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- 1 - NANOSTRUCTURE PRODUCTI ON METHODS AND APPARATUS
FI ELD OF THE | NVENTI ON 5This invention relates to a
nmet hod of maki ng nanostructures at | ow substrate
tenperatures. Mire specifically, the invention
concerns a method which uses a-thernmal control
barrier and a heating source that heats the surface

of th@AN@J’SQﬁi@ﬁT@W?PR@EﬁJCTRm%EﬁHUWRNUAﬁﬁ#ﬂ@@fus

(NSs) 1s used herein as a generic termto 10enpbrace
all nmetallic, sem conducting and insul ating

r ich have hi gh aspect ratio such as
ﬂ%@{mlﬁﬁﬁ Iti-walled carbon nanot ubes,
car bon nanofi bres, carbon nanofil anents, carbon

nanor opes (ropes, of carbon nanotubes), silicon an
si | i 4515 ByerionTiics fua “b%ﬂ"?‘? eﬁrrm?me? RANASHHBN %L low

stb&fa %éﬂﬁefh%ﬂ‘r‘é‘é’i Mre Sh&cificdl, HY ifvdaRn m&lﬁfé éf fhethod which

used t%ere nas a generic termto represent a or N
usés azhemmalwgniratibarssr aed adwealing septdecthnt heata $hmsuréacs of the
t%f@?ﬁe% ND TO THE | NVENTI ON Nanostruct ures :
A g pect ratios have great potential in a
gr eaTheageinetnand8piictap (NS4) isnsed Hleetin asrmdenesiczerm to

resul ting in quantum confi nenent, high aspect ratio,
el Ab MESAHS SHMICOR R0 ArRGERUARE P R P hich have
h@hcaéﬁé&eﬁatbfﬁlanmggélhg;emEjeﬁaﬁioen{uﬁr.wam& E&Bbh %;ﬁoﬁj%g, carbon

as i_ nt er connect s, electro es, sensors, nano-scal e
napefres, earbon napolaments, carksi nawropes\gppesiotearban agnotubes),

oS sl A0y R0 A BB Ao
et dihei tgue heatsowxaiplised bereireas argemerio derat tooreprdseneali forms of

t he synt hesi s techni que includes arc , discharge, | aser
hgating g'é%ﬁ ?%Fﬁs'gl"gcf’i)&??’bcé%?ﬂqan%m@ﬁsﬁpyt ic py?ol ysis.

Ot her known nethods are to use chenical vapour

deposi tion (rCVDi ano\lé&l{asma enhanced CVD ( PECVD).
BBﬁ’f@RQHNDi 1 SHRNENBIQN ussi ng carbon nanot ubes is
30 disclosed in prior art docunent 'Nanotubes for
el ectronics' in the Decenber 2000 issue of Scientific

Aner Neaosifirctu@s with highsaspecirtatioy hape gBsat4blential ;1 a great variety
o BB o R AT S B ANPAe joh aspect
rdtlc) WniguResle ifigdIc dplichl  raeBIRiréal trepaties ac aiakes tedm highly
dggi(rbéékta ?orlazp%cl)igat?gn% sauch as interconnects, electrodes, sensors, nano-scale
lasers, etc.

The existence of NSs is well documented in academic literature and is
widely investigated. The NSs is reported to be synthesised by numerous
techniques. An exampie is the carbon nanotube where the synthesis technique
includes arc discharge, laser vaporisation, electron beam and catalytic pyrolysis.
Other known methods are to use chemical vapour deposition (CVD) and plasma
enhanced CVD (PECVD). Background information discussing carbon nanotubes 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 fiow tube, heated to temperatures of the order of 500°C to 1200°C and a



WO 2006/ 120449PCT/ 02006/ 001726 - 2 - carbon
contai ni ng gas such as nethane is introduced
optionally in the presence of a transition

nmet al - cont ai ni ng catal yst, whereupon it deconposes

wo bdeeyazoiast er al i a, carbon vapour. Some of tPETEBHEGN01726
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vapour forms or condenses as carbon nanotubes. The

catal ytic process is sinmilar-2o techni ques used for
synthesizing a 5 wide variety of nanow res of

dicaiben santainngegasstush saanethanasis lintegdncerheriignalsin e presence of

R A O B G  f h

pisaon vapgurafiemeskiheanadiin wpousiongs Al ekeglensss ashearbon

gg%%tﬁﬁﬁmg ﬁE%UE{b?éBaC?E 1%(@@% nfqh?s E{egjd% ?\ﬁ}%&vizing a
1we wpieheofdpnonises of beferemén@teﬁda @mh acsiligosnanayirgewhere
r ﬁ%édt&lkp? éstq%élmhg ﬁ%&é@bﬁ §3ia VS@bhé{m%EQNoeMﬁ@%nkara

exa ni que

nilanoigobrology wzngwmapd@ém afgh %Nmmnwwsmln@ nigkel as the
P i

PEOERE ARPCAIRAN A afoN Sofie teed G @ SafnFE NN L
sﬂese@rch goenmplisamenisi(RORB ppulizhg Pl asma Enhanced

Che |
A e T L e ey
t tavprarauigse ysully lsbevieeP0°80 O0eaxampBOEa natutatf@r growing
d
D£8R LD REA B RSl O ARl picaton WO
f PPBHBATL, wiereinnavethod oEforming mathaningnoiybes on Materialg such as
gﬁsgaéllgﬁ ﬁjmﬁrﬁqﬁg}ll'@?h %Qnghﬁaé?ﬁé ERI%H&@H eheRfal %Eour

pOSIt rovi ener

r @qnwﬁ@n tP&Ca(D)paz disologed.Hevig hatsfﬂ%m%m Vﬂénethodg uses high gas
HSieratufes cﬁrl‘)@w; ‘ﬁr 0%%n 7ou El ol dd o?%ﬁ@é?trﬁaﬁgﬂﬁ fanotubes on,

dlsaSSOCIate t rocar on gas an rmcar

nfmexamele, gless ga\ang: astaipgroint terapeypiise offHH60C wh iheat filament
Cﬁftm gﬁ‘&féttHQ é}'ﬁ?dﬁ&@g%‘e%%g ﬁﬁtérl&?&n Qﬁwh'iéﬁ‘ﬂwel ébrbon
uction o nel

s?@@@ﬁbf%ﬁ“@é@ﬁ@iﬂ@dl e hsat ﬁlémphng’oyﬁtmg@%mmbfe%ﬁrﬁ@ te

WBHdu@é‘ theZRadihh bhovathd sﬁﬁét%@é‘ SRNAErERES p%@e@ﬁé’%chamsm to
m US 6,858,197. A substrate is coated with a first

| @l?@?SQ@fat%\“ﬁ lvgrocaeoncias @neder carhen Rardtelasising 2 palglyst

aTﬁé‘tb%Js¥ Shto \ﬁ'iléw ESbOR nShothb&s AledebodiRM®an TEARE 68ed in the

el ectrical conductivity associated wth the carbon

nBrsuctine ¢fflat pangdbdiseloys prevent ift-of f of the

cat al y&ndtiod 41 %@ﬁ?%r'cﬁﬁ%lleﬁrﬁé&bm aﬁwkg%\rvﬂ\t& singewall and

gas tenBeratures are typically in
B OOUtWAD EBrbo ANQ e A 0N P W@W@bé\ substrate is coated

f AR LGREH IR BV & ?%ae&emé@daddsa i‘éﬂﬂ\"i@ 1y PHR HSatalyst.

2005/ 0109 80. The nanotubes are forned in a substrate

sBppésiencef the figst leyaprhangee cleeigrlpopduddinie Resociated with the

| Hﬁ%@h ?f\taﬁbtlébé‘ﬁﬁ@ Blsb %Iﬁﬁ%ﬂéﬂ@ ff-olfaY fekQfilyst Wt‘ﬁ@@eo@d layer
cool i ng cleis initiated to cool the back of

Sﬁggﬁhgﬁg stratey The gas tempgratuies are bRicaliliBshe IW’SIE\}S@O"' 100°C

subst aiy, bdmatHRaFFEendRIRRY Bbiidaliig 8flerhnd rdRSS Rnown
severe limtations_on application devel opnent. Recent

r Be@Y S ROPR(R1G28R. The napaiubas AR/ foRRed Buisuhst rpt@v%l,pported ina
Si@ﬂﬁﬁl‘-ﬁﬁu?e feQUREIdEEHICR. ﬁﬁﬂe@:ﬁ%lﬁ%@?ﬁh@nérﬁ)tﬁﬂé% have been formed,

technj g disclosed in the Interpational patent

B PP PYSlE DS PIOPObTha, fackf fie substiate.
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5 the maki ng of carbon nanotubes at substrate

‘tenperatures down to roomtenperature is disclosed.
The contents of WD 03/011755 are incorporated herein

by reference in their entirety. After the

di scl osure of WO 03/011755, there have been reports
of simlar techniques with | ow substrate tenperatures
bel ow 300C as reported in ZOOg"i ssue 10 of New

journal of Physics (S. Hof . B. Kl ej -

oy oo o 2R SR Ry foagno i

W&e@%e&@%ﬁkﬁ@atlﬂ%%tﬂ a[:{pTcMior{Vbé\ﬁa% rentPReatnt Bsearch has been
ani er Touzeau) pp 1244 V\,here bot h technlg ?e is the

floased| oh evaving:tayeards bw&tﬁdﬂﬁ@é§5 iRAPSrAtHES RRY PRE EXFL
gﬁcﬁg@pet(%&qsgﬁdb?a? ﬁ{tgltn‘éﬁg??@aftéﬂtt BlicAIROREP 03/0 1755, wherein

ure syn car bon nanot ubes
e AAkisY S tamion maiotbeal ataubshatevtampesEtuEs dowgRapom

é‘%é@gﬁfvggs?&%cféééi! Thégefats oo Gt FREafegetofied herei
[Slg"r%lg a,é,pgmgg, one active netal catal yst I ayer

bet ween one netal carrier |ayer

subst Aﬁeretharvbls@wreww)rﬁ@fwéﬂéﬁ theye havs heSacsnyts of simitr
%glquggw}{ﬂlﬁwl L{?)sﬁgte tgﬂ}q%al}lé\tupés IS 308F boéé rebBﬁed in 2003 issue

e covering netal layer
BﬁMeﬁqo@rfnaPuf PWsicEIS. HifmaRh, Br Kieirsiorgea |G- d%caélmd; hdRobertson)

BRRcNG APRAISIE S APPE PhiiR Eeup (o e, R dit A

QR0RE hhew. 'ﬁﬁfz%ﬁﬁ)nﬂﬁ HDa4 %e@é pelhasthisigles smgw dEfeztive carbon
present 1 nvention been devised and nodified to

panoﬁuhes amichmye bedeve lﬁl@ilteé'i@déﬁé‘?‘ﬁ teMpE@I5epr ocess for

the f L0 '
TR R, B Pl BB AESAARBSMfgron panctes
@hcs\ubdﬁdteana@tnhodra)rﬁndvm fmrrmgCN ddd8B8B4ic thrse@celrnent discloses

Lo AL Ay B oo e

?x‘?é{hf L& m&lﬁ@é oRe Rfivé Hfétélftﬁltaﬂ?ét Imtgaﬂﬂwmmltmtween one

ove 3a and form ng the nanostructuyres
meefahcardel layer om theneubsiigie Aag ENE\FONEURGHRIE Qlﬁ%\f%e he active metal

ca?aqy]/sﬁsl. FE BB grelﬂgﬁ“'a'ilbﬁnth@%éigl Earfiésiapb AsitPthe covering metal
layer may be of Au Ag, Cu, Pd, Pt or their alloy, and the three Iayers may be
formed through vacuum sputtering, chemical vapour deposition, physical vapour
deposition, screen printing or electroplating.

The present invention has been devised and modified to prov:de an
improved low temperature PECVD process for the formation and growth of carbon

nanotubes.

SUMMARY OF THE INVENTION

In a first aspect, there is provided a method of forming nanostructures or
nanomaterials inciuding the steps of: providing a thermal control barrier on a

substrate; providing additional heating of the thermal control barrier from above;
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In a second aspect, there provided a structure or
assenbly made in accordance with the nethod as

defi ned above. 5In a third aspect, there is provided
an assenbly for form ng nanostructures or
nanomaterials, including: a substrate with a thernal
control barrier; a additional heating device for
heating the thermal control harrier from above; and a
- device for formng the nanos Fuctures or
nanomaterials on the substrate by plasma enhanced

chem cal vapour deposition 10Al s is -
anc fdmoing thef ranesHYClEPR 8L ?W@%&'ggsdnn@%%r?r%g 'g?%atl?ysplasma

conprisi . i.di i EHhqg & pdsbarrier on a
eqh epa%he%g‘gg%,%gglrﬁ%%@ﬁﬁ%no%t ?guﬁstr ures Qar made in
nanopesd eetaidsasplot therer pravided @ FBICYE9 38 B I'yps fe

ensure that the te e substrate remains

aggorgane M"f‘\?'é‘l” 9‘9%‘5&%@%@5% gfr)%\;é]énd thereby increases . -
t he [,@ﬁ @8rPhspect Aherastpeovidbd antiss Bk fop BTGNP S
formt

e substrate. Thus, the.the 14 gaditional

or edogmateriels, iUy e Py %ﬁ}t? Wét%sau@%gfgmfﬁz gaﬁﬁr, a8 fnona

L eg%;e \a%t/i-’%? rq{eeftihﬁ 156 Rsdrial Bohtsolraerfariairh pbbegsandafevice for
hesg g7

he 'nafostructures. or ngnommt eri h d
fbfingthe Fdtodtambires ot DReBAIAIAD Al SHisfiatdy pisfa enhance
di scl osed herein tioi t is now possible to deposit
chgrbed! vaePYr AP anomat eri al s onto substrates at

| oW txqEm BlsBlodbE §s Mmdthodnafl furaiing NYOHNCHEER O nppQ/apterials
providing an increase int co i - 9k th
st a g cPolic AR Pophaed il the
r%%%ﬁbétﬂ?%#&@ﬁaﬁm%ﬂ@@ﬂ"ﬁé itdranah centapiiareer hedps to ensure that
|

al'ly significant material s, that coul

s eempbtdiurchsf the skpeivaie GRS R TP i tap ey RFand
deposi tion. ije nz‘t g%qls di scl osed herein may al so
thprely iBCisRgRR IS/ 189G "And t hr oughput in the synthesis

of NSs due to
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increased growth rates. The nanostructures or
Banogaterlals typically formon the thermal contro
arrier. 15The thermal control barrier is preferab
provided in a substantially continuous |ayer to d
ensure that the substrate is protected across its
entire surface. The thermal control barrier may be
appl i ed using any suitabl e teéchni que. Preferably
however, the thermal control barrier is dep05|tea on

nﬁ)eﬁertlglg rﬁ@ﬁ%g%@ uus{_e?rto @%@ﬂﬁﬁuh‘slh’etet hERrusalthe Bigrng| control
Hakéarmraducsstigating Fk?ﬁfﬁpteszﬂen ogs]q&g HtBF ﬁgbt%'iﬁ;jaérgtur@ B7ihR substrate
i%g;e?q-:r@B fdglﬁslf é\@ﬁﬁ{/@ﬁ%ﬁl@ thE %ﬁéstrﬂ'éi@refsh&mbmabmala pre

f

thi ckness of greater than or

200nrht$h2n:nh| 5nm 10nm 20nm 30nm 50nm 100nm or
may @élqeqﬁg,}réarg rc? 8 %Bpli éggrd'ig% os%erﬁe’réih R# Rdve bossible to

i i ons ere additi onal
% Ghh &rdc?urbswnhadma'n’dmls bitokaubstsales at hew {apergiures while
D PeRar

n arrier may be 500nm 25 or 0D & ?nﬁ'\&% b
mamta-smhgmﬂeiact Ieyetﬁ BrAdRY FNANGRRET Ty Qﬁg‘} ldFBotential of

tltﬁgbggitggég%&%g % ecflly Wfﬁir@ﬁhh@ﬁrMﬂlr@smlnanm@tenals

Ing t
Senyplied fo t;dimrrfelgncial?\;emgstﬁggtzggﬁtﬂ'llglgy ngltqtl‘d)?.gd Bgf lg:? ir.}g%l With the
r

the thernmal control
meigarxe@peﬁﬂw%ﬁaﬁ%w%h?? Bt T o oo e

&@Ié@éiloﬁﬁ% hiheRpiid add tirbogleputiie thesswodhesie PLNES dg,ﬁo

onaterials are fornmed; or sinulta
neousl with the
fmremd@now’ﬂ\ ratefest ruct ures or nanonat er i al)/s The

cat al ﬁ,

stedcRire€ %67 ABhEmakfials typicallyfarmi arethei thermal control
powde ?Bgﬁ%{ havs ng a particul at gﬁsn zsg of between
Badiem and 1pm Conventional [|ithography techni ques

Ty b'(Ie'he(,? ?f?&lm%é?gort]t?ol trrﬁeq'r i pFJf@ra%‘N &IchFed in a substantially
continuous layer to ensure that the substrate is protected across its entire surface.
The thermal control barrier may be applied using any suitable technique.
Preferably, however, the thermal control barrier is deposited on to the substrate.
For example, the thermal contro! barrier may be sputtered on to the substrate.

The thermal control barrier preferably has a substantially uniform thickness.
The thermal control barrier preferably has a thickness of greater than or equal to
3nm; 5nm; 10nm; 20nm; 30nm; 50nm; 100nm; or 200nm. The thickness of the
thermal control barrier may be increased in applications where additional
protection is required. The thickness of the thermal control barrier may be 500nm
or more.

The thermal control barrier is preferably a metal (such as titanium),
semiconductor or dielectric material.

The method according to the present invention preferably comprises the

further step of providing a catalyst on the thermal control barrier {0 facilitate

" formation of the nanostructures or nanomaterials. The catalyst may be applied

before the nanostructures or nanomaterials are formed; or simultaneously with the

formation of nanostructures or nanomaterials. The catalyst may, for example, be
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The catal yst may be a netal, such as a transition
nmetal . The catal yst may, for exanple, be a netal, or
m xture of netals, fromthe group conprising nickel
(Ni), 5 cobalt (Co) and iron (Fe). O course, the
catal yst may be selected to pgonote the formation of
a desired nanostructure. Nickel (N), iron (Fe) and
cobalt (Co) are normally used for _Carhon nanatubes
O A it PR HBLEP T RV Rl CR S ASIO (R SRRg: T gedHm.

tfol ' iddesaihBe effipidyaicabipaifeietheadaalyst.
ggév@éfobégghﬁgﬁgg%@%%%dw res).S ?LSI rﬁﬂ cert aipn Y
enmbodTrecdtalyst imaytireca metalcsuah as ayansitien mglgl. pehe catalyst may,
dequat 0 _mai ntain t t t L : i
Bepeainblzob® A Bs/ar s FRIAR 1 $50 orcl FeMmBleAS ficke! (D,
@ﬁjaf“qtj@ bEg irod c(fb'p_o@glcgszfse ptmlfcawpdtimw b&sekatest togiremote the
This may be perforne su ing.a co nt, SUC
fasmationpf a desited @ﬁ@?Stle‘¥‘é[ec 3\@?%‘1 @QMQ". @?ﬁ gnd ﬁ@ﬁﬁﬂﬁég) are

| ' Y Vr8fth; Whetedd GatliuhR@a)adr gold (Au)
@cﬁﬁ{a{sllggg??;féﬂe@%r anc tﬁ@ ba‘%k face of the subst r)ateg (
mayp bedisedifer Siliepn onowises.nhikewises difereniteatpgals may be used for
2rﬁferabl¥ performed while the nanostructures or
PASKRCY RSl s are forned. Most preferably, the step
of cogpldent@int drabsdinséntslthe itlserpel tontne dbastidranay be adequate to

ti ly th hout th . Ling., i
RN e JersTBRIP I aie SUNEHR BTy PG B rhe

bij ' itf RibstrBe. This m
é‘ﬁ@é?'ﬁ%teg‘ﬁsﬁg%e‘f)éemfiei'si 2@?"5’#@?@%“"’%@?““1 5C or 125 oY

bé pedomied asaEplyingtaicedant su\dhmaaﬁo@hgliwpegqsopq@gpoling
\}fr!glii {ﬁ.ﬁ?n %{ﬁ‘{ag{:swgélnbgqqﬁglfrﬁgg%)%?)g&iﬂec'd Bh&l rofRhde Sthgrsgbstrate

S Or nanomaterl a

bl e BakTaee oflite sulsitiafgcedled. hEhe stept ofatoelicy thedsubstrate is
initiated i medi ately the 25 nanostructur

prafesAR deriargen avhiedhemangs Fuduios a rangmale i kg lomed. Most
ﬁ#é?efﬁ?l?luih%gst&g of BSomidPHk’stbstrate i® pEFOMBIsubthstidiif€ontinuously

nanostructures or nanomaterials are formed. Thus, the
thhmrgheiut themprooéssal he seolingisigisraincenteoliegiaengiie at

| atively | iIst allowing th
%&%\aﬁﬁﬂ&@ﬁ gpslﬁ'ﬁgﬂ@{?§hﬁg S tz fgr'mOWBB'?'he SI asma
Wi | | prieengdiatuse of toesuisttate malyeheniabs tem 243°Charsir! 75°C or
el el 5 P a8 g P e o
ik ubSirhfast BRlier sty 6Pk MAMUAT WARSHHRndrbsirasiupdy ot -

Itio
nanomaterials are being formed.

The cooling of the substrate could be initiated immediately the

" nanostructures or nanomaterials have been formed. Preferably, however, the

cooling of the substrate is performed while the nanostructures or nanomaterials
are formed. Thus, the thermal control barrier can maintain the substrate at a

relatively low temperature whilst allowing the nanostructures or nanomaterials to

form.
The plasma will cause the surface of the thermal control barrier and/or the

catalyst to be heated. However, the method comprises the step of performing
additional heating of the thermal control barrier and/or the catalyst. The additional
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heating may be performed, for exanple, by al ;
infrared light; or a hot filanent?pThe t%erna?ser’ o
control barrier nmay be optically reflective. Thus,

the barrier may reflect light, for exanple from an
infrared lanp, to naintain the substrate cool 5 and

if present, to pronote heatihé'of a catalyst. The ’
thermal control barrier may by a thernmal insulator.

K& atiPBURSEbe potrhed rfat exampleoby bdasdrean infkared ligh r a hot
Pptlcally reflective and a thermal insulator. The
HeMRBE may conprise the additional step of providing

at | et iHRRRaC®HHE baRid: Mtaysbdepliatle reflduivat Theasthe barrier

one device may, for exanple, b 10el [
ampaiiuatights o examnie AV gFed . 1h 1AL B pprate oo

%—3{,{, 'C@gsérﬁe%;ﬁoﬁ{&@ lh%aﬁﬁé)gi’ dediMyer Thakkkratal lceAgsd! turder may

“I'east "one”device s preferably at
%wamemﬁ}]s@mmal Of cowsertbe thermalicantreldyareer @@wibedroth optically
arrier. The nangstrugtures or nanonaterials may form
T%ﬁ@?%ﬂ%@ﬂ@rﬂﬁ\%ﬁaﬁ?% or nore such devi ces.yChe

Or N FRIMEE Iy BWRiSisEEMe edivasl stepl obpraviving at least one
substrate to 15 connect the nanostructures or

daviczmndne atisstietes dna ahieast gae dgNiceduRy, f¥ eFple. be an
subst r.at . ; , s -
APSROHR Brtnt, dlch KR EnsiABL TR, Birrel ool bamier 15
pRieSbIURbIited over naidatdeast capgleyisepring aidesst onediayipe is

 preikirhbirres suRpiethabL oy By Seid F@hg WhuSPatter. The

ﬂgﬂ%’s;tﬂctt}gr%g r'bggag?mﬁmirﬁyif&;rﬁ int@@ofihects between two or more
nan i

ouch evicernr PR oF GHTEGIOTE 13rS M URNEP Ay bEGHEEate to

LREASH IR RS BHREE T haRbinaldifafs (o Hd abRGsVoNG detive

ures or nanomaterials are forned. The
t her nBhe sabstrate rbay, foeexaraglepbe v estiss Mpateriaht

ngtste I Orlgctflgxf,eg@gg}e?ri] 15 eti H}%tﬁ(?mo%ﬁ‘\b%a‘?lfosfr!]@tures or
nanomaterials comprising providing a thermal control barrier over at least one
device provided on a substrate and forming said nanostructures or nanomaterials.
The nanostrubtures or nanomaterials are typically formed on the thermal control
barrier. | '

The temperature of the substrate is preferably less than 350°C while the
nanéstructures or nanomaterials are formed. The thermal control barrier may
provide sufficient protection to maintain the temperature of the substrate at less
than 350°C without actively cooling the substrate. In certain embodiments,
however, the method may comprise the step of cooling the substrate. The
substrate is preferably cooled while the nanostructures or nanomaterials are
formed. The substrate is preferably cooled uniformly.

The method includes the step of heating the thermal control barrier.
Although the plasma used to form the nanostructures or nanomaterials will result in
heating, additional heating is used.

The thermal control barrier is preferably provided in a substantially

continuous layer. The thermai control barrier may be applied using any
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sai d
Qfanostructures or nanomaterials are formed. The thermal control barrier may

25 than 350C wi thout actively cooling the substrate
In certain embodi ments, however, the nethod may .
conprise the step of cooling the substrate. The
substrate is preferably cooled while the
nanostructures or nanonateri alés are fornmed. The
substrate is preferably cooled uniformy. The met hod
i ncludes the step of heating the thermal contro

Sigropridte t&hnAjuchbubhist Ibf@fﬁFfBbl?/rﬁ@UtiQ@ﬂi Qnplcr Taﬁﬁh?ma' control
nanostruct ures

basger. nghe heanal Mro?ﬁglg?qtr %gé Jaé _}ﬁékﬁl\% es'rd;ag'reater than or

SRR O5nAALHIeN Ofrh: pomhesarhxhysommyn@mmmr%mnm The thermal
stantiall'y’ conti nuous | aye he Lhermal control

fied oriey e TR e ipoang! BBAN 0L 7 ot
t her mﬁa gt Iﬁg qdebdé\ﬁcdoér%ﬁlﬁfeﬂ%rytlﬁmd}bbﬁé@sQiﬁeftacattlj'lat least

arrie The t her mal t
mm@m@my y:ohaed dytdzicthessal epnty @g?r@rcﬁ' %g[ﬁ%léqzasé &Ggﬁ:{ev;ce is
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provide sufficient protection to maintain the temperature of the substrate at less
than 350°C without actively cooling the substrate.

In certain embodiments, howeVer, the method may comprise the step of
cooling the substrate. The substrate is preferably cpoled while the nanostructures
or nanomaterials are formed. The second surface is preferably cooled by
introducing a coolant into a cooling well. The method may include the additional
step of introducing a gas at the interface between said second surface and ar
surface on which the substrate is supported. The gas may be hydrogen or helium.

The method includes the additional step of heating the thermal control
barrier. Although the plasma used to form the nanostructures or nanomaterials will
result in heating, additional heating is used.

At least one device is preferably provided on a first side of said substrate.
The at least one device is preferably at least substantially covered by said thermal
conirol barrier. The at least one device is preferably an electronic component,

such as a transistor.
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the nanostructures or nanomaterials. The tenperature
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thermal controi barrier preferably has a thickness of greater than or equal to 3nm;
5nm: 10nm; 20nm; or 30nm.

At least one"device, such as an electronic component, may be'provided on
the substrate. | ‘

Also disclosed herein is an assembly for forming nanostructures or
nanomaterials, the assembly comprising a substrate and aft least one device;
wherein a thermal control barrier at least substantially covers the substrate and
said at least one device. '

‘ The at least one device may be an electronic component, such as a
transistor. The assembly may further comprise a catalyst for forming
nanostructures or nanomaterials. |

The processes described herein may be repeated to build up a multi-
layered structure, such as a Mmicroprocessor. Intermed.iate polishing st_ehs may be
performed to provide a suitable surface for providing a further thermal control
barrier on which additional nanostructures or nanomaterials may be formed.

According to preferred embodiments disclosed herein, there is provided a

method of forming carbon nanotubes by plasma enhanced chemical
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materials. The methods are suitable for manufacturing sensors and integrated
circuits. The present invention as defined herein is not, however, to be interpreted
as being limited to these particular a‘ppiications. :

The nanostructures produced in accordance with the methods described
herein may, for example, be carbon nanotubes or carbon nanowires formed by
plasma enhanced chemical vapour deposition using a carbon containing gas
plasma. , |

Also disclosed herein is an apparatus for forming nanostructures or
nanomaterials, the apparatus comprising a plasma chamber, at least one heat
source and a chuck for mounting a substrate; wherein the chuck is
interchangeable.

Also disclosed herein is an apparatus for forming nanostructures or
nanomaterials, the apparatus comprising a plasma chamber, at least one heat
source and a chuck for mounting a substrate; wherein a cooling well is provided for
uniformly cooling the substrate. The cooling well is preferably adapted to provide

uniform cooling of the



| ayered structure, such as a m croprocessor.

I nternmedi ate polishing steps nay be 30 perforned to
provi de a suitable surface for providing a further
thermal control barrier on which additional - '
nanostructures or nanomaterials may be forned.
According to preferred enbodi nents di scl osed herein,
there is provided a nethod oPaforning carbon

nanot ubes by plasma enhanced chemical -9-. vapour
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Heduim, 1% e a@yF“%MB$QNWh process. The Carbon source
woul d also be in the formof a plasma beam or plasm
arc, or nolecular vapour with excited carbon ions or
radicals. CQoviously, wth this invention, where the
control over both heat to selective areas and

material structure is attainable, could be extended

to a host of other materials and applications. 10The

nmet hods descri bed herein allow for ‘the synthesis of

'NSs to be carried out, optionally using selective
heating froma heat source and contai nment of heat

using thermal control barriers for effective therma
budget control. The process is generic for the growh

of all fornms of nanomaterials and nanostructures,

such as nanot ubes and nanow res, conposed of

metal lic, sem conducting or insulating 15 materials.

The nmethods are suitable for manufacturing sensors

and integrated circuits. The present invention-as
defined herein is not, however, to be interpreted as
being limted to these particul ar applications.
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supplying a gas to the |nterche betmeegu:L:tcLSLk
ﬁh FEDEBESIPRIGN ORUMHECDRAYINGS A supply of gas,
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- The apparatus is preferably provided with RF
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and readily carried into effect by those s%(lIPerdol\rqltiqee gr’(t gmﬁujﬁ’i‘ﬂélﬂg thereof will

now be described by way of non- Jimiting example only, with reference to the
accompanying drawings in which: '
Figure 1 is a schematic ilustration of a suitable direct current plasma

chamber for the forming and growing the carbon nanotubes upon a substrate

" according to an example;

Flgure 2A is a schematic illustration of the nlckel catalyst on a titanium

thermal barrier layer, according to anexample;

Figure 2B is a graph of .the simulation of the temperature containment effect
of the thermal barrier as an effect of barrier thickness; ‘ |

Figure 3 is a typical scanning electron micrograph (SEM) of carbon
nanotubes produced at below 350°C temperature in direct current
acetylene/nitrogen/hydrogen plasma on Ni catalyst particles, according to
anexample;

Figure 4A is a typical transmission electron micrograph (TEM) of a direct
current PECVD produced nanotube produced according to an example;

Figure 4B is a typical TEM of a direct current PECVD produced nanotube
showing aligned graphene layers along the nanotube axis, produced according o

an example;
Figure 5 shows a Schematic diagram of an alternative setup of PECVD

system comprising multiple power sources;
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

DESCRIPTION OF FIRST EXAMPLE

This example allows the deposition of low defect level carbon nanotubes,
though not specifically, at low substrate temperature below 350°C. It should be clear
to a skilled person that the invention can be extended to other materials.

Referring firstly to Figure 1, the plasma chamber 1 of a home built direct
current PECVD system 3 is used as shown. A vacuum chamber housing is capable
of evacuation with the pressure being controlled by a manual leak valve (not shown)
at the vacuum pump inlet 5. The chamber has a gas inlet 7 for receiving a flow of the
required gas or gaseous mixture, typically a hydrocarbon gas such as acetylene,
C,H,. It should be obvious to a skilled person that any carbon containing gas could
be used.

An earthed electrode (anode) 9 is also part of the shower head is provided in
the upper part of the chamber 1, whilst a powered (negatively biased) electrode
(cathode) 11 is provided in the lower part of the chamber and connected to the
appropriate power source 13. In this example, the power source used is a 600W

Glassman power supply unit (PSU).
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flow into the chamber 1 at a rate of 3, 100 and 100 scem (cm*/minute) respectively,
using a suitable device such as a mass flow controller.

Direct current power is switched on at a voltage setting of 500V in order to
strike a plasma. After the plasma is struck, the gas flow rate is adjusted to provide
a working pressure of approximately 5 Torr and the direct current power supply is
adjusted to operate af constant 550V to maintain the plasma. The potential
difference to some extent determines the direction of growth and alignment of the
carbon nanotubes.

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 1, thereby

allowing the PECVD system to transport the disassociated hydrocarbon species
and carbon ions to the substrate and initialize the CNT growth from the catalyst.
Similarly, the heating of the surface is not limited to only the plasma and can be in
the form of hot filament, infra-red lamps, laser, etc, as should be obvious to a
skilled person.

The temperature of the substrate 15 on the electrodes 9, 11 during a
plasma in this example is less than 350°C. This low substrate temperature allows
for a wide variety of previously unused substrates to be used for carbon nanotube
deposition. The substrate in the present example is not subjected to deliberate
cooling. Therefore, it will be obvious to a skilled person that with a suitable cooling
mechanism, the substrate temperature could be brought down to room

temperature or below as illustrated in figure 2B.
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the iniEf0 R o cAh S IRRRRI S é”“‘“ﬁﬂea’g’nﬁ;’n&
- o gRirmaEbaoker daydarrlé’ottarbm ia;dtdomm% ﬁ&ﬂ%@‘g depOS't'O“
nanot ube is shovvn in Fi laid
technigbglangeaffactivelyGoyR™s the 9%981‘ 0?)@ '%L‘ o ﬂ%%‘%’tﬂg% &

on nanot ub

down ﬁﬁ%%tallog‘g@oﬁ Pﬁg%ﬁﬁe{ %értﬁﬁgrﬁlgg!ﬁ?@em\r/‘m djspmﬁ‘ltetihe

Plasma or top heating techniques are employed to syntheSISe the carbon
nanotubes. The thermal barrier layer 17 creates a thermal gradient which prevents
excessive heat from reaching the neighbouring devices.

After the carbon nanotubes are grown, the top surface can be removed by
chemical mechanical polishing (if required) for further deposition of the top contact
layer. Mixed carbon nanotube- metal interconnects too could be used for
enhancement of the conduction process from the current state of the art. This would

be achieved once the aligned carbon nanotubes are grown, a back fill of a



20 interlayer spacing of 0.34nm typical for graphene
sheets along the CNT axis was found. The typical
| engt hs of carbon nanot ubes produced varied fromO0.5
to 5pm wth dianmeters ranging from5 tol5nm
Adj usting the process parymtiers such as deposition
times, gas flows, catalyst particle conditions, gas
concentrations, etc may vary the length and thickness
.- of carbon nanotub RnShAner ifefediects 27 to
suitablg;rag 'sse@eﬂPéﬂﬁﬂgf’?%H%%’g‘:‘?%%? é%éd'??e_rr?t pl asmas can
comm?@iﬁﬁ%é‘?lééﬁbﬁg%éﬁ%@hUMS onha singlr integratesl eiutiitgan also be

envisagedr bdiniaa}cﬁﬁa}ﬁetﬂ?ﬂnggé)%ae@?lﬁg%v@rgsg%gwyFll C;ﬁg%%;ﬂké%ﬁ vga%%oles
generaff il will s Tnq B pucBE CobET WS ThsCabantadale oy oo put
down g@g glg 58@\% gﬁ} a?ﬁgmtgknﬁag?raﬁagiﬁ?@ﬂeggrqg_ﬁhaqf CaEIQH) Haneiubes
at low fempetieregs SRPRSRd i 1S "‘ﬂfﬂ'@f%FQ&A%FOF‘Q&E)%W%%%'E%P%’Cess
such a%,g %{:%%a'eeg)o%ﬂ%t rc)?};)ﬂg(sjigél M’ﬁ%@s o ﬁQEpQEtem?g bpevaporation.

are desir It shoul d.also. hi
Once Btk engths of earbonl Haswtylmsshave bren g dpepnanica|olishing

limted to the set eSCr i [ i
such as @MPeWY%WgUHeHgBifﬂ?%'%gﬁgﬁ U\‘/]\f,ﬁ’[é‘\g'eﬁrfr'g]fE T p| gtargé%{ r:ay
i LB tEMaPYRbstGonhe dedited hectal taacks on the
also béggélﬁ’ﬁégd &ﬁ??rﬁ%ggh@itgti ng of a cooling -nechani sm 25.
integratedadifceait. possi bl e setups not described in this

enbodi ment, the energy source can also be provided in
the formof optical (e.g. |asers, hal ogen |anps,

DESC?QIE)HO?I%FQ{HIRD beaMPOE (e. g. filanments, etc) and
ot her forms. DESCRI PTI ON OF SECOND EXAI\/PLEWb Theive
sEoathirdesample allaws/iberdaposiios<TPhPhLPaNTHPEE PEA

| evel carbop,nan rAther oplicati
vanofitch SRR BRI S P o o S st
of serléRfplafiofthsr O&fbesei mianvtases bnotec oanewires are utilisad asmaterials

Integrated circuits for carrying |arge ' A hi
for chemicalt ineshamicaly ﬂ%ﬁ?'@%@é?itélth%bw@ Sencr#h%ﬁ@ %r@g igh aspect

. not ' Sh'thigbxadple)ta temperature
ratio @ﬁ%‘gbﬁgﬁﬁﬁﬁ“ 8}%%%55@@%&%%%%?& i on, hlpgh _cﬁr rpgnt ded
sensifd Sibdigits dpatichyasiplastiald sad. & pluedty ohdeyiges ggare provide

on T FoE 1 R LSS LSS dplmtea

. processes o _
su.bst[agg% LA SRR ALRIEETD aEHa Heviceosbeh ke prgdmt tandsi@s used in

revenh excessi ve diffusion of dopants through the
the applicatiesed creation of vacancies in silicon. .
Figure 6 shows th e_of i\
T 45 fatres by et EnBaatfieh BFpF A1 AR Bbsctivet as
encloPﬁngFQQ}éVvidég'eﬁﬁjﬁ.% SRaRuti laig o thesiesuied regipn armiTs are
ocatlon of the interconnect 27 can be dteﬁﬁ\l neq tlaver 18 is
depositechugihg exdimilantedhiniausyra i firstembogiiagnt. A contackigy

provided FaTgron AL NG SiTbes A PAIMIZH G i SOBBUEE T over o

g(@m&ggﬁo&m heatipaee bettomTduiicgtractped effectively airgtects both the

devicedeg@nom;jggielt éfb?sttrla?g. ‘I\'A#ee rﬂﬁ_g%lﬂg d%g‘g?i L ﬁ%@ﬁ%ﬁg&?’ ufiided in its
presqtpgﬁ b gg §§ f%@iq?%@%&n%cﬁﬁ%f PeSM=Resi$a dhenicargrosess. With

u arrier layer 17 creates a
suitabl@%ﬂ_@tﬁor@]iﬁdﬁcﬂn_ﬁt ma;jydjp m@iém@teewwﬁsmn?@ﬁm pogpses. It
reachi ng the nei ghpbourldn evl . ; : ti
may alsoikUSRHBY IBESNG Y VRahE syroynpirS Sironfifent in

STV 8[“’%{‘1\[ edlind'BESSB eAbrgyalitts Buitablé icbating layers.
Che"{'%a?%g)ggf or turt Ir(lzgérsdepositi on of the top contact

| ayer. M xed carbon nanotube-netal interconnects too

coul d be used for enhancenent of the conduction

process fromthe current state of the art. This woul d

be achi eved once the aligned carbon nanotubes are
grown, a back fill of a - 15 - suitable netal is
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integrated circuit. DESCRIPTION OF TH RD EXAVPLE

The third exanple allows the deposition of carbon

nanot ubes or alternative nanowires in a |ayer 28 at

| ow substrate tenperature bel ow 350C in the

application of sensing platf.cws. Carbon nanotubes or

other nanowires are utilised as materials for

Pr8&0E HanshE %@%%ﬁélso PeFabRESRY filzaﬂ%aor BnithEislgndl & ciated
properties an aspect ratiro (which results In
wnthlch‘xeaisaé@rmahoﬁalféhaNéra) The MEWQEM@US@ to transmit RF signals,

er at.ur nsitjve substrate 1 Iastl
o 8Bhss ARl B pe sl Ho T 1 SRR e R i person
skiBatn Biecart couldhavat enat c}( denpe sriictuRsIRASIsE €his platform
materials is not linted to substrates and can be

teshnoleeydfor manyrarplicafidisees such as organic
tr anﬁ"h%tlfé'ésof‘fﬁﬁ fhérﬁ]a'i B§ Py ef A aﬁles Iari;e argﬁfdﬁbbélﬂgn of the

to figure 7, erma barrier 1ayer

Niesswhich effeativein ricosdses the efiitienayeofiteg semsorThe ,
catalyst is laid on the required region and NTs are
deposited using a simlar technique as the first

enmb o ESTIRIP AONDOFEMBICLY MENB O THEIWNMENT IO
connecting the devices 29 provided on the substrate
15. The top down heating and bottom cooling

et hemeqﬁéf%h\é%cbsrd%g)i&fhb%wmgtéh@o&ﬁmeﬁ@am@ A8 Jeposition

and the substrate NT thus déposited can now b
ofitaw defegt Iewei carbpn eseatubes; iough byt speaifiidadneati !@\atsubatrate

of th b a ce

kRS BogC. Pofal Rt A T H0ed hefodithdidlig venton
hntbeb@demiedaﬁb cgﬁslematdrtaima%n apsicallirating dolime in the form of one or
arvesti energy via the surroundi ng environnent

m‘?Tec!ﬂ ﬂﬁegg?e‘ﬁ) % pleyeql]g}@"%% ﬁ@g ol ar energy

W t h b Aib ks ngﬁﬁlé igh thd PEENVD systeﬁafi:mnd?rs%g%reamber 31 which
transducers may al so be fabricated that work on the

hougesiths mmmeatt%af thietgystara. Heg ehambend wrllcap bemarmed or

CQ@{%"& depend Lﬁ?8n E?oéé%gqeé@ éﬁ‘@"ﬁe Bﬁstéhgﬁ}%%ig&%é?npnses a

ot é sensors’in say
ga€mldesh and ouﬂbieSTpeTr}mTosksé gasbs enteheiadhé¢ indetlddand are evenly

st e Bremsghod b8, B bl Bl inaine hrough
tHd ﬁsé‘%ﬁa %rottréa/atl\b@n Mhdcoldad bt ﬂfe % @mel%?aﬂ:éf@mstﬂeqdmpmg

area deposition of the NTs effectively

svﬁ@nbéé@esdlﬁm@uaom upifeimty en Pﬁ durthan dpproveg sixrnanifag pumping
EIL\@ :I’\/El‘\‘g THE | NVENTI ON 10 The invention

O o7 di ng Tﬁ% ‘foll owi ng enbodi nent all ows the

depofiowenis délivieoxd ttEM1quIa$reaed|a an elewirode d8twiiiels aliows the

t ho no speci ficall at w substrate te ratu

SHRRAcR0 theT e pliiiedto & paalit 888 ST PokSTRsBle San be n

thd R dS!ERF %Qﬁ@@ﬂ?c‘sﬁl ﬁ@e\nmffdrﬁi@dﬁﬁtrbﬂbdﬂnh%f power switch 49. The

mat eri al s. optical heating source in the form of

conlingpstags Cﬁﬁrt@ c!rmemamé@ﬂm@oiaah@%s Prslicghpiy thereiere Hies
B8RP TEMberature is controlied by the coolant flow 51. The transfer of heat
from the substrate to the cooling stage can be further optimised by control of a
thermal interface gas such as hydrogen 53. The heating source is in the form of
optical heating which is provided by Infrared Red (IR) lamps 55. The optical
heating can be further optimised using reflectors 57 to direct the IR to the sample.



Referring to Figure 8, the PECVD system conprises a
chanmber 31 which houses the conponents of the system
The chanmber 31 wall can be warnmed or cool ed 33
dependi ng on process requirenents. The system

WORzGPHI%Y conprises a gas inlet 35 and out | RET/GH2006[¢§E726
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process gases enter via the inlet 35 and are evenly
20 distributed through a showbihead 39. Process
pressure is then maintained through the use of a

t Krshbtiddevaivicas 44 alpecanatillad int the agidbatdw bpticaBSqurce

PRI SRR R o1

punpi P@wépttcitabhqaﬁog ;ssgrce flisninrbegyr ate@_mi@thei showel heget iadhit o

& HpPAER e PTG BPerfedy YElB bt P Ry blingda assembly
Th® opshield &ledrithre cmtnberrmbal tha anhde. fThwepiasineR tHis ir;starib@would
4 : . . . _

The W88l e Aaithent o RBERobEEs. L 2 o0 ant | gas o

| i qui dTisnitketrha cehtvolebarties iis thisembodimeriwparidbe besedon thermal

1 . . | o f
B RD R D RN o Ry I8 b BRI T e v
f obvibies toappersors sidlidayindiosn birt that die cho@ df termal controt using barrier
[ . 3+ Jhe . i.ng . .
R R L
bymbofimentdoiddhyd By ablanpeptbbise Tikat aijsbiptiah tdibatcatayyst while

gf‘érhggﬁ‘ng{ @g&%ﬁh g%t}&g&;@g%@%%é&% HeSsubdbtrhtd.
2006/ 1D SBETeCRY6 figedp hvdeted id A chutk 6 hypflitstiatmbsecond
R h8nBeRYE 8, AUtk 5k ot Bipovsed win
opealimgweliddt hiaving afhieled 68 iavd lankeitlet Hg Ganlart Euids’3 is introduced
;ﬁ:&&ﬂ{e%ﬁndcﬁé@gf Bod %ﬁ@@?@éjaﬁd‘e}n?'tﬁroﬁﬁﬁ%' JURBE 71 to

e pl'asra “tan be gemérated usi ng €I ther e
s howilehurifdm,gosirbliablaback side etuliph of e substrate 16hdhb shuck 61
3; . | i S ld Db
B A AR ng e oy AL Gl dhalee 1001 e
cont r ohs diacussed abova, e tramdferdif iheat frano thedsubsiraiede theothuck 61
o GETL BB SurSP Qb bY pRAdiRy o Bl fRAGES 35 S8CHh A8 present
pembodimeint thedhlermmal inierfanetgastia bydrpgerc hdwbigh df supméiedrinto the
¢ R htisen hebirite thorld hBICHAN 61 o G ifbolybonduit 75,
pahe theonak intenfooel pae A3 iswrefatahy aupiied iba eenteal saien of the

530S 0 A el b Sha 1 i kot e
s sifssinatet 5. Theetheahalinigrieca gas 83 isi typielly suppliederl ajpiegsure
C griGker $arPdr ddubPlo GHRTRES RAF(1.5) times the process pressure inside the
chamber 31.
At least one temperature sensor 77 is provided to meashre the temperature
of the lower surface of the substrate 15.
It will be appreciated that various changes and modifications may be made
to the apparatus and processes described herein with departing from the scope or

spirit of the present invention.



cl anpi ng menbers 63, 65, as shown in Figure 9. The
chuck 61 is provided with a 15 cooling well 67 having
an inlet 69 and an outlet 71. Coolant fluid 73 is
i ntroduced into the cooling well 67 through the inlet
69 and exits through the outlet 71 to provide
uni form controll abl e back 8 de cooling of the
- substrate 15. The chuck 61 is preferably

i nt erchangeabl e with other chucks (not shown). As
di scussed above, the trazﬁ;@hggf heat fromthe
substrate to the chuck 6 an be further optimsed
by providing a thermal interface gas 53. ‘In the
present enbodi ment the thermal interface gas. is. .
hytir ogeA reathatliafformsinguostyciuReH OF ﬂ@n?f@gt%ﬁ'%@f"bx}é*m the
the substrate 15 and the chuck 61 through a gas

steps Wl y conduit 75. The thermal interface gas 53 is

prgifo%m% ¥ tR&iPRAl Gshticd barerdr akubsigaten of t he
substrate 15 and all owed to vent mtgr Lge ch%nberb31_ d
at provisiingieddiienatibeatitg eheeiBeRalHANYCePIEICT o 200VE; an
thermal j.nt ' icall :

or G ) BRI AR 37 ol o BERRLLRELETy Pasm

enhdroe?) cHdrhieal ¥apourrdepesitiopresisgagasmlasivat he chanber
31. At | east one tenperature sensor 77 is
provi ded to neasure the tenperature of the |ower

susfaceaqfedg ééé%ﬁaihgtts clim BUtiertin thehpedirris tbrareducing

t h&t various changes and nodifications may be made to
nandstrichurpa vitiicts asa dafbarceanainbes ot cathon nanawiresandwherein the

stepiatfammngAhe namoRTapRA dses a ot eehtali 857 BRRme,

nanostructures or nanomaterials including the steps
of: providing a thermal control barrier on a .
suBst r ahenethodpaenardingdo atrim 1 6na1 Whetgin tie stepiaferoviding

thermal control ,barrier fr : ' he, ;
acaa TRABS AL A ShebbFAPEe eGP Pb ki g infrared
Iightﬂir%s BaRapeed chem cal vapour deposition using a

gas

> pl asma. 2. A nethod according to claiml,
wherein the method is for produci ng nanostructures

whiich are_carho [ oMM gd
' V\,hér ein rﬂgﬁ'fge%s g%ﬂﬁ%gqmﬁ%{g}?lpﬁée@e;a g%?ﬁb%%%zn uses a
temSABRAB STE iIpstRgteds esy thaneB50°C while the nanostructures or

nanomaterials are formed.

9. A method as claimed in any preceding claim, wherein the thermal

control barrier is provided in a substantially continuous layer.

6. A method as claimed in any preceding claim, wherein the thermal

control barrier is deposited on the substrate.

7. A method as claimed in preceding claim, wherein the thermal control
barrier has a thickness of greater than or equal to 3 nm; 5 nm; 10 nm; 20 nm; or

30 nm.



3. A nethod according to claim1l or 2, wherein the
step of providing additional heating of the thernal
control barrier is perforned by a |laser; an infrared
light or a hot filament. 4. A nethod as
claimed in any preceding claim wherein the
tenperature of the substratBis |ess than 350C while
t he nanostructures or nanomaterials are forned.

5 A nethod as claimed in any preceding claim

rein tr§$ higg Eln‘?é’@ it ?llu{/ BAL 'of Blairhs 1%%" ivﬂ'\%?'eih&hé Sthermal

su 'St anf\l contTnuous
contfdl Manlst is 2 laper o reetl] mmdoadnctombedeiectmmmateminm

control barrier is deposited on the substrate.

7. A nethod as clained in preceding claim wherein

t hg t he}'ﬂﬁéthf;ﬁ id Ghi nl?é’cf i §ﬁ¥] %%%e@ﬁd&lélh'ﬂ Qﬁﬁnﬂfsmg the step of

ater’ than or equal nm 20 nm or

prov%glmcaté@st on the th&n‘nAI mmtmdd)mercl ainmed in any one

of clains 1 to 6, wherein the thermal control barrier

is a layer of netal, sem conductor or dielectric

MRy @I i ah. ‘method as &aln%d'fﬁ{ Bafin @ whipdiftige tatadRy is a metal, or

preceding ¢clarm conprising the step of providing a

mixtomt ofl metalmn t he thernal control barrier. 10. A
method as clainmed in claim9, wherein the catalyst is
a netal, or mxture of netals. 11. A nethod as

cl &4 nedA' fiethBd o 4 QspRkdth Qh%pf@ce‘dﬂfg)dilam rt@nﬁmnsusg the step of

of unif y cooling the substrate

unxform!hodolmg thesubstratey cl ai m 11, wherein a second
surface of the substrate is cooled while said
nanostructures or nanomaterials are forned on a first
su{3 aCSAQﬁe%UChSSMEEﬁé@irEcIaIm 11, whkaema sezonddsuaface of the

claimed in claim1l or claim12, qrjr)prlsmg r%ngd%
subsirate i eenled Miiile said RapesiruFyreRpl NaNPrEglgria d na

u 4. A method as claimed in claim12
ﬂStﬁﬁ"?Eléf gtgﬂﬂﬁugf’ﬁatetlhe step of introducing a gas at

the interface between sai d second surface and a

surface on which the s bstlrate is

1513.A nBrRetodasclaimed i flaim 1oy a'%r‘é%@%%?% SypRlying a
cooléﬁtﬁl}’lg.rt@ge&]olm%wemhoj&olﬁﬂﬁhﬂﬁ%tés clainmed in any

precedi n erein saild thermal control barrier
is optically reflective. 17. A nmethod as

clainmed in an recedi n whesein t
cotftr ol AgBE Pérapsi %elagn@qgg} ﬁjﬁ nl]r?s?fl mpr@ﬁwgt the' é{&!’ of
introducing a gas at the interface between said second surface and a surface on

which the substrate is supported.
15. A method as claimed in claim 14, wherein said gas is hydrogen.

16. A method as claimed in any preceding claim, wherein said thermal

control barrier is optically reflective.

17. A method as claimed in any preceding cfaim, wherein the thermal

control barrier is a thermal insulator.



20 : 18. A nethod as clainmed in any preceding
claim conprising providing at |.east one device on

t he substrate. 19. A nethod as clained in
claim 18, wherein the thermal control barrier is
provi ded over said at |east one devi ce. 20. A

nmet hod as clained in clai m2P, wherein said at | east
one device is at |least substantially covered by said
ther nal control barri er. 21. A nethod as

dev ce fdn ﬁ'oﬁ agsnﬁ?@é]?cf|naérﬁglr]]egtﬁthﬁ19§taglrr]ﬁ‘%n%ﬁ7slﬁ@Srowdmg at

least 6@818Egicelon the subsira®. A nethod as clainmed in any
preceding claim wherein the steps are repeated to

forma rrultilayered structure. 23. A nethod as

msd [
su et ot erﬂetztﬁg 5 4 {?ﬁéds‘ﬂt n%%gllrl I"Tgr WhBF&th %éﬁtéﬁmal contrr]oldbamer

is provided @vee daidratdeystorecdelicg claim conpri SI ng the
step of controlling the electric field across the

substrate to align the nanost ruct ures or

nagomat g, d as clalmefﬁﬁr %Iétnﬁ’ﬁ DUGHEFEN QBidsSeaHt ohe device is
maeln accor qa5.gaime e method clained in any one

at leaét dubstantisdiy diongred by said theanaligonied damief. f or f or ni ng
nanostructures or nanomaterials, including: a
substrate with a thernal control barri er;

adgh ti Oﬂ%eﬂﬁ%ﬁ%é“&aﬁﬁé’d ﬁ'ﬁaﬁpbné%ﬁibla’tﬂstﬂsetothWrem the

control barrier from above;  and a device for
devitisnamgledeniccosponent seeh 85 aEAHSOBri al s on t he

substrate by plasma enhanced cheni cal vapour

deposition 21 27. An assenbly according to

cl g9 m 28 muthptaid clhitfed ithhy pl‘édedh@tlam, willestieirethiesstaps are
| aser; an iInfrared llsght or hot filanent.

repeated tarformsemsltjiayered II'LW@JF?O claim 26 or 27, wherein
the plasma is a carbon containing gas plasma for
form ng carbon nanotubes or carbon nanow res.
23. A method as claimed in any preceding claim, wherein said substrate

is a plastics material.

24. A method as claimed in any preceding claim, comprising the step of
controlling the electric field across the substrate to align the nanostructures or

nanomaterials.

25 A structure or assembly made in accordance with the method

claimed in any one of the preceding claims.

26.  An assembly for forming nanostructures or nanomaterials, including:

a substrate with a thermal control barrier;
a additional heating device for heating the thermal control barrier from

above; and
a device for forming the nanostructures or nanomaterials on the substrate

by plasma enhanced chemical vapour deposition
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27.  An assembly according to claim 26, wherein the additional heating

device is a laser; an infrared light or a hot filament.

28.  An assembly according to claim 26 or 27, wherein the plasma is a

carbon containing gas plasma for forming carbon nanotubes or carbon nanowires.



