WD 03/ 011755 PCT/ GB02/ 03438 PRODUCTI ON OF CARBON NANOTUBES The present
invention relates to a nethod of making carbon nanotubes, in particular a
met hod ofwDaB117§S car bon nanot ubes usi ng pl asma enhanced PETABIRI0BER vapour
deposition (PECVD). The term ' carbon nanotubes' (CNTs) is used herein as a
generic termto enbrace single-walled and nulti-walled carbon nanotubes,
carbon nanofi bres, carbon nanofil anents and carbon nanoropes (ropes of
carbon nanotubes). The existence of CNTs is well docunmented in academ c
literature, 10 si 1.99 h b BN SEPRser ved themin carbon arc
deposits (liji ”B&ﬁjq% y e L RBIOY —there are many different ways
of making them including arc discharge, |aser vaporisation, electron beam
and catalytic pyrolosis. G her known nethods are to use chem cal vapour
deposition (CVvD) and plasma enhanced CvD (PECVD). 15 Background

i nformati on di scussi nbheQhFsent inveitiar rekéss th @ pthest ofanaking oarbae panotwlenot ubes
for electronics' in the Decenber 2000 issue of Scientific Anmerican (P.G
Collins et al.) ipparidilar #methbdi o fdaaingesubah salooses usinggilismch erdfan€IT
production, wherein a substrate is placed in a vacuum oven or flow tube,

heated to ténmperakli&s vapodrRpoditst (HECVDHCThE tdrdD RErtRAhaRoBEL AONZE)

contai ning gas such as nethane is introduced optionally in the presence of
a transition metal. | ni t yf@l@’é [ C S | :
inter alia, car%gjﬁec\?/glg%ﬁlr Qé %%gré&gc?{%%emcar oﬁeu\glg lgu\&al gr%sﬁplgﬁﬁévgﬁl ed(r)lses as

carbon nanot ubes. :
carbon nanotubes, carbon nanofibres, carbon nanofilaments and carbon

nanoropes (ropes of carbon nanotubes).
The existence of CNTs is well documented in academic literature,

10 since 1991 when Iijima first observed them in carbon arc deposits (lijima S.,
Nature, 354 (1991) 56). There are many different ways of making them,
including arc discharge, laser vaporisation, electron beam and catalytic
pyrolosis. Other known methods are to use chemical vapour deposition
(CVD) and plasma enhanced CVD (PECVD).

15 Background information discussing CNTs is disclosed in prior art
document Nanotubes for electronics' in the December 2000 issue of Scientific
American (P.G. Collins et al.) pp. 38 —45. This document discloses a method
of CNT production, wherein a substrate is placed in a vacuum oven or flow
tube, heated to temperatures of the order of 500°C to 1200°C and a carbon-

20 containing gas such as methane is introduced optionally in the presence of a
transition metal-containing catalyst, whereupon it decomposes into, inter alia,
carbon vapour. Some of the carbon vapour forms or condenses as carbon

nanotubes.



WO 03/011755 PCT/ GB02/03438 2 O her prior art docunments concerned with CNT
production are 'Crystalline Ropes of Metallic Carbon Nanotubes' in

Sci ence, WRemaiwspp. 483- 487, vol 273, 26 July 1996; ' Ten®CraGrioaesgt h of
single wall ed carbon nanotubes directly neasured fromtheir macroscopic
ropes', Applied Physics 5 Letters, Vol 77, No 20, 13th Novenber 2000; and

' Bul k Morphol ogy and diameter distributign of single-walled carbon

nanot ubes synt hesi sed by catalytic deconposition of hydrocarbons',

chem cal physics letters, 289 1998) 602-610. furt t echni.que,_for
growing CNTs is di sclcgtégfd plnr?rtﬂ'é OﬁP%‘Fﬂtﬁt F%rf?glfneélg%ﬁat%ﬁﬁ paréép]) cltlggt ?ljce)n WO
99/ 65821, V\/nerei'n a nethod of fornin s.on mgterials such as SS,
silica, quartz aﬁwsgil}qeégweagfw&tﬂlﬁgﬁ%%me@as I’E}géﬁpﬁ%ﬁ{e’@%‘&)@%ﬁ
Deposition (PECVD) is disclosed. This "hot filament' PECVD nmethod uses

hi gh gas tenper @8y ol AA73bétowdely 3OVC drusileosCngtly ofasingls wePesticartoNTs on,
for exanple, glass having a strain point tenperature of 15 666C. A heat

filament situat egnefabseditdeely mauted! frahh e nacloeadpic tdpes'MmapplicdPhysies t o
whi ch the CNTs are deposited, the heat filament providing the energy

required to5produgRrd ReP}aS® 280958 NHRnMEPI008S Bnd SRk INBFRDRIEG RidOVi de
the nechanismto di Sassociate the hydrocarbon gas and form CNTS using a

catalvsi. The SagiEr st oS FEECELASE FaDpReT pcses 1 e
such as hydr Ogenca"csaﬁ}gurca%gcomposition of hydrocarbons', chemical physics letters, 289
(1998) 602-610.
A further technique for growing CNTs is disclosed in the International
10 patent application WO 99/65821, wherein a method of forming CNTs on
materials such as glass, silica, quartz and silicon using Plasma Enhanced
Chemical Vapour Deposition (PECVD) is disclosed. This ‘hot filament’
PECVD method uses high gas temperatures of between 300°C and 700°C, so
as to deposit CNTs on, for example, glass having a strain point temperature of
15 666°C. A heat filament situated above the material directly heats the material
on to which the CNTs are deposited, the heat filament providing the energy
required to produce the plasma above the substrate, and therefore provide the
mechanism to disassociate the hydrocarbon gas and form CNTs using a
catalyst. The glass onto which CNTs are deposited can then be used in the
20 production of flat panel displays.
CNTs have other known applications, such as hydrogen storage

devices.  This application is particularly suited to CNTs as H, is

approximately 0.28nm in diameter, whereas the approximate distance



devices. This application is particularly suited to CNTs as H2 is
approximately 0.28nmin dianeter, whereas the approximate di stance WO

03/ 011755wBb@3/00(B82/ 03438 3 between graphene | ayers in nmulPCinGEH0ResU3IENTS i s
approximately 0.34nm Thus, CNTs provide a neans of storing H2 in an
efficient manner for use in fuel cells. It is also possible to use CNTs in
applications such as el ectrochemcal 5 capacitors (super-capacitors),
nanoel ectroni cs, electronic and photonic device applications, field

em ssi on device Qsite fa

el ect r o- mechani gbqu/ %/%ggar?@ i enﬁalye{ onave” bgg@%da(?%\@s 3 tapﬂc‘?%{??a;‘fly YAt al s,
and el ectronic semc ctor, materials. caonposite material coul d, consi st
of gl ass, netal ﬁB’ér &ﬁﬂg prBW?ﬁéPea”ér‘ﬁﬁFﬂr{né lg}‘l)ﬂl 3 phficient magnerdiqy use i of
these. In knomnjgolyner conposite fabrication techniques, CNTs are grown
in a chamber usifugl @llknown hi gh tenperature technique. The CNTs are
renoved fromthe chanber by, for exanple, scraping the CNTs off the
chanber wall. The CNIk isaleo pbsibleriowesd GWThint dpplipsionsBicH £ @éddochieniaal 15
strengthened conposite material. A further exanple of CNT production is

gi ven in EP1129998Adiors 1IBECéRadiorHl B%ele'étrgﬁ@é:le@e%%nfesanaﬁ)het&kb ddveguency,

R F. and microwave PECVD to deposift CNTs on a substrate ated to a
tenmperature bet V@‘f}ﬂcatﬁ)glg,q}aaC’:n*}lg)&(%:dewces, polymer composite fabrication, MEM's

(micro electro-mechanical systems), microwave resonators, structural

materials, and electronic semiconductor materials. A composite material

could consist of glass, metal, ceramic, polymer, graphite and a mixture of any
10 of these.

In known polymer composite fabrication techniques, CNTs are grown
in a chamber using a known high temperature technique. The CNTs are
removed from the chamber by, for example, scraping the CNTs off the
chamber wall. The CNTs are then mixed with the polymer to provide a

15 strengthened composite material.

A further example of CNT production is given in EP1129990A1,
wherein a method is disclosed using high frequency, R.F. and microwave
PECVD to deposit CNTs on a substrate heated to a temperature between
500°C and 1000°C.

20 All of these prior methods have substantial substrate temperatures,
ranging from 300°C up to and above 1000°C, for the necessary energy input

required to produce CNTs.



20 Al of these prior methods have substantial substrate tenperatures,
rangi ng from 300C up to and above 1000C, for the necessary energy i nput
requi red wo opioodsse CNTs. WO 03/011755 PCT/ GB02/ 03438 4 TPhE/GB0RSRIB

i nvention has been devised and nodified to provide an inproved | ow
tenperature, in particular roomtenperature, PECVD process for the
formati on and growth of CNTs. Wth the prgsent invention it is now

possi ble to deposit CNTs onto substrates at nmuch | ower tenperatures than 5

previously carried o rovi di ng. an, i ncrease. i p LAl nti al
of CONT production, ibﬁé’%rsﬁ?ﬁ ?Vﬁﬁéqneh s?naieg’lsg%ﬁ%i .Hgiagﬁgg‘gé‘? ?Arvé%g%r‘l?y
significant materials_ that could not be used with the kn h]éh
tenperature neiPP@¥eGIov s5yBRSTRTER 10 Ré’é’&l"%ir ﬁ%onfléelpﬂ‘?r%mir‘?am‘{ %’,m‘feﬁ%r eis
provi ded a nmethod of forming 10 carbon nanotubes by pl asma, enhanced
chemi cal vapour fatepe$ormation asd ggovath FLEbH FGH thiepiresgnigiagepioadits DG¥her ei n
t he carbon nanotubes are not forned on a substrate at a tenperature 300C

or above. O her pagfitetts depekiteChiRi smrm isabsiratesas e foivtee dernperatusdsntben
hereafter. 1In order that the invention may be illustrated, nore easily

appreci ated¢ 15 Jsgﬂ&i&iééd 68, Hr&Adinplan BEfRE! inbthe cbRSRrakI pdtestial Bt he
art, enbodi mentg thereof wll now be described by way of non-limting

e e sonemat | T 1 Gofpdlfo csBreiliBE ARGEIERTL 18 MACRS dohatlitaly 7 aure
significant materials that could not be used with the known high temperature
methods of deposition.

According to this invention, there is provided a method of forming
10 carbon nanotubes by plasma enhanced chemical vapour deposition using a
carbon containing gas plasma, wherein the carbon nanotubes are not formed
on a substrate at a temperature 300°C or above.
Other aspects and embodiments are as described or claimed hereafter.
In order that the invention may be illustrated, more easily appreciated
15 and readily carried into effect by those skilled in the art, embodiments thereof
will now be described by way of non-limiting example only, with reference to
the accompanying drawings in which:
Figure 1 is a schematic illustration of a suitable radio-frequency
plasma chamber for forming and growing CNTs upon a substrate, according
20 to an embodiment of the present invention;
Figure 2 shows a plasma chamber using primary and secdndary power

supplies, e.g. combined microwave and radio-frequency, according to an

embodiment of the present invention;



pl asma chanber for formng and growi ng CNTs upon a substrate, according 20
to an enbodi nent of the present invention; Figure 2 shows a plasma chanber
usi ng priwarog/oarids secondary power supplies, e.g. conbi nedCriGBR/nas8 and
radi o-frequency, according to an enbodi nent of the present invention; WO
03/ 011755 PCT/ GB02/03438 5 Figure 3 is a typical scanning electron

m crograph (SEM of CNTs produced at roog tenperature in radio-frequency
nmet hane plasma on Ni  catal yst particles, according to an enbodi nent of the

present invention; Figure 4A is a ical transm ssi I &L ogr aph
(TEM of an 5 radi oi: ?%"éﬁaéﬁ@ygyﬁ}féil%gaﬁlpgﬁu%lgc roﬁllg}rlll?ﬁsrﬁgrgp %égﬁ%@%fngﬁgg

term nal nickel particle, produced ac_corgj ng to an enbodi nent of f{he
present inventi Brpdurgdygt soup EeRPEHIIEE R RO TERICREY Plref@SBhdhi nd a

ni ckel map, indicating the nickel content (in white) at the tip of-a
nanot ube pr oduceatalysicraotiden gctondiag teabedbodimeniod! theprepens saientiohivent i on; 10
Figure 4Cis a close up of the TEM shown in Figure 4A, indicating the

herringbone struct ur gigafre theis GNpichlr wahsatskiaceectetinngidrograph EFfdddliofrent  of
the present invention; Figure 4D shows the proposed nethod of formation of

L0, T2 1 o g e o o o g 1
formed in exanplpgrtglelf%{ro &P 5!:%61‘21?& o8 SRR BE YheBickel VMRS
Figure 4B is an energy filtered TEM image showing a nickel map,
indicating the nickel content (in white) at the tip of a nanotube produced
according to an embodiment of the present invention;

10 Figure 4C is a close up of the TEM shown in Figure 4A, indicating the
herringbone structure of the CNTs produced according to an embodiment of
the present invention;

Figure 4D shows the proposed method of formation of the CNTs
produced according to an embodiment of the present invention;

15 Figure 5, consisting of Figures 5A and 5B, shows SEM pictures of
CNTs formed in example 9 using combined radio-frequency and microwave
plasma enhanced CVD;

Figure 6 is a TEM picture of CNTs exhibiting bi-directional growth,
formed in example 10, using combined radio-frequency and microwave

20 plasma enhanced CVD;

Figure 7, consisting of Figures 7A and 7B, shows TEM pictures of

CNTs exhibiting branching at a 'Y'-shaped junction, formed in example 11,

using combined radio-frequency and microwave plasma enhanced CVD;



pl asma enhanced CVD, Figure 6 is a TEM picture of CNTs exhibiting

bi -directional growth, formed in exanple 10, using conbi ned

radi o- f r eyoenpy7and nicrowave 20 plasma enhanced CVD, Fi @OM&B02/08B8si sting
of Figures 7A and 7B, shows TEM pictures of CNTs exhibiting branching at a
"Y' -shaped junction, formed in exanple 11, wusing conbined radio-frequency
and m crowave plasma enhanced CVD; WO 03/@11755 PCT/ GB02/03438 6 Figure 8
is an SEM picture of ropes of CNTs produced (as bundles of closely packed

nanot ubes), formed in,exagple fter nitri e t '

congiERAed r adi o-frequgﬁ%‘ﬁegﬁﬁaﬂﬁﬁ}\@%ﬁeBrﬁ%pﬁgog?\%grﬁcég%gﬁsaﬂﬁﬁﬁsggre 9is
an pi cture of ropes.  of CNTs produced (as bund|l es of. .5 densel acked
nanot ubes) afteﬁl%ﬁlﬁ’rﬁa@k%?@(’ﬁk@g} ﬁ@medd&(‘?f@md? oF THH -lgfr%tﬂ{?gﬁcy and
m crowave plasma enhanced CVD. DESCRI PTI ON OF PREFERRED EMBODI MENT

Ref erring fir st uyingeomibinedeadio-ficquersy aadwnictoarave plasmagnigngsdf VI;@nd

Technol ogy DP800 radi o-frequency PECVD systemis used as shown

di agranmatical ly. A \Fagud9isaaSBEM ploows iofigopksiof CNsairbéuetl (es/odddsiadn vi a
channels 2 and 3 controlled by an auto pressure throttle valve 11.

Evacuation 5 of Fd@ﬁsehﬁ‘hééﬂeernaﬁ&uta&s BBAAREE adiditleathéRGIBE dndbided REIG/ rot ary
punp in comrunicati'on wth channél 3. The chanber 1 has a gas inlet 4 for

receiving 15 a fl f t . i i i
hydr ocar gon gas fredterly angef\m{:ﬁ)%'vgﬁﬂsgﬁ%nﬂincg@ws mxture, typically a

DESCRIPTION OF PREFERRED EMBODIMENT

Referring firstly to Figure 1, the plasma chamber of a Plasma

10 Technology DP800 radio-frequency PECVD system is used as shown

diagrammatically. A vacuum chamber housing 1 is capable of evacuation via

channels 2 and 3 controlled by an auto pressure throttle valve 11. Evacuation

of the interior of the chamber 1 is effected via a roots/rotary pump in

communication with channel 3. The chamber 1 has a gas inlet 4 for receiving

15 a flow of the required gas or gaseous mixture, typically a hydrocarbon gas
such as methane CHj.

An earthed electrode 6 is provided in the lower part of the chamber,
whilst a powered electrode 5 is provided in the upper part of the chamber and
connected to the appropriate power source. In this embodiment, the power

20 source used is a 13.56MHz radio-frequency power supply unit (PSU) 10.

A substrate 7 is coated with a nickel powder (99% purity) with an

average particle diameter from 4 to 7um obtained from Goodfellow

Cambridge Ltd. The substrate used in this embodiment is a graphite plate



such as nethane CH4. An earthed electrode 6 is provided in the | ower part
of the chanber, whilst a powered electrode 5 is provided in the upper part
of the chaipleniessl connected to the appropriate power SORCE&BOR3LBI S
enbodi ment, the power 20 source used is a 13.56MHz radio-frequency power
supply unit (PSU) 10. A substrate 7 is coated with a nickel powder (99%
purity) with an average particle diametey from4 to 7m obtained from
Goodfell ow Canbridge Ltd. The substrate used in this errbodi ment is a

graphite plate 3/0 5 02/ 0343 b be
obvious to a skg\% gfae é gwﬁqﬁre[ ﬁous Ohaégklue%g);é 1%?1{1 féerlu%g%‘rdté
Approxi mat el y 50mg of the ni ckel er cat st ersed

uni form thin | agey b used téﬁpwmﬁggsé%sr%{ él.e ﬁ;’%’g&s%\gﬁ afaéelp'gt Wla%ced on
the earthed el ectrode and the chamber is 5 evacuated. The substrate 7 is
shown in Fi gur edispersed aca wiifdimithin layérrea the topeif thpyyihgiested (shown in
exaggerated formin the Figure) upon which the CNTs 9 (shown in

exaggerated formin tie skbgtite)s placed om nisdearifietl entrogasindfthe 0BargigP%s (i ve
9s) purity is allowed to flowinto the chanber at a rate of 30 sccm

(cnB/minute), Ui NQaRdSUiteakbarAeYiis shotth Rigur 1MBSdted Wil wRatidealitie . 10
Radi o-f requency power 1s swtched on at a power setting of 300Win order to

P o he okt (HafpBh 3Rl AP diCl md PGSy bh Miiplie e ust od

';(r)] v de ressure roxi mate asca 1 Torr) and
e radio-fre u o 0 al @
i g ow¥1 Pn \é\gggg%ya%)d ¥or%n0 1r|1 %he %jigl{l%é)ed tfc)n*mgg ' eth%}le ZgQSQ of

mai nt ai n

99.999% (ﬁve 9s) purity is allowed to flow into the chamber at a rate of 30
sccm (cm’/minute), using a suitable device such as a mass flow controller.

10 Radio-frequency power is switched on at a power setting of 300W in order to
strike a plasma. After the plasma is struck, the gas flow rate is adjusted to
provide a working pressure of approximately 133.3 Pascal (1 Torr) and the
radio-frequency power supply 10 is adjusted to operate at 200W to maintain
the plasma 12. The plasma has a sheathed region 13 in which the substrate 7

15 is situated. The substrate 7 may be subjected to only a low potential
difference e.g. of the order less than 40V, preferably less than 20V to
facilitate a gentle growth process for the carbon nanotubes. The potential
difference to some extent determines the direction of growth and alignment of
the CNTs.

20 It is the very high temperature of the plasma that provides the
necessary energy to produce the required reaction of the gases in the chamber,

thereby allowing the radio-frequency system to transport the disassociated

hydrocarbon species and carbon ions to the substrate and initialise the CNT



the plasma 12. The plasnma has a sheathed region 13 in which the substrate 7
15 is situated. The substrate 7 may be subjected to only a | ow potenti al

di ff erencwo®3@11763 t he order | ess than 40V, preferably | ePETIARINO2GY t O
facilitate a gentle growh process for the carbon nanotubes. The potenti al
difference to sonme extent determnes the direction of growth and alignnent
of the CNTs. 20 It is the very high tenpgrature of the plasna that

provi des the necessary energy to produce the required reaction of the

gases in the chanber,. there | 1.qwi t he radio-f.r g o]
transport the dﬁgﬁ?é33ﬁﬁgg CQ%@%r&@Eﬂg%ﬁn%%: %%%1§ﬁ3%§§§8§%ﬁ§%§é§ggﬁthe
substrate and initialise the CNI WO 03/ 011732 (Fq%/ GB02/ 03438 8 growm h from
the catal yst. THéigh egates femppsedmgicly 240004pP80MeRIYy 2-3 ev,  whi ch

equates to approxi mately 24000 to 36000 Kelvin. The electrodes 5, 6 are
t enperature contr ol | dhelelectroilesc, ® aro tdmpeaatirsreongplled Wavdng e sembaytiey st em
(not shown) and heaters so, as the plasma is 5 generated and mai nt ai ned,

the el ectrodes are kepr-cblitdeyses med shewnenad UretersThe depepltmadsof the
substrate on the electrodes during a plasma in this enbodinment is between

29C and 32G  Thig, | o LEARGS AhiHeE, BYRRECHIIR ark %Bﬁedg&hé' d&sit tenperh@re.a W de

variety of previously unused substrates to be used for CNT deposition. 10
From Toom t erperPUrEPER SR GERIFcH el RECRNEs (RIRE RUSER g JR09' "9

embodiment is between 29°C and 32°C. This low temperature substrate

temperature allows for a wide variety of previously unused substrates to be

used for CNT deposition.

10 During different process runs carried out, various temperatures

ranging from room temperature to 250°C were used. Although it will be clear

to a skilled person that higher temperatures could be used. Also, various

process times were used from 10 to 30 minutes

A sample of process parameters from eight separate runs using the

15 apparatus shown in Figure 1 is shown in Table 1 as Examples 1 to 8.



to a skilled person that higher tenperatures could be used. Al so,

vari ous

process tines were used from 10 to 30 m nutes A sanple of process

par anmet erwofosom785 ght separate runs using the

15 appar at PETERMM03438 Fi gur e

1 is shown in Table 1 as Exanples 1 to 8. WD 03/011755 PCT/ GB02/ 03438 9
TABLE 1 Exanpl e Catal yst Substrate Hydrocarbon Radio Tinme Mcro- Tenp
G aphite CHAf §30scm 13.56 MHz, 30mi n None 30C

Frequency wave

Energy 1 Ni

powder 99.9% pure 200w 4-7m 2 Ni

250C powder 99. 9%

15m n None 250C pom%ég.

w4-7m 3 Ni

Graphite CH430scm 13.56 MHz,

15m n None
G aphite CHAf--30scm 13.56 Mz,

% pure 200w 4-7m 4 Ni G aphite CHAf=30scm

stics

13.56 MHz, 30mi n None 30C powder 99. 9% pure 200w 4-7m 5
CH4f 30scm 13. 5 Emg}zl’e §6tfﬁ'sh N‘BW@S 3 Bﬁlrocarbon " Radio Time |Micro- |Temp
Frequency wave
Energy

1 Ni Graphite |CH,;=30scm |13.56 MHz, |30min | None 30°C
powder 99.9% pure  |200w
4-Tpm

2 Ni Graphite |CH;=30scm | 13.56 MHz, | 15min |None 250°C
powder 99.9% pure  |200w
4-7Tum

3 Ni Graphite |CH,f=30scm |13.56 MHz, | 15min | None 250°C
powder 99.9% pure | 200w
4-Tpum

4 Ni Graphite | CH,=30scm | 13.56 MHz, |30min | None 30°C
powder 99.9% pure (200w
4-7Tum

5 Ni Plastics CH,f=30scm {13.56 MHz, { 30min | None 30°C
powder 99.9% pure 200w
4-7um

6 Ni Silicon CH4f=30scm | 13.56 MHz, |30min |None 100°C
powder 99.9% pure | 200w
4-7pm

7 Ni Plastics CH,f=30scm |13.56 MHz, | 30min | None 30°C
powder 99.9% pure | 200w
4-Tpm

8 Ni Plastics CH4=30scm |13.56 MHz, |30min |None 30°C
powder 99.9% pure | 200w
4-Tum

The characterisations of the nanotubes formed were performed on a

Hitachi S-4000 field emission scanning electron microscope (SEM) and a

5 Philips CM 200 transmission electron microscope (TEM). The samples

studied by TEM were prepared by ultrasonic dispersion of ‘as grown’ samples

in isopropanol, a drop of the suspension was then deposited on a thin

amorphous carbon film supported on a copper grid. The samples were then

allowed to dry.



powder 99.9% pure 200w 4-7m 6 N Silicon CH4f =30scm 13.56 MHz, 30m n None
100C powder 99.9% pure 200w 4-7m 7 N Plastics CH4f--30scm 13. 56 MHz,

30m n NonwO30@i17pdwder 99. 9% pure 200w 4-7m 8 N Pl asti cPCTHEH2/0338Ccm
13.56 MHz, 30m n None 30C powder 99.9% pure 200w 4-7m The
characterisations of the nanotubes forned were performed on a Hitachi
S-4000 field em ssion scanning el ectron mjgroscope (SEM and a 5 Philips CM
200 transm ssion el ectron mcroscope (TEM. The sanples studied by TEM

Sopr opanol . & drop. ok RN SHERBHERAH MRl E A uERee T TSR TR
a1 oved o dry. DS DHEPSEeTRCH] T0p/0BATEIE O 4 SEND GO AR
exanpl e 1 show ng carbon nanotubes grown on a substrate kept at room
tenperature in amhareidoCVDedquenpyded s Figure Bhadegde GvBhows prokel daelysh
Figure 3. Figure 3 shows nickel catalyst
particles at the end of the CNTs, as white spots, suggesting a tip growth
5 model. The tip growth model is depicted in stages (i) to (iv) in Figure 4D.
TEM studies have shown the multi-walled nature of the produced nanotubes
with the associated catalyst particle at the tip, as shown in Figure 4A. Figure
4B shows the nickel content at the tip of the CNT, using an energy filtered
TEM image showing a nickel map.
10 The interlayer spacing of 0.34nm typical for graphene sheets along the
CNT axis was found in the expanded region of the nanotube. The typical
lengths of carbon nanotubes produced varied from 0.5 to Spm, with diameters
ranging from 5 to 15nm. Adjusting the deposition times, gas flows, catalyst
particle conditions, gas concentrations & type, and D.C. bias applied to the
15 substrate may vary the length and thickness of CNTs.
Figure 4C shows a TEM structure analysis of the carbon nanotubes
The TEM shows graphite platelets, which are usually aligned parallel to the
side facets of the cone-shaped catalyst particle in the form of a "herringbone"
stacking arrangement at the growth end of the nanotube.
20 It has been shown from the discussed method that radio-frequency
plasmas can produce carbon nanotubes, which grow on a substrate kept at a

temperature below 300°C and in particular at room temperature. This low

temperature plasma enhanced CVD method is suitable for growing well-



particles at the end of the CNIs, as white spots, suggesting a tip growh 5
nodel . The tip growh nodel is depicted in stages (i) to (iv) in Figure 4D.
TEM st udiwe ldavesshown the multi-wall ed nature of the prodcrscBmasssubes
with the associated catal yst particle at the tip, as shown in Figure 4A
Figure 4B shows the nickel content at the tip of the CNT, using an energy
filtered TEMinmage showi ng a nickel map., 0 The interl ayer spacing of

0. 34nm typical for graphene sheets along t CNT axis was found in the
expanded regi on of the nanotube. The, t ic hs of, c tubes
produced vari ed a? GEROP ub\%ﬁ’ tsﬁleﬁﬁx%]r% r é‘smg gthﬁlrﬂ%m]f F%ﬁfygl

Adj usting the depositjion tines, catalyst particle condl t| ons

gas concentrat i oI tb?ﬁ@np%rﬁﬁ‘rfbat th%l%f&ntaﬁf)lqlﬁﬁ grevith permits g I8¢ ffe nay
vary the length and thickness of CNTs. Figure 4C shows a TEM structure
anal ysi s of the teaptreturaisansitivbewbstr@iee. TEM shows graphite platel ets, which
are usually aligned parallel to the side facets of the cone-shaped

catal yst particle in hhgedegl mief cabohaianbmoso atalytisilac protmcad nadgeén®dnt  at
the growm h end of the nanotube. 20 It has been shown fromthe di scussed

met hod thats r adiQohif SAHEREV ik oRRTRRrE S Ay 5&11%@199%1@&@%&' 3% thehi ch

grow on a substrate kept at a tenperature below 300C and in particul ar at

T o Sl B e DT o
nanot ubes sel eCt'lL he dx%me%/er tj th%J car eonrrgetm%ltubcea&%é Itlel gameé fag that of the nickel
particle at their head. Catalyst particles at the growing end of the nanotube
were usually "pear-shaped", and completely enveloped by a layer of carbon.
10 Moreover, each nickel particle was responsible for the growth of a single
nanotube, unidirectional or bi-directional. Most carbon nanotubes produced
were composed of multiple co-axial tubes with the spacing between tube
walls being approximately the graphene interplanar distance of 0.34nm.

However, it is also possible to produce growth of the carbon nanotubes in

15 coiled form.

APPLICATIONS

This new method of production allows for the formation of CNTs on

commercially significant materials, and growth over relative large areas.

20 Many new CNT applications have since become available due to the large
number of available materials for use as substrates on which CNTs can now

be deposited because of the lower temperature process. Highly temperature

sensitive materials such as plastics, or any other types of polymer, ceramics,



where the tenperature at the point of CNT growh permts the use of
tenperature sensitive substrates. In general, the carbon nanotubes

cat al yti cablog/opr7esiuced tended to 5 adopt a whisker-1ike fromroBobessst he
catal yst particle is carried away fromthe substrate during the growh
process and remains at the tip of the nanotube. The dianeter of the carbon
nanot ube was the same as that of the nickgl particle at their head.

Cat al yst particles at the grovvi ng end of the nanotube were usually

"pear - shaped”, co et el envelo ed.b ayer C reover,
each ni ckel par ?Eixg er’r%rs%vc?ﬂs(? 5"1“8 allerﬁ mgaydlvw“ﬁg 1‘“566}lr é)si ﬁlﬁfe%gls%notube
uni di rectional aor -directional. Mst carbon nanotubes produced were
conposed of nul QW@GR%K@QI al tubes with the spacing between tube walls
bei ng approxi mately the graphene interplanar distance of 0.34nm However,
it is al so possible Foappledof ENGr applibatestns eyelable hervghasiogdhie mathed arg coi | ed
form APPLI CATIONS This new nethod of production allows for the formation

of CNTs on comigy ddpakitiyn SIfgINTS oAnd texallear foaluse imapblgingwirintalercuiteltat i ve
| arge areas. 20 Many new CNT applicati ons have since becone avail abl e due

to the lardge nuMGhg ahd N idiABERnERE BF hﬁl'te'ilai GiibredS theASrodHAR! GH Bskigle Whi ch
CNTs can now be dep05|ted because of the | ower tenperature process. Highly

pol yror . Cor am ACPARD IR aa s RAPRUEE ST Sy 19Mne THadh ik dRES O

to the inert nature of CNTs, the application of CNT devices internally placed
in living organisms. It may also be possible to use nanotubes as DNA storage
devices.

10 An example of a possible application using this method is to insert an
item of clothing such as the cuff of a shirt into a CNT deposition chamber.
Prior to being inserted in to the chamber, the cuff would be coated with a
nickel catalyst in a particular pattern so as to be able to form a printed circuit.
The deposition of the CNTs, in-situ within the chamber, would produce a

15 printed circuit in the same pattern as the nickel catalyst pattern deposited on
the cuff. The circuit could be, for example, part of a mobile communication
device enabling people to communicate with each other without having to
carry mobile phones as separate devices. This method therefore provides an
efficient way of depositing electrical circuits onto fabrics.

20 Due to the inertness of carbon it is possible to deposit CNTs on
organic material, providing a wide range of suitable applications. An example
of using this method on organic material is the deposition of a pacemaker

circuit onto a heart prior to a transplant. Firstly a catalyst material is placed



textiles, paper, or even organic materials nmay now be used as materials for
CNT deposition. Exanples of CNT applications avail able through using this
nmet hod arwoO oBhel7deposi tion of CNTs on to textiles for usePCR/GRIRI§4i38Q
printed circuits to 5 clothing and the reinforcenent of material fibres;
the production of flexible displays using CNTs; the deposition of CNTs onto
living organisns, and due to the inert nagure of CNTs, the application of
CNT devices internally placed in living organisns. It nmay al so be possible

t o use nanot ubes torage. _.devi.ces. .10 An exanpl e of a possiple

appl i cation usi noéla@ﬁi[gslgffﬁe% ﬁ%ﬁqﬁe%”tsgl\{?bﬁ%i?fttraéﬁp apiiaﬁﬂ?él? acﬂaﬁf’lﬁ’i ’%&u%‘iiﬂ? as the
cuff of a shirt into a CNT depositign chanmher., Prior to being inserted in
to the chanber, flPﬁB & DReRkEA HevBee: c dBe dwgahils rhen inserégeeinie &t BYtplly glepny
particular pattern so as to be able to forma printed circuit. The

deposi tion of t baokEs and thesCNT'swirg giown: Heneshherl6YTs hayel glown.otiebearhisl 5
printed circuit in the sane pattern as the nickel catalyst pattern
deposited on t heerctehioved hrd thnspldnteddatd e patienk.or exanpl e, part of a nobile
comuni cation device enabling people to communicate with each ot her

wi thout havbng to  caXrpirth@bidagpl) 8N 8Sind ShisGRENAE n deNdvE GplickRbs idTafhod
therefore provides an efficient way of depositing electrical circuits onto
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on organic materftal, prov a wdera fsui table cat s. An
pacemmier i r PGB a b o & EeKHEE) S onE] 1S v darl yat
material is placed )
substrate in the same manner as the applications discussed above.
It is also possible to use this method of forming CNTs to provide
10 improved ceramic material products. For example, the CNTs are deposited
in-situ within the chamber into ceramic powder, thereby forming a ceramic
composite. The ceramic composite mixture is removed from the chamber and
formed into ceramic devices. This method provides a way of reinforcing
ceramic materials, and providing conductive ceramics.
15 A further example is to place polymer resin into the chamber and
deposit the CNTs in-situ into the resin. The resultant polymer composite is
then available for use as a conductive and/or reinforced material.
A further example of an application in which CNTs may be used is to
form EMI (Electro Magnetic Impulse). The CNTs may be formed in a
20 composite material (e.g. glass, metal, ceramic, polymer, graphite or any

combination of these), wherein the composite material is then able to shield

devices or people from RF or microwave radiation.



WO 03/ 011755 PCT/ GB02/ 03438 13 on the surface of a heart suitable for
transplantation in a pattern required to form a pacenaker device. The
heart is wbheg/owriserted into a suitably clean chanber, an@CriGBoCRISs8are
grown. Once the CNTs have grown, the heart is then renoved and
transplanted into the patient. 5 A further exanple of using this nmethod in
a new application is the deposition of CNis onto flexible transparent
sheets for use in flexible display applications. A material such as PVA

(pol yvinyl acetate) c be u as_ a substrate .n the.sa nner. as the
appl i cations di scussegwargor\r}g afs? q?esgra?l\"gloo%gs%qpﬁf éulfsga{?s'ém?%irﬁge ﬁ%?ﬂg%fl of
formng CNTs to provide lg)'i oved ceram c material products. For

exanpl e, the efg‘P@ W6 Pﬁs A dPPEItEA A1 hpaPet FEbSHARMEHN thetdapbeani ¢
powder, thereby formng a ceramic conposite. The cerami c conposite mxture
is renoved from toHermskainssit using 2 chialysbrhateniab 'Flea paper ciget wes thehe siserkt hod
provides a way of reinforcing ceramc materials, and providing conductive
ceram cs. 15 A fasr tshebiodogragibée | dedtnd adswiqep! widvh riesedsiliyntaad t beeaphanber
and deposit the CNTs in-situ into the resin. The resultant pol yner

conposite i§ thepmaN@hleabhiRl dBMheiBRwiSavihyoPRGUR IoNSerabflfiRf. rei nforced
material. A further exarrpie of an application in which S may be used is

ina 20
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conposite material (e.qg.
conbi nati on of thesrer), erel'kIn conposite. material is then able to
perature.

shi el d to te anottu ees are 'very stiff and sharp, whilst nanofibres are
slightly more flexible. Ropes of CNTs have good tensile strength, which is
useful in applications where durability and power are required. Also, as
10 carbon is not easily detectable, it is also possible to make CNT circuits that
can be hidden.
It is now possible for any of these products or devices, including the
known applications discussed in the introduction, to be fabricated more

economically under a less restrictive environment.

15
DESCRIPTION OF SECOND EMBODIMENT
A procedure for the production of carbon nanotubes using a
combination of radio-frequency and microwave energy will now be discussed.
Referring to Figure 2, there is shown a chamber 21 capable of
20 evacuation firstly via a rotary pump 22, and then after a certain pressure is

reached, via a turbo pump 23. An earthed electrode 24 is shown in similar
fashion to the chamber shown in Figure 1. However, the chamber 21 is

adapted to receive a microwave generator 25 consisting of 2 magnetron 26



devices or people fromRF or mcrowave radiation. WD 03/011755

PCT/ GB02/ 03438 14 CNTs nay al so be grown on a paper substrate using the
descri bedwomihogdy whereby CNTs are deposited on a paper PObgiBoawa3sd t hi n
the chanber to forma circuit using a catalyst material. The paper circuit
may then be used as a biodegradable electronic device, which is easily and
cheaply 5 manufactured, and can be throwy away when no | onger required.
CNTs have special qualities such as good conductivity and resistance to

t enper at ure. Nanot ubes ry .stiff and 1P, M I, r re
slightly nore fB iab%?r%pﬁﬁ%‘?w@%ﬂe %9%%%8#@2@%??@% r%frl\%%hasst&lﬁi chis
useful in applications where durability d power arge required. Al so, as 10
carbon i s not e®ePEiledgdecdiodafordhe Pﬁoéesﬁ%n%pg'gﬁ%fagfoég?@e BOWRM P cui t s
that can be hidden. It is now possible for any of these products or

devi ces, i ncl uditmgearthed clectyodte 2ppind m&r@i@leqﬁr@éﬁs&eﬁl@i HIEQEAVEZCRSFIREL i on,
to be fabricated nore economcally under a |ess restrictive environnent.
15 DESCRI PTI ON GFoSEGPYRnoWRQIk BMERId Arprged ol direct frnicravizere padiahicet intnthof

car bon nanot ubes using a conbination of radio-frequency and m crowave

energy will5now fag,gi SCUSSEQ. reghtaf €07 | NYet Aidrb@avee pdwet ROUCe ii§ BBOVIA a
chanber 21 capable of 20 evacuation firstly via a rotary punp 22, and then

after a certain Bibimatiof Whh the radio-frequency power source in order to provide

energy for the plasma.
In use, a substrate (not shown) such as a graphite plate is dispersed
with approximately 50 mg of nickel powder catalyst as a uniform thin layer
10 on the top of a graphite substrate. The catalyst used for carbon nanotubes
growth is nickel powder (99% purity), with average particle diameter from 4
to 7 pm obtained from Goodfellow Cambridge Ltd.
The substrate is placed upon the earthed electrode 24 with the
electrode 24 being water-cooled (not shown). A carbon containing gas, such
15 as methane gas of 99.999% (five 9s) purity (obtained from BOC Ltd.) is used.
The gas is introduced in to the chamber prior to switching on the radio-
frequency and microwave power supplies. The gas flow rate is set to 70 sccm
(cm’/minute) and is maintained at a constant flow rate. Once the gas flow has
started flowing into the chamber a plasma is struck, as discussed in the
20 previous embodiment. However, in this embodiment combined radio-
frequency and microwave plasma enhanced CVD is performed with radio-

frequency power ranging from 100W—200W and microwave power ranging



reached, via a turbo punp 23. An earthed electrode 24 is shown in simlar
fashion to the chanber shown in Figure 1. However, the chanmber 21 is

adapt ed twoOridoei7s® a mi crowave generator 25 consisting of PETrGRMAB438N 26 WO
03/011755 PCT/ GB02/ 03438 15 and a tuner 27. The mcrowave generator's grid
el ectrode 28 serves as the powered electrode for the purposes of applying
radi o-frequency power across the earthed gl ectrode 24 and powered

el ectrode 28. The m crowave generator is of a type known per se and
arranged to dire els radiation into the | asma- generating region
29. The micr owav%gnﬁ?\@rtg\gém eﬁ? %mﬁ(:srg‘ga‘l'enandc%lﬁ{ﬂ'ﬁg‘ﬁ}%wn%ﬁ?’ﬁa fIiPé‘t[ power
radio-frequencyep wer source jn orger 0 provide energy for the plasma. In
use, a substr at e™S¢RBt oI uring the GNTHegpdiit e plate is dispersed with
approxi mately 50 nmg of nickel powder catalyst as a uniformthin layer 10
on the top of a graphVeBousubmcesst BmeTheere atsad yisam ukedo f30r misutbs rwitlarmot ubes
gromh is nickel powder (99% purity), with average particle dianeter from4
to 7 m obtai ned proosss Gesssiire lof b\ Faasdd (1gdot).d. The substrate is placed upon
the earthed electrode 24 with the electrode 24 being water-cool ed (not

shown) . A carbon cont ahélidibodamonbu formladdsoNHdhiile Has Qa9 padia(fi ve
9s) purity (obtained fromBOC Ltd.) is used. The gas Is mtrodgce Into

he chamber pri oy, it chi ed. ner
e cTarber oS SOl Dok, SNEREEVE HAPHRIG PO

intain n nt flowr .. } flow h
mai nt ai ned at a &Pecﬁtyab;F the l(zo)lasmg1 tx%tho%?%% etlc{}l?tlo%aaf heat?ng stgffce, however the

temperature of the substrate during the CNT deposition process was recorded
as 24°C.

10 The nanotubes of examples 9 to 13, as shown in Table 2, were grown
in a combined radio-frequency and microwave plasma enhanced CVD
system, as depicted in Figure 2, using a 2.45 GHz microwave power supply.
The following table (TABLE 2) shows the results of five process runs that

used combined radio-frequency and microwave plasma enhanced CVD.

15



started flowng into the chanber a plasma is struck, as discussed in the 20
previ ous enbodi nent. However, in this enbodi nent conbi ned radi o- frequency
and m cr owews/opl7asma enhanced CVD is perforned with radi oPCrGRyaessy power
rangi ng from 100M-200W and m crowave power rangi ng WO 03/011755

PCT/ GB02/ 03438 16 from 240 to 840W The m crowave and radi o-frequency

pl asma i nput power is kept constant durijpg the CNT deposition. Various
process times were used from 15 to 30 minutes, with a process pressure of
1.6 Pascal (12 nﬁorr%.Eaﬂgﬁe car bon nanot ubes form and grow from the netal
catal yst particles, i t he sheat hed region of the plasma. The
substrate was partly heated directly by the pl SR wit hout —an $dditional

heating sour ce, PHBMeEF2h s HEFREEPE 50t he |SiBsE T At e Euﬁ ng the CNT
deposi tion prodess was recprded |as 24C. |T8"ffle nano“ﬁees of exanples 9 to
13, as shown in _Table 2, were grown in a_combined rg8f4- fir equency and
m crowave pl asnd enhalNced (" sy <tEcag 13&@5‘?{& b BETEUrERY% ) (using a
2.45 GHz microwave powEeersipply. |99Phans ol 19Wi ng |t abl E°YTABLE 2) |shows t he
results of five proce$¥muns that used ¢onbi ned radio-frequency and
m crowave pl asf® enhahced VB 15CHABOI) ()PP‘?B’S‘Z’PGW‘G%Q?IHSZ@Q"C 17
powder 99.9% pure 100w 840w
4-7pm
11 Ni Graphite | CH,=70scm | 13.56 MHz, | 15min |2.45GHz |<100°C
powder 99.9% pure 100w 240w
4-7pm
12 * Ni Silicon CH,f=70scm |13.56 MHz, | 15min |2.45GHz |<100°C
powder 99.9% pure 100w 840w
4-7Tpm
13 * Ni Glass CH,=70scm | 13.56 MHz, | 15min {2.45GHz |<100°C
powder 99.9% pure 100w 840w
4-7Tpm

* After treatment in 35% nitric acid for 4 minutes.

The average length of CNTs produced using combined radio-

5 frequency and microwave power was between 0.5 and Spm with a thickness

from 5 to 80 nm. Varying different parameters as discussed in the preferred

embodiment may of course produce various different lengths and thickness of

CNTs.

Bi-directional growth of CNTs grown by combined radio-frequency

10 and microwave plasma enhanced CVD methods was observed, as grown in
example 10 & 11 and shown in Figures 6, 7A & 7B.

Figure 6 shows the bi-directional growth characteristics seen using the

combined radio-frequency and microwave PECVD CNT deposition method.

The diamond-shaped catalyst particle can be seen in Figure 6 situated in the

15 middle of the CNT.



TABLE 2 Exanpl e Catal yst Substrate Hydrocarbon Radio Tinme Mcro- Tenp
Frequency wave Energy 9 Ni Silicon CH4f--70scm 13.56 MHz, 15mn 2.45GHz
<100C powoas/09g59% pure NOW 500w 4-7m 10 Ni G ass CHA709CcmGIRI2H8438Hz
15m n 2.45CGHz <100C powder 99.9% pure 100w 840w 4-7m | 1 NI Graphite

CH4f =70scm 13. 56 MHz,

12 * N Silicon CH4f =70scm 13.56 MHz, 15m'% 2.45GHz <100C powder 99. 9%

pure 100w 840w 4-7m 13 * NI d ass CH4f--

scm 13.56 MHz, 15min 2.45GH#z

100C wd 99. 9% Ow 84 4-7Tm *After treatnent in 35%nitric
;ci d folroo4 an'rnut es. (ra%gqjligf)’\évgtg &gnﬂ?lﬂlrS‘f“ @nf)r?}écﬁ’ﬁeéﬁo’lﬂi’ﬁﬁrp%ﬁ?ﬁfeﬁed

radi o- 5 frequenc
t hi ckness from
the preferred

and m crowave power was between 0.5 and Smwith a
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have unexpectedly shown branching during growth and “Y” and “H” shaped

junctions have been formed, as shown in Figures 7A and 7B. The branches of

5 a CNT growth were of the order of 20nm in diameter, whilst the roots were of

the order of 40nm in diameter.

In Figure 7A an SEM micrograph of the area with interconnecting

networks of CNTs is shown. Figure 7B is a magnification of the rectangular

area marked in Fig. 7A.

10

The synthesis of connections between two or more different CNTs is

an important step in the development of carbon nanotube-based electronic

devices and conducting structures, by creating interconnections for electronic

devices on a nanometer scale. Interconnecting networks of branched CNTs

are very important for the creation of a new generation of conducting

15 composite materials, as a network may be grown without any need to

rearrange grown individual CNTs to form a network.

DESCRIPTION OF THIRD EMBODIMENT

Although the CNTs are deposited onto substrates within the chamber

20 in the two previous embodiments, it is also possible to produce CNTs within

the chamber and then apply them to a substrate that is external to the chamber.

The temperature and atmospheric environment of the substrate can be easily

controlled, as the substrate is not in close proximity to the plasma.

15m n 2.45GH#z <100C powder 99. 9% pure NOW 240w 4-7m



enbodi ment may of course produce various different |engths and thickness of
CNTs. Bi-directional growth of CNTs grown by combined radio-frequency 10
and m cr owaws/opl7asma enhanced CVD net hods was observed, a®CyrGBm/03438
exanple 10 & 11 and shown in Figures 6, 7A & 7B. Figure 6 shows the

bi -directional growth characteristics seen using the conbined

radi o-frequency and m crowave PECVD CNT deposition method. The

di anond- shaped catal yst particle can be seen in Figure 6 situated in the

15 m ddl e of the CNT. 03/ 011755 RCT/ G302/ 0343 WL b o the
unijpli r](cacti onal and bﬁ@%‘%ﬂsi%ﬂ%}f aﬁﬂ@?%’?ﬁ%&&i%ﬁ?f 0%&{%§regirbg\%g%§/&?ﬁg{séonbi ned
radi o-frequency m crowave PECVD et hod, have, unexpectedl y shown .b hi
during growth aR@weyer, angibstepte é’!‘lﬁb%cfata]{ﬁﬁ@?‘l’t’ﬁﬁsﬁ‘ﬁ B %éﬁacfar‘%a?rtﬁgcshgam

in Figures 7A and 7B. The branches of 5 a CNT growth were of the order of
20nm i n di amet echamibir|psior th etrikog theywassnapf Instend, eptalkst pefticlesare iMedednet er .
In Figure 7A an SEM m crograph of the area wth interconnecting networks
of CNTs is showmto Fiegplagna Geh f therchgmbéi, tawhizh, the cotabyst patickgieher witlr ea
marked in Fig. 7A. 10 The synthesis of connections between two or nore

different GNTs j egﬁa@mhmoms&ﬁse&tp@@vimw heddengs oppanbwal Tas hamlyst

nanot ube- based e tronic devices and conducting structures, by creating

I nterconnect| On%alftl%{eserlng}%t fo? Uxfmple, be dissolved in a liquid such as benzene and

injected into the chamber. Alternatively, an acrosol may be used to inject the
catalyst.
The CNTs formed from the catalyst particles are then extracted from
10 the chamber by any means possible. For example, a pump may direct the
CNTs through a venting channel, or an electromagnetic force may be set up
around the chamber directing the CNTs towards a suitable chamber exit point.
After the CNTs are collected from the chamber, they are deposited
onto a substrate of choice, such as previously discussed. The CNTs are
15 deposited onto a substrate in a predefined pattern according to the application
requirements. For example, the substrates may be placed on to a moving belt,
which is moved underneath a nozzle that emits CNTs, the CNTs deposited in
a predetermined pattern. Alternatively, the substrates may be placed on a
stationary surface, whilst the CNT emitting nozzle is moved over the top of
20 the substrates, depositing the CNTs in the required pattern.
This method clarifies that additional heat sources are not required to

heat substrates to provide the mechanism for growth of CNTSs, and all that is



devi ces on a nanoneter scale. Interconnecting networks of branched CNTs
are very inportant for the creation of a new generation of conducting 15
conposi t ewpaB®1i7ad s, as a network nay be grown w thout anpPCmaERI2NDI3S
rearrange grown individual CNTs to forma network. DESCRI PTION OF THI RD
EMBODI MENT Al t hough the CNTs are deposited onto substrates within the
chanber 20 in the two previous enbodi mremgg, it is also possible to produce
CNTs within the chanber and then apply themto a substrate that is
external to the chanher. The t I . ' Jost t of
the substrate cAM'BE s F%/rgg%gﬁﬁao lrféeﬁ{agrggqﬂ h\gﬁ1g13§§%‘r%éf[a@sf§%‘rt]18%@{%ﬂcl ose
proximty to the plasma. WO 03/ 011755 PCT/ GB02/03438 19 A plasma is struck
as discussed i n'8%her of the previous enbodi nents. However, a substrate
with a catalyst particle layer is not placed within the chanber prior to
striking the plasna. Inmkisazathods dtiampsneqsagery ol wep &N predaetiaadn qragrdot he

pl asma area of the chanber, in which, the catal yst particles react with 5
the plasma as diissetts sabsgguenti culsstrpteandr Qfbapar & gonbstratesThas dat akeysdus
particles may, for exanple, be dissolved in a liquid such as benzene and

injected i nfo theHelanhRs  THIrtRE) &b MRINLd Roviasy PBigherBIOUBRpIHEGE td thel Nj ect
the catalyst. The CNTs fornmed fromthe catal yst particles are then

extracted from . cI@gﬁe y 0ssi b J & punp
may direct the € sdbt%ﬁr oug ro@éﬁtﬁ{ﬁhggg at;i(r)llgl ?I%doraﬁgyr?ﬂe]]ggc?é%%éﬁeé?i c force

may be set up substrates.

DESCRIPTION OF FOURTH EMBODIMENT

10 Using any of the methods described previously it is also possible to
produce ropes of roughly-aligned CNTs, which have been synthesised after
nickel catalysed plasma enhanced chemical vapour deposition (PECVD) of
methane at substrate temperatures below 300°C, and in particular at room
temperature.

15 After production of the CNTs using the methods described previously,
the chamber is vented to atmospheric pressure and the substrate on which
CNTs were deposited was removed from the chamber. The mixture of the
synthesised CNTs and the remaining nickel powder catalyst was removed
from the substrate and then placed in an appropriately acid proof container.

20 The mixture of CNTs and nickel powder was covered in a 35% nitric
acid solution for 3 to 10 minutes. The mixture was then rinsed with de-
ionised water to remove the nitric acid from the mixture. CNT ropes were

produced in dried sediment, as seen in a scanning electron microscope (SEM)



around the chanber directing the CNIs towards a suitable chanber exit
point. After the CNTs are collected fromthe chanber, they are deposited
onto a suwwetmsalwsdf choi ce, such as previously di scussed. PCha&GEIDD3438re 15
deposited onto a substrate in a predefined pattern according to the
application requirenents. For exanple, the substrates may be placed on to a
nmovi ng belt, which is noved underneath a@jmnozzle that emts CNIs, the CNTs
deposited in a predeterm ned pattern. Alternatively, the substrates nay be

pl aced on a stationary surface Lls h i.ttd I ved
over the top of exafﬁln?ﬁé"sgﬂg? %5%2&8 %%%tgrpﬁ %ﬁ?ﬁl? tg\iipgﬁ},ﬁ%ﬁ ?\tﬂéglreggttﬁl?? ed
pattern. This nethod clarifies that additi onal heat sources are not
required to he&fﬂ%elIBB?Sr‘éi?réélptt%ag‘?‘ﬁ\lﬂl EGHEE: nechani sm for growth of CNTs,
and all that is WD 03/011755 PCT/ GB02/ 03438 20 required is a carbon

contai ni ng pl asma i nlinis cthoughs tat ghy SENBar wes| seli-eegenisedaigfo 1Ppest B s
method, it is not necessary to stop CNT production in order to insert
subsequent substhyaiopolsic aghesips iwfdedomisdd ataees, whichi wapuesd tudiscéntinue

enbodi nents. Therefore, this nethod provides a higher throughput due to the

cont i nuous SCNT l?ﬁtﬁ@léeifdia@ﬂon,%albaﬁalwfb(%ﬂﬂr &S idr Whal firee.ext er nal
substrates. DESCRI PTI ON OF FOURTH EVMBODI ME 10 Using any of the nethods

deser ) oot Pt o0 g RERR PE R Shin sl
opportunities for their characterisation and applications, in particular the
utilisation of their inherent strength.
For example, the ropes may be intertwined with fabrics to provide for
10 a reinforced protective garment.
Ropes produced using this method may be used in composite materials

(e.g. glass, metal, ceramic, polymer, graphite and any mixture thereof).

Ropes may also be used in any of the applications discussed previously

15 DISCUSSION OF FURTHER EMBODIMENTS

Catalytic carbon nanotubes (CNT) were grown with the substrates,
upon which the CNTs were formed, being kept at temperatures below 300°C,
and in particular down to room temperature using radio-frequency plasma
chemical vapour deposition (CVD) and combined radio-frequency microwave

20 plasma CVD methods. Instead of using high temperatures (300°C+) to
provide an appropriate growth environment for the CNT, the present
invention utilises hydrocarbon plasmas to provide the energy dynamics

necessary for dissociation of the carbon and subsequent catalytic growth on



ni ckel catal ysed plasma enhanced chem cal vapour deposition (PECVD) of
nmet hane at substrate tenperatures bel ow 300C, and in particular at room
t enper at We.0305178§ t er production of the CNTs using the nethadiBodesssi bed
previously, the chanber is vented to atnospheric pressure and the
substrate on which OCNTs were deposited was renoved fromthe chanber. The
m xture of the synthesised CNIs and the remaining nickel powder catalyst
was renoved fromthe substrate and then placed in an appropriately acid

roof container. : ] e of .and ni ckel..powde s.covered in a
25% nitric aci dtr%%ﬂ%(%ﬂla%lﬁ\garhﬁlgle ’ow%qinmgﬁfaélg? Ogﬁgf%rﬁtsﬂﬁ%r\g%é@’t‘ﬁ ?;];\Fr nsed
with de- ionised ter to renove the nitric acid fromthe m xture.

ropes were prodff\gg‘&p?rﬁwﬂ?% %0%39? ifedid ingarticalas dpyngo KoantAnmgTaditect r on

m croscope (SEM WO 03/011755 PCT/ GB02/ 03438 21 exami nation. Rope

di aneters were from 2Bmwilldetapp&@nt toanskiliddepermmghiishe afmtpigsni-opes heRie Up to
a fewmllinetres. It is thought that the CNTs were self-organised into

ropes by hydr opémbiacesadhemhidsd i gasder | i0Ris&E dapdrElor MUcHBHES o SEGsE P
di I[s)conti nue 5 nitric acid action, and bundl ed together by van aer Waal s

o e oL 28 iritibesent pReRasRf Ol fohe 735Y o BLAH! AL A0 b SRER! 2

oppor t uni jti es for thei r chfar acteri sazl on ?n |e)(z:’t| ng, the Fopes may be
;‘ Efer 'tj;[/v: lnle?ia;[/v: ?E“@%B%P@ 'g% P(})AHS@%@ f@‘,tg,ez%f é?ﬁ't%reg'caﬁl%aic vacuum arc apparatusp The
plasma can be, for example, generated by microwave energy or by radio-
frequency energy or by a combination of microwave energy and radio-
frequency energy. Also, it would be clear to the skilled person that ECR
10 (electron cyclotron resonance) microwave plasma could be utilised for the
growth of CNTs. As such, any type of plasma may be used and may be
generated by a primary power source optionally combined with at least one
secondary power source.
It will be also be apparent to a skilled person that any gaseous medium
15 containing carbon can be used. The gaseous medium is preferably a
hydrocarbon gas such as methane, acetylene or ethylene. However, any other
carbon-containing gases could be used, such as, for example, carbon
monoxide or carbon dioxide. The gaseous medium can also be a mixture of
carbon-containing gases, or a mixture of a carbon containing gas with a
20 carrier gas such as Nitrogen (N3), Hydrogen (Hy), or Argon (Ar). Whichever
carbon-containing gas or mixture of gases is used, it is preferred that the gas

used during CNT production is non-destructive or non-etching in the plasma

state. It is therefore preferred to avoid any gas which, when ionised, forms



10 a reinforced protective garnment. Ropes produced using this method may be
used in conposite materials (e.g. glass, netal, ceramc, polynmer, graphite
and any mwetoaiei7shereof ). Ropes may al so be used in any @®CTICB2/03438
applications discussed previously 15 DI SCUSSI ON OF FURTHER ENMBODI MENTS
Catal ytic carbon nanotubes (CNT) were grown with the substrates, upon
which the CNTs were formed, being kept atystenperatures bel ow 300C, and in
particular dowmn to roomtenperature using radi o-frequency plasna chem cal

vapour deposition.(CVD onbi ned radig-fr. 1 a

O/b et hods. | netisatPoes FRRGS AT hE S B PR ol S i gl 2
appropriate growmh environnent for the CNT, the pr.es i nvent.ion utilises
hydr ocar bon pl askambaro HeweydeittinPostibiedy Wy fpega (ﬁ&:’%s@dﬂr CPIEgy 8as,

di ssoci ati on of the carbon and subsequent catalytic growmh on WD 03/011755
PCT/ GB02/ 03438 wharet thaasintanganis meecato rpast wiikithecatgliysth a wi de range of
different substrates being kept at tenperatures bel ow 300C and in

particul ar down to r @owill elepeapparent tota siilléd parsaptimt énis refemed kirlthed
person that the term plasm used herein enbraces an ionised gas, or

i oni sed vapour, oQf.ofs GRIdEEth M. & hibRHusied fob eR@fpleCdreder THag JBPAPUER. mRY be
in the form of g%eam such as a pl gsnr%l %gam whi C% géan be producz)d e.g. by

a filtered cath 0ice yaguy G Bl sy The plasma can be, for exanple,
owave en rgy’ or

generated by m radio- frequency energy or by a

conbi nati on of m croyav ne I.Qs
\?tlawﬁl ﬁso {)g pr%?éjnt E£c§le g sQiled person that the plasma methods are

preferably effected within a suitable vacuum chamber constructed to generate,
maintain and withstand a gaseous plasma. Suitable plasma chambers are

10 known per se and will not require further substantial elaboration to the
notional skilled person.

It will also be apparent to a skilled person that, although in the
embodiment described above the microwave power supplied was at a
frequency of 2.45 GHz, the frequency used could be any frequency in the

15 band 2 to 3 GHz.

It would also be apparent to a skilled person that, although the
microwave power applied in the embodiment described above was in the
range 240W to 840W, the power range applied could be between 20W and
6kW. These levels of microwave power are preferably applied and

20 maintained throughout the period of nanotube growth required e.g. for at least
10 minutes preferably at least 15 minutes, more preferably at least 20 minutes.

The maximum applied time is not especially critical and is likely to be



frequency energy. Also, it would be clear to the skilled person that ECR 10
(el ectron cyclotron resonance) mcrowave plasma could be utilised for the
growt h of wON3I®11788 such, any type of plasma may be used amdTraBo2i08438
generated by a primary power source optionally conbined with at | east one
secondary power source. It will be also be apparent to a skilled person

t hat any gaseous nedium 15 containing caypon can be used. The gaseous

meﬁi Ium is preferably a hydrocarbon gas such as nethane, acetyl ene or

et hyl ene. However, an t her ar bon-cont ai pi.n S a6 . e such
as, for exanplefn@%?ﬁ%%%yn§%%§§ﬁ%:%gngﬁf%bnﬁgﬁg%ﬁgés ?%%%é%ggghgﬁﬁ@'iun1can
al so be a mxture of carbon-containing gases, or a mxture of a carbon
cont ai ni ng gas VPRAUBES?0 carrier gas such as Nitrogen (N2), Hydrogen (H2),
or Argon (Ar). Wichever carbon-containing gas or mxture of gases is
used, it is preferredt whhelse e agparentie acskilladi pegsonNiratypdi@ufEequency Rower
non-destructive or non-etching in the plasna state. It is therefore
preferred to avahal deyapphsd whineh or woarbinednivithdnidrowas YWOvVeSLD picRade a

PCT/ GB02/ 03438 23 ionic species |likely to adversely affect the structure
or operatian of JfgaPh@bimt altttABR e frERISBMEDE the tradis-fRAEEIIY! P wed utkiEinammoni a
(NH3) as a carrier gas, Wwhere the ammpbnia is used to react wth the

catalyst. It W lhe 8hoSiRenARRALEHRL shReuddl {oefh.fgpﬁgz;tg% %%qélglt?%ﬂhef er red

for the 5 gaseous e gh purity, r than
0
98% pure. HOWEYLI% barldego'sl(lpléJ LSofiRs %nay e ubs(ca:d.u %I‘gd, although in the embodiments

discussed above the power was set to 200W, it will be apparent that power

settings in the range 20W — 10kW can be used.

10 It will also be apparent to a skilled person that the power supply unit
could be a pulsed or DC power supply. If a pulsed power supply is used to
generate or support the plasma, it may be of a frequency in the range 25 to
250kHz and of a power up to about 10kW. The plasma could be generated
using a pulsed power supply combined with radio-frequency and/or

15 microwave energy.

Although the two embodiments using radio-frequency energy alone
and radio-frequency energy combined with microwave enérgy show substrate
temperatures of 24°C to 32°C, it will be apparent to the skilled person that
any substrate temperature may be obtained by using chiller units with

20 antifreeze to cool the substrates down, and heater units in the electrodes to
heat the substrates up. For example, temperatures may be below 300°C down
to room temperature (20°C to 35°C), or even down to 0°C and lower. It will

also be clear to a skilled person that it may be possible to use liquid nitrogen



It will also be apparent to a skilled person that the plasma nethods are
preferably effected within a suitable vacuum chanber constructed to
gener at e,wormmaiont7a n and wi t hstand a gaseous pl asma. Suit alpiCe/GHBa588
chanbers are 10 known per se and will not require further substantial

el aboration to the notional skilled person. It will also be apparent to a
skill ed person that, although in the enbpgli nent descri bed above the

m crowave power supplied was at a frequency of 2.45 GHz, the frequency

used coul d be an ltIIée gu%:)é]ergt%x ’[oi {)‘Iﬁ)a?(?e %ﬁ?ﬁ ta?iﬂ al otéﬁla:fne%Ed\;D \ﬁﬁ%ﬁo%, azlitﬁo be

apparent to a s erson ough 't m crowave power applied in
t he enbodi nent descri bed above was .in the range 240Wto 840W the power
range applied cdf ﬂlbégatﬁé’?\ﬂ@g‘ﬁptﬁwlgwaemwwrerhese | evel s of microwave
power are preferably applied and 20 maj ntai ned throughout the period of
nanot ube growt h requilt adll degppaignt 9 a skifled person dhad it Bsprplesrd faba yneidl | east
15 mnutes, nore preferably at |least 20 mnutes. The naxi mum applied tine
i's not especi al logtatyst té balpresant, ifer ¢xakgley a ttankiGo\ @2/ Gith 25 51 ¢Relr/@BdL/ 03438
24 influenced by economc factors, and the required characteristics of the

hanotubes. 3t Wildn, 8t &8 RBt@LRRTE8TtupbA aBubstiatd &ChrOEbEM disbddsed.
radi o-frequency power may be applied al one, or conbined with m crowave

power to provide a §; @élgaﬁ? ’rl?e %Bﬁ‘ar&fﬁel& a%l{flféﬁlbgﬂ;oﬁ kgt R Yk eP polvile

radi o-frequency power

of 99% purity, and an average particle diameter of 4-7um was used in the
specific embodiments that it is possible to use a less pure, or indeed a higher
purity nickel powder, and varying sized particles.

10 Also, it will be apparent to the skilled person that the catalyst need not
to be powder. It may be present as a thin metal film or as a metal film
thermally treated, to form metal island arrays, for example by vacuum or inert
gas annealing between 200°C and 800°C. Alternatively, such metal film may
be etched chemically or by plasma treatment, preferably plasma etched in an

15 NH; plasma between 2-20 minutes. The metal particle size of such island
arrays, preferably nickel island arrays is preferably of the order 2 to 100 nm.

It will also be apparent to a skilled person that various process
pressures, gas flows & concentrations, and D.C. bias may be used during the
plasma-striking stage and the deposition stage of this CNT production

20 method.



t he enbodi nents descri bed above was set to 13.56 MHz that any frequency in
the band 90KHz - 30MHz nay be used. Al so, although in the enbodi nents

di scussedwelwemel7the power was set to 200W it will be app&cemBozioat3spower
settings in the range 20W-10kWcan be used. 10 It will also be apparent to
a skilled person that the power supply unit could be a pulsed or DC power
supply. If a pulsed power supply is used 490 generate or support the
plasma, it nmay be of a frequency in the range 25 to 250kHz and of a power
up to about 10k\e&n‘ Tﬁﬁ pl asma coul d be generated wusing a pul sed power
supply conbi ned ‘% §adi o-frequency and/or 15 m crowave energy. Al though
the two enbodi nents using radi o-frequency energy alone and radio-frequency
energy conbined with m crowave energy show substrate tenperatures of 24C
to 32C, it will be apparent to the skilled person that any substrate
tenperature nmay be oBtai neédmsphadsphiprang rapor apraiubgstby paSHacrRdcede to
cool the substrates down, and heater units in the electrodes to heat the
substrates up. kbhémixbaorr depogiiioratisings cralyorbeortdhing $6Qlasdmwwheranr oom
tenperature (20C to 35C), or even down to OC and lower. It will also be
clear to a skil l%éj RS RhohlIRE atel ndTBYMRA RS Sitkirte taa WiRpdratitel IDOPC lor ogen WO
03/ 011755 PCT/Gé 2703438 25 on the substrates to produce CNTs using a hot
filament PECVD nethod, with the substrate being kept at a | ow tenperature.
It will be apparg‘gﬂ‘fe'to a skilled person that it is preferred for a netal

2. A method according to claim 1 wherein the substrate is not
separately heated.
10
3. A method according to claim 2 wherein the substrate is kept at
a temperature below 300°C.
4. A method according to claim 3 wherein the substrate is kept at
15 a temperature of 200°C or below.
5. A method according to claim 4 wherein the substrate is kept at
a temperature of 150°C or below.
20 6. A method accofding to claim 5 wherein the substrate is kept at

a temperature of 100°C or below.



catalyst to be present, for exanple a transition netal such as nickel,
cobalt, 5 iron, or any mxture thereof upon a substrate as previously

di scussedwolos/owi7b3 al so be apparent to a skilled person traw/GaRolos3gh

ni ckel powder of 99% purity, and an average particle dianeter of 4-7m was
used in the specific enbodinents that it is possible to use a |ess pure,
or indeed a higher purity nickel powderpp7and varying sized particles. 10

Also, it will be apparent to the skilled person that the catal yst need not
to be powder. It nmay.be pr,esent 1 hi | A0l A BEL film
thermally treated, tg'foréﬂﬁgﬁg?g%?%%%ghg?@gégfm%%éﬂg%%%%%% gy v caun1or

inert gas annealing between 200C and 800C. Alternatively, such netal film
may be etched etramresateoid0°Ger belaWna treat ment, preferably plasna et ched
in an 15 NH3 plasma between 2-20 mnutes. The netal particle size of such
island arrays, preferably nickel island arrays is preferably of the order
2 to 100 nm It wll also be apparent to a skilled person that various
process pressures, gas flAOWsth8d aeareinp tatlany, widteinBhCsubisirais iskgpthe used
during the plasnma-striking stage and the deposition stage of this CNT
productiong 20 t ho PCT/ GB02/ 03438 26 CLAIMS 1. A nethod
of forningScarb%%m"gﬂ%¥%%%§§%§ﬁ%%§§ﬁh enhanced chem cal vapour deposition
usi ng a carbon containing gas plasm, wherein 5 the carbon nanotubes are
not fornmed on a substrate at a tenperature 300C or

9. A method according to claim 1 further comprising the step of

cooling the substrate.

10 10. A method according to claim 9 wherein the substrate is kept at

a temperature below 0°C.

11. A method according to claim 9 further comprising the step of

cooling the substrate with liquid nitrogen.

15
12. A method according to any preceding claim further comprising
the step of growing carbon nanotubes within a chamber on a substrate that is
placed within the chamber.
20 13. A method according to claim 12 further comprising the step of

placing a catalyst on a surface of the substrate.



above. 2. A nethod according to claim1l wherein the substrate is not
separately heated. 10 3. A nethod according to claim 2 wherein the

subst r at ewD3kepss at

claim3 wherein the substrate is kept at 15 a tenperature of 200C or

bel ow. 5. A nethod according to claim4 wherein the substrate is kept at
tenperature of 150C or below. 20 6. A netjgod according to claim5 wherein

the substrate is kept at a terrperature of 1 00C or below. WD 03/011755

PCT/ GB02/ 03438 27 7

is kept at

E‘S@@egﬁn?ﬁa oL ¥

conprising the step of

10

15

20

15. A method according to claim 14 wherein the potential

difference between the substrate/catalyst and the plasma is less than 100 volts.

16. A method according to claim 15 wherein the potential

difference between the material/catalyst and the plasma is less than 70 volts.

17. A method according to claim 16 wherein the potential

difference between the material/catalyst and the plasma is less than 40 volts.

18. A method according to any preceding claim effected within a

plasma chamber further comprising the step of cooling the electrodes.

19. A method according to claim 18 wherein the electrodes are

cooled by water.

20. A method according to claim 1 further comprising the step of
growing the carbon nanotubes within a chamber and then depositing the

carbon nanotubes on a substrate that is external to the chamber.

a tenperature bel ow 300C. 4. A net h@dTaRn08H3IBg t O

a

A cor di;n n trat
s at a Le[rpe: %Urg‘:% %B%F@Fcogg gﬂlAﬁ ?%%%g%}é‘or gegljét{géclrgl ren 7
erein the substrate is kept at
met hod accor di nguhsga@l&l)#ﬁcfgparaﬂlﬁéﬁhﬁ ﬁ%ﬁr% e eratﬁ B the

substrate. 10 10. A nethod according to cla|m9 wherein the substrate is
kept at a tenpehathedeegion ofth@@last. A met hod according to claim9 further



cooling the substrate with liquid nitrogen. 15 12. A method according to
any preceding claimfurther conprising the step of grow ng carbon

nanot ubeswaioBhir73s chanber on a substrate that is pl acedPart¢Bon/ 08438
chanber. 20 13. A method according to claim 12 further conprising the step
of placing a catalyst on a surface of the substrate. WO 03/011755

PCT/ G802/ 03438 28 14. A nmethod accordingpyo any precedi ng cl ai mwherein
the substrate is placed on an earthed el ectrode of a plasma generator,

within the sheathed §yegiop of, the plasma. .5 15 ~A.nethod.accqgrdin o]
claim 14 wherein the ipIOt e in%ﬁthoi;?cfcg red?%”@)edﬁg} g%gﬁﬂ}eﬁgo@%%{lg eesf%pg?fgl yst
and the plasma is. | ess than 100 ﬁolts. 16. A nethod according to claim15
wher ei n the pot éﬁleFténg%lF%tglé‘?téﬂ@é BERARSE the material /catal yst and the
plasma is less than 70 volts. 10 17. A method according to claim 16
wherein the potential difference between the material/catalyst and the
plasma is |l ess than 40 volts. 18. A nethod according to any preceding
claimeffected wthim2a 15Aphaksbacbatiieto flaimsE ocdhphecimthetchalyst &p of
cooling the electrodes. 19. A nethod according to claim18 wherein the

el ectrodes &re Lgehed by water.

23. A method according to claim 22 wherein the metal is a

transition metal.

10 24. A method according to claim 23 wherein the transition metal
includes a metal, or mixture of metals, from the group comprising nickel (Ni),

cobalt (Co) and iron (Fe).

25. A method according to claim 21 wherein the catalyst is in the

15 form of a powder.

26. A method according to claim 13 wherein the catalyst is in the

form of a powder, film or island arrays.

20 27. A method according to claim 26 wherein the island arrays are

etched island arrays of which the particle size is between 2nm and 100nm.



20 20. A nethod according to claim1 further conprising the step of

grow ng the carbon nanotubes within a chanber and then depositing the

car bon nawotodlessdn a substrate that is external to the clramsBo2/0%38
03/011755 PCT/ GB02/ 03438 29 21. A method according to claim20 further
conprising the step of injecting a catalyst into the chanber. 22. A nethod
according to clainms 13 or 21 wherein the ggatalyst is 5 a netal. 23. A

met hod according to claim?22 wherein the nmetal is a transition netal. 10
24. A nethod accordi to gl ai.m23 rein.th [ Ltian | . 1.ncludes a
metal, or m xture of n%ét aljg?%fl?ogrﬁcfbﬁlg?n&rtguc%)au&lgzrr%)?r?%ﬁsw T8 Eﬁ)gvﬂfr)l}as cobal t
(Co) and iron (Fe). 25. A nethod according to claim21 wherein the catal yst
is in the 15 fcharésle sizpfrmelim ¢ 10pnmet hod according to claim 13 wherein
the catalyst is in the formof a powder, filmor island arrays. 20 27. A
met hod according to claim26 wherein the island arrays are etched island
arrays of which the particle size is between 2nm and 100nm WO 03/011755

P% GBOﬁ/ 03438 30 289 A nethegiodCsRbrlinl tb Oars! prddbdibg Oflaidd WHEesifi fhet he
powder has

5 substrate is of organic material.

30. A method according to any of claims 1 to 29 wherein the

substrate is a fabric.

10 31. A method according to any of claims 1 to 30 wherein the

substrate is a plastics material.

32. A method according to any of claims 1 to 30 wherein the

substrate is a polymer.

15
33. A method according to any of claims 1 to 29 wherein the
substrate is paper.
34. A method according to any preceding claim wherein the
20 plasma is of an ionised gas or gas mixture.

35. A method according to any preceding claim wherein the

plasma is in the form of a beam.



a particle size from1l mto 10m 29. A nethod according to any preceding
claimwherein the 5 substrate is of organic material. 30. A nethod

accor di ngwoesanysdf clainms | to 29 wherein the substratePCI/GBRabBBCc. 10
31. A nethod according to any of clains 1 to 30 wherein the substrate is a
plastics material. 32. A nethod according to any of clains 1 to 30 wherein
the substrate is a polyner. 15 33. A netfyod according to any of clains 1
to 29 wherein the substrate is paper. 34. A nmethod according to any
preceding claimwherein the 20 plasma is of an ionised gas or gas m xture.
35. A nethod according to any preceding claimwherein the plasma is in the
formof a beam WO 03/011755 PCT/ GB02/.03438 31 36._ A nethod . according to
any preceding cl ai m ®fer eith mefBod Rcgarging o gj’é‘ﬁepréf%chn%ﬁ?lgﬂi%‘-ef?’éq Ency

energy. 5 37. A nmethod according to any preceding claimwherein the plasm
i s generated by plasthads genstpiechby radiefreguepeyrbiaigd wit h mi crowave energy.

5 37. A method according to any preceding claim wherein the
plasma is generated by radio-frequency energy combined with microwave

energy.

38. A method according to any of claims 1 to 35 wherein the

10 plasma is generated by microwave energy.

39. A method according to any of claims 1 to 35 wherein the

plasma is generated using a pulsed power supply.

15 40. A method according to any preceding claim wherein the
plasma is generated by a primary power source and combined with at least

one secondary power Source.

41. A method according to any preceding claim wherein the

20 carbon containing gas is a hydrocarbon gas.

42. A method according to claim 41 wherein the hydrocarbon gas

is methane, acetylene, ethylene or any mixture of the said gases.



38. A nethod according to any of clains 1 to 35 wherein the 10 plasma is
generated by m crowave energy. 39. A nethod according to any of clains 1 to
35 wher eiwotob®117p3 asnma i s generated using a pul sed power PappiBe2/01B840. A
met hod according to any preceding claimwherein the plasna is generated by
a primary power source and conbined with at | east one secondary power
source. 41. A nethod according to any pregeding claimwherein the 20
carbon containing gas is a hydrocarbon gas. 42. A nethod according to claim
41 wherein the hydrocarbon gas 1is nethane, acetylene, ethylene or any

m xture of the said gases. WD 03/011755 PCT/ GB02/ 03438 32 43. A nethod
according to any of clains 1 to 40 wherein the Ciil:bO ont.ainin as is
car bon nonoxi de or c&Pbon Adir%%ﬁ?jje.ac‘?r‘i‘ﬁg ] 3% AbG %&grg‘i %é Yo S
claims 1 to 40 wherein the carbon containing gas is non-destructive and
non- et chi ng of tchros gbstriranggasrs carhemmenoxide Ar fasben diogilea state. 45. A

nmet hod according to any precedi ng claimwherein the 10 carbon containing
gas is conbined with a carrier gas. 46. A nmethod according to claim45
wherein the carrier gas is from the group conprising nitrogen, hydrogen,
argon and amoni a. 15447. A ARhEPAc@rERENonghyt of YmPT eeedon@heki thef ur t her
conpri sing

carbon containing gas is non-destructive and non-etching of the substrate or

chamber when in a plasma state.

45. A method according to any preceding claim wherein the
10 carbon containing gas is combined with a carrier gas.
46. A method according to claim 45 wherein the carrier gas is from

the group comprising nitrogen, hydrogen, argon and ammonia.

15 47. A method according to any preceding claim further comprising
the step of performing the method in a vacuum chamber constructed to

generate, maintain and withstand a gaseous plasma.

48. A method according to any preceding claim further comprising
20 the step of inserting the carbon nanotubes into a liquid which will cause them

to self-organise into ropes.

49. A method according to claim 48 wherein the liquid is water.



the step of perform ng the nethod in a vacuum chanber constructed to
generate, nmaintain and withstand a gaseous plasnma. 48. A nethod according
to any prwoadiongstl aim further conprising 20 the step of PCAgEBRIBFSt he
carbon nanotubes into a liquid which will cause them to self-organise into
ropes. 49. A method according to claim48 wherein the liquid is water. WO
03/ 011755 PCT/ GB02/ 03438 33 50. A nethod3according to any of clains 1 to
47 subsequently followed by an acid treatnment step for renoval of excess
catal yst particles. 5 51. A nethod according to claim50 subsequently
followed by a wash step to renove the acid. 52. A nmethod according to any

preceding claim wherein a r rtion. of forne anot.upes-,are in | east
one of the following 1brns? IEF@E@@C&?IB@& 0ofRi © ﬁpaém% Heg’, i?nﬂl%eﬂ}l%n? oaxi al ,
coiled or densely packed ropes of nanotubes. 53. A carbon nanotube forned
by a nethod accoloipwgd by ae peid wiestmenfipiep &riempEalof eresss AEATEIEILSpr i ses a
substantially Y-shaped junction. 15 54. A carbon nanotube fornmed by a

met hod according to claimb52 wherein the carbon nanotube conprises a
substantially H shaped junction. 55. A rope of carbon nanotubes obtai ned by
a nmet hod ac6ording tos51,20 gl@khb®According to claim 50 subsequently followed by a

wash step to remove the acid.

52. A method according to any preceding claim, wherein a
proportion of formed nanotubes are in at least one of the following forms: bi-
10 directional, branched, multiple-coaxial, coiled or densely packed ropes of

nanotubes.

53. A carbon nanotube formed by a method according to claim 52

wherein the carbon nanotube comprises a substantially Y-shaped junction.

15
54. A carbon nanotube formed by a method according to claim 52
wherein the carbon nanotube comprises a substantially H-shaped junction.
55. A rope of carbon nanotubes obtained by a method according to
20 claim 52.

56. A method of providing a pattern of carbon nanotubes on a

fabric or organic material.



56. A nethod of providing a pattern of carbon nanotubes on a fabric or
organic material. WO 03/011755 PCT/ GB02/ 03438 34 57. A nethod of form ng
ropes of warosioal7’sy al i gned carbon nanot ubes, conprising pCagiBg/0368d
nanotubes in a liquid selected so that the nanotubes self-organise into
bundles. 5 58. A nethod according to claim57, in which said liquid
conpri ses water. 34

57. A method of forming ropes of partially aligned carbon
nanotubes, comprising placing said nanotubes in a liquid selected so that the

nanotubes self-organise into bundles.

58. A method according to claim 57, in which said liquid

comprises water.



