; & () e3e6JBBC EpEI 61 T6IMAD 03/ 011755 PCT/ GB02/ 03438 *159159* PRCDUCTI ON OF
CARBON NW#&E%STM present invention relates to a nethaod of making car bo{rr/l)
nanot ubes’ ticular a method of form ng carbon nanotffféeBRMHY bl asnal 12
enhanced chem cal vapour deposition (PECVD). The term ' carbon nanotubes’
(CNTs) is used herein as a generic termto enbrace singl e-;mm “W‘m\\m

muf ti-wal | ed carbon nanotubes, carbon nanofl bres, carbon n \m and
carbon nanoropes (ropes of carbon nanotubes). 'The existence of, LNJs is

wel | docunent ed PROPUGIION OF CARBONNANOTUBKS 1991 when lijima first
observed themin carbon arc deposits (lirjima S., Nature, 354 (1991) 56).
There are many different ways of making them i ncluding arc discharge,

| aser vaporisation, electron beam and catal ytic pyrol osis. O her known

met hods are to use chem cal ,vapour deposition d pl.asma enhanced CVD
(PECVD). "16 Backar ounBePrgr iatPihe HEETloA Reesybe &R BRa S HiSpr | or

art docunent' Nanotubes for electrqgnics' in the Decenber 2000 issue of
Scientific AmeritBarticplara negthed akfaming carbop, nampubes psingrplesme) sehansed

di scl oses ??rret hod of CNT production, wherein a substrate is placed in a
vacuum over?® or Fhemicaliyppouhdenosiion fPEEVEYr akhertesm dfarbdnenamotibes’ ¢ENIBYPC t o
1200C and a carbon 20 containing gas such as nethane is introduced

optionally in theugpddsesiaascf gaetic acrii td embret alnghowhkédamd mhitl-aalled |

wher eupon it deconposes into, inter alia, carbon vapour. Sone of the carbon

vapour forne or c;®BfeRaRtubes EAbER MatdfBlesD@arbon ndoBIAK L bhdScAabon
PCT/ GB02/ 03438 Ot her prior art docunents concerned wth production are

"Crystalline Ro } otubes' in Science, Reports pp.483
487, vol 273, 2@(31?05 éesﬁg;ghf%é%%gﬂ@?%hgth of single walled carbon

nanot ubes directly sured fro ir, macrqQscopic ropes' ., Applied Physics
Letters, Vol 77, No%? exdstenc eﬁﬁ@? 1%(%’& 8%\‘?11&%% B Wﬁﬁ’gogﬁatﬁﬁ?d

di ameter djstribution of single-walled carbon nanotubes synthesised by
catal ytic jcf’écorrﬁ%? 1P 3h wen Ryimadiitst olseeved there i sarbop aipsdepssifselijiarasS., 289
(1998) 602-610. A further technique for growing CNTs is disclosed in the

| nt ernati onal 1Napzeedd4 §iHA) S8).i dhexDaah6mB Aiffermtewaysnof makinigothems
formng CNTs on materials such as glass, silica, quartz and silicon using
Pl asma Enhanced ikdheding adrc \diguhergeDapses i vapofisadiBECéRctrbs bhast 208 echtalftie S~ hot
filament' PECVD met hod uses high gas tenperatures of between 300C and 700C,
SO as to deposi tyfdisks. OMOthEL knSWA TRétRedsThRS B h@éﬂoﬂé&gﬁaﬁ%@éﬁl ndé?bﬁﬁo

t enper at ure of ~ 666C. A heat filanent situated ove t eria

di tly heat i ' d ited, the heat
irectly heats k?g”?ﬁfé&@a@nagﬂlﬁgewv?ﬁ% \Ts are deposite e hea

filament providi nergy require 0 produce the plasma above the

substrate, jqand t herefor rovi.de the nechani smto di sassociate the

hydr ocar bolnﬂagas and %&F%T%WI% 1%‘§ﬂ%1°3n§15?1§F19§{%.N$ﬂé5 ﬁ%?i%se%ﬁ?d’%i% CNTs
are deposited c%n then be used in the 20 production of flat panel displays.
CNTs have ot her JREuD#Nt Ranotubss foselectrepics in therdYesemben20 pmgof Seigntie.  Thi s
application is particularly suited to CNTs as H2 is approximately 0.28nmin
di anet er, wher edgnerivan £B.6r. Sollinsted ald) ppt. 3BeetS. TMOI@RNEL diSelo®s REIEBRD 2103438
bet ween graphene layers in nultiwalled CNTs is approximately 0.34nm Thus,
CNTs provide a mE@NT pfodattion, Whetdin arsubstragd isi slacedt inBvaratumf ®fen W €lov

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.
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fuel cells. It is also possible to use CNTs in applications such as

el ectroc 164l capacitors (super-capacitors), nanoel ectronics. electronic
and phot gﬁﬂ’:ﬁ@ézﬂgce applications, field em ssion devi ces,P%q;?W“@onposi te
fabrication, MEMs (mcro el ectro-nmechanical systens), mcrowave

resonators, structural materials, and el ectronic sem conductor materials. A
conposite material could consist of glassy netal, ceramic, polyner,
graphite and a m xture of any 10 of these. In known pol yner conposite

fabrication techni quesier G¥ig aftedgudwits Rodceghbdidth W gpdkdivan akd gh
tenperature techni que. The CNTs are renoved fromthe chanmber by, for

exampl e, -Scr api ydullinONgeslrvéific ChBEaidex TG ERTR RS phARLT Xod

wi th the pol yne 0 provide a S strengt hened conposite

further exanple o 1.0Nohs. ghven in EP1129990A1, rein a method
i s disclosed us?ﬁg }%}gﬁﬁ’@%ﬁ%m;}gbé gengﬂed Spﬁel&gt \Aﬁeémlg@dfﬁm e it CNTs
on a substrate heated to a tenperature between 500C and' 1000C, 20 Ali of

t hese prior net ﬂ%’(ﬁ’gﬁ}‘?é\ﬁge%tb’b’é‘?%ﬁ‘ﬁda o1, R MACEOSCRRH SPRASW Feplied FRYSISY fr om
300C up to_and above 1000C, for the necessary energy input required to
produce s. Lewsrg3yol 77,580 420°d8/ ASoentss 3300 engd rBekknMorphodogyi amd has
been devised and nodified to provide an inproved | ow tenperature, in
particul ar roondiasweer distdibeiioPEVEIngleowslkd tabohhrardopubeat syakhesiaed gsyowt h of
CNTs. Wth the present invention it is now possible to deposit CNIs onto

substrates at nughiylioWRcoinBHRESALHT BPdrbhiadBor!, EVhetisaly Eﬁﬁs’iéé el 289
providing an increase in the commercial potential of producti on,

especi al ly wher :) applied to commercially significant naterials
t hat coul d not @gggg@ﬁwﬂ'h t he known hi gh tenperature nethods of

deposition. Accordin thisg Lnvention, t e.is. provj.de nmet hod, of
form ng 10 carbon na%?ge%%eggwogm%ﬁﬁéa l%%éﬁf’ﬁeéll n g%ﬁ’lmm?}@ﬁﬁkl tion
using a cal bon cont ai ni_ngt. gas_pl asma, wherein the_carbon nanotubes are not
formed on 4 subBatent apphication; W S9455eE whoeine mebod ofdoramgaSPdsten and
enbodi nents are as described or clained hereafter. In order that the

i nvention may bmaterialsssucht asdglassprsélicaagirnyz apd sdivont wsingl Pleamd Extmdcdd/
carried into effect by those skilled in the art, enbodi ments thereof wll
now be descri bedhénticahWapbumDepdsitiod (PRCYRANP|discddided. Thish*hoeffgdaesase to the
acconpanyi ng drawings in which: Figure 1 is a schematic illustration of a

suttable radi o breqehiihol AN Rek BARRpelMre{ Bf BlibeR30h-a! S Ro-ENI UPON 2

substrate, according 20 to an e t present invention: Figure 2

shows a plasma ch er .usi rimar nd,secondary. power. supplies . g.
conbi ned ni cr owdY H%lfégﬂgpg’rfgﬁﬁm,e’ g&%sg&a}gl,ng& Sflgma?f’l%%@a?rﬂlyﬁ% Oﬁf t he
pr esent ig\éenti on, . WO 03]011755 5 PCT/ GB02/ 03438 Figure 3 is a typical
scanni ng ePect r 660°G: ch deptdiamentsiyated alayrdhe metriebdirestlyhsatmthempisriat ur e in
radi o-frequency net hane plasma on Ni catal yst particles, according to an
enbodi nent of t be tpmhichnthe iICVEntreaiepodtieduthe hedt filansent providihg theagrepgys si on
el ectron m crograph (TEM of an radi o-frequency PECVD produced nanot ube

containing a tefdiuited tdprolifide 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 knowﬁ 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



particle, produced according to an enbodi nent of the present invention;

Figure 4B | nergy filtered TEM i mage showi ng a nick i_ndi cati ng
t he ni ckgd@%ﬂ?.’ﬁt (in white) at the tip of a nanotube pﬁ%ﬂﬂ@g@/o&@éordi ng
to an enbodi ment of the present invention; 10 Figure 4Cis a close up of
the TEM shown in Figure 4A, indicating the herringbone structure of the
CNTs produced according to an enbodi ment ®f the present invention; Figure
4D shows the proposed nethod of formation of the CNTs produced according to
an enbodi ment obetiveen prasient layererihi moltivkBed ENTuIe dpprox@nsteSt 03gnaf
Figures SA and SB, shows SEM pictures of CNTs forned I n exanple 9 using
conbi ned r adi o- U9 ] FleQPN st ; - FEgUre:6 1s a
TEM pi cture of fg\lﬁ'és:J exh?/glii?g'?iﬂiri{;a fglire-di reéﬁugg?la ngrm(?)\E/é\/tﬂﬁﬁ&jft(g)‘}é%r)]{:!1 fo?ilﬁggg?rpl e 10,
usi ng conbi ned 'halsfrequency and m crowave 20 plasma enhanced CVD; Figure
7, consisting o rgures 7A and 7B, shows TEM pi ctures of CNTs exhibiting
branching at a 'Y -sﬁtlage junction, fér ﬁ(ed in_exanple 11, usi ng conbi ned
radi o-frequency and th? ssibe dQ nee €N A e aepliceitens sugiageleetiochemicg!

PCT/ GB02/ 03438 Figure 8 is an SEM picture of ropes of CNTs produced (as
bundl es of “cl ose¥pacisers Keuperraanerilierss nandaleotmegicsnelectromi andiphcddriedevied ri ¢
acid treatnent, using conbined radio-frequency and m crowave pl asna
enhanced CVD; aapbliéationss fidld emissiofevies; tpolemeaf congrsite Ehbrichiien, MBNpSed (as
bundl es of densely packed nanotubes) after nitric acid treatnent using

combi ned radio txhi%?dleelé)étr@-ﬁikcﬁirﬁ_é&w%y&eﬁk)?sﬁﬁcﬁ%@@c?&o%s,D§§%§5 i1 ON OF
PREFERRED EMBODI MENT Referring firstly to ' Figure 1, the plasma chanber of a

Plasma 10 Techn ﬁla@%ﬁélspp &8 Oeléﬂg#‘gcé];sérﬁﬁﬂﬁ&worpﬁ%gaﬁy S be ?0%1?)0% 2%’&%?‘] hown

di agrammatical |l y. vacuum ousing 1 1S capa n via
channels 2 and 3 ntrolled, by an auto pressure throttle valve 11.

Evacuati on of tﬁ%‘ﬁﬁﬁ?léﬁl?té)?gkﬁg/’trﬂ%alcﬁqﬁ'ﬂgﬁ” pﬁg'ﬂ?r’egr?@ﬁieéﬂg\ﬁ‘&‘x&’r?BgWrot ary
punp in c nication with channel 3. The chanber 1 has a gas inlet 4 for
recei ving 15 a PI®%f the required gas or gaseous nixture, typically a
hydr ocar bon gas such as nethane CH4. An earthed electrode 6 is provided in
the | ower part of thén kaewbpelymghicomposite fawiation tdchuignes] €NTsi e growwi ded i n
t he upper part of the chanmber and connected to the appropriate power
source. |n thi sireatuhdinbenusing hekpowe higlD tebmeraarcutecithigse. 8 Thd. W are

radi o-frequency power supply unit (PSU 10. A substrate 7 is coated with a

ni ckel powder (R986vedr frbt) thel $Handber AVE B0 exARplE! Shrapitlh B! ro@fgde O 7pm
obt ai ned from Goodfell ow Canbri dger%. Th)e{ s%b’st rrg?egﬂtggd@lﬁgg tdki:l S

Ut 1t wi 11 b SRaRat VP TRECONTL s St el B GG e TR 1o b

used. Apprgxi mately .S of the nickel powder catalyst was di spersed as a
uniformthin la %?%g??n? ‘éorP%?)ﬂanatt?{ 'substrate. The substrate is placed on

t he earthed el ectrod nd the chanber is evacuated. ' The substrate 7 is
shown in Figure 1 cogt t%a@P@rﬁfiqwfrﬂrMPO%dMYenSlf{ EROIFPIORAL,
exaggerated formin the Figure) upon which the CNTs 9 (shown in exaggerated
formin the Fi gufher)enaﬁemetbem.dlw&s%w@ngdggh)ffreggemg%ﬁ.f andemi@eiayrurity is
allowed to flowinto the chanber at a rate of 30 sccm (cnB/ mnute), using a
sui tabl e devi cePEG¥D as daposits ENTisoon @ asubstedte dieated Qo Rattingpebdt@gUisstayerponer i s
switched on at a power setting of 300Win order to strike a plasma. After
the plasma i s shereKandtvRoe@s flow rate is adjusted to provide a working
pressure of approximately 13 3.3 Pascal ( 1 Torr) and the radio-frequency
power supplgy 10 is aqjusted to .operate at 200Wto.naintain the plasm 12.
The pl asngohas a shegﬁhgﬁiﬁ}eé‘bipgﬂ i%‘%“ﬁis\?@ﬂvgl‘ﬁ ﬁt@n%agﬁ%lg?tﬁﬁt% te,maq;g S,
situated. The substrate 7 may be subjected to only a | ow potenti al

di fference e. g. r3gingHzor 3987C npde and aboveoldO0PE cfos thehnagessarysenergsninpod/ t o
facilitate a gentle growh process for the carbon nanotubes. The potenti al
di fference to sraqeirektogprodutet@NTd.nes the direction of growth and alignnment
of the CNTs. 20 It is the very high tenperature of the plasma that provides
t he necessary energy to produce the required reaction of the gases in the
chanber, thereby allow ng the radi o-frequency systemto transport the

di sassoci at ed hydrocarbon species and carbon ions to the substrate and
initialise the CNT



WO 03/ 01l 755 PCT/ GB02/03438 8 growmh fromthe catal yst. The plasma

t enper at 3/@11 proxi mately 2-3 eV, which equates to approximtely 24000
to 36000 YR The el ect rodes 5, 6 are tenperature cont Tt FBE/43¢38y s ng a
conbi nati on of a water-cooling system (not shown) and heaters so, as the
pl asma i s generated and mai ntained, the electrodes are kept at the desired
tenmperature. The tenperature of the substhrate on the el ectrodes during a
plasma in this enbodiment is between 29C and 32C. This | ow tenperature
substrate tenperat urkhedpresdis if@ntion Waslbesintdevided aid podifiedus| provide aad
substrates to be used for CNT deposition. 10 During different process runs
carried out, Vaigil?g‘ﬁ\%idtl‘é{ﬁ%f@fsﬂhﬁ& ih%’é%diﬂbrﬂb@ﬂi‘ Bt REPPEEVEY Srokéss2S0C

were used. Alth t will "be clear to a skilled person that higher

tenperatures coul d be used. S vag i S 1] . rom 10
to 30 m nutes ﬁ{%g ogn%tfonp?,n?c%rggﬂbgiﬁQﬂng‘?éﬁgﬂﬂﬁgen}l)rtg%%ﬁ?n@%@ gtﬁ gﬂ?‘&ns usi ng
the 15 apparatus shown in Figure 1 is %hown in Table 1 as Exanples 1 to 8.
WO 03/ 011755 9 Possible tp dappp ¥ antagybstrates at much lower temperatures than

Exanpl eCat al yst Subst r at eHydr ocar bonRadi oTi meM cr o- TenpFr equencywaveEner gy 1N
i Gr aphi t eCRUT - - Bevionsly coBieNHouL3M0VidE B DCKResR i the. @yemercial potential of

pur e200wW4- 7p. n2Ni G aphi t eCH4AF=30scni3. 56 MHz, | 5m nNone250Cpowder 99. 9%

pur e200W4- 7pnBNCRITaploduetididi sspasialist 3whére MENTIs5 aten Mpplestb Q6D comnim e thlIg o

pur e200wW4- 7pmiNi Gr aphi t eCH4i : =30scnl3. 56 MHz, 30m nNone30Cpowder 99. 9%

pur e200wA- 7pnb N Rlifishrit Gkl 36 66S n5EbMbed 30 HIIGRIARSNARNRLat Y
pure200wW4- 7p. n6NI' Si | i conCH~- 30scnil3. 56 MHz, 30m nNonel 00Cpowder 99. 9%

pur e200w4- 7um7H!nE 3&% &e& ﬁélgscml& 56 MHz, 30m nNone30Cpowder 99. 9%

pur e200w4- 7wnBNi'Plrast 1'cs ~30scnl3. 56 MHz, 30m nNone30Cpowder 99. 9%

pur e200W4- 7pm The charact.eri sati ans of the nanot ubes for e perforned
on a Hitachi S-4000 gF%ﬂf n@rﬁ’?&’isdﬁv lﬁﬂnﬁﬁﬁf’ B @8?"%8% arﬂnfﬁ}%gc%epf@“(l M and a
Phi li ps 200 transm ssion el ectron mcroscope (TEM. The sanples studied
by TEM werd€ pr egfabaringgotehes hysplasmaa @nignsed ichemisal vepouy dsppsitiopeing@ i n

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

anor phous car boearbor corgaipingrgae ¢plasmaawhereprethegpaitibn neietubesrpteamt demeedt hen
allowed to dry. W O 03/011755 10 PCT/ GB02/ 03438 An SEM m cr ogr aph of

exanpl e 1 show &ga edisGar abafahpidatareBO0VD opAbcvesubst rat e kept at room
tenperature in an radio-frequency plasma enhanced CVD is provided in Figure

3. Figure 3 shows niggal a%&ﬁ'aﬁ&EmBﬁﬁig‘ie%ﬁ? Qstdﬁ%a@be%r]ﬂ Himb ﬁef%‘?-’ i gs

white spots, suggesting a‘tip growt e tip gromh no

depicted in stages (}) _t.o ﬁuiﬁv i.n Fi.qure 4D....TEM st udi es_have sho t he
mufti-wal | ed nature BF°%fe F%‘ﬁ%‘?&ﬂ%%ﬁ’ﬁéguﬁaﬁi {1pae ggsgl‘gc’aipg{egﬁle at al yst
particle the tjp, .as shown in_Figuxe 4A . Figure 4B sho t he, ni ckel

cont ent a’?ltst he tpdyreadily paarigdgnto E@‘F‘ﬁ‘igyéll‘f’séék‘r“ﬁ‘}‘? theagh Eﬂgq%epﬁéb%fegﬁom ng a
ni ckel map. 10 The interlayer spacing of 0.34nmtypical for graphene sheets
al ong the ONT awilbnowdeidosenibed hy waz of npeddigiting exAmie only; with sefesnedt®. The
typi cal | engths of carbon nanotubes produced varied fromO0.5to 5 Vim wth
di anet ers rangi thg abeampdnying drawings #Adwhishi ng t he deposition tinmes, gas
flows, catalyst particle conditions, gas concentrations & type, and D. C.

bias applied to the fpusdilisis at @hemutie/ Adstlatien |ANDtshitatle rabiocka@escyof CNTs.
Figure 4C shows a TEM structure anal ysis of the carbon nanotubes The TEM

shovs graphi t e pl.ahel:le i3l Hfimih altp bty ENTERNRALAKLAL dddoldify S1 de

facets of the cone-shaped catalyst” par ormof a "hernrgbone"
st acki ng rangenent at.the growth end of.the nanotube. 20 It has been
shown froﬁ%ot he &%%@Wﬁ%‘ﬁ&beﬁrﬁwppé(ﬁt&%requency pl asnmas can produce

carbon nanot ubes, which grow on a substrate kept at a tenperature bel ow
300C and in particul Bigus 2 shows 2 plapas shaaler uying Primsgy patirepBlany BOWFhs na
enhanced CVD nethod is suitable for grow ng well

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

embodiment of the present invention;



W O 03/011755 11 PCT/ GB02/ 03438 aligned carbon nanotubes sel ectively by

usi ng th&(ﬂﬁ/@'l 5ﬁat alytic effect, where the tenperature at the point of CNT
growh p ™e use of tenperature sensitive substrat dCTGBN2M38, o) the
carbon nanotubes catal ytically produced tended to adopt a whisker-like form
where the catalyst particle is carried away fromthe substrate during the
growt h process and renmins at the tip of 5t he nanotube. The di aneter of the
carbon nanotube was the sanme as that of the nickel particle at their head.

Catal yst particles gtjghkes g;rQ\fﬁﬁ&l%Bﬂuﬁa{%&m@u&aﬁﬁ&mgﬁpmsgmwms

"pear -shaped", and conpl etely ‘envel oped by a | ayer of carbon. 10 Mreover,

each ni ckel part] S spansi 0 1 i ot ube,
uni di recti onal %?&Lﬁgd I rré)éfnl %%E%E&k%s{n %agﬁ(ggﬁ%egﬁ%%%éaé&p?%%%?f ;\N/‘eir e
conposed of multiple co-axial tubes wit he ing between tube walls

bei ng appr oxi n&ﬁ‘ﬁ?ﬂ%@?@ﬁﬁ@ﬂ@gﬁﬁ%Fﬂggalg}enﬁgﬁﬁﬁ%éeﬁﬂnﬁ“gﬁﬁm However ,

it is also possible to produce growth of the carbon nanotubes in 15 coiled
form APPLI CATI ONS THBurefewintypird! Hrnssrisdon: elesommigagraph (TEMR of #anat i on
of CNTs on commercially significant materials, and growth over relative

| arge area8. 20raliyfrenpen@NPEEMD i mraduced snanatube stamtanibg co rrerménali higktle due to
the | arge nunber of available materials for use as substrates on which CNTs

can now be deposirfi@el jre@red Becdbdihs) & drDsBbodiBBRRITalid presdRt seston; Hi ghl y
tenperature sensitive materials such as plastics, or any other types of

pol ymer, ceramcs, g eotﬁ_{}qgﬂ%ﬁex@ﬂf&l@@@ﬁ@ﬁﬁaéﬂ@sﬁﬁih%kaﬁ_ﬁickélaiﬂ o Of

even organic materia may now be as materials for deposition.

Exanpl es of CNT, .l cations ,avail abl e i t hi t e the
deposi ¢ on of CRICRGRE B BEReEherd S ubter i iy B8 BbulE ABEAEE 1T,
cl ot hing and the rejnforcenent, of terial fibres; the production of
f1exible di spl a38o1kng g @ﬁ?&od{wtggg)ggrqspgﬂnﬁqn ¥Rrs onto |iving organisns,
and due tqg the inert nature of CNTs, the application of CNI devices

i nternal | yOpl aced i nFighmei 4(yiscr dhossiupraf thg TEMeshozsingis Rigure 44s indicating thes e
nanot ubes as DNA storage devices. 10 An exanple of a possible application
using this net hidrihgbdne stristare ofathe iIGNTs prfodadedt dvcogim ohanaembdibmentf 6f of a
shirt into a CNT deposition chanmber. Prior to being inserted in to the
chanber, the cu{htep\o@gﬁtqnb@lﬁgﬁ,at ed with a nickel catalyst in a particular
pattern so as to be able to forma printed circuit. The deposition of the

ONTs, in-si tu v thi npigh, BAARSly clibt AR e oriddl 8P Cavty. i the

sanme pattern as the n tern deposited on the cuff. The

circuit could be, .for, exanpl ar f Ll j.cation device

enabl i ng peopl epliogu%eélrﬁ’?ﬁ?ﬁq}éﬁﬁg aane{“f?oglgheﬁt gf'ﬁ%? Fevsmg@% lﬁ%’\/i ng to carry
nobi | e phones as separat e_devi ces. .S nmethod therefore Vi des

ef ficient Ok%ay of depBEHS AgCUSISEPE i‘%%lg"d?sr %‘GI qnd gﬁ’t §‘°F”§b$]i£‘)®g?w§’6€ to the

inertness of carbon it is possible to deposit CNIs on organic material,
provi di ng a wi déENTsfgemest insexampls @ using| dombinedrigdiosfrequgngypand BICTONAYRy t hi s
nmet hod on organic naterial is the deposition of a pacenaker circuit onto a
heart prior to plasmaesidnaed CVB;rstly a catal yst material is placed WO
031 011755 13 PCT/ GB02/ 03438 on the surface of a heart suitable for

transplantation in arpkd 68 aFEMipicttret f CNTEeRhibAIG Bikirecti@ial geowthhe heart
is then inserted into a suitably clean chanber, and the CNTs are grown.

Once the CNTs h r s d r t into
the patient. A ?déﬁeﬁefrhmg)){(aéﬁné}ﬁeﬂg?ﬁ %%% %gﬁlt%ﬁlp'g %eqﬁéggqﬁﬁ% Eiéllg\r/]vﬁl g%g\??ﬁé;ti on is
t he deposigq on of CNTs, ont 2Xi bl e transparent sheets for use in flexible
di spl ay apép icaPIaﬁlﬁ%FnM@g&h):I such as PVA (polyvinyl acetate) could be
used as a substrate in the sane manner. as the applicatio E i scussed above.
It is also possible FiguRd, consistingiiddeyes 6y %‘ﬂgBCFbPé’VSth ‘BEB\FF‘H%‘ ?
inproved ceram c material products. For exanple, the CNTs are deposited
in-situ wthin ONTscéxhatiting fbrmohiograam'&"-mgjqncﬁm@nyedmma@la lderanic
conposite. The ceram c conposite mxture is renoved fromthe chanber and
formed into cer aging combBined sadid-fiegueniey andimicrowhvteplasmaenhaaéed @VDE or ci ng
ceramic materials, and providing conductive ceramcs. 15 A further exanple
is to place polyner resin into the chanber and deposit the CNTs in-situ
into the resin. The resultant polynmer conposite is then avail able for use
as a conductive and/or reinforced material. A further exanple of an
application in which CNTs may be used is to formEM (Electro Magnetic

| npul se). The CNTs may be formed in a 20 conposite material (e.g. glass,
netal, ceram c, polyner, graphite or any conbination of these), wherein the
conposite material is then able to shield




devices or people fromRF or m crowave radiation. WO 03/011755 14

PCT/ GB02/ s may al so be grown on a paper substrate using the
describegaﬁéﬁﬁﬁggwwhereby CNTs are deposited on a paper JiLEB 3R thin
the chanber to forma circuit using a catalyst material. The paper circuit
may then be used as a bi odegradabl e el ectronic device, which is easily and
cheapl y manufactured, and can be thrown &way when no | onger required. CNTs
have special qualities such as good conductivity and resistance to

t enper ature. Nanot ubpigusy ®isv@r SEMtpidtireasfdopdsarfiICN Thptodiicsdafas buddlesofar e
slightly nore flexible. Ropes of CNTIs have good tensile strength, which is

useful in appl iasée{lgegcleé/&%ﬁ tﬁgésiﬁohhwirf&&ngﬂwé AP nftAd Yk tatribr0. as 10

carbon i s not easi etecta Is also possible to nake CNT circuits

that can be hidden. 1t,.is,nqw possible faor anv of e S..Of

devi ces, incl udif ?%blﬂﬁq){ﬁﬁmé %t ?Ibd{{?“’aﬁg Vt?sp%%%ﬁ% %ﬁﬁ%ﬂ%@bﬁl@cti on, to
be fabricated nore econom cally under a | ess rﬁl&i‘i cti veeﬁjﬁ@gibro mené. 15
DESCRI PTI ON OF SECONBEEIEOS) Dt daPes fdrNTHRrodR PUrlet ok ar bon
nanot ubes ysing a conbi nation of radio-frequency and m crowave energy wll
now be di seussedenselyfpackédhnanotubes)yafies ritrictasist tsedtmentasing gomhinad sadio
capabl e of 20 evacuation firstly via a rotary punp 22, and then after a
certain pressurfedquentash@itrowive glasmy dnhapesdiIC®D. An earthed el ectrode 24
is showmn in simlar fashion to the chanber shown in Figure 1. However, the
chanber 21 is adapted to receive a m crowave generator 25 consisting of a
magnetron 26 WO 03/011755 PCT/ GB02/ 03438 15 and a tuner 27. The m crowave
generator's griﬁﬁg(ﬁ&t}; &ﬁtﬁﬁkﬁn‘ﬂ%%ﬂiﬁﬁﬁ' ectrode for the

pur poses of apptyrhg tadro-T1eguency power across ttre earthed el ectrode 24
and powered el ectrod 8. T 1 crowave generator is,of a type . known per se
and arranged to di regFFeﬁ’i“?‘ﬁ %ﬁé@e t?aﬁ@&’f“"i gnqﬁ?‘ntg% bR, eq‘nell;jﬁsﬁl%g

regi on 29.. The m crowave power source is used in conbipation with the
radio-fre encyTB@W@iogé’oﬂﬁ’@QOi rdin-frequepgy Rl Y Be serieingis fused tase sV ma. I n
use, a substrate (not shown) such as a graphite plate is dispersed with
appr oxi mat el y 50iagrpnohativaike A yowderchembet hsisingd ia capabloefhevabiationayer 10 on
the top of a graphite substrate. The catal yst used for carbon nanotubes
growt h i s ni ckethfi@eRey arld¥O86nmelled By an ditolpressareaimtavdliel & Bianmtier from 4
to 7 ~m obtai ned from Goodfel |l ow Canbri dge Ltd. The substrate is placed
upon the eart hegs §h&GhkeRBE of 4hiMchiimb&ie 1 Eis esffdchide vart a DR BErowa} Q{;ungpg @ ed (not

shown). A carbon contai ning gas, such 15 as nethane gas of 99 % (five
9s) purity (obtajne I ﬁgﬁ i k Sl in to
t he chanber pri g’r’ gmfsc\?\ﬁ&}: mg‘fh%ﬁrne% %’eih ggﬁ%?‘?%&ﬁ“ea%%fﬁagﬁ‘ﬂéﬁ f:ogcq)év\%%%omer
supplies. qdhe gas,flow rate is,set to 70 scecm (cnB/.m.nut and,is

nai nt ai nedlsgt aa(,%‘?%tofﬁ]?e FAOgHPd SR 0T BRSERUY X swl‘éﬂﬁh%g'g&oﬁ?rpgﬂ &M owi ng
into the chanber a plasma i s _struck, as discussed in the 20 previous
embodi ment . HowsW@ras methangiGHenbodi nent conbi ned radi o frequency and

nucr owave pl asma enhanced CVD is perforned with radi o frequency power

rangi ng from 100W 200W earthedietactrode, 6 ip providedainghe dower\pag of3the thavberi 6

-

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



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

i nput po i ept constant during the CNT deposition. Various process
times V\e\ﬁ@%@&}’(slsrom 1 Sto 30 minutes, with a process prpgéﬁ?@/ﬂgf381. 6
Pascal (12 nTorr). The carbon nanotubes form and grow fromthe netal

catal yst particles, within the sheathed region of the plasma. The substrate
was partly heated directly by the plasma”ithout an additional heating
source, however the tenperature of the substrate during the CNT deposition

process was recbsede dut 3twill 8 obRus dhatskiRd MirsoaxdaPhBs offet Subtateas shown
in Table 2, were grown in a conbined radio-frequency and m crowave plasm

enhanced CVD sy, depy %ﬁm' [ th&' Sidkel SHowdsr yelconave

power supply. 'I]ﬁ%}ggggl ﬁ%\g\n nghfpg eh%w;gggfggf?stﬁom t}@or esulc%%lgf five

process runs that used conhi ned.radi o-frequen and.m crowave pl asna

enhanced CvD. 18°PeI8fHaH3 M gg%gmigay?%gdgego ?ﬁ%&é@f}rﬁ 438

Exanpl eCat al yst Subst r at eHydr ocar bonRadi 0 FreguencyTi peM cr.o- ,wave ,

Ener gy TenpoNi Si | i conFpe substate 3s plageg ,OPEH%F ﬁ?@@&féﬂ%‘éﬁﬂ/\ﬁ‘éﬁé‘%é% 1

pur e100wW500w4- 7p. mMLONi G assCH4 70scmil3. 56 MHz) | 5mi n2. 45GHz<I 00Cpowder 99. 9%

pur e100wW840wa- Tevatudieds Eivh substite 778 sbowa it Figure | Soated sdtplirafioopickeler 99. 9%

purelOOw240wW4- 71 tml2 *Ni Si li conH47 scnl3.5 WHz, | 5m n2. 43GHz<100Cpowder 99. 9%

pur e100wW840wA4- 7 r'8\iskadvars B khkgot 050 :3n Bbthe Figure) upon which the CNTs 9

MHz, | 5m n2. 45 <100Cpowder 99. 9% pur e100W840W4- 7pm ' " Ai ~ter treatment m 3~%

ntrlcoaca for iR SexdhitaRy ToAH ! BBl aRNESmRAOINSAhnb Siad orc 0TI ned
we a

radi o frequency and m cr owave power was be en 0.5 and S5pm w t

t hi ck f o N Vi iR i ' i dinth
T eferred enboutoSaRTane oy Binkh MabbidloS ity b P LaLA S fpE 1580 |1 1 Ne
t hi ck f CNTs. i -adi i | h of., CNT b nbi
rai:licorl:‘a?qucj)encysc’iﬁ1 g’?ﬁ?rlf’r{ngfml s Bi égf\%[e é’%ﬂlﬁﬁégg‘ %{/%\A'ﬁﬁsmcoc ItEoelgeﬁ'served,

as grown in exanple 10 & 11 and _shown in Figures 6, 7A & 7B. Figure 6 shows
the bi-di rlgct i oRadiodfregmencyaieayes it Brifobed o8 ak a pawgsaing ofc3 W0 #n w%ar to

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

di anmond- shaped steikalaystasnmar Aiftet thecplasnireissstewk; the Fag dloav Bt ist adjustedt fon t he 15
m ddl e of the CNT. WD 03/011755 18 PCT/ GB02/ 03438 In addition to the

uni directional prgideia dioﬂﬁﬁ%g&&he e rappRixigately, 133N Pagabyin Thix) tiid tiworbi ned
radi o-frequency m crowave PECVD net hod have unexpectedly shown branching
during growth apgio.i b ) i oGPegatd 8EPOGWTtBBkin@M Shown
in Figures 7A a%gm?fo.eq‘%agy Bﬁﬁﬁﬂﬁgﬁg%" gmé\CI&{li}Iﬁgftovwh vlf/ere o? t he order of
20nm i n dianete I lsi,t . : . ' i ter.
In Figure 7A an&@éﬁﬁy% ac{rzdg’rlgepﬁlg%lﬁg P%%[ gr}eggxeé\;??%&? 2?2‘1} %ﬁ?\i&@%‘}%ﬂé&%ﬂgﬁr ks of
CNTs is shawn. Figure 7B.isS a nification qf the rectangul ar area marked
in Fig. 7A° 10 ¥h uéf\(;‘ﬁirhe ess'ﬂ)l?sn%g n%uer(“,ﬁd)ﬁss@é?ﬁt’\%gﬁot‘{wc?rv%rpé’eﬁll%fﬂf er ent
CNTs is an inportant step in the devel opnment of carbon nanot ube-based

el ectroni ¢ devi dferense esnafidhs widest leskc thane 40V preferablyi igs ithae2B¥nifect i ons
for electronic devices on a nanoneter scale. Interconnecting networks of
branched CNTs afaziliteteya gemiler gramith fpoocesshforcthe aaibon nahotmbaswIhe metentiabn of
conducting 15 conposite materials, as a network may be grown w thout any
need to rearranggfegémdno sotalé extehtaleteriites tlie difsctiom ofgiomth knd AEaGienPdf ON OF
THI RD EMBODI MENT Al t hough the CNTs are deposited onto substrates within the
chanmber 20 in the ¢&N@sPrevious enbodinents, it is also possible to produce
CNTs within the chanber and then apply themto a substrate that is external

to the chayper. 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 tenperature and at nospheric environnent of the substrate can be easily
controll e substrate is not in close proximty t I . WO
03/01175%@%2/ 03438 19 A plasma is struck as di scusgpeé(?t)ﬁﬁ&éolgﬁﬁgr of

t he previous enbodi nents. However, a substrate with a catalyst particle

| ayer is not placed within the chanber prior to striking the plasna.

| nstead, catal yst particles are inj ected& nto the pl asma area of the
chanber, in which, the catalyst particles react with the plasma as

di scussed pr evi grosily frandtheNamlyat. e The plasma Teraperatuad jssapppanimatelye3-3red;, f or
exanpl e, be dissolved in a liquid such as benzene and injected into the

chamber. Al ter nghick @l¥atestd aﬁ?ﬁoﬁﬁﬁtngO@@td%@OKbNiﬁi ect the catalyst. The
CNTs formed fromthe 'catal yst particles are then extracted from 10 the

chanber by any neans i F i he. S

t hrough a venting chggegéﬁ%tpdc# S g’n@éﬁeg%l?lpgjﬁag%g?rﬁtmggﬁ)eﬁsﬁ{%ae%ogngslglougyar ound
the chanber diregting the CNTs towards,a suitabl e chanber exi oint. After
the CNTs are co‘l’flc@c‘tv r-F e Wé%e%%eﬁov?ﬁeafaat’%atﬁﬁps& 2P é‘ge é)ﬁﬂsg"aals
substrate 3f choi ce, such as previously discussed. The CNTs are 15

deposi ted dnto gensratest aud waintaineds therledtindas prstleept At the dspimedrigmperatuse
application requirenents. Fox exanple, the substrates may be placed on to a
movi ng bel t, whThé témsperaturedofthdesuhsteatd on the zldctroddsaduring a plaShiasin thise CNTs
deposited in a predetermined pattern. Alternatively, the substrates may be

placed on a staghpadmént sy bateRen WPE Sindt S CONTHMIAW | iBdpetatfd SubstrafeOved
over the top of 20 the substrates, depositing the CNTs in the required

pattern. This ngethod. clagnfi t it . IC
required to heat Sl Bag'frl"aatué’gsffgr %B‘g\(;? ggg{t&e&%g%‘ﬁg%ﬁ% r‘ﬁﬁ ﬁ%fi Sglrﬁ%tgﬁli% @1% CCNTSs,
and all that is vao O%/é%ll?.SS 20 PCT/ GB02/ 03438 required is a carbon
cont ai ni ng pl asHEdifAr GNil PO at al yst particles can react. In this

met hod, it ,.is not necessary to stop CNT production in order to insert
subsequent!Osubst r at eDugng geisizrat roessBsTung: earried soytn EiYs JEBPRMBBRR ment s.
Therefore, this nmethod provides a higher throughput due to the continuous
CNT product i on, rangingdaicdm ooom tehmpepaeito 260°Gwere wkd.e Althbughiibwilt be clear

DESCRI PTI ON OF FOURTH EMBODI MENT 10 Using any of the nethods descri bed

previously it ig @alskilledogssdd tat Bigheo thugRrataRs <olld boOughl. y Add, 3adeusCNTs,
whi ch have been synthesised after nickel catal ysed plasnma enhanced chem cal

vapour depositi gfbc@@‘:t@[@w&fa LERIAFRG0S 36 HPsitkat e tenperatures bel ow 300C,

and in particular at roomtenperature. 15 After production of the CNTs

i th t hods d i i j .
gflrrggpheﬁ (r:reprgsgurg%géegggeige&gp%ése%’g%‘ém%&%gﬁ%gé%%g epg%llf?% éhcf was
df th hanber. The,. m f it t i sed dth
ol i ng. 3k orPiRae s M L R ShoSimi IR D R R o "and ¢ hen

pl aced in an appropriately acid proof container. 20 The m xture of CNTs and
ni ckel powder was covered in a 35%nitric acid solution for 3 to 10

m nutes. The m xture was then rinsed with de ionised water to renove the
nitric acid fromthe m xture. CNT ropes were produced in dried sedinent, as
seen in a scanning el ectron mcroscope (SEM WD 03/ 011755 PCT/ GB02/ 03438
21 exam nation. Rope dianmeters were from20, mup to 80m and the |engths of
the ropes were up to a fewmllinetres. It is thought that the CNTs were
sel f organi sed into ropes by hydrophobi c adhesion in de-ionised water,

whi ch was used to discontinue nitric acid action, and bundl ed together by
van der Waals force.




The size of these ropes can offer easy manipulation with speci al

opportunit .l f their characterisation and applications, in particular
the util :"@:\W{gﬁ%éf their inherent strength. For exanple, qqéc?@@éf’snay be
intertwined with fabrics to provide for 10 a reinforced protective garnent.
Ropes produced using this nmethod nmay be used in conposite materials (e.g.
gl ass, netal, ceramc, polyner, graphite9nd any mi xture thereof(). Ropes
may al so be used in any of the applications discussed previously 15

DI SCUSSI ON OF FURTHERABVEBCDI MENTS Cat al yti ¢ carbon nanot ubes (CNT) were
grown with the substrates, upon which the CNTs were fornmed, being kept at

tenperat ures b ekempe3Pialyst ARGhstrald P ErbcerbdA! RadiSIOW ure using
radi o-frequency plasfra chem cal \apour depgshdi i ned
radi o-frequency nicrowave |20 pl asma CVD pet hods ng hi gh

X

tenperatures (3POCH o PHRNLHE R ERRE O SAn®
CNT, the present inV@AZ;L,&ePW uétpl i%@ﬁ%medr%&f bon
ener gy dynam c$ neces&&&y for dijssociatipn of th sequent
catal ytic gr ow-h—en—rV oA LFabtranshtt anrptal—Rar t c"%—, Wi th a w de
range of diffefent sq}\l]%'sgrat éagﬁf)e Ny Ailj(i(ecﬁt ;%%f"gﬂzlgsnfg %leat (?serrper atures

bel ow 300C andjin pari uljfar down to" room t enpef at urle. Pdf/ GB02f 03438 It
will be apparent—to- | ed person that the termnl asmalused herein

I

. Ll
embraces an iofised gis, o PURI b%’ ~0% OLEP'SG%IFIZ’ LSR8 N i ¢F°of | oni sed
particles. The|pl asm°H&Y loe in PREFEY nf 8% a beam [such as a pl asma beam
whi ch can be praduce -.@1 glhby a filtered cathol|c vacuum arc _apparatus. The
pl asma can be, |for eX8npl e S guhefiattBy| AP FmlEndNEF gy | FC by
radi of requency {ener gy*8# by a cofB?MB¥S off’Bf ni ¢rowgve enérgy apd
radi of requency lenerg¥*"® slo, it lould belclear to the skilll ed person that
ECR (el ection ¢¥cl ot (¥n re§8ﬁ'asnc§)mﬁ31°'t’9i’“oy\!é9@"%$ Fﬁé’ﬁﬂ deral d ng: utjlised for
the growth of CNTs. Ak@wg%ch, any|®9perof (28fsma| may (be used and| may be
generated by a|prinafy’4ower soufce optipnally conbilned wilth at||east one
secondary powen6 sour ¢¥. |t{Sfid| Paldxi0sn pa-SEdiardnin [Nepea sKPIC ed person
t hat any gaseous nediremieont ai ni [P§2¢ardo[R0ean bé usgd. The gasepus nedi um
is preferably @ hydrot@bon gas such as pethane| acdtyl ene or efhyl ene.
However, any ofther cakbon-@bsitsai [HHig 0gas o8- 5edbd, (Bob |Need, (¥0Eh ps, for
exanpl e, car bOﬂl nono iwéeroF car bfa%dpwsxi (P80 The gasgous nmedi um can al so be
a mxture of car bon-étbhtrrai ni ng ghses, or}a mxture gf a carbon gontai ni ng
gas with a carnf¥er gasi suclrlagiss N AEEPen [BEJVHINWnDdsme (| HZI0C or | Argon (Ar).
Whi chever car bgn- conflmiwddrng gas [(P0.9%pud ur0vof gases |is used, it|is
preferred that |the gas7nwsed durihg CNT pfoducti on i g non-destrugtive or
non-etching in The plasna state. It 1S therefore preferred 1o avoid any gas
whi ch, when ionised, forns WO 03/ 011755 PCT/ GB02/ 03438 23 ionic species
ety o, adver sely #hl ShlrabbiRaRbiy6f e bnPBEHARAWAL JiEnAlASH

chanber. However, it 1S poss use anmoni a carrier gas,

where the ammoni,a IS eact. wth t.he catalyst. It w | so be
apparent to a sbﬁﬁ?}gﬁ%@&%g’%‘q{ KAt op ear 1’?%#@%‘%88 ‘P‘SF“P‘F%CW@ﬁé‘égaﬁgﬁedi umto
be of highgpurity,. for. ex | e greater than 98% pure, However, |ess pure
gases may Be usé%‘.hpﬁtc% 39% HRA0Th 5 V%tmlf”épsﬁog%ﬁ@é)'p&oﬁ?m & the

pl asma nethods are preferably effected within a suitable vacuum chanber
constructed to sudied by dEMwien pieparach by witrasenie dispersipasd Gassgrpwa’ssamplsui t abl e
pl asma chanbers are 10 ~o~ per se and will not require further substanti al
el aboration to iésopedpansiala gkopl bfdheausensiohtwad lthenallgmshal apparthint to a
skill ed person that, although in the enbodi nent described above the

m crowave pover xabithbhs CarbGi fifth sa%ﬁdr&at&rwo er grid> ﬁézsan%phh@, Wéregrgncy used
could be any frequéncy in the 15 band 2 to GHz. It woul d al so be apparent
to a skilled pegﬁtw%hla al t hough the m crowave power applied in the
enbodi ment descfi be boVe was in the range 240Wto 840W the power range
applied could be between 20Wand 6kW These | evels of m crowave power are
preferably applied and 20 mai ntai ned throughout the period of nanotube
growh required e.g. for at |east

-
-




10 minutes preferably at |least 15 mnutes, nore preferably at |east 20

m nutes. _The maximum applied tinme is not especially critical and is likely
to be WS 755 24 PCT/ GB02/ 03438 i nfl uenced by ecof&EBRAErs, and
the required characteristics of the nanotubes. It will also be apparent to
a skilled person that radio-firequency power nmay be applied al one, or
conbined with m crowave power to providel@ plasm, and that although the
frequency of the radio-frequency power used in the enbodi ments descri bed

above was set to 13-5\61M_Mﬁﬂwégréwofféw@%shbwgh&rmmm%@{?é?gmv%{iw may

be used. Also, although in the enbodi nent's di scussed above the power was

200W i i) ' . 20W - |
S can be. used®t1b TR FREFEL oA icRRAky ' B dRb e End CRRE R e

power supply unit, cou .a pul.sed.or.DC p . supply. If, ul sed power
supply is used P’E}‘aﬁ‘@?fle?%\ag lﬁrﬁgﬂaﬁgf’% Fﬂﬁgeﬁ?\ggﬁﬁ‘:‘mifsﬁﬁw B’é&(ﬁ? catapbquency
in the range 25 to 250kHz and of a power up to about | kW The plasma coul d
be generated usP#gcls plitbe@ng ofche SOPES, yascwhits apels,wsuggestiagi o tipreqwdncy
and/or 15 microwave energy. Although the two enbodi nents using

radi o- f r eqency medek g¥halip meowihdmodeliio dépiegdan stagen 6 ¢y (iop idbFipesk 4Dt h

m crowave energy show substrate tenperatures of 24C to 32C, it wll be

apparent to theTSM lshuditspaves siovidale rauli-walkal fadire of SEPSoBLAHIARBYIHES
obtained by using chiller units with 20 antifreeze to cool the substrates

down, and heat ety;#nht §s§oaa%g%8§r3§§}%%”glﬁ%tﬁ%tﬁ?% shé¥n Pgﬁg{lfea{ﬁslﬁ For o

exanpl e, tenperatures nay 0C downto room egratire C

0 t
35C), or even d t o and | ower L1l als e clear to a il]ed
person that it gg?/ghﬁgs %Q‘}cg?lec%ge”ﬁémeﬂ%?ﬁaﬁi @N@g@ﬂng ASnEEY C@%‘%‘g 25
PCT/ GB02/ 03438 gﬁyihe substrates tg9 produce CNTs using a hot f |anent PECVD
met hod, with th HB3§CS0WEIG Y4 BtaPat a | ow tenperature. It will be
appar ent tﬂ)a skilled person that it is preferred for a netal catalyst to
be present’’ for exanphe ieraygnsnacingof Petdam wpichl fos grapbens sheetobling theé r on, or
any m xture thereof upon a substrate as previously discussed. It will also
be apparent to &NekKiakisedaspiensdin tieatxpahidrgiomof kel nanowtber THe §9icpurity,
and an average particle dianeter of 4-7wmwas used in the specific

enbodi ment st halenpthsiof cRBES nbhdtubed prsdiced VAR F3Hh 9.5 WSAin'i‘,q}?iﬁgdﬁmPe er
purity nickel powder, and varying Sized particles. 10 So, It w be

apparent to the ; pe %ﬂ;h ; : n er. It
may be present ggﬁglétﬁgxg n{eotsal i %%Jg?ﬁ%gga@é@é?gfﬂﬁﬁ %rsﬁ %?eé%va I%il/tQ&réfejat ed,
to formnetal i ngd arrays, for exanpl.e by vacuu r-i.nert gas annealing
bet ween 200C ang%g .Onﬁ%%égﬁ’n%ﬁsiwgﬁp?’%ﬂ%&n%?%la’ﬁﬁrﬁﬂﬂ? w 855‘1’1@6"
chem cal l yys0r b | asma treatnent,. preferably ma etched in an 15 NH3
pl asma betlmsgen gﬁ@&%%@“ﬁ%ﬂ%ﬁﬁ%ﬁﬂf@@fae of such island arrays,
preferably nickel island arra'\;s is preferably of the order 2 to 100 nm It
will al so be appar ent FiggreadGishowea lﬁﬂ\‘lmcmana}ms ol thepathragmnptubes ur es,
gas flows & concentrations, and D.C. bias may be used during the
pl asma- st ri ki ngThe 33M ahows gephite phidiétanwhichgee nfuatlpiatighddlppaltedue theon 20
met hod. WO 03/ 011755 26 CLAI M5 PCT/ GB02/ 03438

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-



1. A nethod of form ng carbon nanotubes by plasm enhanced chem cal vapour
deposition using a carbon containing gas plasm, wherein the carbon
nanotube§;’v(%1‘?3émh7gi5 formed on a substrate at a tenperatur e PS&EBRM344Bove. 2.
A nmet hod according to claim1l wherein the substrate is not separately
heated. 10 3. A nethod according to claim2 wherein the substrate is kept
at a tenperature bel ow 300C. 4. A nethodlhccording to claim3 wherein the
substrate is kept at 15 a tenperature of 200C or below. 5. A nethod
according to claigied WhRhehdhohiRs %Hi?:’éﬁé&e?& %y Bsikig Rhe ahetfl bRARAE AR of 1

SOC or below. 20 g, A nmethod according to ¢laim5 wherein the substrate is

kept at a tenpe re.o r..bel ow. 3 7 . [.(GB02/ 03438
7. A net hod acc%ﬁé?ntget%mi’g%%gbatvﬁﬁér&% P%’:Ve&gﬁbérg%é}[ 2)%}1@?‘7(5% ug?ogl
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met hod according to Il génerdl, caban tapotubes catalyéically pegstuced tendeértper at ure
bel ow OC. 11. A nethod according to claim9 further conprising the step of
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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,



22. A nethod according to clains 13 or 21 wherein the catalyst is a netal.
23. A nmethod according to claim22 wherein the netal is a transition netal.
10 24. AP S3ccording to claim 23 wherein the transi PCHEBROM38| ncl udes
a nmetal, or mxture of metals, fromthe group conprising nickel (N),
cobalt (Co) and iron (Fe). 25. A nmethod according to claim 21 wherein the
catalyst is in the 15 formof a powder. 26. A nethod according to claim 13
wherein the catalyst is in the formof a powder, filmor island arrays. 20
27. A net hod aggaNéll PapdrOofb@indrgniviehididls h9 riow BT hsiateriaR fF ched
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~I; <=>KxnmbCs 10%4 {he-suiface 6f a G3art suitable for transplantation in a pattern required to
form a pacemaker device. The heart is then inserted into a suitably clean
chamber, and the CNTs are grown. Once the CNTs have grown, the heart is
then removed and transplanted into the patient.
5 A further example of using this method in a new application is the
deposition of CNTs onto flexible transparent sheets for use in flexible display
applications. A material such as PVA (polyvinyl acetate) could be used as a
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.
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93109&' () - 3010%&rethod, where y&ﬁm nj@»qs)ted on a paper substrate within the chamber
to form a circuit using a catalyst material. The paper circuit may then be used
as a biodegradable electronic device, which is easily and cheaply
3 manufactured, and can be thrown away when no longer required.
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.
Referting 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
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0109&' ()-!109&' ()-10%& ()-s10%& () 109 ()- 10y0000000eF: /! 10$ $
010%&' ()- $ olQh&edrthedl eldchde 04 asd powered electrode 28. The microwave generator
is of a type known per se and arranged to direct microwave radiation into the
5 plasma—generating region 29. The microwave power source is used in
combination with 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
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Various process times were used from 15 to 30 minutes, with a
process pressure of 1.6 Pascal (12 mTorr).

5 The carbon nanotubes form and grow from the metal catalyst particles,
within the sheathed region of the plasma. The substrate was partly heated
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
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Example | Catalyst |Substrate |Hydrocarbon |Radio Time icro- | Temp
Frequency wave
Energy

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

10 Ni Glass CH,#=70scm |13.56 MHz, [15min |2.45GHz |<100°C
powder 99.9% pure | 100w 840w
4-7pm

11 Ni Graphite | CH4f=70scm | 13.56 MHz, [ 15min |2.45GHz |<100°C
powder 99.9% pure | 100w 240w
4-7Tpm

12* Ni Silicon CH,f=70scm | 13.56 MHz, | I5min |2.45GHz |<100°C
powder 99.9% pure | 100w 840w
4-7pm

13 % Ni Glass CH,=70scm | 13.56 MHz, | 15min |2.45GHz |<100°C
powder 99.9% pure | 100w 840w
4-7um

*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.
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CNT's grown by the combined radio-frequency microwave PECVD method

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 scaie. 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.
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However, a substrate with a catalys(t)particle layer Jis not plgced §\$ritlc1)1%1$the

chamber prior to striking the plasma. Instead, catalyst particles are injected
into the plasma area of the chamber, in which, the catalyst particles react with
5 the plasma as discussed previously and CNTs are grown. The catalyst
particles may, for example, 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 CNTs, and all that is
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In this method, it is not necessary to stop CNT production in order to

insert subsequent substrates or groups of substrates, as in previous
5 embodiments. Therefore, this method provides a higher throughput due to the
continuous CNT production, extraction 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 CNT's 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)
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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
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which can be produced e.g. by a filtered cathodic vacuum arc apparatus. 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
(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
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
carrier gas such as Nitrogen (N3), 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-etching in the plasma

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

"F @mo% + " & () -

F
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0 where the ammonia is used to react with the catalyst.

Tt will also be apparent to a skilled person that it is preferred for the

5 gaseous medium to be of high purity, for example greater than 98% pure.
However, less pure gases may be used.

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
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It will also be apparent to a skilled person that radio-frequency power

may be applied alone, or combined with microwave power to provide a

5 plasma, and that although the frequency of the radio-frequency power used in
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.

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
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It will be apparent to a skilled person that it is preferred for a metal
catalyst to be present, for example a transition metal such as nickel, cobalt,
5 iron, or any mixture thereof upon a substrate as previously discussed.
It will also be apparent to a skilled person that although nickel powder
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.
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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 according to claim 5 wherein the substrate is kept at

a temperature of 100°C or below.
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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.
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5 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.

10
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
15 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 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.



109! & ()- 9 s10% & ()- 109+ K& ()- 8;[\]”l ovU410 9 910%! & () -
9s10%! & ()- 10+ 10+ 10+ myvYLl 10% & ()-" 9 (10% & ()-g

9Y&10%+! VOPI/BUIES | [ vU410 9 9310%! & ()-9 9F 10%! & ()-' PEIGBIRSI4E ()-: 9
109%! & ()-9 9S10%! & ()- 9'10%!& ()-:K|[:vU410 9 9Y 1 10%! & ()-
-MLO%! & ()- 9F *10%! & ()- 9YF&S10%! & ()- 93 ~$10%!& ()- 9F

109! & ()-' " hijky|vU410 91 10%! & () - 991Q%>|&f() 9s10%! & () - 10>! 10>! 105!
9 510%! & ()- 9 L310%!& ()- 6?y|[: VU410 9 9Y ' 10%!& ()-9 93 s10%!& ()-9

0w & ()20 03 slovdis (A BEe g )cliﬁg@lﬁf%wéﬁ@ws%% st ° Y
10%! & UF 10%! & ! di ng 13]c" "Heading 23] c" "Heading
33] i" " I(-I)eadl ng Axyfgmg(«%_@g@d}lf\%gltgél}ecehqugéd?ng 63] ¢" "Headi ng 73]c" "Headi ng
83] c" "Heading 93] c"A "Default Paragraph

Font=/" @ @ 28>/ EDKQbWZ="e: | gYw} NO] j +N! / ; EPYbi r] zucl| mopqr st uvwxyz{| } ~
~Kz.!1"$%+% . @y000000 11*131c1}111111119%R2?2J2P2u2222222 3343M3a3l 3u3333345
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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.



