1 PRODUCTI ON OF CARBON NANOTUBES 16 July 2004 The present invention relates
to a nethod of making carbon nanotubes, in particular a nethod of form ng
car bon nanot ubes using plasna enhanced 5 chem cal vapour deposition
(PECVD). The term ' carbon nanotubes’ (CNTs) is used herein as a generic
termto enbrace single-walled and nulti-walled carbon nanotubes, carbon
nanof i bres, carbon nanofil anents and carbon nanoropes (ropia@hg&zg@t{ bon
nanot ubes). The exi stence of CNTs is well jdocunented in academ

literature, 10 since 1991 when lijim first observed themin carbon arc
deposits (1iji mMPRODUCHION @F CARBONNANOHUBERere 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 nformation di scussi IS discl ' iqrcart. dogument not ubes
for electronics' in ?ﬂlg%éléfﬁg‘é%n;ﬁé%gﬁg%dugmggho &fg]r?g( }nﬁicg&o,&rlrlgp?@gﬁ’ (P. G
Collins et al.) .pp. 38 - 45. Thi s docunent discloses a nethod of

producti on, V\her“gipﬁméu@ﬁﬁsmggf’% O?éowa%éar HWWBE%W%BHSIB? ephagged t ube,
heated to tenperatures of the order of 500C to 1200C and a carbon 20

cont ai ni ng Yas shemicakvanoun derosition; (FECOIRe eBheotsrmoerabonynanetubiss (ENEsence of
a transition netal-containing catalyst, whereupon it deconposes into,

inter alia, canbossdvbgeinras Sgererivftetndéo emblmmn s walléd and multi-oaildénses as
car bon

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 lijima first observed them in carbon arc deposits (Iijima 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.



nanot ubes. 2 16 July 2004 Other prior art docunents concerned with CNT
production are 'Crystalline Ropes of Metallic Carbon Nanotubes' in

Sci ence, Reports pp.483- 487, vol 273, 26 July 1996; 'Tensile strength 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 dianeter distribution of single-wall e%ﬁﬁf%m

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

chem cal physics letters, 289 (1998) 602-610. A further technique for
growi ng CNTs is di sclOnh&d ptior tdie dotliémat donbahed Wit aCNMt paydptticatareon WO
99/ 65821, wherein a nethod of formng CNTs on materials such as gl ass,

silica, quartz %&?st_%ilinie%e%f NRtai e B o NRAAMGBEL in@ﬁéﬂc@aﬂ{%\ﬂ%‘bgm}
Deposition (PECVD) is disclosed. This hot filament’ PECVD method uses

hi gh gas tenper r b C. 70, 0 S] S on,
fo? egarrpl e,rrpgl gtglg’ E’g{/%ﬁa 2%2?‘?& ﬁ%oi ?%}gflén%lgpgﬁjupga%}gt@ggag%gé&kﬁgat
filament situated above .the material directly heats the npteri on to
whi ch the. CNTs. SPBOESGLI<Cln Moo damm RSP BPER kA dies 65
required to produce the plasnma above the substrate, and therefore provide
the mechant sm tl&ttaiss Y94 J0h e 20h&3 hpvenheh 000 andaBylk Maphalney aad ng a

catal yst. The glass onto which CNTs are deposited can then be used in the
20 producti on ofdidrheter plistdbutibins pf aspregle-walled carbon nanotubes synthesised by

catalytic decomposition 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



CNTs have ot her known applications, such as hydrogen storage devices. This
application is particularly suited to CNTs as H2 is approximately 0.28nm
in diameter, whereas the approxi mte distance 3 16 July 2004 between
graphene layers in multiwalled CNTs is approximately 0.34nm Thus, CNTs
provi de a neans of storing H2 in an efficient manner for use in fuel

cells. It is also possible to use CNTs in applications suchg 2004

el ectrochem cal 5 capacitors (super-capagitors), nanoel ect ronl g

el ectroni c and photonic device applications, field em ssion deV|cés,

pol yner conposi thetweeor gmphénenlayddsMns multivalled €Nt ik cappesitimaietal0, 3ay6t ens)

m crowave resonators, structural materials, and el ectronic sem conduct or

materials. A COMRS) CHT%'E‘&H(E@& me%ﬁybfjsl%ﬁﬂﬁ 'H?tm% dfi@srt mafRief For &@rﬁ‘m C,
pol ymer, graphite and a m xture of any of these. In known polyner

conposi te fabri ggijigg.techni ques, CNTs are grown in a chanber using a
known hi gh terrperature technl que. The CNTs are renoved fromthe chanber

by, for exanpl e, scr t he e clél?nher wall . The s are then
m xed with the pol y 0&089%"&’“ DR %B%S%E%S@F@%@i al. A
further exampl e of roduction is given in EP1129990A1, wherein a
net hod i s d?gm SERRFIQE @@P%C@P@Oﬂtpés@fume;lectmms aleefronie prdyaheionipEevic: t o

deposit CNTs on a substrate heated to a tenperature between
applications, field emission devices, 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.



500C and 1000C. 20 Al of these prior nethods have substantial substrate
tenperatures, ranging from300C up to and above 1000C, for the necessary
energy input required to produce CNTs. 4 16 July 2004 The present

i nvention has been devised and nodified to provide an inproved | ow
tenperature, in particular roomtenperature, PECVD process for the
formation and growth of CNTs. Wth the present invention itid foy04

possi ble to deposit CNTs onto substrates &t nuch | ower tenperatures than 5
previously carried out, providing an increase in the conmercial potenti al
of CNT production, @hpgeésahi invedtéonchdsNdcen adeeisagp phd enbdified eonpevideadn y
significant materials that could not be used with the known high

tenperature neglgdse®iow WRASAILAY in PakRUMF Rbrh PerhPirdtute) PEUVID rodeler e i s
provi ded a nmethod of formng 10 carbon nanotubes by plasma enhanced

chem cal vapour it i talni | , erein
t he carbon nanotf%gtgg?gé%%efl#ﬁg%%‘?tgroge%ﬁgyh gms}lu@E?J %%’?ngg?%rglggqgmﬁtrﬁi n a
chanber wherein the . subsirate rature is |les han_ 300C,. or .are forned
Wi thin the chanBErado deppNEGRURITYo QUIRISIE & i taloSgh eraragr Bital t o

t he chanber. 15 O her aspects and enbodi nents are as descri bed or. clained
hereafter. 51n ®revéoushhearriedeui, Prvding eniasresss in|the semmerdal patendiabgki | y

appreciated and readily carried into effect by those skilled in the art,
enbodi ments t het@F production, especially where CNTs are applied to commercially

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 nanofubes are either
formed on a substrate placed within a chamber wherein the substrate
temperature is less than 300°C, or are formed within the chamber and
subsequently deposited on a substrate external to the chamber.
15 Other aspects and embodiments are as described or claimed hereafter.
In order that the invention may be illustrated, more easily appreciated
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:
20 Figure 1 is a schematic illustration of a suitable radio-frequency
plasma chamber for forming and growing CNTs upon a substrate, according

to an embodiment of the present invention;



wi |l now be described by way of non-limting exanple only, with reference
to the acconpanying drawings in which: 20 Figure 1 is a schematic
illustration of a suitable radio-frequency plasma chanmber for form ng and
growi ng CNTs upon a substrate, according to an enbodi nent of the present
invention; 4a 1 6 July 2004 Figure 2 shows a plasma chanber using primry
and secondary power supplies, e.g. conbined m crowave and 3@?&19 gg@quency,
according to an enbodi nent of the presemqainvention; 5 16 July 3 4 Figure
3 is a typical scanning electron mcrograph (SEM of CNIs produced at room
tenperature in radi o-frequency nethane plasma on N catal yst particles,
according to an enbodi nent of the present invention; Figure 4Ais a typical

transni ssi on el ect r ofigire 2ahowph plabm¥)chamhbearusify prifirg-ahd setonnsy poeyD
produced nanotube containing a term nal nickel particle, produced

accordi ng to an sgppiRdl eRNtcoffbidedemiEwEN ahdadibis Selﬁﬁg%(:@oréggi ® ap energy

filtered TEM i nage show ng a nickel map, 1ndicati e nc content (in
white) at the ti : . . according to an enbodi nent of the
present inventi gn;b%% & gg&tgﬁ%&?@ﬁg&g]ﬁg% up of the TEM shown in Figure
4A, indicating the herringbone structure of the CNTs produced according to
an enbodi nent of



the present invention; Figure 4D shows the proposed nethod of formation of
the CNTs produced according to an enbodi nent of the present invention; 15
Figure 5, consisting of Figures 5A and 5B, shows SEM pictures of CNTs
formed in exanple 9 using conbined radi o-frequency and m crowave plasm
enhanced CVD; Figure 6 is a TEM picture of CNTs exhibiting bi-directional
growmh, formed in exanple 10, using conbined radio-frequengynandgdd cronave
20 pl asna enhanced CVD;, Figure 7, consistfng of Figures 7A and 7B, shows
TEM pi ctures of CNTs exhibiting branching at a 'Y -shaped junction, forned
in exanple 11, usi nfigonBiinedtypind]l ecannimgusl egssonamitrographo (M) oif £3¥Es
enhanced CVD;, 6 16 July 2004 Figure 8 is an SEM pi cture of ropes of CNTs
produced (as bupeidasedtat redmsemyepackdd radivockéquesdy, nfetiane biasmexanygl e 12
after nitric acid treatnent, using conbined radio-frequency and m crowave

pl asma enhanced (st BRGCIE, GHRdiflg S arPén SEd¥nBh(hEprent BR8RIGE CNTS
produced (as bundl és of 5 densely packed nanotubes) after nitric acid
iy

treatment using conbig adi Q- O d.,m ced
OVD, DESCRI PTI N GF BHERERACD SRb YRR o R HRIG R "T (
pl asma chanber of ;2 2SR paQvEP SRk P RaRRER0 ohadhitsd hoRERGY 5GP

particle, produced according to an embodiment of the present invention;

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 44, 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;



di agrammatical ly. A vacuum chanber 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 chanmber 1 is effected via a roots/rotary
punp in conmmuni cation with channel 3. The chanber 1 has a gas inlet 4 for
receiving 15 a flow of the required gas or gaseous mxture, typically a
hydrocarbon gas such as nethane CHA. An earthed el ectrode §¢irgyppoyi ded in
the | ower part of the chanmber, whilst a powered electrode 5 1is prOV| ded in
t he upper part of the _ chanber and connected to the appropriate

source. In this enbodiHHRS ISFH§EB6WCE’§T%§HOEQNT§GEOCB§G (aDumd f

radi o-frequency supply unit (PSU) 10. A substrate 7 is coated with a
ni ckel powder ( @8%}31@&&9@ nguiotibea) foravedriagecamalet 12 bfterdiitmivetcal tréatmeny to 7m
obtai ned from Goodfell ow Canbridge Ltd. The substrate used in this

enbodi nent i s a wgingwohibénedlradie-feqhéncying nABRvave BREmAtehanbBs CVD: Whd | be
obvious to a skilled person that any ot her substrate may be used.

Appr oxi mat el y 50nyg @1%&19@15”‘18'8%&\4 i%‘ﬁﬂ%f?@e@' Shtody @%gg@rbﬁﬁﬂle‘?

uniformthin layer on The top of t esubs els p?aced on

Shown 1 n' Fi-yr o hRbe PR rfofRRYAREr by AulRe iR armg Pubi w1

exagger at ed for in the Figure n which the CNTs 9 (shown in
exaggerat ed for EiQHeIE%méf%a%‘)ava spg ephanced £Vhne gas of  99. 999% (five

9s) purity is allowed to flowinto the chanber at a rate of 30

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 CH,.

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) 190.

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



sccm (cnB/ mnute), using a suitable device such as a nmass flow controller.
10 Radi o-frequency power is switched on at a power setting of 300Win order
to strike a plasna. After the plasma is struck, the gas flowrate is
adjusted to provide a working pressure of approximtely 133.3 Pascal (1
Torr) and the radio-frequency power supply 10 is adjusted to operate at
200Wto maintain the plasma 12. The plasma has a sheat hed Iegﬂggodﬁ in

whi ch the substrate 7 15 is situated. The7substrate 7 may be subjected to
only a low potential difference e.g. of the order |ess than 40V,
preferably | ess stbstatepbyt tovillabg phviguseto & skillad persgn dhat rang radlecs sebstepte t he
carbon nanotubes. The potential difference to sone extent determ nes the
direction of grewyhbangedl i dppemimattlyt emgENifsthel nicksl péredarecapalipstgivas
tenperature of the plasma that provides the 20 necessary energy to produce

the required reaidpeRsd 8 a tii€orfiahiRslaydt dnhthe RIpaTHIY substidier eby al | owi ng t he
radi o-frequency systemto transport the disassociated hydrocarbon species

and carbon ions to th%fﬁh%@%ﬁg@é@ bitkiid BdriRE ddfroTNind 6 crlhner 2004

growh fromthe catalyst. sma tenperature I's approximately 2-3 eV,
whi ch equatgs tq_a XiJat e 4000 to 36000 Kelvin,.. T lectrodes 5, 6
are tenpera ureegﬁ(ﬁ{%{e ||12% Sb‘b%[fli? gds 31‘06”01}7%%0‘%&}‘%% coa&?d ‘é”qﬁé‘?né l-n(%%‘ﬁﬁeﬁg
system (not shown) and heaters so, as,f{he plaspn i 5 generat n

mai nt ai ned, the P@Wé‘&'ﬁ?&g’@?nd%x%%ﬁat%"( }WHJE%F%@@%P@%@E’&WGW
tenperature of the substrate on the electrodes during a plasma in this
enbodi ment i s bdsheven i sgrgeaatal mTin dhe Higuanperfarmed pheneges of

99.999% (five 9s) purity is allowed to flow into the chamber at a rate of 30
scem (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.
It is the very high temperature of the plasma that provides the
20 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



tenperature allows for a wde variety of previously unused substrates to be
used for CNT deposition. 10 During different process runs carried out,
various tenperatures ranging fromroomtenperature to 250C were used.
Al though it will be clear to a skilled person that higher tenperatures
could be used. Also, various process tines were used from10 to 30 m nutes
A sanpl e of process paraneters fromei ght separate runs usi qgjﬁlgqgogﬁ
apparatus shown in Figure 1 is shown in T8ble 1 as Exanples 1t . 9 TABLE
1 16 July 2004 Exanpl eCat al yst Subst r at eHydr ocar bonRadi oTi meM cr o- Tenp
Frequencywave Er&PWip frapche gatplysicHibe-plosmatansaaiezis 3ppioninatels(:3 eV,
powder 99. 9% pur e200w 4- 7m 2Ni G aphi t eCHAf =30scnil3. 56 MHz, 15m nNone250C
powder 99. 9% pur egdtveqiatant hppEo aiptatd] g CHIF03 36000 Kebon.MHz, | 5m nNone250C
powder 99. 9% pur e200w 4- 7m
The electrodes 5, 6 are temperature controlled by using a combination
of a water-cooling system (not shown) and heaters so, as the plasma is
5 generated and maintained, the electrodes are kept at the desired temperature.
The temperature of the substrate on the electrodes during a plasma in this
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.



AN Gr aphi t eCH4f =30scnil3. 56 MHz, 30m nNone30C powder 99. 9% pur e200w 4- 7m

5Ni Pl asti csCH4f =30scnil3. 56 MHz, 30m nNone30C powder 99. 9% pur e200w 4-7m

6Ni Si | i conCH4f =30scnl3. 56 MHz, 30m nNonel00C powder 99. 9% pur e200w 4- 7m

7Ni Pl asti csCH4Af 30scnl3. 56 MHz, 30m nNone30C powder 99. 9% pur e200w 4- 7m

8Ni Pl asti csCH4f 30scnil3. 56 MHz, 30m nNone30C powder 99. 9% pur e200w 4- 7m The
characterisations of the nanotubes forned were perfornmed onl@Julg'Q@@phi
S-4000 field em ssion scanning el ectron npcroscope (SEM and a Philips CM
200 transm ssion el ectron mcroscope (TEM. The sanples studied by TEM
were prepared by ult TahEd di spersion of as grown' sanples in

| sopropanol, a drop of the suspension was then deposited on a thin

anor phous car bgfxdmple MCgupp pfubwde PHydmcagoppBdiegr | cTimTh’e\'litsa Tew were then
allowed to dr Y. 10 Frequency wave
. Energy

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

2 Ni Graphite |[CH,=30scm |13.56 MHz, | 15min |None 250°C
powder 99.5% pure 200w
4-7um

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

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

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

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

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

8 Ni Plastics CH4f=30scm |[13.56 MHz, | 30min |None 30°C
powder 99.9% pure  |200w
4-7um

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.



1 6 July 2004 An SEM m crograph of exanple 1 show ng carbon nanot ubes grown
on a substrate kept at roomtenperature in an radio-frequency plasnma-
enhanced CVD is provided in Figure 3. Figure 3 shows nickel catalyst
particles at the end of the CNIs, as white spots, suggesting a tip growmh 5
nodel . The tip growmh nodel is depicted in stages (i) to (iv) in Figure 4D
TEM st udi es have shown the nmulti-walled nature of the producfgglﬁgp%&i ubes
with the associated catal yst particle at fhe tip, as shown in Figure 4A
Figure 4B shows the nickel content at the tip of the CNT, using an energy
filtered TEM inmage stmSEMymicrogrekielof nepnpléd shosvingtabomayarotshzagirovgn of

0. 34nm typical for graphene sheets along the OCNT axis was found in the

expanded regi on oaf atdubstias depbar rbbm tevicealre IeRAdt AdicofrefiRhHO PlARAOL Ubes
produced varied fromO0.5 to 5m wth dianmeters ranging from5 to |5nm

Adj usti ng the deRRsicth Qb Foro, 88 ihl Mtre SALALUA! 3 P8I Gl GO NS,

gas concentrations & type, and D. C applie 15 substrate may

vary the length t hi,cknes Fi gu 4C shows a. TEM structure
anal ysis of the p%ﬁ%ﬂ’)e nétntﬁﬁo?abgsthecﬁlgnrﬁ’éﬁggﬁ%ﬁrfp afﬂﬁgﬁgﬁ% AR &I hi ch
are usually_ aligned parallel tg the  side facets of the cone-shaped

catal yst patti cll%oq%h tﬁ?@ tipograEr medelyis depictidomettages (B dR (g B FigmgéPent  at
the growth end of the nanotube. 20 It has been shown fromthe discussed
met hod that radilEN stugiesriaye showm thesmultihwpHetnatarecefr tho prodanet setybenhi ch
grow on a substrate kept at a tenperature bel ow 300C and in particular at
room t enper at ur evithlthie asdooiated 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 5um, 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 io 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-



tenperature plasma enhanced CVD nethod is suitable for growng well 11 16
July 2004 aligned carbon nanotubes selectively by using the netal catalytic
effect, where the tenperature at the point of CNT growth permts the use
of tenperature sensitive substrates. In general, the carbon nanotubes
catalytically produced tended to 5 adopt a whisker-1like form where the
catalyst particle is carried away fromthe substrate durings ‘ﬁf @%
process and remains at the tip of the nangtube. The dianeter e carbon
nanot ube was the sanme as that of the nickel particle at their head.
Cat al yst parti clabignedt cirben grapwiubep eclectoklyt by wsamm theb enetalecatalytsu affest,
“pear-shaped”, and conpletely envel oped by a layer of carbon. 10 Moreover,
each ni ckel par tiliehe tN@SerhRERARS ablike fpdintt bfe CWTOWrdwibf pénfiisndlecusenanot ube,
unidirectional or bi-directional. Mst carbon nanotubes produced were
composed of nul ti &hﬁﬂn@ﬁhﬁbe&ﬂﬂﬁéz¥‘th t he spaci ng between tube walls
bei ng approxi mate t e graphene I nterplanar distance of O. 34nm  However,
it is also possible roduc wt h _of the ca rnbon.nanot ubes 5 coil ed
form APPLICATIONS  Thi% R BErHOE D AR Riroa D oRSaH g el & rmat f on
of CNTs on conner0|all %%¥chant naterlals and growt h over _rel ative
| arge areas? 2@dfmAW %é 9pp MheE the qatalystearuslp decaphedmayafieam By e due

to the large nunber of avail abI e materials for use as substrates on which
CNTs can nhow substrate during the growth process and remains at the tip of the nanotube.

The diameter of the carbon nanotube was the same as 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,



be deposited because of the | ower tenperature process. H ghly tenperature
sensitive materials such as plastics, or any other types of polyner,

ceram cs, 12 16 July 2004 textiles, paper, or even organic materials nmay
now be used as materials for CNT deposition. Exanples of CNT applications
avail abl e through using this method are the deposition of CNTs on to
textiles for use in applying printed circuits to 5 cIothlng g P

rei nforcenent of material fibres; the proguction of erX|bIe di spl'ays using
CNTs; the deposition of CNTs onto living organisns, and due to the inert
nat ure of CNTs, tettdesapppdrcat e agatidNhaevils emyi mivebe akdédyaphateeidls fon | i vi ng
organisns. It may al so be possible to use nanotubes as DNA storage

devices. 10 An eXéMgksosifona possi bl e application using this nethod is to
insert an itemof clothing such as the cuff of a shirt into a CNT

deposi tion chanber. akn%[esto‘f(ﬂ?f’ lfcgﬁcﬁ{sta@gileibﬂe I.IhPo leﬁlg%ﬁ?%ethotdha? cuf f

woul d be coated with a I ckel tal yst a partic ern so as tohbe
able to forma dCII’ osiption.of th i.n-situ within
t he chanber, Bf'é 8%90851?8 Iﬁgs BPf}ﬂt%’ﬁﬁ?ﬁ Jfocf il ﬁpﬁlﬁlé'gspﬂ?iédp%ﬁct“étfﬁ as the
ni ckel cata yst ern deposl ed on the cuff. The circuit could be, for
exanpl e, t ofC?‘)g]E‘%ﬁnFié he. Feenant o magrnial dibresi thsl predugtiopilaxiple

comuni cat e with each other without having to carry nobile phones as
separ at e devi cedglisplayis sisimgtGMBs; tthe derfosition mf 6N Thesnto hivingf drgarismg, andyuef
depositing electrical circuits onto fabrics.
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



20 Due to the inertness of carbon it is possible to deposit CNTIs on
organic material, providing a wide range of suitable applications. An
exanple of using this nethod on organic material is the deposition of a
pacemaker circuit onto a heart prior to a transplant. Firstly a catal yst
material is placed 13 16 July 2004 on the surface of a heart suitable for
transplantation in a pattern required to form a pacenaker pf)ﬂl%zﬂpﬂhe
heart is then inserted into a suitably cligan chanber, and the S are
grown. Once the CNTs have grown, the heart is then renoved and

transpl ant ed i nioo théreuriecei cfrat healit shitabletfoe tragsplampdtionah augsattern tdquiedrt hod i n
a new application is the deposition of CNTs onto flexible transparent

sheets for use ifgkni bhepcBheketli ®@RIcAY TRPRéAC R the SnsefteditiiBld AlitabliCtle@s PVA
(pol yvinyl acetate) could be used as a substrate in the same nmanner as the

appl i cati ons di %ﬁ&ﬁﬁ&d%@%%Nﬂ alje}é&l\rﬁ.odh@éﬁiebéﬁﬂ ﬂfu!*b;grgh{i}i, fheebAGd Of

forming CNTs to provid I npr ov ceramc nmateria cts. For
exanpl e, the are deposj.ted -si.tu within the chanmber into ceranmc
oy 5 dheite

powder, t her eby ‘FEHRY etFaéﬁPlght@gbrﬁ?) : eirhe ceramic conposite mxture
Provi des. a ey of T e Sgemplr G Gharve MedIed. hoh A PG99 16 MEluc | ve
cerami cs. 15 A further exanple is to place polyner resin into the chanber
and deposit t heleppition of GNTs ontatftexitthe transparent sticets fesusetinflexibly dispay
conposite is then available for use as a conductive and/or reinforced
mat eri al . applications. A material such as PVA (polyvinyl acetate) could be used as a
substrate in the same manner as the applications discussed above.
It 1s 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.



A further exanple of an application in which CNTs may be used is to form
EM (Electro Magnetic Inpulse). The CNTs may be forned in a 20 conposite
material (e.g. glass, netal, ceram c, polyner, graphite or any conbi nation
of these), wherein the conposite material is then able to shield devices
or people fromRF or mcrowave radi ation. 14 16 July 2004 CNTs may al so be
grown on a paper substrate using the described nethod, Wneﬁg i are
deposited on a paper substrate within thejghanber to forma Ci Féuit usi ng
a catalyst material. The paper circuit may then be used as a biodegradabl e
el ectroni c devi ce, WEUNTs mayedsi by geowen oheaphper shbsteantihisiap thedescaibdd can be
t hrown away when no | onger required. CNTs have special qualities such as

good conducti Vi tnyetRdt whefdb§ (NTLare UBpdsRB® 6 alpdpd -subRs WiEiH (B¢ éhavitey Stiff
and sharp, whilst nanofibres are slightly nore flexible. Ropes of CNTs

have good tensiligsst{ §&9&Jﬁ’usmg£€h't£liit gg&@%ﬁl.‘ %Qggﬁg'cir%‘& ingg%h%rﬁd

durability and power are requl on 1's not easi

detectable, it is also possifle o make CNT circuits that can be hidden.
't s now possi Be i grodisante  elsBuORE odiurs sttty Rouaily RGP he
known applications discussed in the introduction, to be fabricated nore
econoni cal 1§ undeanufaciused, apd san bethremn awey wasmanlongemremidrl PTI ON OF SECOND
ENVMBCODI VENT

CNTs have special qualities such as good conductivity and resistance

to temperature. Nanotubes 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 a magnetron 26



A procedure for the production of carbon nanotubes using a conbination of
radi o-frequency and m crowave energy will now be discussed. Referring to
Figure 2, there is shown a chanber 21 capabl e of 20 evacuation firstly via
a rotary punp 22, and then after a certain pressure is reached, via a
turbo punp 23. An earthed electrode 24 is shown in simlar fashion to the
chanber shown in Figure 1. However, the chanber 21 is adaphfsﬂtg %Fceive a
m crowave generator 25 consisting of a magnetron 26 15 16 J 3% and a
tuner 27. The m crowave generator's grid electrode 28 serves as the

power ed el ect r odad factunéri®y. pThe adedwale apidrtortg ghiddlectdode Q8erp) s pOWRY acr 0ss
the earthed el ectrode 24 and powered el ectrode 28. The m crowave generator

is of a type knewheRlcl&foddfbrahé ﬂﬁ%@&stq? afply B radib TFNBNG foadtr atiogd into

the 5 pl asnma-generating regi on 29 he m crowave power sodrce Is used in

conh na on, 4 Ryl A S LRI RRIRLARUES, T s

energy for the Shown) such " a graphite
plate is dispersed i th approximately 50, ng .of ni.ckel powder cat st as a
et or m thi T agebt & bge dAORR@e: daskadenged Kt BGereut diorinn Ty y st
used for carbon nanotubes growth is nickel powder (99% purity), wth
average particl ®lasmangansrating oegion 29 7The opicrivve Pavesn Byt & esd @anbri dge

Ltd. The substrate is placed upon the earthed el ectrode 24 with the
el ectrode 24 beicngbumtien -witiolthel rédioifreghenuay) powerc asiron ic omtien o pgodds, such

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 um obtained from Goodfellow Cambridge Ltd.
The substrate is placed upon the earthed eclectrode 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 prilor 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



15 as nmet hane gas of 99.999% (five 9s) purity (obtained fromBOC Ltd.) is
used. The gas is introduced in to the chanber prior to switching on the
radi o- frequency and m crowave power supplies. The gas flowrate is set to
70 sccm (cnB/mnute) and is nmaintained at a constant flow rate. Once the
gas flow has started flowing into the chanber a plasma is struck, as

di scussed in the 20 previous enbodi nent. However, in this (Ea)[r?guqi gﬁ@%

conbi ned radi o- frequency and m crowave pj@asma enhanced CVI 15 r med

wi th radi o- frequency power ranging from 100W200W and mi crowave power
ranging 16 16 Jiioyn 20®th 84000 2%0 rhicroddO¥\and Relidrfiegesnay glasmd ifdipower equency
pl asma i nput power is kept constant during the CNT deposition. Various

process tines W&ﬁ%&%ﬁn&@iﬁ’iﬂé&E@@d%ﬂo@ﬁoﬁ?’ with a process pressure of
1.6 Pascal (12 mrorr). 5 The carbon nanotubes form and grow fromthe netal

catal yst particles, 14 hi heathed reai gn of.the,plasma. T
substrate was partl yvr%‘é’ ® Sr?altl:'l%elsyw rf P%‘g %Pglsﬁr% %%‘E&WP‘%& ‘gﬂ'ﬁi?i onal
heati ng source, however the _t erature of the substrate during the CNT
deposition pr oc@é%ceme?séﬁe&fdeggpasﬁél(iﬁ@%of@- The nanot ubes of exanples 9 to
13, as shown in Table 2, were grown in a conbined radio-frequency and

m crowave pl asma enhdiiesarboybanaykasdamm aud grow Gomdhe metal gatalystparticlésng a
2.45 GHz mi crowave power supply. The followi ng table (TABLE 2) shows the
resul ts of five withie dlsssheathed trigibn of the plasma. The substrate was partly heated

E)rtgch i

directly by the plasma without an additional heating source, 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



used conbi ned radi o-frequency and m crowave plasma enhanced CvD. 15 17
TABLE 2 16 July 2004 Exanpl eCat al yst Substrat eHydr ocar bonRadi oTi meM cr o- Tenp
Frequencywave Energy 9Ni SiliconCH4i =70scnil3. 56 MHz, 15m n2. 45GHz<100C

powder 99. 9% pur e100W500w 4- 7m 10N d assCH41=70scml3. 56

MHz, 15m n2. 45GHz<100C powder 99. 9% pur e100wW840w 4- 7m

11N G aphi t eCH4f 70scnil3. 56 MHz, 15m n2. 45GHz<100C powder 99. Q%Q_ﬁrg&@gWMOW
4-7m 12 *Ni Si|iconCH4t/-70scnl3. 56 MHz, 15ri n2. 45GHz<100C po H9'9%

pur el00w840w 4-7m 13 *Ni G assCH4 =70scml3. 56 MHz, 15m n2. 45GHz<100C

powder 99. 9% pur e l100WEHURIL.E2/ M

Example |Catalyst |Substrate jHydrecarbon |Radio Time |Micro- |Temp
Frequency wave
Energy

9 Ni Silicon CH.f=70scm |13.56 MHz, | 15min |2.45GHz |<100°C
powder 99.9% pure 100w 500w
4-7um

10 Ni Glass CH,f=70sem |13.56 MHz, |15min |2.45GHz |<100°C
powder 99.9% pure 100w 840w
4-7um

11 Ni Graphite |CH,=70scm |13.56 MHz, | 15min |2.45GHz |<100°C
powder 99.9% pure 100w 240w
4-7Tpm

12 * Ni Silicon CH4f=70scm |13.56 MHz, | 15min |2.45GHz |<100°C
powder 99.9% pure 100w 840w
4-Tum

13 * Ni Glass CH,f=70scmm |13.56 MHz, | 15min |2.45GHz [<100°C
powder 99.5% pure 100w 840w
4-Tum

*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 5pm 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.



*After treatnment in 35%nitric acid for 4 mnutes. The average | ength of
CNTs produced using conbined radio- 5 frequency and ni crowave power was
between 0.5 and 5Smwith a thickness from5 to 80 nm Varying different
paranmeters as discussed in the preferred enbodi nent nmay of course produce
various different I engths and thickness of OCNTs. Bi-directional growh of
CNTs grown by conbi ned radi o-frequency 10 and m crowave pl ia.?s]m %&Pnced
CVD net hods was observed, as grown in exgmwple 10 & 11 and S oW N Fi gures
6, 7A & 7B. Figure 6 shows the bi-directional growth characteristics seen
using the conbined dmdidditfane e ehe yunidigtctivreal candv bi-HAECYBNAIND oetepissids, on

met hod. The di anond-shaped catal yst particle can be seen in Figure 6

situated in theCNBs BHoddl By He EdiBbIRON radlrbfuehiel niéRRvhvE PEOMD th&Rod O t he

unidirectional and br-directional norphol ogies,” CNTIs grown by the conbi ned

o) o ey L AR R IS ACH AR 4 BB 1,
20nm P ai amet onneDs BVEHEn FOBED RoREMB TR PR O OB reaPhme or
In Figure 7A an SEM m crograph of the area with interconnecting networks
of CNTs i s Shows CHT grevetharere of thepadariof 20nmiin diagfeterhwhils dhearogts gre 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.



area marked in Fig. 7A. 10 The synthesis of connections between two or nore
different CNTs is an inportant step in the devel opnent of carbon
nanot ube- based el ectronic devices and conducting structures, by creating

i nterconnections for electronic devices on a manoneter scale.

I nt erconnecti ng networks of branched CNTs are very inportant for the
creation of a new generation of conducting 15 conposite natﬁ%bglg s a
network may be grown w thout any need to jg earrange grown i Y @%

to forma network. DESCRI PTI ON OF THI RD EMBODI MENT Al t hough the CNTs are

deposited onto subst raplasmadstdmuok hdédisalzastbiareitheibofithe pleeicuvempodivtientss
enbodi nents, it is also possible to produce CNTs within the chanber and

then apply themyfRyedes Ubsitsie Witk daﬁ:ly%%}p SRIE 1aler Lsheot PRaalSYithin HAE

tenperature and at nospheric environnment t he stbstrat can be easily

control | ed, as tﬂﬁnﬁé{'bﬁ'{or%) %tﬂl&n Cﬂl&n’?&' OfisteRd & ltm%%ba.%tﬁzles We E)n_]g S0P 19 16

July 2004 A plasma 1s ruck as ssed 1In el‘t e previrous

enbodi nents. However, a substrate with a c rt| cl.e layer jis not
ol aced wi t i n t RO thEaHRE 2557 Psﬁwﬁé\a@hﬁs i RiPrbe sraBbpricies B0 Withy Al yst

particles are injected into the plasnma area of the chanber, in which, the
catal yst patti cltes plasmer asvdishused fpeevioushimand sCNTs e smawpr e%@@gtaiysand CNTs
are grown. The catalyst particles may, for exanple, be dissolved in a
i quid such as Iparticdssemaydforiexpmpltee dei dissolveldeinch digiel suchl 4seberaenes ehd/, an
aerosol may be used to inject the
injected into the chamber. Alternatively, an aerosol 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 paftern. 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 CNTs, and all that is



catal yst. The CNTs formed fromthe catal yst particles are then extracted
from 10 the chanber by any neans possible. For exanple, a punp may direct
the OCNTs through a venting channel, or an el ectronagnetic force nay be set
up around the chanber directing the CNTs towards a suitable chanber exit
point. After the CNTs are collected fromthe chanber, they are deposited
onto a substrate of choice, such as previously discussed. The @l?ﬂozgre 15
deposited onto a substrate in a predefineg) pattern accordi ng tIo e
application requirenents. For exanple, the substrates may be placed on to a
novi ng belt, wheqiiredss rapvation cdetaimés) hlasmaoa avidch hizd caalystspahidles chlne CNTs
deposited in a predeterm ned pattern. Alternatively, the substrates may be
pl aced on a stagdepnary surface, whilst the CNT emtting nozzle is noved
over the top of 20 the substrates, depositing the CNTs in the required

pattern. This method rghat iddigs ﬁthgho?lg%ie%m stﬁgéhﬁn@#iﬁ&&ﬁn%%ﬁ&g?o ONTs

required to heat substrates td provi chani s or grow

and all that is.20.16 Jul 00 equired is a rbon containing plasm in
whi ch the catal y& eﬂngéﬁe{}f{%ﬁ Eé?‘?&ﬂgﬁcf’r. ?ﬂ“?%icgaﬁﬁ?w&%,s’ it 13 ﬂrg ¥ cessary
to stop CNT_production in order tq. insert subsequent substrates or groups

of substrat®s, &&bodimsngs, i Higselgres tiivmethed psovideseyighar dhropghnut dug tedhe

provi des a hi gher throughput due to the continuous CNT production,
extraction and depiwious offNInt produdtmmpa¢xtraction and deposition onto external

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)



substrates. DESCRI PTI ON OF FOURTH EMBODI MENT 10 Using any of the nethods
described previously it is also possible to produce ropes of

roughl y-al i gned CNTs, which have been synthesised after nickel catalysed
pl asma enhanced chem cal vapour deposition (PECVD) of nethane at substrate
tenperatures bel ow 300C, and in particular at room tenperature. 15 After
production of the CNTs using the nmethods described previ ousL&%ﬁ& chanber
is vented to atnospheric pressure and thejsubstrate on whic S Wwere
deposited was renoved fromthe chanber. The m xture of the synthesised
CNTs and t he reraaminajomi Ropt dianwtkes weed fbys20pma sp rte®0uerl and thenbehgdiss
substrate and then placed in an appropriately acid proof container. 20 The

m xture of CNTs ofiftfk Bp&wére RPUWSIE Fewrasllipryesed in a 35%nnitric acid
solution for 3 to 10 m nutes. The m xture was then rinsed with de- ionised

vater to renove the il fodgh bl U (BITE KL i OIEAPSRATEE, Y oduced

in dried sedinent, as seen I'h a scanni ng el ectron m-Ccroscope 1 16
July 2004 exam npati op.,.Ro di aneter.s .were from20mup tq 80m and the
engths.of ¢ e MisBoniE BReo 6F dergu Relharkied vid uied Erileiehar ¢ he
CNTs were sel f-organised . into ropes by hydrophobic adhesion in de-ionised
wat er, whi ch waditfi§@gidiastion.sad hundledtogsthey by yan dexWaakeforesn, and bundl ed

t oget her by van der Waals force.
The size of these ropes can offer easy manipulation with special

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 subsirates,
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



The size of these ropes can offer easy manipulation with speci al
opportunities for their characterisation and applications, in particular
the wutilisation of their inherent strength. For exanple, the ropes may be
intertwined with fabrics to provide for 10 a reinforced protective
garnment. Ropes produced using this nmethod may be used in conposite
materials (e.g. glass, netal, ceramc, polyner, graphite ap@aﬁ@éo& xture
thereof). Ropes nmay al so be used in any -gf the applications discussed
previ ously 15 DI SCUSSI ON OF FURTHER EMBCDI MENTS Cat al yti ¢ carbon nanot ubes
(CNT) wer e growtransitibn trizéal patstesatvil a widp eamgetof diffdrére sGb§imtesdemgfl laptred,

bei ng kept at tenperatures below 300C, and in particular down to room

tenperature usi Rgtehfiduts BAYRROBCLAS BparRF dodn t¥ RN fentfePRGIel | ON (CVD)
and conbi ned radi o-frequency m crowave 20 plasma CVD net hods. I nstead of

usi ng hi gh tenperaturges. (300C+ r.avi de an.appropriate growth .

envi ronnent for the gﬁ‘fllf %@)p eé‘ig%? aﬂﬁﬁ‘é/@?{f?rbwaﬁt{ﬂ??‘? am%psg@&pbegh

pl asmas to provide the energy dynam cs ,necessary for djissociatjion of the

carbon and subsé& S @l Mmisedc B Rt B 2vapoun” oy pycallsion ofnignisedn net al
particles, with a wide range of different substrates being kept at

t enper at ur €5 belpaicks0 Therdasma pay be dw e fortoved athsamg swoht asrgpplasmabeam [t wi | |
be apparent to a skilled person that the termplasma used herein enbraces
an ioni sed gas, which cmi tseegtothaqedwlg. byra filtazed tahddio Racwum 46iappdtatus. 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 (N>), Hydrogen (H,), 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-ctching in the plasma

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



5 particles. The plasma may be in the formof a beam such as a plasma beam
whi ch can be produced e.g. by a filtered cathodi c vacuum arc apparatus. The
pl asma can be, for exanple, generated by m crowave energy or by radio-
frequency energy or by a conbination of mcrowave energy and radi o-
frequency energy. Also, it would be clear to the skilled person that ECR 10
(el ectron cyclotron resonance) m crowave plasma could be “tiéhﬁﬁgo&f’r t he
growt h of CNTs. As such, any type of plasma may be used and

generated by a primary power source optionally conbined with at | east one
secondary power isocspeeics likelyith ladvesedy sffeds ¢heagipmatvenor dperaiontafltheeplagmea son

that any gaseous medium 15 containing carbon can be used. The gaseous

nedi um i s pref erchithiera HBWEVGC A RQDsEBR DUSR BSmbEh TNME) a8 GedarifNasOr
et hyl ene. However, any other car bon-cont ai ni ng gases coul d be used, such

as, for exanple, [ r The gaseous medi um can
! € wifefd Hem, ?éuggdﬁreﬁﬁmﬂi’lhgkﬁéﬁb(g

al so be a m xture on-cont al ni ng gases a mxture of a carbon
containing gas with

o Argon (AD) - Vi cndy it SR cheaR: B il Ry BT i bRt AR <

used, it is_preferred that the gas . used during CNT roductl on is
non- dest rucl i ve E3¥€OHD MR tA Jei of Righ Ryriss far example. gr?"’tterl than 987 pBice
preferred to avoid any gas which, when ionised, forns 23 16 July 2004 ionic
species likely tmvmveﬂ@emyr@afs@onaxbmusdr ucture or operation of the plasnma
chanber. However, it is possible to use amonia (NH3) as a carrier gas,
It will also be apparent to a skilled 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



where the ammonia is used to react with the catalyst. It will also be

apparent to a skilled person that it is preferred for the 5 gaseous nedi um

to be of high purity, for exanple greater than 98% pure. However, |
pure gases may be used. It will also be apparent to a skilled person that

the plasma nethods are

chanber constructed to generate, nmintain and withstand a g Eeloga
Suitabl e plasma chanmbers are 10 known peryse and will not r E‘H’ ?
substanti al el aboration to the notional skilled person. It will als

€ss

preferably effected within a suitable vacuum

| asna.
rther
0 be

apparent to a skafllefged @S tbnbhiad , fadtbish iadhtheNrdgfed ehafdich®ids dE3BE i bed
above the m crowave power supplied was at a frequency of 2.45 GHz,

frequency used

Qe any frequency in the 15 band 2 to 3 GHz. It

t he
woul d

al so be apparent to a skilled person that, although the nicrowave power
applied in the enbodi described above.wgs in th .ange. 240W t o
the pover range appl TEHILEEH BE BEPBEN B arcabhesian e prdioHRgRsice parer
m crowave power are preferably applied and 20 nmintai ned t hroughout the
peri od of nanot iR §¢ GRPhed alpney gf cemgined owith rmicgpsave ROVEE QUPRYIAS &f er abl y

at least 15 minutes, nore preferably at |east 20 minutes. The maxi mum
applied tin®e is pasmagapbitabilthpugh ittel freguengydof the ridiefigquencippoddr uedjul y 2004

i nfl uenced by econom c factors,

10

15

20

the embodiments described above was set to 13.56 MHz that any frequency in
the band 90KHz — 30MHz may be used. Also, 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.

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
microwave energy.

Although the two embodiments using radio-frequency energy alone
and radio-frequency energy combined with microwave energy 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
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

840W
of

and the required characteristics of the



nanotubes. It will also be apparent to a skilled person that

radi o-frequency power may be applied al one, or conbined with m crowave
power to provide a 5 plasma, and that although the frequency of the

radi o-frequency power used in the enbodi nents descri bed above was set to
13.56 MHz that any frequency in the band 90KHz - 30MHz may be used. Al so,
al though in the enbodi nents discussed above the power was i@é th%OOVV it
wi |l be apparent that power settings in4she range 20W- 10 Pua0e used.
10 It will also be apparent to a skilled person that the power supply unit

coul d be a pul sed tk¢ suBsirReyR prodiRRIONTS fisifg R UbSHEMRAVIEEC Y PRAkYod,Svidsed to
generate or support the plasma, it may be of a frequency in the range 25 to

250kHz and of aﬂ&%m%&nugb%ﬁgﬁgﬁg?ﬁéﬁbﬁéﬂ% fu | asma coul d be generated

using a pul sed power supply-c i o-frequency and/or 15

m crowave energy. Altho the t e iments USj radi o-f pequency energy
alone and radio-fre h&ﬂggeQH%F8§q86£§$ﬂ%ﬂE%W?hﬁﬁ§@36%&%@“%%%¥%¢n9ﬁﬁw
substrate tenperatures of 24C to 32C, it wll| be apparent to the skilled
person that anyai@lyssio bg Efeﬁ@ﬁp@fﬁ‘amélen%ﬁa%tl%{"ﬁtaﬁé@lbﬁs riskelgeehalty | er
units with 20 antifreeze to cool the substrates down, and heater units in
the el ectrodes tiuon, drzay mixbirs thesdof apersa sybstrifieras preamuisky, discassedr at ures may be
bel ow 300C down to roomtenperature (20C to 35C), or even down to OC and
lower. It will al soIbeilCile@be fpabens ko 4 blatedpersainthatulthough ARkeljpwaessi bl e

to use liquid nitrogen 25
of 99% purity, and an average particle diameter of 4-7pm 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.



16 July 2004 on the substrates to produce CNTs using a hot filanment PECVD
method, with the substrate being kept at a |l ow tenperature. It will be
apparent to a skilled person that it is preferred for a netal catalyst to
be present, for exanple a transition nmetal such as nickel, cobalt, 5 iron,
or any m xture thereof upon a substrate as previously discussed. It wll

al so be apparent to a skilled person that although nickel pﬁ&?ﬁr20@£ 99%
purity, and an average particle diameter 4-7m was used i b4 ecific
enbodi ments that it is possible to use a Iess pure, or indeed a higher
purity nickel pqEsgIMsand varying sized particles. 10 Also, it wll be
apparent to the skilled person that the catal yst need not to be powder. It
may be present as a thin nmetal filmor as a netal film thermally treated,
to formnetal island arrays, for exanple by vacuumor inert gas annealing
bet ween 200C and 800C. Alternative such tal film.may _be efche

chem cal [y or by pl adre t s 8 Kirmp duA Beadene Tl HiaoR (SAEREE o

pl asma between 2-20 njnutes., The nmetal particle size of such island

arrays, prefer ash§misak Kapour deposition psips aj carbaneeqniaiping g56 Rlasanay dsrein (o 100
nm It will also be apparent to a skilled person that various process
pressures, yas ftheoewban govbbes axgteitbersformerions eibstrateplacad within elneheri ng t he
pl asma-stri king stage and the deposition stage of this CNT production 20
met hod. 26 CLAI Merein the substrate temperature is less than 300°C, or are formed within the

chamber and subsequently deposited on a substrate external to the chamber.

2. A method according to claim 1 wherein the substrate is not

10 separately heated.

3. A method according to claim 2 wherein the substrate is kept at
a temperature below 300°C.
15 4. A method according to claim 3 wherein the substrate is kept at

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 according to claim 5 wherein the substrate is kept at

a temperature of 100°C or below,



16 July 2004 1. A nethod of form ng carbon nanotubes by plasm enhanced
chem cal vapour deposition using a carbon containing gas plasma, wherein 5
t he carbon nanotubes are either formed on a substrate placed within a
chanber wherein the substrate tenperature is |less than 300C, or are forned
within the chanber and subsequently deposited on a substrate external to
the chanber. 2. A nethod according to claim1l wherein the s§$ﬁhr2@ﬁtis not
10 separately heated. 3. A nethod accordkgg to claim2 wher Y

substrate is kept at a tenperature bel ow 300C. 15 4. A method according to
claim3 wherein the substrate is kept at a tenperature of 200C or bel ow. 5.
A nethod according to claim4 wherein the substrate is kept at a

temperature of 150C or _belopedd Heordinfih USRI LibsEh@ii A uher ei n

the substrate is kept at a tenperature o el ow. y 2004 7.

A met hod accordi to claim@ wherein the substrate is kept at a
t enperat ure of gg%ng?ra@éq%ﬁo g%%eﬁwnet hod according to claim7 wherein the

substrate is kept at substantially roomtenperature.

5 8. A method according to claim 7 wherein the substrate is kept at

substantially room temperature,

9. A method according to claim 1 further comprising the step of
cooling the substrate during the formation of the carbon nanotubes.
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

15 cooling the substrate with liquid nitrogen.

12. A method according to claim 1 wherein if the substrate is
placed within the chamber the method further comprises the step of placing a
catalyst on a surface of the substrate.
20
13. A method according to claim 12 wherein the catalyst is placed

directly on the substrate surface.



9. A nmethod according to claim1 further conprising the step of cooling the
substrate during the formati on of the carbon nanotubes. 10 10. A nethod
according to claim9 wherein the substrate is kept at a tenperature bel ow
0C. 11. A nethod according to claim9 further conprising the step of 15
cooling the substrate with liquid nitrogen. 12. A nethod according to claim
1 wherein if the substrate is placed within the chanber thﬁ %gtggg further
conprises the step of placing a catal yst,qon a surface of t &Iy ate. 20
13. A method according to claim 12 wherein the catalyst is placed directly

on the substrate surfigce. RgefifodhetordBBa4 cldm 12 WREiadhasEPshaBtdbes ¢l ai m

12 wherein the carbon nanotubes are grown fromthe catal yst as deposited on

the substrate. 1p, A &Rﬂ’ea&ﬁﬂgy&g%?ge@?%@o&%&%@ claimwherein the 5

substrate is placed on an eart a plasma generator, within
the sheathed region of the plasma. 16. A nethod according to claim15
wherein the potential difference between the substrate/catal yst and the

plasma is less than 100 volts. 10 ) ) ) )
15 method according to any preceding claim wherein the

5 substrate is placed on an earthed electrode of a plasma generator, within the

sheathed region of the plasma.

16. A method according to claim 15 wherein the potential
difference between the substrate/catalyst and the plasma is less than 100 volts.

10
17. A method according to claim 16 wherein the potential

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

18. A method according to claim 17 wherein the potential

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

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

plasma chamber further comprising the step of cooling the electrodes.

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

cooled by water.



17. A nmethod according to claim216 wherein the potential difference between
the substrate/catal yst and the plasna is |less than 70 volts. 18. A nethod
according to claim 17 wherein the potential 15 difference between the
substrate/catalyst and the plasma is less than 40 volts. 19. A nethod
according to any preceding claimeffected within a plasma chanber further
conprising the step of cooling the electrodes. 20 20. A net Q‘ﬁf a%@_{di ng to
claim 19 wherein the el ectrodes are cool eg by water. 29 16 L9y 4 21. A
met hod according to claim1l wherein if the substrate is external to the

chanber the nethod fg@ithem epivd a&ordihe 61@AmOT whreigt ifnlie ub&adi@liyst into
the chanber. 5 22. A nethod according to clains 12 or 21 wherein the

catalyst is a ) [ ' b met al
is atransiti og%sr{r%%ngll ggtlhc?pcyjﬁbgpﬁr#gt %ﬁég(@g}%?ﬂ%@%&p&ﬁﬁéﬁ?%% Ceti :aan t he
transition netal ta-Eﬁ'fldt%s ﬁ tal, or mxture of netals, fromthe group
conpri sing ni ckéf ty 5“,0 & SBET er( Co) and iron (Fe). 15 25. A nethod
according to claim21 wherein the catalyst is in the formof a powder.

5 22, A method according to claims 12 or 21 wherein the catalyst is

a metal.

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).

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

form of a powder.

26. A method according to claim 21 wherein the catalyst is in the
form of a gas.
20
27. A method according to claim 12 wherein the catalyst is in the

form of a powder, film or island arrays.



26. A nethod according to claim21 wherein the catalyst is in the formof a
gas. 20 27. A nethod according to claim 12 wherein the catalyst is in the
formof a powder, filmor island arrays. 30 1 6 July 2004 28. A nethod
according to claim27 wherein the island arrays are etched island arrays of
which the particle size is between 2nm and 100nm 29. A nethod according to
claim?25 or 27 wherein the powder has 5 a particle size froml|l pmto 10m
30. A nethod according to any preceding qiain1mherein the slhdilygPe s of
organic material. 10 31. A nethod accordiéb to any of clainms 1 to 30

wherein the substrategis a frﬁﬁfoh%ccﬁaggﬁo%ﬁoﬁ] %ﬁ&‘éfndihggslm %%%E%cl ai ns

1 to 31 wherein the substrate is a pl Ics material. 15 33. d
according to an f.,clai.ns 1t 1 erel.n the.substrate is ol ymer. 34.
A net hod accor di)é}?g‘eq bsha&%m%ys %f‘glﬁﬁgw% R%tlgﬁs\%ﬁgr%eegﬂe %‘nbﬂlds% ate is
paper. 35. A method according to any preceding clai mwherein the

29. A method according to claim 25 or 27 wherein the powder has

5 a particle size from lpum to 10um.

30. A method according to any preceding claim wherein the

substrate is of organic material.

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

substrate is a fabric.

32. A method according to any of claims 1 to 31 wherein the
substrate is a plastics material.
15
33. A method according to any of claims 1 to 31 wherein the

substrate is a polymer.

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

20 substrate is paper.

35. A method according to any preceding claim wherein the

plasma is of an ionised gas or gas mixture.



plasma is of an ionised gas or gas m xture. 31 16 July 2004 36. A nethod
according to any preceding claimwherein the plasma is in the formof a
beam 5 37. A nethod according to any preceding claimwherein the plasma is
generated by radio-frequency energy. 38. A nethod according to any
precedi ng claimwherein the plasma is generated by radio-frequency energy
conbined with mcrowave 10 energy. 39. A nethod according to_any of clains
1 to 36 wherein the plasnma is generated m cr owave energy16¥§Y 804 A

met hod according to any of clains 1 to 36 wherein the plasma is generated
using a pul sed power supply. 41. A method according to any preceding claim
wherein the plasma is generated by a primary power source and conbi ned

with at | east 20 ong.sec 0 urce. 42. A.nmet hod accor di to any
precedi ng clain1mher§?h t%gq%%%%gﬁwggﬁﬁgih?ﬁﬁy 1§c$¥§- cﬁ?@r&@%?ﬁ% %as. 32
16 July 2004 43. A netho @fcor |n%gLo cl aim42 wherein the hydrocarbon gas

i s net hane, aceﬂ‘}ﬂs@ﬁés,‘me AIPONY 7%y i xture of the said gases.

5 37. A method according to any preceding claim wherein the

plasma is generated by radio-frequency energy.

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

10 energy.

39. A method according to any of claims 1 to 36 wherein the

plasma is generated by microwave energy.

15 40. A method according to any of claims 1 to 36 wherein the

plasma is generated using a pulsed power supply.

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

20 one secondary power source.

42. A method according to any preceding claim wherein the

carbon containing gas is a hydrocarbon gas.



5 44. A nethod according to any of clains 1 to 41 wherein the carbon
containing gas is carbon nonoxi de or carbon dioxide. 45. A nethod according
to any of clains | to 41 wherein the carbon containing gas is
non-destructive and non-etching of the substrate or 10 chanber when in a
pl asma state. 46. A nethod according to any preceding clai mwherein the
carbon containing gas is conbined with a carrier gas. 15 47, A nethod
according to claim46 wherein the carrierzgas is fromthe g“@ﬂﬂyggﬁﬁrising
ni trogen, hydrogen, argon and anmoni a. 482 A et hod according to any
preceding claimfurther conprising the step of performng the nethod in a
vacuum chanber constructed to 20 generate, nmaintain and withstand a

gaseous plasnma. 33 16,July, 2004 .49. A nethod agcording,t n recedi ng
claim further conpri g?ng A[Wég’é’fiéaﬁc‘?ffilqgﬁgé:gﬁlﬁézci’vhgeg‘a%sg‘ﬁgrr?é?i%’%@355 into a
liquid which wll cause them tq self-organise into ropes. 5 50. A nethod
according to cl a methensyaestglene. eHylonepyany mixipgs fithe spid g28efret hod accor di ng
to any of claims 1 to 48 subsequently followed by an acid treatnent step
for renoval of excess catalyst particles. 10 52. A nethod according to

cl aim 51 subsequently followed by a wash step to renove the acid. 53. A

met hod accogding to agy preeedhdl aédoadifiy tahgiyesNcRims 1 to 41 wherein the

carbon containing gas is carbon monoxide or carbon dioxide.

45. A method according to any of claims 1 to 41 wherein the
carbon containing gas is non-destructive and non-etching of the substrate or

10 chamber when in a plasma state.

46. A method according to any preceding claim wherein the

carbon containing gas is combined with a carrier gas.

15 47. A method according to claim 46 wherein the carrier gas is from

the group comprising nitrogen, hydrogen, argon and ammonia.

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

20 generate, maintain and withstand a gaseous plasma.



proportion of formed nanotubes are in at |east one of the foll ow ng forns:
bi 15 directional, branched, multiple-coaxial, coiled or densely packed
ropes of nanotubes. 54. A carbon nanotube forned by a nethod according to
cl ai m 53 wherein the carbon nanotube conprises a substantially Y-shaped
junction. 20 55. A carbon nanotube forned by a nethod according to claimb53
wherei n the carbon nanotube conprises a substantially H shaped junction. 34
16 July 2004 56. A rope of carbon nanotup§§ obt ai ned by a ngéﬁdu2ﬁ@%ording
to claim53. 57. A nethod of providing a pattern of carbon nanotubes on a 5

fabric or organic nmayeri a'Anéﬁlod{%c&%ﬂgﬁogle RE; Clﬁ%?%ﬁlgica%ﬁg.t Iry

al i gned carbon nanotubes, conprising acing sal d nanotubes 1n wa SO

h h - or.gani ' bund| es. . hod di
Lo cl ai m 55 whord Hef RREHAE R Eobh BpBtBE i B ich T G RR on

prior to being Qlaﬁgd in water. 60. A nethod according to claim59 wherein
the placing of tHEITBIEANSHINDEYESn water dilutes the nitric acid sol ution.
61. A nmethod according to claim 60 wherein the ropes are forned

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

51. A method according to any of claims 1 to 48 subsequently

-followed by an acid treatment step for removal of excess catalyst particles.

10 52. A method according to claim 51 subsequently followed by a

wash step to remove the acid.

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

nanotubes.

54. A carbon nanotube formed by a method according to claim 53
wherein the carbon nanotube comprises a substantially Y-shaped junction.
20
55. A carbon nanotube formed by a method according to claim 53

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



in the diluted solution. 20

10

15

20

16 July 2004
34

56. A rope of carbon nanotubes obtained by a method according to

claim 53.

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

fabric or organic material.

58. A method of forming ropes of partially aligned carbon
nanotubes, comprising placing said nanotubes in water so that the nanotubes

self-organise into bundles,

59. A method according to claim 58 wherein the nanotubes are

placed in a nitric acid solution prior to being placed in water.

60. A method according to claim 59 wherein the placing of the

nanotubes in water dilutes the nitric acid solution.

61. A method according to claim 60 wherein the ropes are formed

in the diluted solution,



