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to an optically transparent substrate by, for example, vacuum deposition, chemical vapor
deposition, chemical bath deposition, sputtering, evaporation, pulsed vapor deposition,
sol-gel methods, electroplating, and spray pyrolysis. When desired, these coatings can be
patterned with costly photolithographic techniques. This process is difficult and
expensive to scale up to cover large areas with electrodes. In addition, the resulting

coating, being based on a metal oxide, is rigid thereby preventing use in flexible



applications such as in plastic displays, plastic

sol ar voltaic, and wearable electrical «circuitry.
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optically transparent coatings and filnms that are

transparent, conductive, flexible and processed using
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Another embodiment of the invention is directed to methods for forming

transparent conductors comprising carbon nanotubes applied to an insulating substrate to
form an electrically conductive network of carbon nanotubes. Such methods can be used
to produce conductors with varying degrees of flexibility.

Another embodiment of the invention is directed to films, coatings and other
coverings, partial or complete, comprising carbon nanotubes applied to a substrate that

form a transparent, patterned electrically conductive network.



O her enbodi nents and advant ages of the invention are
set forth, in part, in the follow ng description and,
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be Ilearned fromthe practice of the invention.
Description of the Figures Figure 1 Percent optical
transm ssion vs. thickness. Figure 2 SEMi mge of
conductive patterned coating. Figure 3 Description of
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coated with such films and coatings, that are both electrically conductive and transparent.

The invention further relates to methods of forming such films and coatings that are both
transparent and conductive, and may be flexible.

Electrical conducting materials are fnostly opaque and generally considered to be
poorly transparent even when formed into a film. Transparency of the film is a function
of the film’s thickness and the size and number of holes created by the patterning.
However, some conductors are known to be at least partly transparent such as gold,
titanium, zinc, silver, cadmium, indium, selenium, and various compounds thereof (e.g.
SnO,, TiN, InyO3, ZnO, CdySn03, ZnSnOs, TiN, Cd,SnOy) (for a review of transparent
conductors see Material Research Society Bulletin, pp55-57, by Roy G. Gordon, August
2000).



proportional |oss of conductivity. In one enbodi nent,
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Another embodiment of the invention is directed to electrically conductive
materials comprising carbon nanotubes that, when assembled into nanoscopic patterns on

surfaces, surprisingly provide an increased transparency with a conductivity. Carbon

nanotubes are known and have a conventional meaning (R. Saito, G. Dresselhaus, M. S.
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embodiments, the film has a total EM transmittance (preferably of visible light) of about
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70V egrgrotenott §1% knewse, e POkeen nxise or epers9fhor nmre | nsaiother

el Benaa Pyl ePondinR B Eagpogoney retention of

abPRI8YPEI0l MbolTBIR9Toalf thameamawﬁfat&la[r%f@fd @inoti¥s &8 added. In
selected froma wde ran of natural or synthetic

anpiberprateried eabodisnentiibe loxer a@ alhaze yadvs oet0%may less vdhdsiapludes
ZSVnor&@s%C?(g‘ﬂ %g (fe%s W 5? o} fé? S, %6%6311 %slg S%to_[r llje%g E{l&a i %Oog léjsgs E95hother
heeds of a ppl'rcation. 1n a "preferre

prﬁhi’@ﬂﬁérﬁ’ﬁiﬁlmehﬂﬁ ﬁlrﬁ bhy aRizec/alm@iof 01585 of RENI0L1SESr Ress, or even lower.
mat erial selected fromthe group consjstin

f

t he ki) 386 coptengs of dhenipeaation ﬁ@ayaémgm@rt@clﬂaqsggﬂgfﬁ%? abogik .5 nm

or ﬁégn_gm bt P850 ﬁ‘ﬁ&%ﬁf&f mote! II@Q?I‘&@IE’ PLEbSiMES, the layer may further
di ment’, ep

olyneric ma erla conpri ses
conmtlmslaqiolymahcema@da]‘ r'dm Itohengramptenairmassbe se@]eomefd from a wide

| yet hyl ene, l l ene | yvi chlori de
rai ot S S Sy BB Ry P helrarl o ShecFay be chosen in
acRRIMRSE tvﬁﬂlsthe Eﬂréﬂgﬂp @ﬁ{uyt{ﬁ%r 81 deRRIYRENES S desired application. Ina
pol yacryl at es, pol yam des,

prefersd on Qdimp@ts thed@ﬁ/yruq:r@ggatelg@h cgmpmsea;mjmteﬁal selected from the

o RSB B BB R P BB, SRS s fombiaions

thdrélﬂ‘. 00 hiydtBéri (RefeBt e Eﬂn&bdﬁﬁﬁp tHesRdyraei@inatetial conglried £ehaterial
fromthe group consisting of ceramic hybrid polyners,

selgeted FRIMBS SISO L0 HengeRoly prepEisBe ety vinyl chloride,

OB SO ERE AR JUARAIBEE SO DBEo i8R Botvten,
pobliastyatssi pglysdfides, palybinintderacrydomitries ctliviéden gelalge ”hitina
a coloring a UV absor.bent

pogy gbl 559@3/33%@%#@% Palypug?qws grgcgﬁlexmrewf@r apfypnpiher

| r
Rt TSy O Lt

gr@rpmnsnetn@ efoteraneia/hybod doky et phaspbine agides audichalaogenides.

bal A ERher REh s PrBaGnitRh Tl Tl GHbR S ARG setected
frohhﬂfe%@cﬁup Jonsisting 6f a aBYerbifg 88| ybih@rNB erosd HnldRP hgce A O

a substrate as a fluid dispersion or suspension of
stapiliret asek agolpimgagentna Hiycabsedeyicagest, 48d a pharge sdinging agent.

Pr&&%i)&qﬁe lagﬁ &les n%{ fh%flfﬂe a bﬂcﬁﬁmfgéeﬁt CI%I%O}E Qﬂ‘eoxllaélotubes may be
coﬂilb)ﬁed IVﬁEh etddﬁ[\eef:o enh'ﬁhee éedtm&fh t:onrcaycuble, saeh Ei:ctdnvl&cttyve polymers,

ved by nor processes such as.air
Paﬂlég{%m@e‘fa n@tlg@ef&/cs%% SPETIONSANIE 68 @m‘%flaﬂons and
mikBOUGR pf essure to formthe desired film of
nanot ubes. The | ayer may be applied by
The layer may be easily formed and applied to a substrate as a fluid dispersion or

suspension of nanotubes alone or in such solvents as, for example, acetone, water, ethers,
alcohols (e.g. ethanol, isopropanol), gasses, gels, and combinations and mixtures thereof.

The solvent may be selectively removed by normal processes such as air drying, heating



ot her known processes including, but not limted to
processes such as spray painting, dip coating, spin
w@omtiosagso kni f e coating, kiss coating, gravurePCDHES1008/039039
screen printing, ink jet printing, pad printing,
other types of printing, roll coating or conbinations
thereof. The instant filns may be in a nunber of
different fornms including, but not limted to, a
solid film a partial film a foam a gel, a
sem -solid, owder, a fluid, or combinations
or rftdelﬁ@bpreaswr@torfg@n &q%@r@hﬁb@ phanotubes eThme@mnay be apphed by

otﬂé? ?85\%) ﬁroc }n%ﬁ{ghngl, ﬁo‘? 1}41?1%d k?o Pzﬁovgsrsesc S(%latl a3 %p\%y pamtlng, dip

co@tﬂrgi; %mba&tﬁfgb khiffe aoalﬂhgflﬁfsfc@du@]’lgwﬂuf@watmg Q¥fen printing, ink jet
| am nates or multi-layered structures conprisin

priffipgrag DrinERG OHisE SRS oF pidaingsrall ¢asting oF pRIRDIeiaNS Meprest.

an i Y, -

o o et HE 3R & B Rl Relyd B oy timited
to,prsotid dilimes partid] filne arfbghj ygadfd mmsmhdjzopoxﬁhl@,tarﬂxlnd; éomg

tr.ans ort el ectri ca har The layers, for

00@525}%89%8 gy £ R agRsReREY Fwéo&g@e thesingiapt patuGR iR et
thedefiRs bk EQr-coa%'at\blffp@idolgfin@nmﬂ&?éiilap XIndBis(wAEhe invention

fluorine-doped tin oxide (FTO, alum num doped zinc
con&m@tf(SFm priefeyred enthodipneny,indeelUsmistasro ande-layseckstmstuges

doped .
cofPinE 5o b RAoheR b Eiodt Tup APUER AP\ & R0 agfl of orsanic
poly@yeic i@¥rial P TA¥id8matdRah BE Bastl Fbdeddeiassd bk thelfBreBoing

preferred enbodi nent, the nanotubes are oriented on a
Profsaes pad aedighly pifectis porglisigbeting qritransparingelepisiaalicharge. The
lay%gsr G e%%g fhrax % %p&ﬁ}cp{?eg ?éheaps -kl Hl!&d‘t o QITO)

usi ng conventiona

anﬂmbmmah npiked eside Ong@gtﬂimdﬁé-dgp’ed tSus;hds (FEE0), Algmitypeloped zinc
proceé§ ng refers to the use of force to induce flow

oxisle (R FayFT o5 ProY&ler YV mpsqrbace niyich as a giieiopisle (ApPy kg er
f

Ao e B TR B0 PO oot I IR 0 PhHI8er may
provadod sdpemtschapdeyerfsicnul at ed ei t her by thenselves or in

adn1xtur h neri.c materials. nt ed nan

o o Thip BTt e b g B bes i ori e b & s eear level by
exﬁos?@g&hé Gms 8% ShedHinE REBREIE r@rrk'lorfgtaﬁng 6P oPtckB! BY Bthmple,

extrusion techniques, application of pressure more

bubnotllé@éedﬁa;wngecrorwmt@n@moﬂmer prf)cqssneg mﬂp@@lqger Sueh shearing-
typ%p L}P ?(éegssggslé {%%rr%eo h% ufsfé % o?%el %lgﬁ%m? sglg?rﬁg{?etﬂe gyn forcing a
spfvind, Iaﬁgnﬁént,aﬂ&oﬂé!ﬁtﬁtitdﬁ dlsahtaﬁglﬁgétc. of t&ﬁrﬂaﬁ@ﬂuﬁem&m each other

controlled rate to control the anount of shear and

gregfes Mepax thafrichisyed & neotebrs siwely Gerserlyrdaitieer by thqnaselves or in
ad BBl R \Rth é&lg@eﬁﬂhé e?:lralse %r%’te@l%anﬁt%%ég %?3 d}s@us%&? 86d & ea{nple in

propertie ance ect r gmagn
U.§ B\jrers INoe bRioh g 66. SuMﬂ@@ﬁaﬁgmﬁ%ﬁ BtcPGH BeSRBR3eDBP edtision
%rcw ts of .el e{;trl cally co ducta{%le mat er | al ﬁtgn be |
techpigries, aRPRtIoN oT Bessirembsa 16% Parallgl o supiacs ofibe rergRosite, or
apﬂrfrlaﬂﬁ’_t’i'?nn bﬂéﬂ bidRrdntig] frecth abtirt® sGARcREEERRL.8dbY Ghearing treatment
Ximz
by pulling of an extruded plaque at a variable but controlled rate to control the amount of
shear and elongation applied to the extruded plaque. It is believed that this orientation

results in superior properties of the film, e.g., enhanced electromagnetic (EM) shielding.



conductivity, surface or volune resistivity, or

anot her physical paraneter, between conductive
woraioesass, between |ayers, or across a surfaceCT/US®hi039039

circuits include, but are not limted to, integrated

circuit patterns, patterns to create a polari zing

| ayer (or plurality of layers), and any desired

el ectrical connection. Circuits may be created to

maxi m ze contact with other electrodes w thout

sacrificing transparency. The | ayers of the instant

i nvé&chivnoixdecineadlysonduojive stateriad carcheirhigyeé be peyx of 4 Behber of

conduct i vi.t ile.npt ‘Dat.i vely effect] ro i es
cofPiry ko Ribuf itk P THhocRsabL el laehithd
colRiRRH Y, iseFadf orb@EndRbiyiRe Ly, 6r ARitedripAl SicAlarddeeter, between

substantially maintained after addition of nanotubes

corductrg materiflsy batveen lapers.iriaerogs 8 sWdacge Usrl clssuiypncduds, jut are

o L BRI R R LRUBLATS, RUAEIL S oy

of haeey,ubé ahy desiled skcpizhlycoanedionmiGircuits may b lceeated to maximize
preferably, the | aye¥1 has tensile elongation
cotagtenith heiotlectiodpREhout GagrdicIRENSBIRCInanot ube- f r ee

bas erh@gé PEStithe gﬁg{aﬂmrﬁm aﬁvﬁﬁagseﬁ§¥ Regber é&@é@{?blé BRctrical

| ayer s aten e elongation retention of at | east

coftivity whie notofegativedynefifertiag foraertizaof pplylnenie miaterials in the layer.

erials. I.n another . preferred enbqdi t he .l
In F3% PeorE o DO OR e ar TS 6t A S GAp CREp e ter
ad@tioh 8884noRib% effedtR@tfo0dleroBRNOHItERIgé. B dRasBle, in a preferred
polymeric material. Mre preferably, the layer has a

emboéinfangitemiayerthas ndensde eloagpnspionti¢roTiyt ledsh 0% of Hhat of a
| east .70% of that: of .a. be- i ¢
b R S RO R s PR

eloa@eddn ete@fibn of attlbBt TE of X2 084 AanctEbEEed Bt polsntic materials.
| east 90% of that of a nanogtube-free base pol yneri c
Evamimer preferablyghe layehasadensile glpngatigiotensiap ohwdeast R0% of that
1 . c | i i )
of § BAbGABPHUB I A Fio TG, ol ahofich BRI SHUBMGH the layer
ha¢ abefficiam «fithdrarnl &epansion (OTT) that ie at ledst S6¥¢ dfabarvd lalngnotube-

oriented (for ex | e nanpot ube arra , or preferably,
feg eSeRaOP AT B DY Pt SarR e e e ShrtReiat ¢ prtal
ex%%}ﬁio'nr(@tl“@ﬁ‘ that BVR MakOMA BT thhZ 8% RHYABEFHRYdSe 1&';19@@1'1& hfaterial.

carbon’nanotubes to incorporate electrica _
Even nuue piefarably i the tayduhasisl coeffsfigniref thermhalyeapansigint (6ddY) that is at

degt.adi tical transparency .or nechapical .
tea SRR i obF b ing HRIPREP AP S noll A0 SRl Besfpapedis o,
emibBHSnaiWhereEcdrhisit @mbtibBy &8 thedlscullrly drztadiarx@dhted refers to the
nanot ubes within the context of Iaﬁrs and filns as a
t

axigbinection of i nappivhess Uit tebesitan eithartheirandomly prgeted \arthpgonally
oy R FOOMERRISI PO REL AR T AL ot o

plape@g ertfilnmvent i on, but should not be viewed as

. m.Tthie ri]rgstgnrt] ?nvseﬁggne utcl)lgzeg 2 Vainpa\égg&si p?gpertieEsx (%rcr:g:lrb%% nanotubes to
incorporate electrical conductivity into durable polymeric layers without degrading
optical transparency or mechanical properties or the patterns of conductive materials. In
this way, the instant inventors utilize carbon nanotubes within the context of layers and

films as a means of achieving sufficient electrical conductivity.



For the purposes of explanation of the concepts

di scl osed herein, exanples are presented. The first
wexanpisspresent s cal cul ated results for a perP&DUS2003/039039

| ayer of single crystal graphite at various thickness

and wth varyi ng anount of open space created by a

perfect pattern. The purpose is to denonstrate the

effect that patterning and thickness have on

opt oel ectronic properties. Secondly, an SEM m crograph

of a spray coated carbon nanotube filmis presented
in lﬂihglfoléovzmgﬁh@nplasererer@ttudMﬂhgtegmdmdnmﬂds bEihe preseis

on th und rst 00 el ectrical
im0 B8 i B brat R hang R Bt 8 B
Exalnipled ure and conposition to that of carbon
nanot ubes. Graphite serves as an excellent nodel for

undéios therrprses pleexplranten of the rorsepdisstasedibeeine examples are
pr&%}l El' ‘ﬂlé ﬁ?stt 926 Tﬁs&g ?)%e%!ﬂ{té( z%lgltdgtgg t—%ﬁﬂ? Fot %ﬁ%ﬁfe&jg 1ng

550 ' RRAS
crystl Regphite af wriamatﬁmlbﬁss éﬁam@nvaxmg @hibbﬁﬁoﬂ@éﬁ spacmclr@ted bya
el ectrical _conductjvity as neasured in the ne of

pegfpeigifters. The PEAROsSgisdp IFrentitdcie ﬁﬁa@ﬂhw@ﬁ@a}ngﬂé thickness
ha% 8195#31!091%1:’[]{&{1@?1%2&11’[§§. S&dn ; o$ ﬁﬁc@% %glg%ffepmo%ged

to gain irs ppr oxi mat |
caﬂmnmlaMthbmﬁlnbinreSeh’edﬁlmiFigumaEs and open pattern area

of this sem - i C,Co ound ially, the .
cal eEEToRT BTGP B Shtes G n 5y oaf ogteal and
elRBidab}Rdiod bAMRIhRerlidl laA® itk lobe OREMIcA @aﬁ@cﬁretuﬁufc@m@baﬁmn to that

formed therein, as illustrated in Figure 3.
of gaibeny Mmqt@b% @rr@mtwe@eaas/m ¢xcRlteniimadhlor gader standmg the
be % f a fﬁ cor&cgutc{leclaa flllta elrlg sallﬁ e§pe:%2aél§ %1‘ rg}el éqgtﬂf;)tfﬂ%esa S%é:l)’ltlally

cafben elhn@mbescbfre gﬂapnﬂub lsﬁéﬂts WEB e8dds Yoihyd ®itfofAWrtube. Carbon
t hi cknesses._ Thi s represents an_ideal continuous

napefabesdigve finglap eleétrl@?v@péuctwta@ﬁ Preasupdiin 18p plse af sraphite.
EX PG % HeGo%lse(f Q@e?l Bﬁfl@fﬂ %{1% ?le t&J&iﬁ Spr%ér&e c%ﬁtble%glfcﬁfated and

t he "‘con | ve ern resul
cotr@ktedgo thie adost apptmmmmmoatthmgalam of @aitdoHingi bagh the thickness and

oEh BEJerm B P UES SHOE LGP AL T arS a5 alipyigermine
thd I)Iftfbm @%Baﬂsﬁ@ A ﬁa@t@rﬂeﬂ %Pa?ﬂltg Hffs WMlQ)?gﬁ‘ sﬂa‘&@s uniformly formed

graphite and t'hat transmtted through the ‘'open space
the"fbne, ashidghted ipdigwe ds dhalcalculationsore ha®d meeail known physical

i cat The data in bold type is good for flat
eéqrsg%%ﬁhsﬁgp P%p| ays and el ectrol um nescent

dl S [th ®Yld AMS grapih ghcﬁlrahg theUgiestrdnBRittanbd Bf Waplfte 4sQ function

smal | dianmeter ropes of nanotubes, which are thin)
of glegtricalresistiviyet f%#féb@k%%WI ihigaraphepresengy an idenl pgniinuous

ST N R pe——
witd pdriigeof the cofducipepatteti. ek Tablal Bahé restke as edting iadtentihuous
coating and patterning of graphite by removing the state area (100% - fill area). Table 1
shows sum total transmission of light (from both the potion transmitted through the
graphite and that transmitted through the open space). The shaded area is useful for
touch screen applications. The data in bold type is good for flat panel computer displays
and electroluminescent displays/lamps. The data suggest that thin wires (or small

diameter ropes of nanotubes, which are thin) and modest open areas should work well for
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graphite 10 nm 25 nm 50 nm 100 nm 500 nm filled area
TRTRTRTRTR 0.05 0.99 1000 0.98 400 0.97 200
wW@284/03389 0. 95 20 0.1 0.98 500 0.96 200 0. 93 HODUL2093039039
50 0.90 10 0.2 0.96 250 .0,91 100 0.86 50 0.82 25

0.80 5 0.3 0.94 167 0.87 67 0.80 33 0.73 17 0.70 3

0.4 0.92 125 0.83 50 0.73 25 0.64 13 0.60 3 0.5 0.90
100 0.78 40 0.66 20 0.55 10 0.50 2 0.6 0.88 83 0.74

33 0.59 17 0.46 8 0.40 2 0.7 0.86 71 0.69 29 0.52 14
0.37 7 0.30 1 0.8 0.84 63 0.65 25 0.45 13 0.28 6 0.20
mast ofthgsamphicg®ng. ddsophaighBerryirgcaglugtop cambelutilizgd 8{the open

10 0.10 5 0.00 1 Shaded areas represent

M%lgslsgqnﬁg%%s 90% and R of no m[)re t han 100 P

Ohns/ square] Summary of noUghle predi ctions for visible
Ilnht transmttance (T) and sheet resjistance (R

A

%uare) bl e, 2 gqlf}l"i nm 2%5"hm 50 AR™00 nm 5o
NMosti | | edysar ea 'BOOR ToR TR T T a{n 0.45 0,88 47,00
0.85 18, 8009. 95 8040 dde 95 2. 7Gos8. 95000. U1 0.4 O, 9o
23050 0. 90778, 40 2912391 4] 701@ 92322 3?20 9%)350 7 o.gg
11, 75°%. 80 ¥770 35%. 80°1. 18°0. 80 0. 2
g?o 88 7..83 Z% § g G270 i 78 8 70 %016
.4 0. 83 5088 @@ 2 635 0363 hsa.s 0760 (k59 .60 £hol2
.870.79 49670 0.50 1.088 0.253 (594 0450 ©747 0.50 €009
1.9%7 0.234 @478 0240 ©°39 .40 T°08

5073 395 08 1 048 B87 030 B34 530 o7

— 1
o o

- = = NN W WO,

Oooo0O0oOo
opooo

0.71 3,26

0.8 0.67 z 94~ 0. 20 1. 18 0. 26 0.59 0. 20 0. 29020 0. 06
[Sigdeg agasggrpeng T ofpt p@t 079apd 8. of ® r@r&Ran(l 0 Ohgs/sAGr<). 10 0. 05

1 0.59 2.35 0.26 0.94 0.07 0.47 0.00 0.24 0.00 0.05

[ Shaded areas represent T of at |east 90% and R of no
Sumonay ol arwdéin@edibtierssqueisible light Wh @OIQ4R@S TS 58d sheet resistance (R,
Q/PCT/l)J82003/039039

square).

Table 2

gold 10 nm 25 nm 50 nm 100 nm 500 nm
filed area T R T R T R T R T R
0.05 © 098 4700 0 095 1880 095 940 095 470 0.95 094
0.1 096 . 2350~ 090 940 091 470 090 . 235 0.90 047 -
0.2 0.92 11,75 080 470 0.8l 235 0.0 118 0.80 0.24
03 0.88 783 070 313 072 157 070 078 070 0.16
0.4 0.83 588 040 235 0.3 118 0.60 059 0.60 0.12
0.5 079 470 050 188 053 094 050 047 0.50 0.09
0.6 075 392 040 157 044 078 040 039 0.40 0.08
0.7 071 33 030 134 035 0647 030 034 0.30 0.07
08 0.67 294 020 118 026 059 020 029 0.20 0.06
09 0.63 2.61 0.10 104 016 052 010 026 0.10 0.05
1 0.59 235 026 094 007 047 000 024 0.00 0.05

[Shaded areas represent T of at least 90% and R of no more than 100 Ohms/square]

11



Table 3 1TO 10 nm 25 nm 50 nm 100 nm 500 nm filled

area TRTRTRTRTR 0.05 1.00 5000.00 1.00
wQeed/os3s9.. 00 1000. 00 1.00 500.00 0.99 100. 00 POT/USHOHE39039

2500.00 1.00 1000.00 1.00 500.00 1.00 250.00 0.98

50.00 0.2 1.00 1250.00 1.00 500.00 1.00 250.00 0.99

125.00 0.96 25.00 0.3 1.00 833.33 1.00 333.33 0.99

166.67 0.9Q 83.33 0.94 16.67 0.4 1.00 625.00 1.00

250.00 0.99 125.00 0.98 62.50 0.92 12.50 0.5 1.00

500. 00 0.99 200.00 0.99 100.00 0.98 50.00 0.90 10.00

0.6 1.00 416.67 0.99 166. 6¥alde 99 83.33 0.97 41.67 0.88

000 n71nn0|:71/|nnn1/|')ocnno—mAonn—/
N Co 1+ A SN gnm\.l. YT 4o0 T IT 500 nm

107
a@d(;eg 0. 86T7 14 0.8 1. oo B312. 50 0.909 125. ooR .98 ; .
620050 0. 96.081. 2500.00. 840 6280 Q.00 laod 2767. 780.00. 999 100.00
11a1 11 O. 9‘8’855 5600, 9@8 2700®Os 0382 2@856 190 1, 32;@025009@0 gg.gg
\/ K
o.gﬁa 100. 06’ 0, 9§“§>® dq g@ 250 9o go O@Q,oo ;fSha%f d e
argas reprle@ent 62 o@f 1%3 éQ/Ol Fg

2.‘ 12,50
than 100 Ghos/ sguads e]o99Tabboes 2)9andoo$o shﬁw th)adi op¢9bcal 10.00

transpar eney cariske Sirgnibscantt y dsacr eased4fsor tdse 8.33

tr%17nspar en‘tOO mesRYaf é(’)c;:r eéf?ag)atot9;ér nggg Wl e ifézl nt a‘isﬂl ng Z;g

hi ij l eV8|§JO Of &éégu%t?é vi f% (Q)l? | O rbé?t 27.78 082 5.56

reSIst ance)o Nob@od haks: wh@)raoflm& E‘dsoafeaa%— los06 hatoshs 500
case for_a continuous filmof transparent

[Sl’éﬂ’ﬁqd‘i‘iﬁstrmese(“hBOfﬁé’Fisb?or{‘) and lFéll?)‘l“’ém’ﬁfe thAR§0 P’Ei’bséiq‘ia&)‘“‘ nm 25 nm

50 nm 100 nm 500 nm filled area TRTRTRTRTR

0.05 1.00 3000.00 0.99 1200.00 0.99 600.00 0.98 300.00

Taplesg agd 3ebowdhat optigd treagieraMgy g0 be senifigantly, iggregwd. fopthe

B T8 85 9000 W QB30 s o

shékt 9e5is?0e)0 WNdle Sht HhOn Gilled a9 =50 1) iOthd 3askFoHH corllindous film of

0.98 375.00 0.96 150.00 0.92 75.00 0.85 37.50 0. 64
trapspagent gonglugtog Gro3pasteyy- 0. 95 120. 00 0. 90 60. 00 0. 82

30.00 0.55 6.00 0.6 0.97 @g@ R0 0.94 100.00 0. 88

50,00 0.78 25.00 0.46 5.00 0.7 0.97 214.29 0.92 85.71
SWWIBE 42.86 0°T4 21.43 @57 4. 2950191 8 0. 98°287. 50 0.5

zg"é’ﬁ? ooacafag%g&& &% sg 5(1???6383% 1388% 3 TZi 2883‘

0. % 150. 009 0. 895060. @Gs 0.3800 32500 160.063 02I95 OFof). 10083 00 15.00

0.99 500.00 0.97 200.00 0.94 100.00 0.89 50.00 0.73 10.00
0 4 0.98 375.00 0.9 150.00 0.92 75.00 0.85 37.50 0.64 7.50
0.5 0.98 300.00 0.95 120.00 0.90 60007 0.82 30.00 0.55 6.00
0.6 0.97 250.00 0.94  100.00 0.88 50.00 0.78 25.00 0.46 5.00
0.7 0.97 21429 ., %'0.92 85.71 0.86 42.86 0.74 21.43 0.37 4.29
0.8 0.96 187.50 091 7500 . 084 37.50 0.71 18.75 0.28 3.75
0.9 0.96 166.67 0,90 66.67 0.82 33.33 0.67 16.67 0.19 3.33

1 0.96 150.00 0.89 60.00 0.80 30.00 0.63 15.00 0.10 3.00

[Shaded areas represent T of at least 90% and R of no more than 100 Ohms/square]

In creating patterned films, a layer may have a screen-like appearance with open
areas enclosed by darker conductive areas. The open areas pass EM radiation without
loss if the open space or gap is larger than % the wavelength of the light incident on the
gap (Handbook of Flectronic Materials, P.S. Neelakanta, CRC Press, p. 456). The

continuous conductive phase making up the network also has a fraction of the incident
light which transmits through dependant on a designed and controllable thickness.
Graphite has a well understood optical transparency as a function of thickness (see Figure

1). The combination of the light which passes through the conductive layer and the open
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on sone light transmts due
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square. One assumptlon is that HOPG and the natural graphite flakes are comparable.
An average absorption coefficient was calculated from the experimental data and then
used it to estimate the thickness and ohms per square of graphite films with 80% and 90%
optical transmission.

Figure 5 depicts a transmission electron micrograph (TEM) image of SWNT

coating showing network of ropes formed from individual nanotubes and the
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graphite at roomtenperature has a resistivity of 50 x
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be i maged usi ng
made sufficiently transparent, sufficiently conductive and also flexible. Patterning of the

film can be manufactured as desired, as opposed to as necessary, to allow for the
transmission of EM radiation (e.g. visible light) through the film because the pattern itself
does not necessarily impede EM transmission. Thus, highly desired patters can be

created for specific purposes, while still retaining high transmissibility, low haze and high
conductivity. Because carbon nanotubes are not brittle like ITO, the result is a very

flexible film such that conductivity can be maintained across a film crease or most any
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optical mcroscopy. Figure 10 illustrates that filns

such as circuits of the present invention can be nade
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also flexible. Patterning of the filmcan be

manuf actured as desired, as opposed to as necessary,

to allow for the transm ssion of EMradiation (e.qg.

visible light) through the film because the pattern

itself does not necessarily inpede EM transm ssion.
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encouraged through the use of surface preparation techniques such as scratching or
rubbing.
Although transparent conductive coatings can be made form many materials, like

metals, ITO and conducting polymers, the use of single walled nanotube offers a unique
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scale and takes place in ropes whlch may have already formed and may no longer be in
the presence of solvent. This healing can be observed under an electron microscope. For
example in Figure 7, is a shown the end result of a SWNT film torn while being observed
in a TEM. This micrograph shows that even though the film was torn in two, there are no

ends of rope shown since all the ends were observed to reform into other ropes. In some
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scope and spirit of the invention indicated by the following claims.
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characteristics as those depicted in the previous
exanpl e. O her enbodi nents and uses of the invention
wowdos/okssapparent to those skilled in the artPET/082003/039039
consi deration of the specification and practice of the
i nvention disclosed herein. Al references cited
herein, including all U S. and foreign patents and
patent applications, are specifically and entirely
hereby incorporated herein by reference. It is
i ntended that the specification and exanpl es be
Cladmsi dered exenplary only, with the true scope and
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6.0f cTl il of ciiier biwhertie thd dedtricad adsistiosty $¢ flews thyn 16” | ess

#ﬁ 101 Chns/square. 8. The filmof claim1, wherein

é%?ern is an integrated circuit. 9. The film of

7.cl ai melﬁmmﬁnﬁhm AR rEa sl BcthiE L As@¥ivity ROk théh m@l
effect for EM radiation that passes t¥1roug sai d

Ohla‘;/éfﬂuafelo The filmof any one of clains 1-9, wherein
g.the guich i?lgpo ﬂﬁlt PQ)F]‘P réﬂl% altt%P 1§d ér];ter:%rgnﬁglcgc OUD

COI’]SI sting O nano

9.nancThebfsm oﬁﬂllehtn I Wﬂidrem W}Sﬁt@bﬁﬁea’c@tﬁmlﬁﬁhhg eﬂEct for EM
&Pﬁ ﬁglly modi fi ed nanotubes and conbi nati ons and
ra pasgesdhroyeh said layehe film of any one of claims

10L- 9. 7 ﬁl}rp@fran? loF Slaftfs P@n%%irﬂge RALYIRER tub qaie?ected

particulates, inorganic pafticu or ganonet
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th&hbel di ng | onger wavel engt hs.

11. The film of any one of claims 1-9, further comprising conducting polymers,
metals particulates, inorganic particulates, organometallic materials and combinations
and mixtures thereof.

12. The film of any one of claims 1-9, which is designed to transmit a range of the
EM spectrum while shielding longer wavelengths.

13. The film of any one of claims 1-9, wherein open spacing within said pattern
permit radiation of >1/2 wavelength of incident radiation.

14. The film of claim 13, wherein incident radiation is from about 175 nm to 400 nm.
15. The film of claim 13, wherein incident radiation is from about 400 nm to 750 nm.

16. A transparent, electrically conductive film comprising:
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13. The filmof any one of clainms 1-9, wherein open

spacing within said pattern permt radiation of >1/2
woerwelsasgt h of i ncident radiation. 14. The filPeD1S2003/039039

claim 13, wherein incident radiation is fromabout 175

nmto 400 nm 15. The filmof claim 13, wherein

incident radiation is fromabout 400 nmto 750 mm.

16. A transparent, electrically conductive film

conprising: 18 WO 2004/ 052559 PCT/ US2003/ 039039 a

pattern of carbon nanotubes within said film wherein

sai o prifereeiraghannanetibanwishiasnid fdlat, whewiin sdid patjernprovides an

el!ac?ﬁiatl k%e 1Y th %g %E}Vﬂ‘{f@q H%ﬁn?ﬂﬁlmae a}ndia: \g %1 ttga%g%}r?gfoi oﬁ at least

73%e pattern of carbon nanotubes is contacted to two
ubsﬁ{fafges, ne on each surface of the pattern. 18. A
h *’ﬁ‘*f’hb5 aVhereiin s atiemn oficribomapeiubesrineentacted to two

Suggtgggsrbﬁ@g)ﬂga P% I I MBe é:(@hpon nanot ubes conpri si ng:

patter ning a conta nl ng car bon nanotubes on a
1&rank pmﬂmtﬂt ofsfum‘nage ttaasprdmd film fof patdreed eleatitally conductive

ctﬁ)nduct ﬁ %/ across at least a portion of said surface
§ TROQ P O PS g s par ency.  19. The nmethod of clai m

18, pakiem@ign fitkd dohtalfng SarSEH @éﬁ%g,lbeé Bk %tanﬁ{l akdht Sehfack k@ Wiow

coated, or screen printed fromliquid t1ons
fog @}ﬁ@tﬁpfﬁlcﬁgdlml@ ity epngercatileast apetion af said 2@rfacthed aptdidd of

8 or 19, wherein the electrical resistivity is
tral%e@glgq %an 103 Ohns/square. 21. The method of claim18

19r  IEhe mdtho@ofclhie] s, ivticbdi tHel AN 1§ $ppd H 1&1&]69131@1%&& rﬂow coated,
than 65% .23. The method of claim 1 19, fiu't
Or et PRAG fropeliqud éﬂuB?nSaPopﬁtftlng:ﬂleé’PéduqmﬂP araterials. n

20sai dﬂfe Liflod gf401a 5@]@1 gxqzle%fl ﬁl e@tt%c%% ﬁesmgvﬁy ﬁdess%han 103

particul ate rmterla i 5 Sel ect eq rom
Olumﬁsjusta ng of silica, acryllc gl ass, plastic, carbon

bI a er am and, netal oxi des

2loy g%ﬁe ﬁ%‘f?ﬁé?lﬁ‘aﬁ fr?ag”g‘ﬂeé‘? the visible tigntnissien snaeaterthan
65m xtures thereof. 25. The nethod of claim 23, further

conmprom sing renoving said particulate material and

23t herldisynathorhelodlaigy bhot Calfurtheaneppriging inch2fn ok a particulate

tr conductive patterned |layer with enhanced
meﬁ?%a‘ri]érb%al@ﬁgél conprising: a pattern of conductive

24mat ahie dhethdd §F AaibOIH) ivhdidiPthe Partfouldd Hl'éfé?i%?ls 3BHcBd from the
pattern, said conbination deternined by conputi ng an

TrUPSONFIFERE Ofcsilithy agrylis, tejesarpdestic daghdn tack, beads ceramics, metal and

metal oxides, organic and inorganic materials, and combinations and mixtures thereof.

25. The method of claim 23, further compromising removing said particulate material

and thereby enhancing optical transparency.

26. A electrically conductive patterned layer with enhanced transparency comprising:
a pattern of conductive material with a combination of a thickness and a pattern,

said combination determined by computing an electrical conductivity and a visible

absorption coefficient against a plurality of degrees of patterning and a plurality of

material thicknesses.

27.  The layer of claim 26, wherein the conductive material is selected from the group

consisting of graphite, gold, ITO, a metal, carbon nanotubes, and combinations and

mixtures thereof.
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absorption coefficient against a plurality of degrees
of patterning and a plurality of naterial
wao biogksessses. 27. The |ayer of claim 26, whereP@I/Ukm®03/039039
conductive material is selected fromthe group
consi sting of graphite, gold, ITO a netal, carbon
nanot ubes, and conbi nati ons and m xtures thereof. 19
WO 2004/ 052559 PCT/ US2003/ 039039 28. The | ayer of
claim 26 or 27, wherein the conductive material is

%raphlte and the combination is a thickness of about
28 nnthiayer Palaier® widhwaerei the amblcme mbisuiel i5@ephiteend the

ondu 0
Co-rglﬁal?réért?’éqg Fg{ 1654 g,; gﬁ}n%’@%l ﬂ%m%conbl na? i"om i %ﬁ Rt (gjl?b?%tss 0%.
2%f dBmiby&®feiaians @ 2pawmem thé téhdachiid hafigkis ghldaka ke
5%. 30. Te Iayer claim 26 or 27, wherein the
CORURRRIRE 8 ke o Spput 10T 4% = pAerm R ﬁhharqamf.aboxg 5%.

30. hi crREgverf BRRYE o:l-%? \Qﬂ}%{@lﬂqh@cﬁ%%ﬂe{\nmehglég 1t z'll}d the

area of about 70% l'ayer o
Com’cem@mn is héndqwshmﬁabvet 1oftren bad a psttaramtitin flaaeh ub gisout 70%.
t hi cﬁness of about, 25 nm and

3y pa’h}ejfa L tc HE 22 i¥ |2S7’<51Yy sieigitheggiductivaymateral is gayhon nanotubes
andaf@EorMbin&iicH 81a2RicRies? 6f abbies Shil dn8 JalBRSPRL £ ﬁﬁ%réasof about

at | east 65% and the electrical resistivity Is
70%han 102 Chrrs/square 33. A nethod of forning a

e R B R SIS T ST LA

elﬂﬂﬁf@ﬂ mtsh@hy fless thﬁli m@r(ﬁﬁﬁs/sc@lﬁﬂ: a pattern, said
corrb nati on determ ned by: conputing an el ectrical
33 ondu&sthac of Tarmang a@@@ﬁﬁfﬁ%laaﬁswlp@Iilhﬂm@b@&rfsp@ﬁm comprising:

aga ﬁErn;f}lgg% SRl 1 ﬁg’cezﬁiﬁ%&e&eﬁb%a‘cg g@e&@or 1H:9[ cﬁ gghlg]mess

pluralit materia cknesses
and lagiatterd3saidbhenbinatidrhdeteratinkdcyi: ve mat eri al | s selected

fromthe sisting of graphite, gold, 1TGQ
car bon nffﬂg} EE% nlﬁﬁm%lrﬂ??‘ "actt’lVEM@(éﬁeflsl Wbsorption coefficient

t her@gihst 2Qurality of degrees of patterning and a plurality of material thicknesses.
34. The method of claim 33, wherein the conductive material is selected from the
group consisting of graphite, gold, ITO, carbon nanotubes, and combinations and

mixtures thereof.
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