NANOW RES- BASED TRANSPARENT CONDUCTORS BACKGROUND OF THE | NVENTI ON
Field of the Invention This invention is related to transparent
conductors and nethods of 5 manufacturing the same, in particular,
to hi gh-throughput coating nmethods. Description of the Related Art
Transparent conductors refer to thin conductive filnms coated on

hi gh-transm ttance insulating surfaces or substrates. Transparent
conductors may be MNANQWIRESIBASEDINRANSPARENT CONBUCTORS Wil e
mai nt ai ni ng 10 reasonabl e optical transparency. Such surface
conducting transparent conductors are w dely used as transparent
el ectrodes ipgpa HI@%RQU‘N& @)Fcfﬁégﬁ{/ i R' ays, touch panels,

el ectrol um nesc evl ces tEln I'l m photovoltaic cells, as
anti-static |ayers and as el ectromagneti c wave shi el ding | ayers.
Currently, VE, eqositgd nmet al oxides, such as indiumtin 15
oxide (1TO, ' ry standard nmaterials to provide optically
transparency and o SCITHIE RiveRBaFIblatdd ¥ fhdlaRlREbhi Bl dRCRBHRIS b
as glass and polyneric ns. wever oxXl| ns are ftraglle
and pronebt omdautagiuringlihe sgriee impartcdar, & high-througihpat cogtingssethodghey
al so require elevated deposition tenperatures and/or high annealing
tenperatures to achieve high 20 conductivity levels. There al so may

be issues w ggsér@-oﬁ(m% RBIaRdg ARt al oxide films to substrates that
are prone to adsor g&rml sture such as plastic and organic
substrates, e.g. poI y ciepgpareascondpplore eferiedhinfcanduetiveolingsoptachen on

@ A oS A TS B b ol Pt

equi prent .. Mpageeahandaciufed 1 insRssurRe \copudtivile PAGIE mIRtairng ot
conducive to formng patterns and circuits. This typically results
in the néld ﬂeaﬁoa&lﬂ@mw tﬁ?&‘ﬁ?@r@rﬁ‘%gsfd%éﬁé%@scom {ng transparent

phot ol i t hogr apli, q':iﬂétl Wi téﬁﬁp

optically transpar e%?é] W:s’ecog con %@reg‘?& V\g\%ﬁ& 't ey ggtﬁ"er ally
have | ower displidystibuch panels Lmectmintnhmegbmt depices adndatirdrofilpt plastovoltaic
(particul arIéleszlls aé’ian i~

s{a%c Iayers and as electromagnetic wave shielding layers.

Currently, vacuum deposited metal oxides, such as indium tin

15 oxide (ITQ), are the industry standard materials to provide optically
transparency and electrical conductivity to dielectric surfaces such as glass and
polymeric films. However, metal oxide films are fragile and prone to damage
during bending or other physical stresses. They also require elevated
deposition temperatures and/or high annealing temperatures to achieve high

20 conduciivity levels. There also may be issues with the adhesion of metal oxide
films to substrates that are prone to adsorbing moisture such as plastic and
organic substrates, e.g. polycarbonates. Applications of metal oxide films on
flexible substrates are therefore severely limited. In addition, vacuum |
deposition Is a costly process and requires specialized equipment. Moreover,

25 the process of vacuum deposition is not conducive te forming paiterns and
circuits. This typically results in the need for expensive patieming processes

such as photolithography.



wavel engt hs) conpared to the netal oxide filns, and suffer from|lack
of 5 chemcal and long-termstability. Accordingly, there remains a
need in the art to provide transparent conductors having desirable
el ectrical, optical and mechanical properties, in particular,
transparent conductors that are adaptable to any substrates, and can
be manufactured and patterned in a | owcost, high- 10 throughput

process. BRI EF SUM\/ARYC@ﬁdIFHEreI Mﬁhﬂnismvbmlmafm aeoptically 1S
descri bed her in_ a tL E I’g{lil duc rising:. a substrate;
and a conduct Ia\pgp?rgp ?38 "39 54$-a EweY‘Pfet yarnetaliwhavedgwer

I ncludi ng a pRbHA , f S.
I n anot her enbodl?ér?gtrwvgﬁa"'etg ?‘gﬁ\g‘%ﬁaﬁnp Hé%na?%é‘@ll%néﬁ'ﬁr@u!aﬁggﬁlbﬁa
substrat e; aMt!iVQIGLElGﬂW@Dmper&crhtpdheametalfmﬂmrﬁimr ahesuﬁénefr@ﬁflﬁbkcdﬂ ve

| ayer in aI it nanow res enbedded in a matrix,
in parti cEﬂJ h&g}?%l gB‘# Oégﬂeé'"cﬁ@%{ 'pol ynmeric matrix. In yet anot her
enbodi ment, the transm&@ﬁamg@nﬂié?é%mg%fa*}%ed :%‘Ph&agft‘ E’u e P,

corrosi on |nh|b|tor In a further enbodi nent
a nethod of !rRBgRareatsangugtars Eﬁslpgldeanrahielemmcai optiogirarsl megchanical

d iti bstrat th t al
eou 1 eo baPRipeie: I udtolRh HansRRRY Ldriucftls Tl @S aBbEblen it 1 o
net wor k | ayesulmsirstdwe aadh:ahrt&t matha@fdr@deaﬁ&l phiGmeUGY hdow%‘és

i @i y I n
anot her nent, a method conprises depositing a plural 't
met al ﬁgt)\n &\é%ugr;‘wuapmﬁf ate, the metal nanow res being di spersed

in a f|UId, and formng a netal nanowre network | ayer on the
substrate by allowing the liquid to dry; depositing a matriXx
mat eri al on BRERSUMMARYOGF EHBHYVENTIGNI ayer; and curing the matrix

material to forma ITB.tII’I X, Mtr{fﬁ and the netal nanow res

enbedded t herein formAE"E RBEPY & s dpsqribedinegein @ Yanspagsri sandusier,

the method desplidaest d‘ﬁilﬁt@t&%d@corﬂﬁfoﬁ@%ﬁ?@r bﬁ'tl?e étﬂﬁs,ltra'ié) thée!

process, wherein the substrate is driven

: conductive layer including a plurality of nanowires, preferably, metal nanowires.
16 In another embodiment, a transparent conductor comprises a

substrate; and a conductive layer on the substrate, the conductive layer
including a plurality of metal nanowires embedded in a matrix, in particular, an
optically clear polymeric matrix.

In yet another embodiment, the transparent conductor further

20 comprises a corrosion inhibitor.

In a further embodiment, it is described herein a method of
fabricating a transparent conductor comprising: depositing a plurality of metal
nanowires on a substrate, the metal nanowires being dispersed in a fluid; and
forming a metal nanowire network layer on the substrate by allowing the liquid

25 todry.

In another embodiment, a method comprises depositing a plurality
of metal nanowires on a substrate, the metal nanowires being dispersed in a
fluid; and forming a metal nanowire network layer on the substrate by aliowing

the liquid to dry; depositing a matrix material on the metal nanowire network



5 reel along a traveling path, and the depositing of the netal
nanowires is carried out at a first deposition station along the
traveling path, and the depositing of the matrix material is carried
out at a second deposition station along the traveling path. In

anot her enbodi nent, the conductive |ayer can be patterned, in 10
particul ar, photo-patterned by using photo-curable matrix materi al s.

I'n anot her elata@;daﬁa@bnng&he mafi&%ﬁétbﬁsﬂto%fn%%étnkgtﬁbm?étﬁﬁ anattﬁé‘ﬁ{e't‘éle

conpri si ng: fl exi bl e donor substrate; a conductive la
i ncluding a nmqw'ses«aemm thenefn f@rrplngrmbmmq;.lchfle fayeal nanow| res In a

b he, 15
brocess conprising:  adBRYPRTE S qiRRRE Tusy et daneiben herein 6an ba o
of choi ce, mﬁ)rm@dﬂwlanﬁelttb%élhﬂﬁtéﬁsemﬁl@ﬂé?ﬁ tq?@ﬁ%ﬁ@feqs dr@eﬁ%& PRINGT

enbodi nent, a display device is describ I spl ay
conprisi gy d€eh Aasg ad@ﬁlm&ﬁ@fbaa@m{h%dqmsrtm@I’Nwmegai;manownelﬂm carded

, th I I [ t t al OW res.
20”10 par i o o Bkt bRGeH P ReBiabMd bt e dRichentittiarcs
in an opti cahé ynatdix arteniy@riéd oUBatd &c&@'o@ﬁom{dﬁh% thEHE
SEVERAL VI E\\&6 THE DRAWNGS |In the draw ngs, identical erence

nunber s |der1i'i"’\"1‘3 %Pﬁﬁhl ar el errents or acts. The S|zes and reI ative

oal e, “For exampl o ¢ huengifier dhBoiEh A 80f Mle RATREA Tk prEhiil i °
not dravi® t paglicalar, plhoid- maﬂnmanlfbyt bsing pbbbnrﬂméls]emanx aiderdigerily

bar 1 cul ar shapes. of  TheManeERbaTment Ladearbaiiereiia RaRed convey
any i nf or mgtiiefdrd e&%gﬂsuﬁg éﬁ@xlﬁ@tddﬁbr §4?@ﬁ?%t€faﬁd@c&?d hgL R

el enents, and have beén sel ected so or ease of rec gnltlon
in the dr avxﬁﬂf&#iln@aw@m@maddedmﬂﬂmanhtalw oﬂ Metal nanowinesof a

nanowi re. Figure 2 is |, | ected
properties of a sil vlerfa ﬁ“@ﬁ‘%@? bﬁ’lé i ?30}0' %E%l é%cﬁée%fthe
| i ght. Fi|59upﬁoc’ésschuﬁmsmgeap[ﬁlbmgdlb@Wnﬂhai@G shiReRirs tTh QLUbSratk!of 8hoice,
nanow re
and removing the flexible donor substrate.
In yet another embodiment, a display device is described, the
display device comprising at least one transparent electrode having a
conductive layer, the conductive layer including a plurality of metal nanowires.
20  In particular, the conductive fayer comprises the metal nanowires in an optically

clear polymeric matrix.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
In the drawings, identical reference numbers identify similar

elements or acts. The sizes and relative positions of elements in the drawings
25 are not necessarily drawn to scale. For example, the shapes of various

elements and angles are not drawn to scale, and some of these elements are

arbitrarily enlarged and positioned to improve drawing legibility. Further, the

particular shapes of the elements as drawn are not intended to convey any

information regarding the actual shape of the particular elements, and have
30 been selected solely for ease of recognition in the drawings.



5 layer on a polyethylene terephthalate (PET) substrate. Figure 4 is

a graph illustrating expected values for various resistivity
properties of a nanowire based on the wire dianeter. Figure 5is a
graph illustrating the expected overall resistivity as a function of

the dianeters of nanowires. 10 Figure 6 shows an SEM i nage of a
single silver nanowires connecting between two netal contacts.

Figure 7 illustrates g ﬂf-é Wy X seferhafiCiNBstEAioh oy e fiowgret hat function
as biol ogical tenplat eg or a transparent conductor. Figure 8

il lustrates a protei nFigoes 28 a geaphpiléairatiog domexredteed opticl peaperiigsey a
via various bindin iteg. Figure 9 illustrates the formation of a
conductive fi WgSEPS%a%?Eﬁ&&'ﬁW@’ﬁ#ﬁmgfﬁQﬁ&d on the coupling of
associ ate peptides. Frgures IRbtrbidsré hBEGPtioS BEE@ NG 8t & ¥ildst nanowire
enbodi mrent of a netal “hanow res-based transparent conductor. 20

Fi gure 16B ldyeusnrapayetbyirpedercpbihpiate (ffe HesubstrBlsdi ment of a et al

nanow r es- based transpa . C t.or Lgqur. tically
a further enbodi nent Eﬁghggérést%ﬁgéhﬁ'a'ﬁ%s(ﬂ$®8%§§8é%?rv§%\g§?en ﬁ)Ezﬁgnductor
i n whi ch popddigtivity propdiiedeN@nbnesirabasedupiedirodismator.f ace of the
transparent conductor. 25 Figure 10D shows an SEM i f silye

: : | \ mage | yer
nanowi res protrudi ng Figute 8fs a g&apty lﬁ'd\“ér%mgttﬁ%ew%ﬂ%‘ﬂ)&g%"ﬁ reF B8 2
Figure 1 [ ks es: ' ¥y anot her enbodi nent of a netal
nanow res-CElmgldsAechHﬁiogﬁieplg]ra@%?&g%m%@%%éﬁ gure 11 illustrates
schematiigal | y a furt hEiguendetowerin 3EMamage ofratsirigle siveninapewises ed

transparent conductaqr having a |ti-layer structure. 4 Figure 12
shows a trafSREng Q%‘Hﬁ%%l‘@? "ﬁgﬁef‘ﬁc@xhavi ng a reservoir for

delivering a vapor phP@'ﬁré PRiRirhRs 4 NMtwbrk & filsmeAtobdArdBiRsThaMuastion
exanple of a fabrication process of a transparent conductor.
as biological templates for a transparent conductor.
Figure 8 illustrates a proteih scaffold coupled to conductive
15 particles via various binding sites.
| Figure 9 illustrates the formation of a conductive network of
biological templates based on the coupling of associate peptides.

Figure 10A illustrates schematically an embodiment of a metal
nanowires-based transparent conductor.

20 Figure 10B illustrates schematically another embodiment of a
metal nanowires-based transparent conductor.

Figure 10C shows schematically a further embodiment of a metal
nanowire based transparent conductor in which portions of the nanowires are
exposed on a surface of the transparent conductor.

25 Figure 10D shows an SEM image of silver nanowires protruding
out of a surface of the transparent conductor.

Figure 10E illustrates schematically another embodiment of a
metal nanowires-based transparent conductor.

Figure 11 illustrates schematically a further embodiment of a

30 metal nanowires-based transparent conductor having a multi-layer structure.



5 Figure 14A shows an exanple of a fabrication process of a
transparent conductor by web coating. Figure 14B shows anot her
exanpl e of a fabrication process of a transparent conductor by web
coating. Figure 15A shows a web coating systemand a fl ow process for
10 fabricating a transparent conductor. Figure 15B shows an SEM i nage
of a conductive layer following a post-treatnent of pressure

appl i cation. Figures Kigobbt shows atrafiurehodtutor Lo RAViR 8Cess:

Figures 17A-17C show another exanple of a |am nation process. 5
Fi gure 18 shisgervair fexdelivesingfa yepor ohpsa inbibiton@/Rl).conducti ve | ayer.

Fi gures 19A-19B show |, continuous photo- patternin
nmet hod suitable for aﬂ%@)égggﬁh%ﬂ Bﬁ%‘@@?ﬁxaﬁp&]?& r§ﬁﬁ%p5’cﬁ§$ gf 3
system and atrgnspeesst cohdfi@bri cating a 20 patterned transparent

conductor_ Figure 21 shows a display device conprising transparent
el ectrode® based on métigyreridiosiiavesan pxayuple of 2 fehrivation procass ofar een

devi ce conpr =il t uctors based on netal

nanow r es. 2% |gﬂ%ﬁﬁ9§&%ﬁ§wg’%pﬁ%ﬁ§$ rel ease profile of H2S gas
fromfreshly cooked d&gurgdidisshdwsdaricthardXaripmef & FebrlcaBBA process of a
transm ssmr;ts of six sanples of conductive filns before and after an

accel er at ed F@Z@pé‘fﬁr}tﬁgf‘ WetpRlay W?biC@éF'EQ-MB shows the resistances of
i R B
conduct i @ ffabni@tinbea‘mmrmmmwﬁhductan accel erated H2S corrosion test.
!{3 Ir gﬁ; S ar2 gf]\t S Eg\r’]\g u 2{] i S Elaqrq?'% ﬁpgfsh%lwrseé:r} g%Mpizrﬁa%gro? Iangon%ugt?vr:aot\.lamyére fblk?v%is'lg da
post-treatment of pressure application.
Figures 16A-16B show an example of a lamination process.
Figures 17A-17C show another example of a lamination process.
15 Figure 18 shows an example of photo-patterning a conductive
fayer.
Figures 19A-19B show an example of a continuous photo-
patterning method suitable for a web coating process.
Figure 20 shows a partial system and a process of fabricating a
20 patterned transparent conductor.
Figure 21 shows a display device comprising transparent
electrodes based on metal nanowires.
Figure 22 shows a touch screen device comprising two:
transparent conductors based on metal nanowires.
25 Figure 23 shows a typical release profile of H,S gas from freshly
cooked egg yolks.
Figure 24A shows the light transmissions of six samples of
conductive films before and after an accelerated HzS corrosion test.
Figure 24B shows the resistances of six samples of conductive
30 films before and after an accelerated H:S corrosion test.



5 Figure 25B shows phot ogr aphs of the patterned conductive filns
before and after an adhesive tape treatnent. Figures 26A-26F show
phot ogr aphs of the patterned conductive filnms before and after an
adhesive tape treatnent at various levels of magnification. 10

Fi gures 27A-27D show phot ographs of another exenplary conductive
filmbefore and after a solvent treatnent. DETAILED DESCRI PTI ON OF
THE | NVENTI ON Certai n pgbrosdrey | ﬁgﬂ[ t o
conductor based on a cgﬁducﬁvgériiﬁﬁ%%e%%ﬁgvﬁaﬁnsgé Fﬁgp rCﬁQ%TIIQ}S,
t he conduct i beforepad afteban actalerateciHsP aosesioetestr k of net al

nanowi res. In additiong th onductive |ayer is transparent, flexible
and can include at Iea@gur(?%r’c’%ﬁl?qvﬁﬁn?ﬁ%@”{’ﬁ?sof(%ﬁ&ﬂﬁbw ning| 3 nanewirse

coated or | apagwi #ahParent\Bhbigdivetimsubstrates, including flexible
and rigid substrates. The conductive |ayer can also formpart of a

conposi ted structure ifFiguieRsfyshowmphotegraphe of tie paittridtbcormheyies fns
The matri x | Lcal |y Inpart, certain chem cal,
mechani cal gﬁéﬁéép%%éﬂe'g%ﬁ@/%weegtapétﬁ? e%torrposi te structure. O her
enbodi ments descri be rigived 26aL2dREHAE BhbD | :
conductive lhf%%ﬁ@ Condu%t I ve Nanow res@Fi ggfagﬂ% qfﬁﬁ%ﬁegbggcgﬁﬁ)chve

nanowre 2 faie andyaftar anadhesivgdape treatmemt shvariausdeels of di vi ded
by the dia hatiolli t @bl € nanowires typically have aspect ratios
in the rang‘jng n%a?"?}loo,ooo. Larger aspect ratios can be favored

for obtai@ing a transfaguss 2TARNE siedw bAYRErHIHRCT ahbier BR¥mBRAP! ©
nore efficient  condyctive networks to be tornmed while permtting

| ower over al $ONGUREYS (imypeffie and aftesia solvenfrregiaertoar ency. I n ot her
wor ds, when conductive nanowires with high 6 aspect ratios are used,
the density of the nanowires that achieves a conductive network can
be | ow enoudPETARED PESERIBTEINQF HEEAMENHOMIbst anti al |y

transparent. One neth 0 define the transparency of a layer to
light is by its 5 ab?ﬁ? ’1‘8?5![’8@'8*%"%?@@(90 10,3 frangRasentAengrcior ght

passing thr dugbd@n #yeidueave Rer of nanowires. in particular, the conductive fayer
15 includes a sparse network of metal nanowires. In addition, the conductive layer
is transparent, flexible and can include at least one surface that is conductive.
It can be coated or laminated on a variety of substrates, including flexible and
rigid substrates. The conductive layer can also form part of a composite
structure including a matrix material and the nanowires. The matrix material
20 can typically impart certain chemical, mechanical and optical properties to the

composite structure. Other embodiments describe methods of fabricating and
patterning the conductive layer.

Conductive Nanowires

Figure 1 illustrates a nanowire 2 having an aspect ratio equal to
25 the length Ly divided by the diameter dy. Suitable nanowires typically have
aspect ratios in the range of 10 to 100,000. Larger aspect ratios can be favored
for obtaining a transparent conductor layer since they may enable more efficient
conductive networks to be formed while permitting lower overalll density of wires

for a high fransparency. In other words, when conductive nanowires with high



defined as: | =1loe ax in which la is the incomng light on a first
side of the layer, | is the illumnation Ilevel that is present on a
second side of the layer, and e -a" is the transparency 10 factor.
In the transparency factor, a is the absorption coefficient and x is
the thickness of the |ayer. A |ayer having a transparency factor near
1, but less than 1 can be considered to be substantially

transparent 'asEéWa 8s %re?uééd 17 fdishy of e l‘r’én&uﬂf‘esotﬂéf Qﬁhe\%@% & conductive,

el ectrical C arac eristics tlve nanow r es. Fi gure

shows a t hegretidkadaniinsioh eﬁouglheth:hﬂtgdaicoadhmiwpmemomxns suibstemtlally
nanoel | i psoi ds at various wavel engths of |ight. Depending on wi dths
and | engt h4ransPaResE. nanoel | i psoi ds exhibit a high extinction

coefficient to a narr m@%dQ{) dgh%fhel trarfslﬂﬁr]é’%g%f%ng%é}% lhgke &Y td00

and 440 nanoneters an 0 wave bove

However , 3 hepsartionueffigritallhg :IMmatauns(pfnghhpamQ\ﬂmugatb@Layenm be
about 700nm B/n &h falls in the visible range. Figure 3 shows the
absorption S6EB8Y &% of a layer of silver nanowires deposited on a
pol yet hyl ene terephthal ate (PET) subs}r_z'iteaux As shown by the
absorption profile, the silver nanowire Tayer on PET substrate is

subst anti al 'lﬁ(vﬂ'l'ic?f‘ls RefHehcRingg Y8t o @Hﬁ)alﬂvst%mﬁth@ |a? N tROMG@Irgiow t h

the 25 results fhe theoret hown 1 n ure 2. Figures 4
and 5 show ti¢wme! teetis peesent OIrna(aeeomd:aiﬂemﬁdw iawer, @hdtehe IS ﬁ*}@ﬁr@speﬁnﬁy of

| bas h E
R A o T
absorb nore thul:krsaé\se offie taRroA laggamawmgl:a gHRspatendycRl heat $, mn Iess

resistivity based on the grain boundary and surface scatteri ng are
hi gh at di artkaredcaptbg muamtqbe ﬁmstmtlallvﬁ@napa@t er increases,

these effects are draﬁqﬁg#b)@ Qﬂtﬁéﬁ@ﬂée{l ahd ' f‘fdém Sddjvity is

t herefore reduced gre Mhat reases 0 nmto
over 100 nmchagstendtize oTltlwdsmcﬁJ):tlveThamwn'qsr. overment in electrical

Fr ansparthcy Tor  appii@HeAanowRdEPIsiGaLmoRak i Ge SRt SERGengy siver
nanoellipsoids at various wavelengths of light. Depending on widths and
lengths, silver nanoellipsoids exhibit a high extinction coefficient to a narrow
band of light in the wavelengths between 400 and 440 nanometers and to
wavelengths of light above 700 nm. However, they are substantially

20 transparent between about 440 to about 700nm, which falls in the visible range.

Figure 3 shows the absorption spectrum of a layer of silver |
nanowires deposited on a polyethylene terephthalate (PET) substrate. As
shown by the absorption profile, the silver nanowire layer on PET substrate is
substantially transparent between about 440nm to 700nm, agreeing with the

25 results of the theoretical model shown in Figure 2.

Figures 4 and 5 show the results of theoretical modeling of the
resistivity of metal nanowires based on their diameters. For a larger diameter
of nanowire, the resistivity decreases substantially although it will absorb more

* light. As can be seen in Figure 4, the effects on resistivity based on the grain
30 boundary and surface écattering are high at diameters of less than 10 nm. As

the diameter increases, these effects are drastically reduced. The overall



5 Figure 6 shows a single Ag nanowire 4 that extends between two
other electrical termnals 6a and 6b, to provide an electrically
conductive path fromtermnal 6a to termnal 6b. The term"termnal"
i ncl udes contact pads, conduction nodes and any other starting and
endi ng points that may be electrically connected. The aspect ratio,
si ze, shape and the distribution of the 10 physical paraneters of the

nanow res ar i tﬁ‘ﬁ)ﬁi‘éréf@ré)fe‘a\{lbé’@ Féaﬂ%(‘i’cﬂfd[érﬁéter%t'lﬁ@éaé’éﬂr@hq@ﬁmf@'

properties. er of such wfes that will provide a given
density of Agem’b@ﬁ)mnr(eee,l aiseéiga:ce &i This pnprovewest theglecticdl epp@ties cal

conduction pro r, cou n b. For
exanpl e, hﬁ?ﬂfﬁ)gatsb a hawe ! %gatﬁs%ég%agé‘gggg%d ﬁ?%%%&fa# foL 6a to
6b to provi gepfediivhs iR §Tt@lﬂ§|§a|@h§@6ﬁdlu@wr conduction path, and the
concentration, aspect ratio, size and shape can he selected to

provi de & subst ant i al Figure ﬁﬁbpﬂﬁ@rﬁlnwamwlfe 4rihat extepds between two

transparent tn

t erm nal 6b %ge %ﬂﬁr&l?%g%éfa%ﬁgé gﬁé&w %\{seecan @@Btr"g%i’%@ed,
t he di st ancerohi Rniril BhR@terfrindl @bl eTha tah “teﬂﬁln@lﬁ inglyddxeconiadt pddat t he
desired optical properties are not obtained with a |R%L[gﬂ§tgnovm re.

A pl ural i ty coRdygiion nedesandanyriferdadting gngendingrainte 4 Bt her at
vari ous pol %‘ie%;{tcggfg@{ﬁéae&t E‘rﬂ@% éét‘f&nd’%téé Eﬁ&ﬁ@ h&d tﬂétatmﬁanaﬁof the

t er m nal entl he nanow res are sel ected
based ongt hfphy@leallpraeaknetdrs Qﬁthemamwn*esme sé’llaeted to tpeo\nderttadesﬁred

nanow res that provi des tt] ed copduc |on htp Qver.
resi st ance ORtigdHgnd Fﬁdl‘?ﬂ”% é’r%%‘? %?e he B”mg‘é'h?e?}'@ QB W provi ba
el ectrical BhRRAGds f/@tg n%ﬂoﬁr\r@&‘isf sdédted Wﬂ%ﬁe%cle@té@te é[é@[fﬂcal

termnal 6a™to term el ectrical conductivity of
t r anspar ent cba@tmllonsprmaemes;vformmphmﬂ tesatirtsy Ga Yo tert@utatﬁbu&qrwamp@r a

2L 10U R W ARG £ Lo S RRIGH GETATRT B W Eage 1o

certai n 1ANEYisIBn6S BRERHdaREbRIuctiah patl, ahe thiecorsentration Ebslpect:naltiat sz
threshol d), the conductivity between the termpals is zero,

there is n&ndshepacandecsaiedied igprovidsamsiksiantialy Jagsrargat %ques
Moost oot TARerbR, 13R8Edenf ANiC LnARABRTY HiRVIeR frdm Rfhid G8ito

| east one ¢ aval
terminal 6b using a plurality of Ag nanowires.

As can be appreciated, the distance from terminal 6a to terminal
20 6b may be such that the desired optical properties are not obtained with a
single nanowire. A plurality of many nanowires may need to be linked to each
other at various points to provide a conductive path from terminal 6a to terminal
6b. According to the invention, the nanowires are selected based on the
desired optical properties. Then, the number of nanowires that provides the
25 desired conduction path and overall resistance on that path are selected to
achieve acceptable electrical properties for an electrical conduction fayer from
terminal 8a to terminal 6b.
The electrical conductivity of the transparent layer is mainly
controlled by a) the conductivity of a single nanowire, b) the number of
30 nanowires between the terminals, and ¢) the connectivity between the

nanowires. Below a certain nanowire concentration (also referred as the



As nmore current paths are provided, the overall resistance of the

| ayer will 5 decrease. Conductive nanow res include netal nanow res
and ot her conductive particles having high aspect ratios (e.g.,

hi gher than 10). Exanples of non-netallic nanow res include, but are
not limted to, carbon nanotubes -(CNTs), netal oxide nanovvi res,
conductive poI ymer fibers and the like. 10 As used herein, "netal

nanow re" [TE a%ﬂo?n tﬁrééﬁbﬂ?'thé éﬂaﬂ&tnvﬁ@ﬂ@?&e@nﬁﬁe%mﬂb B8 .o, RbR

al | oys or compoun i ncl udi ng oxi des). At |east one
cross secti gad cdntimosis eurrent path pm@lldd:d hecmweﬁbe nanowises almmcsd(oomm

andlessthnZOOn a nor. e fe d
above, the HEt3RaM, er}g[s}pggcgﬁtra:t %/éﬁ ?etieﬁtgﬁgt%ﬁ%“gbﬂﬁﬁs%ﬁﬂ%ls
greater 15 %@%o@aurﬂrﬁbgﬂ@tﬂm p@é\ﬁ@éd?rthé Berah PesistaficaTef tenawiraviRbl y
greater than 100. Suitable metal nanow res can be based on any

met al , idcl deécregsai t hout linmitation, silver, gold, copper, nickel,

R SRt e e U L L

synt hesi zed chRgGatuB papidiéd Raviid AR aspect @dostd. ?n h@he&’t?ﬁ!n' 1@ Bahiples
(e.g., silver nitrate) in the presence of ag@ ethylene

gl ycol ) and oi)apwwtaw NRPPWIEES HGHEIR, bytArg a0l %d 3 (S’QU?R"! PANYELES | ver
nanowi r es OJECH% %é’&lféﬁ&e @Ql%\p?eef) Sﬂgﬁﬁe%wg{ i 'ffb%&éoggc?hfel t hods

described 'n
4736- 4749, and X|a YAs esedherein Nm’eﬁdalmwse’(m)toa(mptallﬁﬁﬂr@w 25

Alternatively, the nmetal nanow res c n be ared us bi. oIo al
tenpl at es (@pmleqnsgﬁ!eaﬁneeaw dnete) aligysor HatRomy %@ﬂér}f@é@ ng% al
exanpl e, bi glpakeahs eaéedde%ese Hé&ldﬁ%l é(nh{éﬁéﬁﬁ e RIS EneMIefis Rk on
as terrpl ates to' create netal nanowires. |In certain enbodi nents, the

bi ol ogi cal thamPpdGhes andtessdhan §00 e, endtroorexpretarably dessdhan 408 it y
for a partic

ot . Pior ot et B it FRRGMS hog B8R Bud TRA gy B bltater,

be foundg nihdh 90, priRPablEgFeatst an 50, Yhd HiorBpssfdrably Jreatdrithar (W}Ot he
Directed Synthesis of Magnetic and Sem conduct | ngI Nanow r es, 04)

Sci ence, 30Suitable-rpetal napevirgs ¢an ke bagsed enppy Metals glidngwit @qtent ed
limitation, silver, gold, copper, nickel, and goid-plated silver.

The metal nanowires can be prepared by known methods in the
art. In particular, silver nanowires can be synthesized through solution-phase

20 reduction of a silver salt (e.g., silver nitrate) in the presence of a polyol (e.g.,
ethylene glycol) and poly(vinyl pyrrolidone). Large-scale production of silver
nanowires of uniform size can be prepared accroding 1o the methods described
in, e.g., Xia, Y. et al, Chem. Mater. (2002), 14, 4736-4745, and Xia, Y. ef al.,
Nanoletters (2003) 3(7), 955-960.

25 Alternatively, the metal nanowires can be prepared using
biological templates (or biological scaffolds) that can be mineratized. For
example, biological materials such as viruses and phages can function as
templates to create metal nanowires. In certainembodiments, the biological
templates can be engineered to exhibit selective affinity for a particular type of

30 material, such as a metal or a metal oxide. More detailed description of

biofabrication of nanowires can be found in, e.g., Mao, C.B. et al., "Virus-Based



Quant um Dot Nanowi res,” (2003) PNAS, vol. 100, no. 12, 6946-6951;
Mao, C.B. et aL, "Viral Assenbly of Oiented Quantum Dot Nanow res,"
(2003) 5 PNAS, 100(12), 6946-6951, U.S. Application Serial No.

10/ 976,179 and U.S. Provisional Application Serial No. 60/680, 491,
whi ch references are incorporated herein in their entireties, Mre
specifically, a conductive material or a conductor (e.g., a netal

nanowi re) caifodlkitdot he Diretted Sywthbsie lop Miagabtid 1P Sehficdidseth®NaRbwires,”

affinit 10 bet n the_conductive nmaterial and certain binding
sites (g. g., (%@&%ﬁ“ée@@qﬁgﬁc%‘s%2gn Mate hBofldi CViralAssgmbiveof Qrierdether

enbodi nent s, i fii 1 ed b L atjon
process, durP%‘Sﬁmg&tﬁpg@%gbé@qgi%%é@g@t g°cﬁ%§3é5f@éq= Mao,
particles t h@tB.bétrai.,t“éiralhxssbirm]!w@’lart]ﬁénté@mmbﬂtm Dot R@nﬁwmids_s{c(aoog)
articl es bei 5 ble o rther growing into a continuous
Ponduct vé | DA, iR, pEebbest ) Sxhalcabon Becal No. 4676,179 and U
"m neral i zat pafisisi " Ty Te iy I @?@é e.g.,
a metal sal tgjﬁg:"ésrlggael ﬁl‘%%%e%mfég Né.erjl e en%ﬁ?glmné?g?fgfeﬁﬁgéé%resence
of a reduci hgomprated HEreinrie thdit endigetidsenent al netal binds to the

bi ol ogi cal tenpl ates nd gro [nto a continuous netallic |ayer. 20
Iln ot ger enbocrzlr})rrents, ogeeg%ec]\ﬁ:la igfondig ‘feﬁ"@?errﬁ'Pfﬁlcpﬁ}d‘l'ﬁj%’I o e

onto the bi oket| ¢@inoW@bPEabirectyivPd £ biolddi | %919%5
converted into net gl a’rald pl g?ceg (an thﬁbrgle%éﬁrrgﬁ?lgg éaf;lgfq &ﬁﬁfeﬁhs ed
mat eri al 18anb@fweesdhe copductivemalremiping, ceptainshindingsitera (@ i, pleptidet

causes the n ' . af nmetal out of a solution

cont ai ni ng a%@%é%%@%&'%&%hﬁ@é%ﬁsw. 25 To illustrate, a seed
material layer contai nnnghgradrhisstimentsasn condedtiveifatelENaind gabicdbyoh
Cu or Au. As one specific exanple, for creating a Cu conductor,

accept abl e SRHIPFHANRTOGPSS. BHYING BINCK # PissLIsel iLrnvertedito sanduntiveased

ok ey PP M SRS G EGEHER ol X AR BRI e i

mat eri al 180 ¢apaiblalef iNrtheOgrowhty inGpa cBhtinRus cagduéiivedbyary SThis pidcess is

oo, o o rBlRh 1 S recH AT o in Bl el Ao

Cr, M, Ag, .2k hetsl 8t) @an beXBhvertdd todr MMent nidthB¥ Ihé Brédence of a
reducing agent. The resulting elemental metal binds to the biological templates
and grows into a continuous metallic layer.

20 In other embodiments, a seed material layer is initially nucleated
onto the biological material. Thereafter, a metal precursor can be converted
into metal and plated on the seed material layer. The seed material can be
selected, for example, based on a material that causes the nucleation and
growth of a metal out of a solution containing a corresponding metal precursor.

25 Toillustrate, a seed material layer containing palladium can cause the
mineralization of Cu or Au. As one specific example, for creating a Cu
conductor, acceptable seed materials may contain palladium, a palladium
based molecule, Au or an Au based molecule. For an oxide conductor, a zinc
oxide may be used as a nucleation material. Examples of the seed material

30 include Ni, Cu, Pd, Co, Pt, Ru, Ag, Co alloys or Ni alloys. Metals, metal alloys

and metal oxides that can be plated include, without limitation, Cu, Au, Ag, Ni,

10



FePt) or Ti 2, Co3O4, Cu20, H 02, ZnO, vanadi um oxi des, i ndi um oxi de,
al um num oxi de, indiumtin oxide, nickel oxide, copper oxide, tin

oxi de, tantalum oxide, niobium oxide, vanadi um oxide or zirconium
oxide. 5 Any of a nunmber of different biological materials can be
used to provide the tenplates for creating the nmetal nanow res,

I ncludi ng proteins, peptides, phages, bacteria, viruses, and the

|b: Efo Iﬂg:l teﬁmﬁwglé% R@rwset, eﬂ%gﬂglceo ?lgdygrqggglgdem) %%IIB?@rFé“ﬂIO@s (e..,
condugt i ve g%tﬁg’ﬁ)u%“é eé‘éi&#cpﬂb@d”f% e, va@ﬁﬂmm@txidas mdmm oRides55, 883
and 10 10/ 158 p@RumbBlide Ehﬁ’cﬂ\'.lrgctﬁtéﬂcﬁ@ n%k%!)é)g ﬁg?gﬁﬂaﬁyhr} %¥|Q§,3ﬁet@!um

Technol ogi es  Corporatidn and are 1dcorp

As not ed abowegidepniobigi oxitlef wamaidane sxide o zRsorimicxids, a peptide, - or
ot her bi olsogi cal materjal f;an be engi neered, to_have affinity sites
for a selPected seed nBfePlanuapesokdifferentbiolaginal materialsaar bpased to

Proteins or BRAMIERS RpMLLTALILAind RebISBREME HBLARL T a6R, °°

i dentified through a proteln discov process suac
di spl ay, yeasepfdiespphggea;@Iabtesarwarsesdam:bllheylker Thehegknigudsoior %Iéﬁﬁﬁge

can be or ot DM T EPTRRSTe o bMistien mrtteridl trghik Spisle e Sinsiod avial
peptides integr @orﬁ@i@ﬂ\ll@h"la%h&faré b@sd@i’ﬁéﬂ% U"S m;ﬁin%hfbrhﬁ}ﬂé “ﬂ)/‘i‘sélgss and

affinity for a 20 specific target nolecule can be Iso ated ar
pepti de 38r ud@/1pR,588nbetb arplieationsiaselin the n@me otQambrios Feclymiegics

sequences of nol ec controlled to provide a
nunber of coppgj %;?b%ﬁ %%dpgqrpggg?ﬁ?ﬁ%re&a%ﬁ%@g ®in certain types of
phage particles. For exangted ababeusioldgies t@ﬁfb‘lfﬁés eaclPés %ﬁ:t@rh%%bﬂﬁd&an
be arranged in an ordered array along the |ength of

particles. THeP!PR biplodisehgiaierinl 5an ke @nginegrachio hepewafinity sﬂ@@cfmfa c
peptide sequqaggq %Bé& %lbﬁzlaeé’étlé‘c dEorfdile CW&;I‘PJ aﬁ{g%gb or&epﬂﬁj%sn

conductive materi al, providi ng con

conduct i 95t ywntlAdfﬂany age@psbmc métérial ctir beridentified lthwgh fagsrotdie drRbovdry y
30 structure of the nanow res

through ¢ he RIBETGTSUAN AR Gl ¥est FBPIBkFlisuriage Gispiay o G
having speci #dﬂ@dah)pléiﬁﬂhart%@e% phRags tiRplagdiRaRtd BEpRRdeBESM130 11
phages) can be created by inserting a wide variety of different sequences of
peptides into a population of the phage. A protein having high affinity for a
20  specific target molecule can be isolated and its peptide structure can be
identified.

In particular, the genetic sequences of the biological molecules
can be controlled to provide a number of copies of particular peptide sequences
in certain types of phage particles. For example, about 3000 copies of P8

25 proteins can be arranged in an ordered array along the length of M13 phage
particles. The P8 proteins can be modified to include a specific peptide
sequence that can nucleate the formation of or bind a conductive material,
thereby providing conductive nanowires of high conductivity. Advantageously,
this technique allows for the ability to control the geometry and crystalline

30 structure of the nanowires through the use of biological template molecules,

e.g., proteins having specifically designed or controlled peptide sequences. To
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that end, peptides or proteins with binding affinity for silver, gold
or palladium have been identified which can be incorporated into a
phage structure to create nanowires wth di nensi ons based on those
of the phage particles. Biological materials other than phages can be
used as tenplates 5 for the formation of conductive nanow res. For
exanpl e, filanentous proteins which self-assenble into | ong strands

of tens of §Qﬁ}£ (P@HHQQSP E q?éﬁs mhtﬁr?oqn%gﬁﬁpg}?‘fﬁlsfl@éprldvcﬁ' é)taﬂ%@hﬁt €

(see, Figure tageous such at r ot
synt hesi zed havehzean identifi= Whlcl;;ean dnepw:trpmatécbmtmapha@agﬁuctuhdﬁo@ieate
| eads to Iomer ercolﬁhlve t hresh cent tions of the conductive

10 nanowi r esnanydies; WHLAIMensions: Sﬁ °§r °§§a B Phgoe Pattiees: ze i n
| arge volume than ph@&ogﬁérﬂn%{e%fs &ﬁéﬂmgﬁgp%gewfoe%}éa%59§mpnates
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devel opedd HFogthedfoBnatiawsf corsicistivenbarowirsss i Fam exémple fitaresntoss pfdteihs! 8

havi it | t h t
barti ol ee BehsSlaRhPAL el bR stBadeotisns o HrTees RelbBotnranhe wred,
for the condachih YRePafild EnfflateS4e8, Iﬁ%ur%u? '9!@:hfaﬁﬁ‘é\g§ElEﬂslPI such atem CPIate

Al ternatively, the bindin &sﬂes ave ‘an affinity see
mat eri al | ay¥pteirecan be pyntiegized to have amhflargeln@spemdamtr@ntmge

5 can al so HETCAIEIRI0 TRt EREraaR rorpr o ih Pl ¢
Wi th suctp afﬁan@mﬁnes deﬁtﬁ:n&ﬂ{ irefeiy fe dagich &y Syrithesizs friarse Wlume than
frequent and regular intervals along their length to increase the

conducti vi t ypi@Qeth?ét'q[ﬁ’%al-ar@@rﬁﬂ’ﬁlﬁ maeufaagwée of FITIQée"P% (RER agfergymes used
bi ol ogi cal % eni ﬁb‘&ﬂvé’ss ?ngﬂﬁéﬁélgpe@s well as its diameter is
ni

easily englneere sin ues I s engi neered to have
t he correct dinensi on§1gu17e &éimvmpa scl*a#maﬁfcmms:bhma pivied $datfokd 8 kaving
shape 25 an een '

d | e t he biql | teri al
e oo ATEST ot iine BIES B8 coPpiaf vith caduhiNe P TR 8B. T5E Binding
pr ecur sofs ofgifb@raBéRbtedfb HAVE oH affihiSbF ﬂfe%n@uEWet Do DB Of

fabricating conductive nanow res usi'ng biol ogical tenplates. The
protei n scafAmIGH ana bl Aﬁemtwm,rtheéorrrgimmelt@csa bavenamn atfinity fordi sepd

B ndi ng. par dHEP0eRaRS s 28 aeie B Tnat bttt B BTGhiste "
associ ati ve pamicegiciuchas Cinahd telike. FTHe groadif bEaffdl@Bicaini didehact i on,
coval ent engineered 1o have a plurality of binding sites 8a with such affinity. Itis
20 preferred to have them spaced at frequent and regular intervals along their
length to increase the conductivity of the final conductive layer.

The length of a biological material, such as a protein, as well as
its diameter is easily engineered using known techniques. it is engineered to
have the correct dimensions for the optical properties. Once the size, shape

25 and aspect ratio have been selected, the biological material can be exposed to
conductive material 8b, such as a metal, or a precursor of the metal.

Figure 9 illustrates a further embodiment of fabricating conductive
nanowires using biological templates. The protein scaffold 8 can be further
engineered to include binding pariners such as associate peptides 8a and 9b at

30 respective ends. Binding pariners can couple with each other through any type

of associative interaction, including, for example, ionic interaction, covaient
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12 bondi ng, hydrogen bondi ng, hydrophobic interaction, and the |iKke.
The interaction between the associate peptides 9a and 9b encourage
the self- assenbly of the conductive nanowires into 2-D

i nt erconnected nesh networks, as shown in the final sequence in
Figure S. The association peptides and their 5 |ocations may be of
the type to eB@ﬁG‘thQﬁydrB?etf\ BORAIAG, HYdrdmbRSinte?actionOakd the M@NMERS | ON,
Cross-connections her desired shapes for thé conductive
layer. In thelnisrastiorbetwaan the ass@cmte mpt[demgaand@btemeumgeethe &elf8b

has al ready caffold, 8 re the

scaffol ds for %?yé]’qh‘&%ﬁ"gﬂ@ %O%'Eeslfﬁﬁjegg cor{r}?g doc{)m8§'éf‘ﬁ“”°rks
scaffol d B cagasghsanfigtg %al@e@@ém«.@nh Hig’uf% t‘lmetéb%omaﬂélm aspﬁtiestélﬁitheur
conductive _material. Thus the use of biological tenplate havin

associ ate Peplacatienomayderefithe ivkeitagneariage e éqrmmoff roeshase eng to end

f ti f b
woul d be. poss BT P SnaB ey BLOer S¥SH Y BBaF T e £l Btue
t he bi ol ogi cajayernp inbexaamie shaveinoFiguiees, 38d e@;ﬁ&ﬂ:ﬂ;@ ridieidl Bhawe a
desired degree of order in the conductive |ayer. npl at e- based

synthesi s i s P&EFIACRIUNA §p iapretainrssaiipl befate thg praf&ﬁbﬁﬁaff@@saprm a
particul ar di H%tl(h@l Oglﬁ nglESPfd ﬁhga'rﬁﬁo&ntﬂgfm b&%ﬁ‘B?& 8 ééWap&?form a

advant ages of manufact'uri ng of nano- ma
i ncl ude: 180l oetwamk prloc'enstheﬁngwdmgad)f tbermobeucmdmhatedart or high

t hr oughput, anbi ent 20 ratur Qsi tion, erior co for I |t
and production of condu e Ys ﬁfgpéo? Q‘Eﬁ*&‘%{@?lﬁtﬁ‘eh G ASSRER ‘315’1?8

As an illustr #

conduct or 10 ey I ng'ﬁ‘*'ﬁ‘c%ﬁ?ﬁ%“?ﬁ% (Y elien 81 & CaRaRANE My of P‘g"g

14. The 25 cmnnf@ted/eewwhamwmpmp@esm& xp[tmreuldpnynmiovwmsarrhe

nanow res 16. nduct ure
108 shows andRHAFUEE bty 37 e Fiiau@alReReTates et ineietord B8 Sierdibr
conduct i ve5| ayetie?a desiré@teg@ewi okde s tsédrnaiuetivetia g@he conductive
| ayer 12' includes a plurality of nmetal nanowi res 16 enbedded .in a
30 matrix 18. Template-based synthesis is particularly suited for fabricating
nanowires of particular dimensions, morphologies and compositions. Further
advantages of biologically based manufacturing of nano-materials include:
solution processing that can be modified for high throughput, ambient
20 temperature deposition, superior conformality and production of conductive

layers.

Conductive Laver and Subsirate

As an illustrative example, Figure 10A shows a transparent
conductor 10 comprising a conductive layer 12 coated on a substrate 14. The
25 conductive layer 12 comprises a plurality of metal nanowires 16. The metal
nanowires form a conductive hetwork.
Figure 10B shows another example of a transparent conductor
10, in which a conductive layer 12’ is formed on the substrate 14. The
conductive layer 12’ includes a plurality of metal nanowires 16 embedded in a
30  matrix 18,
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13 "Matrix" refers to a solid-state material into which the netal
nanow res are dispersed or enbedded. Portions of the nanow res nay
protrude fromthe matrix material to enable access to the conductive
network. The matrix is a host for the metal nanow res and provides a
physical formof the 5 conductive layer. The matrix protects the
metal nanow res from adverse environnental factors, such as
corrosion and abrasi ofMaitrix"afers w4 solid-state m&ta’rla*mtéwwhfth@%téb’

th nent ,
oo s moi COATERS ik XiHarse Sosmbeddest Rai Igffbaﬁlaggyvziggrr]naye ike.
I n addi tion, proffad&®om fhe%éﬁ&%nét@}’ﬁlrté%ﬁbl@%%g@ @Q con H{;}H

properties to the conductive |ayer or exanple
adhesi on to Thema¥iristar host forﬁbetn’n&iairrmnew:reslanbi@rﬁﬂﬂ@é a%yﬁealffb.ln% the

nbe d wth petal nanow res can
Pobust a1 BBRN 1B, e T Sleeteio motelAnowisdrom idvesee.
fl exible nnténvﬂ'eﬁnm@fadto@%@dmé@céﬁ] fﬂ'pér‘lcf%l%smﬁ"nr q@%%g[cgjgv ﬁhe rp?]tgx

conductors in a_l ow cost, hi hr oughput ~ pr 0Cess.
optical propdtiicantiyjowers the nanneabzlﬁy bﬁmome!bmerﬁaw the @fviddhment,

Lr t reflection
fgggcghggug\%ﬁu‘%‘ﬁ%%@gg}ﬁcﬁc bééﬁ%"?qé’? @31 Wﬂ@ﬂuﬁ@g})lﬂ? dike fg-a matri x
of a desirable refram aﬁtﬁtlmnﬂdﬁémailfibﬂ@ﬁt-ﬁrbﬁ‘é@?alﬁ@%h??ﬂcﬁ%rﬁechaqmal
Typicall,ﬁ%the trix is an optically clear mate ter

r &

20 consi 6219 the condyptiverlayere Far gHempleaitsiangsovide atihésien to the

Uni 55 spectrraiia: kurieimore, Lt hSta b 8 hliiReitor ereag6ibatisess)
in a transp&meddedndiiometal desowirdechrhies Ribusaasd flexiBleeablit Hant i cal Iy

h |, cl ty .o e mtrix is typically determned by
;l (rarﬁlrt i Iuge(agiph%%& 'g’rrg‘rjrl% %Piﬁ?'ﬁg’j’ wWexikleumairicas makedghpossitde te fabsicatev e

ndex (R1). uabopdtententiicisioio ERGH, figh ol gugfigule e, i ckness.

surface (including interface Scattering
| oss cau"gs;ed by surf acMorenygnr € Sptical draperiissieittie copdudtivellggr cahmbe

20 nm to 1 EoRfselbid R pbiighiaRiaebiss R Ein ik KPP heleotion
enbodi ment slost kedmwanied glrdcae be affbétiRly Re8%e@by 3BMYta haBid & £
or about desirable refractive index, composition and thickness.
Typically, the maitrix is an optically clear material. A material is
20 considered optically clear if the light transmission of the material is at least 80%
in the visible region (400nm - 700nm). Unless specified otherwise, all the
layers (including the substrate) in a transparent conductor described herein are
preferably optically clear. The optical clarity of the matrix is typically determined
by a multitude of factors, including without limitation: the refractive index (RI),
25 thickness, consistency of Rl throughout the thickness, surface (including
interface) reflection, and haze (a scattering loss caused by surface roughness
and/or embedded particies).
In certain embodiments, the matrix is about 10 nmto 5 um thick,
about 20 nm to 1 um thick, or about 50 nm to 200 nm thick. In other

30 embodiments, the matrix has a refractive index of about 1.3 to 2.5, or about
1.35t0 1.8.
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1.35 to 1.8. 14 In certain enbodinents, the nmatrix is a polyner,
which is also referred to as a polynmeric matrix. Optically clear
polymers are known in the art. Exanples of suitable polyneric
matrices include, but are not limted to: polyacrylics such as

pol ynmet hacryl ates (e.g., poly(nethyl nmethacrylate)), 5 polyacrylates
and polyacrylonitriles, polyvinyl alcohols, polyesters (e,g.,

pol yet hyl ene terepht hajnaaeftaﬁrPEﬁbodmmg,qh@fnar{mpigtdﬂlgé@ﬁ.@r' vieh is alﬁo o

ol ycar bonat ¢ olymers with a high degree of aromaticity suc
Bhe%ol ics or re?%"é@%l% a%/ 8r fﬁ%’i‘ﬁ/ﬂ@”{’%&l@ﬂ@gﬁﬁeﬁy polyaleys ae kmee) in the art.
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Sice, Al 2m-ﬁrmnitme®utacﬁéﬁb-aiy%4boﬁﬁmﬁeﬁms? sHlRIdshal Eméoﬁe%rb@gorther

ot
sed. In certain enbadinents, the matrix itself is conductive.
gxarrpl e, t hé"WFQ%?%%'HgW'W@@r{G%PPWEIIS}%QWMDGWQQ}VSMephI yNEers

o byt et of RSBGPS, ot BEs el ol BB T by bl
pol ydi ac& yl SSBROBRGNM); ane fllieropolymers (é.gglp_dlggh-{yﬁ?rieoﬂ%ﬂljgelg 81; e:nz dit g
g ¢ nfL‘Q’O: raL}éﬁ%mﬁfuo?gettﬁbieﬂg ?‘Pl\-[\fi)r grs potl%aetxaﬁ{lgr\gpropylenex copolymers of
fluoro-olefin and hydrocarbon olefin (e.g., Lumiflon®), and amorphous
fluorocarbon polymers or copolymers (e.g., CYTOP® by Asahi Glass Co., or
Teflon® AF by Du Pont).
20 In other embodiments, the matrix is an inorganic material. For
example, a sol-gel matrix based on silica, mullite, alumina, SiC, MgO-Al,Os-
Si0z, Al203-8i0;2, MgO-Al,03-Si05-Li,O or a mixture thereof can be used.
In certain embodiments, the matrix itself is conductive. For
example, the matrix can be a conductive polymer. Conductive polymers are
25 well known in the art, including without limitation: poly(3,4-
ethylenedioxythiophene) (PEDOT), polyanilines, polythiophenes, and
polydiacetylenes.
“Conductive layer”, or “conductive film”, refers to a network layer
of metal nanowires that provide the conductive media of the transparent
30 conductor. When a matrix is present, the combination of the network layer of

metal nanowires and the maitrix is also referred to as a “conductive layer”.
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30 conductor. Wien a matrix is present, the conbination of the
network | ayer of netal nanowires and the matrix is also referred to
as a "conductive layer". 15 Since conductivity is achieved by

el ectrical charge percolation fromone netal nanowire to another
sufficient metal nanowi res nust be present in the conductive |ayer
to reach an electrical percolation threshold and becone conductive.

The surface @muliedridUclivityos achitve® Byl eidctical LRYBE pefedlatoR fsth bng metal
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nanow res by weight after 10 | oading of the conductive |ayer at” which

the conduéti PEoRcaijenal ixils sudagerrgsistivitve speetimes yefefred do as sheetvasistantat

106 52/ squar r t oadi.n | evel depends on
factors suchﬁlggdht%éenzégg'ee@ nfegtqi{), Qﬁle'%gh—ﬁ’%géng}eqﬁi gnhnment, degree of
aggl oneration and the Likewistj whéy achatiikes preesht, B ABirkaRustA® filled with

under stood by ane skilled in the art, the nmechanical and 15 optical
properties O%ﬁﬁlgﬂﬁgﬁqua&pwlrﬁ ladpscome pendiictieg.cfs yeed bainnthreshay a

hiah | oadi . . | e
hspact rati ooadingBVelPRbisibaperbiiiiayd of fOUABERAGRITS bl WEiGht Bfer,
conduct i 18 nleadingkoftthe conduative layenat wkichttha cohdiesive layes haé acirfaeadi ng
I I f blv. of about 0,05 / t bout 10 [cn2, nore
pr et er abl .t EotRuBeafmd More e 85l Tap ke o i) RS sentine foacing
preferably fosn ddpinds GnFab@fLalht £ ®RUsbest BHL Y dggfeets?]fledﬁéa?nt

nanow res. These surface |oading | evels do not affe ari cal
or optical pHegieeof agglopreration thexesishiétyeofitbe medaldapewitest r ongl y on

t he di [ d [ al ' ' L h ] . \
acvant agoousy. -t r ancrst B dBlstEL oy Bl Bty iy R R Leerhanipal and
conducti ¥5t yortiwal propleties ofeise Aiatrin 4ie)likeicoRidiRed bF SSIEPRINASSY by a Hg)

be provi ded tﬁ)% _adjésti ng the | oadi ng | evel s of the netal nanow Tes.
In certain SRBYRPRLANY Particles bRt Adwantagequsyp thsshighaseaet retios of the

LI ckness olmbbEngRbHSo at FHONE et § St SAMARTTL 8
the matrix duatrixat a threshold surface loading level preferably of about 0.05 pg/em? to
about 10 ug/cm? more preferably from about 0.1 Hg/cm? to about 5 pg/em? and
20 more preferably from about 0.8 pg/cm? to about 3 pg/em? for silver nanowires.
These surface loading levels do not affect the mechanical or optical properties
of the matrix. These values depend strongly on the dimensions and spatial
dispersion of the nanowires. Advantageously, transparent conductors of
tunable electrical conductivity (or surface resistivity) and optical transparency
25 can be provided by adjusting the loading levels of the metal nanowires.

In certain embodiments, the conductive layer spans the entire
thickness of the matrix, as shown in Figure 10B. Advantageously, a certain
portion of the metal nanowires is exposed on a surface 19 of the matrix due to
the surface tension of the matrix material (e.g., polymers). This feature is

30  particularly useful for touch screen applications. In particular, a transparent
conductor can display surface conductivity on at least one surface thereof.
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the surface tension of the matrix material (e.g., polyners). This
feature is 30 particularly useful for touch screen applications. In
particul ar, a transparent conductor can display surface conductivity
on at |east one surface thereof. 16 Figure IOC illustrates howit is
believed the network of nmetal nanowires enbedded in a matrix

achi eves surface conductivity. As shown, while sone nanow res, such

as nanowi r e Fifiae 10&yillbstrates howliyis belisveertpe tietwarkidiendtaltianowi8s  ends
of ot her nanow res such as end 16b, rotrude above the surface 19 of

theh5 mat ri £Miged ﬁﬁé@araafﬂesre@h@m?u G GRdECthdl; Asnshawm dpRiscae
such as mi d?n%ﬁowﬁ@&%&ﬂ 250 anolig a?&fgg‘i%n%ﬁ%&g d%b?geé@{a&’a}ﬁ%el@:a?rx {de

matri x 18. enough nanow re ends rons 1
protrude abewds ohethernhanawités, subk as endf18beprttrudeabiove tispauréate 19 of the

conduct or bec caonducti ve. Figure 10D lS scanni n | ectr
e ot GAttT, 28 < s cupastion pbs BIHAIA Pacian Shnanorgree: s as o

conduct or SQE&H&%% TRAY @‘dﬁruﬁ& a%B?étl@%rfé‘c@C’l'QeofﬁéHéifbf19f [f éﬁ%ﬂ@ﬁ“ res
protrudi ng above a matriX in a transparent conductor

embodi nent s nanbwire ende d6bendiraigdie sestibns m&dpmyrudb@hwwihe maarnbw tias
enbedded in_a ort%zt%n of the matr

Fi 10E..-Th
conduct i ve PYTATe FhihejfansprERat gﬂnripcgor c?PPFF?ﬁ C@PHFHWQWQE]PQT'&?% are

15 conpl et e%&anrﬁ#@ BRIESH micibghdlth 6fthé siirfade of ShDEHbalRTent 8f a
"substrate of choice", refers to a nmaterial onto which the

conduct i'le Irapeparest eenduséprehowing fna@r&aur girendsansk migidie %%QHOB% ofi gi d

“ubstrate SPROHSH BEH Rl SRR EIEah Yo BB E condiebft i
| am nation process, am athkt erlnﬁoérﬁwetﬂltﬁtﬁwemﬂdwvelayer &rotrabdi by thegmetal
substrates include, for exanple, gla %car bonat es,

and the i k@a“@mr‘?%lﬁﬂ'@efiﬂ@%'rb? 8°§l95§tf F"éﬁ 'é"@m @P&H@Wf‘b'ﬂlf gue é}shl)t e
pol yester - SORTYRRPInrE: Gooufith Sy A SORBRRHIR idhelaiET)
l'i near, 15 acometstelyrisulpeiged” lmbbymtﬂxrlas) pol yvi nyl s (e g.,
DOl Yt L ohl ortde, DAL SEA5 S LS el RN AeitEER AL
(e.g., cell Wh%%ﬁhbrdoﬁaﬁbﬁieelayéqé cohteg @r fnfinated) | THOSUssHaRh e ebe FigiRin
as pol yet her sul phone, I mdes, silicones and other conventi onal
pol yneric or flexible. The subs rate can be clear or opaque. The ferm “substrate of
choice” is typically used in connection with a lamination process, as will be
20 discussed herein. Suitable rigid substrates include, for example, glass,
polycarbonates, acrylics, and the like. Suitable flexible substrates include, but
are nof limited to: polyesters (e.g., polyethylene terephthalate (PET), polyester
naphthalate, and polycarbonate), polyolefins (e.g., linear, branched, and cyclic
polyolefins), polyvinyls (e.g., polyvinyl chloride, polyvinylidene chioride,
25 polyvinyl acetals, polystyrene, polyacrylates, and the like), cellulose ester bases
(e.g., cellulose triacetate, cellulose acetate), polysulphones such as
polyethersulphone, polyimides, silicones and other conventionai polymeric
films. Additional examples of suitable substrates can be found in, e.g., U.S.
Patent No. 6,975,067
30 Typically, the optical transparence or clarity of the conductive

layer can be quantitatively defined by parameters including light transmission
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films. Additional exanples of suitable substrates can be found in,
e.g., US Patent No. 6,975,067. 30 Typically, the optical
transparence or clarity of the conductive |ayer can be
gquantitatively defined by paraneters including Iight transm ssion 17
and haze. "Light transm ssion” refers to the percentage of an
incident light transmtted through a nedium |In various enbodi nents,
the light t Sk el g\ﬁ;ﬁe and
can be as hlégai’nﬁké‘ E}thﬁnsghgst@gﬂgfg% ted/n?Ll cﬁﬁéﬂ?%? 8t ah |cn&3ﬁ'iﬁt
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i i i shol. SHB Gl Bl lepeT a0 Y Y axFigh sk For Payer

anti- refl eﬁhny@rbﬁwwnduamr i @hithahé ayeductiv@yayied Is deiosren of idihatetio
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conduct of. PR asbistigte, ditblight tanseissianeof the guerall siinsiwe mayrbaﬁhghﬂ:e

700 or at POIBEES PR el Ehna AT ofth SE87 batn i s ebiics.

i s an i ndexreflectivelayer isdhtivparernaydr] n’da?ff@ﬂi?armntrimwwi@dubiﬁth@Bverhhle

quantity of |I%ht separated fromthe incident ght and scattered
during ~tralk@H >SiQhh Pl the trangrarent aerducia; (B‘Pl\’aWHSCWnP@ imanifeithe a
property of 2

Pypr cal 1y g mrERisi of e fispRienf Dottt ke bR IPAE SO RGeSt

conposi tidon80%h at kasyZlle| or @ideast 808 andwadiyba as hlghars aideaﬂr@b&’dtmﬁﬂ%s
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Lhon 806 o nocnor o tHaEe BARASK S} idhe ot fog, ToETers o s BSTCRAIAIRRY ¢ o
0.5% Pel‘fOf éﬁﬁ%t &defﬁté%lrf?orﬁ%e“ﬁucﬂ@hﬁﬁhr@'&%%ca&&%dccﬁf?iﬂ ctive

| ayers have superl OI’ si cal and nmechani cal characteristics ue to
the matri x. trmwswnarlaﬂrkerhgbitﬁrwrmaﬁomemhlcm:IStIawelxeahmtww ¢ithe

St uctur e, HRArh B o ebohfuiscor BB b i RE by sprece

conduct a5 i fougagss aheembeldded pasizs cﬁ-e@nmntloham&terdg@wemes fugle as
anti-reflective | ayers 25 anti-glare | ayers, adhesive |ayers,

barrier |ayBlediumni yvarioyscsahadimastsyfhe h\aa?sqfrﬂa% freBsRAargRpPdURioNiF R0 11
shows a mul kol 881 109%, no more than 8%, or no more than 5% and may be as low as

no more than 2% to 0.5%.

Performance-enhancing Lavers

20 As noted above, the conductive layers have supetior physical and
mechanical characteristics due to the matrix. These characteristics can be
further enhanced by introducing additional layers in the transparent conductor
structure. Thus, in other embodiments, a multi-layer transparent conductor is
described, which comprises one or more layers such as anti-reflective layers,

25 anti-glare layers, adhesive layers, barrier layers, and hard coats.

As an illustrative example, Figure 11 shows a multi-layer
transparent conductor 20 comprising a conductive layer 12 and a substrate 14,
as described above. The multi-layer transparent conductor 20 further
comprises a first layer 22 positioned over the conductive layer 12, a second

30 layer 24 positioned between the conductive layer 12 and the substrate 14, and
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transparent conductor 20 conprising a conductive layer 12 and a
substrate 14, as described above. The nulti-layer transparent
conductor 20 further conprises a first |ayer 22 positioned over the
conductive layer 12, a second 30 |layer 24 positioned between the
conductive layer 12 and the substrate 14, and 18 a third | ayer 26
positioned bel ow the substrate 14. Unl ess stated otherw se, each of

the layers Zﬁ*thi?dlla Q%ﬁgoﬁﬁﬁh bélB\‘r?ftﬂ sOBdtFate k! Un?ééseﬁétgﬁ%ﬂh

anti- glare layers, sive yers, ar rier layers, hard coa énd
protective feaetsof tﬁhéayalyéEsZQand 28 wndaemmrmere\mrtlrmﬂecﬁmayerenmtl-
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| ayers", can be one or noré anti-reflective layers, anti-glare
| ayers, aaheemh@dlrg/megvelmmpteal perfa;mnceadd Mapmvmathe maahaniat ai n

enbodlnents one nce- enhancin Ldes, mul ti

beneti ta 10PRAEES e RA iRy PulPiak ¥ Gisd EUICTEL VIS, efsctintarredh
as a hard coptagpéfefmanceantidriing RYers”, dah ROsHd biafofelatthRiffechReByélsC
properties, the performnce- enhancing |ayers are optically clear, as

defined her eanii-giare iayers mebesive layers, dagier Jevers and hand icoalst | bcearta

| ayer, |ayer f t.
1870 anot nernastiarte, RN RahBY Ehnaiih LI Chrotes SR EnfR
barrier HayeFor @mlnme,ym aﬂtﬁrefecm BEl cdrealse Glinction |a@)aeiﬁard|dmavahdlor a
anot her enbodi ment, is a conbi nati on of an anti- reflective

| ayer, anti -Wﬁ?é’aﬁr bi"r‘ ?F@F'O'F 83/’@@"&1980@0 REARerigsathe pejrmagee: s an
adheS|ve | ay, t | ayer. 20
"Anti-refl ecﬁhvae’% ye re%gpgéﬁllg%é@%?a%/%?@é*at égéiﬁu reduce reflection
|l oss at a reflective sluroi‘leceenllﬁdimbet tayanﬁmer amant-osftbetive layef Hayer 24 is
anti-reflective can ere ositioned on the outer

| aye
surfaces of ?’h@dfe‘?% ?E}r"f‘ﬂ"d A6 d?@r ar €085 an interface between

layers. Mgterials suitialngthas eﬁibbtlrmérﬂf |la9§rt22/eé ﬁé{:erc%a@rleyaveid iskgnown
in the art, including wthout limtation: | uor opol yners,

f 1 uor opol yebargeelaser, @nddayrs|Aprie s, a@é@ﬂefél\fg layeu S. Patent Nos.
5,198,267, 5,225,244, IR gt gn&ﬁg’rgragodiment layer 22 is a combination of an anti-

reflective layer, anti-glare, a barrier layer and a hard coat, layer 24 is an
adhesive layer, and layer 26 is an anti-reflective layer.

20 “Anti-reflective layer” refers to a layer that can reduce reflection
loss at a reflective surface of the transparent conductor. The anti-reflective
layer can therefore be positioned on the outer surfaces of the transparent
conductor, or as an interface between layers. Materials suitable as anti-
reflective layers are well known in the art, including without limitation:

25 fluoropolymers, fluocropolymer blends or copolymers, see, e.g., U.S. Patent
Nos. 5,198,267, 5,225,244, and 7,033,729, |

In other embodiments, reflection loss can be effectively reduced
by controlling the thickness of the anti-refleciive layer. For example, with
reference to Figure 11, the thickness of layer 22 can be controlled such that the

30 light reflection of surface 28 and surface 30 cancel each other cut. Thus, in
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I n ot her enbodi nents, reflection | oss can be effectively reduced by
controlling the thickness of the anti-reflective |ayer. For exanple,
wth reference to Figure 11, the thickness of |ayer 22 can be
controlled such that the 30 light reflection of surface 28 and
surface 30 cancel each other out. Thus, in 19 various enbodi nments,
the anti-reflective layer is about 100 nmthick or 200nm t hick.

foxt ured_ surPyous llehieht, I 4tiRnr NG T BRL BT Wl lr 2000
on Aut of | ex thekMARAGT"' and Mot heyeT"" products from MacDi arm d

Autotype. "Anti-glare layer" refers to a layer that reduces unwanted
reflection at an outerRQﬁ(ﬁc?’%@SBPa"t‘ Asotheveshaed Ry tharaprrepiategipe of

provi ding TiBguddy 2508 d. 8% 81 PERAE NGO 5850887 dnd MErditie! SEAWRRex
Suitable anti-glare matetial's “are we nown in the art, including
wi t hout 1% mMARAGTV aid bivdeys™ pddpoisyisiny Meo®iRivithAotetpek. | acquer

(e.g., butyl acetate/nitrocellul ose/wax/al kyd,  resin),

pol yt hi ophenes, pol pr‘?‘F‘{B‘Ig ?IIBQ’SIQJGF‘%? ﬁ@\)éﬁitnqié%@ﬁeﬁl%@@,m%d

acryl ates, j ' ' ' | B such
as colloi dalrafcl)éd]@&rrég(? rpilftgf%%@ eeitlﬁg’fr%?%da%;ﬁg.dé‘gg%’tﬁt Bglggﬂiﬁcgﬁ%gge 576,
5, 750, 054, Sougineasn theslbfaga 1o scaiied thy @Hactisy . SaEtablel antiglitre materials

| f th terjal h i cr. le 15 i tional
hebor bgenei e e el Bihart BReRBFIE [RRSHT ~lSiobenavi o to
reduce gi@r qolystiabaeFMMMA blehd, Iadtuer @D6. 25U NadaxRInitré &fligloteiaxdalkyd

coating that provides additional surface protection agai nst
scrat ches ar@siabmedytbiephemsea pplyeyrees.senlyusthanganiroselidess, aod ageylates,

ol ysi | ancs AT RTHEY Gt Sis Ens R ot dOMo R B e
the hard coaflical See; @g| UskPatont! No<l8(939,576; §, 7507854, 5488,747,8,495,815,

Pat ent Nos. 5, 958,514, 7,014,918, 6, 825,239, and references cited
therein.) TRAAH28%484s Biendsrandrapalvmsis of thesganatgrials qandiavesmisiossale,

Che art, TSuch e ea AR efies, YRR Kah s L MR AR 15

reci procati mgdd@® glames within a distance of 2 cmat 2

reciprocations/sec undﬁérd c?o% ", %}c' “a:f"l |Qabq/a§18gl Se?"el’efeer's% a coating that
provides additional surface protection against scratches and abrasion.
Examples of suitable hard ¢oats include synihetic polymers such as

20 polyacrylics, epoxy, polyurethanes, polysilanes, silicones, poly(silico-acrylic)
and so on. Typically, the hard coat also comprises colloidal silica. (See, e.g.,
U.S. Patent Nos.5,958,514, 7,014,918, 6,825,239, and references cited
therein.) The thickness of the hard coat is typically from about 1 to 50 um. The
degree of hardness can be evaluated by known methods in the art, such as by

25 scratching the coating with a steel wool #000 reciprocating 50 times within a
distance of 2 cm at 2 reciprocations/sec under load of 300 glcm2 (see, &.9.,
U.S. Patent No. 6,905,756). The hard coat may be further exposed to an anti-
glare process or an anti-reflection treatment by known methods in the art.

“Adhesive layer” refers to any optically clear material that bonds
30 two adjacent layers (e.g., conductive layer and substrate) together without

affecting the physical, electrical or optical properties of either layer, Optically
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U S. Patent No. 6,905, 756). The hard coat nay be further exposed to
an anti- glare process or an anti-reflection treatnent by known
nmethods in the art. "Adhesive |ayer"” refers to any optically clear
material that bonds 30 two adjacent |ayers (e.g., conductive |ayer
and substrate) together without affecting the physical, electrical
or optical properties of either layer. Optically 20 clear adhesive

material are pgl 'aﬁﬁ g‘iagedﬁ(?)% Wkl khQfh Hﬁh@%ﬂ’“ﬂmﬁ? H%W@})uﬂﬁﬁ%’ﬁm
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fluid per |5eat:omn1ymat @odlyestdrrasinpasrethiane oeslns tstyrent reding ﬁm@;sﬂommmd
that corroded @%t nanowi res can cause a significant decrease in
the electric conductivity as well as the light transm ssion of

the conductive |ayer. B&?rlerhé‘g?ér" F‘éfellsal&i%rla)ﬁé’lﬂhcongﬁééé% Mre\r&%%‘a% gr
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I\/breover any of the anti-reflective |ayer, anti-glare |ayer and the
hard coat cahawiesysseansfieativielyinhibit atmogrhericicopesivaigasdram entesng she

the multi-| ay,
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protective flayers airetw&ll lderymfthe)artblneIuah@ withouddimtatien:Qfeet by, bldde
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i ncl ude, but Paiest Apetcation; %3096 02581"% Pateqy Nast Ry68,198 and
terepht hakat g 9@'?%5@ qui’a\‘tgh'tt Mb et 545 g]ﬁem@]ﬂéﬁh?NoP%%@?,h%' Moreover,

met hacryl ate (PMVA), acrylic resin, carbonat e ol ystyrené,
triacetate (ém;oy:f, thpcﬂnjn'ofeﬂgtttwal Ieyﬂ‘foanh-glarwlayayand:thainarde:,oaﬂéan also act as
ponV|nyI|den% chl ori de, polyethyl ene, ethylene-vinyl acetate

copol yners, arrier layer.

In certain embodiments, the multi-layer transparent conductor
may further comprise a protective film above the conductive layer (e.g., layer

20 22). The protective film is typically flexible and can be made of the same
material as the flexible substrate. Examples of protective film include, but are
not limited to: polyester, polyethylene terephthatate (PET), polybutylene
terephthalate, polymethyl methacrylate (PMMA), acrylic resin, polycarbonate
(PC), polystyrene, friacetate (TAC), polyvinyl alcohol, polyvinyl chloride,

25 polyvinylidene chioride, polyethylene, ethylene-vinyl acetate copolymers,
polyvinyl butyral, metal ion-crosslinked ethylene-methacrylic acid copolymers,
polyurethane, cellophane, polyolefins or the like; particularly preferable is PET,
PC, PMMA, or TAC because of their high strength.
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pol yvi nyl butyral, metal ion-crosslinked ethylene-nethacrylic acid
copol yners, polyurethane, cellophane, polyolefins or the |ike;
particularly preferable is PET, PC, PMMA, or TAC because of their
hi gh strength. 21 Corrosion Inhibitors In other enbodinents, the
transparent conductor may conprise a corrosion inhibitor, in
addition to, or in lieu of the barrier layer as described above.
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benzot ri azolalsg refeiréd tesas bayierfermihg camakitnuinpibitotsenzyl triazol e, can

| b d. See, .. U S. Pat . .5, 270, 364. CADdi g |
U ab o oxarmt oeof * Ulphe EBiodH e RN B E Coso e
1111 £ ed 10 0-indlod B it MR oorBifing iR PasHbAiNdAELAe compotnds,

2-am no- 5-nercapto-1, 3, 4- thiadiazole, 2-nercapt op¥r| m di ne,
2- mer capt obeVED@sATPEatio triazolas; inaidasties 2ot Hiazades, These compounds have

anot hor ol ateebregi it Breq BRI Giabie Frmplates By by Clfe ipleliged ™

bi onol ecul eshdrhiat hetivewn thepmetadl antats emviromneyt, tRoridxampid, dengoiribacle.
These include_. small bionol ecu) es, e,q.. Qgsteine, and sgnthetic
pepti des andBIAdi%R FOREIAN YUaaic corrosion inhibitor for copper or copper alloys

15 (Scheme 1). Alkyl substituted benzotriazoles, such as tolytriazole and butyl
benzyl triazole, can also be used. (Seg, e.g., U.S. Patent No. 5,270,364.)
Additional suitable examples of corrosion inhibitors include, but are not limited
to: 2-aminopyrimidine, 5,6-dimethylbenzimidazole, 2-amino-5-mercapto-1,3,4-
thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-

20 mercaptobenzothiazole, and 2-mercaptobenzimidazole.

SCHEME 1

N N
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Another class of barrier-forming corrosion inhibitars includes
25 biomolecules that show a particular affinity to the metal surface. These include
small biomolecules, e.g. cysteine, and synthetic peptides and protein scafiolds
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22 with fused peptide sequences with affinity for metals, e.g. EEEE
see, e.g. U S Application Serial Nos. 10/654, 623, 10/665, 721,
101965, 227, 10/976,179, and 11/280,986, U.S. Provisional Application
Serial Nos. 60/680,491, 60/707,675 and 60/680,491. 5 O her
barrier-formng corrosion inhibitors include dithiothiadiazole,

al kyl dithiothiadi azol es and al kyithiols, alkyl being a saturated

C6- C24 st ramhtfuséb’ﬁéﬂw fehER With iﬂihﬁyfdfﬁﬁetafs 89, EEBHED BekNBigbUL 81
can sel f-assenbl e on netal surface to forma nonol ayer (Schene 2),

_thereby pr oA@@hGai@ntE‘rﬁeriamoal10/@51463%19/%5&%&1&6%@5@27 1‘(9/ fEEnds s
r anspar ont 1128085 D B rovisigisl ¥GhicaRoR SBRBINGE. e dlmst sfr t'e

corrosi on i ghtiBOIBBO,4%r.0vi di ng a continuous supply of the corr05| on
inhibitor in the vapor phase, The corrosion_inhibitors 15 sujt

for such3sustained dePifigsbariasdeniiag codpien jHuiors mgiusie ﬂgoth@qppyle

VP L
o ager o SRRSO kTSRt TR dihgpin @
VPi s can be hykﬁbcamoacbwam (Tiivés typebabommcﬁmmmqtandam eellf-aasemblé oma a

sust ai ned manner for ng-1lasting pr cti Sw t abl | ncl
barri er - f or RERY quﬁfﬁpgltqggg'l %m?r'i'o e{&:  thesepyip %{ heymet Ie

al kyl dithi %ﬁéc@l’r@%‘ﬂo‘ﬁ%dﬁ‘l@d al kyl t hi ol s as descri bed here| n.

Figure 12 illustrates such™ transparent conductor structure suitable
for a tdlch screen. Mre specificall $cHEMER seal s 32 and spacers 36
are positioned between two conductive layers 12. In the space between
the two conductive |ayers 12, 40 are present.
The 25 reservoirs 40 are mcro di stributed
such that their presence doe in the
transmttance of the transparfernit el 'reservoir
contains a corrosion inhibi orated into a

pol ymer matrix or inpregnat from

8 § 5 8588585588588
Silver

[n a particular embodiment, the transparent conductor can
comprise a reservoir containing a corrosion inhibitor, providing a continuous
supply of the corrosion inhibitor in the vapor phase, The corrosion inhibitors

15 suitable for such sustained delivery include “vapor phase inhibitors” (VPI). VPls
| are typically volatile solid materials that sublime and form a monolayer on the
surfaces of the metal nanowires. Advantageously, VPls can be delivered to the
metal surfaces and replenished in a sustained manner for long-tasting
protection. Suitable VPIs include barrier-forming inhibitors such as triazoles,
20 dithiothiadiazole, alkyl dithiothiadiazoles and alkylthiols, as described herein.

Figure 12 illustrates such a transparent conductor structure
suitable for a touch screen. More specifically, edge seals 32 and spacers 36
are positioned between two conductive layers 12. in the space between the
two conductive layers 12, one or more reservoirs 40 are present. The

25 reservoirs 40 are microscopic and are sparsely distributed such that their

presence does not cause a reduction in the transmittance of the transparent

23



which it can be sublimated into the vapor phase to form a nonol ayer
44 on the surface of the netal nanowires (see, inset). 5 According
to anot her nechanism a corrosion inhibitor binds nore readily with
a corrosive elenment (e.g., H2S) than with the metal nanowires. These
corrosion inhibitors are knowmn as "scavengers" or "getters", which
conpete with the netal and sequester the corrosive el enents. Exanpl es

O o 2S SCayBRgear. Phie HrdiCorftifs a%rrb'sa@s}]tem?ié@:ewﬁen%ﬁiba,

gl yoxal , triazine, chl 'orosucci ni m , €.g., Published
U.S. Appl i cérdopporsited id@08 hoROET 20at)ix of impregnated intntsopkrous maternial rom

11 % pr vl pen bR Sbletailols R vargaeedn o RUERTIRET deiridF
or electri C%b{fﬁé@@?fﬁe: Retal hahOWiréORdBEGhsste | ayer. In other

enbodi nent s, e netal nanowires can be pretreated 15 with a
corrosi oré i nhi bit or bAtcomingrtosmother egohgnisep estareasioninhipiosbipds mare.

F | he . | ' - i :
ot 1 S Seos el BRI s YA b e pBogres,e
netal nanowhese e8fodioh MMBitors 2P@kesWivaE Nedditefgérs” bargaitiehs”swhighi on.

Metal anti-tarnish treatments are known in the art. Specific
treatments campete withibsmeialans sguaster theseariasig ¢lameatsy. Examples of

005 0143458 ey Enen R s ARG EReARE: acrBleht el riezing, apd -
al l oyed 1y chlordfstcivimitieanSebes. gerubliishexsd. urAppictttorcNor 260650008420.)

at nospheric elenents. For _exanple, silver nanow.res. can be}i:g at ed
with gold, which is |B‘s@ewg@mmdﬁr@fﬁahe&er%'&r'd@'ﬁgtoffﬁfﬁ-- I'n
certain enb %?’? i | bh can
be fabricat ggé‘ﬁy a?)i %A&f;b%ggp ?%%B?r@meg@gﬁ&ﬁc 'ﬁﬁgﬁgi’i‘?\ﬁ‘?‘eggg‘? ?Eg

and hi gh t hradugiselyt affexth tuoapticador eleciichlqroperties iofthe sondactiveniayer i ng

met hod can be used. Advantageousl t.he fabricati.o rqce
described herein do ﬁb?ﬁﬁéa&%loglr@%wﬁﬁ? _%‘sff%ﬂ%{egﬁ%“ (?n‘?r?ﬁé?tefio
the current yhimds L6abiion ittlibitdrdefbar aREr IS Bepositsd on thetmdirateh e or
fabrication processes can be carried out using 24 conventional

sol ut i on- pr @xeswiedhe matpmanowingscep\perpretoratatayith a harr-foprivgesses

are conmpati bl g WLNnAibitsS telg)/ BFAL % Bldifort, e MARSRARes CARUT 1% -
treated with an anti-tarnish solution. Metal anti-tarnish treatments are known in
the art. Specific treatments targeting H,S corrosion are described in, .g., U.S.

20 Patent No. 4,083,945, and U.S. Published Application No. 2005/0148480.

In yet other embodiments, the metal nanowires can be alloyed or
plated with another metal less prone to corrosion by atmospheric elements. For
example, silver nanowires can be plated with gold, which is less susceptible to
corroding by HsS.

25 In certain embodiments, the transparent conductors described
herein can be fabricated by various coating methods, including sheet coating
and high throughput web coating. In other embodiments, a laminating method
can be used. Advantageously, the fabrication processes described herein do
not require vacuum deposition, in contrast to the current fabrication of the metal

30 oxide films. Instead, the fabrication processes can be carried out using
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Nanow re Deposition and Transparent Conductor Fabrication In certain
enbodi nents, it is thus described herein a nethod of 5 fabricating a
transparent conductor conprising: depositing a plurality of netal
nanowi res on a substrate, the metal nanow res being dispersed in a
fluid; and formng a netal nanowire network | ayer on the substrate
by allowing the fluid to dry. The nmetal nanowi res can be prepared as
described a SGRY I ed in a
l'i quid to fggqffenégsg\sl[ gﬁg%@}:? I on. %urﬁﬁhlegf mgbeé?gte ﬁghé/fﬂg?ﬁﬁ%@ used
her ei n, depam%seméramdnpatm vith 'diractly pattedning tiee transpprablt gondpelpr.

non- cor r osi ve liquid in which the netal nanowires can forma stable
di spersion (also called "nmetal nanow res dispersion”) can be used.

Preferably, Na%vxﬁi?é@ép(d@ﬁ'@ﬁ"&rfdeﬁaﬁéEgr@hﬁﬂ?&ﬁcﬁ@tbriFfab\ﬁeéﬁdin an al cohol , a
15 ketone, ethers, nydrocafbons of an aromatic solvent (benzene,

t ol uene, xyI ene, et cln)ceriai emboémmliv$ thusedascebed heeeiv sinaethpe of
havi ng a l,i t of r

o more Phafrulbaehs pitaggeBRb SR fisicrieRharshi eRPo i e BUPIG R e

cont ai n addhhhd@Fes 8A9 JabBESES tﬁé)mémhéﬁéwwessb‘élﬁg tispefsdid in s fiuid; and
adhesi on, and nanow re dispersion. 20 Exanples of suitable addi ti ves

and bi nder s farming aénetal pangvaregtworiliayeion we subpbate yhatawing tha fiuid e
(Mo, 2- hyag)xy et hyl cellul ose (HEC), hydroxy propyl methyl

cel lul ose ( met hyl cellulose (M), poly vinyl alcohol (PVA),
tripropyl ene gyI col (TiREMetalinhnoaires @an deprépéted asnibsstivddabous, sTlIeuch

as et hoxyl at es, al koxyl at t hy| d d
Chel 1 2800 o SkANGAIES Ao Hipl Gy Cisher et AL o BB te 1Bg ggostion.
sul fosucci npd 88 AL & uSsd REfin, afh dshtién’ Qﬁéi”“éc?é?th?"‘éﬁe (Rdd- .

Zonyl (r) by Du on I'n one exanp a nanow re di spersion, or "i nk"
i ncl udes, bmtembaggﬁablyf rbny ﬁomﬁ%‘we hqwﬁ%\ sinidheibeanetal Rarpwires can

f d 0025% t - f Z0 0 f
B oot 1 o aodtiioa statls ARbersiahaprat died xh2td hhaf Bey iheraioi die 00
to 0. 5%f0ru§5’é@reféfa%g %ﬁt%tél@\a%wﬂ% a@d@ﬁér‘sﬁ@tﬂ'ﬁn watkrf é@%@h@@%to
ep

1. 4% netal nanow res resentative exan'%) es of suitab
i

sur f act dft sketespuetbers hyqi'(qcﬂli&‘ls FENATORRtiEsoveridenzene, Ii@I-‘?”Q'r’iY{eé‘ﬁ:
etc.). More preferably, the liquid is volatile, having a boiling point of no more
than 200°C, no more than 150°C, or no more than 100°C.
In addition, the metal nanowire dispersion may contain additives

and binders fo control viscosity, corrosion, adhesion, and nanowire dispersion.

20 Examples of suitable additives and binders include, but are not limited to, |
carboxy methyl cellulose (CMC), 2-hydroxy ethyl cellulose (HEC), hydroxy
propyl methyl cellulose (HPMC), methyl cellulose (MC), poly vinyl alcohol
(PVA), tripropylene gylcol (TPG), and xanthan gum (XG), and surfactants such
as ethoxylates, alkoxylates, ethylene oxide and propylene oxide and their

25 copolymers, sulfonates, sulfates, disulfonate salts, sulfosuccinates, phosphate
esters, and fluorosurfactants (e.g., Zony!® by DuPont).

In ohe example, a nanowire dispersion, or "ink" includes, by
weight, from 0.0025% to 0.1% surfactant (e.g., a preferred range is from
0.0025% to 0.05% for Zonyi® FS0O-100), from 0.02% to 4% viscosity modifier

30 (e.g., a preferred range is 0.02% 1o 0.5% for HPMC}, from 94.5% 1o 89.0%
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(x100, x114, x45), Dynol (604, 607), n-Dodecyl b-D naltoside and
Novek. Exanples of suitable viscosity nodifiers include

hydr oxypropyl nmethyl cellulose 5 (HPMC), nethyl cellul ose, xanthan
gum pol yvinyl al cohol, carboxy nethyl cellul ose, hydroxy ethyl
cel lul ose. Exanples of suitable solvents include water and

I sopropanol. If it is desired to change the concentration of the

di spersi on oot bAG ko Go5%36% 4 @%% | hifoyRRdss SpresertafyBatfiflbs 67

be increased or decreased erred enmbodi nent s Ive
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5. Th h
dependi ng. of SRS NBrPY Y S RS ABR 1o Suffie SEMFRY 1helte weirs
preferred Vigpggsddrgpamige for the nanowi re dispersion is between

about | and 100 cP. CJPtlonaII the substrate can be pre-treated to
prepare a surface 20lfitds Besiras torchasgedhe Rencanbretion ehthelisrarsion dionpf

the nanowi r g eaﬁé%c}sge%fahb%rvg hé So%?&%ﬁ%nghes&ﬂé’eehtggme%&e%g&%} 805 eaddd

exanpl e, they nanow re di Spersi on

| ayer. 10 adsiptefored éhmbdmts theklativeaatidieof tha@mrnr@edientmhowever
substrate for subsequent processing steps. Mreover,

pr e- t r eat neREN faMalethe Sapmes dndarti Tc'(h‘f'] ratie of te %ﬁ@ﬁta@t Hbmeéf*?ﬁ‘ﬁﬁy
step to cr e%ﬂ] |QEFéf§|raBﬁﬂa(i’ﬁé’Pﬁﬂ (??%b%t 80 J5RY 3 he Pa"‘tﬁo‘%é'tﬁe be

di scussed fur nor e re-treatnment's inc
sol vent or u}seasijnodmmtmlge rhﬁatmarngwenkeapmfenably infthe rarget ofaiaiut § to

ani . ot at o SPBU G008 Fah SisBr Re MetBlhandPieREs 1 SRt i ce

treat menigs fz:kéf@r i?u'tﬁé WEndd SREVBRINEGO WYapge THeRRIEE of compoﬁ@ﬁt@@a
30 discharge. 26 Fol ovmngthe deposition, the liquid is renoved
edanc

by
evapor at i onthe dispersiaipoen depensting en theestihsirateeand e methgd of
baki ng). Th%pbﬁcsalﬂoh J&dd. The preferred viscosity range for the nanowire dispersion is

between about 1 and 100 cP.
Optionally, the substrate can be pre-treated to prepare a surface
20 to better receive the subsequent deposition of the nanowires. Surface pre-
freatments serve muitiple functions. For example, they enable the deposition of
a uniform nanowire dispersion layer. In addition, they can immobilize the
nanowires on the substrate for subsequent processing steps. Moreover, the
pre-treatment can be carried out in conjunction with a patterning step to create
25 patterned deposition of the nanowires. As will be discussed further in more
detail below, pre-ireatments include solvent or chemical washing, heating,
deposition of an optionally patterned intermediate layer to present an
appropriate chemical or ionic state to the nanowire dispersion, as well as further
surface treatments such as plasma treatment, UV-ozone treatment, or corona

30 discharge.
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nanowi re network |ayer may require post-treatnent to render it
electrically conductive. This post-treatnent can be a process step
I nvol vi ng exposure to 5 heat, plasma, corona di scharge, UV-ozone, or
pressure as described below. |In certain enbodinents, it is thus
descri bed herein a nethod of fabricating a transparent conductor
conprising: depositing a plurality of netal nanowires on a

substrate, the netal rRIMOWIHEHeRBSIGH Stﬁé'haﬁie i Fbrﬁ?\{)év#rfeﬁﬁo%tfgung a

nmetal nanowire network |layer on the substrate by a
to 10 dry, cH# PYRposaiien parkberacesiergtedby beatingsfea., batduy)i rTmenesqug(

| ayer, and fo m matr
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mononer s)° 1 8561 RAPAzeraRadischangss E'VI'QZWIHBS@F pressidrefas desarised bellow
pol yneric matrix. Sui 4aplAap RNARRLAELE MnfeRELA NGNS, SLE ML, kngun

in the art and include exanb

i rradiating falbrma&mgcmwanwairént\uoadmwr compriditg:aidpebihg %Lﬁ(n)lrah:!ygchtmetal
el ectron beans dition, "solidification"
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mat ri x materlal conprises a pol ymer ear’ p
known i i@ hénarceatiey &tk nodtedal anatbenetal yarewire netalork ager, iandlcudrg

but are not acrylies such as pol ynet hacryl ates,
pol yacryl at e ﬂ%é ﬁ?&{%b%’ﬁy%{ﬁ?ﬁ %ﬁmt U pol yvi nyl al cohol's, pol yesters
(e.g., 25 pol yet hyl enwaﬁ&eﬁﬁbhaﬂ' ?éf@rs(tB%Tﬁla rai Mﬁégﬁituf@@m&@n?mhat

and pol ycarbonates), polynmers with a e ree aromati city such
as phenol i c§2BFUE biothe makmasidafjss meueml"élmsq": ) “cuping’ seferetvas,

pol yvinyl to L m des
Dol yar et oPHERSe R AT S Barg BV e B 20 e
pol ypherld epelymeaize ammdirpmemtlmlﬁédﬂas o fopalaysulietptiteddidatiC O GRMW
pol yol efins é@ gi) r¥ ene pol ynmet hyl pent ene, and cyclic
ol efins), 8 Wgeé'ﬁ 19F F%” '%?dﬁ“@r\’éﬁ"s'ﬂﬂ“@h@ ‘f %Qmamsﬂclwk@sy way of
cel | ul osi csexghbieC ABSENRHE rﬁbﬁ'&ﬁfr ?r??oﬁétkdsg)ct‘ﬂ@ HAUAS WO vRRY BET S
(e.q. ponS|Isequ|oxanes and
ultraviolet (UV) light, electron beams and the like. In addition, "selidification” of
a polymer/solvent system simultaneously caused by solvent removal is also

20  within the meaning of “curing”.

In certain embodiments, the matrix material comprises a polymer.
Optically clear polymers are known in the art. Examples of suitable polymeric
matrices include, but are not limited to: polyacrylics such as polymethacfylates,
polyacrylates and polyacrylonitriles, polyvinyl alcohols, polyesters (e.g.,

25 polyethylene terephthalate (PET), polyester naphthalate, and polycarbonates),
polymers with a high degree of aromaticity such as phenolics or cresol-
formaldehyde (Novolacs®), polystyrenes, polyvinyltoluene, polyvinyixylene,
polyimides, polyamides, polyamideimides, polyetherimides, polysulfides,
polysulfones, polyphenylenes, and polyphenyl ethers, polyurethane (PU),

30 epoxy, polyolefins (e.g. polypropylene, polymethylpentene, and cyclic olefins),
acrylonitrife-butadiene-styrene copolymer (ABS), cellulosics, silicones and other
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pol yvi nyl chl ori de (PVC), pol yacetates, polynorbornenes, synthetic
rubbers (e.g. EPR SBR, EPDM, and fluoropol yners (e.qg.,

pol yvi nyli dene fluoride, polytetrafluoroethylene (TFE) or

pol yhexaf | uor opr opyl ene), copolyners of 5 fluoro-olefin and

hydr ocarbon olefin (e.g., Lumflon(r)), and anorphous fluorocarbon
pol ymers or copol yners (e.g., CYTOP(r) by Asahi d ass Co., or
Teflon(r) AF terial
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sol vent (beng ‘ﬂﬁ"@afttté’!sﬁléetem mw% d&iBble po?fﬁneﬁen ﬁlawfa tane Brg%ﬁer

solvent is volatl aving a boiling point’ o 0 ane
nore than 15@@&1'&13[ pmyrmmre t han 100C. In certain enbodi rrents t he
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o 1 ator. st abi I T ver 31 EPHERUAR soIoRreRk fRprePob el Fopdimebiaie Uy
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inhibitors for greater sh e), surfactant's and the
ot her enbodiwitkeglescriprs Imere)«:iefalﬂ anatitesibgsedon heotocamahle peepolymers

corrosion i niBlt Oluerf8i by exposure to irradiation in selective regions. In other

embodiments, the prepolymer is thermal-curable, which can be patterned by

A

selective exposure to a heat source,

20 Typically, the matrix material is a liquid. The matrix material may
optionally comprise a solvent. Any non-corrosive solvent that can effectively
solvate or disperse the matrix material can be used. Examples of suitable
solvents include water, an alcohol, a ketone, tetrahydrofuran, hydrocarbons
{e.g. cyclohexane) or an aromatic solvent (benzene, toluene, xylene, etc.).

25 More preferrably, the solvent is volatile, having a boiling point of no more than
200°C, no more than 150°C, or no more than 100°C.

In certain embodiments, the matrix material may comprise a
cross-linker, a polymerization initiator, stabilizers (including, for example,
antioxidants, and UV stabilizers for longer product lifetime and polymerization

30 inhibitors for greater shelf-life}, surfactants and the like. In other embodiments,
the matrix material may further comprise a corrosion inhibitor.
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As noted herein, the transparent conductors can be fabricated by,

for exanple, sheet coating, web-coating, printing, and |am nation.
(a) Sheet Coating Sheet coating is suitable for coating a conductive
| ayer on any 5 substrate, in particular, rigid substrates. Figures
13A- 13B show an enbodi nent of the fabrication of the transparent
conductor by sheet coating. A netal nanow res dispersion (not shown)

can be initially deposhs notetiherdin, Hiehrinepant doncisctdts kB8R bG8 ihe By,
rolled across a to%g rface 105 of the substrate 14, l|eaving a netal

nanowi res 10'%iC&PRIPS SAepLAPating.[vehrRoating, popting @nddemiredionFi gur el 3A) .
The layer 110 is allowed to dry and a netal nanow re network | ayer
114 is formed on the qufa@,ee@@%aﬁﬁd’egure 13B). The substrate may
require a pre-treatnment  to enable th deposition of a uniform

nanowi re di spersion | &3fget cagtinghiatsuitaltle farcdating h@:oh?uglﬂléﬁh?@{cﬁ\t Ay
bsequen ' . Jhis treatnment can include solven or

iﬁersn' 2; ﬁag%‘fbcﬁgi‘?ﬂ’g?%ﬁ@%&éy&www?ﬁ an optionally patterned

ntermediate |ayer !Eiquesqnh-rIB aRRY AREhHAIRERBIAR rbfichAl G mbat ©

to the nanowire dispersion, as well as further surface tre
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facilitate the binding of the nanowires to the Substrate. In certain
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rior to de Il ] ; odj ts he, 25
!Ont er nedi at ?“Iégvzg?gggﬂg%de@co- 3@@%‘&"4‘%%@% I?ﬂ% ﬁaﬁ%&?r@ o frecsirtagen
enbodi nent s,10&(FigureidB).onal I bi onol (FE)C:,H es tsggh as]c pol %/pept [ dels cani .
be used as the inter | at er. Po eptide refers to a polyner
sequence of anino acﬁgefHﬁﬂEﬁ%F@y ﬁeS_P?{iéé o-tieabnedidocaabledhe bonds.
The ani no aciegosiEon BES %mIf@r_nﬁnﬂl%\bllp@stg?l%rdf?ﬁiﬁg%ﬁo’fnd;ﬁ\?fQgﬁergé _tosgua

different. Am no acids having side ch res” | ., am no
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pol ypepti deg, bhiical washing, heating, deposition of an optionally patterned intermediate
layer to present an appropriate chemical or ionic state to the nanowire
dispersion, as well as further surface treatments such as plasma treatment, UV-
ozone treatment, or corona discharge.

20 For example, an intermediate layer can be deposited on the
surface of the substrate to immobilize the nanowires. The intermediate layer
functionalizes and modifies the surface to facilitate the binding of the nanowires
to the substrate. In certain embodiments, the intermediate layer can be coated
on the substrate prior to depositing the nanowires. In other embodiments, the

25 intermediate layer can be co-deposited with the nanowires.

In certain embodiments, multifunctional biomolecules such as
polypeptides can be used as the intermediate layer. Polypeptide refers to a
polymeric sequence of amino acids (monomers) joined by peptide (amide)
bonds. The amino acid monomers in a polypeptide can be the same or

30 different. Amino acids having side chain functionalities (e.g., amino or

carboxylic acid groups) are preferred. Examples of suitable polypeptides thus
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29 include poly-L-lysine, poly-L-glutamc acid and the |ike. The
pol ypeptide can be coated on the substrate prior to the nanowre
deposition, Alternatively, the polypeptide can be co-deposited on
the substrate with the nanowi re di spersion. Many substrates,

i ncludi ng gl ass, polyester substrates (e.g., polyethylene 5
terephthal ate) exhibit affinities for pol ypeptides. Advantageously,

the inter ”E(i'htﬂﬂfe bé%ﬁ! -lysii, B&g%e@gt%h’ﬁ@ﬂclurérﬂ tRE fike. d?héﬁomyﬁsﬁld@éér%éh
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adner o 1o the. unt roat AACPAGPRAVANE PR ByBE bhEba dehafaubiite

can be achi efestmined hnghichenBBleewhe 68paitidrnsf the haralires acirding iy ,
e.g., washing. It should be understood that the pre-treatnents

described afRf/8aM&RASHPply to other nethods of fabricating
transparent conductor gyl [ﬁ%cﬁ%ﬁ efnetfl LL0 2l BHLGRALY BH gn bel ow.
r

The nanowi re network [fayer forme er require a post-
t reat memo t eonpndion With &l patlerningstep ic ondirdd Ip\%d’orrﬂ' Ipaﬁemﬂtdapoembnsa nt

can be a process s e |nvoIv n osure to heat sma,, coron
di scharge, DgF 8%%'??8 %@iﬂ?géfeaﬁyem Fan '?fec%ﬁ"?g l?g'£ @Hm’f‘gﬂ’ Ay pReriure
detail bel O%as%ﬁqdvﬂngsa%sﬁéaneﬁtaﬁntrﬁe sﬁrfﬂ?é bf theShbsfra@! thé@forBe coat ed

on the nanowre network layer 114 to forma matrix material |ayer
116 ( Fi gur e compyises ableahbome prre-traaajad egioB andat lgastrane uniteatechregiony er

Fi gur os 10ANEHRWTES HeBesfan & oot ol T i Sl R
stanp, a5 pkih teplddperdto the udtrebted38gidhe ARBOIINR, & patterAdy dopdstion
sui tabl e applicator can be used in the place of the
can be achieved by removing the nanowires on the unireated region by, e.g.,
washing.
It should be understood that the pre-freatments described above
also apply to other methods of fabricating transparent conductors in accordance
20 with the description below.
The nanowire network layer formed may further require a post-
freatment to render it electrically conductive. This post-treatment can be a
process step involving exposure to heat, plasma, corona discharge, UVY-ozone,
or pressu‘re, as will be discussed in more detail below.
25 in some embodiments, a matrix material can be coated on the
nanowire network layer 114 to form a matrix material layer 116 (Figure 13C).
As shown in Figure 13D, the matrix material layer 116 is allowed {o cure to
obtain a matrix and the structures of Figures 10A-10E, can be obtained.
It is understood that a brush, a stamp, a spray appiicator, a slot-
30 die applicator or any other suitable applicator can be used in the place of the
roller 100. Additionally, as discussed further below, reverse and forward
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roller 100. Additionally, as discussed further below, reverse and
forward 30 gravure printing, slot die coating, reverse and forward
bead coating and draw down table can also be used to deposit

nanowi res onto a substrate. Advantageously, a roller or stanp having
recesses of a predeterm ned pattern can be used to coat a patterned
metal nanow res dispersion layer, or matrix 5 material |ayer, thus

printing a pahhife rpﬁﬁng@ %t%é ¥Satlridy Fversd dhd forvaiibéad 3dtiRk Ia!ha)draw he

conductive lfayer can be patterned by spraying the nanow re
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| ayers can nﬁﬂieﬁﬁia\@!@i ﬁeP%teﬁiMU%'ﬁé}P%r @Vﬁbéheﬁﬁﬁ%"@ cande V\éb
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is 20 ccﬂﬁpatﬂhévh@o \zimmthemndemtmlmufnnaﬁowmes bgm\rsphheqmwahdrdhreshold
t ranspar ent I\j:onduct or . fabrication. Advant ageausé%emweb CO, &tatﬁ

convent i onalNEPHTERERN REIEMVEH DY vasiing OrRIPSNAY maé’ﬁ“"

dramati cal | xorveﬁvsﬁéy trhRsfeRml tﬁémftélérthﬂéyt orgiheshANSNE ent conduct ors.
In particular, web-coating produces uniformand reproducible

conductive | ayers on Hlisfrtheeusdgrstoodithat additional depasiianscisopiingeam s

DA shovs” alSsrRs AlIE ol BR o bty cERBG BRI e RRRG S, I of
a film ors webatistep. ForeRaMp)ahpnabbky offhen@ronmakcaenpaiding iMyes

specifically, a substrate 14 nounted on reels 118 is drawn by a notor

(not shownFaBke Gestrskinghe §§me MABRRNas dRgchRehalYE: The substrate can
be fed to the

{b)  Web Coating

Web-coating has been employed in the textile and paper
industries for high-speed (high-throughput) coating applications. it is

20 compatible with the deposition (coating) processes for transparent conductor
fabrication. Advantageously, web-coating uses conventional equipment and
can be fully automated, which dramatically reduces the cost of fabricating
transparent conductors. In particular, web-coating produces uniform and
reproducible conductive layers on flexible substrates. Process steps can be run

25 on a fully integrated line or serially as separate operations.

Figure 14A shows an embodiment in which a flexible substrate in
the form of a film or web can be coated continuously along a moving path.
More specifically, a substrate 14 mounted on reels 118 is drawn by a motor (hot
shown) and moves along a fravelling path 120. The substirate can be fed o the

30 reels directly or via a conveyor belt system (not shown). A storage fank 122 is
positioned above the substrate 14. The storage tank 122 contains a metal
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30 reels directly or via a conveyor belt system (not shown). A
storage tank 122 is positioned above the substrate 14. The storage
tank 122 contains a netal 31 nanow res dispersion 124 for netal
nanow res deposition. An aperture 128 in the storage tank 122
delivers a continuous stream of netal nanow re dispersion 132 on the
substrate 14 to forma |l ayer 110 on a top surface 105 of the

substrate 147 éwﬁrfes 'd%g\é%i%@@ﬂ néﬂb&vﬁ%taéﬁsﬁahewr?aé él‘l:?l éﬁ?g ﬁ'ﬁ

i n anot her orage can
coated in t Hrbe stomege tankni22 CMVeissa:cmrﬂmdoa:bsWeam loff mesalfnamhme drspersron

under stood t n ensi ng .devi ce c be used i t | ace of
t he storage ggrﬂi‘ath\érﬁybﬁﬁ?tﬁ 14 t%s!‘B'f'ﬁﬁr ’ﬁberdg\q .ﬂ'!rFacﬁn{b%’t%ﬁ‘F%er t hat
10 delivers gbgﬁgg 4ed dlsper3|ons) a brushing device, a pouring
devi ce and the "Li ke the sheet coating, a printing device can

al so be udsed to provi tds urpd&rs’moddﬂatibamat@smaﬁr@luiaestmzml isrmmﬂm{n
alternative tho trn atin arr I ed
out “on 2 boFTERPS GTRBET S0, BB e Bl imgietier e hoed Juffe daris

i Ilustrated mghr@rggrﬁgéﬁbe@aw}ést rate 14 noves along a traveling path
120. A coating roller 140 is positioned bel ow the substrate and

partially submerged i Hisfurthier inderstesdithat anyspenansg deviceseat bel uped i

di sper'si on 15 EFce Ho et S3HgBtehi hellinga sy B6id (€5, 2 APRRE e
Coat i ng 1ol Hervélrétﬁar@ﬁmﬂz@d disgersiorid)ea Brushigl davide!, atgeerihg aeeice Redike
path 120 or in the opposite direction. The coati ng of the matrrx

mat eri al carlik%el-'k&ath‘? sheetsoeting, 3 REntgrevieeFrIY 2lsP Rerused fe pravides

descri bed |? ?ﬁés and 14B, it is noted that various surface
treatnments Can be app d prior to or after each deposition step. As
wi Il be described in Figues téBahbwbeinalierrsaiive aoethod edwebmoatiogiin which

Aol R A AR L Ny TR
limted 150 aRkWaR AFiGIETAA M sURstE 94 mdVed Hidhd 4 AUBIHESpatFaLoNA
di scharge, UV/ozone treanent, pressure treatment” and conbi nations
t her eof . coating roller 140 is posrt:oned below the substrate and partially submerged in a
metal nanowire dispersion 124 stored in a storage tank 122. The coating roller
140 delivers a metal nanowire dispersion {ayer 110 on a bottom surface 144 of
the substrate 14. Coating roller 140 can rotate in the direction of the traveling
20 path 120 or in the opposite direction. The coating of the matrix material can be
carried out in the same manner.
In the processes described in Figures 14A and 14B, it is noted
| that various surface treatments can be applied prior to or after each depaosition
step. As will be described in more detail below, surface treatments can enhance
25 the transparency and/or conductivity of the conductive layers formed. Suitable
surface treaments include, but are not limited to solvent or chemical washing,
plasma treaments, Corona discharge, UVIoZone tfreament, pressure treaiment
and combinations thereof.
Figure 15A shows a comprehensive process flow for fabricating a
30 transparent conductor. As shown, a web-coating system 146 inciudes a take-
up reel 147 that is driven by a motor (not shown). The take up reel 147 draws a
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Fi gure 15A shows a conprehensive process flow for fabricating a 30
transparent conductor. As shown, a web-coating system 146 includes a
take- up reel 147 that is driven by a notor (not shown). The take up
reel 147 draws a 32 substrate 14 (e.g., a flexible polynmer film
froma supply reel 148 along a traveling path 150. The substrate 14
I's then subjected to sequential treatnents and coating processes

al ong the tr | ; ] t Ay killed
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prepare the substrate for the subsequent coating processes. Mre 10

speci fi cdl | goneeriraliopafithe matrix wateriab apgithe adegyacywnfthe drningandeuring a
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ni t rogen0 plpsaificaly; frecsutistraty 1 oan baoptivredly sufagdineatetloatts ye-
species at | ow tenperatures, i'l{%gi cally, only few atom c | ayer.s on

the surface TegIBeMRIBINLILT io O‘fﬁ‘%@i@?‘e‘w Q%Née BUPseqyeBhRgavdte of
the substralygpgsition. I 'SddifoP ey St&ééﬂrﬁﬁnﬁa?ﬂ%‘éhb%ﬂé{et sicdo B the

chemistry. I'n many instances, pla ace treatnent provides
adequat e sudepositiai can anhamce ibe wifhamityeef the nahogires lateratipesitad

bonding. As an illustrative ex | e, ,oxygen pl t r.eat ment an be
carried out in a Mar cfgﬁ%ﬁg@c%@lg%}mﬁm ﬁ@'?{ ﬁfj Cf"ﬁ@%fs(g'fqlbg\ﬁnﬁﬁmdﬁ%wgﬁ?%

par anet e5s: HArt W oB8g&pied Blashvsurfade reaffight dnassSusR] tomASfikARr . 25
In other enbodinents, the surface treatnent may include depositing

an i nt er medmalecylagaifuchietal éha sitacenf dhe sebsigla dUsine\aases such as argon,
| nt er medi at ‘85{/@%@& hitBLER! drerfi BlithdePtréditleht P Ere0d nigRly Yehbifve

nanow res an
species at low temperatures. Typically, only a few atomic layers on the surface

are involved in the process, so the bulk properties of the substrate (e.g. the

20 polymer film) remain unaltered by the chemistry. In many instances, plasma
surface treatment provides adequate surface activation for enhanced wetting
and adhesive bonding. As an illustrative example, oxygen plasma treatment
can be carried out in a March PX250 system, using the following operating
parameters: 150 W, 30sec, O flow; 62.5 sccm, pressure: ~400mTorr.

25 In other embodiments, the surface treatment may include
depositing an intermediate layer on the substrate. As noted above, the
intermediate [ayer typically exhibits affinities for both the nanowires and the
substrate. Thus, the intermediate layer is capable of immobilizing the
nanowires and causing the nanowires {o adhere to the substrate.

30 Representative materials suitable as the intermediate layer include
multifunctional biomolecules, including polypeptides (e.g., poly-L-lysine.)
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substrate. Thus, the internediate |ayer is capable of inmobilizing
the nanowi res and causing the nanowires to adhere to the substrate.
30 Representative materials suitable as the internedi ate |ayer

i nclude nultifunctional bionolecules, including polypeptides (e.g.,
poly-L-lysine.) 33 Oher exenplary surface treatnents include
surface washing with a solvent, Corona discharge and UV/ ozone
treatnment, all of whi | | I -H@q,,-
substrate 14 thereaft gﬂh%ﬁ%ﬁeﬁ@géﬁtsgﬂgc%t@% ndééng\%lmrdeésg%ﬁgg&ass ih{ | onlth
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descri bed ir?nelﬁkg dM B % spraying device, a brushing device, and
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surface 105. Alternatively, a printing device can be used to apply a
pat t er ned cagpositiontiatios 19t which@lalivere s metal daspeires dispersiantss, as
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wi th argon or oxygen plasma can i rove the transparency and the 20

conduct i vi t JeXSSSERE! ABreRRIRIMIAGY Patie. candedisad. | 1 samRe rellenfande A
ducti _ e . _ .
Fol lowi ho - AT Ho SR ABbed R A ety VESS CiserAnt DY fst8e e

flow 12 scemy pressure -300nTorr. O her known surface treatnents,
e.g., Corona discharg al. so be For

A t t t
exanmpl e, the Enercon i?%f%ﬁwﬁgégﬁﬁeﬁ@%ag nrfrﬁeg}ﬁ@orﬂw ﬁaﬁi@e t.
As a parfs offhthafiRpShe 14R21EBNS driéd St NBRIWY Katicly 876 ¢aforfrid hizgs be

nanowire network layer 180.

Optionally, the network layer 180 can be treated at a post-
treatment station 184. For example, surface treatment of the metal nanowires
with argon or oxygen plasma can improve the transparency and the

20 conductivity of the network layer 180, As an illustrative example, Ar or N
plasma can be carried out in a March PX250 system, using the following
operating parameters: 300W, 90sec (or 45sec), Ar or N2 gas flow: 12 scem,
pressure ~300mTorr. Other known surface treatments, e.g., Corona discharge
or UV/ozone treatment, may also be used. For example, the Enercon system

25 can be used for a Corona freatment.

As a part of the post-treatment, the network layer can further be
pressure ireated. More specifically, the network layer 180 is fed through rollers
186 and 187, which apply pressure fo the surface 185 of the network layer 180.
It should be understood that a single rolier could also be used.
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pressure treated. Mre specifically, the network |ayer 180 is fed
through rollers 186 and 187, which apply pressure to the surface 185
of the network layer 180. It should be understood that a single
roller could al so be used. 34 Advantageously, the application of
pressure to a netal nanowire network fabricated in accordance with a
met hod described herein can increase the conductivity of the

conducting layer. In m‘éhﬁgba&slyﬂh8§?\dri@atiﬁﬁbfbﬂes%ﬂﬁé 1024l nfeal M2RoRIre

both surfaces of a 5 con ting sheet transparent conductor
fabricated imetwoddiabrcated it atccadaraehwith adeeibed Bescripeddiaiciycandecranse

one or nore follers . cylindrical bars), one or both of which
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di mensi on of the CondlﬂﬁFhﬂﬁuia@y&éssdré_nc’r’a;ﬁbélﬁhﬁieﬂqwdﬁlé orois egfadedef a
network | ayer may be placed on a rigid 'surface and the single roller

rol | ed ach oseondelingkghest dranepaient evnsiustorfalyicetastin Accatfangs sfth g meghod

known met hods_ whi | re_i ' e rql sl

rollers are %@H#E(?Hg{eﬁiwﬂsﬁ 0?8@%& hﬁ’g“" B@%F%%%d&g’g? &gaelnﬂcar%)‘r’:@n?%
rollers as shawefivhidh raay,But néed hdt, tage eergthrdimensibn tarpeOthian alWidd00
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. nmor e
rol lers. It dimensiop of ghascendusing lavers Faaingle ralgy is dsechdee peworslgyet o
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rollers are used to apply pressure t he, conducti ng ,sheet. N p or

pi nch rol | ert® the gollge ﬁt‘ﬁ’g rg!%ﬁ,agef Hﬁ%‘s-%ﬁe otk Rygha i%'@gga%enf or

exanpl e, 3Mtﬁgﬁﬁirﬁlﬁ4rs Bulsheivhin Ff%?@ﬁ? i on Techni ques for Converters
4

i,
of Lam nating esives," March, ,  Which is hereby incorporated
by reference in its ertonetynbadimenis fraet 0 6 Hh00Q peitmay peispaliedle tbe

pressure to ,a netal .nanow.re  netwo I | [ yity
t hereof eit ﬁ@"sﬁéfﬁié’ofﬁuﬁ?'{ %‘F OQ%BF fr@ﬁ F%%Fs.zigﬁoﬁ¥§gg{1§§an%93 fr?éelta drrﬁé nt
as di scussed GIbRVR00a5, Z00/toB00dsE @ BOO o 600 phitrhay be applied.i Breserably,
subsequent plasma treatnent. As shown in Figure 15A, the rollers 186

an 187 rmay HeessirRdelapRliaskte a Wansnareni condegopprionie the pRRIGeIPR PERNY 80
a matrix material.
“Nip” or “pinch” rollers may be used if two or more rollers are used
to apply pressure to the conducting sheet. Nip or pinch rollers are well
20 undérstood in the art and discussed in, for example, 3M Technical Bulletin
“L amination Techniques for Converters of Laminating Adhesives,” March, 2004,
which is hereby incorporated by reference in its entirety.
It was determined that application of pressure to a metal nanowire
network layer improved the conductivity thereof either before or after application
25 of a plasma treatment as discussed above, and may be done with or without a
previous or subsequent plasma treatment. As shown in Figure 15A, the rollers
186 an 187 may be rolled across the surface 185 of the network layer 180 a
single or multiple times. If the rollers are rolled across the network layer 180
multiple times, the rolling may be carried out in the same direction with respect
30 to an axis parallel to the rolled surface of the sheet (e.g., along the traveling
path 150) or in different directions (not shown).
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single or multiple times. If the rollers are rolled across the
network layer 180 nultiple tines, the rolling may be carried out in
the sanme direction with respect 30 to an axis parallel to the rolled
surface of the sheet (e.g., along the traveling path 150) or in
different directions (not shown). 35 Figure 15B is an SEM i mge of a
portion of a nmetal nanowire conductive network 810 after application
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tenperatureﬁoﬁk'?]l%ﬁénte 1250C 15 and can be as high as 400C,

dependi ng on the type of substrate. For exanple, glass substrate can
be heat-0reated at a Therppplatatior of begienay aBbdetused= it poiHi@Ea post-

However, post treagtnents at, higher tenperatures (e.g., higher_ than
2500) nayprfraaﬁ%n t ﬁp\&ﬁ%éh%&rgaw%reﬂ{ﬁwmﬁrw %ﬁﬁ‘ngﬁ@? frafich as

ni trogen or ga-oRPbS0efr uglo HOAREERA Ffbré BRerErabRAL xBla i e

on-line or off-line. For exanp In an
t r anspar ent freantRFCole ERAC Her amadwde fromaabalidftsedopdsty 2udmutest The a

gi ven tenpe edetermi.ned amoynt .of t|ne. atjn o

t ranspar ent ﬁ%%#ﬁg{'»@#oq%lqg@ﬂgﬁn QE%RF WRPSe 95‘?}'8‘3"?@@”9% Bﬁgﬁﬁhﬁ\%f@? Gt
a transpar eghd eandecistigh abu0ost edbprhidRSE heaghd6f Ribatrafedr Fetd
exanpl e, a transparent conductor fabricated using a reel-to-reel

process as S¥YBlG; glags sebdrate van be hasddreptedataertremiyraprgeds abeut at
a tenper at UggoRd 1o 400°C. However, post treatments at higher temperatures (e.g., higher

than 250°C) may require the presence of a non-oxidative atmosphere, such as
nitrogen or a noble gas.

20 The heating can be carried out either on-line or off-iine. For
example, in an off-line treatment, the transparent conductor can be placed ina
sheet drying oven set at a given temperature for a predetermined amount of
time. Heating a transparent conductor in such a way can improve the
conductivity of a fransparent conductor fabricated as described herein. For

25 example, a transparent conductor fabricated using a reelto-reel process as
described herein was placed in a sheet drying oven set at a temperature of
200°C for 30 seconds. Before this heat post-treatment, the transparent
conductor had a surface resistivity of about 12 kQ/0, which dropped to about 58
Qf0 after the post-treatment.

30 In another example, & second, similarly prepared transparent
conductor was heated in a sheet oven at 100°C for 30 seconds. The resistivity
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200C for 30 seconds. Before this heat post-treatnent, the transparent
conductor had a surface resistivity of about 12 kit/ QO which dropped
to about 58 D/™ after the post-treatnent. 30 In another exanple, a
second, simlarly prepared transparent conductor was heated in a
sheet oven at 100C for 30 seconds. The resistivity 36 of the second
t ransparent conductor dropped from about 19 kDO to about 400 D/ D.
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ost -treat echni que t use to ingrease conductivity
gf a transggaéré a'&% ﬁtp&?fgptsb @r%?\ﬁgg@a élaﬂﬁl T CormHif i ve
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a metal reducing agent. In particular, a silver nanowre condﬁ
networ k can@MangparEst avnducie. dxmeskidemhich sialy\heruseddaaipply kejlent such

as sodi um boralyaLidGessure and heat simultaneously is a laminator by Banner
American Products of Temecula, CA. Application of heat in combination with
pressure can be done either before or after deposition and curing of a matrix or
20 other layers as described below.

Another post-treatment technique that can be used to increase
conductivity of a transparent conductor is to expose the metal wire conductive
network of a transparent conductor fabricated as disclosed herein to a metal
reducing agent. In particular, a silver nanowire conductive network can

25 preferably be exposed to a silver reducing agent such as sodium borohydride
for, preferably, anywhere from about 10 seconds to about 30 minutes, and
more preferably from about 1 minute to about 10 minutes. As would be
understood by one of ordinary skill in the art, such exposure can be done either
in-line or off-line.

30 As noted above, such a freatment can increase the conductivity of
a transparent conductor. For example, a transparent conductor of silver
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for, preferably, anywhere from about 10 seconds to about 30 m nutes,
and nore preferably fromabout 1 mnute to about 10 m nutes. As
woul d be understood by one of ordinary skill in the art, such
exposure can be done either in-line or off-line. 30 As noted above,
such a treatnent can increase the conductivity of a transparent
conductor. For exanple; a transparent conductor of silver 37
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Ther eaf tér, 1501@/[9u5t$uuaihg dhénty stheeitian Ts@dﬁm‘mérbhgdﬁl@@érl bé 88ed for this
station 188 i ch dellérsamatrlx mat eri al as defi ned herein.

The matrix PeRIYSSIPERH Qiher suitpbigpdusinangentsinsiudgotherhorakydiigss sugted
i n Figurel 445 s@diuﬁl%&ﬁhﬁlo@%bf&t lﬁoﬁ’éﬁ?%ggu&ﬁeérﬁglasatg%&@' ng

device and the |ike er o t hus
deposi t ed oWntmbom@MABhymd g%&edud}dgagelatgemtsi as hydreg@mgag ).

mat eri al can be depo prin deV| ce.to forma patterned
| ayer. The |ayer 192%@"??@% @’Iel {5 %prﬁe%qs@%ﬁﬁtrﬁbd%‘loﬂ {9%n 200.

Wiere the nsthlichrmwtvﬂﬁlbﬁbell\feréanﬁéﬁ'ﬁ?ﬁétéﬁélvt@@t as ¥iafi ﬁé%hér’éﬁ) "ﬁt‘r’eeha@r&z

can be cured by allow ng the solvent to evap or at e.
process carﬂ%S't'é’B@é? tigna1&icayy b aaterage (t@llgaﬁ desdibed)in Fighleeﬂatﬁhea

MRLri X Mt &fhrinG QERIk S Brihing devics, a printing device and the like. A layer of the
matrix material 192 is thus deposited on the network layer 180.
Advantageously, the matrix material can be deposited by a printing device to

20 form a patterned layer.
The layer 192 is then allowed to cure at a curing station 200,
Where the matrix material is a polymer/solvent system, the layer 192 can be
cured by allowing the solvent to evaporate. The curing process can be
accelerated by heating (e.g., baking). When the matrix material comprises a
25 radiation-curable prepolymer, the layer 192 can be cured by irradiation.
Depending on the type of the prepolymer, thermal curing (thermally induced
polymerization) can also be used.
Optionally, a patterning step can be carried out before the layer of
the matrix material 192 is cured. A patterning station 198 can be positioned
30  after the matrix deposition station 188 and before the curing station 200. The
patterning step will be discussed in more detail below.
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25 radi ation-curable prepolynmer, the layer 192 can be cured by

i rradiation. Depending on the type of the prepolymer, thermal curing
(thermal ly induced polynerization) can also be used. Optionally, a
patterning step can 'be carried out before the layer of the matrix
material 192 is cured. A patterning station 198 can be positioned 30
after the matrix deposition station 188 and before the curing station

200. The patterning qhgRuthbprsd Ehd 1R 1R er 9b8 cbmBRLAY the’
e curing process forns a conductive [ayer conmprising tne “netal
nanow r es nengial kanawitas rdorkagentil ina Dabix ZMite Tenchreiuctiee lagye204£04

can be further ,tr ed, at ost-treatnent, statign 214. In one
enbodi nent , C@H@%@ﬁbgl&t{?@}gﬁ|a£9é:}osg£§ga tﬁ@?‘?ﬂfzﬁ ce 5 treated at the
post-treatnment stati Ofy gddtehBoBiReitohs o_%ﬁgﬁt'ftﬂl@ IQS;er'I‘:ZQﬁ Ly surface

nanowi res_on the surface of the conductiv ayer’. For exanp
m nute dholieatest atthe pest-ireatment stadion 2dU dd eapese dporionadthe metais ma

treat nent, ' 0 | ozone. treat ments. Exposed net al
nanowi r es aﬁghg‘g’ﬁﬁ ghlﬁg‘?%ﬁgﬁs@fthjgcPB&”&Uﬁ&‘W%‘C Qéﬁ’_‘%fBBIP?Eé@‘F'étﬁs. 10
I n anot her emimeht 6BiHe matriR@ahi b etehed Qﬁagﬁyéblvﬁﬁﬂﬁﬂs tré&mePX 8&BHa
on the surface of the conductive |layer 204 follow ng the curing

process (s&icharaenr Wiggpas tregimentss Espysecanetainaeewiresarestasticulariynot
needed. In j %gp Jlckness of the matrix material
| ayer 192 aHE%‘LfrO?g%@h? ensi 8%5\(;&1‘35{}']?‘13; matrix formul ati on are

control '€ appropri at kil gnothdreemipddiment)ia portion ofltheWsétal hehdvareser ti on
of the netal nanow rﬁ_@net rk,and a portion of the metal nanow res
will be expG¥RPeEn suifeca o6 thit oo chivi et 204 Tallgying theiesring process

conductive |axeh/sedfigunek {66 aﬁHbl%rDQ?éorfd %ﬁgﬂhﬁg{é}%ﬁ is?ré(ﬁ\éﬁéeugd the

take-up reel 147. Thi’s f1ow proces rnic SO referred
to as a "rpafticulerrwhen therthickness ofdhe ohattix praterisd Saye) 02 andlsuifacs he

T the 1 ol B mAtAE B s Fameolich hpratianel iR ne ) Pt
gut al ong t et thectep|podtibrpaithe pletal FENOWIS FethSiK sHda pﬁiﬁn‘ﬁ?%fﬁ%&él ng
ystem 146 therefore can be custom zed or otherw se adapted to
i ncor por at eN@pgwires will be exposed on the surface of the conductive layer.
The conductive layer 204 and the substrate 14 are then drawn up
by the take-up reel 147. This flow process of fabrication is also referred to as a
‘reel-to-reel” or "roll-to-roll” process. Optionally, the substrate can be stabilized
| 20 by traveling along a conveyor belt.
In the “reel-to-reel” process, multiple coating steps can be carried
out along the traveling path of a moving substrate. The web coating system
146 therefore can be customized or otherwise adapted to incorporate any
number of additional coating stations as needed. For example, coatings of the
25 performance-enhancing layers (anti-reflective, adhesive, barrier, anti-glare,
protective layers or films) can be fully integrated into the flow process.
Advantageously, the reel-to-reel process is capable of producing
uniform transparent conductors at high-speed and low cost. In particular, due
to the continuous flow of the coating process, the coated layers do not have
30 trailing edges.
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nunber of additional coating stations as needed. For exanpl e,
coatings of the 25 performance-enhancing |ayers (anti-reflective,
adhesive, barrier, anti-glare, protective layers or films) can be
fully integrated into the fl ow process. Advantageously, the
reel -to-reel process is capable of producing uniformtransparent
conductors at high- speed and low cost. In particular, due to the
conti nuous fl ow of tga Ehngig ocess, the coated | ayers do not have
30 trailing edges. (c) Tamnation Despite its versatility, the
"reel -to-reel” pr ocesmespaentewemrcrhtmhlal“eem—reel nocessdis b sompatible
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layer on a flexibl e osoit isdessiibed beraima lapingtien pleeesa it fabiiat Withg
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and trangf esroicass ishengrBleonity Bothaigid stisstratddand bistiblatsebstratehoiMwe
Advant ageously, the coating steps onto the flexjble donor, i&}’bSt rate

can be car rsrasifisally.ghe éP'T“@é ion BEOPESF G‘H’PBE% cRR @ SOPHPtyS fryer on @
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conduct hye {@yeatd 6f éﬁ‘cﬂcé u}?é\}srrﬁégeedmfstych@ &fating ke drite tiskofedble donor

substrate" refers to a flexi ble substrate in the form of a sheet ,
film web, suhstratecan ke carrhe@i qut dyiapieel-tpoiest PrGEES bagauisedha gpnor

substrate is flexible. The conductive layer formed thereof can then be
transferred to a substrate of choice, which can be rigid or flexible, through
standard lamination processes. If only nanowires are deposited onto the
20 flexible donor substrate and no matrix material is used, a lamination adhesive
may be used to attach the conductive layer to the substrate of choice.
“Flexible donor substrate” refers to a flexible substrate in the form
of a sheet, film, web, and the like. The flexible donor substrate is not
particularly limited so long as it can be separated from the conductive layer.
25 The flexible donor substrate can be any of the flexible substrates as described
herein. In addition, the flexible donor substrate can be woven or non-woven
textile, paper, and the like. The flexible donor substrate need not be optically
clear.
In certain embodiments, the flexible donor subsirate can be pre-
30 coated with a release layer prior to the coating of the conductive layer.
“Release layer” refers to a thin layer adhered to the donor substrate and onto

40



particularly limted so long as it can be separated fromthe
conductive layer. 25 The flexi ble donor substrate can be any of the
flexi ble substrates as described herein. In addition, the flexible
donor substrate can be woven or non-woven textile, paper, and the
| i ke. The fl exi ble donor substrate need not be optically clear. In
certain enbodi nents, the flexible donor substrate can be pre- 30
coated with g | Lve
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- Figure 15A, %’%? the fl exi bl e donor substrate. Prior to the netal
nanow re deposition, the release |ayer 244 is deposited or coated on

the flexitbl e donor sulhe lshinatethgrueand 26DiceR HeXeBlica28 in m@%ahfe f or rred
by nmetal nanow res depositjon followed bé matri x deposition,
19

descri bed hEWANET agRieseiiRrflivGoppestionavith igure A5Anising the;iletxmeﬁmrr ed
to a substr I g L

gl ass), whi ?E%tgé%%yg?@a ?enrﬂ?mr'%ﬁ eﬁthee:,%grdtnhg%r e(lie{%% A%feg&(“ coati ng
process, cademitedmrmamﬂ on the fﬂelfmble don@tmﬂast[atel a‘l]t&r corﬁ&cw@layermo

Fi gure 16B, l.am n tructure erre

Subst rat o 288" be FITMET b Al olies dEpes o GubnaH bYseatisreppaton, as
conduct ifee daysbeddered. t he substrate 260. In certain enbodinents,

the polyneric matrix (e.g., PET, PU, |qol yacryl ates) provides
adequat e adhesi on to The conductlve layer is then uniformly transferred to a substrate

of choice. In particular, a rigid substrate (e.g., glass), which is typically not

adaptable to the reel-to-reel coating process, can be laminated with the
conductive layer. As shown in Figure 188, the laminated structure 230 is

20 transferred to a substrate 260 (e.g., glass) by contacting a surface 262 of the
conductive layer 250 to the substrate 260. In certain embodiments, the
polymeric matrix (e.g., PET, PU, polyacrylates) provides adequate adhesion to
the substrate 260. Thereafter, as shown in Figure 16C, the flexible doner

~ substrate 240 can be removed by detaching the release layer 244 from the
25 conductive layer 250.
in other embodiments, an adhesive layer can be used to provide a

better bonding between the conductive layer and the substrate during the
lamination step. Figure 17A shows a laminated structure 270 comprising, in
addition to the flexible donor substrate 240, the release layer 244 and the

30 conductive layer 250, an overcoat 274 and an adhesive layer 278. The
adhesive layer 278 has an adhesive surface 280.
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t he substrate 260. Thereafter, as shown in Figure 16C, the flexible
donor substrate 240 can be renoved by detaching the rel ease | ayer
244 fromthe 25 conductive layer 250. In other enbodi nents, an
adhesive | ayer can be used to provide a better bonding between the
conductive layer and the substrate during the |am nation step.
Figure 17A shows a | am nated structure 270 conprising, in addition
to the flexible donor i 30
conductive | ayer 250,Tgﬁqiﬁﬂﬁﬁﬁﬁgﬁggﬂ&{gz?é%ﬁqgﬁﬁgbgygeI ye?ﬁggékgﬁhe
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In Figure 17efleqtive layay anpeedivefimua batrieg layer, g et h the 10

substrate 260 via the | SulLf t.en : in
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re cgn be use : s to
enhance the 1%8?\3?%%’8@?\/@@9" BHRStERIP 4V (remayen Rygfetacking the relaasgdavele
| ayer in thez4qqrﬁﬁqﬁeg\f,‘?,@3magﬁﬁsi ve layer) and the substrate. In

other enbodiments, a release layer is not necessary due to an
affinity differenti al Iro¢ertaie eothediroents chdad pe presistite cashe osed dutingethe

flexible donor.. substrate.and the substrat f chgi ce,, For .exanpl g,
the conduct IEMPIGR PSS f Bnbrs BEmRhh G tue st e GondsNip 48 Br e
to a text§ | eofanctivedssitin #eabdicerof tiadhBsiva myeal aedtHer pefate. t he
textil e donor substrate can be renoved while the conductive |ayer is

firmy bonded with thE oihgsembggisngnis.ca release layer is not necessary dueto an
affinity differential of the conductive layer with respect to the flexible donor

substrate and the substrate of choice. For example, the conductive layer may
have a much higher affinity to glass than to a textile donor substrate. After the

20 lamination process, the textile donor substrate can be removed while the
conductive layer is firmly bonded with the glass substrate.

In ceriain embodiments, a patterned transfer is possible during
the lamination process. For example, the substrate can be heated by a thermal
gradient, which affords heated regions and unheated regions on the substrate

25 according to a predetermined pattern. Only the heated regions will be
laminated with the conductive layer due to an enhanced affinity (e.g.,
adhesion), therefore providing a patterned conductive layer on thé substrate.
Heated regions on a substrate can be generated, for example, by a nichrome
wire heater positioned beneath the areas of a substrate to be heated.

30 In other embodiments, a patterned transfer can be affected by a

pressure gradient based on a pressure-sensitive affinity displayed by certain
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In certain enbodi nents, a patterned transfer is possible during the
| am nati on process. For exanple, the substrate can be heated by a

thermal gradient, which affords heated regi ons and unheated regi ons
on the substrate 25 according to a predeterm ned pattern. Only the
heated regions will be lamnated with the conductive |ayer due to an
enhanced affinity (e.g., adhesion), therefore providing a patterned
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pattern, prior to the lam nation process. After ‘transferring t he

pre-cut condgodugiivel layerrofitie prasetarminacopaltern ireretaibediwbile the resyisr of
t he predeter te ed while the rest is renoved

along a pre- %hpggggﬁ%ﬁfggTﬁiB§§bé%ﬁlng As noted above, a patterned
conductive layer can be fornmed by selectively curing a prepol yner

coating according to a pattern. The curing process can be carried
out phot'kq ylﬂ%@[ﬂ?ﬁor thermally. Figure 18 illustrates an enbodi nent

e e “nooar e nef BN SRR TR rRtetd bty 1
accordi ng t(sehecti\aelbl(mdndgamemwnbecdtmg(acgrdlng:tm paﬂem3ﬁhb&m)‘mgl t
Shoul 0 be _Upderationh Batel b SURSHAEHE ok AR Btle USRI an
coating 300 gntphdifReRt hashiehalBRIMREMAer l@Bhét@Mﬁﬁeﬂfedere BpEamedlgs
114. An irradiation source 310 provides t phot on
15 the metal nanowire hetwork layer 114 is dep051ted on the substrate 14

according to a method described herein (e.g., Figures 13A-13D). It should be

understood that the substrate 14 can be any substrate, including a flexible

donor substrate.

Thereafter, a prepolymer coating 300 is deposited on the network

20 layer of metal nanowires 114. An jrradiation source 310 provides the photon
energy for during the prepolymer coating. A mask 314 is positioned between
the prepolymer coating 300 and the irradiation source 310. Upon expostire,
only regions exposed to the irradiation are cured (i.e., regions 320),; the
prepolymer coating and nanowires in the uncured regions 324 can be removed

25 by washing or brushing with a suitable solvent or by lifting them off with a tacky
roller.

Photo-curable prepolymers are well known in the art. In certain
embodiments, the photo-curable prepolymer includes a monomer comprising
one or more double bonds or functional groups, e.g. hydrides or hydroxyl

30 groups, suitable for chain extension and crosslinking. In other embodiments,
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energy for curing the prepolymer coating. A nmask 314 is positioned
between the prepolyner coating 300 and the irradiation source 310.
Upon exposure, only regions exposed to the irradiation are cured
(i.e., regions 320); the prepolyner coating and nanowires in the
uncured regions 324 can be renoved 25 by washing or brushing with a
suitable solvent or by lifting themoff with a tacky roller.

Phot o- cur abl | : |
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ot hacryi ot ol aB8 adiifiorei roflate s ghSigr Ay sle, pli rikigorate

2- hydr oxyet had ethythéihacrylsebsiidbne @@watbat@cr?n@attml acfaltidd, yl ate and

ethyl nethacrylate, silicone acrylates, acrylonitrile, acrylamde

met hacr y| anif@hasviimidei Ncﬁl@étﬁ(uﬁ%ﬁrfﬂﬁfblﬁcwl%mid@ésvwll Qﬁml’séél@'é% vinwt h
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chl ori de1mnd1&losm‘ehdsri‘é—w*ylpwnodidone rpiphledd®bndwhimyligsrme @fﬂdjﬂicw ni ng
two or nore double bonds are the diacryl ates of ethyl ene

propyl ene gI ycol , neoféR ffgﬂengfyBemomefﬁé@at?érelng|h@ﬁ@rmcgreépulg'ﬁdw@fis are
bi sphenol  Anaggc nétestaf%ﬁfy1ergecg%ayﬁrep§eﬁ@ 6o ngegéa&gupqigcwe

tri met hyl ol propane triacrylat ery rlto dte or
tetraacryl atl'texamefﬂwem:gkvbaltand mﬂbrsphuahbb‘h,mdeﬁ} 4Hb!s(2hyl succi nat e,

di al l yl phthal triall sphat e, al | I socyan te or
fris(o hor yeogpdenthSndpy SRR REnS R M P aRE A EB,  y e s

i ncl ude, 1P utpenterp@titd! | ma fltel & tetraddrybic; vingPaSPRIY, diBS}IBénzene, divinyl
acrylicized polyesters yesters containing vinyl 20 ether or

epoxy gr oup$UcEBaiay ﬂ@”MbﬁféBa@tﬂi iyl hasehate, triediuk ispesanyrale oy Bis(2r

acryloylethyl) isocyanurate.

Examples of partial polymers include, but are not limited to,

acrylicized epoxy resins, acrylicized polyesters, polyesters containing vinyl
20 ether or epoxy groups, polyurethanes and polyethers, unsaturated polyester
resins. In a preferred embodiment, the prepolymer is an acrylic.

Optionally, a photo-initiator can be used to initiate the
polymerization and/or crdsslinking reactions. The photo-initiator absorbs the
photon energy and produces radicals, which initiates a cascade of radical

25 polymerization, including chain-extension and cross-linking. Photo-initiators are
well known in the art. Examples of suitable photo-initiators include, but are not
limited to, oxime esters, pheny! ketones, onium salts, and phosphine oxides,
seg, e.g. U.S. Patent Nos. 6,949,678, 6,929,896, and 6,803,392;N. Buhler & D.
Bellus, "Photopolymers as a powerful tool in modern technology”, Pure & Appl.

30 Chem., Vol. 87, No. 1, pp. 25-31, 1995; J. Crivello in Advances in Polymer
Science, Vol. 62, pp. 1-48 (1984). In a preferred embodiment, the photo-
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resins. In a preferred enbodi nent, the prepolymer is an acrylic.
Optionally, a photo-initiator can be used to initiate the

pol yneri zati on and/ or crosslinking reactions. The photo-initiator
absorbs the photon energy and produces radicals, which initiates a
cascade of radical 25 polynerization, including chain-extension and
cross-linking. Photo-initiators are well known in the art. Exanples
of suitable [ . ud |t w QX B
esters, phen'gpglf?? éo(gigtg I a‘n%:j"ﬁem 2@% s?yplpéiry t@éﬁ?ﬁ%e éf(mge@% té'@’éﬂea?a?é. g.
U. S. Patent thio prepmhave:, ch&mg&aﬁ&r@@:ﬁhm%u‘ﬁﬂéﬁ)&Jtﬁéipmferéwﬂmhin83lD.
Bel | us, "Photop olg/rrers as a powerful tool in nodern technol ogy", Pure
& Appl. 30 GFEANYS.\ol . 67, No. 1, pp. 25-31, 1995; J. Crivello in
Advances in Pol yrmer ' I

preferred enbodi nent, ﬁ?gfﬁ%?%m[bﬁﬁfrﬂﬁ %ﬁpmatl aﬁérrﬁyggéﬁ Pregcggﬁerdequt using
754. Typi &alamnsmnmg theemalsmaek (e.be aprapedulermasle)t whijch chrmseppceml ymer

t { f
ceconds. ' 6uREs Ok asealriX atRteEiiier Tabe sHieRuB e et shiash AETRatvghs
using 5 angd Mﬁglk—?és‘s%pw&fh”?dse%ﬁgct(@ttg tec@ﬂl@@%ah%@ué@%ﬁ%)dwe\ﬁm ch

only exposes regions a matrix material layer to be cured to a
heat source. wm&"ahmtecvea’;temlon the prepwymesecalivgriavarh Theamelly-curable

pat torn on THTAERTNERS Radbn N5Sfa 5B ot Feebp i R,

mat eri al §) angatsfgavdant ise Qrmepéky Ié |%d|n| éhdélgoiﬁg"é] coﬁ@bsn@é(ﬁiﬂl’érﬁl t he

matrix 10 material can be an ares sol -gel conposite

material. Both the pthﬂlmﬁlatwagermnnathaﬁ@nﬂﬁeaml R?éﬁef"éﬂﬁmﬁémd
t hod tu

above. For laumnEat it fe' R b e bRLtEeschb T SBOV P ESE Liffhle 3

tEe web coatphng:-pawéramglsﬁﬁhoraﬁ;ga séwhe alaarﬂ?ofgh%web%atﬁﬁgeystem 146 as
ot o-patter atio ca nf | re 15 nu
Do al T bw 1 oseBR RS 18Ap ot Bhalhaatamiiisiton faf srapsiptgued in 8

coating.qgn r@%e%’?%ymhnoﬁ%r%ﬂﬁuéd% Slpdein® didfeurthg &YitAé FFQ:olymer
cylinder 330 is part the photo-patterning station 198 he vieb

coating systceatingié is not shown). The substrate 14, coat ed with a
prepol ymer coating BOPN oné e”%‘éﬁ%ent as shown in Figure 194, a rotating cylinder
330 is part of the photo-patierning station 198 ({the web coating system 146 is
not shown). The substrate 14, coated with a prepolymer coating 300, is moved
20 along by a conveyor belt 332. The rotating cyclinder rotates at the same speed
as the conveyor belt 332. The irradiation source 310 is positioned within the
rotating cyclinder 330. An exterior 334 of the rotating cyclinder 330 is
pafterned, perforated or otherwise provided with openings 338 to allow the light
to irradiate the prepolymer coating 300. Optionally, a guard slit or a collimator
25 340 for preventing any stray light can be positioned closely above the moving
substrate. |
In a related configuration, as shown in Figure 188, a patterning
beit 350 having a patterned or perforated exterior 352 can be used. The
patterning belt 350 is driven by rollers 354, one of which is connected to a
30 motor (not shown). The patterning belt 350 moves at the same speed as the
moving conveyor belt 332, allowing continuous exposure of the prepolymer
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20 al ong by a conveyor belt 332. The rotating cyclinder rotates at

t he sane speed as the conveyor belt 332. The irradiation source 310
Is positioned wthin the rotating cyclinder 330. An exterior 334 of
the rotating cyclinder 330 is patterned, perforated or otherw se
provi ded with openings 338 to allowthe light to irradiate the
prepol yner coating 300. Optionally, a guard slit or a collimtor 25

340 for . Pr evERMBGAYYS ik ki Lo el REHRAIH GoARMLeYes chpraRglyea

t he nmovi ng rate. Inhare contiguration, as shown
19B, a patt eguardgslit 840 tar3be usati ng a patterned or perforated exterior

352 b d. Th tt ' belt 350.is dri b I | 354,
one g?n\/\h?cﬁsss conﬁe tlaﬂ"e? éﬁg’(f’ %?E’PEY H@%ngéf?@k\f&e#tefﬁﬁ@ffs%&ef@&'ﬂﬂﬁg
bel t 350 ”‘)Vﬁétté’lfheél ESnWeZﬂ%?@naassﬁﬂﬁatmé‘@%ﬂW%an% fully 32,

al | owi ng conti nuous exposur the prepol yner 45 coating 300" to the
i rradi ati Bn integretedinio the mabgoatipg systge BED. In@sriicutan the photo-gatieding

200 for f o niiAGoR 158 i3 Pt (et shoinl B dts 04, AR the HRas ™
system 400 catpda@rd Hhd ¥uling, hé Bfepofindriioating 800a c1rea bk Belesivs RiFIchat.

In particular, the photo-patterning station 198 is identical to the

one shown i nai wilkke flgther Feated\at ggvastingaiation 3éQ fo EIM@Va@tY BIRUTed),

t he prepoly |.n ' ' L; ' be
furt her "o r Sanego e S Hnebafl 4 hoflorhfEid dfrel FELIORS 2aGaq Hatd
prepol yme0. rhbtal pahswires fegldhs By nevEsIto Si rotatiog teckyrrelieradest. 3Bk @icky
bare 10 netal nanow res regions 374, noves to a roLating tac roll er

k
384. The t acleyer #44 PRBCIS ANGIRMAYES tmbRTPdRRIPLaT VU SSRRIONS P
nanow res r eﬁél%ﬁn%ﬁ‘fé renfdal Bf"fh@%g‘i'%‘mﬁwte}iﬁm\ﬁﬁ ir8§, th@%uB@fré’teri?%g%ted with

nanowi res, the subStrate 1s coate conductive reglons anong
non- conduct i smhduetive regi@&6380Tamong answanduttiveoadivos 8686. as descri bed

herein can be used as .. 15 el ectrqdes_ in a wide variety.of devices,
'ncl uding any devi ce (W& RIPREHICGRAURBLR dsoPed iRl spa R used ss
conductong Séléétré’c%smﬁtaﬁ\lvidgﬁa@'i%’g[gﬂ diceEXBRURMY dHy devitd kbt surdsntiyces
I nclude flat panel displays, L ., touch screens, el ectonagnetic
shi el di ngs, Makes Lemaf rgnspasent qoadystors ychasdpetabelidediras. Examples of

suitable devices include flat panel displays, LCDs, touch screens,
electomagnetic shieldings, functional glasses (e.g., for electrochromic
windows), optoelectronic devices, and the like. In addition, the transparent

20 conductors herein can be used in flexible devices, such as flexible displays and
touch screens.

in one embodiment, the transparent conductors can be used as

the pixel electrodes in a liquid crystal display (1.CD) device. Figure 21 shows
schematically an LCD device 500. A backlight 504 projects light through a

25 polarizer 508 and a bottom glass substrate 512. A plurality of first transparent
conductor strips 520 are positioned between the bottom giass substrate 512
and a first alignment layer 522. Each transparent conductor strip 520 alternates
with a data line 524. Spacers 530 are provided between the first alignment
layer 522 and a second alignment layer 532, the alignment layers sandwiching

30 liguid crystals 536 in between. A plurality of second transparent conductor
strips 540 are positioned on the second alignment layer 532, the second
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wi ndows), optoelectronic devices, and the like. In addition, the
transparent 20 conductors herein can be used in flexible devices,
such as flexible displays and touch screens. In one enbodi nent, the
transparent conductors can be used as the pixel electrodes in a
liquid crystal display (LCD) device. Figure 21 shows schematically
an LCD device 500. A backlight 504 projects light through a 25

pol ari zer 5%%@%&1&8&&%9&@@%5&@Bgéﬂé t?alﬁgigﬁjn%iéﬁré\hitﬁ%ﬁ%ft first

transparent conductor strips 520 ar osi ti oned between the bottom
gl ass subst rierepateht canduciof strigs 520.1 Thensatoridlyanspe@ent deaducior strips 540

t t duct tri 520 alt t it d i 524,
Shacer 530 Spdniasvioatss Wik deasSuafin BYErsad oghhnds Mitfoss B 339800
second al i gryiReY siiaYi@ke 55F and A dkrizeR ssfl._t AbNE§e SN WhE BHaRshatent

liquid crystals 536 in between. A plurality of Second transparent
conduct orb stanidpstos sliparb2Oparet 4 bearibe patteroed eod iwnafarmenio st laminading

532, th d 46t t i DS i enti
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SECO_nd t_ranstmlkérthe@@ﬁ@ﬁkﬁéllwémb@e@%taladmé smbb@rroapﬁé Gdsﬂ)yith a
passivation | ayer 544, colored matrices 548, a top glass substrate

550 and a pdlepopHien o5 SIEhiNHRMSESIRSHAISINGqUIrSse t r ansparent 5 conduct or

strips 520 and 540 ca t I ' ' yng

process onto the bott(l)%mggﬁ"@zésr%@Pgﬁgfﬁ%ﬁﬁﬁ%&éﬁﬁ%ﬁgﬁt G%J;@%H

respect i Y@l yhereibfbirhepéi ef a dowehnddresral Ayowindayeisnat mteraxfividangtir i ps

(I'TO, no costly , deposition or etchin ﬁ)roc sses are required. In a

further embdViFedpte ﬁsdppmlbak@ﬁpme&?&a@b&%i@b@’&%@&se&@ BRftei n

form part GhsthucBHE By GUCHRTY the dcAUAN B R8En seredf ié Bpfiddllylcledd to AR
h allo

device integrated ontd an electronic display, whic a user to
i nput i nst rigbt andhindge todrarrenmitthrogtscr een. The touch screen i s

optically clear to al IFow I g ht and i maﬂe l@o %}r af;llssm't t u ou Fi gure
22 shows scherratica!ly'gé‘r‘?g_ OUE% Eﬁm&?ﬁ & WE6" ST ™Y to one
enbodi meq . abRerdkeY t-rendeRbbbiRtaeTha delice BEDNACIGNES & fitst tepssarehDr

564 conprising a first substrate 568 coated or lamnated wth a first

conduct i ve |agyguctey 564 ca@pripingta rshenhsiaieSthgeated pp lavainaieg with ajfrst

conductive  qongctive tayer 572, the first conductive layer §72 having a top conductive

surface 576. A second transparent conductor 580 is positioned above the first

transparent conductor 564 and separated therefrom by adhesive enclosures

20 584 and 584" at respective ends of the device 560. The second fransparent
conductor 580 includes a second conductive layer 588 coated or laminated on
a second substrate 592. The second conductive layer 588 has an inner
conductive surface 594 facing the top conductive surface 576 and is suspended
over spacers 596.

25 When a user touches the second transparent conductor 580, the
inner conductive surface 594 contacts the top conductive surface 576 of the
first transparent conductor 564 and causes a change in the electrosiatic field. A
controller {(not shown) senses the change and resoives the actual fouch
coordinate, which information is then passed to an operating system.

30 According to this embodiment, the inner conductive surface 594

and the top conductive surface 576 each has surface resistivity in the range of
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surface 576. A second transparent conductor 580 is positioned above
the first transparent conductor 564 and separated therefrom by
adhesi ve encl osures 20 584 and 584' at respective ends of the device
560. The second transparent conductor 580 includes a second
conductive |l ayer 588 coated or |amnated on a second substrate 592.
The second conductive |ayer 588 has an inner conductive surface 594

facing the tpaucpndpodhxe n%’réfpﬁ‘é@réﬁ@ Fhoett 16500 sHandisticaly ehe ﬁl@.@éﬁds
596. 25 Wien a user touches the second t ranspar ent conduct or 580, th

i nner condusereed Fanspasentsandooivrabae bigh teopmissirnustg.ve 8§Hw)ﬂ96&0\576
of the fi rsft trans;%a ent ﬁ nduct or 564 and causes a change in the
el ect rost at i'® F1a89Lg 10 KaNWGRLHQHERy (not shown) senses the change and

resol ves the actual tg4gHrsteRars@cond Subsiiieslcabe® BrRkieBofirAatbh&lg, as
passed to an operating system 30 According to this enbodi ment, t he

i nner corfludiesoibas hgrgtne By £xample, tth@ﬁtsépul@siméanb@ rigiff feag e9B96 Fach

orof or abl y. "SRR Eo0 fEarbBRRG o oy e e b redaad Bupsthie
t ranspar ent canmeusfiedisletitve AegiativeRDiragieikibie fotich screenfadflicaitorg bbihw

for images to transmi t throg)ge The first and second substrates can
be a vari et PUBStraigs san Kedlexible fimsiee pl8slif)ner ei n. For exanpl e, the

first substrate can beufrbﬁﬂf §'£ﬁ%le] todbRSSreché %;ls g%nﬂil@'fﬁie&l%’*?é gs

pol ycarbonate or polyacry the seco strate can
flexibledi Icrmdmttwerlamrs mby ITOdiims). fAsauoﬂaIabotre,uld’lﬁ) Blorscare fraglle and

application tes C fl exi bI stic).
EFr ety apaPRA feBYcRIen 1S BREEAET 0§ P EP e By SeopafbctaluBst 16
conductive 'sﬁ%@t‘i@ce§ ﬁt ngh télﬁ@ef&itm@%nd iHvaBlb .S IrPeshtfst 'tﬂ_é)trfahéﬁﬂieﬁ{r e
fragile and costl bricate. In particular, ITOfilns are
typically d@pnémte@ dmcgba@ beredupan batfaj@‘lcatedrhmlwghém@elgapwgetands pnd

vacuo. In con ra o) can
be.fabri cat daIds) HEER Gl RRCE SRl pE IR il e dB3pp g, h Bl
They al st alflesipid @id oBaBleubstratesssiehtasailastic films) udi ng 15 erXI bl e
and durabl e substrates such as plastic filnms. The transparent

conduct or structures, t‘%é"ﬁ‘ﬂs%ﬂ@ﬁl gqneictos stuefyress Aeir electrical and optical
properties, and the methods of fabrication are illustrated in more detail by the

following non-limiting examples.

20 EXAMPLES
EXAMPLE 1

SYNTHESIS OF SiLVER NANOWIRES

Silver nanowires were synthesized by the reduction of silver
nitrate dissolved in ethylene glycol in the presence of poly{vinyl pyrrolidone)

25 (PVP) following the “polyol” method described in, e.g. Y. Sun, B. Gates, B.
Mayers, &Y. Xia, “Crystalline silver nanowires by soft solution processing”,
Nanoletters, (2002), 2(2) 165-168. A modified polyol method, described in U.S.
Provisional Application No. 60/815,627 in the hame of Cambrios Technologies
Corporation, produces mare uniform silver nanowires at higher yields than does

30 the conventional "polyol” method. This application is incorporated by reference

herein in its entirety.
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properties, and the nethods of fabrication are illustrated in nore
detail by the following non-limting exanples. 20 EXAMPLES EXAMPLE
1 SYNTHESI S OF SI LVER NANOW RES Si | ver nanowi res were synt hesi zed by
the reduction of silver nitrate dissolved in ethylene glycol in the
presence of poly(vinyl pyrrolidone) 25 (PVP) follow ng the "polyol"
met hod described in, e.g. Y. Sun, B. Gates, B. Mayers, & Y. X a,
"Crystalline silver nanowires by soft solution processing”,

Nanol etters, (2002), 2(2) 165-168. A nodified polyol nethod,
described in U S. Provisional ApplieghjpiE No. 60/815,627 in the nane
of Canbrios Technol ogi es Corporation, produces nDre uni form sil ver

nanow res at higher vyiel %Eﬁﬂﬁﬁ'lm&-s/\ NESA %iﬁ "pol yol "

met hod. This application I'hcor porated reference ereininits
entirety. 48 EXAVMPLE 2 PREP. T

Aut of | ex EBGS pol yet hé\rlﬁgt ﬁ%b%&%%ﬁy%@g% REF'%[. g G éhé "iihﬁén'?g was
used as a5 Suyhpk hitlktuselnd FElbstihs! Thé PETSsUERS “scaaxl dpticalheelear
insulator. The light transm ssion and haze. of the PET substrate are

shown in Tanswator. The dgkt tansomissien apd hazaprkbie R%‘ésubféfﬁtetaf%ﬁ%ww on
it spor ot on ofeets 1y Qs JERRARRGNSD IR HiREiecith Bé RS pred

nanow res Wajsthepieluhethddomo g?rrBASTIfM D1903it h and around 8min |ength.
The concentration of t he si

Ver_nanow res gA N%/g was ab Fl;”ﬂ% 0.5 0/gv/v
of the dispersion, red¥l3qyagussispersipn ptelv gﬂ W'{ﬁso‘f’a%\g prepage
(measuregh o f h
(i sper st h Wi s RetioRfec el b rRBai 6 ddiin HuBIPAR AREAGEm e
nanowi res t desghi mknetcwmemfatim dfﬁhe sihetr mahewirds (AQMA&) wa@c&bdeOcﬁw%W/V

low et er e G3F HhaRicih e orLpalen] Seery o Aot o i TRk T eHe S
the like. |tpbgchigf DRolces Theth wic Mbaiatt headkrs TR Hikparibrewasthen
coated on the PET substrate by allowing the nanowires to sediment onto the
15 substrate. As understood by one skilled in the art, other coating technigues can
be employed e.g., flow metered by a narrow channel, die flow, flow on an
incline and the like. It is further understood that the viscosity and shear
behavior of the fluid as well as the interactions between the nanowires may
affect the distribution and interconnectivity of the nanowires coated.
20 Thereafter, the coated layer of silver nanowires was allowed to
dry by water evaporation. A bare silver nanowire film, also referred to as a
“network layer”, was formed on the PET substrate. (AgNW/PET) The light
transmission and haze were measured using a BYK Gardner Haze-gard Plus.
The surface resistivity was measured using a Fluke 175 True RMS Multimeter.
25 The results are shown in Table 1. The interconnectivity of the nanowires and
an areal coverage of the substrate can also be observed under an optical or
scanning electron microscope.
The matrix material was prepared by mixing polyurethane (PU)
(Minwax Fast-Drying Polyurethane) in methyl ethyl ketone (MEK) to form a 1:4

30 (v/v) viscous solution. The matrix material was coated on the bare silver
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behavior of the fluid as well as the interactions between the

nanowi res may affect the distribution and interconnectivity of the
nanow res coated. 20 Thereafter, the coated |ayer of silver nanow res
was allowed to dry by water evaporation. A bare silver nanow re
film also referred to as a "network layer”, was fornmed on the PET
substrate. (AgNWPET) The light transm ssion and haze were neasured

usi ng a BYK @Gandwire fillaagirgedatingl Gther KHoemsvefhaes irﬁﬁféeﬁ{,if&ié)?é :
5 True RMS Multineter. 25 The results are

measured using a Fluke 17 . 25 T
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spi n-coati ngho@sher known methods in the art, for exanple, doctor
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' whi ch aporated and the matrix material
g ol AU U AR B Bl B Bmoentshe sver
e.g., at a tmiaésthh@?naﬁﬁ;@wfa@rabaMOnﬁn ﬂ@@;fﬁs ?}@ictafé‘ﬁtwr%ﬁf&&l
conduct or,_having a conductive | ayer on the substrate _

( AgNW PU/IBETropggiestwerefroeasited ahe thﬁoneduits:] amesho:y%mm 'Es{b_lé I1u|e Si :j ver

| inth tri t. 100nm t hi ck. S opti G an
el ectri cal 10 properti e TendandchRait et ﬁgmeifagmégtegﬁg kit
Tabl e 1. TheMbreasysquificaily, £ GNUSEHEH® BGEadnEd] 8 ied tb
tgst.e More s rcifical I y, .a 3M Scotch(?) 6oﬁghesiﬁhﬁg#eﬂ{mag ?'me y

applied to tHEACE G the Balix and thegremevesd AN érpseasiivetranonies verse

il NOW, I | tape. After. the .tape
Cest . the oneloupRihg W GoR. 2 e Gpb st AR Gnyeh, i vt
conduct ofl S warepertias of e transpanentroeadlictsr were mebswadiand Tadkasults 2Ry way

' I X+ ' formed on a PET
of conpari SOfhoud iﬁnltarbllex'l.onl y filmwas for

By way of comparison, a matrix-only film was formed on a PET
substrate (PU/PET) under the same conditions as described above. The
optical properties (light transmission and haze) and the electrical properties of

20 the PU/PET are also provided in Table 1.

As shown in Table 1, the matrix-only film on PET (PU/PET) had a
slightly higher light transmission as well as haze value than a PET substrate.
Neither was conductive. By comparison, the bare silver nanowire film on PET
was highly conductive, registering a surface resistivity of 60 Q/0. The

25 deposition of the bare silver nanowire film on the PET lowered the light
transmission and increased the haze. However, the bare silver nanowire film
on PET was still considered optically clear with a light transmission of more
than 80%. The optical and electrical properties of the bare silver nanowire film
on PET were comparable or superior to metal oxide films (e.g., ITO) formed on

30 PET substrates, which typically range from 60 to 400 /0.
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substrate (PU PET) under the same conditions as descri bed above. The
optical properties (light transm ssion and haze) and the el ectrical
properties of 20 the PU PET are also provided in Table 1. As shown in
Table 1, the matrix-only filmon PET (PU PET) had a slightly higher
l'ight transm ssion as well as haze value than a PET substrate.
Nei t her was conductive. By conparison, the bare silver nanowire film

on PET was highly co P T&8IE Mgt BardpReent'c@algétbivbaseddn
60 Q' D. The 25 deposi Pﬂ%f}ﬂrﬁg}\é?snb\ﬁgére si | \g/er nanowire filmon the PET

| onered t he si@nmanowmasmmmimethanenmeérasb@ﬂ eRelmestddentisablioht | t he

b I fi PET

e S Ve ARG B e 30 Ty VRS Nl R SR SRMERRY
el ectrical praREr Thé fedtivith of I tParfpbiept C@I&ﬂmm%r{falﬂléﬁ thersaRfelasuhice
conpar abl e or superior to netal oxide filns | TO fornmed, on, 30

PET subst Pat bere siNpenangwire fim, yndieatige thatdhe seatnw abibexpatgx materiglglid

nanow res. | PSRRI eL REGURTIRE I SRS Eon BRI 1R fohod fes
transm ssi ongpgcdllpeldzar ndhad alconpaeabiis er $ugariovsufade resistivity mgtal |y

hi gher haze. The re5| stivi t% of the trans arent conduct or renai ned
the sane as eNgedlrpafedsilTQrformad oniRE! pubsHate$di cati ng t hat the
coating of the matrix | \ @q hi €
film The transparent g?n JL@OF@%BB?%F%@%%ﬂ%Sﬁ%?g Wy c and
had a comgar #ghhsmissionwgiehs transparéatcemndastos tand anly Bhgh’tb!tllaareased tﬂle ‘haze.
films (e.qg., 1TO forned on PET substrftes,] In addition, the tape
test did not alter the resistivity or Ilght 10 transm ssi on of
t he transparent—conduoctor, and only SIightly increased the ha
TABLE 1 TranspaFrempampidiiesia i ghtightTEana/mesion(%n (oaHazR&a (o Rﬁﬁﬁi'}”%(?’\‘?? ty
(f vD PET 91.6 0. non- conduct i ve, ;PU PET 92. 3,0, 88 nonsCoAdLEd Ve
g 955 74 00 X Per tape test 87.2

AgNW PET 87.4 4.76 AgNW PU/ PET
5.94 60 PU/PET 92.3 0.88 non-conductive
AgNW/PET 87.4 4.76 80
AgNW/PU/PET 87.2 5.74 60
After tape test 87.2 5.94 60
EXAMPLE 3

ACCELERATED H2S CORROSION TESTS

15 Sulfides, such as hydrogen sulfide (H2S), are known corrosive
agents. The electrical properties of the metal nanowires (e.g., silver} can
potentially be affected in the presence of the atmospheric sulfides.
Advantageously, the matrix of the transparent conductor serves as a gas
permeation barrier. This prevents, to certain degree, the atmospheric HyS from

20 contacting the metal nanowires embedded in the matrix. Long-term stability of
the metal nanowires can be further obtained by incorporating one or more
corrosion inhibitors in the matrix, as described herein.

In the United States, the amount of H,S in the air is about 0.11-
0.33 parts per billion (ppb). At this level, corrosion is expected to take place
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EXAMPLE 3 ACCELERATED H2S CORROSI ON TESTS 15 Sul fi des, such as
hydrogen sul fide (H2S), are known corrosive agents. The electrical
properties of the netal nanowires (e.g., silver) can potentially be
affected in the presence of the atnospheric sulfides.

Advant ageously, the matrix of the transparent conductor serves as a
gas perneation barrier. This prevents, to certain degree, the

at nospheri c 62€r &n entehdied petiag of thpie! NMBUBEAMbcdeaidd 1955 éﬁﬁi’@ﬁgﬁﬂas’t Was
the matri Xx. do rmstability of the metal nanowi res can
Gslingg

further obt ai 1o REYIGSoRE W@%S%Pfﬁv‘iéorf@%%o& on i nh| b| tors

in the matrix, as desc

of H2ZS in the air is aEt)%?lﬂ, f@ﬂ%ggé/bl%n&ergrﬂééf% Oaé}ﬁé%sp tf |na
this level, @lastiobagn A K, rméert (Eehustridl sc@nmf@c@asafauge\mus amyareg@ﬁded
period of desi gned

el ted H2S corrosion test was
to provid agegyﬁr%ﬁglea(%%m'tgfri%’agdﬁ"?%'gqq(;‘ﬁto tP;@@EIW nQyites éheciglpapgsiok s
br ok
(Pndust i ol CEPadh BREEE ISP IERs 29 shopf aAipla BRfse Aroft ofTibHiscns
Moni t or) was 0PH Suet 2 gefiod ofzthbom AftErmnnltla:lrbmldlejprtm‘ltbesh-afsmlﬁ thd;?é% rt\'?ae
el ease profile

HrS gas overigleR Bl o dRaTi et s S R alFRed PGl therpegnentle ne
HZS in the bae? Negertbélesd ew@levérsocﬁnﬁéles 5qAbAeR étfﬁ%ﬁrhﬁ @begd

di ffused out t he per neabl e bag. Neverthel'ess,
H2S gas (e aawtlatsuwa@psmha leveir@‘tb@gtm@spjleaaﬂ-lzﬁ gast passed the |evel

of the atnospheric H2 v re filmo
prepar ed accordi ng toSAEg él\}%?égn% ﬁ;“f WP REpEr ‘?ﬁlacﬁﬂf%ﬁ%
bag with freEhﬁmmstmk@Heamumlﬂ@ced i eplhstiopdyegii frbeh| %65 é\%gf iR,
two hours, ﬂ& ?F‘ 8 ?aé@s(he silver had been tarnis ack
Ag2S was for Mg mhe FhiG garren withiy twonhsigadndigating Wﬁtﬁre qﬂseshad/been
nanowi res in i 0 -
Gayer gl coRiohed SAdBRE N wosbifielIn Al SPidi thehad Iim€ o,
sl ow dowit5t h@lvepaanwltresm reflyurbthaki snafeis websAbRilisefved until after 2-3 days,
indicating that the polyurethane matrix acted as a barrier to slow down the

permeation of the H,S gas.

EXAMPLE 4
20 INCORPORATION OF CORROSION INHIBITORS

The following samples of conductive films were prepared. A PET
substrate was used for each sample. In certain samples, corrosion inhibitors,
including benzotriazole, dithiothiadiazole and acrolein, were incorporated during
the preparation of the conductive films.

25 Samples 1-2 were prepared according to the method described
herein. No corrosion inhibitor was present.

Sample 1 was a conductive film of bare silver nanowires.

Sample 2 was a conductive film of silver nanowires in a
polyurethane matrix.
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20 | NCORPORATI ON OF CORROCSI ON | NHI BI TORS The fol |l ow ng sanpl es of
conductive filns were prepared. A PET substrate was used for each
sanple. In certain sanples, corrosion inhibitors, including
benzotri azol e, dithiothiadi azole and acrol ein, were incorporated
during the preparation of the conductive filns. 25 Sanples 1-2 were
prepared according to the nmethod described herein. No corrosion

i nhi bi tor was present Sapysled 8-6lwsvaprapareddydirstferring ra ledre lstiver reinowee
nanowi res. Sanple 2 was a conductive fjilmof silver nanowires in a
pol yur et handifed’y # RETssubsiain €. B r'de EP%"&Q&%"@I VBIOYS SO 1vi ng a
bare silver ; 1T f.] ] ' :
Thereafter, '6@?%\% S\ﬁ%rg r'b%ds}})%r%téq ﬁ'ﬁ@ﬁp g?&éwgﬂcﬁg%ersp%?ﬁg%’g% t%ma’rc%rlai.
the coating processes Samglaé wa preparesiti®r caslting Selpivéy?8 solatiopoépar ed

oy ket ndbeeeRiazale G et RSl KagndiER) opthe bhea Sy pghaure
sol vent to djy %ﬁ&vﬁpg@ﬁé‘&%lg&t tIB E!H @@Eﬁf‘éﬁgﬁ%ﬁdﬁéﬂ b¥'Bodfig th¥ matrix

mat eri al of pol yurethane anpl e 4 was prepared by
first incor poatetiahof pohfivethEnef(PUInt MESt(Hiddi azole in a matrix

material PU MEK (1:4),.follgwed by coating the 10 .matr} terial on
the bare silver nanpwsraéﬂﬂl?%ﬁﬂ’a%%i%ﬂ?@%g%ﬁg% 'BP%rBQFaéﬁ'gb{?é%%g?fedi ppi ng
a bare sil vefihiARiadiszele ihlaalrik riatefallRUMER{1:2), Iilowsddly coating the
di t hi ot hi adi azole in MEK, allowi ng the solvent to dry after dipping,

f ol | oned!By roatsikimaferielon therkare sitvenapepwie fill MEK (1:4) havi ng
LSy o 0T SRk SRR PR Wiz
fol l owed by jgeaidlitibr el 5RUYH of dithlothiadibzele iR MBEK ratiowingvhe solventrordry
measur ed - befalies iR felmas e e M TR hETIERY A el e
in 20 Exar‘rpf_gwg% ditbiGBidbisoRr € shown in Figures 24A, 24B and 24C.
16 Sample 6 was prepared by first incorporating 1.5v/v% of acrolein
in a matrix material PU/MEK (1:4), followed by coating the matrix material on a
bare silver nanowire film.
The optical and electrical properties of the Samples 1-6 were
measured before and after an accelerated H;S treatment, as described in
20 Example 3. The results are shown in Figures 24A, 24B and 24C.
Figure 24A shows the light transmission measurements of
Samples 1-6 before the H,S treatment and 24 hours after the H»S treatment.
For purpose of comparison, the decrease of light transmission for each sample
is also graphed. Prior to the HzS treatment, all of the samples were shown to
25 be optically clear (having a light transmission higher than 80%). Following 24
hours of the H2S treatment, all of the samples have experienced decreases in
their light transmissions due to different degrees of silver tarish.
As expected, Sample 1 had the most reduction in light
transmission. Samples 3 and 6 did not perform better than the matrix-only
30 sample (Sample 2). Samples 4 and 5, however, had less reduction in light
transmission compared to the matrix-only sample, indicating the corrosion
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Figure 24A shows the light transm ssion neasurenents of Sanples 1-6
before the H2S treatnent and 24 hours after the H2S treatnent. For
pur pose of conparison, the decrease of |light transm ssion for each
sanple is also graphed. Prior to the H2S treatnent, all of the
sanpl es were shown to 25 be optically clear (having a |ight

transm ssion higher than 80% . Following 24 hours of the H2S
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sorre sangéd %Sarrpl e 4 had only a nodest Increase In | Stané

is no aaMplet BRE RaneplefS diffswed considsabyy, de&pmmaShaml Sarhples

Sbﬂﬁi.eﬁn"?n RSP o o POAEL RBlohABRRo BY TG mblics Bahbe
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i nhibitor. Figure 24C showiﬁt he haze neasurenments of Sanple

before the H2S treat MdHeZAG showsdhe baze mﬁasurﬁmwtsoﬁsempmqw bédbre
purpose of Xhe Sﬁ@a‘trﬁ@ﬂﬁ aﬁcf'?él %ﬂﬁ%y ﬂweth haafndqr @?%nwgfg e is

al so graphed. es s i ncreases 1n t
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L 2B AR D heb et ke BesyBi oo 8 T Scczpion o
Samples 1 and 6, the haze was within acceptable range (less than 10%) for
each of Samples 2-5. _

Sample 4 was shown to have the best overall performance in
20 withstanding the corrosive H,S gas. By incorporating the corrosion inhibitor
(dithiothiadiazole) in the matrix, the transparent conductor showed clear
advantage over Sample 2 in which no corrosion inhibitor was present,
It is noted that the H,S levels in these accelerated tests were far
greater than the atmospheric H;S. It is therefore expected that transparent
25 conductors prepared similarly as Sample 4 would fare even better in the
presence of the atmospheric H,S.

ExXAMPLE 5
PRESSURE-TREATMENT OF METAL NANOWIRE NETWORK LAYERS

30 Table 2 illustrates the results of two trials of applying pressure to a
surface of a silver nanowire network layer (or “network layer”) on a substrate.
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20 withstanding the corrosive H2S gas. By incorporating the corrosion
i nhi bitor (dithiothiadiazole) in the matrix, the transparent _
conductor showed clear advantage over Sanple 2 in which no corrosion
i nhi bitor was present. It is noted that the H2S levels in these
accel erated tests were far greater than the atnospheric H2S. It is
therefore expected that transparent 25 conductors prepared simlarly
as Sanple 4 woul d far eSpeeficailg] $iker handlites GF RGN PORT tb@@Nem pwicth

at nospheric H2 %LE 5.  PRESSURE- TREATMENT OF METAL NA

NETWORK LAYEﬂ% fanotis weea depasited opam Agofiex ERGS PETisabstfate.

I eghHrk etwork |
CEP! Y08, B LTSSttt ARS8 i AcPhG T s BSLIRG bKE
nanow r es of Nan@Mines. 7@nnethk8@yanwas wrﬂédﬂacéﬂﬁdmgf‘t@ﬂ@n’&lﬁm ddschise@inh
wer e depoglt d on Qut of | ex EBGS PET substrate. The substrate was

treated w"th A?'&Bl?a% oRatjxireatefia] wascaprlisge th%‘ﬁﬁt!ﬁpfk%wlorﬁam res

k | t ed
Exanple 3. N oetCAUERE, 6 Tk Tatokttn 2B T haR B TRRILt g A ogte
the pressur stainiesststeelrollarran arigil !EﬂchstbpdulrfaceTa‘Hﬁ@a%aVﬁftﬁe fafwdrk fhyer

using a | es eel .roll on a rigid bench-top
gﬂﬁface gTheﬁgétgé%@SSfi%@%t&%P’tﬂesf‘é' ﬂf@a@efe ‘W&g hes lomg3 to 4
inches wide and from3 to 4 inches long. 10 TABLE 2 Trial 1 Trial 2
Process R (92/square) R (92/square) Transmission (% Haze (%
(origi naﬂ? 16000 400000 88.2 3. 34 1 ridBLE @ 340 psi 297 690 87. 2 ?1 67
1 roll @340 psT—108236-87 LT. 1 + "o_'r' @-340—psi—3—127 86 19
1 roll @340 psi 61 92 87.1 4. AT roII @240 psi 53 86 86.6 4.44
Ar plasma 38 62P8&s® 4. 19 PRi@equae) anyr apguasat iahsefssibh @9S WiLe (hhe

network |ayers @aghdyhe 16000 400000 88.2 3.34
1 roll @ 340 psi 297 690 87.3 3.67
1 roll @ 340 psi 108 230 87.2 413
1 roll @ 340 psi 73 127 86.6 4.19
1 roll @ 340 psi 61 92 87.1 4,47
1 roll @ 340 psi 53 g6 86.6 4.44
Ar plasma 38 62 88.0 419

Prior to any application of pressure, the network layers had the
resistance indicated in the “original” row (the network layers were not pre-
treated with plasma.} Each row of Table 2 indicates a subsequent single rol

15 across the network layer at approximately 340 psi.

In each trial, the network layer was rolled 5 times. Thereafter, a
plasma treatment was applied to the network layer. The resistance after each
roll is as listed in the second (first trial) and third (second trial) columns. |
Variation in transmission and haze for the second trial is as listed in the fourth

20  and fifth columns, respectively. As shown, it was determined that the

conductivity of the network layer of each trial was increased by application of
pressure 1o a surface thereof.
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resistance indicated in the "original"™ row (the network |ayers were
not pre- treated with plasma.) Each row of Table 2 indicates a
subsequent single roll 15 across the network |ayer at approxi mately

340 psi. In each trial, the network |ayer was rolled 5 tines,
Thereafter, a plasnma treatnment was applied to the network | ayer. The
resi stance after each roll is as listed in the second (first trial)

and third (second triahg shewmabove inVkableR] applicatio opressss do aarduoaz e
for the second trial is as listed in the fourth %0 and fifth col umnms,
respect i vel ylayesbgasaker gap ragucefaedioht iarpripgien 0 the layercRng ngtegye g{ne

t he network r ; Lal [ lWGAL b

pressur e to N ASEn6f T 1008's B, &sERRGDroeIRBATy i biRSsure
appl i cati on tpéatprerd can futlerdmpeivedhé trahayizsionyaral redutetheclsazer afdioe e
the light transm ssion of the |ayer and increase the haze. As shown
in Tabl e 8 bBPWRX BYREshi ng process fol l owing the pressure treatment
can further inprove the transm ssion afg ggduce the haze of the 5
network | ayer. TABLE_3 Process_Resistance (S210) Transm ssion (%
Haze (% (original) 7PQcd@0 86. Redistérce (R/0F Olhdhs@S S| HQP4B5. 6
5.24 soap & wate a4 860 A9 A prasTe 24859 48] AS h
in Table 3, appli catio”%'?a)pressure 0 3 netvvork?‘ayer by twce
rolling with a singl2eolist@p4Irsss st eell0har at app®dRi mat el y 5340 psi on
arigid 10 surfacecpgdueewidie |ightsgtransm ssi ggoand i ncugased the
haze of the network |, Washi ng tﬂe net wor k Iagger with&qap and
water after the rolling Jneve Wale ed .- H-ssi-0h—3
decreased the haze. An argon plasna treatnment further inproved the
transm ssion and haze-Aé’@Wﬁ‘g Talfle REhYRICKtiYh bNpReairedd G MativeFk layer by
w thout rolling is also 15 effective at inproving the conductivity
to some ext efwtice Fiingwitng single slairdess sieelbanat apppximaatndd rsi o a rigid

matrix m,?ber 'SL?H‘ace reduced the light transmission and increased the haze of the network

layer. Washing the network layer with soap and water after the rolling,

however, increased the transmission and decreased the haze. An argon
plasma treatment further improved the transmission and haze.
Washing the network with soap and water without rolling is also
156 effective at improving the conductivity to some extent.
Following the pressure or washing treatments, a matrix material
can be coated as previously described in Example 2.
EXAMPLE 6

PHOTO-PATTERNING OF CONDUCTIVE LAYERS

20 : Figure 25A illustrates one method of directly patterning a
nanowire-based transparent conductive film. In this example, a silver nanowire
network layer (“network iayer”) 600 was initially formed on a glass substrate
604 according to the method described in Example 2. Two holders 610 were
placed on the glass substrate 604 to define an area 614 for matrix formation. A

25 photo-curable matrix material 618 comprising a mixture of prepolymers was
coated over the network layer 600 within the area 614. A mask 620 was placed
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can be coated as previously described in Exanple 2. EXAMPLE 6

PHOTO- PATTERNI NG OF CONDUCTI VE LAYERS 20 Figure 25A illustrates one
nmet hod of directly patterning a nanow re-based transparent
conductive film In this exanple, a silver nanowire network |ayer
("network layer™) 600 was initially formed on a gl ass substrate. 604
according to the nethod described in Exanple 2. Two hol ders 610 were

pl aced on t hgndH Meholddrs Bn et TheQadkosieias g giatsaslide Halihgf PrumBér X
formati on. A 25 photo-curable matrix material 618 conprising a

m xture of plaskdngased oheboutdpuanwisiee Therpaiiistmaieral Wik thepovadiptesi n

ok 620 wacl {5 EREmEF Pa8E acth A0 seafinld e eI eRHAL G nige
about 500m wWedtonsEi@olBd td ightahea rembineddigLiddn tihe reztores thdt wersdeasied
Dymax 5000 Ian&for 90 seconds, The matrix material cured in the

regi ons eRpodetedarkiiges: and remained liquid in the regions that were

masked 5 by the dark JJ : ' | . : 3@%&& ' I} M
630 was obtai ned afterAé %@npﬁgi@%%tgér%ﬁﬁ%g}ﬁggﬁﬁ I%g,g a ovéﬂn\égﬁfgbl.
l'ighter regi mBSprﬁJBdl-pﬁrair@dﬂssﬂbleT ab?]\kél The kghitert tieg'mna(rjﬁMtvhmec?ap:osed to
regi ons 638 re nmaske romthe | Xposur e ndyct j I 1 m 640
was further 'Zﬁajr@@@ﬁ%n gt Ue darkeeiogs 5%[%&%5? WQSF%%M ﬁ“g%ﬁewsure-
remove the nabrddctifBlifh 6ab vARAUHRS: AMNRNE RSar BANEKHE Ribe' R 1aBRy fido

As shown, the contrast between the uhcured regions 644 and the cured
regi ons 1844remxwethe meatric evhiter@ land whe pandwdresdhagicueed regionstddt fent |

the concentration, of the,panow res dropped bel th ercol L0

threshol d i renoHEh dhe Ptrst PRt g e CRRdEwIBTs B Al fF ehiebRis g
fine probe téppwaborsibunbad. FBRowiRg ¥ Hdiastiveabe teabfdniviieeconcentration
non- conductive. Figures 26A-F show a photo-patterned conductive | ayer

at hi gher nefghe nabawirengiopped brlove s patesistiombbresiald it theaincured 640
e BBl S B8 PP BT RORB S O RS e
regi on 648 apprred regions 64pwerr noiheond@@tivdhe uncured region 644. At
higher magni fication (F% gg %%A— ghgvrv]% P %?’-pg é(r)nédictonductive layer at higher
magnifications. Figure 26A shows the conductive film 640 immediately after
photo-curing (5x). Figure 26B shows the conductive film 640 after the adhesive
tape treatment (5x), in which the cured region 648 appears much lighter than
20 the uncured region 644. Af higher magnification (Figures 26C and 26D, 20x), it
can be observed that the uncured region 644 has a lower concentration of
nanowires than the cured region 648. This contrast is more apparent in Figures
26E and 26F (100x).
As an alternative to removing the matrix material and nanowires in
25 the uncured region using adhesive tapes or tacky rolls, a solvent may be used
to wash the uncured regions. As shown in Figures 27A-D, a conductive film
700 was prepared as described above and exposed to UV irradiation through a
brass aperture mask. Figure 27A shows cured regions (conductive regions)
710 and uncured regions 720 after being washed with ethanol and wiped.
30 Figures 27B-D illustrate, at increasing magnifications, the contrast of the

nanowire concentration in the uncured regions 720 compared to that in the
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can be observed that the uncured region 644 has a | ower concentration
of nanowires than the cured region 648. This contrast is nore
apparent in Figures 26E and 26F (100x). As an alternative to
renoving the matrix nmaterial and nanowires in 25 the uncured region
usi ng adhesive tapes or tacky rolls, a solvent nay be used to wash

t he uncured regions. As shown in Figures 27A-D, a conductive film

700 was pr epareedregioresd. i lhebe ahewed asgiors P26 anostof the uncaed atatmn
through a brass aperture mask. Fi ured regions.,.

(conduct i ve Malgligand the Ve rf_tﬁr\S’H@'Gg E‘rég ,bééﬁ(;%ggyvg@ g&#‘%%?th_ﬁa?‘ﬁﬁam ed
w th et hanolorapsdoudiihg H8rdib@itiBuctondubiverelRing arndn SdrReing

magni fi cati ons, e comrast o nanow re concentration 1 n the
uncur ed r egiregisn ad20oingtarepretietarimatedipattehe 57 cured regions 710. In
t he uncured regions 720, nost of the_uncur matrix material and the
silver na@howires had been renoved byEf(ﬂ\ﬂPl& hanol washi ng.

Phot o- patterning therefore produces conductive riggi ons and

non- conductive region accor dfiIF-GUBABESRRMIATIANE pattern. 5
EXAVPLE 7 PHOTO- CURABLE FORMULATI ONS The matrix material described
in Exanpl e 6 can be f&heumattismatsrial deseribedig Examule §icandefprawatedyy

Pox or et A B bePBE Mne T blspeb e, oS Bl ds e ca Fe ™
mononers or f@’(&i@ﬁhvmﬂateﬁmt}nbmeumremlwheaarﬂmmaongImbminitiatnnr e

specifically, 2-ethyl hexy(acrylate, Z-Phenox ethyl acrylate, |auryl
acryl at €10 HewReEyiaieanesomgrOR RTEPPIYIIETS 9310 F?‘%-Wﬁ%i%ﬂ%y a&efh’%%%t e
nononer (or - C )| ti

Cr o511 nii nd'SSEREHES ARy REg 3RS, 2pARYGelFaLBIIP 1HaD! Sute
triacryl at e netvedrates, andrihe fibay Apy enudfi-fuostiontil @acryfatatreondmefoenol - A

di pont aor yt IRPRGYMHB R becACHEErORAP hBIBFBRATLY & BPo s Pogiolmet
‘éﬁ,g e bas e%eh@%@:i @)%letleé: Eq@lda% tHﬁx@%ylo‘ﬁﬂ@%&:ﬁé friacBlaeRTRIPTA)C| ude:
gacure , pheny etone such as ba Irgacure 184
a- hydr oxip kimnpyleng lojsey tiacedate teisphanekAdtiecrylate mrerowiateh ) and t he
ke trimethylolpropane triacrylate, dipentaerythritol penta-acrylate. Any
photoinitiator, for example, ketone based initiators, can be used. Specific
examples include: Ciba Irgacure 754, phenyl ketone such as Ciba Irgacure 184,
o-hydroxy ketones, glyoxylates, benzophenone, a-amino ketones and the like,
20 More specifically, a fast-curing formulation can be prepared by combining 60%-
70% é-ethylhexyl acrylate, 156%-30% trimethylolpropane triacrylate and about
5% Ciba Irgacure 754.
Other additives can be added to enhance the stability and/or
promote the adhesion of the matrix and the nanowires. For example, an
25 adhesion promoter (e.g., silanes) that promotes the coupling between organic
matter and inorganic matter can be used. Examples of the silane-type
adhesion promoters include GE Silquest A174, GE Silquest A1100 and the like.
Antioxidants such as Ciba Irgonox 1010ff, Ciba Irgonox 245, irgonox 1035 can
be used. Moreover, additional or co-initiators can be used to promote the
30 efficiency of the photoinitiator. Examples of coinitiator can include any types of
tertiary amine acrylates, such as Sartomer CN373, CN 371, CN384, CN386
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20 More specifically, a fast-curing fornulation can be prepared by
conmbi ni ng 60% 70% 2-et hyl hexyl acrylate, 15% 30% tri net hyl ol propane
triacrylate and about 5% Ci ba Irgacure 754. OQther additives can be
added to enhance the stability and/or pronote the adhesion of the
matri x and the nanow res. For exanple, an 25 adhesion pronoter (e.g.,
silanes) that pronotes the coupling between organic matter and

i nor gani ¢ nedricethedike. P additiondbphofoinitatafsuchassbibangacureOXEdhean be
pronoters include Si | quest Al74, CGE Silquest Al 100 and the |ike.
Ant i oxi dant sUBDRTRAHEEAG ba | rgonox 101 OFf, G ba Irgonox 245, |rgonox

1035 can be used: MOgfiare R KEABR BobSurae FoAAIFRRURLIN SRS

to pronote the 30 efficiency o oinitrator. nples o

coi ni ti at or thamatric mzderiainusetyipéss efamplerti ary ami ne acryl ates, such
as Sartorrgr 7]3,_ CN 371, CN384, CN386 58 and the like. An

addi ti ona &qt}la%’iq{iof"iht or such as Ciba Irgacure OXEOL can be further

added. Bel ow are four sexennl ﬁ?]ﬁemg&@}-ﬁéﬂab| e formul ations suitable
as the matrix materi al use(} n this exanple: 5 Formulation 1 75%

2- et hyl hexyl acryl at e 2090 %imethyieidigpariedriapaiate (YTMBTAY| ate (TMPTA); 1
% adhesi on pronoter ( Silguest Al 1000 0.1 .% \.oxi dant (C ba

I rgonox 101 O't) and %E%’%%E‘BFHP?*P& Sﬂ'%’%%#ﬁg@ ure 754)

Formul ation 2 73. 9% 2-pethydriiexidanb@ibd R§shiox2f9N0s) kRgt hyl ol propane
triacrylate (TMPTA); 1% adhesi on &Ejormt er (CGE Silquest Al 100); 15

0. 05% aniPoxi dant ( Ci ¥& phgisinittateodips Irgasiie 5&#phot oi niti ator (G ba

| rgacure 75 lation 3 73.1 % tripropylene glycol diacrylate
( TPGDA) @ornﬁ?e(tfgﬁ #

73.9% 2-ethylhexyl acrylate;
20% trimethylolpropane triacrylate (TMPTA);
1% adhesion promoter (GE Silquest A1100),
15 0.05% antioxidant (Ciba trgonox 1010ff) and
5% photoinitiator (Ciba Irgacure 754)
Formulation 3
73.1 % tripropylene glycol diacrylate (TPGDA)
22.0 % trimethylolpropane triacrylate (TMPTA)
20 4.9 % photoinitiator (Ciba Irgacure 754)
0.03% antioxidant (4-methoxyphenol)
Formulation 4
68% 2-ethylhexyl acryiate;
20% trimethylolpropane triacrylate (TMPTA);
25 1% adhesion promoter (GE Silquest A1100),
0.1% antioxydant (Ciba irgonox 1010ff) and
5% photoinitiator | (Ciba Irgacure 754}
5% coinitiator (Sartomer CN373)
1% photoinitiator Ii (Ciba Irgacure OXE01)
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22.0 % trimethyl ol propane triacrylate (TMPTA) 20 4.9 %
photoinitiator (C ba Irgacure 754) 0.03% anti oxi dant

(4- net hoxyphenol ) Formul ation 4 68% 2-ethyl hexyl acrylate; 20%
trimethylol propane triacrylate (TMPTA); 25 1 % adhesion pronoter (CE
Silquest Al 100); 0.1 %antioxydant (G ba Irgonox 1010ff) and 5%
photoinitiator | (Ci ba Irgacure 754) 5% coinitiator (Sartoner CN373)

| % photoinitiator Il (G ba Irgacure OXEOl) 59 EXAMPLE 8 NANOW RE

DI SPERSI ON A nanowi re dispersion, or ink, was formulated by combining
about 5 0.08% wt. HPMC, about O0.36% EQA,\@%_'LEI ver nanow res, about
0.005% wt. Zonyl(r) FSO-1 00 and about .555% wt. water. As an

initial step, an HPMC stock sol %Awlwg%lﬁﬁgﬂfd' An anmount of

wat er equal t o about 3{8 of the tot ) esl aet VOLU{TE 01;] ggno;\ﬁn&e .
on B hot plate. Enoagh ADeRonfe ibeRith G5 i Wets FopgetEaiink cabingg abot
added to Bhe0Watewt.aRIMCHabbot RBeYenNeRvdr WaRewires fabomhe.o_oU%.gb‘Aylf’he

ter m xtur tirred to disperse the HPMC. The remai nder
total anmount FSP-TeH epd ARGULYH. #3556 v wates Ascentinial Sieican HEMGistobkat od

; _ ; ! 0. The H

ol Ut on e Fih ks piéirerdd, Ahdali ot Bt RSP AR R AR ans 1o

Bet apur e fi | degiredovol@me @lﬁnamMr&idisgéns&m ges ﬁla@é@ciiiirpﬁ/lgrbgﬁiﬂ ae}th??eiaggﬁfﬁ a
[ red. ,

T 0 ot zony R SR AlasE o Datmiale. Bpobah FENE tamake G woat o

until theoZompMa olifish a8 aweed ftcggﬁwgtbgé@(‘; \\ﬂ\fé_jhotﬂék%w%(’f&?éﬁro\‘f unt

of HPMC stock sol ution to nmake abou \ sol'utron’in tThe
final ink conB¥& andwaleidnistuse wahsistireddodisperserthe FHIRMC, tThe 26hainder of

inﬁcterS}Z ary AN taPhmblint §\witef RadBkiied 2245 270 Tidn adied tAaLS F:egtgldm Hon

HPMC solution and stirred at high RPM for about 20 min. The HPMC solution
was filtered through a 40pm/70pm (absolute/nominal) Cuno Betapure filter to

15 remove undisolved gels and particulates. Next a stock solution of Zonyl® FSO-
100 was prepared. More specifically, 10g of Zony!® FSO 100 were added to
92.61 mL. of water and heated until the Zony!® FSO 100 was fully dissolved.
The necessary amount of HPMC stock solution to make about 0.08% wt.
HPMC solution in the final ink composition was placed in a container. Then, the

20 necessary amount of DI water to make about 99.555% wt. water solution in the
final ink composition was added. The solution was stirred for about 15 min. and
the necessary amount of silver nanowires to make about 0.36% Ag nanowire
solution in the final ink composition were added. Finally, the necessary amount
of the Zony® FS0-100 stock solution to make about 0.005% wt. Zony® FSO-

25 100 solution was added.

All of the above U.8. patents, U.S. patent application publications,

U.S. patent applications, foreign patents, foreign patent applications and non-
patent publications referred to in this specification and/or listed in the

Appliication Data Sheet, are incorporated herein by reference, in their entirety.
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final ink conposition was added. The solution was stirred for about
15 min. and the necessary amount of silver nanowires to nmake about
0.36% Ag nanowire solution in the final ink conposition were added.
Finally, the necessary anmount of the Zonyl (r) FSO- 1 00 stock
solution to nake about 0.005% wt. Zonyl(r) FSO 25 100 sol ution was
added. Al of the above U S. patents, U S. patent application
publications, U S paFgith te@frbgaihd ROA bé aPsﬂe@r@t@@p@ﬂtaﬂtﬁoﬁgﬁ Spédiic

patent applications and non- patent publications referred t
speci fi cat i ofmiRgiventsioftheiinvantiorchayerearadaseribed haredh éspurposes of

foregoi ng 1 t IILerruEy VrisHe BiEBob ) Bl mEl WiBhtieRna SRR it
of the i nventandrschpy of HRENVEGRREY iﬂtb%drdit@g’lgitﬁeﬁrﬂfenﬂéﬁ ROSGSinfed except as
illustration, various nodifjcations my be made w t hout deviating

from the $pi P¥ithe gRperdash@ais.t he i nvention. Accordingly, the
invention is not limted except as 5 by the appended clains. 61 In a
first aspect, there is described a transparent conductor conprising:
a substrate; and a conductive | ayer on the substrate, the conductive
| ayer including a plurality of nmetal nanowi res. In one enbodi nent of
the first aspect, the netal nanowires can be silver nanowires. In
anot her enbodi nent of the first aspect, each nanowi re has an aspect
ratio. In yet another enbodi nent of the first aspect, each nanowre
has an aspect ratio of about 100. In one enbodi ment of the first
aspect, the conductive |ayer can include a matrix. |In another

enbodi ment, the transparent conductor can be surface conductive. In
a further enbodinment, the matrix can be optically clear. In yet

anot her enbodi ment, the matrix material can include pol yurethane,

pol yacrylic, silicone, polyacrylate, polysilane, polyester,

pol yvi nyl chloride, polystyrene, polyolefm fluoropolynmner,

pol yam de, polyi m de, polynorbornene, acrylonitrile-

but adi ene-styrene copol yner, or copolyners or blends thereof. In one
enbodi nent, the matrix material can be an inorganic material. In

anot her enbodi nent, each nmetal nanowire or a portion of the
plurality of netal
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nanow res descri bed herein can include at |east one section that
protrudes above a surface of the matrix. In yet another enbodi nent,
the conductive |ayer can be patterned such that first regions of the
surface of the transparent conductor can be conductive and second

regions of the gur ﬁﬁnggsg&ft hd18 it &%Q@E%sp%ﬁ%ﬁ&u%{og%%g npn-

conductive. In one e I ment I'rst “aspec Bstrate of

t he transp&bgmte; e@h@%ﬂ@ﬂm’%bﬁﬁm the gybsirate) ﬂneam@luﬁefp layabiodidiead , t he
substrate  paRlNHAR BhasR H%%a&ﬁ%h%eﬁt of YRl Clcbdly, ROLYN] ny!

chl ori de, | 'uoi opol ynmer, pol I'mde, poly

silicone, gPASEIFEED SﬂVdelay@’(lfﬁérIétah@ fk@tﬂbﬂblﬂﬂl}i@f@mﬁr%@&mﬁeeach

pol yester, pabyyl E‘a\é'a&as&%ﬁé1&%5&6&8@&%&%%&9@0%3 nf%{'gsﬁsape%ym or
pol ycarbonate or a copol yne amnate o

materi al s. 14O AR asppab P AEAPOUIO0t he first aspect, the substrate
of the transparent conductor can be flexible. In another enbodi nent,

the substrate cag dne%y&&maﬁlomerﬁ@t%ﬁa pR! b efideNayer BQJ ¥uhdayd
chl oride, fl uoroElgI yner, am de, polyimde, polysulfone,

silicone, ¢PaE% s”iﬂPFherpéln e tife MRESPERR, CRIRSHFTOCHb hen Erface

pol yester, cop@lchWd. My laSfurtR& T &tlbalidehd k&-ﬁh&hﬁldﬂaﬁ% optiddit rb@eapqwewfer or
pol ycar bonate or [gwéco pol ymer or blend or lamnate o hese

materi al s. #othemerghedingab S MRt neteriah gan nplade prlpwerhaney H@V@Uﬁ@,
descri bed 65111601&@“['53%'&@'[&& C}SUI‘;Q;H%Orpofy’éit&mﬁfolﬁﬁﬁprchl%hﬂ'eg R tyPéne/TOT €

anti-reflec ers, anti-glare | ayers, adhesive |ayers,
barriers, H&h’ﬁ’?eé‘('}aﬁ‘yor‘b?d%“erﬁ?oﬁa%‘i‘% P%lyﬁlﬁ?npolyﬁoréﬂ@e%%]i@r’éﬁﬁ' t he
transparentbdmﬁbne@m-ﬂnbseop%[ynﬁﬂt ior t@folyeidrd V& Ihd@y Mesdit imnesk over
t he conductive.l ayer an adhesi ve | ayer 03|t|oned bet ween t he

conduct i ve FERgdime tndhfi %6’?{9”3 &2 | JREALICe FRtS P IRt 2notheh e
t ranspar entenﬂjﬁdld:lﬂﬁ:tt @ichMaytalC BaOWirs &raa ko @@ttheieiiralife of aRebIct | ve

| ayer, a barrier r .qositione n . the conduct | ve | gyer and
o subat r B0 vk 18 Heg iR b BEAE o e oRp o™ H Ste. In
a further eatbodhrerfice dfhbe hﬂaaﬁsﬁar)enhnothﬁnﬁﬂﬂidmemﬁgheaﬂﬂﬂﬁit&& an
anti-refle e | ayer nti,-gl ar n barri er o] i oned
above the g%%éuc | ég aé%renrefi %lnp‘%aﬁfhagsﬁljvg PEVRY Soé’le f‘}fﬁ‘gg ‘Bflehﬁeen t he
conduct i ve traygarerncbndhetos ulast batendartiiecanndndecond fregiohs vef tayer

bel ow t he Ssldpﬁgé Qf e transparent conductor can be non- conductive.

In one embodiment of the first aspect, the substrate of the
transparent conductor can be rigid. In another embodiment, the substrate
can include glass, polyacrylate, polyolefin, polyvinyl  chloride,
fluoropolymer, polyamide, polyimide, polysulfone, silicone, glass resin,
polyetheretherketone, polynorbomene, polyester, polyvinyls, acrylonitrile-
butadiene-styrene copolymer, or polycarbonate or a copolymer or blend or
laminate of these materials. In another embodiment of the first aspect, the
substrate of the transparent conductor can be flexible. In another
embodiment, the substrate can include polyacrylate, polyolefin,
polyvinyl chloride, fluoropolymer, polyamide, polyimide, polysulfone,
silicone, glass resin, polyetheretherketone, polynorbomene, polyester,
polyvinyls, acrylonitrile-butadiene-styrene copolymer, or polycarbonate or a

copolymer or blend or laminate of these materials.
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I n one enbodi nent of the first aspect, the transparent conductor may
further conprise one or nore corrosion inhibitors. The one or nore
corrosion inhibitors can include organic conpounds In one

enbodi nent, the gn r r.e i 0o iitQrs can Eo sed in
one or nore rese}r%vgf“?sm{l;%r)lo BaH éq}%elfe]ra%ecfpel’nq{l/ off dﬁsa? &

anot her _ enboaispertt, comdictor fogiconcdnnirising @mecan munel amIEreﬂectlve
benzotri f’izgl grs,t %h%gl%{gzi’a@grs bééfh}é%]wé’gl%g&s tah329! {(ylcto b ofls @ o

dithiothia t hiot Z0les and a
anm nopyr i m rtiteetivebiida. Idlqmetembbbmmt rthdarzoép@renzmmqompﬁsm esfpt 0- 1, 3, 4

o persnAn e BLARYED Tueh 1S, ocRallBE EOOSAZH BRAE: 1er |

mer capt obenzohi capt obenzi m a
enbodi ment , positienaddierwsen tha condm:tb'pﬂaorpr andhe stubstdmnm@mthazmlbedlment

dithi ot hi ad oy
I ot el oAkl ! ShOh AUAAIES TOSRALERNAR
corrosi on Yapier Mypbpos(ﬂ@nedobetweqndhe|cnndugtlnyedxjeﬂr and tHegmbytste, and an
n- chl or osucgi;RLABAR: layed bABE ﬂ%mgﬂfaf@ﬂ{] a Rlrthbntlolifrh, al%%ﬁ%mﬁeﬁbe

transparent conductor can have a transm’'ssion of at |east 5C%
| n anot her SERHISHI msytcompritenan ﬁil‘fviﬁﬂeats‘ﬁe]érer atieglare apth g Parisniayetonduct or

descr i bed NRkbRdSBHNAY CorludiE IAEE af SR YhbYpdfioh BB &n dighan

1x106 E2/o0." I n anot her enbodi nent first ‘as he met al
nanowi res PBfuiEe lavsh allf’ctb‘F Pbstrnts, mw @HG@QFG?IY?da)@f &lw B Bubgtrase.

nanow re crossing points, at |east one of the nanowi res at each of

at |east a port llgrbnefaﬁbtaﬁmehtuafadhh tmstoefspecnatﬁewaﬁs%meﬁt%ﬁa&%r Rhynt s
having a flattened cross section. a second aspect, there is

descri bed YRSt RFAPTSE O BT MOk ?%@Sl@nt%h%cﬁaﬂéwtone@érw%p@}roswn

conpri si nginklBiRAS kid mgluae Btghhia|chinpoudlis. TE bR elbRBIRISh B8 0BP oPmH f ace of
a substrate, the pnetal now res being di spersed in a liquid; and

formng a figfragion RIRHQLR F%l SHORRFAKD 0B, & e f?%%’éfoghﬁgk%ﬁ?%r%ﬁgiis% | owi ng

the |iquid ik Orapléryphabed mraﬁoth@rémﬂmmﬂ; thd chR6siGe Givliod ik Gheludehe et al
nanowi res can be sjl ver Wi, re | n . anot &?Odl nment of the

second aspefhzotiazgley |t9]]éﬂr’d‘z ybfl'[ﬁth lcd’f’r?ﬂorsed‘ thigdjegols, valk¥e| ect ed
f r om car boxdphizeniddidzolee! | wnase, aRyimiels,0xXy 2et hydmigphtinldase, $)§dr oxy

Ito;|0|clg)r/|opyl e%ﬁgﬁ{%g‘lﬁjl O‘%‘ﬁ%l ,)r(rgt 't Ceﬁ‘%'%:e%g%ﬂ"ég’gln%o\d“ i 0%3190[1?1 r second
aspect, thenmeplopetinndiye,f El-liﬂehﬁptobenzoxazole, 2- mercaptobenzothiazole, or 2-
mercaptobenzimidazole. In yet another embodiment, the corrosion inhibitor can
be benzotriazole, dithiothiadiazole or alkyl dithiothiadiazoles. The corrosion
inhibitor can also be an H,S scavenger. A further embodiment, the corrosion

inhibitor can be acrolein, glyoxal, triazine, or n-chlorosuccinimide.

In one embodiment of the first aspect, the transparent conductor can have a
light transmission of at least 50%. In another embodiment of the first aspect, the
transparent conductor described herein can have a surface resistivity of no more
than 1x10° Q/0. In another embodiment of the first aspect, the metal nanowires
form a conductive network including a plurality of nanowire crossing points, at
least one of the nanowires at each of at least a portion of the plurality of

nanowire crossing points having a flattened cross section.
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conprise pre-treating the surface of the substrate prior to
depositing the netal nanowires. |In another enbodinent, the
pre-treating the surface of the substrate creates a pattern
conprising at | egsls.QNg EG; tsér@ﬁtfe&n@,&pa ﬁ&h@&l&k@ﬁmhﬁ%sdt
untreated region. In yet another enbodi ment, the nmet oW re

networ k | aSpafuctos compripingodqpestingrp mlh@lltp;roénteraéawew@sega aawrfacrenof@ further

enbodi nent 1sulef't§tePﬂ1€ meTtarl %%Sd“ﬂﬂs bhge %H,bér?e‘aem CAfuid? Ghal @lﬁmqﬁ&%btaﬂ ng an
i nternedi ate | ayer the surface of the substrfate, plasna

t r eat nent, W“G?oﬁ’éw‘?fké%)teﬁéﬁﬁhe Sostestsy b allewiag Fher kgmid fondmnk ensbodi ment

of the secamtbho@dfRRICH the B&nIBIJRQNME GRET hRBHirEELa8 1B silRY nanbirdsN &N
conprise post-treating the netal nanowire network | ayer. I n anot her

embodi nent ,20pler sratodiseenhal) theyseend rasesshhs é‘@“@eﬁﬁé{n@ﬁ]ﬂf‘@ CAMPBTFRICt | Vi ty

of the trajagmes @atactsdomhacwsox@yme@é}lt célfuﬁﬁ&' My&rh:@y B ﬁ'celﬂf'l’&@w re
net wor k Iayer f ol | owi ng formation thereof. In a further

enbodi ment | YAHEY mBIoRYd "E@E’ér?eélé]d’s%eﬁﬂhﬁl relotee ALY s¥nyp Bl 09]ilqlrg
pressure, hﬁp;bpﬂu}éggrcopgmmaﬂ@gﬂ@ﬁlthereof to the netal nanowire
network layer. 1n one enbodi nent of the second aspect, the nethod may
further conpris depositjn trix material on the nmetal nanow re
network | ayer; g[ﬂdon(?u?qﬂ??@{mﬁ%‘b ofﬁﬁ rSPSonfeasesch atbe tiethasy mrw SHEBSS x, the
mat ri x and dob@ris® pad-tréudingWhe QEf2e4TbEME Sebstrktb 96 10 depfdsiinpIhedmagNduct i ve

| ayer. In anot her enbodinent of_ the second aspec th t hod may
further corBPEEs B &yt Amhodipept ot a%eé’fel't&‘it“?ﬁ‘ th%cwrfg?e g‘%p i on of
the pl uralsubyra&fcra&@alpammempmngtaImmnewr@m\/reglan sy dt 2eer Of the
matrix to provi

con uctl surf he c nduct.i ve | ayer.

one enbodi MR g?aﬁ% P | Flie'éfﬂ‘m ?@e%o%ﬂ‘a? nanqyifq Aghyo |sper sed
in a sol veryer lsmnanﬁ)rm@iroremb@mmmﬂ regidne In stﬁxrthalgemmayhnceﬁmel Be
evaporating_the solv iX materi .may._conplise.a
pr epol yner. iy i ot}r%ee gerr%e Yol mCEltdg%?pr? Slt’%’i” &t mltefr ’edr"ﬂ%gaﬁerboél tb?‘l%’tl%?ec?fr abl e.
I n anot her theswbhsciendadma ttehterepy BN edzgmereamant, biecotdne disetlargeur abl e. 64 I n
one enbodi nent of the second aspect, the matrix material can be
deposi ted accor I i r.egl oNns and
uncoated regqi oﬁgg%’f gmﬁe %ﬁlﬁeﬂsg%o%\c/lm%%/ﬂée& @l? %l?aﬁgsmbeg hﬁ? tdat ed
regi ons curfimhgr icompriss pqshirdabngdiek mztal inenovire aﬁwmﬂtelay@rrﬁmdmmhm, t he
met hod des enpel Vi r e 140Gk t al

ChfoBRtheRC e fhalR mii}’ﬁl a6 comBAUPLnS i LI ik B BR

nanowi res in the uhcoate n-yet
transparent conductor by post-treating the metal nanowire network layer following

the formation thereof. In a further embodiment, the method described herein may
comprise applying pressure, heat, UV or combination thereof to the metal

nanowire network layer.

In one embodiment of the second aspect, the method may further comprise
depositing a matrix material on the metal nanowire network layer; and curing the
matrix material to form a matrix, the matrix and the metal nanowires embedded
therein forming a conductive layer. In another embodiment of the second aspect, the
method may further comprise: causing at least a section of each of a portion of the
plurality of metal nanowires to profrude above a surface of the matrix to provide a
conducting surface of the conductive layer. In one embodiment, the matrix material
may comprise a polymer dispersed in a solvent. In another embodiment, the
curing may comprise evaporating the solvent. The matrix material may comprise a
prepolymer. In one embodiment, the prepolymer can be photo-curable, In another

embodiment, the prepolymer can be thermal-curable,
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enbodi ment, the matrix material can be printed on the substrate
according to the pattern. In one enbodi nent, the curing conprises
sel ectively curing, according to a pattern, the matrix material to

form cur ed” regi ofs,ANUhAGHECE HEQLORR asbdli ANGRDS! nebACLEAL, e

met hod may further conprise renoving the I X rmaterl al t he

met al nanoviepessted geeosding rfe us exditeragiporyéiding Weatedl riegionse ghd r\lswfms;d form
patterned cRRANCH} YR ha¥eh & 00 dindRBite leeloh€ oG AR 2SPeECt,
there is desglrfl%ed a et ﬁ agmw%r " rr| cating a t%r(f spa(r}eng cgnductor

wher ei n t hebagerpeskt paiie In énorheraﬁmtmdénenr, thegarthodedetpsliechierain mphfirtberbst r at e
can be drivgmphye @mro%gttw&e{aﬁﬁino@h&nﬁ e hEANEL t3fns, Hﬁg& anBflgt the

metal nanow res are deposited at a first deposition station al ong

the travel i popiEen, the mptrhpatesgal canbaypringad; gp the subgesie sqcprdingde the second
deposi tion aﬁérﬁt]h%e 2hBAGmEd Gnd E@H&ﬁ' doprived &1.:0{10‘319@8&&@6 hocBriRfRdi ment,

t he substrate can posi ti ‘oned on conveyor I'n"yet anot her
enbodi nent , tar@tt%t%alaﬁrm waistial te dorpy F@%re@mnﬁ ﬁgi ereﬁﬁsgiw hat eri al

at a patterfbie sheddirit, ah®nskitddemby dnelel R6m :&@tﬂamomﬂg t&wﬂa{f& nmay
conprise continuously exposing the matrix rraltjerl al | i ght

i rradiati orfadterbang @ﬁfﬂera P%Paiwgﬁs Brive uprupsd rﬁ&l@}Se@ﬂfe@rqdoregw Rt 1 i X

mat eri al aqgmlgutagedao@d@tlm{,fegrn I n one enbodi nent, there is
descri bed a nethod of fabricating a transparent conduct or wher ei n

curing conprises heating.the trix material |ayer according to a
pattern using asLHé’ﬁ? erbraiifpest ng‘eﬁﬁ‘é’!%d agngcta Hstene Aeseritsg o ethrd of ¢ he

mat rix nat ehbrizhtinges Gfah@@nth esrdidlorC dPerbia ot ubdtiaRdisi Mdxbl& Ukesher €gi ONS
and uncured,regi on%. In a further enbodi nent, the nmethod descri bed
herein nmay ef"l]?f’ t 8(§H€ﬁlﬁa§5e°afne%@’i1\'f@‘ ha rating echalers pARveRg ¢ he

met al nanowatheand the toit@al iafdWwied ard Egposired £ firkt dapesxﬂcrﬂmmdﬂ&mngof t he
second aspegct, there ed a

transpar enﬁﬁec 8?1‘(':?28% B?th\/\ﬁ’gl tg? Hm? H‘emg'i.?gelt ‘rsafggos’l‘tgd a1 F’%ﬁ’i‘a‘%ﬁ!‘e@gﬂb%or

subst r at e. starioranh ehe eambmg paint n dnothef kmkodihentdihe aubskutesdandiee can be
coat ed WI t hOSI{a

| ease r not her e d| mept of. th econd
aspect , rﬁgdo g conve]fuyq}ehe cY,& P‘gr el&gbé%?‘ﬂt ° R A0 i ve
| ayer f romctsinms’et eumtgl the choaox mdmt atat patteanngh saqwoh yalong tltehewelmgduct ive
layer to a pﬁfﬂb’fﬁer c%hgg glfay %}Qﬂrﬁg corltfﬁua@ﬁr e?c%m%' tge mattrix m@?eﬁal to light

irradiation. The light irradiation can be projected to the matrix material according

1o a pattern.

In one embodiment, there is described a method of fabricating a
transparent conductor wherein curing comprises heating the matrix material
layer according to a pattern using a heat insulating mask. In another embodiment,
the matrix material described herein can be patterned into cured regions and
uncured regions. In a further embodiment, the method described herein may further
comprise removing the matrix material and the metal nanowires in the uncured

region.
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conductive layer can be patterned prior to being detached fromthe
fl exi bl e donor substrate. In another enbodinent, the substrate of
choice may conprise at |east one heat ed region and at | east one

unheat ed regi Onrﬁn\’gﬂ? ﬁ%b&ll%lglo Co{n'ﬂ%?q,?e e is la‘ss rd1§ed a %etlﬂgc? %te d

region nore fir an | thheated" regt
further enb@biicﬁmgt 2 ttahgparest hazmlucjes whtrbmdthheﬂumtratenmya ﬂﬂlelhei'OllGrOITpl’l se

t
rbod mant M RRCIGRERSE B Bl deRiplcntk I5ANEt B0 aka il o7
choi ce by a@pmleﬂmlquyr bsangther embomm@tmnhhmﬂcpndeaslpepy,euhe amdmddnayg to a
pattern andnheraid. h@&cﬁggﬁe%ﬁaﬁ@u&q mongczﬂedﬁexft‘% Gnbd Slflopyeld L 2

pressured region than It an unpre ure Fegi on
embodi ment ,angd applyieg the dordlugive ildyetto hevrlbstrnte whghofca: rIn lvee eslondpneng ¢her e m)VI ng

only the C%H&h%ﬁ% Q}Bclr Pl O Itngnﬁ%ﬁg}% Eéﬁyélgé?ﬁh&ﬁg%tgm fle%bféncﬁmor

enbodi nent, the strate
enmbodi nent Subﬁtféteslulﬁmthea@eb@ﬁm@hdh%elbslmw o ehditeRiah cempriss a4 leabii r d

aspect, thesg HestedSSEE Qxﬁ#ataqeﬁs@%@ hﬁ&wﬁtfeg{eﬁumﬁ%ﬁ 5&5&%@

fl exi bl e donor substrate; and a conductive |l ayer inc a matri x
embedded wilexer bendpfhgihgated speien mees firmly haw itibprds Wlihﬁh@néeem@@ment of

the third ggpegkthet aﬁbodhﬁﬁfﬂ nat %tlﬁfdrdé%ﬂyeg H3EYn Hﬂ&tfm@x{er cﬁgfﬁpat deS€ 2

rel ease | ayer positioned between the | exi bl e dohor subs e and
the conductPRevirgigey thy pradycsive layer mé@eevnhsﬁdq@gwee&lav@ﬁ swbedimensm t he

conduct i ve thay@kiuctive 1@@913%?11&1’%‘1&1& SRRtratO bor Eﬁlﬁcettt}‘ Jﬁgl fsure the

| am nat ed structure naé her conpri se an adhesive Iayer posi tioned
on the corfBitheropdctiyg yer aceprgiag t%aﬂ% apr B RdRR coptuctivelayet r d

aspect, t hacha&nhastiedly with ygﬁebahedrfe%oﬁ hah RFithGRANRPeSEred RegRMERC Oat
| ayer positioped e ween the e donor substrate and the

exi
conduct i ve 3P cmop m%ﬂ%?ﬁ%@? frserihgd ihreindpay fethen FemrPrise FREIYBduct i ve

|l ayer. In Q)Iﬁﬁ,f 28REFER layérthé O amhpRaurddaygibe 1a dih@rdﬁnbﬁﬁlﬁknt the
anti-reflective &ayer an anti-glare Iayer

protective fi

barri er IafesuNSP?gm“%%Wﬁ%?%H$ 2 2R bodigeity &ﬁsﬁﬁﬁwFHfﬂgﬁﬁct

there i s deswmneliedbla di spl ay device conprising at | east one

t ranspar ent electrode having a conductive | ayer, the conductive |ayer

ol S ng o P it 8L TR ROULEE el PIR GROSSLAERL oo

t he netal rizribleidoss stiestratg and a conductwe layer including a matrix embedded with
a plurality of metal nanowires. In one embodiment of the third aspect, the
laminated structure may further comprise a release layer positioned between the
flexible donor substrate and the conductive layer, the release layer being
detachable from the conductive layer. In another embodiment of the third aspect,
the laminated structure may further comprise an adhesive layer positioned on
the conductive layer. In yet another embodiment of the third aspect, the laminated
structure may further comprise an overcoat layer positioned between the
flexible donor substrate and the conductive layer, the overcoat being in contact with
the conductive layer. In one embodiment, the overcoat may be a hard coat, a
protective film, an anti-reflective layer, an anti-glare layer, a barrier layer, or a

combination thereof.
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enbedded in the matrix. I n another enbodi mnent of the fourth aspect,
the netal nanowires can be silver nanowires. In one enbodi nent, the
matrix can be an optically clear polyner. In another enbodi nent of
the fourth aspectna folseh 535&9$M§@Escn€éd%c&1£&£ﬁde%&¥ chMbLififs 2 QP i Se a
corrosion inhibitor wherein the corrosion inhibitor. In one

enbodi ment , OReHERNEREFEIbEIPE PP it & coRductiye lpver. dbe corgshivedayeiopipdinnd. | n

anot her enboGiRn of bkl GRASWASEOR bRtk RbddRfenE 3R d@@f&%ﬁﬁzaaﬁéct %9' e,
tolytriazole, butyl benzyl triazole, dithiothiadiazole, alk

di t hi ot hi adFoRsBsE wer HRk IR SPEPriss. & maipyhe medl ﬁ@owge%bemg

di met hyl be nahuéu@hazlﬂltma marRNnNAoleMBhKRRE G el,f the&olrit AgERZAd Rretal -
mer capt opyri m dj - mer capt obenzoxazol e, mer capt obenzot hi azol e,

or 2- mer ca‘ﬂf'tn%é‘?ﬁz?aﬁ] aP SFletanpyiresn &t AR e‘é’?ﬂﬁ‘&ﬁ@ﬁéﬁ? mafTecallohe H5i on

i nhi bitor cefichlB claafpdridr.n aftthed $@dbodithék 8Zth&RurtP hspect, the transparent
n- chl orosucql nimde. ln one enbodi nent, of the fourth aspect, the

di spl ay devicedods fap Jutther SORRTISE Aetarrosign | ipkjpiter whsreinqthe &ngﬂl%&/ or a
flat panel ﬁhﬁﬁgxayln dui@ &ﬁ'&mﬁxﬂ&ﬁdltl&rﬁ@lﬂbu&ﬁoﬁ itiiof SifanalW%ﬁtorginlfte
transparent conduc cri hed erei n has surface resistjvity

bet ween aboUf*PYH g’@b erppdingeyt, Ao taresion @ﬂ‘%’b‘ﬁi’ Fafnbe Bnzqtzole; ¢ ot
aspect, t heolyiranggar entbumruiuﬂ_,u or desgbicped dimﬁmmaalaﬂa@ a lakght
transm ssi o ne.enbodj nent , gl transggrent

of, .8 I
conduct or HELthia ?.?P]T%%lc ?"é“gl stl%hqﬁgu%setv\e aIE’B‘BBPFmT %0 1 52/ o.
67 CLAI M5 dﬂhalhylb&lzmhléazmbd i S! D-amfnd-5-aeRpAc-ERE-tlaahdUe] O 2-

conpri si ng: bstrate; onduct J | a on the substrate, the
conduct i ve Ifmma plop: i nl‘(aﬁne’dlzﬁmemapfﬂ% QT‘E}ZP%‘ ?f’mF%?pé?be?@%WlP’eso " The
transpar entm@cnpdlbmzmmdazblec aamther whbsdiment t the combddidn inhibitombanelse ar e
silver nanow &s. T ranspar ent cond r of clalm rein
each nanowiTe . Iﬁa%%é(al Q@azénc,[ rg‘tc:h%ros “eaho! %o&“e efibSiidbat of

fourth aspect, the d1sp1ay device can be a touch screen, a liquid crystal display, or

a flat panel dispiay.

In one embodiment of the first aspect, the transparent conductor described
herein has a surface resistivity between about 10 to 1,000 /0. In another
embodiment of the first aspect, the transparent conductor described herein has a
light transmission of 85% or higher. In one embodiment, the transparent conductor

has a surface resistivity between about 10 to 1,000 /.
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4. The transparent conductor of claiml| wherein the conductive |ayer
includes a matri x. 5. The transparent conductor of claim4 wherein
the transparent conductor is surface conductive. 6. The transparent
conductor of claim4 wherein the matrix is optically clear. 7. The
transparent conductor of claim5 where the matrix material is

pol yur et hane, polyacrylic, silicone, polyacrylate, polysilane,

pol yester, polyvinyl chloride, polystOQudve, polyol efin,

f I uor opol yner ol yam de, polyi m de, polynorbornene,
acrylonitriIéyﬁﬁg&H%@%@$styrene copol ymer, or copolymers or bl ends
thereof. 8. The transparent conductor of claim5 wherein the matrix
material is an inorganic nn&@ﬁﬁakmcgﬁm&mehe transparent conductor of
claim4 wherein each nmetal nanowire or a portion of the plurality of
met al nanowi res i ncl uf8EPHI"E- | east one section that protrudes above a
surface of the matri X.askbtratdf@dt r ansparent conductor of claiml
wherein the substrate is rigid. 11 The transparent conductor of
claim 10 wherein the as"ﬂlf)dé'ftf‘gtlaé’eﬁ‘?t@ﬁsé‘ %@teﬁﬁq %?g%’r“?‘fed?yéf pol yol efin,
pol yvi nyl chlighidthe a plidlisosfopbd] yiamvirepol yam de, pol yi mi de,

pol ysul fone, silicone, glass resin, polyetheretherketone,

pol ynor bor nene, polyester, polyvinyls, acrylonitrile-

but adi ene-styrene copQl YNneThe GfanfpRledC IbRROBE 6 cBim a vieRe tieREaPr bl end
or lamnate of these terials, 12. The transparent conductor of

claim 1 furt REPYESHEF FLERY 8%ESor nore corrosion inhibitors, wherein
the one or nore corrosion inhibitors are organic conpounds. 13. The

transparent conductor j,of claim 12 erein t .one .or . nor COrrosion
i b tors are noused i oft BristlShEldb bE 8RR b et aced

i n vapor phésasan aspect ratio of about 100.

4. The transparent conductor of claim 1 wherein the

conductive layer includes a matrix.

5. The transparent conductor of claim 4 wherein the

transparent conductor is surface conductive.

6. The transparent conductor of claim 4 wherein the

matrix is optically clear.

7. The transparent conductor of claim 5 where the matrix
material is polyurethane, polyacrylic, silicone, polyacrylate, polysilane,
polyester, polyvinyl chloride, polystyrene,  polyolefin,  fluoropolymer,
polyamide,  polyimide, polynorbornene, acryloniirile-butadiene-styrene

copolymer, or copolymers or blends thereof.

8. The transparent conductor of claim 5 wherein the matrix

material is an inorganic material.
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14. The transparent conductor of claim 12 wherein the corrosion
inhibitor is benzotriazole, tclytriazole, butyl benzyl triazole,
di t hi ot hi adi azol e, al kyl dithiothiadiazoles and al kyl thi ol s,

2- am nopyrimdine, 5, ._di @%Q¥Ja9?nazx'ien’ti c(:joaﬂzd(ljllctef\)’r o%_claim 4 .wherein each
am no- 5- nercapt o-1, 3, 4-t hi adi azo B -hercapt opyri'm di ne,

2- mer capt obenw@ad_azmbw,irezlr armerttapovthe phoslity f oletgl nenowires includes. at
2- mer capt obengl i, dazok i SyrolHifes LEARSPALER! oGRDAMREOT Of Clal m 13

wherein the corrosion | i's benzotri azo it hi ot hi adi azol e
or al kyl dithiothiadiazoles. 16. The transparent conductor of claim

12 wherein the corrosi;gn i-phiRj I SGav, r :

t ranspar ent conductpr?gf CFQ?HP%%$aﬁ%?e?ﬂmFﬁ§rcgffﬁggﬁnl %%ﬁfyPﬁ%? i's
acrol ei n, gl yBbsrate isriigidi ne, or n-chl orosucci ni m de. 18. The
transparent conductor of claim1 having a light transm ssion of at

| east 50% 69 19. The transparent conductor of claim1 having a
surface resistivity of nolhWort@nsiasnt 1sepdectpr wh claim 1§ ghsreigntdsar ent
conductor of sgdsaiate 15 Whey, el polyaerymed, al poRaREW I epolpimpia cpREugtive
net wor k inclgﬂg%g a plurality. o%ﬁﬁano re crossin ,g$int , at . | east
one of the n plamen: RUAMiEr RAlYIids Pl WIPRS oTilicine, BERSHIGIMI ity
of nanow r e polyegstaiierpetions,spdigndrhginand, lpatyieetet pobyvirsds, aeclondtmile-21. A
nmet hod of fagr%ggtén A.transparent conductor co rb§in%:b1d%positing
a plurality SF*Wetar~hanow reS on & SHFFReE® of 2SS af €:°"Fhé net al
nanow res bdéinmgatdios pessmdterinlsa | i qui d; and formng a netal nanowi re
network | ayer on the substrate by allowing the liquid to dry. 22.

The nmethod of claim 21 wherein the netal nanowires are silver
nanowi res. 23. The netlRod dhe thmgbarem tondietoepirlaimd furthericgmpiigingene or

conprises an mAddiddsid ingibiest, aehetdi® MeCAE BP Y rd BYibn SfiditekOse organic
2- hydroxy ethyl cellul ose, hydroxy propyl nethyl cellul ose, ngthyl

cel i ul ose, p&PYPRAdy| al cohol, tripropyl ene gyl col, and xanthangum
24. The nethod of claim 21 further conprising: depositing a matrix

13.  The transparent conductor of claim 12 wherein the one or more
corrosion inhibitors are housed in one or more reservoirs and can be released in vapor

phase.

14. The transparent conductor of claim 12 wherein the corrosion
inhibitor is benzotriazole, tolytriazole, butyl benzyl triazole, dithiothiadiazole, alkyl
dithiothiadiazoles and alkylthiols, 2-aminopyrimidine, 5,6-dimethylbenzimidazole, 2-
amino-5-mercapto-1,3,4-thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-

mercaptobenzothiazole, or 2-mercaptobenzimidazole.

- 15, The transparent conductor of claim 13 wherein the corrosion
inhibitor is benzotriazole, dithiothiadiazole or alkyl dithiothiadiazoles.

16.  The transparent conductor of claim 12 wherein the corrosion

inhibitor is an H,S scavenger.

17.  The transparent conductor of claim 16 wherein the corrosion

inhibitor is acrolein, glyoxal, triazine, or n~chlorosuccinimide.

18. The transparent conductor of claim 1 having a light transmission
of at least 50%.
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material on the netal nanowire network layer; and curing the matrix
material to forma matrix, the matrix and the netal nanow res
enbedded therein formng a conductive |ayer. 25. The nethod of claim

24 further conprising; ?y o qu"{‘gﬂt e R o??ﬁtiﬂ %‘R{F‘% gﬁ'@ce xres&mty

portion of the plurali nanow res
surface of t binometre fhan B° ¥ovi de a conducti ng surface of the
conductive layer. 26. The method of claim24 wherein the matrix

material conprises a gol yner dispersed in a solvent. 27. The net hod
of claim 24 wherein c@bi nglsoffpnsparst eoedysioatainglaim He "etcire e, g

The nethod OfanclRsThrdfa WAGIEIThebiiRk TRlukin Bﬁ&ﬁfy'o@han%@ﬁ@érbs?sﬁé p@mts at
prepol ynmer. 29. The nethod of claim?28 erein pr epal yner

| S
phot o- cur abl kast opg OB the npewiRsah SeFbR & logird AR AR Bt B6FifFrer

I's thermal - gosaRpentshdvings Wirsildayosdiauidae conprising at |east one
transparent el ectrode having a conductive |ayer, the conductive

| ayer including a plurality of nmetal nanowi res, wherein the
transparent el ectrode?2f. urthaﬁetﬁmbf Ifeﬂﬁﬁatﬁgca)ltrﬁmaran ¢o|nhuctnrt@mpﬁmg
wherein the,corrosi i nhi IS an

i spi 2y dev: CERPRAR SRl il PR EhT PR R AR B B ngrd Ve
benzotri azol bemgcmpﬁtsed azdigeid; bat fptmibea mytlal ltanmameevork layer on the substrate

dithiothiad| hi ot hi adi azol es and al kylthiols, 2
am nopyrim d| ne, %glggl gﬁhldtﬁ&r&benzi m dazol e, 2- am no-5-mnercapto

1, 3, 4-thi adi azol e, 2-nercaptopyri m di ne, 2-nercaptobenzoxazol e, 2-

mer capt obenzot hi azol ep; or ﬁlerlﬁétﬁ&ipéffb%ﬁzz'l rﬁh@éﬁ?ﬂh@me?ﬁ@nan%%e?hx%@h@)‘
device of claim31 wherein the corrosion inhibitor is acrolein,

gl yoxal , tri%PW&es- or n-chl orosuccini mde. 34. The transparent
conductor of claiml having a surface resisti vi ty between about 10
to 1,000 S2/o0. 35. Th

, parent condyct l‘\ 1 havin
| i ght transmi ssion 53 -850 ?Wﬁﬁl%ég “%ﬁ‘@ the, g]ﬁlétll'}?r LoR EFétaBr
of claim 35 hﬁl\'ﬂvﬁgelﬁctSderﬁﬁGﬁrHoﬁj& if&thyV tdlyilose, 2-hydroxy ethyl cellulose, hydroxy
propyl methyl cellulose, methyl cellulose, poly vinyt alcohol, tripropylene gylcol, and

Xanthangum.

24.  The method of claim 21 further comprising: depositing a matrix
material on the metal nanowire network layer; and curing the matrix material to form a

matrix, the matrix and the metal nanowires embedded therein forming a conductive layer.

25.  The method of claim 24 further comprising: causing at least a
section of each of a portion of the plurality of metal nanowires to protrude above a

surface of the matrix to provide a conducting surface of the conductive layer.

26.  The method of claim 24 wherein the matrix material comprises a

polymer dispersed in a solvent.

27.  The method of claim 24 wherein curing comprises evaporating

the solvent.

28.  The method of claim 24 wherein the matrix material comprises a

prepolymer.

29.  The method of claim 28 wherein the prepolymer is photo-curable.
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bet ween about 10 to 1,000 d2/o. 71

30.  The method of claim 28 wherein the prepolymer is thermal-

curable,

3L A display device comprising at least one transparent electrode
having a conductive layer, the conductive layer including a plurality of metal nanowires,
wherein the transparent electrode further comprises a corrosion inhibitor and wherein

the corrosion inhibitor is an organic compound.

32.  The display device of claim 31 wherein the corrosion inhibitor is
benzotriazole,  tolytriazole, butyl benzyl triazole, dithiothiadiazole, alkyl
dithiothiadiazoles and alkylthiols, 2 aminopyrimidine, 5,6-dimethylbenzimidazole, 2-
amino-5-mercapto 1,3,4-thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-

mercaptobenzothiazole, or 2-mercaptobenzimidazole.

33,  The display device of claim 31 wherein the corrosion inhibitor is

acrolein, glyoxal, triazine, or n-chlorosuccinimide.

34. The transparent conductor of claim 1 having a surface resistivity
between about 10 to 1,000 /1.

35. The transparent conductor of claim 1 having a light transmission
of 85% or higher.

36.  The transparent conductor of claim 35 having a surface resistivity
between about 10 to 1,000 &/no.
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