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ALI GNED :CARBON NANOTUBES ON A MODI FI ED CATALYTIC SURFAC%P«E%%%%: 06the

I nvention The present invention relates to carbon nanot ube  “producti on.
Background of the Invention .;carbon nanotubes have been shown to exhibit
t echnol ogvoabBhigeostsef ul el ectrical properties. For exanpl e, e been
used to fabricate large scale field enm ssion displays, agcg%#ﬁ%g@%¥
prot ot ype nanoscal e transistors and circuits (P.G Collins'-et al.,

Sci ence 292 (2001): 706; H WCh. Postma at al., Science 293 (2001): 76;
and A BaSBLBCUIVAtAREA, GROWEHCOF284IGRADITARBSH 7ThANDOUBEREORUAPOSE Of
field em ssion displays éNl Chhowal |a, et al., Appl. Phys. Lett. 79
(2001): 2079 and J.T.L. ¥RBAEIERt CAFALXERC SWRYACE |ett. 79 (2001): 2811),
it is necessary to have well-defined areas of high quality well-aligned
nanotgiesy % 4 erdwedidsg) stood. about their grow h nechani sns, novel '
met h6dS T0 control an i pul ate.the grom h of well-aligned carbon

nanot ubes have been proposed.. For exanple, electric-field-directed growth
of single-wal T dardsmnthaimorardel grewelatarsl tseleathiore Heaatddndle growt h of

mul ti ()arbon nanot ube (MANT) bridges on patterned. silicon wafers
have Been enonstrated(T. zZhang et. al., Appl. Phys. Lett. 79 (2001): 3155
and Y.S. Han et al., J.;.. Appl. Phys. 90 (2001): 5731). . A disadvantage

of mBsickyroumel off et Imtdmdorof  sel ective area growth of carbon
nanot ubes on a substrate is the conplicated nulti-step processing. that

nmust be used t Eﬁbricat he ?FViC%; Phot ol i t hography steps are required .
to .%mr.on nano es have been shown to exhibit ‘

technologi?ally useful electrical properties. For example,
they have been used to fabricate large scale field emission
displays, as well as prototype nanoscale transistors and-
circuits (P.G. Collins-et al., Science 292 (2001): 706;
H.W.Ch. Postma et al., Science 293 (2001)}: 76; and A. Bachtold
et al., Sc%gnce 294 (2001): 1317). For the purpose'of field
émission displays (M. Chhowalla, et al., Appl. Phys. Lett. 79
(2001) : 2079 and J.T.L. Thong, et al. Appl. Phys. Lett. 79
(2001): 2811), it is necessary to have wellwdéfined areas of
high quality well-aligned nanotubes. As more is understood
about théir growth mechanisms, novel methods to control aﬁd
manipulate the growth of well-aligned carbon nanotubes have
. ;} been proposed. For example, electric—field—directed growth of
single4wa;;ed carbon nanotube (SWNT)Aaﬁd selective lateral
growth of%ﬁulti—walled carbon ﬁanotube‘(MWNT) bridges on
.patterned_silicoﬁ‘wafers have been demohstrated(T. Zhang et,*,;;.
al., Appl. Phys. Lett. 79 (2001): 3155 and Y.S. Han et al., J. .-
Appl. Phys. 90 (2001): 5731). ' -

A disadvartage of most of the current methods of

selective area growth of carbon nanotubes on a subsfrate is
- the complicated multi-step processing that must be used to - -
fabricate the device. Photolithography steps are required to. -
pattern the substrate before'the growth of carbon nanagﬁbes, .
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pattern the substrate before the growth of carbon nanotubes, 1 2 Novenber
2006 WD 031106030 PCT/ S@3/00146 which greatly |ncrea§§«£leggﬁt of the
device. lon lithography and focused ion beam (FIB) nethods are use

sub-100 nm processing. An aimof this work is to denonstrate selectrve
area growk@oghméﬁrbon nanot ubes on a nodified catalytic surface by

modi f yi ng Ccatal ytic substrate surface norphol ogy, 'usFﬁ@mﬁﬂéﬂﬁﬂﬁcal or
el ectromagneti c means. Sunmary of the Invention In a first aspect, this

i nvention provides a nmet hod for rmaking a catal yst for use in the

prep tho ar nanot S, | C t S subjecting a
surfgti:l?alL 0 o etahtcl re % LHﬂe%at éjls\)?’{]Sl co%rg'?lé %%wac 71 to selective .
- mechaditbalgrephs} %ﬁid cﬂmgmetd d.010 GiefanC L FTH) tr@etﬂf&tﬁé"&;&é Res€d afdrSi ze of the

metal at the surface. Disclosed herein is.a nodified thin filmof a
cat aPPPrd 00l RIPCESSIMTor t Abhadn ST ddris work thfe t|damanalzied growth

of [ CBERERLIRAOLIRGS qrofth bATRAHAAKOL L SE |G d thdikalpa and 1s made
hr oug mechani ca el ectronmagneti ¢ means to enhance t e grain sirze of
,the getallytlic suwdeerd bys pedi fytinigs they erdtiaohy thrco \wudes: rm tepraanescd or t he
seIectrvE ﬁrea %I awt h_of carbo nano ubes on a substrate wel ch bears a
cat aP§EPhP OﬁYfrsﬁPgtﬁchP8&8§ or & 5§ﬂ¥3 %4519 a nodified thin
fllnrcatalyst defined above with a carbon source -under pressure and

t enpehAkEE¢ ofCehdl TneBatWbhch pronote carbon nanotube synthesis. In a
third aspect, this invention also provides the use of the nodified surface

deposi ted carbon nanotubes as
In a first aspect, this invention provides a method for

making a catalyst for use in the preparation of'carbon nanctubes,
which method comprises subjecting a surface of a thin file of a
catalytic metal on a support to selective mechanical or
eleétromagnetic modification to enhance the grain size of the

‘metal at the surface.

Disclosed herein is a modified thin film of a
catalytic metal on a support that is
useful for the selective area growéh of carbon nanotubes,
N Wthh modification is selective in area and is made through
mechanlcal or electromagnetlc means to enhance the grain size

" of the metal.

In a second aspect, this invention provides a

process for the selective area growth of carbon nanotubes on-a,_

subetrate‘ﬁﬁich bears a catalygt'thin film, the process
“eomprising contacting a modified thin film catalyst defined
above with a carbon source .under préssure and temperature

-conditions which promote carbon nanotube . synthesis.
In a third aspect, this invention also provides the

use of the modified surface deposited carbon nanotubes as
defined above for the manufacture of display, electreonic

 and microelectromechanical devices.
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defined above for the manufacture of display, electronic and

m croel ectronmechani cal devices. 2 2 Novenber 2006 VI)O3é§p603g

PCT/ S&Q03/ 00146 Brief Description of the Drawings The p Q8HT ?ﬁ%@ﬂtion

W || be further understood fromthe follow ng description with reference
to the accoMd¥a06M§0dr awi ngs, in which:' Figure 1(a) is an #camgsbeuce

m croscopy (AFM inmage of an unnodified Fe surface. Figure 1(b)~is an AFM
i mge of an Fe surface nodified by 02 ion beam bonmbardnent. Figure 1(c) is
a graph of vertical growh of car bon hanotubes versus grain size at

di f f er eBriefhigsgrieio i gs graph of density of carbon

nanot ubes versus grain S|ze at dlfferent tenperatures. Figure 2 is an SEM

i mge of carbon nqﬁggqggg F urfa dlfled u3|n on. beam
bonmbar dnent and an sur ace ﬁ&ﬁ‘s%ﬁ&i %ua:% teo%d( is a

pl ot of faso itdsd @Mﬁgﬁltc&asﬁm@ﬂfm w:Ll‘t&rnQTdﬁéQ:%rﬁié m h‘:elesurface rmdi fied
by i on beam bonbar dne cg{adjand an Fe surface-lhat was not so nodified versus

t enper atAF LR YGII%E ings.y 3% sthighivertical growth sel éctivity (derived
fromthe vertical growh rate data presented in Fi gure 3(a)) versus

t enper atpalfardild)e 14 &n iat oM SEMAJEREE Hos Bagﬁa t%r Hy Pl asma
treatnment. Figure 4(b) is-an SEMinage of an F sur I on beam

bonbar dwdéﬁd%ﬂ‘ tEer SHQSf@ICaisna treatment. 3

Figure 1(b) is an AFM image of an Fe surface modlfled by 0.*
ion beam bdmbardment

Figure 1{c) is a graph of vertical growth of carbon nanotubes

versus grain size at different temperatures.

Figuré 1(d) is a graph of density of carbon nanotubes versus

grain. size at different temperatures.

Figure 2 is an SEMAimage of carbon nanotubes grown on an- Fe
_surface modified using ion beam bombardment and an Fe surface

that was not so modified.

Figure 3{a) is a plot of vertical growth rate of carbon
nanotubes on an Fe surface modified by ion beam bombardment

and an Fe surface that was not so modified versus temperature.
Figﬁrg 3{b} is a plot of'vertiqal growth selectivity (derived
from the vértical growth rateé data presented in Figure 3(a))

‘versus temperature.

-Figure 4(a) is an SEM image of an Fe surface after H; plasma

treatmﬁnt.i

Flgure 4(b) is an SEM image of an Fe surface after ion beam :

bombardment and after Hy plasma treatment.




2 Novenber 2006 WD 03/106030 PCT/ S&3/00146 Figure 5(a) is an SEM i mage of
an Fe surface nodified by |laser beamat a nagnificatiogbﬁ% 5?0%@ Fi gure
5(b) is an SEMinage of the surface of Figure 5(a) at a 8ﬂ i g?ion of
600x. Figure 6(a) is an SEM i mage of carbon nanotubes grown on the
surface- of W gh06038(a) at a magnification_of 5000x. Fi gure K{INGI3H0R6 SEM
I mge of the carbon nanotubes of Figure 6(a)-at a nagnification of 600x.
Figure 7 is a scanning el ectron mcroscopy i nage (SEM of carbon nanot ubes
gr own 'GBOCHgP an, Fe_surface at a _magnification of 25000x.. Detailed
Descr i ;PtLJr%VF@r 2k 1H31 2l S L199¢ o5 AT ER FBEERGE 0B9disiad by rbeveant
factor kb0t 4 e gh LRI GENSE Yo@hsst ribution of “grown carbon
nanot ubes(Z. F. Ren, et al., Science 282 (1998): 1105). For instance,
transm ssion el ectron mcroscopy (TEM studies have shown that a nanotube
grows di¥®EeEe (b dut ot an SEMglmagatef ythe sanbpee toL| Bigire Zheny, atetaal .,
Appl . %@ghiﬁiqé¥hé£Q$€)éo§3?): By nodi fying-t-he grain size and roughness
aryti

ace, a sinple process for selective area .growth of .

of thé c sur

nanot ubes, wi thout the need for |ithography steps, 1is provided. This

appr oad®iquonpré G8s Ihrae SEM Niadge ROSiddbon taketwestgramdidi aaid on of
the catalytic surface and growth of nanotubes. "Gain size" refers to the
di anet &GRS é)réiFr'iL%?Fe the)s (Y &t easmidHeatskon yaf 50Q%%i n" refers to a

crystal of the polycrystalline catalytic netal used in the invention. 4
Figure 6(b)_islap SEM image of the carbon nanotubes of

Figure 6(aj-at a magnification of 600x.

Figure 7 is a scanning electron microscopy image (SEM) of
carbon nanotubes grown at 630°C on an Fe surface at a

magnification of 25000x.,

Detailed Description

The effect of catalytic surface morphology is an
important factor in both the size and density distribution of
grown carbon nanotubes{Z.F. Ren, et al., Science 282 (1998)-:
1105). For instance, transmission electron microscopy (TEM)
studies have shown that a nanotube grows directly out of a
single catalytic nanoparticle (Y. Zhang, et al., Appl. Phys. A
74 (2002): 325). By‘modifying the grain size and roughness of
the catalytic surface, a simple process for selective area
growthfof:héﬁOtubes, without thé need. for 1ithogra§hy steps,

| is provided. This approach comprises three steps: deposition
of catalfst, modification of the catalytic surface and growth

of nandtﬁbés,

_ “Grain size” refers to the diameter of a grain on
the surfacé of thé catalyst. :
“Grain” refers .to a crystal of the polycrystalline

catalytic metal used in the invention.
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L 2 Novenber 2006 WO 03/ 106030 PCT/ SG03/00146 "Roughness" is a

common neasure of surface norphology. The Root Mean ng e Ewgbproughness

i s obtai ned fron1the fol I owi ng equation, solved by usi'g%a A8 ned by

AFM >2" (Z - I&(‘E . Ni Z is the height nmeasurenment of pixel n
WO/

(wherein a lof‘gbihé smal | est- discrete el enent of the i mpgeysehtaingd

by AFM and "n" is any given pixel) Zis the arithnetic nean hei ght of
pixels within a given area Nis the nunber of points (or pixels) within a

gi ven area The cat aJ\ﬁ(g thin film can be corrprl sed of any netal: that
catal yzes the for mat ORSRHELET bbh hARINIRR SReasuomeot enbotiaeent , t he

cat al yst mdiphdlidgy coMlid Sasotd MBRAlg Cﬁi’é&tb co or tures ’
The thin filmcan have a?R%)CK%LL%hI{ﬂ‘SSHJ&n ne{ﬂ)to

t her eof | 1 oy,
‘about 50%‘31 ‘?i}%% hEAL¥94ing tausknoss ofolahalitbyGidum dqb@artg PGSR &R 1y The
cat al yst apipd.n fil mcan be deposited by known netho I ncl udi ng
evaporation techniques, RF. sputterlng and. chem cal vapour deposition
(CVD). "Evaporation techniques" are a thin filmdeposition process
utilizing evaporation (by heating) of a source material onto a:-substrate.
"RF sputtering” or "sputtering” is a vacuum deposition process which

physically renoves portions of a[cea& erial called the target, and
deposits a thin, R = |Lua G —Z) '
- ™ jvﬂl S

Z, is the height measurement of pixel n (wherein a -

pixel is the smallest discrete element of the image obtained

by AEM and “n” is any given pixel)

zZ is the arithmetic mean height of pixels within. a

given area

N is the number of points (or pixels) within aa

given area

The catalyst thin film can be comprised of .any metal
that catalyzes the formation of carbon nanotubes. In one
embodiment, the catalyst thin fllm_comprlses a metal such as
Fe, Ni, Co or mlxtures thereof (alloys). The thin film can
have a thlckness of from about 20 to about 500 nm, with a fllﬁ
thlckness ©f about 50 nm belng preferred. The catalyst'thih ‘
film can be deposited by known methods, including evaporatlonl
technlques, RF sputterlng and chemical vapour dep031tlon
{CVD) . -“Evaporatlon technlques” are a thln film dep051t10n |
process- utlllzlng ‘evaporation (by heatlng) of a source
material onto a substrate “RF sputtering” or “sputterlng” 1s.
a vacuum deposition process which phy31cally removes portlons |
of a coatlng materlal called the target, and deposits a thln,

" flrmly.bondad fllm onto the substrate. The process occiirs by
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firmy bonded filmonto the substrate. The process occurs by 5 2 Novenber
2006 WD 03/106030 PCT/ S@&3/0014.6 bonbardi ng the surfagﬁJof Lhﬁ%@guttering
target with gaseous ions under high voltage accel erati e i ons
collide wth the target, atons or occasionally entire nol ecul es of the

t arget nmat evoOab/1ewom ej ect ed and propel |l ed agai nst the subs@&gﬁgmywh

they forma very tight bond. "Chem cal vapour deposition” is a deposrtlon
process that i nvol ves depositing a solid material thin filmfroma gaseous
phase. precursor gases react or deconpose formng a solid phase which
deposi t? dipg %eﬁatf@cmpfsmha e':rputgermntghdtaryeej‘ efiigd gmddmgs Many
substra ort t i.n film catalyst. The supstrate on
whi ch ttr:t%%csg ta ystlﬂ?ﬁ Qr?;lft%%l%s A% (Sas'ﬁat 8% an?Fe t eI LHide er ent

crystalwﬁa@eiheftasgbtgoatsmehoaso&déawaha1§y(Qﬁthren%dﬁéédtgs FGhe

non- srlkcon substrates such as al unm na and g hite. The substrate’iI's
pr ef er abPy I5talarerpat PEecgicates Bad@roprdpad agaliond aSMathe netal

mor phol gayskgagal - aﬁ&%&sghgyatke tdy, Fkyhglghga?ﬁggbstm%#ﬁ

reasonably fl at on t he | eng sca The tron of a
sel ect e¥apPEY dﬁpoﬁetsanélysta dbpnsﬁthﬁnCpﬂonSQUtﬁggd1Bwpgw@@er

nmechani ctro net n The sel ective nechani cal or -
electroﬁg R§§Fégﬁnﬁrt?gag £ﬁﬁﬁage%hﬁﬂef%%mtﬁéoﬁlh@ngﬁﬁleﬁ’ilﬁfPhﬁﬁ@-catalytic
met al twhebpﬁeﬁufr@drfgﬁﬁésOﬂetaataoﬁraé%ﬂ;s&é‘eﬁonﬂ{?ﬁéeg“ ? [idoﬁﬁﬁ%e |

I nvol ve

enbodi nent, . nechanjcal neans for nodifying the cataryst
i on beafbERbarRREHES PRLO st hevbahbote merkF mpectenimgnési ehaeans f or

modi fyiBgetfred méthod.

Many substrates can be used to support the thin film
catalyst. The substrate on which the catalyst thin film is
deposited can be, for example, different crystal faces of
silicon such as S$i(100), Si(001) and Si(111), and non-silicon.
substrates such as alumina and graphite. The substrate is
preferably planar, but it can also be non-planar as long as
the metal morphology is not adversely affected; i.e., the
substrate must be reasonably flat on the length scale of the

grains.

The modification of a selected area of the catalyst
thin film can be pursued by either mechanical or
electromagnetic means. The'selective mechanical or ,

"Aelectrqmagnehlc modlflcatlon can be made to the thin film of
‘the catalytlc metal to obtaln modlflcatlon in a predetermined
- pattern. 1In one embodlment mechanlcal means for modifying
the catalyst thln film involve ion beam bombardment "In
another embodlment electromagnetlc means for modlfylng the
catalyst thin film involve laser beams. In another

‘embodlment a comblnatlon of means for modifying the catalyst .

thln fllm may be used.




catalyst thin filminvolve | aser beans. In another enbodinent, a

conbi nati on of neans for nodifying the catalyst thin fhh{? % %Pgsed 6 .
2 Novenber 2006 WO 03/ 106030 PCT/s®3/00146 |on beam i ndf¢&F S
rougheni ng of netals and sem conductors is a known phenonmenon. |In general.
the surface WONHJeI38 with i ncreasing sputter depth, especi alpoyrédosidasss

first 100 rimor so. "Sputter. depth" or "depth" is the vertical distance
bet ween the original or unnodified surface of the catalytic nmetal and the

nodi fied surface. utter d_erP h will typically vary fromabout 10 nmto
about 40 rim wit € %‘Eiﬁ é&ﬂmtr@@;h@li&@gmfmetala;emdnd a

sputter dentiradidudi dy8 q@; Y GSRAT At #q.jl ond, eferrefjrf Oé]l'hlg(_ﬁ]g?e a{:l ed behaV| our

of surface roughen|n vari es. on speci’es,

angl e, .. EQHsEengt & ripmetammrﬂbtmﬂe&ntmpmn e%pé@_téﬁlyoihhﬂ?@rs are
t hose V\:f'f Uy Q|OI %?n O%n sdoecu%s s 02+, liquid netal” ions and noble
1L| quid nmetal i6ns in 35’3:3:@@3 R Gélﬂf slepthinis ehwbl e gas. i ons

gas I ons.

incl ude Arertikad ddgtlerce ORY-weledN thRARE 1 okt (P'ZE
preferred sonme instances negativel ylchar &egﬁ: or{éneocan ¥ és) }r'—’ifseed but

many negé’rﬁ \'fgleycaEﬁ&ﬁ@é& ke lapadr shet modifned lsua-faeie sws;afﬂte}r The ion
beam enee@gy¥nhcanlpe th about 30 keV, with an ion
beam energe@ of ajﬁgu%:@&gggly béi %g%%%nélf 35?@5 Pham &0 abeath dfegy, and the
durat i onwéfihb@rrﬁauti’nent deph bé uwbbued200td goVamdpibeeeHeq SR Ler depths.

The i nci n f the_ion beamon the thin filmcatalyst is not
critical Q‘Bgﬁﬁe{i‘ g E@ 8% gg ﬂﬂgpﬁlﬁg ¢rpRchalienreberasedd is suitable. In

one enbodi nent, the nodification of the catal yst
’ The detailed behaviour of surface roughening varies.

A with ion species, ion energy, incident angle, substrate
composition and orientation. Sultable ion beams are those
~which utilise ion species such as 0., ligquid metal ions and
noble gas ions. Liquid metal ions 1nclude cs* and Ga* 1ons,
while noble gas ions 1nclude aArt , Kr* and Xe' ions. Ion beams
that utilize 02 ions are preferred. In some instances
negatively charged ions can also be used, but many negatively
charged ions are reactive and thus not suitable. The ion beam
energy can be varied from about 1 keV to aboet 30 keV, with an
ion beam energy of about 7.5 keV belng preferred. The ion
beam energy, and the duratlon of bombardment can be varied to .
give different sputter depths The incidence angle of the ion

beam on the thin fllm catalyst is not crltlcal but an

1nc1d3nge atigle of from between 30° to 60° is suitable.

In one embodlment the modlflcatlon of the catalyst
thin fllm 1nvolves the abra51on of the thin film surface,
which 1ncreases the grain size of the metal. Both roughnese
and grain 31ze 1ncrease w1th 1ncreased sputter depth w1th1n :

- the thln fllm This, in turn, 1nfluences the aligned carbon
banotube growth rate. It has been observed that growth rate
increases with increasing grain size, reaches an optimum and

. then begins to fall. Without being bound by any theory, it is




thin filminvolves the abrasion of the thin filmsurface, which increases
the grain size of the netal. Both roughness and graln e i e wth
i ncreased sputter depth within the thin film This, 5#%?? be ﬁﬁﬁgences,
the aligned carbon nanotube growh rate. It has been observed that growth
rate I ncrw&8406030h i ncreasing grain size, reaches an optirRendoeiddren
begins to fall. Wthout being bound by any theory, it is 7 2 Novenber 2006
WO 03/106030 PCTI SG03/ 00146 hypot hesi zed that growth rate falls because at
the large sputter depths used to provide a |arge grain size, the netal

catalyBNPPﬁPﬁ§lZPé%@bﬁﬁn@ﬂqwﬁhfﬁﬂﬂe|ﬁ¢h&ﬁwheﬂansﬁﬁﬁﬂt@heniaigg surface of
t he Ca%ﬁlﬁ% - Qe?'tﬂfssh%%d stoal g%pooJleieat e Sé:rgeﬂﬁ:‘{gln rsgl.gznes'lrt EE?%I ng

densit ers hé “fhumber X grai ns density
of t hecabdilfisedthunbacessafl gy iinn\eemailgn 1@@@&&@@&1@{@@ Y &he

i ncreases.. Unnodified surfaces typically have a high packing density. and
hence SRTEaGEr 8FI thRoSARGL YSr-phol ogy, which-.facilitates the growh of
graphitic deposits that inhibit nanotube growth. The density of aligned

nanotubes foll owgygifl Blikar 45 RALLRIAE D (E‘M E)ar(ﬁéﬁ'l WL q&nsi ty

increasing with increasing grain size, reaching an tlnun1 nd t hen
begi nnI'Rackingf densibgfisivefers Hioghbst nambehreogr @mmszepemmmtgrovw h rate

i's opt S, reasure ntin t ubes within
a repréeggé%}f atD?g/% ég‘é TS “§HPASd ?’f%ﬁ?oﬂogeﬁeﬁgﬁuﬁ r?r}a_ % he netal
catal ybhveatFen dberEaseat abygtraghabizsi 1RCcEBARS .Vaiingdaikeieaeen about 15
to 70 nm _depending on the sputter depth. A grain size of about 30 to 60

nm espeEfarPy bYPEsaidyshavena high packing density and hence an
overall smoother morphology, which facilitates the growth of

graphitic deposits that inhibit nanotube growth.

The den81ty of aligned nanotubes follows a 51m11ar
pattern as growth rate, w1th density increasing w1th
1ncrea31ng grain 31ze, reachlng an optlmum and then beglnnlng
to fall. Density is hlghest at the grain size where growth
rate is optimum. Den31ty is measured by countlng the number

of nanotubes within a representative area.

As a result of jion beam modification, if the metal

catalyst is Fe, the Fe catalyst grain size can be varied
between about 15 to 70 nm, depending on the sputter depth. A
'grain size of about 30 to 60 nm, especially of 35 to 50 nm, is’
preferred W1th a grain size of 53 nm being especially .
preferred. Varlatlon of the graln size ‘may occur and can bé
‘explalned by effects due to off—normal incidence of the 0"
sputtering beam, whlch causes 1nhomogeneous ox1dat10n leadlng
to a rougher surface Although 1on sputterlng creates a
shallow crater a few tens of nanometers deep, thlS does not
51gn1flcantly affect the measurement of nanotube growth rate
since the nanotubes are usually of the order of mlcrons 1n
length. '




preferred with a grain size of 53 nmbeing especially preferred. Variation
of the grain size may occur and can be - expl ai ned by efﬁgfts ugO&?

of f-normal incidence of the 2+ sputtering beam which” CEUTBE

I nhonbgeneous oxidation |eading to a rougher surface. Although ion
sputtering d@&¥VHEIH shallow. crater a few tens of nanonet er BCTISE€#B/00i4 S
does not significantly affect the neasurenent of nanotube growth rate
since the nanotubes are usually of the order of microns in length. 8 2

Novenber 2006 WO O 118%&?0 ECT/ SGO%J 00146  Suitable |asers for
el ectromagneti ¢ nodtt PonSRip| tpE RAGGETOBRPABEdcomodREirat foRhe art.

Pref er abk¥18 b&Okhdusit 8bethaser oS s|sey. iﬁUEﬂeaﬁrﬂ.'\'diagéfekséﬁggi%A“er the:

;
catal yst surface has been nodified it may Dbe cleaned ore g used to
cat al ysesahhérebategrbasar kterusedanpiieh at anhdb¥AGr2ased.in a reducing

plasma, e.g. an H2 plasma, for a period of tine, say 10 mnutes, to clean

and renpbve oxides sf surface.- €h ers_in,which, carbon
nanot ubes are grom%ﬂ(?’g]pﬁggl ?%%E%%ﬁ?%i R Tracs Bﬁﬁﬁﬁ%@no?oaégﬁ‘ia}t & Hon.
The chapberlemyedebptivpedbpingr useduss &a8tsUPSE anshsthive eht-Hiial e péhe

resi dual carhon. ] n one enbodi nent, the nodified catalyst thin film are
cont act eFFRRIP 2 Lorhn ReubEeatifdetn pf ckediieingidolasmper @t gy eare dhdi t i ons

whi ch prﬁglggn%,cafcb@rh NS&RL SR €0 £ SY L e S . rr i rent,

mul ti-wall ed carbon nanptube% are %’r o‘%iéu%eiold.sI %%ﬁée%’ n‘g%o?%%ée)rg a{(ﬁ&n be grown
usi ng a remye ofsiddenfoah Vapotatalkyposidunfa¢s VD) net hods known in the
art, for .

'Chambers in which carbon nanotubes are grown
typically contain trace amounts of residual carbon. The
chamber may be purged prior to use to substantially eliminate

the residual carbon.

In one embodiment, the modified catalyst thin films
are contacted with a carbon source under pressure and
temperature conditions which promote carbon nanotube
synthesis. In a preferred embodiment, multi-walled carbon

nanotubes are produced.

Aligned nanotubes can be grown using a ranée of
chemical vapour dgposition (CVD) methods known in the art, for
example_thermal, ﬁlasma—enhanced, microwave plasmé, hot— *
'filament,mand laser CVD methods. All tﬁese tephﬁiques are
known, variations of the CVD méethod. A pfeferred cﬁémical"
vapour depositidn'(CVD) method is hot filament plaSﬁa eﬁhancéa
chemical vapor deposition (HF-PECVD), which is furfhér
described in Ho GW, Wee ATS, Lin J, Tjiu WC, Thin Sclid Films
388: (1-2) 73-77 JUN 1 2001; which is incorporated heréin by.
reference. Carbon nanotube synthesis is typically carried out
between temperatures of from about 700°C to about 1000°C, and.-
.at pressures of from'about 1 to about 103 mbar. However, a

higher growth rate and density is observed on the modified
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exanpl e thermal, plasma-enhanced, m crowave plasma, hot filanent, and

| aser CVD nethods. All these techniques are known, va;gﬁ%;onﬁ %W %he CvD
nmet hod. A preferred chem cal vapour deposition (CVD) gmpg 498

filanment plasma enhanced chem cal vapor deposition (HF-PECVD), which is
further d&¥@ed/ease n Ho GV Wee ATS, Lin J, Tjiu WC, Thin Perisdodedi5®

388: (1-2) 73-77 JUN 1 2001, which is incorporated herein by reference.
Car bon nanot ube synthesis is typically carried out between tenperatures of
from about 700C to about 1000C, and. at pressures of fromabout 1 to about
103 nbarrepwefetheacakpdwst §idmyh fagidizatisegnsidledtd vebseraedromtthe

di f / / / f
Catal ye T TP P AcTrPal RanSSEE) OF APRT o PR P Rr g Res BAPTRS

nanot ubfsomt abewer sperper at ures, for exanple from about 500C. Acceptabl e
carbon sources for producing carbon nanotubes include hydrocarbons, carbon
nonoxi de and carbon dioxi de. Preferred hydrocarbons include nethane,.

et hene and acet yheAeptrbdeoganbon anuraest fgaspeaduating barpoasent in the

eact oL 0L oBUohl PLLaBS Bt S G RALEDL SRR eauiens e

in this specifrcation are herern

i ndi vi difabxpdedl | cRtéparroat Bpﬂr@caﬁabﬁﬁtm@:pﬁJieCﬁthanwerétﬁ@ﬁé' fhgal ly and
|nd|V|duaL%¥ |nd|ceé €¥to be incorporated by reference. The citation of
any pulft 1ehei s HYQroger oF s odlipEt pgawrcan aheofbei pyegente &md shoul d

not be tiONStiMet @St @fdi ssion that the present invention is not.
entitled to antedate such publication by virtue of prior invention.

All publications, patents and patent applications
cited in this specification are herein incorporated by
reference as if each individual publication, patent or pétent
application were_specifically_and individually indicated to be
incorporated by reference. The citation of eny publication is
for its disclosure prior to the flllng date and should not be
construed as an adm1351on that the present invention is not

~entitled to antedate such publication by wvirtue of prior

invention.

It must be noted that as used in this specification
and the appended claims, the singular forms "“a", "an", and
"the" include plural reference unless the context clearly
dictates 6therﬁiee. Unless deflned otherw1se all technical
:and sc1ent1flc terms used hereln have the same meanlng as
commonly understood to one of ordlnary Sklll in the art tor

=,wh1ch this 1nvent10n belongs

The invention is further jllustrated with reference_ o
' to the following examples and the’ accompanylng ‘figures. The
_follow1ng examples are offered by way of illustration and not

bY way . of llmltatlon o : , o
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It nmust -be noted that as used in this specification and the appended

clainms, the singular forns "a", "an", and "the" includggﬁlurgg rﬁference
unl ess the context clearly dictates otherw se. Unless VHBBergORer wi se

all technical .and scientific terns used herein have the sanme neani ng as

commonl y unddY@fHWE0300 one of ordinary skill in the art to. wWimdcdlabts

I nvention bel ongs. The invention is further illustrated wwth reference to
the foll ow ng. exanples and the acconpanying figures. The follow ng

exanpl es -Sm fered by way of illustration and not by way of limtation.
10 2 Nov ~WO 03/ 106030 _ PCT/ SG03100146 Exanple 1: 50 nmthick

Fe catalyst thin filns were deposited by RF sputtering on a Si(100)

substrate in a Dent$m madiRick rmt@@@é{%&&)tmnﬂm& é&éﬁ%&%{g&q&e at

room tenperature. Jon beam surface nodification was perfo nmeca

I VS 6f selbntRrVteBinge?dd & pte(iWhktsybgiorals) Bysa ebentasi rgdio5 keV O2+
beans at @p-&AchHLEN rm%gh : oma -duopl asmatron ion gun. Gain
sizes from12;9 %?n ﬁgﬁ?l. n%ér%r%)%%%%ﬁl\fé%.m% B2 gf°Me Fe film
nor phol odserisesdionre i n. ToM didan Isurfaite mod MY EN0L 19 Y0 folmRALyaLious
sputter gﬁyths éﬁ%néf” [Xg% Rouyghness rns Grain size nm (nm (nm - 0
1.53 14. NP D. B0 19 PCAP PRI N W S25pRAr@miry (SIMS) system

using 7.5 keV 0," beams at an incidence angle of 40.2° from a

- duoplasmatron ion gun. Grain sizes from 14:.9 nm to 71.0 mm
were obse#ved. Analysis of the Fe film morphology is shown in.
Table 1. | |

Table 1. Morphology of Fe film at various sputter depths

Sputter Depth Roughness rms Grain size

(nm) (nm) (nm)

0 _ 1.53 14.9

12 | 2.50 19.0

19 4.30 31.0

25 | 5.20 53.0

33 . |7-30 710

- It can be seen that both roughness, and grain size
increase with sputter depth within the 50nm Fe £film thickness.
Figure 1(a) shows a 1 pm % 1 pm AFM image of a 50 nm thick

film of Fe prior to ion beam sputtering. Figure 1({b) shows

the film of Figure.l{a) after O," ion beam-sputtering to a
_depth_of 25 nm. The unquified Fe surface has an average- L

grain size of 15 nm. The AFM images of Figures 1(a) and (b)

11




33 7.30 71.0 It can be seen that both roughness, and grain size increase
Wi th sputter depth within the 50nm Fe filmthickness. El\q:zyre 1(239 shows a
1 pmx 1 pmAFMinmage of a 50 nmthick filmof Fe prio 28m
sputtering. Figure. 1(b) shows the filmof Figure. 1(a) after 02+ ion beam
sputtering wooxtesdspt h of 25 nm The unnodified Fe surface bagseasamas age
.grain size of 15 nm The AFMimages of Figures. 1 (a) and (b) 11 2
Novenber 2006 WD 03/106030 PCT/ SG03/ 00146 were obtai ned by using a Digital
I nstrunents D3000 atomic force mcroscope in tapping node. The Fe coated
subst r dfe%e vebeained byeuséngi o Ripdtapl dpshrbments PBAGOestoNdst, a

m xt ur 1&‘}:8 é%g@aagéglngy%gagen (H2) gases were. |ntroduced. into -

t he PE sys em a ¢cm and 60 sccm (standard cubic
centinmeter per second), achieving a chanber pressure of 1200 niforr. The
RF power was nai rifiae nEe abated\Wabdtrhtegrouikd ther vesakept incangiant at

"10-m n A%(ﬁgnﬁg mul tjwal |l nanot ubes_of. di aneters between 30 to 40 run
were gr rEﬁH tBH)REeF | nle¥Er ng ROXTRFPanEnRCepyASRE dRblalcand

chem Cq{& A Bhgén dBRIS idd % Gﬂ%@%@odﬂbé&%nﬁf% A 2)) r@f@@?ﬂ 260 to

710 C cal anal'ysis of the relationship between vert growh.rate
of car tﬁirpvnazmit%e@fahﬁl ssem Fand a6al yscm {standand ncsbie atantdzmateatures

varyin 0.0 0C is _sho ure 1(c). t aph,_ it can
be see%)et’% %géogl%)l'fyl ‘?Wen%a?aﬁ\?@@g§ 1?5%%5% te si‘?ﬁé f‘Bﬁf ofPhe
car bon R swde Sva S hisi epbRsie nge P@OWLEﬂ@C&éT%WIQQ’Muhé wﬁQrﬁeﬁf onounced
at low tenperatures. At every growth
constant at ‘10 minutes. '
Aligned multiwall nanotubes of diameters between 30
to 40 nm were grown on the catalyst films using hot filament

plasma enhanced chemical vapor deposition (HF-PECVD) in the

temperature range of 560 to 710 °C.

Graphical analysis of the reiationship between
vertical growth rate of carbon nanotubes against Fe catalyst
film grain size at temperatures varying from 560° to 710°C is
shown in Figure 1{(c). From the graéh, it can be seen that
modifying the catalyst surface affects the growth of the
carbon nanotubes. This dependence on surface morphology is
more pronpunced at low temperatures. At every growth
temperature, a good growth rate is attained at a grain size of
about So_ﬁmg“ | |

Graphical analySis‘df the relationship between
density of MWNT against Fe catalyst film grain size at
temperatﬁres varying from 560° to 710°C is shown in
Figure3l(d). ‘From the graph, it can be seen that modifying
the catalyst surface affects the density of carbon ‘nanotubes
grown. At every growth temperature, a good density is '

attained at a grain size of about 50 nm.
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tenperature, a good growh rate is attained at a grain size of about .50

G aphi cal analysis of the relationship between density 2%) :%%glnst Fe
catalyst filmgrain size at tenperatures varying from 360 F8P#9E% s shown
in Figure 1(d). Fromthe graph, it can be seen that nodifying the catalyst

surface affe¥O03(tR@3densi ty of carbon nanotubes grown. At eyefrkcabenyd
tenperature, a good density is attained at a grain size of about 50 nm 12
2 November 2006 WO 03/106030 PCT/ S@3/00146 Figure 2 shows a SEM i mage of
carbon nanotubes grown at 630C, inmmged in the region of the boundary

bet ween ion nodi f ifé@vERd ZUIﬁMSf iBe PEM daagsf qfh@aﬁé)wamalmmlbbﬂ A ovine

regi on | ahel o s QEDY e min_length and .30 nmin
wi dt h) g%%m@?nwt hteis%%I %?'eed sgﬁ ac%f( i % ?’ﬁ’ r“%@’. %ﬁt"&ﬁ@l &8P shows
only spameetifdect el glmuwk:hfa@dt hereasn wEdithice gres u&ﬁ:mﬁrstme_lﬁpt tedel ine

drawn on the image _delineates the boundary between these two regions. The
| ower r§&969n0ﬂapﬁéeﬂnﬂg§hﬁa§ ﬁéngp@ﬁegan@ﬁubea K% . bwpez éns lengohdend t o

view theggerti Gal Al f th nanotube ure a plot of
t he vertl?a?l&lg;iglvvt‘"'ﬁL ra mg,g Wﬁaﬁ%t %5'83189 "8 J‘fr"rﬁ ﬁpﬁggﬁﬁftépg\,\%met ering to
25 nnloptegébndépbblednd shbﬁ@dbﬁl§ds@ﬂkﬁécﬁénéﬁuBefEB@htﬁnoﬁftHEOM¢h

t enper at ure. dﬁégégyT" stands for "vertically aligned carbon nanotubes" and

"CNT" st HRH8 SPESACRanothBedottad {hBegrsarn eenpbeaimagei ncreases, a
rat Leiﬁ"?ﬁ%ﬂﬁﬁﬁ‘éﬁﬁf?éﬁ i et e St i
are sparsegjonf efnstieoimee badfngeotubept ramohe@l‘iey twespes s ULRSordér560C,
to view the vertical alignment of the nanotubes. Figure 3(a).
shows a plot of the vertical growth rate of nanotubes on ion .
modified (after sputtering to 25 nm optimal depth) and
unmodified surfaces as a function of growth temperature.
“WACNT” stands for “vertically aligned carbon nanotubes” and
“CNT” stands for “carbon nanotubes”. As the growth |
temperature indreases, a corresponding increase in growth rate
is observed. Howevei, the growth rate on the unmodified
- surface is significantly lower and the nanotubes are sparsely’

formed on the surface except at higher temperatures. At 560°C,

negligible growth of random nanotubes was observed on the

unmodified catalyst surface. At 670°C, the nanotubes are still

-;) randomly oriented although dense growth is observed. At 710°C,_ 

dense andgyertically aligned nanotubes are observed. On the
ion modified surface however, ﬁhe“nanotubes are aligned and

‘ dense even at 560°C, with the growth rate increasing at higher

.. ‘temperatures. The data of Figure 3(a) are presented in termé:
of vertical growth selectivity in Figure 3(b). The A
selectivity ﬁalﬁes are determined by calculating the ratio of
the vertical growth rate between the modified .and unmodified - -
surfaces. The highest selectivity is observed to be at 560°C;-7 -
This is because there is negllglble nanotube growth on the

 unmod1f1ed surface Below this temperature, the nanotubes
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negligi ble growth of random nanotubes was observed on the wunnodified

catal yst surface. At 670C, the nanotubes are still ra ri ed
al t hough dense growh is observed. At 710C, dense andﬁgggk%Fﬁgfﬁgéaligned

nanot ubes are observed. On the ion nodified surface however, the-nanotubes

are al i gnagodifosedense even at 560C, with the growth rate igegiRasidsat
hi gher tenperatures.. The data of Figure 3(a) are presented in terns: of

vertical growh selectivity in Figure 3(b). The selectivity values are
determ ned by calculating the ratio of the vertical growh rate between .
t he nodjrfdwed-amdhennindi fmceti fixad fswefacd herdi Ipwstwaldl exligneéy i s observed

to b 560C.,. I, Is.b h ' i gi,bl b Wt th
unmod B ac LRSI S Sehpe Ee, TT HU AR dool s Setber
2006 \WQrRHERGAR0 PEHSERRH 00 Gari QyWodth L d Bt el T4 Brlgsen f ace are

| ess well aligned (sparse). Although the selectivity is highest at |ower
gr owt h RANKIPRER dneeasas qudih tgramd dromeratare of Hemcad igihed nanot ubes

i ncrea A\ e. ce, ' ' 0 t enperature

gi ving }olgﬂﬁa%i%hgt%%g%?a%ee&ﬁﬁi %@mﬁ%&ﬁg@r%f \r/%alpn%t ubes can be
chosen sfedrectdipddiv icf desilcaldppled atdrmtubadx am &2 chbian exanpl e descri bes
a control experinent done to elucidate the role of H2 plasnma. Fe-coated

" subst r &PEE devd S P LS M s for 10 minutes at 710C. Figure 4(a)
is an SEMimage of an Fe surface ("unnodified surface") after the H2 .

' pl asm$@@‘@@t. Figure 4(b) is an SEMinmage of an Fe surface, nodified

by ion eam at a sputter depth 25 nm ("nodified surface") and then

This example describes a control experiment done to

elucidate the role of Hp plasma.

Fe—coated substrates were treated in a H, plaSma for
10 minutes at 710°C. Figure 4{a) is an SEM image of an Fe“‘

' surface (“unmodified surfacé”) after the H; plasma treatment.
Figure 4(b).is an SEM image of an Fe surface, modified by ion
beam at a sputter depth 25 nm (“modified surféce”) and then
treated with the H; plasma. Graphitic sheets were observed
mainly on the unmodified surface, as shown by the arrow.
Without being bound by any theory it is believed that the
graphite sheets form as a result of trace amounts of residual

| carbon in the chamber dedicated to carbon nanotube growth.

The observatioh of carbon deposition during the Hz treatment
process ‘is believed to be an accurate reflection of what
actualiy 6¢bafs during the routine growth process:

Experiments suggest that the unmodified surface with high
packing density of small Fe catalyst grains ‘(and hence overall.-
smoother.mprphology) promotes the deposition of graphitic
sheets at the initial nanotube growth step. The presence of . -
these -graphitic sheets.poisons the Fe catalyst and inhibits- -

subsequent MWNT nucleation.
Aligned MWNTs.were'gpéwn by decomposition.éff_'

~ acetylene (15 sccm) in the presence of hydrogen (60 sccm) at
14 T




treated with the H2 plasma. Gaphitic sheets were observed mainly on the
unnodi fied surface, as shown by the arrow. Wthout bei?g‘I bound Bé any
theory it is believed that the graphite sheets form as®SOVERM2YY trace
amounts of residual carbon in the chanber dedicated to carbon nanot ube
growt h. The WesB1068% on of carbon deposition during the H2 t rreayseo146
process is 'believed to be an accurate reflection of what actually occurs
during the routine growmh process. Experinents suggest that the unnodified

surface % hi gh _packing density of small Fe catalyst grains (and hence
overal | Gt REr thEr BaoF B85 <pr sHbtaseshendeposgetionnor FiSMpHEOLC 648h%et s,

at the ingidgd :uhe t T pr.esence of: h graphitic
sheet s poi sons %ﬁﬁe%ﬁ%c%ﬁ%{hgngp?%%% 555U oe%%e ]f-'ﬁ Ngﬁﬁ) huct®3ti on.

Al'i gned Nhﬁ:a‘sfmfi swriave Ehalesdrpdsidh Cy]:cm‘tnl% maed yl eng ﬂi§ B6&ididd the-
presence 0 ragen (60, scc t,. 14 2 Novenber 2006 WO 03/106030 .

PCT/ 8GQ03/ %e ?%o@a(c?n %&‘? rdtted by damet enr ofeged ¢arkoISM JEOL
6430F fie{fbiRIFesS IsYm eIV Rl /et dyd §|15M T nodi fi ed
surface showed a hisg% growth rate. 011 tﬁ;egn(r&r{gglﬁ:fc%gg 1&gét;:rjf aceialuf %S observed
t hat t he Gitadsdr grafint Isd zes,b awws harfo thilee MVEDst hesiizey dbasetatepandent of
the initi E atal yst ,arain size t of th ,prls.h ving dianeters in
t he rangeﬁ{(% r%élg%otoiogﬁmt%d?({]%“'un?ﬁﬁ:{?ﬁeeﬁng'ﬁfjﬂ%&é %ﬁ%ﬁ%m@m

nanot ube azrbobh naastabsegredit HHara3 ap¥ereeghi ng done just before nanotube
growh appears to nodify the catalyst grains to a size range of 30 to 40

nm The high growtg rafe of carbon nanotubes on the nodified surface may
‘be expl ai ned by the2 $pagetghingedone just before nanotube growth

appears to modify the cétalyst grains to a size range of 30 to
40 nm. The high growth rate of carbon nanotubes on the
modified surface may be explained by the modified surface
having the optimum grain size and packing density for carboh_
nanotube growth. However, H, plasma treatment alone was not .
observed to obtain a higher growth rate. Without being bound
by any theory, grain packing density, which abpears to be
influenced by the first step of surface modification (ion or
laser), rather than carbon deposition ap?ears_to have a

greater influence on growth rate.

Example 3:

A 50 nm Fe catalytic thin film was modified using
nanoigcggé;pptical pulses from a Q-switched, frequency-doubled
Nd:YAG laser (Spectra Physics DCR3) with pulse duration of 7
ns (equal on and off times); the total laser duration was 5s.
The laser irradiance was 0.17 GW/cm® over an area of_a few
tenths of um.” The subsequent carbon nanotube growth time was
approximately 10 minutes, with a growth temperature of

- approximately 630°C. Figures 5(a) and (b) show SEM images of .
the modified Fe surface at magnifications of 5000x and 600x
respectively. Carbon nanotubes grown on this surface are
shown in.FiguresiG(a) and (b), which are SEM images a£'
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havi ng the optimum grain size and packing density for carbon nanotube
grow h. However, H2 plasnma treatnent al-one was not obsSr ed Loéﬁﬁtain a

hi gher growth rate. Wthout being bound by any theory, AFR Png
density, which appears to be influenced by the first step of surface

modi fi cati epo ¢3rgozer | aser), rather than carbon depositionpapgeasBoiio have
a greater influence on gromh rate. Exanple 3: A 50 nmFe catalytic thin
filmwas nodified using nanosecond optical pulses froma Q sw tched,
frequency-doubl ed  Nd: YAG | aser (Spectra Physics DCR3) with pul se duration
of 7 rBagafiarabhonsdost POPPeand PRE*t eapeckd@eldur afiSod-svas 5s. The

| aser i k S e a f f The
subseqdé%?g%ggggﬁ aﬁg?ééegﬁigagﬁg¥iﬁéﬁaésaggﬁgrg%ﬁ%%*%F%Sg%nﬁ$%hf§%f W th
a gr owtdroenpenatheelaterappddfiedt shyf636C. Fhisr essh( de awndt@da)stslbw SEM
i mges of the nodified Fe surface at magnifications of 5000x and 600x

r espectWiehycathphonanakubapegrgvbwaton thpesattizeeccdr #30SGodA &n Fi gures

6(a) and i re . i .at 15 2 venber 2006 W) 034106030

pr) saostbbtse ThEf Pre irbnaCoredsBlsdang BBHRAr sbpEeptyel v« AL

~particHarhy shewWmhde Fagus em®§h) £i68056nCaELBOONANOL ghegadl Be GeWn on the

~laser nodified surface. This nust be contrasted wth carbon nanotubes
grown afhattaapetabererertiszbe sandomsapdagearagr was not so nodified as

shown in Figure 7, which is an SEMimge at a nagnification of 5000x. It

can be seen thataigRotylerigs %fb&éiﬁ&”ﬁﬁ%ﬁﬂﬁo@pﬁééebeéht B@B&?ibﬁﬁ
foregoing i nventi on has™ been described” I n sone detail by way o
iIIustrtmismm@n@eﬁahhﬁbg vay - @firpbkestration and example for purposes
- of clarity of understanding, it is readily apparent to those
of ordinary skill in the art in light of the teachings of this
invention that certain changes and modifications may be made

thereto without departing from the spirit or scope of the

.appended claims.
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of clarity of understanding, it is readily apparent to those of ordinary
skill in the art in light of the teachings of this inv L on b certain
changes and nodifications may be made thereto wthout E%gﬁPpﬂgﬁ)?on1the
spirit or scope of the appended clains. . 16 . -2 Novenber 2006 WO

03/ 106030 PCWOESBD8#®@0146 CLAIMS: 1. A nethod for making a cat@lsboéne use
in the preparation of carbon nanotubes, which nethod conprises subjecting
a surface of a thin filmof a catalytic netal on a support to selective
mechani c Qr | ectromagnetic nodification to enhance the grain size of
the met al<kh surface. 2. The nethod according to claim1l, wherein the.
sel ective nmechanical or electromagnetic nodification is nade. to the thin

filmof the catal vt ool dc: Glicirly PULILAYdOqr Mdk PrpAgILT M ned

pattern. 3. The nethod according to aim1l whereln t nodi fication
is done WGM@W dapon &aﬁﬂtelh@,hodua:dnmed:hmgi teonghEisrsS, wherein

the ionig t carri d W an-i-on 5 Th t hod-

accor di ngutg CI ai %m}n \}\;neraé:leno q:gﬁn bfté;irﬂ fs aﬁ’a Yyt B g CFpbut 1
to about sippeat o sﬂﬂectawbomeaﬁe@fldjam dro edleditFotha@neriavherein the ion
beam conpri s.e an .ion speci-es sel ected fromthe %roup consi sting of 02+,

othgcast@Ingtt dbel ai m 6,
wherein thedd-@uid netal ions are selected from Cs+ and Ga+. 8. The met hod
according to claim6, wherein the noble -

2. . . The method according to clalm 1, wherein the
selectlve'mechanlcal or electromagnetlc modification is made .
to the thin film of the catalytlc metal to obtain modlflcatlon .

in a predetermined pattern.

3. The method according to claim 1 or 2, wherein the

modification is done by ionic bombardment.

4. The method according to claim 3, wherein the ionic

bombardment is carried out with an jion beam.

5. The method according to claim 4, wherein the ion

beam has an energy of from about 1 to about 30 keV.

6. The method according to claim 4 or 5, wherein the
ion beam comprlses an ion spec1es selected from the group

con51st1ng of 0,%, 11qu1d metal ions and noble gas ions.’

7. ‘ The method accordlng to claim 6, wherein the llquld

metal ions are selected from Cs and Ga'.

. 8. The method accordlng to claim 6, wherein the noble

gas ions are sélected from Ar*A Kr ‘and Xe'.

9. ' The method accordlng to claim 6, whereln the 1on

species is 02 and the ion beam has an energy of about 7.5 keV- '

17 -




gas ions are selected fromAr+, Kr+ and Xe+. 9. The nethod according to

claim6, wherein the ion species is. 2+ and the ion b ner gy of
about 7.5 keV. 17 2 Novenber 2006 WD 031106030 PCT/SGg§F8 %ﬁ§@8? The

met hod according to claiml or 2, wherein the nodification is done by

| aser. 11.wghemosishod according to claim 10, wherein the | agerscosiodic
solid-state laser. 12. The nethod according to claim 10 or 11, wherein the
| aser is a Nd: YAG | aser. 13. The nethod according to claimany one of
claimse 3 to 9, wherein the thin filmis treated with a reducing pl asna

fol | owikfly nodi fi e eetdod crreondimartoeetain 4l qhe? nevhededcbhei ng to

claim 13 £ d ma is an H2 plasma. 15. The net hod '
accordlnhddﬁtl%(.)&%%l%one ofCIOq'f nlzgjl#%?) wherein the thin filmis treated
with a reducing plasma . fol I ow ng m)dlflcation by |l aser. 16. The net hod
accordilig to cl aiThel me bt e dcdiding e cdginp| G, rewherain Hhe | bsser 17.
The et hod accordlng to_any one of clains 1 to 16, wherein the thin-film
i s nmodi¥S & IOHE-FRYe J2¥9%m about 10 nm to about 40 run. 18. The

nmet hod according to any one of clains 1 to 17, wherein the thin filmis

modi fiqb {0 a_demif fetaRRiiladSoing 1 JNE RISk aLor dhateis @y one of

clainms | to 17, wherein the grain SIze of the netal at the surface, after
the rmddifdxaits on Nds YaGmaasut 15 nmto about 70 nm 20. The nethod’
according to any one of clains 1 to 19,

13. The method according to claim any one of claims 3 to
9, wherein #he thin film is treated with a reducing plasma

following‘modification by ionic bombardment.

14. The method according to claim 13, wherein the

reducing plasma is an Hz; plasma.

15. The method according to any one of claims 10 to 12,
wherein the thin film is treated with a reducing plasma

following modification by laser.

16. The method according to claim 15, wherein the

reducing plasma is an H; plasma.

- 17. The method according to any one of claims 1 to 16,
wherein the thin film is modified to a depth of from about 10

nm. to about__ 40 nm.

-18--.- * The method according to any one of claims 1 to 17,

whereln the thin film is modified to a depth of about 25 nm.

19. The method according to any one of claims T to 17,
whereln the grain size of the metal at the surface, after the'

modlflcatlon is from about 15 nm to about 70 nm.

20. _ The method accordlng to any one of clalms 1 to 19,
-whereln the graln size of the metal at the surface, after the'

i

modification is about 53 nm.
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wherein the grain size of the netal at the surface, after the nodification
is about 53 nm 18 2 Novenber 2006 WO 03/ 106030 PCT/SGD §ﬁ014ﬁrg%§ The
met hod according to any one of clains 1 to 16, wherein ?In1is

nodified to have a grain size of from about 14.9 rimto about 71.0 nm and

a surface rouglseessonf from about 1.53 nmto about 7.30 nm p@gscdds et hod
according to any one of clains 1 to 21, wherein the thin filmconprises
Fe, Ni, Co or mxtures -thereof, and the filmhas a thickness of from
about 50 to about 500 nm 23. A process for the selective area growth of
carbon fdnot ubes GfteamiROd Aceameidly Bearava anar &ify sitatmisn 1f itoml 6y he

orocess GBI SACONGCNG U AL (IRde RCGOLlinn Lo U i) o

any one of clainms 1t on sourceé
tenperatabQU¢oﬂé|B|onstmhebbumr6QDMEnmarbaﬂ ananetfake syaghesiss. o24. The

process accor di | ai m 23, wh in the catalyst and the carbon source
are cont%f?gﬂ é?gg ﬁeﬁ§ePﬁk§Peab§w§a% 5 0 B8 500C. " 25. The process -
according to claim23 or 24, wherein the catalyst and the carbon source

are contagted at aThenpetabdr acc@&dflhgrrtabaﬂy 5@@%&%@99&1& 1199% . The
process accordlnghto any one of claims 23 to 25, wherein the carboh source

i s a hydVBegesBnthe7thine fplocesmpaicesdFag N@,aﬁy gnemmktutesns 23 to 26,
wherei n. msreafboanaogﬁgef?imSﬁgscgeﬁh;&g LUE! Bane oR! D508 28g c3cety! ene.

28. The process: accor 0 any one 0
: about 500 nm.

23. . A process for the selective area growth éf carbon
nanotubes on a substrate which bears a catalyst thin film, the
process comprising contacting the catalyst made according to
the method of any one of claims 1 to 22 with a carbon source
undexr pressure and temperature conditions which promote carbon

nanotube synthesis.

24, The process according to claim 23, wherein the

catalyst and the carbon source are contacted at a temperature

greater than 500°C.

25. The process according to claim 23 or 24, wherein the
catalyst and the carbon source are contacted at a temperature

of from .about.560°C to about 710°C.

26, - The process according to any one of clalms 23 to 25,

wherein the carbon source is a hydrocarbon.

- 27. The process according to any one of claims 23 to 26,
Wherein the carbon source is selected from methane, ethene and

écetylene.

28. The process according torany one of claims 23 to 25,

wherein the carbon source is an oxide of carbon.
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wherein the carbon source is an oxide of carbon. 19 2 Novenber 2006 WO
03/ 106030 PCT/ S(&3/00146 29. The process according to cg glagﬂgreln t he
oxide of carbon is selected from carbon nonoxi de and c ?

The process according to any one of clainms 23 to 29, wher el n the catal yst

and the cayhpgppeissce are also contacted in the presence gas.
31. The process according to any one of clains 23 to 30, 3%%?%§5£ﬁQH}

car bon- nanotubes are aligned multi-walled carbon nanotubes. 32. The
process according to claim31l, wherein the aligned nulti-walled carbon
nanot uRes are gruwhe phoadespr adeiodidiinge dopdiladm 2833 whidseiaf tihe sxairdion
nanot ubes made agcording to the process of any one of clainms 23 to 32, for
t he nefff g8thPR 6f=‘ sgilsplay, feracrshon armomitieoansk crghash sHiesld Qtevi ces.
34. Use according to cl-aim 33, wherein the display device is a field

enissig@.displayTHgvngéegg according to any one of claims 23 to 29{
wherein the catalyst and the carbon source are also -contacted

in the presence of hydrogen gas.

31. The process according to any dne of claims 23 to 30,
wherein the carbon-nanotubes are aligned multi-walled carbon

nanotubes.

32. The process according to claim 31, wherein the
aligned multi-walled carbon nanotubes are grown in a

" predetermined pattern.

33. Use of the carbon nanotubes made according to the
process of any one of claims 23 to 32, for the-manufacture of .

display, electronic and microelectromechanical devices.

34. Use according to claim 33, wherein the dlsplay

dev1ce is a field emission display device.
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