtai B bl £ 9P 200 £ AECRQ ke st (i T FbFUdfahpl Grow desired

et hanol as the raw material, and about 700C to 1200C
c31henyBRARITEINGS t he case of using nmethane as the raw
material. In this respect, when the reaction

t enpdPaPGAE T 80 It hqain BooT nangEulsgcRnaEhedsetallic
that the growth of 25 anorphous carbon has priority

fine padiickc degi ebeonetnd ldar Famevasativbesesheaavheréed to
in the case of setting the 32 reaction tenperature to

a punethpee andnedingretiaante3@EC ataranter cama hiat eantact
W thstand a high tenperature as a construction

witdt eth@l $pganhe stubsppransl andpohre redbeorfohliowilmg will
used, resulting in an increase in restriction on 5 the

exgpipniat ke Proorediuig yin tthee reasei sherendreatapmaigtus in

Fig. 1 is used as an example of the CVD step.

After the reduction is caused at the surfaces of the
metallic fine particles on the substrate 16 in the previous
step, the metallic fine particles are heated up to the
predetermined reaction temperature. Although the
reaction temperature differs according to kinds of
catalytic metals and kinds of organic compounds to be used
as a raw material, about 600°C to 1000°C is favorable in
the case of using, for example, ethanol as the raw material,
and about 700°C to 1200°C is favorable in the case of using
methane as the raw material.

In this respect, when the reaction temperature is
lower than 500°C, a drawback arises that the growth of

amorphous carbon has priority to reduce a yvield of the

carbon nanotubes. Meanwhile, in the case of setting the
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preferably 500C or higher, and 1300C or lower is nore

preferable. An atnosphere during the tenperature

el evation may be nmintained as a reduci ng atnosphere,

or may be 10 substituted by an inert gas atnosphere

such as a noble gas. What is inportant is that a tine
lic

"3 A0 Bpokedy %%c‘%eaf m—z;%?‘éeraﬁ%ﬁ%&%%gttlgﬁa'ﬁiie@hﬁas‘;w 1300°C,
. 0
2 JREBHIGH (v RACocrit oVt BBSGAGH i ob 100 SERERFBGHTE as a

nanot ubes is started }hls pper limt time _includes -
CCtIh%tFP 1@y MRt hi ek £RE CSf R BFEbecSdE tsoreRAtOY
he previous step. The reason |s that when the
mvc% ¢ MTFE oF oM gt @I 17 A1 | HRCB&ASIC Lds realeelistion on
450C, the netallic fine particles start to be
they FRRAFBAUSO r AG&N SRy ¥t hBeal RBSTHOR LAMRSE2EHEe 18

growm h of the ocarbon nanotubes is started. In order
p&%feﬁébéasé%ect@ﬁphmh@rre Gngret APPPE pitndower is more

particles to the predeterm ned reaction tenperature
prmblerabact: the growt h of carbon nanotubes within the

25 aforementioned limt tinme, arapidrise in

t enpénatdimo ssphe rRedistizld it irenpareiteltss dlsevation may

required. As neans for 83 obtaining a necessary rate
bepf magiped dngde Rissea theducddiat iedmdwerherel? bavi ngva be

peak of energy spectral distribution in the range of
sukps/el engel by dnGmmrt gak 2 tmpmplksepeoyvidechs m hhble gas.

manuf acturing apparatus shown in Fig. 5 1. Using such
Whale Heat dmpkorpakés i$ possible toimepidiiying which the
temperature of the metallic fine particles exceeds 450°C
should be 600 seconds or fewer, more preferably 300 seconds
or fewer for the period of time before the growth of the
carbon nanotubes is started. This upper limit time
includes the time during which the temperature exceeds
450°C in the previous step. The reason is that when the
temperature of the metallic fine particles exceeds 450°C,
the metallic fine particles start to be aggregated
regardless of the atmosphere unless the growth of the
carbon nanotubes is started.

In order to increase the temperature of metallic fine

particles to the predetermined reaction temperature and
start the growth of carbon nanotubes within the

aforementioned limit time, a rapid rise in temperature of

the metallic fine particles 1s required. As means for
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heat the netallic fine particles to be heated and the
substrate 16 on which the netallic fine particles are
formed. Since the particle dianeters of the netallic
fine 10 particles are extrenely small, it is
difficult to perform control in a way that the

cature is di tly sure to obtain _a desired
Ogrtgc?gﬁ%?tgt egrpcgreac?%%gg%&seggﬁgco?%i ntg?r%er?ﬁélre rise, the
t tature of th urface of the substrate 16 on
TaT R O HRraFI @ { MRS IR {7 oA B B (T RRHSPs FRSEET 2L
havi n 5 netallic fine particles) is asyred _by the
SRt BT T e SIS el RUCOSR e R dir Eb§ UHeto 1.7
heater 12 is. ,controlled_by the control device 17 in _,
M P RO Fas R BHLM Mand S HEESR ARBEA H HEROWD 10 Fig.
tenperature rise. Since the netallic fine particles .
Lha e 59 renely-Redl e 2 hedt L capakesy 13oPesd Hi i tperamidly
conductivity because the particles are netal, the
heahpbhgt gtk L et 410 PRAE 1SS clesbeanpated and the
regarded as_being substantially the sanme as the

suksnper heurld ofnt W8 isiibsthat @edipthée. Il papéicles are

tenperature of netallic fine particles can be
foggeedel led 25 by the aforenentioned control nethod
Additionally, even if the netallic fine particles 34
are PRl gne bk td@lfactbanetens bsthatmetallic fine
measurement of one surface of the substrate is
Pagifif¢ tpemrahent rame lsubserlal e 116 liss difi i @abtighe gveir form
when the tenperatures of both surfaces are
coqubee bt & Wevebak. tBeVvihenpele tafus dreedtlirevet] hawd sigred
means is used to heat
to obtain a desired rate of temperature rise. Accordingly,
the temperature of the surface of the substrate 16 on which
the metallic fine particles are formed (surface having
metallic fine particles) is measured by the thermometer
18 such as a thermocouple, whereby the heater 12 1is
controlled by the control device 17 in such a way to obtain
a predetermined rate of temperature rise. Since the
metallic fine particles have extremely small heat capacity
and high thermal conductivity because the particles are
metal, the temperature of metallic fine particles can be
regarded as being substantially the same as the
temperature of the substrate surface. Thus, the
temperature of metallic fine particles can be controlled

by the aforementioned control method.

Additionally, even if the metallic fine particies
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the netallic fine particles up to the predeterm ned
reacti on tenperature, organic conpound vapor serving
as a raw material for the carbon nanotube is
introduced into the furnace tube 14 in the reactor
11. 10 As an organi c conpound serving as a raw

arf @RI o O pdidie MP&Eegagfttﬁ?g sdlltl%sit%a %SSinPeJaesﬁP?ment
p o

use at east one conpoun Sel éc é romthe grou
OB ISEIE oD SRS HROG, V8T 8 JELPRRS . TH0Ey one
TR e L T PR R Lh OB b empraires o
o B L B S A PRETSNS  cuen

o BB B e S ARG SR ) e
T LRLET R £ T AT

on the netallic fine particles. Wen the organic
recad’r?bb‘aﬂdt@?fﬁ@rrqtéljfﬁt ro8de8d G MIPPY AR FaPT SHEViRY as
the tenperature of the netallic fine 25 particles

a reycHéd ahed hriret el ¢ Gl P BaRRNB S URdder dtirkodeged into

growt h of carbon nanotubes is started imediately. 35
thmefweRare EWhisel paibi cihe sik2akes arle covered with

the raw material conpound, carbon, internediate

pr od8ét 2Bn@r IERE d FREPFURY SRV EReWE A dfraamherial for

nanotubes is started, and therefore, even if the
theegzarhant Bppertatas e ekcéedposYEDE theusggrdgaisadnt one

of the netallic fine particles does
compound selected from the group of straight-chain

hydrocarbons such as methane, ethane, propane, butane,
ethylene and acetylene, or at least one compound selected
from the group of straight-chain monohydric alcohols such
as methanol, ethanol and propanol, or at least one compound
selected from the group of aromatic hydrocarbons such as
benzene, naphthalene, anthracene, and derivatives of
these. Moreover, other than these compounds, it is
possible to use an organic compound as a raw material from
which carbon nanotubes can be generated on the metallic
fine particles.

When the organic compound vapor is introduced into
the reactor and if the temperature of the metallic fine
particles reaches the predetermined reaction temperature,

the growth of carbon nanotubes is started immediately.

35



10

15

20

25

not progress any nore, and the sane particle dianeter
as that obtained at the growh start tine is

mai nt ai ned, and the carbon nanotubes, having the
nunber of graphene sheet |[|ayers according to the
particle dianmeter, grow 10 continuously. Accordingly,

' kLt S a tion _of netallic fine
ThE REERIINS. TUR Shee L 181 BOGLEIUL a0 JEVBLRC W I ehe
avin rtain.,desired, nunber. of raphene
=R R YR e R B fRL Bk i e ERE s o S BRE RS ana
of the netalligc,fine rti es exceeds 450C nmay b
et 4 fe bR e EbPrPRehtn fY ForHart Aane abse Lhnatarted,
before the growth of,%h car bon nanotubes is started
231 bPETETE Thovat T G oF Tt BBegA Gt LOF| hemBatathbe peceeds
agrted. Thus, the time when the growh of carhon
150851 Thae 399 Bhoefaaen CCano e T b LiGoli BE RReCRiGReS does
when the netallic fine partjcles reach the X
n‘iﬁ: AP EF FiSfe @ e AL Bn Q%ﬁp@?ﬁtéﬁ@e Qﬁ&ttlh’el%r@hﬁm@ter as
conpound vapor as the raw material is introduced into

thak ekbeised pérEhg, grevitd sdquit ddnadts nantpiped, and
during which the tenperature of the netallic fine 25

thargaghes raiesdd®ss50bBEl B e dueebro f caeaphgng sheet
300 seconds or fewer is nore preferable. This is
Lapenfise atreordbnghorier the tiperdacilsy wiiemettsr, grow
tenperature exceeds 450C, the nore the degree of
Coygreyarisdy of the metallic fine particles can be
reduced, resulting in inprovenent of the wall nunber
puri B oir@danbol nanotaubhdsr 5oAscwrwi @gst thicheaggregation
af orenenti oned procedure, after the
of metallic fine particles and selectively manufacture
only carbon nanotubes having a certain desired number of
graphene sheet layers, the time during which the
temperature of the metallic fine particles exceeds 450°C
may be within a predetermined time for the period of time
before the growth of the carbon nanotubes is started after
the heating of the metallic fine particles is started.
Thus, the time when the growth of carbon nanotubes is
started can be regarded as the time when the metallic fine
particles reach the predetermined reaction temperature
and the organic compound vapor as the raw material is
introduced into the reactor. Herein, it is required that
the fTime during which the temperature of the metallic fine

particles exceeds 450°C be 600 seconds or fewer, and 300

seconds or fewer is more preferable. This is because the
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car bon nanotubes having a desired |l ength are grown on
the netallic fine particles, the supply of organic
conmpound vapor is stopped, the interior of the
reactor 11 is returned to the normal tenperature to
take out the 10 substrate having a surface on which
t he_carbqn nanotubes ., are farned,. The substrate havin
SHOEC A i "Dheh e 198 el TEnE R e AP LS rEgdeds
be_used as carbon nanotube assenbly directl] )
4 fienar iE RaRRHEnSirRtae B 2 HEUATIon R VRS ndra1Lic
f.carbon ganqﬁubes ar.e seggrated 15 frgglthe,substrate
Hy° RPFbPF & TRFAMRSE ahaC8a6ec TP L1868 d prideyagent
:gn%hoxidi ation grocessing as required to be refined,
O Bndl e hERddf CHIMRRE BAFHGY rxhofabESTLAPBetUsEd - as a
carbon materi al nmade of powdered carbon nanot ube
asseMAIGR TP EbinEs 2 APERERIH: t PREAD FRGRAY 1R/ B ffsethe
specifically explain the present invention based on
Captaei | RN ahdbeco gt e &R @, lem@tpresengrown on the
invention is not limted to the follow ng Exanpl es.
megz L Bk gnpracl past Exhaprethe sunibbyrafecspasii¢ czompound
glass was used 37 to manufacture single-walled carbon
vVarmot Hsesstobmgd.coblkt - vt ¢bdorunrds heatrdastor 11 is
First, an ethanol solution containing
rediobin € ot ¢ bdahe mrwest pk epaerepe rAtpratletter nitadgd anwint the
5 of cobalt acetate-4 hydrate (purity of 99% or nore)
swWmgitrate having a surface on which the carbon nanotubes

are formed. The substrate having the surface on which the
carbon nanotubes are formed can be used as a carbon
nanotube assembly directly depending on the application
use. Alternatively, the carbon nanotubes are separated
from the substrate by appropriate means and subjected to
acid processing and oxidization processing as required to
be refined, and thereafter the carbon nanotubes can be used
as a carbon material made of powdered carbon nanotube
assembly.

Examples

Although the following will more specifically
explain the present invention based on Examples and
ComparativelExample, the present inventién.is not limited
to the following Examples.

(Example 1)

In Example 1, a substrate of silica glass was used
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that of nol ybdenum acetate (dinmer, purity of 99% or
nore) were weighted and dissolved in ethanol (purity
of 99.5% or nore), whereby a solution having a cobalt
concentration of 0.01 mass% and a nol ybdenum
concentration of 0.01 mass% 10 was prepar ed.

t§@q£é£o¥§1k th%uggb It aggﬁ%glybd nun]INE%?tuPﬁﬁ using

concentr are
of S|I|ca Iass su Wi t optically
C%%?‘i%h&?%ﬁ?%@@ G5 Q X O 5 nm and cp 30
wer e prepared pped | t he
cobalriglgr'gizybdenliﬂ sol u? g'r 10 %% ﬁ&ié’n and containing

thereafter were mnthdramn at a rate of 8 nMmisec. The

COPEAGT A NP IBRBUNCHAS FSRATER-t hB BERESHRTRINGHeamoUnt
substrate wthdrawn fromthe solution was heated in

of heoheddspriistiea tandr eydratie BPRBREY &F 2%bl9enmoRas and
renmoved, and 20 cobalt-nol ybdenum fine particles were

thatned ol yhdensimhaqediat e THEi Bakst PHEE thavifh§ Hher more)
surface on which_ cobalt-nol ybdenum fine particles

W%W?hwslﬁhﬁﬁﬁe#%@n@éssgéﬂqdﬂkﬁcﬁbhﬁnéﬁ\Mﬂﬂ?ibynﬁé By . 5%
the aforenenti oned step 25 was stored in the furnace

OX g Al sfhepebimngicddt ko ndia ehparacebdibvicepeértration
structure shown in Fig. 1. At this 38 tine, the

of HerGomses 3 B dvasmbl olighen ¥ cumt astraittiom lof 0.01 massd
surface of the substrate to neasure the tenperature of

waheprepestadt e. AdBit iomzel Yeactbe wasoakal edd andl yhdenum
interior was 5 evacuated to 0.4 Pa. Thereafter the

comteptIadndval ®ee6metal reduced values.

Next, two ftypes of silica glass substrates with
optically polished surfaces of 20 mm x 20 mm x 0.5 mm and
30 mm x 3 mm were prepared and dipped in the
cobalt-molybdenum solution for 10 seconds, and thereafter
were withdrawn at a rate of 8 mm/sec. The withdrawing was
carried out in the atmosphere. The substrate withdrawn
from the solution was heated in the atmosphere, whereby
the alcohol as a solvent was removed, and
cobalt-molybdenum fine particles were formed on the
substrate.

The substrate having the surface on which
cobalt-molybdenum fine particles with a predetermined
particle diameter were formed by the aforementioned step

was stored in the furnace tube 14 of the manufacturing

apparatus having the structure shown in Fig. 1. At this
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wer e opened to supply a hydrogen gas, and an interna
pressure of the furnace tube 14 was set to 70 kPa. An
el ectric conduction to the heater 12 was started while
the internal pressure of the furnace tube 14 was

mai nt ai ned. 10 Power supply to the heater (infrared

f urna made b U_.VYAC-RI KO. Inc.,, RHL-P610) 12
t%ﬁéfcgﬁﬁrgﬁﬁﬁﬁ?ﬁe¥ﬁ5 ; oHPPogﬁﬁﬁﬁﬁ% 17 Fan 35& Wiy the
that the._s gstr te, t rature was,increased at 5
SIFL8CC GhehRPHeURABERLA £Of BRPSIAE LD EARGF HppRe of the
state was mai ntained for 30 mnutes to

tge 1
SUBFLTE %t |y cause reduction at the surfaces of the
cobal t - npl ybdenum fine particles and to provide a

cat alNR¥ s abRRVERF FtRT i@ Bomearhgfot @i divan Faterdor was
above reducti on step ended, and heating was 20
eegpradichtiy Gaot rfad oliketpatdegood ¢ Healwas3sandagalve 6
the reaction tenperature at a rate of tenperature
wergeoprered te/ faprlfen MuedheagnseBG  t Abdvaliveifternal
and valve 7 were opened i medi ately, and et hano
PYapERIRas § ntheddtemaer otubke reawa or skitorha hd0r ¥Ra. An
materi al vessel 21 filled with 25 ethanol to start the
e e ol cot opdiusdri omdrotilse beadte t Ai2swaisi abarthiabwhti le the
_passed before the growh of the carbon 39 nanotubes
intarned afesrsuhe slbshe afernenpertathe d 4 evaceeteind80gGed.
was about 270 seconds. During the growth of carbon
Poraot sbeplit he themperat ere(dhisabstd atey Baandcehmade by
internal pressure of 5 the furnace tube 14 were
UhehGt8ilF€d aln800C RBU-&6 1D )kPa2 was controlled by the
control device 17 in such a way that the substrate
temperature was increased at 5 °C/sec.

When the substrate temperature reached 400°C, the
state was maintained for 30 minutes to sufficiently cause
reduction at the surfaces of the cobalt-molybdenum fine
particles and to provide a catalytic activity for carbon
nanotube growth.

The above reduction step ended, and heating was
subsequently carried out up to 800°C that was set as the
reaction temperature at a rate of temperature rise of 1.3
°C/sec. When reaching 800°C, the valve 5 and valve 7 were
opened immediately, and ethanol vapor was introduced into
the reactor from the raw material vessel 21 filled with
ethanol to start the growth of carbon nanotubes. At this

time, time At passed before the growth of the carbon
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respectively, and held for one hour. Thereafter

i ntroduction of a hydrogen gas and et hanol vapor was
st opped. The substrate 16 was cooled up to room
tenperature while the valve 4 was opened to pass an Ar
gas 10 into the furnace tube 14. Fig. 2 is a

t ture Ll.e t he tire step. reqver
R e P Brone VAL Rde 20 The PPt | A1 S BT ake: cre e TAEuTS
net al, | i,c fd particles j before the growh of the
e}%%?%%ﬁdngéoqwu%e‘gagt & toéJt# :1%5?0??8\5@.&515 Specifically,
just before the growth t he_carbo nanot ubes
st ar O 19 ertgﬁe a%‘?/@gged&r{i ofi2p (96’essn€ﬂ8§dlbea?1d the
subseguentlyﬁﬂieg}&{;&reached 800C that was set as the
CSRRRT FoH e e -t Rel UBREr APE WAS SfuEhtRECEgUre Of
room tenperature w thout introducing ethanol vapor.
Ehgh i TR dige Jouhgt bf |W%r?i%laaﬁtlin@de§gfoﬁ 00nE gusketadekPa,

wer e observed by _a high resolution SEM ( Scanni ng
CEIRRE F N eNYor otPe) held g foxr shos ahoSEM i mddefeatiter
~the netallic fine particles on the substrate obtained
Intrestaapiem. of n acopideridem Wik aséhedharhel r ddmrsad was

netallic fine particles seen in white 25 color in SEM
sGariged - shoWlié n FilgstBatehe Lfar wiaed e ddiahederupwato room

measured using a ruler. As a result, it was recognized
teqpephat uxepabtiilel shei amdtve ddivetsr bbetniesh tor prges efn Ar gas
_ catalyst diameter: 2.1 to 8.0 nm nean value: 5.6 nm
irdiml thieaddarmbecedvilae iloh: 1ER9) JHeva temBiegadumasprofile

given. Next, in order to check the nunber of graphene
ofshedet eBtliayerstaipd an outer diameter in connection

wi th each of

Moreover, measurement was made of the particle

diameters of the metallic fine particles just before the
growth of the carbon nanotubes started as follows.
Specifically, Jjust before the growth of the carbon
nanotubes started after the above reduction process ended
and subsequently heating reached 800°C that was set as the
reaction temperature, the substrate was quenched to room
temperature without introducing ethanol vapor. Then, the
metallic fine particles on the substrate were observed by
a high resolution SEM (Scanning Electron Microscope).
Fig. 3 shows an SEM image of the metallic fine particles
on the substrate obtained_ in Example 1. In connectionwith
each of the reduced metallic fine particles seen in white

color in SEM images shown in Fig. 3, the particle diameter

was measured using a ruler. As a result, it was recognized
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carbon nanotubes that formthe carbon nanotube
assenbly, carbon nanotubes were nechanically picked
up froman area of 10 mmx 10 nmon the substrate and
pl aced on a copper nesh for observation to conduct
observation by a 10 transni ssion el ectron m croscope
tﬂhgreinaf£§rlreferre to he TEM used

as, TEM .. .T in

0b5e? VAT T b SiiEs TR n%lo%tﬁfzmuﬁijtoébhqrﬁ‘%?,ognﬁatalYSt
accelerati.o ol tage was 200 kV.. Figs 5to 16 are

O GERFE B el dr EnE SaPHon ML LS e i r 8¢ F pandard
this, Exanple.. 15 Fig. 5 shows a case where the

dNLRET RN ot vr?aé) nﬁbg’wnatlrt‘ het Pondstamgdt VRBat i on, and
Fig. .6 shows an observed enlarged area |I. Moreover,
Fi gsNext 160 QFHaB hehe Ehitdrg e @B0 b, IparhRpecsheet
of Fig. 6, respectively. Fig. 8 shows an enl arged

layRye 8RdaRratter 1di anpitgr ixp gonypetdoapiehehspaeh of
that fornms a wall surface of the carbon nanotube is

CHpRePvednas up i g § neoym the qERbpiagencdfubkeessembly,

carbon nanotube. Only one layer is recognized on the
CxppBM ARASLRSS Waltle sedhael¢alitivgpigkethyp, fremsan area
can be judged as a single-walled carbon nanotube. 25
ofSikk Imm|y, 1P nmi gn ghshewbaf natenkadged agmgeonfaanopper
area a-2in Fig. 7, only one graphene sheet layer is
meggitoghPzedobske e t henwallo sdriectn ochecnweeioh thy a
observed carbon nanotube, and thus this can be judged
t e s g ssdloar edklcdd orcailoore sarpe ubles r¢ikeditse; rietfersred to
obvi ous that any of carbon nanotubes, observed in
asFiTga) 11 Ened TEMshseilngnSokakarvgdd omages HF-2008smbhde by
and b-2 in Fig. 10, and
Hitachi Ltd., and acceleration voltage was 200 kV. Figs.
5 to 16 are TEM images of the carbon nanotubes manufactured
in this Example.

Fig. 5 shows a case where the observation was made
at the lowest magnification, and Fig. 6 shows an observed
enlarged area I. Moreover, Figs. 7, 10, and 13 show
enlarged areas a, b, and c of Fig. 6, respectively.

Fig. 8 shows an enlarged image of an area a-1 in Fig.
7. The graphene sheet that forms a wall surface of the
carbon nanotube is observed as a dark line in the TEM image
of the carbon nanotube. Only one layer is recognized on
the carbon nanotube wall surface in Fig. 8. Thus, this
can be Jjudded as a single-walled carbon nanotube.

Similarly, in Fig. 9 showing an enlarged image of an area

a-2 in Fig. 7, only one graphene sheet layer is recognized
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observed in Figs. 14, 15, and 16 show ng enl arged
imges of areas c-1, c-2 and c-3 in Fig. 13,
respectively, is a single-walled carbon nanotube.
Mor eover, another part on the copper nesh was 10
observed. Fig. 56 shows a | ow magni fi ed TEM i mage
which illustrates fibrous materials. Jt is shown fro
o s Ldo B hE 6% R & Geie: GD SRt Yk CaTbon
t he, fj brous terigls are twisted to one anather |ike
napaEubPy FBA S o 4. D58 LOFPEs Ao A ¢Tal Led
Egﬂ%arged Fuﬁi 57 15 that, many carpon nanot ubes form
CHiaRedalt e ardtifdtisepul Ssohe pEMLGHE hhet any of
i sol ated therefrom It is recognized fromFigs. 59,
CaHP RN B LR PEspORATGVES e FE@Ft hdrl efikdr §&d Frgwing

58 that all the carbon nanotubes are signal-walled

el HoAIn A IdeEs Offor e asf nt yashe yraphenefigo dHbet and

| ayer. As a result of evaluating the nunber of
ohfeprereinskées | dyfer 3 of am@ tardvewhagoendesrged images
manuf actured in this Exanple based on the
ofafegremeneT dbned-ébsaratiorin adfigefl3i0fesmasnively, is a
nanot ubes extracted at randomin total were 25
sigigtewndillesd warbon namsttubes. (SWONTs: 100% as
illustrated in Fig. 17 and Fig. 18. Mbreover,

r egaMoinepveR, t mndtheet epardéf ohe thebomoppeat ubhesh was
manufactured in this Exanple, a dianmeter range of the
oIBMONTedwasFlgs H& 3hbwena low mageanieal TEMvaESIRgE wimich

as shown in Fig. 19. Furthernore, as a result of
ilnsastrahngsRinbrapeatauaridlaef. t e dar drowanbtoleEig. 57
manufactured in this Exanple, an
corresponding to the enlarged Fig. 56 that the fibrous

materials are twisted to one another like wvine. It is
shown from Fig. 58 corresponding to the enlarged Fig. 57
that many carbon nanotubes form bundles with one another,
but some portions 'are isolated therefrom. It is
recognized from Figs. 59, 60, and 61 corresponding to the
further enlarged Fig. 58 that all the carbon nanctubes are
signal-walled carbon nanotubes formed of only one graphene
sheet layer.

As a result of evaluating the number of graphene
sheet layers of the carbon nanotubes manufactured in this

Example based on the aforementioned observation, all of

100 carbon nanotubes extracted at random in total were

single-walled carbon nanotubes (SWCNTs : 100%) as

illustrated in Fig. 17 and Fig. 18. Moreover, regarding
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observed G band presented positions and shapes uni que
to SWCNTS as shown in Fig. 20 and Fig. 21. Moreover,
since relative intensity of a D band caused by
crystalline disorder was low, it was recogni zed that
SWCNTS with a good 10 quality were produced. In

ddition, sinc BM (Radi al__ Br hi ng_Myde) caused by. .
o AP R ZeRE (Y oy DV BYHET SR BE AT @A gesd 1 Ehis
sectiaons s_observed, it recogni zed that_SWCNTs
BB 0 oBud AN CRGT FEAR @1 F0C HIIGts e b 1o g3+ 1 am,
%%, it mas‘ggisible tQ %§tinate the 15 dianeter of the
ARPpE PRAD redohat ¥8 Swid hY aiMeREi SAYOh 1 hadéi%engt -
using an a Eroxinate expression. Additionally, an Ar’
i on |é§é‘?h¥ PRTE AP JILUSLH A5 Map S ekingRaBAN $PAEtTUNM
source for Raman spectroscop%. Furthernore, in this
Oloxahpl G2 RBNANAPSEIRSS iRanBBagtydiRd int ddek s yEdample, an
the substrate shape was recogni zed, and this was the
ckefEVEA fhbapd PHASAR EApPed tivds ashahares unique to
Exanpl e. (Exanple 2) In Exanple 2, a carbon nanotube
SWHHERDRY WROW S Mdrif acd UraddoRig . s@Bst r i odver)i sance
gl ass using cobalt-nolybdenumfine particles as a
rehahiyst imtensisdanmeof43 vay bandxaapised eyceptyssahgine
a solution having cobalt of 0.02 mass% and nol ybdenum
dip3ondez wassbew orl ¥ wed ngcoltn i zeddiita r@WEFEawm th regood
particles. As a result of evaluating the nunmber of
dup bphegneer® sheetukcsyer s Iof afiditdoon sdnoeulfEM (Radial
manufactured in this
Breathing Mode) caused Dby stretching-contracting
vibration of SWCNTs cross sections was observed, it was
recognized that SWCNTs were produced. Furthermore, as
illustrated in Fig. 21, it was possible to estimate the
diameter of the tube that resonated with an excitation
wavelength using an approximate ex¥pression.
Additionally, an Ar' ion laser (514.5 nm) was used as an
excitation light source for Raman spectroscopy.
Furthermore, 1in this example, no difference in
product property due to the substrate shape was recognized,
and this was the same in the following Examples and
Comparative Example.
(Example 2)
In Example 2, &a carbon nanotube assembly was

manufactured on a substrate of silica glass using

cobalt-molybdenum fine particles as a catalyst in the same

43



10

16

20

25

Exanpl e, all of 100 carbon nanot ubes extracted at
random in total were single-walled carbon nanotubes
(SWCNTs: 100% as illustrated in Fig. 18. (Exanple 3)
10 In Exanpl e 3, a carbon nanotube assenbly was

manuf actured on a substrate of silica glass using

cobal ts nol epnumfin articles as.a catalyst in th
welf B PO 68 BRI a0 EeRS A S YEhodobAd  of
alt o 0.03 s% and Y. um of _0..03 ss%for
Oﬁfrﬁlﬁasghgnd‘ﬁmﬁ%ﬁ% BOHB déﬁfﬁfmﬁgsﬁalfﬂrcl ming the
reover a high.resolutipon SEM observation was
quﬁ%ggfﬁloflpfqu%{'gm E&D'Fi Rt €1 EFes just before the
growh of carhgon nanotubes started in this Exanple,
simi P& & oF SEX %pl%gl‘?"ﬁi JaB hohl cad BERE T nRde HFaPhene
the netallic fine 20 particles on the substrate . .
sheR bilRve T s Ekdnpe €aTPeR napAkEdEHARARY FreheResf 1phehis
reduced netallic fine particles seen in white color
ExaiiskRy | frddes fshOfncrrbary narpotuhespartirdet el anet epndomn
. was nmeasured using a ruler. As a result, it was
iy ck@fRilzetR T PafiaPatvel dedi ampren2nafietnbpet | GFHCNTs:
(range of catalyst dianeter: 6.1 to 12.0 nm nean
1088 ueas9id Inatmmbledt anddtidy deVBation: 1.32) shown 44
in Fig. 4 was given. Fig. 22 is a Scanning El ectron
M crdSe@mprlehdteinafter referred to as SEM image
taken in the vicinity of the substrate surface of the

car bén nBpempdles 5 Hssarblgameduf aceopédban tdEsembly was

Exanpl e. The SEM used in
manufactured on a substrate of silica glass using

cobalt-molybdenum fine particles as a catalyst in the same
way as Example 1 except using a solution having cobalt of
0.03 mass% and molybdenum of 0.03 mass% for forming the
cobalt-molybdenum fine particles.

Moreover, by a high resolution SEM, observation was
made of the metallic fine particles just before the growth
of carbon nanotubes started in this Example, similar to
Example 1. Fig. 3 shows an SEM image of the metallic fine
particles on the substrate obtained in Example 3. 1In
connection with each of the reduced metallic fine
particles seen in white color in SEM images shown in Fig.
3, the particle diameter was measured using a ruler. As
a result, it was recognized that a particle diameter
distribution (range of catalyst diameter: 6.1 to 12.0 nm,

mean value: 9.4 nm, and standard deviation: 1.32} shown
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observation was S-5000H made by Hitachi Ltd., and
accel eration voltage was 5 kV. It was recogni zed from
Fig. 22 that the carbon nanotubes were unifornly
grown on the substrate surface with high density. 10
Next, TEM observation was conducted in the same way

ast%anﬁl%a%'{%ézger to check the nunber of graphene

["fayéers each of the carbon nanotubes that

f . nangt ub mbly. Figs. 23 tq.
TERA"‘Fﬁrgéeia%? (e 0 bORCARAGT Ubbs PREAEEE ur B 476 S€ope
(RS GAE BT m;as?eaé%dozﬁeih%%ﬂ%ﬁase {oe°taken in the
f 24 shows | ar ged
v vy CheF By Ent %tesesiirh #&°an SBESE%& nieRuDe

are 111 Furthernnre 25, 30, and 34 show

2 SSHRLY HRdNaPEda GEuEed; f—n %H&Sg de@&wed f F&M $6M4 Hesed in

area ||, respectivel I g.37 shows an enl arged area
obiSeIHEREVeR f W t Be %%Hl Iadei ghy2eHikewd ign Ltd., and
enl arged image_of d-1 in Fig. 25. Two graphene sheet .
aqGRAFE2 hi-eTr ee bR 8P K Vwal I tsUpfacecogRities fragelig.
of the carbon nanotube observed in F[%.26. 25 Thus,
22t kiba e drh 9 ecq Hagadnas od Wb eyl Fed fTeardah Hariow upe. the
Simlarly, carbon nanotubes observed in Figs. 27 to
suwtraeemwﬁmweﬁhabg@dlumestdf d-2 to d-4,
respectively, are also double-walled carbon

nanoNekds. TEMkeRsREvatipy wascogmcrurtedatn ckhhdopame way
nanot ubes observed in an area e-1 in Fig. 30 (Fig.
as3Exampi @dednfonden 0 ¢hak (fignBer D Awramwaeygelsheet
in Fig. 34 (Fig.35) and an area i-1 in Fig.
layers of each of the carbon nanotubes that form the carbon
nanotube assembly. Figs. 23 to 38 are TEM images of the
carbon nanotubes manufactured in this Example.

Fig. 23 shows a case where the observation was
performed at the lowest magnification, and Fig. 24 shows
an observed enlarged area II. Moreover, Fig. 36 shows an
observed enlarged area III. Furthermore, Figs. 25, 30,
32, and 34 show enlarged areas d, e, £, and g observed from
the area II, respectively. Fig.37 shows an enlarged area
i observed from the area III,

Fig. 26 shows an enlarged image of d-1 in Fig. 25.
Two graphene sheet layers are recognized on a wall surface
in the image of the carbon nanotube cobserved in Fig.26.

Thus, this can be judged as a double-walled carbon nanotube.

Similarly, carbon nanotubes observed in Figs. 27 to 29,
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37 (Fig. 38) are mainly doubl e-walled carbon

nanot ubes. Moreover, another part on the copper nesh
was observed. Fig. 62 shows a | ow magni fied TEM i mage
which illustrates that fibrous materials are curled
up like a 10 fluff ball. It is shown fromFi g. 63

wifE CSRONALRY .0, dfe fLRLIRG [ £2 §hgl Lheldbloys, y,

errals are 1s romone ano her an

e i r i [ e wal | ed r ban

alkr)]élangtu éizn{bgl%ﬁgaﬁecqgaﬁrgqnsiapeco%?ﬁEd };}gﬁ]w%sges, it is

r64 and 6% ﬁ%c cog;e onding Bo th% 15 enl ar ged Flg _1
TP IRAFCH MO SATHHE RAPBERPG SRRV © Db Br 9B RFE ©

bl e-yal l,ed caron nanot ubes ch, having _two

e Sl L MY ek A aﬁsaaeraeﬁﬁ bt Bydrudd ng te 33
nunber of graphene ige? ers of .the carbon

aTh £Hot Bbe5 L miRuffad ur Righ 35 AR ExRRpPE SFased oh? Fig-
t he aforenentloned observatlon SVWCNTs was_ 6. 3%

3TDVCRES - wA8 ) 82 TS fiRid: BNRIbkEs W&t s AnsA 5L om0 nang BeRes -
nanot ubes extracted at randomin total as illustrated
in FMgrecrehd MRCtR8r FRtherfbrethas GPBRAT | Besihg, was
19, the diameters of carbon nanotubes manufactured 25

ORSE¥Viee - ExBApI e Sre FEOAES fol imgta gy Akbest TEhdanage which

SWCNTs: 1.4 nm 46 Mean val ue of di aneter of SWCNTs:

il yshrptespitand ribhaage BRIDIONTSS 2r8 Fordedipp like a
Mean val ue of dianeter of DWCNTs: 3.1 nm D aneter

flhgdafl awdNTsis 3hovn Urgm dHig. 63 corresponding to the

enlarged Fig. 62 that the fibrous materials are isolated
from one another and that no bundle is formed unlike the
single-walled carbon nanotubes in Example 1. It is
recognized from Figs. 64 and 65 each corresponding to the
enlarged Fig. 63 that almost all the carbon nanotubes
observed are double-walled carbon nanotubes each having
two graphene sheet layers.

As a result of evaluating the number of graphene
sheet layers of the carbon nanotubes manufactured in this
Example based on the aforementiconed observation, SWCNTs
was 6.3%, DWCNTs was 87.5% and 3WCNTs was 6.2% among 100
carbon nanotubes extracted at random in total as
illustrated in Fig. 17 and Fig. 18. Furthermore, as shown
in Fig. 19, the diameters of carbon nanotubes manufactured
in this Example were as follows.

Diameter range of SWCNTs: 1.4 nm
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5 Mean val ue of dianmeter of 3WCNTs: 4.1 nm
Furthernore, as a result of neasuring Raman spectrum
of the carbon nanotubes manufactured in this Exanple,
an observed G band presented positions and shapes

uni que to DV\D\ITS as shown in Fig. 39. l\/breover, si nce

mé§hal ‘ﬁﬁ; £ NG ehplely 07 £ Qwﬁﬁ‘%ds capsgd, B

= Crystal ihe” dlsor er Stas |OMI was reggbnlzed t hat

g9 ty ced
D'}\%%I tglegnaqéwgea %APM# (tbd?fo used as
oy exci.tati o ht sourc man. s ectroscopy
?%35% MR 40 5dﬂﬁmé%£¥p|% B%QNE% ‘o ﬁaﬁf?’c ube
uflactured gn_a substrate of silica

ng?ggg %irr?gng%oﬁgl @Wr?rN%de uﬁ] ftloneé rarffcles as a

catalyst in the sane way npl e 3 except that
MedldV A4S et vas2BEL A% ‘6%03W§§é['(§’nds4 {10"Ri-nut es) at
400C i n a reduci ng atnosphere. 20 Fig. 40 is an SEM
i magd 1 akRATIA e i iR YL bfof Measybinpkengor spestrum
of the carbon nanotube assenbly nmanufactured in this
oG | @2 rPennasNoddRpF 2N EEamttinpd 4 thhs Erample, an
car bon nanotubes were uniformly grown on the
okgpsVest € bapfapsadamt ddghodéndions 38l (Fedpesnobique to
Exanple 1) In Reference Exanple 1, a carbon nanotube
D%@%ﬁbl%ﬁ ajowms handtiact uB8d dhoBeoNlstr aséncle srelakive
gl ass using cobalt-nolybdenumfine particles as a
inhenb sy of 8h® bamsl ogays e IERampyetd ldxiceptdiharder was
hol ding tine was set to 300 seconds (five mnutes) at
laOG i was redocivig ed Misph@WENTs with a good quality were

produced. Additionally, an Ar® ion laser (514.5 nm) was
used as an excitation light source for Raman spectroscopy.
(Example 4)
In Example 4, a carbon nanotube assembly was
manufactured oﬁ a substrate of silica glass using
cobalt-molybdenum fine particles as a catalyst in the same

way as Example 3 except that holding time was set to 600

- seconds (10 minutes) at 400°C in a reducing atmosphere.

Fig. 40 is an SEM image taken in the vicinity of the
substrate surface of the carbon nanotube assembly
manufactured in this Example. It was recognized from Fig.
40 that the carbon nanotubes were uniformly grown on the
substrate surface with high density.

(Reference Exanmple 1)}

In Reference Example 1, a carbon nanotube assembly

47



10

15

20

25

5 Fig. 41 is an SEMimage taken in the vicinity of the
substrate surface of the carbon nanotube assenbly
manufactured in this Reference Exanple. It was
recogni zed fromFig. 41 that reductive reaction of the
nmetallic fine particles on the substrate was

es_wer.e ne

T el P THR A0 B LR A Bl
IS G (RO D LB P cane

substrgte of siJica glass ugiﬂa 15 caobal t - nol ybdenum
1

W3Y S piF BPILEs SaeXr Tk at B3 FHE S dndngiayagsset to 300
Exangle %,excegt using a saql ution having cobalt of
SR DR Fas L 407 EntH RS fifde fUm*80 6: 64 AaZgd oMY GrifmgPhere.

the _cobalt-nol ybdenum fine particles. Mreover, by

a

hi gh Fleboldh ilch aSEMEY e daiti e ekt Poe fabielp tyhef the

metallic fine particles just before the growh of
SI{%Bﬁﬁtﬁanétufblg%C%t aPfedthr t Wiar®@anpnanodivke arageenbly

Exanple 1. Fig. 3 shows SEM images of the netallic
mFppkacpaped| eknonthie subsfraeacsht sk nadpilie Exanple was

5. As a result of evaluating the nunber of graphene
rezoghéeed dionr Bidthdlcdriboh hadotqibese naraicdctan edf the

in this Exanple, SWCNTs was 2.2% DWCNTs was 51. 1%
meCNTF S cvlakn e 48 P61 ¢ e sANCNNe #ad SI7 Boe avecs SWENIEE imsent:,

2.2% anong 100 carbon nanotubes extracted at random
that et @& the Insrtacédsi weEiegmetdl ERdabplmmBiicles and
that the carbon nanotubes were not sufficiently grown.

{Example 5)

In Example 5, a carbon nanotube assembly was
manufactured on a substrate of silica glass using
cobalt-molybdenum fine particles as a catalyst in the same
way as Example 1 except using a solution having cobalt of
0.04 mass% and molybdenum of 0.04 mass% for forming the
cobalt-molybdenum fine particles.

Moreover, by a high resolution SEM, observation was
made of the metallic fine particles just before the growth
of carbon nanotubes started in this Example, similar to
Example 1. Fig. 3 shows SEM images of the metallic fine
particles on the substrate obtained in Example 5.

As a result of evaluating the number of graphene

sheet layers of the carbon nanotubes manufactured in this

Example, SWCNTs was 2.2%, DWCNTs was 51.1%, 3WCNTs was
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5 In Exanple 6, a carbon nanotube assenbly was

manuf actured on a substrate of silica glass using
cobal t - nol ybdenum fine particles as a catalyst in the
same way as Exanple 1 except using a solution having
cobalt of 0.06 nass% and nol ybdenum of 0.06 mass% f or

2%,8%%" ”%M‘lﬁTslga%Ob?’H ggol%ﬁbgeg@m&isnewgar | ¢l esmgng 100

rebver y~a high résol ution ob&&¥ vAati“on
of the tallic_fine particles jusi befpre th
C%?%%Ph Wﬁn%gﬁgﬁﬁ nSACERESE St afFed TRRAM s %&an%Pgﬁl as
.simlar to, Exapple 1., As a result, it was recognized
lf%gﬁtgﬁﬁﬁQi%?eggg'dﬁﬁheter di stribution (range of
catalégé diﬂnetgr: 4.0 to 16.0 nm nean value: 10.8
nm affe*¥fBhda’d deviation: 2.31) shown in Fig. 42

was given. Furthernore, as a result of evaluating the
nunber? &fXrRbRent’ shet CREYPEFs HRONEIREr paRsSenbly was
nanaotubes 20 manufactured in this Exanple, SWCNTs was
manu gt UBANTLC Mas? 15306 T BAENTs ofas 56. 1098 angl apeNTysing
was 9. 8% anong 100  carbon nanotubes extracted at
Cepdsmod Ydanusfine | RarEAcdes ASA gausBl YFEgin £hg same
an SEMinmage taken in the vicinity of the 25
WY rigt @Bl ef AceXefPithe sdarthén swdntt e gvéngl gobalt of
manufactured in this Exanple. It was recogni zed from
0 Fp §. magg 34 archano } viedeausow hahol ibes swér € ami formiing the
%%gwn on the substrate surface with high density.
cqlophparstlivedeExanpfdne) navr Coapamsati ve Exanple 1,
first, cobalt-nolybdenum

Moreover, by a high resolution SEM, observation was
made of the metallic fine particles just before the growth
of carbon nanotubes started in this Example, similar to
Example 1. As a result, it was recognized that a particle
diameter distribution (range of catalyst diameter: 4.0 to
16.0 nm, mean value: 10.8 nm, and standard deviation: 2.31)
shown in Fig. 42 was given.

Furthermore, as a result of evaluating the number
of graphene sheet layers of the carbon nanotubes
manufactured in this Example, SWCNTs was 17.6%, DHCNTs was
15.7%, 3WCNTs was 56.9% and 4WCNTs was 9.8% among 100
carbon nanotubes extracted at random in total as
illustrated in Fig. 43.

Fig. 44 is an SEM image taken in the vicinity of the

substrate surface of the carbon nanotube assembly

manufactured in this Example. It was recognized from Fig.
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5 fine particles were forned on the substrate, simlar
to Exanple 6. Next, this substrate was stored in the
furnace tube 14 of the manufacturing apparatus having
the structure shown in Fig. 1. Subsequently, the

reactor was sealed, 10 and the interior was evacuated

44}1&1{&: %éepga %her e%%lt bégewe\;gevgﬂg dIﬁl]}/fleél]E%YGran\gn the

ened 0 su rogen
sure of the furn?gle b}h i4 vva set to 70 kPa. An
FEE & %% ot EBFItY « was started

V\,hl I e t he internal press f the furnace tube 15 14
was n(ﬁ:roﬁtl%"i”ﬁ% VB JFJ) to the heater was
controlled by the control devrce 17 in such_a way. that

t he @reﬁﬁeﬁée%% Hgrehe s AR 16 B Wagenun

ngarat|ve ExanE% reductive reaction was
fléb‘?‘rcﬁr%? dclgs MiFrea rf“?ﬁleoé’s Ghe E"t‘é}ri’rﬁ*érféitt@rre el lar to
berng conti nuously 20 increased up to 800C that was
EXqdiP &8 fhe reaction tenperature without holding the
tenperature at mdpoint. Wen the substrate
"t emp&eattur e?frle%cﬂi%sgt)@@e vRe valored Siraddiw afwengce tube
wer e ogened i mredi ately to introduce ethanol vapor
14 mb the mambcerctubény anradditisonawlaghfideogdir gsture
gas, and then the grow h of carbon nanotubes started.
shgwn t hpsFignrel -t Falsfe paeBéd Yoeftdre rhecoswwroifsehbed,
carbon 50 nanotubes started after the substrate
anckrges ainteriexcveded UBOG had abotb P0@ Fecondhercecafter
During the growth of carbon nanotube, the tenperature
thef whkveubstndt valeearhd wehiee ionenad| tpr esppley 2 hydrogen
gas, and an internal pressure of the furnace tube 14 was
set to 70 kPa. An electric conduction to the heater 12
was startedwhile the internal pressure of the furnace tube
14 was maintained. Power supply to the heater was
controlled by the control device 17 in such a way that the
substrate temperature was increased at 0.5 °C/sec. 1In
Comparative Example 1, reductive reaction was conducted
at the same time as the temperature was being continuously
increased up to 800°C that was set as the reaction
temperature without holding the temperature at midpoint.
When the substrate temperature reached 800°C, the valve
5 and valve 7 were opened immediately to introduce ethanol
vapor into the furnace tube 14 in addition to a hydrogen

gas, and then the growth of carbon nanotubes started. At

this time, time At passed before the growth of the carbon
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5 of the furnace tube 14 were mai ntai ned at 800C and

at 1 kPa, respect

ively, and h

eld for one hour.

Thereafter introduction of a hydrogen gas and et hano
vapor was stopped. The substrate 16 was cooled up to

room tenperature while an Ar gas is passed into the

n or#%@ﬁﬁ%stu%ec%pt&é Blede A5 |

e entire st ep reover

g

particles jus
BB 179 pg T o

cdiEabx 05 Fess

uFﬁétpl?rceto“Y‘ﬁ Yhi &

s _was 20.6%

RS ade, of

F8%e gro

SWCNTs was 19. 9%

Re? I t%ﬁﬁ ﬁégre @%Hﬁégature

by a résol ution

w% nf&sglalr Ibgnf Ing(neot ubes
eSE?%%tth B8 T CeebiPBea TAAP ISy
1805t h b ATLERB1a b Ghipressure
T ok B EC g e deiMe Bt TRORPGATIRS iHo | %@ﬁ%@?éﬁgf at 1

Egraphene sheet Iayers f the

car bon nanot ubes

the

nParak .ﬁﬁérEseélﬁpﬂéous\ﬂu\rffél%%after
AWCNTSs was

DWCNT
m?trs@ usﬁc}cmsvejirrs?l VREABOPRIanDRE FOT c SEHGT Mhn SRR was
extracted at randomin total
StAPPEden i Mhthe SHASEr 8t eSWERTs Wadyi 69 2 hed h.@ﬁest:o

25 proportion was no nore than 51.5%

proportion, the

temBRAPLET) WBilena

as illustrated in Fig

assenbly was manufactured on a substrate of silica
14l adsl wisihy 1z dbaiemuny ybaseurrPifdd oot itdieensine step.

catal yst in the sane way

room

%8 75 B2EgFoRNRgnBRgbBurnace tube

as Exanple 1 except using a

sol uMgre HeRF nP e dbhdlitglvfresolution SEM, observation was

made of the metallic fine particles just before the growth

of carbon nanotubes started in this Comparative Example,

similar to Example 1.
a particle diameter distribution

diameter: 2.0 to 16.0 nm, mean value:

deviation: 3.01)

Furthermore,

shown in Fig. 42 was given.

As a result, it was recognized that
(range of a catalyst

8.0 nm, and standard

as & result of evaluating the number

of graphene sheet layers

of the carbon nanotubes

manufactured in this Comparative Example, SWCNTs was 51.5%,

DWCNTs was 20.6%,

3WCNTs was 19.9%, 4WCNTs was 7.3%

, and

SWCNTs was 0.7% among 100 carbon nanotubes extracted at

random in total as illustrated in Fig. 43. Even in the

case of SWCNTs

having the

highest proportion,

proportion was no more than 51.5%.

(Example 7)
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5 0.07 mass% and nol ybdenum of 0.07 mass% for form ng
the cobalt-nolybdenumfine particles. Mreover, by a
hi gh resol ution SEM observation was nmade of the
nmetallic fine particles just before the growth of
car bon nanotubes started in this Exanple simlar to

g o

netalilc%% f%ar?fcl%s“%%égﬁg Egggg%e oﬁ?g?%@ﬁlyh was
. nect.i,o h ea h of. .t.he reduced
mﬁ‘?fﬁﬁ sted 0 of O TEUENELER PoEY, B 1 sl PHSER ) using
S t he artlcle di,a .

o9 agﬁreari&ﬁ”%egf'?%mr%%? o lfePEs 48 7 FEATYEE HTne same
rec zed i cle diamet di stribution

way aar%@‘f%?m%l\?ai o BBPEHPenS § 5oy P HAY i nHegADAlE Of

tandard. deviation: 2.07) shown
01@’ Hash eall i irodraR o 6y 4B nEBsehaae (fpsning the
er of graphene sheet 20 |ayers in connection with
Rehtsroda] ?%ngﬂﬁﬁb§%qﬁ&01ﬁénnthe car bon

nanotube assenbly, TEM observati on was conduct ed,
si ni P’jé’rret%V‘E‘f(an]%Yea Bigh geesabute oz Site TRMeThagden was
of the carbon nanotubes manufactured in this Exanple.

nae & §hgpRera Whiced ing oo bkel pechynt Zealonebhg growth
wal | surface in an i nage of carbon nanotube observed

off -aghen BANPtgPYS $a50edTHIS this Bdampd § udyedilar to
a 52 triple-walled carbon nanotube. As a result of

Examplat} ng Fhe. nindeevofayrdphdmagehettthayeesasdl ichéine

carbon nanotubes manufactured in this Exanple based
pagrit- i hkesf enthei gndes bbateyatitoringdCNTs Example 3. In

connection with each of the reduced metallic fine
particles seen in white color in SEM images shown in Fig.
3, the particle diameter was measured using a ruler. As
a result, it was recognized that a particle diameter
distribution (range of catalyst diameter: 8.1 to 17.0 nm,
mean value: 12.7 nm, and standard deviation: 2.07) shown
in Fig. 4 was given.

Next, in order to check the number of graphene sheet
layers in connection with each of carbon nanotubes that
form the carbon nanotube assembly, TEM observation was
conducted, similar to Example 1. Figs. 46 to 50 are TEM
images of the carbon nanotubes manufactured in this
Example. Three graphene sheet layers are recognized on
a wall surface in an image of carbon nanotube observed in

each of Figs.46 to 50. Thus this can be judged as a
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5 was 3.2% DWCNTs was 6.5% 3WCNTs was 74. 2% and
AWCNTs was 16. 1% anong 100 carbon nanotubes extracted
at randomin total as illustrated in Fig. 17 and Fig.
18. Furthernore, as shown in Fig. 19 also, the

di aneters of the carbon nanotubes manufactured in

I.s E fo 10 D aneter range of
t%£&%?awggi§%ﬁ§%§g§auiAﬁggibgraneter of SWCNTs: 1.5
nm tel e of 5.to Ve
val e S E ey of BNAMNS L 588 hHE (7OmBE Gangsaghene
3. 5 Mean val.ue of diane
SEQRNTL2YATE Rin CBRanBEBT aﬁa@t&bﬁmu?ac% % g this
nm a vahye of di ameter of 4AWCNTs: 4.
EXUPPRE Aeed &7 4 fe%sﬁﬁPr&w%%?ﬁﬂgohéﬁgﬁf%pre%uﬁWCNTs
of the carbon nanotubes manufactured in this Exa%p
Wa§ 3 0¥ nd N RTSGHRSRl- PRat SRENTS WAS dhapd and 4WCNTs was
|ntenS|ty rati o of each of observed G band and D band
1owts BRESY Jl QuearbenvmenPL Wreshpesrrafad aF wpndom in
as shown in Fig. 51. Addltlonahg{ an Ar+ ion |aser
tqtald &5 drhlydkrased 45 Bhg - ekéiand ifdw 4 ilght Jourketrwvpre,
Raman spectroscopy. 25 (Exanple 8) In Exanple 8, a
agaPbeimakivt b6 -aslsendll §onasth &3drame et sir o dihe carbon
substrate of silica glass using cobalt-nolybdenum
ngpppupast mclresf asturesdt dinydthis Exampare wassy @s follows.

Exanpl e 1 except using a solution having cobalt of
Dipnenass %aarde nof y 5#EMTs of L 051 nmass% f or form ng the

Mean value of diameter of SWCNTs: 1.5 nm
Diameter range of DWCNTs: 2.5 to 4.0 nm
Mean value of diameter of DWCNTs: 3.3 nm
Diameter range of 3WCNTs: 3.5 to 4.9 nm
Mean value of diameter of 3WCNTs: 4.1 nm
Diameter range of 4WCNTs: 4.2 to 5.0 nm
Mean value of diameter of 4WCNTs: 4.6 nm.

Furthermore, as a result of measuring Raman spectrum
of the carbon nanotubes manufactured in this Example, it
was recognized that position, shape and intensity ratio
of each of observed G band and D band were those unigque
to MWCNTs of three layers or more as shown in Fig. 51.
Additionally, an Ar+ ilon laser {514.5 nm} was used as an
excitation light scurce for Raman spectroscopy.

(Example 8)

In Example 8, a carbon nanotube assembly was

53



10

15

20

25

5 cobal t - nol ybdenum fine particles. As a result of

eval uati ng the nunber of graphene sheet |ayers of the
car bon nanot ubes manufactured in this Exanple, SWCNTs
was 3. 1% DWCNTS was 4. 2% 3WCNTs was 76.00 and
AWCNTs was 16. 7% anong 100 car bon nanot ubes extracted

in tqtal_ as. i trat.ed _i.n .Fi g. . ,
m%ﬁiﬁ%‘rﬁl&g%%)%q N glnplsetiiﬁs,%%gggr b%tﬁ ngr%z)itlucbag a%]ﬁ%ﬁﬁl yusj‘ng
S, . manuf act ur ed .nasubftrteof silic | ass in
SR T RRdBrit G Tihe st 68 25 Acaiedaf i thrdane

sane way. as. Exanpl e 1 except usi a sol ution
A AT £ bk GPBEHS SHaRdS A %fng, gopalt of
ss% fqr formn h cobal t - nro] ybdenum fi ne )
0 phrRREFEs Abr BOVLAHREA AitgH 1 beBRaStont GEVEOrming the
bservation was made of the netallic fine particles
c ttpRPINE AR 6WPR PAF ©kCL&Fbon nanot ubes started
in this Exanple, simlar to Exanple 1. As a result, it
was PecaynFeed lithatt aepattiadiing dthgetreimiie 5t pifhf ¥ dphene
(range of catalyst dianeter: 11.1 to 21.0 nm nean _
shpgheladers o thadarhadarangévbas swnuiagbpregown this
in Fig. 4 was given. 25 Next, in order to check the
Expmpbe r sTWGNApHene 3shcet DMG/RS &g 46 @nedWCHT swwels 76.03
each of carbon nanotubes that 54 formthe carbon.
anthddtGbes asserth y7% FEM BB sk? §atd shonaBanodwhes ek tracted
simlar to Exanple 1. Fig. 52 is a TEMimge of the
atcardodonanst det ahnatadtidrett Fatehi §.rExanpl el Skour
graphene sheet |ayers are recognized on a wall surface
in (Example 9)

In Example 9, a carbon nanotube assembly was
manufactured on a substrate of silica glass using
cobalt-molybdenum fine particles as a catalyst in the same
way as Example 1 except using a solution having cobalt of
0.5 mass% and molybdenum of 0.5 mass% for forming the
cobalt-molybdenum fine particles.

Moreover, by a high resclution SEM, observation was
made of the metallic fine particles just before the growth
of carbon nanotubes started in this Example, similar to
Example 1. As a result, it was recognized that a particle
diameter distribution (range of catalyst diameter: 11.1
to 21.0 nm, mean value: 16.2 nm, and standard deviation:
1.76) shown in Fig. 4 was given.

Next, in order to check the number of graphene sheet

layers in connection with each of carbon nanotubes that
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5 an i mage of the carbon nanotube observed in Fig.52.
Thus, this can be judged as a quad-wal | ed carbon
nanot ube. As a result of evaluating the nunber of

" graphene sheet |ayers of the carbon nanotubes
manufactured in this Exanple based on the

r nt.J o) [ j.on 9%, . :
e e R B e e Pl s SOpMS RS R com was
anqt. S I t. rand i n tal as
cRaEE B od i e . T FERR e e P 32 her & TRY image

in Fig. 19, .the di ters aof .t carbhon

of A 6aeloT dantians B R F L e R h fEre P e . Four
follows. 15 Dianeter range of 3WCNTs: 3.9 to.4.7 n .

IEBRCTE] GES6F GPLRAP I ERRARAL 283007 F ket B Tace in
range of 4 s: 4.2 to 5.5 nm Mean val ue of djianeter

arbflm%\wg: %_’égc?mpoa BABCIIRS RES BTV S &1%. 92t o Thus,
5.7. nm 20 Mean val ue of dianmeter of 5WCNTs: 5.5 nm

s afple Pf0) U@ggaﬁﬁl @ 24 HalESs MaoPaBe RAIKINHPS -
was _nanufactured on a substrate of silica glass using
cobaPt- ol §BaBAIM 3T neVadrEtd g fRea MR s L [ #ehene
sane 25 way as Exanple 1 except using a solution )

SRR NP ¥obal 2 dihe Corhassnaant wesis FdarilimeEured in this
mass% for formng the 55 cobalt-nol ybdenum fine

Ewﬁl@}ééseﬁbf)@o\gra% PO BERPF oA b sarsafion, 3WCNTs
observation was nmade of the netallic fine particles

WEst2 bet or AWORE syrvia h6 1 of Scastich HEPRT gbeasstldr 2% among

this Exanple, simlar to
100 carbeon nanotubes extracted at random in total as

illustrated in Fig. 17 and Fig. 18. Furthermore, as shown
in Fig. 19, the diameters of the carbon nanotubes
manufactured in this Example were as follows.

Diameter range of 3WCNTs: 3.9 to 4.7 nm

Mean value of diameter of 3WCNTs: 4.3 nm

Diameter range of 4WCNTs: 4.2 to 5.5 nm

Mean value of diameter of 4WCNTs: 4.8 nm

Diameter range of 5WCNTs: 5.2 to 5.7. nm

Mean value of diameter of S5WCNTs: 5.5 nm.

(Example 10)

In Example 10, a carbon nanotube assembly was
manufactured on a substrate of silica glass using
cobalt-molybdenum fine particles as a catalyst in the same
way as Example 1 except using a solution having cobalt of

1.0 mass% and molybdenum of 1.0 mass% for forming the
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5 Exanple 1. As a result, it was recognized that a
particle dianeter distribution (range of catal yst
dianmeter: 13.1 to 22.0 nm nean value: 18.9 nm and
standard deviation: 1.98) shown in Fig. 4 was given.
Next, in order to check the nunber of graphene sheet

C%ﬁgﬁ@Mﬁ%ﬁﬁb?ﬁggﬂﬁqukggaﬁ%%g%%§%%'of car bon nanot ubes

€ carbon n € "assenbly, TEM
obser i on was, conducted, siml.ar t anple 1. Figq.
531 SR By R Fhot e Pao S oTbe S servatich was
nuf agt.ured .i hi s. Exanpl e, . Five.graphene sheet
ng 30 £ e FRst T S oot oa Br ki £ 18 7 Jod BE ToA e Aergge D
f the carbon .nanotube observed in.Fig. 53.. Thus, .
of L sar Bah e e a et et e P 0 E4ABEH sl Bbdar to
As a.result_of evaluatiﬂg t he number of %éaghene sheet,
Exaygle Bf 1A 2 50hL hanbk JTRS TRERIALEGRCARAT AHParticle
Exanpl e based on the aforenentioned observat.i on,
d €T 53 sfast Bu B A WERTI Rt 232590 ysiodiaprger: 13.1
59. 0% and MACNTs was 11.2% anong 100 car bon nanot ubes
Lexit abt BB aPeRANYEHUS n kDt 8InBs apfustpaderd Weygation:
17 and Fig. 18. Furthernore, as shown in Fig. 19, the
1 dP BhebrsHfin hELdecadbdtp ha®ioVebes manufactured in

this Exanple were as 25 follows. D anmeter range of
SWNRex Y, An @ i er i deekdh vaurbef of aveaehepe sheet

3WCNTs: 4.5 nm Dianmeter range of 4WCNTs: 4.6 to 5.3
layerpean ¢onretidnandtdr egfc\VoNTearbod mandiabesethat
range of 5WCNTs: 5.3 to 6.5 nm
form the carbon nanotube assembly, TEM observation was
conducted, similar to Example 1. Fig. 53 is a TEM image
of the carbon nanotubes manufactured in this Example.
Five graphene sheet layers are recognized on a wall surface
in an image of the carbon nanotube observed in Fig. 53.
Thus, this canbe judged as a quint-walled carbon nanotube.
As a result of evaluating the number of graphene
sheet layers of the carbon nanotubes manufactured in this
Example based on the aforementioned observation, 3WCNTs
was 6.3%, 4AWCNTs was 23.5%, LWCNTs was 59.0%, and MWCNTs
was 11.2% among 100 carbon nanotubes extracted at random
in total as illustrated in Fig. 17 and Fig. 18.
Furthermore, as shown in Fig. 19, the diameters of the
carbon nanotubes manufactured in this Example were as

follows.

Diameter range of 3WCNTs: 4.2 to 4.8 nm
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5 Mean val ue of dianeter of S5WCNTs: 5.8 nm D aneter
range of MACNTs: 5.8 to 6.5 nm Mean val ue of dianeter
of MACNTs: 6.2 nm (Exanples 11 to 15) In Exanples 11
to 15, a silica glass substrate was 10 used to
manuf act ure carbon nanotubes using iron as a

wEahabNIe FLE S bR dyRsp shofuld.ca, ghagy, substrates

cal |l y polii'’s dacés 'of 20 nm x 20 mm x

0, and _cp 3 | re pr red. The
Dgﬁ%ggggfggﬂmg?eogtgﬁtéﬂﬁ%P?%wg %Fﬁ f rﬂ?ng chanber of
a_magnetron spuytterin app S .(mude by KI TANO
Medh kP adse qﬁ'.?aFﬁﬁﬁghéﬁg:gﬁagﬁs‘tg?€€aEﬁate up to a
hi gh_vacuum _Next, on_gas was. | ntroduced to the
DYFRREFST HARE T HARDERCAIRT t Reoptledin® Bhas ad) st ed
to aboyt 2 Pa. A target nade of tungsten was 20 used
Mean availig %'ﬁae‘ﬁ)%aﬂﬁé} ne® FradBCHE ity gth $aBused in a
second step, and _a negative high voltage was applied
Digmetre FagEe  CAn¥ Pt erPnd ®&s Set f®Rned. Thus, a
tungsten thin filmwth a thickness of 2 nm was
Meppo¥pted Uh dheusiest raf MPANTHe fG+3tnBtep by the
sputtering nethod, 25 and then an iron thin filmwas
deposifrenk hefedd th® habe a thickness of 0.2 nm
(Exanple 11), 0.4 nm (Exanple 12), 57 0. 6 nm
( Exarpl €xegples7lamteEddaplae slid)iandgdas snayExbrpbe was
15), respectively. Next, a carbon nanotube assenbly

used menutartfiped unm chaboubsnpaod wdiesi Miséag)l agon as a

using iron fine particles
catalyst.

First, two types of silica glass substrates with
optically polished surfaces of 20 mm x 20 mm x 0.5 mm and
¢® 30 mm x 3 mm were prepared. The substrates were stored
in a film-forming chamber of a magnetron sputtering
apparatus (made by KITANO SEIKI C0O., LTD., type name: TWS)
to evacuate up to a high vacuum. Next, an argon gas was
introduced to the film-forming chamber, and the pressure
was adjusted to about 2 Pa. A target made of tungsten was
used in a first'step, and one made of iron was used in a
second step, and a negative high voltage was applied to
the target, and sputtering was performed. Thus, a
tungsten thin film with a thickness of 2 nm was deposited
on the substrate in the first step by the sputtering method,
and then an iron thin film was deposited thereon to have

a thickness of 0.2 nm (Example 11), 0.4 nm (Example 12),
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5 as a catalyst after reductive processing in the sane
way as Exanple 1 except using the substrate with the
surface on which the iron thin filmwas formed by the
af orementi oned processes. Moreover, by a high

resol ution SEM observation was 10 nmade of the

[ t I bef h th
0 R s B30 ¢, 6 Fonh R B B ARl 8 e L
|t t [ d that th
1E%artlcgg gﬂﬁh€$%¥adr§f?|but:onga:hgiﬁoggigilmer: °
anet er range of, cat al

t
. 0 NRS B BT FEOR2 THGLBF gy e m&nu%}%"c’ured
o ghlz' Obn::ﬂ agz % 3 D|a ter e of catal 8, 0
g fesb} " Bxa é iR At Qartlcles

10.0 f ¥1 e 15 D aneter range of
a5 &t aagfs% V4B B° L6236 NES (D 8665 T 1040 gfbe same way
eval uatj ng. t he nunber of 20 graphene sheet |ayers of
2% FX R bBnl neReeRbe 8 Sl s tratenvdd Ietdp | sisr face
by TEM observation simlar to Exanple 1, the result
ONshdtihl FR TaM%e 11%R8 oftdihedfiA® | &'agbvi Basmerk orRY hethe
result shown in Table 1, it was recogni zed that even
aﬁﬂﬁﬁ@??ﬁh°ﬁﬁ§id§@@ca§sﬁsoatalyst by changing the 25
thickness of iron film the particle dianmeter of the
cat aM9§teQ§é$1rbéOk§rﬁaﬁlgéﬂl here bbyipnk SBY /i PhsEey dt bonowas
58 control the nunber of graphene sheet |ayers of the
macty Péntheanetebds.c Figie partsi ahe SES hdyel cakebhergrowth

the vicinity of the substrate surface of the carbon
ofhﬁh@pg@@bggg@ﬁﬁpyubes started in these Examples, similar

to Example 1. As a result, i1t was recognized that the
particle diameter distributions shown below were given.
Example 11 Diameter range of catalyst: 2.0 to 7.0 nm
Example 12 Diameter range of catalyst: 6.0 to 12.0 nm
Example 13 Diameter range of catalyst: 8.0 to 16.0 nm
Example 14 Diameter range of catalyst: 10.0 to 19.0 nm
Example 15 Diameter range of catalyst: 16.0 to 22.0 nm

Next, as a result of evaluating the number of
graphene sheet layers of the carbon nanotubes manufactured
in these Examples by TEM observation similar to Example
1, the result shown in Table 1 was obtained. As is obvious
from the result shown in Table 1, it was recognized that
even when iron was used as a catalyst, by changing the
thickness of iron film, the particle diameter of the

catalyst can be changed, thereby making it possible to
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5 manufactured in Exanple 12.

It was recogni zed from

Fig. 54 that the carbon nanotubes were grown cl ose

t oget her on
di rection.

Proportion Proportion Proportion Proportion

SVENT%‘% nt‘%@ 8)“1\’&%‘9 g'sf}kéli/\gc\fﬁyer@ BEpthg &arbon

nqglgg

to a

19000 0.6

1 el

em ssi on _di spl ay

the substrate surface in a vertica
Table 1 8e film Proportion Proportion
thickness

b 515746 00 0.7047 67 220
B°6% 8 61 31 10 (Exanple 16) Exanple 16 rel ates
appar at us__usi ng the

car bt $a 4(&b’%%§§%I19“a(%%rtb%]ﬁenn9&?eﬂlﬁlYlGFntlﬁé/ of the

invention as an el ectron source.

15 Fig

55 is

resent :
é#%%ﬁéﬁﬁtl@QﬁQ%%eSEEfloﬁge\HQWVQ@nthQaQQﬁﬂQQ agpgmbly

33 denotes an emtter el ectrode,

34 denotes an

mapafpstare By ARl E Yare dbevBSodecom Hendt soanFig.
37 denotes a fluorescent substance,
544datding crrkepsianaitudes serenr (DO)C hoser tegatoer on

In the field em ssion display apparatus of Exanple
the, suhetaledd rowr §agreca 86 i setdimed oliraetdanbon

el ectron source,

nanot ube

assenbly of the present

i nventi on.

From t he

electron 5 source 36 on the emtter electrode 33
bi ased to a negative

Table 1
Fe film Proportion | Proportion | Proportion | Proportion | Propertion | Proportion
thickness of SWCHTs of DWCNTs of 3WCNTs of 4WCNTs of S5WCNTs of MWCNTs
(%) (%) (%) (%) (%) (%)
0.2 100 0 0 Q 0 0
0.4 10 81 9 0 0 0
0.6 5 15 74 6 0 0
0.7 0 4 7 67 22 0
0.8 0 0 0 8 61 31

(Example 16)

Example 16 relates to a field emissioh display
apparatus using the carbon nanotube assembly (carbon
material) of the present invention as an electron source.
Fig. 55 is a schematic cross—-sectional viewof the display,
34 denotes an

and 33 denotes an emitter electrode,

insulator, 35 denotes a gate electrode, 36 denotes an

electron source, 37 denotes a fluorescent substance, and
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potential by the DC power source 38, an electron is
emtted by a field em ssion phenonenon, and collides
with the opposing fluorescent substance 37 to
generate fluorescence. At this tine, the gate

el ectrode 35 has such 10 a function that acts as an

seflesigensext actlon glectigde ptp BXLACt A glectron

from el'ectron solrce er nor €,
i nsulat 34..has, such_a.fungti that_acts, as
nout e Phs Eater ielfve s ol A p AL R BR bR ) a1
to,_prevent . di scharge between_the el ectron soyrces 36.
161t e PR G I P S Ut Gie s b o HEROr Gt ' 6 ik preaEyube
i nv i on .uses carbon nanotubes with a_hi gh [
2SRy "B 13° ab A7 &l bot PUR TGk o,  ZAGT HEREf G Gron
O&éfect%g to . reduce unevenness i.n | um nance and )
SOMHGAiDAS FRe PRE&{tSTe S48 oAt et RitSeActaispegative
using, a m xture_of 20 many ki nds of carbon nanot ubes
PORSH + 3Rt enBRRPVepUF PEFES 38: AN 1% FBAnshe il tted
I ndustrial Applicability According to the carbon
b¥nghof tifé Casibh®s ¥ o2 P e aBelri P dechdd ifleghwith the
present invention, it is possible to selectively
OPREFUITHEt ur ELHOWEIS @ kar bBRL SE@ ot ubés wiph higgtherate
purity. Moreover, the carbon nanotube assenbly of the
flyocgasgtenfgent Asnt i §s £ deg bdhe mater paec bttt @ 3i%has such
formed of mainly carbon nanotubes, and is a carbon
a fupettulsd ddveii gt § e e e be pEsportdohr o€ t5 om wdldarode
carbon nanotubes (any one of n = 2 to 5 to carbon
tonagwtubesd tanbe bontapnedifemhighe and¢hrahi choarasl |36.
Furthermore, the insulator 34 has such a function that acts
as an insulation layer between multiple electron sources
36 to prevent discharge between the electron sources 36.
The field emission display according to the present
invention uses carbon nanotubes with a high wall number
purity as an electron source, and therefore is expected
to reduce unevenness in luminance and variations in
lifetime as compared with the display using a mixture of
many kinds of carbon nanotubes with low wall number

purities as an electron source.

Industrial Applicability
According to the carbon nanotube assembly
manufacturing method of the present invention, it is

possible to selectively manufacture n-walled carbhon
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nunber purity is higher than ever before, and
therefore, this can be used as various types of
devices utilizing physical properties depending on
t he nunber of graphene 10 sheet |ayers, for exanple,
an el ectron source for a field em ssion display
izl . ron. em ssion, charagteristics,
nE b U4 T g haber AP O an BPRCSFEt ed ENPouFEEROD

. oV
nteriayer wring r r’ an “rntegr

R AR AT 1 caron
wBERRYhe ERACTELN ¢ G TR CATPTL 08, 8, U085, ono

,ﬁredeternined article dianeter, on a, substrate; )

1hedt FAGAHE MREALUDE 13 92eBAMYI desVRBCR Fr &R R heg of
tenperature_ of 300C to 400C in a reducing atnosphere

nT%gEé@&C%H’@& NEAR OFUREE f RRYE Qe ol = Ada? iTg tonearbon
metallic fine particles to a 10 predeterm ned reaction

n3RapEPEsurte i heacrddaisiedahd bilsthrodé®fng ravokglaingcwall
conpound vapor into the reactor to grow carbon

nyaRstuBeg 1Y titfe igthe T i Bhannevepabeifonsy ignduehenefore,
way that a time during which the tenperature of the

thips areine bg nes par gisclveast exeeedyp4300® 15dey i6G® setbhdging
or fewer for the period of tinme before the growth of

phveicadbemr arsiot ibesdepestdimedonf the haatdeny obfgraphene
nmetallic fine particles is started. 2. The nmethod for

shhaatf baverisngfercexibow anctrulselectron source for a field

emission display utilizing electron emission
characteristics, an interlayer wiring material for an
intedgrated circuitutilizingelectroconductivity, and the

like.
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assenbly according to claim1, wherein the tinme during

20 which the tenperature of the netallic fine

particl es exceeds 450C is 600 seconds or fewer for the

period of tinme before the organic conpound vapor is

introduced into the reactor at the reaction

tenperature after heati e netallic fine

particles is started. Eggégi%ﬁggﬁﬁthod for

manuf act.ur i a_carbon nanotube assenbly according t
leldh Fﬁelt,h%g%eﬁ i HetaFiRg #iGRFPeD ?’FEP@saéF’@m%er

hel d the predeterm ned tenperature of 300C to 400C
tl?%rmg%%mégmgrélmm he BREPSedici ng at nosphere in

the step of causing reduction at the surfaces of the

net al§q%cminge pReERdlds 5T4nerhe Riihbealesr having  a

manuf acturi ng a carbon nanotube assenbly according to
p%@%ﬁﬁﬁf}ﬂ%@? ePArtAE s cdictBefieded On eacERbstrate;

tenmperature is 500C or higher. 5. The nethod for

manufted biReig atlear boke hahdigbe Tassenbpprdcicvtesng te a

claim1, wherein heating of the 10 netallic fine
Pprdetelras ried gamoe reduby afr 38608GC 6o AEALCEr imawi ngdacing

peak of energy spectral distribution in a range of
aiavebergch tof ¢adspmregiuc7ipm af. sSthefaetbhodareof;

manuf acturing a carbon nanotube assenbly according to

cl ai ielgtvhgr eithéhe metallic fi iégnel5 partiictessareco  a

formed any one of at |east one netal selected fromthe
rrrdepecorisiad i ngact ioobaldmpephydenuin ai ckelct@nd and

iron, and alloys of these netals. 7. The nethod for

manufiacimwdugiagcashorongantebecompound vapor into the

reactor to grow carbon nanotubes on the metalli¢ fine
particles in such a way that a time during which the
temperature of the metallic fine particles exceeds 450°C
is 600 seconds or fewer for the period of time before the
growth of the carbon nanotubes is started after heating
of the metallic fine particles 1s started.

2. The method for manufacturing a carbon nanotube
assembly according to claim 1; wherein the time during
which the temperature of the metallic fine particles
exceeds 450°C is 600 seconds or fewer for the period of
time before the organic compound vapor is introduced into
the reactor at the reaction temperature after heating of
the metallic fine particles is started.

3. The method for manufacturing a carbon nanotube

assembly according to claim 1, wherein the metallic fine
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assenbly according to claim®6, wherein the step of
formng 20 the netallic fine particles is that the
substrate is dipped in a solution containing at |east
one ion selected from the group consisting of a
cobalt ion, a nolybdenumion, a nickel ion, and an
refrom

' LQn, d thereafter, is_wthdrawn, the 5
p4f Ot i BETERER At b RS B bR hrsttke Cilre of
S |y prding ta claim6, wherein the_st of .
3Gy A Thetni BN SePhBosa dresogm e Feducing
substrate is perfaqrned bg sputterin%gg?s a taLget,
AIJLPABETF dRe-BF SHeR L4t ABR NGB EAU Il R edd L PN E hBCES
roup consistjng_of cobalt, _nolybdenum nickel and
OligrB}H‘,g net et bystorer ket helgfs. 5 9. The nethod for
manuf acturi ng a carbon nanotube assenbly according to
4cl aihhre, %E?‘@Fln fRE OrEEHLACTHRENE | SaxbprasRappsube
conpound sel ected fromthe group of nethane, ethane,
a5 OPRAY, 2BGeAE NGty |CheimaketWhereln fich@¥sidetermined
et hanol , propanol, benzene, a benzene 10 derivative,
repphi A8l SeaPer ahprehdlsentd Yok eat indeghennt hr acene,
and an ant hracene derivative. 10. The nethod for
> manufRet rehod chebormabndediair Brgenbl \Caleondimnebube
claim1, wherein the particle dianeters of the
aspenblivc afdgrerpangi descltaimed onwhkeelh shibstiate af ethe
8 nmor |less, and wherein the carbon nanotubes that
nectanl bécobi nenedr bt e leisngber eml bethecabloa radhat dbesheater
11. The nethod for manufacturing a carbon nanotube
having a peak of energy spectral distribution in a range

of wavelength of 1.0 um to 1.7 um.

6. The methoed £for manufacturing a carbon nanotube
assembly according to claim 1, wherein the metallic fine
rarticles are formed any one of at least one metal selected
from the group consisting of cobalt, molybdenum, nickel
and iron, and alloys of these metals.

7. The method for manufacturing a carbon. nanotube
assembly according to claim 6, wherein the step of forming
the metallic fine particles is that the substrate is dipped
in a solution containing at least one ion selected from
the group consisting of a cobalt ion, a molybdenum ion,
a nickel ion, and an iron ion, and thereafter is withdrawn
therefrom.

8. The method for manufacturing a carbon nanotube

assembly according teo claim 6, wherein the step of forming
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assenbly according to claim1, wherein the particle
20 dianmeters of the netallic fine particles forned on
the substrate are 8 nmto 11 nm and wherein the
carbon nanotubes that can be obtai ned are

doubl e-wal | ed carbon nanot ubes. 12 The met hod for

cfBHL EETHELNG, 8CBL0RT NANOUIDG | &3 AP0erDLY 28000 B0 e

erern the partlcle e
ta f, ticl f d, th 64
bR R B %gﬁi’m"fé?%hﬁﬁhan?apssné nafotgRss one
th b t d I || ed b
ndEfb, SAEASEHSR SHSRL TR [P anchoEaSTA0E. ofrpopbare,

otube 5 ass Ccordln to claimi1, wherein the
m%g)’ AEpam 'dl“dﬁ'“elf“gfsg% thetnefBd Ad Q¥ hrifefesmetals.

formed on the substrate are 15 nmto 18 nm_ and
2 wherEPff tRetBaFbohO T nahBPUSES t It REar? b PP anneya apEube
quad-wal | ed carbon nanotubes. 10 14. The nethod for
a%%béé’t URFRETE I bSP n&ictiibe 1 asdE@F§iaccbhdi ngrgsnic
claim1l, wherein the particle dianeters of the
CORRARNACiFi b bARELCPBS FOMPENITh aeeectablsframetheegroup
18 nmto 21 nm and wherein the carbon nanotubes that
ot ae thea bt & ieanar @ pp anewabbtdnear bbhylEnaarmtebgiene,
15. A carbon nanotube assenbly directly grown on a
neiparepdve, hBEGIOT a pPeg@aneh, of kienbeaewal | ed benzene
carbon nanotubes to carbon nanotubes contained in the
deasbeabliye, naphthalene, a naphthalene derivative,

anthracene, and an anthracene derivative.

10. The method for manufacturing a carbon nanotube
assembly according to claim 1, wherein the particle
diameters of the metallic fine particles formed on the
substrate are 8 nm or less, and wherein the carbon
nanotubes thaft can be obtained are single-walled carbon
nanotubes.

11. The method for manufacturing a carbon nanotube
assembly according to claim 1, wherein the particle
diameters of the metallic fine particles formed on the
substrate are 8 nm to 11 nm, and wherein the carbon
nanotubes that can be obtained are double-walled carbon
nanotubes.

12. The method for manufacturing a carbon nanotube

assembly according to c¢laim 1, wherein the particle

~diameters of the metallic fine particles formed on the
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is 70% or nore. 20 16. The carbon nanotube assenbly
according to claim1l5, wherein the growh directions
of the carbon nanotubes are oriented uniformy along
a normal line direction with respect to a surface of
the substrate. 17. A carbon nanotube assenbly directly

sHbAWE e 22 red SUDRL A&, 18N&RI NaRPTPRALEE Ohe carbon
triple-walled carbon nanotubes to carbon nanot ubes

nSﬁB%@HE%’EWaEhEaﬁsﬁ%mgﬁﬁafﬁ%.Saégofr %ﬂ%ﬁﬁél%%d WM& pon

carbon nanot ube assenbly according to clai
nMheieidLd he growth directions of the carbon nanotubes
are oriented uniformy along a normal line direction

ith r to [S of the substrate. 19. A
LY Dok ReL i ERbd e 8rod 6P 41 1% £k B "naflotube

substr.ate, wherein _a propqrt.ion._of ad- wal | car bon .
RIS oS P Han o Uedt ot af Hed p  pe PaZicle

assenbl [ % or ,oore. 1Q.20. The, carbon panot ybe
E3EEHAY el o P hen R R L A e Ert A aBatnon the
di rections of t carhbon notubes are . oriente
Sﬂhﬁg&%ﬁ% ﬁFSnéngiﬂﬁrﬁﬂ Egnéqﬁr@@a(ﬁpﬁfﬁﬁnré&%e&@rbon
to urface of the substrate. 21. A carbon nanot ube
NABOLHRSS dF]F@gt IGERyr Bfin BHE2ineg SRt AR Wikl efncarbon
proportion of quint-walled carbon nanotubes to carbon

DRGRA *contained in the assenbly is 50% or nore.

22. The carbon nanotube assenbly according to claim
144 The method for manufacturing a carbon nanoctube

assembly according to claim 1, wherein the particle
diameters of the metallic fine particles formed on the
substrate are 18 nm to 21 nm, and wherein the carbon
nanotubes that can be obtained are gquint-walled carbon
nanctubes.

15. A carbon nanotube assembly directly grown on a
substrate, wherein a proportion of double-walled carbon
nanotubes to carbon nanotubes contained in the assembly
is 70% or more.

16. The carbon nanotube assembly according to claim 15,
wherein the growth directions of the carbon nanotubes are
oriented uniformly along a normal line direction with
respect to a surface of the substrate.

17. A carbon nanotube assembly directly grown on a
substrate, wherein a proportion of triple-walled carbon

nanotubes to carbon nanoctubkes contained in the assembly
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wherein the growh directions of the carbon nanotubes
are 20 oriented uniformy along a normal |ine
direction with respect to a surface of the substrate.
23. Afield em ssion display using the carbon nanotube
assenbly according to any one of clains 15 to 22 as an
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18. The carbon nanotube assembly according to claim 17,
wherein the growth directions of the carbon nanotubes are
oriented uniformly along a normal line direction with
respect to a surface of the substrate.

19. A carbon nanotube assembly directly grown on a
substrate, wherein a proportion of quad-walled carbon
nanotubes to carbon nanotubes contained in the assembly
is 50% or more.

20. The carbon nanotube assembly according to claim 19,
wherein the growth directions of the carbon nanotubes are
oriented uniformly along a normal 1line direction with
respect to a surface of the substrate.

21. A carbon nanotube assembly directly grown on a
substrate, wherein a proportion of quint-walled carbon
nanotubes to carbon nanotubes contained in the assembly
is 50% or more.

22. The carbon nanotube assembly according to claim 21,
wherein the growth directions of the carbon nanoctubes are
oriented uniformly along a normal 1line direction with
respect to a surface of the substrate.

23. A field emission display using the carbon nanotube
assembly accqrding to any one of claims 15 to 22 as an

electron source.
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