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 sanme, 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 nay be NNANGWIRESBASED TRANSPAREMNTCOONDUCTORS Wil e
mai nt ai ni ng 10 reasonabl e optical transparency. Such surface
conducting transparent conductors are wi dely used as transparent

el ectrodes i R I sl ays, touch panels,

el ectrol um n%é@gﬁR%g@ﬂcgg%%%WEwﬁkﬁ?l m photovoltaic cells, as
anti-static |ayers and as el ectromagneti c wave shi el ding | ayers.
Currently, vlgcuum deposi ted netal oxides, such as indiumtin 15
oxi de (1T0O) ,Figldotithe Inventien ry st andard materials to provide optically
transparency and el ectyy: ﬁﬁ)(ﬂf% LMt ' ' L

as glass and pol yner it”'f?‘lklrers. 3%'3&“,“#%@3?@9?3@4@?% a&?ﬁpggéfpfe
and pr one5t andaufagkring dhé sgmieeimdiarticubar, it high-tiptoyghpati coating swedisodsThey
al so require elevated deposition tenperatures and/or high annealing
tenperatures to achieve high 20 conductivity levels. There al so may

be issues whEsdipoR AT RBlIakid ARt al oxide films to substrates that
are prone to adsorbi ng noi sture such as plastic and organic
substrates, e.g. pol ydaanepaiertssondgeiprecreferda dhiofconguciivedineleostedey on
fl exi bl e suhstyrates e therefore sever 0.t e | 1]

vacuum  depdipt ReREmBlahcb R oo BRERE S usttios clrabfud Pl ddrifjorors
equi pnent .  Maagesehaniactufsl rlesestfate vasduotivieatie triaditainhgnot
conducive to formng patterns and circuits. This typically results

in the né@d rrasonslie pblical tigaspareRrhgShehhewEacescongyelingisansparent

photol it hogr&ma Q{&Q ' hegl
optically tr an}égté.ﬂ'sen etégié}t '\?(|§ecd; %‘%ﬁgﬁéﬁ%ﬂﬁ\%ver, '@E@)c/brgée(ﬁler ally
have | ower digpidys;ttowch panels, electaidninegtent depices,andathidiipt phatovoitaic

articularly at visjb|e, \ . -
(p c.yefls, as anti—sla%c layers and as electromagnetic wave shielding layers.

Currently, vacuum deposited metal oxides, such as indium tin

15 oxide (ITO), 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 conductivity 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 to forming patterns and
circuits. This typically results in the need for expensive patterning 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 nmanufactured and patterned in a | owcost, high- 10 throughput

process. BRI EF SUMVARCdAHEUEHE polyisTd Kivd ﬁs@beereub@ﬂagr@pﬁcauyt i's
corrprl sing: a subsStrate;

descri bed herein a nsparent conduct or
and a conductf?waf‘?f&é’fe%p & gendypbersy ataweverdheygenrially have lgyer
i ncluding a éﬂn‘éiﬁéinhﬁn/WamesWHYBﬁ@lso tRGF ui& (ggﬁnfg?!aglgg\?g%blgs' 15

| n anot her enbodi a tran are con

substrat e; M@ewwmmeﬁ &y the roatal beide ﬁtmsﬁ, raadesuffehfomaackier i ve
llayer in tal nanow res enbedded in a matri X,

I I of
in partic Ia nﬁﬁaa}agaqra "6"%"?@%{ "polyneric matrix. In yet another
enbodi nent, t he transm&sfdﬁnglf&ﬁéfétrafnagﬁéfé A&&d [nztﬂe%\?tgg s;Iré\ﬁ gl

corrosi on |nh|b|tor In a her enbodinent, It IS crlged her ei n
a nethod of tfﬁ@ﬂﬁi@&@@m@@oﬁrmﬁm@mbWHma}Jopma‘pamctmeghanlcal

nanowi r es b oot hbelleuH GonerifetR eaniioipd RatasFdeblefte let o

net wor k Iayeyubematbbear&ﬂbai bentariifadtiieavidrRichitedd il I@w-c?o%ttrﬁ kiry. 'n
anot her odi ment, a nmethod conprises depositing a plural |ty of

metal naHOwitPEOSOBRULPTRE®SS: r at e, the metal nanowires bei ng di spersed
ina fluid; and formng a netal nanowire network | ayer on the
substrate by allowing the liquid to dry; depositing a matrix

mat eri al on BRIEFrHMMARNY QF TI'bIEHBN&NTdON | ayer and curing the matrix
material to forma majrix, the m he nmetal nanow res

enbedded therein for %@%EE@HHWWE'SI gpbeq berginy a fransparepbesndyeter
the method deffpiisigdaebsi-ftecand 9%8n366t Vel anhésﬁﬁﬁIatéoth[éeel

process, wherein the substrate | riven
conductive layer including a plurality of nanownres preferably, metal hanowires.
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 allowing

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

nanow res 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 eayepdanteoliring theinfatfl fftefAdo RRFEA afrid, #18 ﬂl@lrﬁ@?no‘?ﬂ{e%éféf e

conprising: a flexible donor substrate; and a conduct i ayer
i ncl udi ng aNAAPWITRS enhedded therein farnfyngraanqnwcmne fmral nanowires. In a

furth nmbodi nent t he, 15
plrJ(r)cegg gorrgr: si ng: B{ﬁwrﬂ%? ﬁg’oﬁkﬁ’%ﬁaﬁ'& %‘?‘Pﬁ@? &eie"g‘tﬂ?é"tt?edte
of choice, perfdrmedinva fgelid fec bradeb ewﬁ@r'éﬁfthé%bﬁéﬁété@s dh\vww a?8@tng"
enmbodi nent, a d| spl ag_ﬁdew ce is descri bed, the display devitce

conprisi vy &eeliaiiga &eitngmlpxaar&meae@@ﬂtro@i@fw@mwgl aanwmmetcamd

20”10’ par i o0l 2 fef Bepdfin safon BBl e Bl Polath Boo b erRERGHR! oo
in an opti céid lyaatrod raatenpbismmecbomtaitral secoRRuEfodiisCRtbiidn Slingfthd HE

SEVERAL VI E}‘/[\E Cﬂz DRAWNGS In the drawi ngs, identical reference
nunbers i deHBYFAPIH3H ar el ements or acts. The sizes and rel ative

positions of el ement sy ghokhis HEHMIRERL, %%ﬂu@ﬁ}e %g&ﬁéaa%é B%:’.tté‘rrn%)ﬂ“mt 0
scal e. For exanple, the shapes of various el ement angles are
not dradf t pagicules, p@t@-psﬁamedﬂ)ywmpiwtermmme avadrix matalgialaa[] ily o
enl arged and position a urt her e
parti gul ar shgpes of "?.' g?%%m@efa Hviné%\ﬁe @ea&ﬁﬂ?'ﬁ@éﬁm% convey
any i nf or mefri@lre’ @UABEING o MKXIAE Honbr Q&Bﬁt@fana f&ecd?@hhinféllbg% ion

el enents, and have 30 been sel ected sol el for ease of rec
in the drawnelsinga Fiajiir @mbedéedawstbwem'altahw ofimetst nanomdiesof a

nanowi re. Figure 2 is t tl.ca
properties of a sil Vlgfa %&ﬁggﬁ*%&sﬁé@g %@%@%‘fh@f}%ﬁ% egg%g?rl%e‘rjoiihe
| i ght. Rbgupmcdss comptisialeapiying dkslanmhated s§DEtd 1o slibdAraié b¥ elioice,
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 layer 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 F‘?%uq?t%ré%dﬁén{a&ibﬁ%ﬂb%ﬁoﬁ fbgdwige.t hat function
as biological tenplate or a trans'parent conductor. Figure 8

il lustrates a prot ei Figwef islagraph plustiating therrxpesiedoptica Riaperties eta
via various bindin ites. .Fiqure 9 ij rat. the formati on of a
conduct i ve ﬁﬁ'@?%?’kg%ﬁpsolﬁ%oqt(y@ﬂe% W?%%b@%ééﬁi@ed on the coupling of
associ ate peptides. Fpigues lQdydtés thet diRloRtioncdpeailimastld slivannanowire
embodi nrent of a netal ~nanow res-based transgarent conductor. 20

Fi gure 19B layénon apoiethydenmierephihalgtedRE&TH sUbE8di nent of a netal
nanow r es- based transpar . A e :
schematically a furt égu%%}g?ﬂoﬁgﬁﬁtﬂ%ﬂggﬁgﬁﬁe cjfen%\?\n&r)feeﬁt\){gg%%s

t r anspar ent e RAGUE D Rpettsdiiaatarpwiii sed e thb eviradiameters are  exposed

on a surface of the transparent conductor. 25 Figure 1 sh an
SEM i mage of silver a9 %62 gaghllygiagng B'lﬁe’ﬁPP%?dsQYIef rgsgﬁv{f)h%sa
t ranspar ent &r]-gp i El deustrates schemati cal ly anot her
enbodi nent fgﬁ 4 %@%Id'é;@%%ﬁ?@- f‘;IA}S"lg “transparent conductor. Figure
11 illugprates schentfigge! 8 shaws an SEd ineagmad arsingledfilver nB®Wwitsal

nanow r es- based trapsparent con%gcﬁt){ﬁr having a nulti-layer structure.
4 Figure 1XYRESRHENG bE odREtEL BHHEESor structure having a

reservoir for deli Ver#ié@reaT Vg Pated Baetwb ki Bitdneénto Y poteifs ghst @mction
13A- 13D show an exanpl & of a fabrication process of a transparent
conduct or . as biological templates for a transparent conductor.

Figure 8 illustrates a protein scaffold coupled fo 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 fransparent 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 schematicaily 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 cati on.  Fi gur es #fird 45hbAYaarsarehl Eoffustor HHLRA haDngCesS.

Figures 17A-17C show anot her exanple of a |am nation process.
Fi gure 18 shesveinfasdghiyaringsd vapetnhapaintdbitor §4P8. conductive | ayer.

Fi gures 19A-19B show g f contli S of 0- .patternin
net hod suitable for aﬁ@éﬁé%@%‘ﬁﬁ@ %&Wc@gé*é}ﬁ'ﬁétﬂf %%W’%ﬁ#‘gw"%‘zeﬁéﬁ Pal
system and #rapspsrentcariductdrri cating a 20 patterned transparent

conductor_. Figure 21 shows a display device conprising transparent
el ectrodés based on nEigHre Mnshrwean exagplechaiabsakiormproseshokar een

devi ce conpkd éﬁé} %'!Elt” ductors based on net al
nanow r es. @éﬁ |gSIr-'e éﬂdg\?bﬁg&%%@@ I release profile of H2S gas
fromfreshly cooked Eiggreyt4B shows anothe? dkarapleves atfhpriddtiohtprocess of a

transm ssi ons of si£< s%gpl ei@/Of conductive filnms before and after an
accel er at ed TBBHPYEP} FUICYRIr Ly welealing. 248 shows the resi st ances of

si x sanpl es of condugﬁéﬁﬁe 153&3&!8:%%%% ﬁaginﬁggst%m ?ﬁd Q?logfa:%rgls&gsafo d

H2S corrosion test. I gure es of sIx es o
conduct iVe fabrigetingetranepanedt abnduciean accel erated H2S corrosi on test.

Fi gure 25A shows an XAl fe@lndhd 88 Yo RRLSSHRL B8nA R0 el Fothie S
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
layer.
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 HoS gas from freshly
cooked egg yolks.
Figure 24A shows the light transmissions of six samples of
conductive films before and after an accelerated H>S corrosion test.
Figure 24B shows the resistances of six samples of conductive
30 films before and after an accelerated HzS corrosion test.



5 Figure 25B shows phot ographs 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 Cer t ai n Feyilpe 94 T3 HowsAhE h@%?@ﬁfﬁﬁséﬁg;&stc{f%ﬁﬁﬂ tﬁéﬁbﬂllr([ﬁ

conductor based on a conductive |ayer nanow r n par

t he conduct iRefoneayst aftermin assplemried &l.Srarwsiondestor k of net al

nanowi res. In addition; ctive |ayer.i.s transparent, flexible
and can include at | eglq&%%gﬁ%ﬁgﬂgc?@ PrupPle of Q'B?ﬁlﬁ(ﬁalagg!mg PRI
coated or | dasedtessparent ¥@duetive fiifn.substrates, including flexible

and ri gie‘)d substrates._ The conductive |ayer can also formpart of a
conmposi t€ structure figIredPBghawswmhotograghseefithe paiternet eonductiverfires

The matrix Rk r%ﬂ%dhggpggéé%tr'%%gﬁrn‘ certain chem cal,

| ol A .
mechani cal and optical proper onposite structure. O her

enbodi ments descri be Rigunexi26426F ahoivgsiotagapmslof thetpabRidakdndgctive
conductive h.%eh. Condgc lve nowres Figure 1 illustrates a
T bt aad 5o

nanowi re 2 fore 2nd gitet an gghesivgtape tiepiment atharipeslavels of di vi ded
by the di amgtfinifHatiofui t abl e nanowires typically have aspect ratios
in the range of 10 to 100, 000. Larger aspect ratios can be favored
for obtdithing a transpiguess 2tp2@Dchow preptegraphsofandieyr esymsagbl e

nore efficient onductive networks to be forned while permtting
| oner overa Pn%ﬁg’fegﬁﬁngpﬁ%t&@g%!i? Sz‘i’?“l’i"l"gHe?"‘F‘I*;Y‘—’rﬁkt>-parency. I n ot her
wor ds, when conductive nanowires with high 6 aspect ratios are used,
the density of the nanowires that achi eves a conductive network can

be | ow enoult PHREDIIESEBIRIUON OF THRE WVRNT¥ONubst ant i al | y
[ ansparert - e el hagudl oo b 1SRN b BERSS g
passi ng t hr baggd anlaaypaductive lager of nanowires. In particular, the conductive layer
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
strucfure 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 L4 divided by the diameter d;. 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 overall density of wires
for a high transparency. in other words, when conductive nanowires with high



defined as: | - loeax in which tois 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 -"x is the transparency 10 factor.
In the transparency factor, a is the absorption coefficient and xis
the thickness of the |ayer. A |layer having a transparency factor near
1, but less than 1 can be considered to be substantially

transpar ent 5o JHc@HHRS o6 Risbd, tHE WAL STARE nBholis Bidt heifbvaydl conductive

el ectri cal aracteristics o?H{eﬁe conductive nanowi res. 15 Figure 2
shows a t hepeteworicaan bedsl enbughhthat thghrondbeibiepdtoarios subsiagtally

nanoel | i psoj ds at vari ous wavel engths of |ight. Depending on w dths
and | engt hE@NSPAEYr nanoel | i psoi ds exhibit a high extinction

coefficient to a narr@Qus sk ®f definghihe tranélifenEVear £RGEND lght leenritsd 00

and 440 nanoneters and to wavel engths of |ight above 700 nm
However , 5t hatysoaptiorscaafficient. aTheyillaoinetiom splght paseing Hiverapdryer £20 beo
about 700nrrégymi ch falls in the visible range. Figure 3 shows the
absorption & of a | ayer of silver nanow res deposited on a
pol yet hyl ene terephthal ate (PET) SUbﬁU[o - As shown by the
absorption profile, the silver nanowire [ayer on PET substrate is

subst ant i al pWyhiERNSBARE HeolRig Rt oRlofirst €46 BMedaydiDhis thadluesmatipnwi t h
the 25 results of the theoretical npdel shown in Figure 2. Fi%ées 4

_and 5 show level thatiginresesit onrspaandside oigheliavies did @ hds helangPRisney of

metal ngpowir ed thei | k el Bt Rlthe Of
nanow rga %?oﬁ'egrﬁlgﬁ U?&Pazéid’ryefgétgsﬂqs@g@? gnﬁrgﬁ?ée%ﬁﬁ%ﬁﬂgh i t%vah?l
absor b nor ethidkingbs of e lager. elayeehaving itgimsparéney fextarfriess tisbuiiess
resistivity based on the _grai n 30 bg’gng@rl)( and surface scattering are
hi gh at di athénel eanpe cessideresiio be sypstanialy fanspateitt er i ncr eases,

these effects are draﬁi@;}:ﬁe%'i-z iigléﬂaf‘e%méf BethR\sptiahll and S18stisall vity is

t herefore reduced greatly for aneter that increases from10 nmto
over 100 nntifareeteristismoffhguosd@mtive lanowirapr ovenent in el ectri cal

T ooy oy couPRCir 7 oV TR oL R SBERE e of v
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 r es afe% Wﬁttﬁ&eﬁ’&eﬁé&)’déa%rbbw e giansster it incAlasasdropl € hm toal
properties. e nunmber of such witres that will provide a given

denz ity of m@rrﬂ@lﬁmm {&ge, iadsodaipes: Bd Tihis mnsw%e%tde@tﬁcmﬂaép@p@@ﬁsu cal
t b.
ol e, P baBRoad oA Al 8 Aol ibrisBlflit o> 1O

6b to provigepiRations rquireg Strangrétechducted, conduction path and t he
concentration, aspect_ratio, size and sha e can e sel ect to
) thek Sfods, betweh two

provi de & substanti aI"T@Ufﬁrﬁaﬂw&ﬁ‘r a singioAg REnawITe
transparent o“il?§|' %E:({j:{lc(é\lf“derr?lﬁ"[éfgJ ?RiGbsto rBV' Hded di& élséiﬁ&atli?r&hﬂaétni@apa‘ﬂ@

term nal 6b ura OW r es. can”be appreci at ed,
t he di st ancfomrteminaréa teferhimat thé'hmteﬂm "temﬁinﬂblmmdebe:osmhpatﬂm t he

d d opti cal t th
ATl ural | yooiuehag Pasen and 85V aHrsEting 8beningealnts KRR B B: ner “at
various poi gfeﬁ y&%&%&tﬁw%&d YR 8k8, EHR dritf ik RIEtri@idncof the

t er m nal ding to I nvention, the nanowires are sel ected
based or0t hphysnimt rpamineipta ofthe maopeires s selmtad te pevidgntbedesired

nanowi res that pro the 25 desited con t

resi st ance BHt"‘ta\Qﬁf‘gﬁquﬁ'%l Broperies @q%um%%rhq%gygﬂg\@% ?%@9 I BréiAde &
el ectri cal Bﬁ:@ﬁ%@héiﬂﬁoﬁﬂ% néﬁo&ﬁ'@&isrslef@ke&wrﬁblﬂ'ﬂeQﬁcé;ﬁmblle élecctrh:al
termnal 6a“to termnal The el ectrical _conductivity

t ranspar ent corgustion propsrties/for caupling terainglbaio ﬁeHE'n@bﬁlE}u E PT 9’@"9*"81‘ a

si ngl e nano b

Cerm nale.  hies® br RO TERbHRES o e RERSH P AN fforide = Jow

fﬁr t alhnl1g§1nft¥§;}ﬂ§nw§l@eﬂtﬂbaaﬁcrﬂgc¥@1 pﬂhrﬁrﬁceti"reeccbraen’ﬂ'atmn , 8spestaalicatsizen
resho e conductivity between the te |szero

there is nandshapegausesalactst topt?i'PWdEtaO?th %(T“B@@i ‘%QQHB%DF es

are spaced ffg.q |%r trQ érenti“@%\‘;ﬁlcrahb&&l%ﬂ&?&tﬂr@{m@ﬂfroH”f[éfrmmaﬁi6311'0

| east one curren ava
terminal 6b usmg a plurality of Ag nanowires.

As can be appreciated, the distance from terminal 6a o terminal
20 8b 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 8a 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 elecirical properties for an electrical conduction layer from
terminal 6a 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 c) 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 pol ymer fibers and the like. 10 As used herein, "netal

nanow re” :Eé %tlbﬁtﬁegf%tétj khécdnd&tuvumweémmtekmmm isetalie. therel
al | oys or t conpounds (i ncluding retal oxides). At | east one

cross sectiismal ctmtln'enlss ourrestt patiepieyidsd hesause the naniowdres arg gaacesbioonm

d | t han 20 d
above, "t he TREAarn ATBE Ms RBCTefoR B el Bel S0 er iRt Bypibtie
greater 15 AQ%ré%urr@ﬁ?ﬁﬁh@hfé’pmmemetMﬁalﬁl@ms&'{rd:emilthae fayef willabl y
greater than 100. Suitable metal nanowires can be based on any

met al , |ﬁcld&ﬂfﬁgsw thout Ilimtation, silver, gold, copper, nickel,

and gol d-pl at ed i | vagey [ A AL ETAALE AR uRESRRSGInGY known

met hods in the art cular VEr nanow res can
synt hesi zededrtiuetiod padiciesi rmrr@hmgle asﬁ@ctm%so(bngaﬂ*nglﬂerethan 110%r Exatnples

01 ool ) *ancoanyTerc pyTHIaRdBHERS. Tl age PSR P T BN SATBRESE| ver
nanow r es. ofeify me@a@x?o% GbufisPESRARFe Bﬁwgﬁ@?'mékstéhdtthé liRgt hods

descri bed ter. (2002), 14,
4736- 4746, and X|a YAs memherelmémetaénaemWIrQ”Zefﬂ?;ftBQTf)etalgﬁﬁﬂ@GO 25

el at o5 (HTBNONG GIRsarn Suaieh a1aie) IoHa b EiE RamponEoa Aluding Apar

exanpl e, bi gliags JC% l@?ét%hb%r&ssé&lﬁoﬁé[ HinBHSIBA ORI MBRGAaNGWIRe fslass i on
as terrpl ates to create nmetal nanowires. In certain enbodi nents, hﬁ
ty

bi ol ogi cal tl'taerﬁﬂthmmsalmh}esb@m%@méé‘n aad mpre prefarablisiess dhan, 00
f t f
oxt do. " vor enOiE Aol B eps L (RidHithas 34 BGHER AL Wiath) BFarRater |

be foundsi ntha@. B, préfemblCaRatertthan 50, dd merdprebetably greatek ianf 110.t he

Directed Synthesis of Magnetic and Sem conducti W T e (2004)
Sci ence, 308uitallg metal napayvires aan ke baged @r\/‘f"?yame%gs'la\aﬁﬁvgw'ﬁaufent ed

limitation, silver, gold, copper, nickel, and gold-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-scaie production of silver
nanowires of uniform size can be prepared accroding to the methods described
in, e.g., Xia, Y. et al., Chem. Mater. (2002), 14, 4736-4745, and Xia, Y. et al.,
Nanoletters (2003) 3(7), 955-960.

25 Alternatively, the metal nanowires can be prepared using
biological templates (or biological scaffolds) that can be mineralized. For
example, biological materials such as viruses and phages can function as
templates to create metal nanowires. In certain embodiments, 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 a/., "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, which references are incorporated herein in their
entireties. Mre specifically, a conductive material or a conductor
(e.g., a neledlkihfordhe DirpcledrSydithiesid dJngmEilctathS@'hi@bﬁ@jIGi@b Negiawirse

based f d d
e oo (20baT Stbnga ke 15 1 G et Ehe VRLASIATEEY Of CRTac |
I'n other enmbggdhmem Bot ﬁaﬁ&ﬁ}ﬁ' ’t‘lz‘ﬁﬁsgﬁmrs‘ 21, 488, rRF19r8€46?69§1V Mao,

nucl eati on process, during ecufsof 'S conver
conductive @& tetal. e‘%/lrlahASSémhlgt olfﬁ)rbhmdmwam:jmdad)t Namqwieesd'S2003)e

cont i nuouk CaNAged b0uayesee U Aleatort ol AR 1A afus
"m neral i zatp@#isidHal ABbdatiRE SerﬁPNoeB@rH@OQmaWﬁ?&ﬂjer’é?éﬁé‘éér &8’ (e.g.

a netal salt) can be converted to an e ntal metal In the presence
of a reducilhgorageated hetein iethelrentigtiesenent al netal bi nds to the

bi ol ogi cal tenpl ates r nto a.cqntin Lous metalljc,|ayer. 20
I n other enbodi nents, I\ggrge 3%@?’ r aﬁonfj'é@&’? ’P%er'ﬂﬁ quaan’ ”ﬁtﬂﬁéﬁt@d
onto the bi ghewil nahom’é)ecrarﬁdllrecwbrrﬂabfa%lologlcaﬁfeﬂ%plﬂé%@éé@h APedTiRigy
converted into metal and plated on the seed material |ayer. The seed

mat er i al 1@ arPatwees deeerdiictive matsrigtand ceraisdinding sitesfecg.i peptideat
causes fthe @éﬂh%ﬁ&é rbrﬂﬂg bl&B@Yﬁ%ﬂel‘ﬁéleﬁe nmetal out of a solution

cont ai ni ng a correspondi cursor. 25 To illustrate, a seed
material |ayer contaim pg‘;qm@kﬂbﬁdiments,aalc@mimﬁvé h%teﬁﬁl@ﬁn@lelot@étedrbyca‘

Cu or A ecific anple, for creatjng conduct or
accept agl e Mgearﬁ'ﬁﬁé’r"‘%’%ﬁlss“ %@E\S’EF&arPrSS‘I‘TISQHﬁISWVQFt%Fq ‘éRﬂql;'ﬁ"V%ased
mol ecul e, A4 clé‘é‘th%‘ﬂ phRPRIE BRI terﬁﬁl’é ént%&ﬁluﬁﬁ@bﬁlel[es bRirgl NC

oxi de %/ be used as a nucl eati on mater es of the seed
mat eri al 130 dapabledef fnithergrowing, intoca centinuRus c(émuoﬂuedayemyﬂ‘ htsrpmh:ess is

e, et B (b e R = b o el

C, M, Ag, (69.24 hatdl saft) Ban b&ebhvertdd todln ¥imentz rttaI®y thel freSence 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 tayer 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,
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FePt) or T102, Co3O4, Cu20, H @2, 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

i ke. The t eEdanuBs Rw W sBt, &dd, iAeg Co alfogs (e.gg CoRd), i gllows Feiogs (e.g.,

D oL o0 o, BB id) Byl S, b0t S e ariess, a3
and 10 10/ 15gu5RRimRaide, R A0S £ Sld DS BEEBL (PRI, Wil

Technol ogi es Corporation and are | r'lCOI’pOI’at e rein rence.
As not ed abo@ddebniobigyi madiet\ampumneemdaohzw-mummlde a peptide, or

ot her bi ol.ogi cal rrater'al an b eer ve affl nity sit
for a seLrSect ed seed %pu'yge %’@F@?JO Elaf“?)'@ﬁrﬁﬁ’b ‘?Hﬁe‘fm

Proteins or ﬁ@gtdefiﬂé téi’ﬁpiétéshfoﬂf;iféaﬁhblt’hé Refhl ﬁBﬁBMréé: lﬁ@u&hggbtéiﬂﬂ be

identified t a protein discovery process such as p
di spl ay, yeaRep Gﬁe§pID|®ﬁ}QeScba¢te§@.r\flal§eS drsidheyiker The hml'mlqud§dor solectinge

can be o oat SIRY FLEdRedtg o RSl el ARy Pl e BrerRl SREY

peptides inter (aarmmi\lreamaté”na@érd desapibad th UAS. pplisatibr s, /185883 and
affinity for 20 s ic target nolecule can be isolated and its

pepti de 3Pr uwaﬁ%seﬁnbcsa applmﬂomﬁ i8R In the neme @f&mbrul:sf Egcrgmme& }
t vide a
sequences ofgp 6@& Q&I%ﬂlcu wbg%fg%re%%?er%ﬂ%ro e 0 pro

nunber of copi ences "in certain types of
phage particles. For é)samqibéababathlofagﬁﬁl tempiatss sfic s plot¢in 04 peptde; an

b d t he | th of ML3 ph
par 1 o1 o Carpther HPBElERE RIS an REdnoiearachs rve iy Fgsdema c
peptide semaa8d %B@G rrFa%éhé]‘é? b%@lé‘cééd‘@oﬁd% e, Wot@in@%rgtepkdesh

conductive material, thereb rovi conductive nanow r es
conducti ¥9t leﬂAaVﬁﬁY ag@@peq:l;rr; ma:tmal caebhndemjﬁedlthmugh faqarrotelnedlabm\lery y

AN e L AR O AT T
havi ng specifdreaxaimple gsihgtede @f paagé displagdiiiandd BepisRdqBgeM1do 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
exanple, filanmentous proteins which self-assenble into |ong strands

of tens of Rher&GRE gbﬁtid&”&*ﬁ?o@% REh Bitdithg ﬁﬁrlli@rfoﬂéﬂ\@ﬂbﬁld'i BEphl erﬁte

(see, Figure 7). vant ageous such a tenplate protein can
synt hesi zed hayeliges identified whichyean be prorparated dnteRaphagessisicturetio create

| eads to | ower percolatij.ve t.hreshol d cgncent.ati f .the conductive
10 nanow r S enREE PRATSNSIgnE Paprd of MPeE R PRRSURRNES: Ze i n
l'arge volune than phagflodigaitrhatefisls &I@ér&ﬁaﬁ?ﬁé@s{@%@ﬁééﬂ 8s fmplates
proteins, such as enzynmes used as detergent additives, is well

devel oped Feitiedoanationaf candueiemanewiies s Fonexamplepfilamsniousqupteinsd 8

par 1ol oo sUmihsSpR B O s B I B Ko e et
for the concigcdr yeerpative tehptate $56d) Rgurd7). AdvarigedusiNsuch a template
Alternatively, the binding sites 8a have an afflnlt)[/ for a seed

mat eri al | ayPspte[recan be pynthpsized jo hdva a plichrargehaspas Fatiodhan phage,
conducti ve ' ' ' old
5 can al so METCILICEHETo IANE eReol il cARieshR conknyltfel M bRl

W t h suct0 afrfanowirgs. Additisn2ly, praéimsraze easiehtvsynttesizesindage valume than
frequent and reqular .intervals along their _length tg increase the
conducti vi § P PREIOIG o SR T IR R of PFRBTIseRUThaS Ny ms Uied
bi ol ogi cal RIfERent SAKIVRS iAWl Qb@iidhecS Wel | as its diameter is

|
easi |y engi neered usi ng known techniques. It is engineered to have
t he correct di mensi onfiguse Stshewspt seheimalicojeesion eta poreis scalfoldi&baving

shape 25 and aspect rati.o have,been sel ect t i hca - al
can be_expodelriaet it PR nABEPhEF WEH Sl E PAtoeT s e Bl
precur sofs ofsited aréreélatted ftd BEVE afl AffinitySor thbednaudtivetpaeticlesizadh aBMu, of
fabricating conductive nanow res using biological tenplates. The

protei n scafi®IiCH andbih demativalsthe bingingtiesda hpvern adaithiand sred
partners suGl,@ssASnaqbdl @8Rl ] halaftdind? ribiedf fRIRFALLIR ends.
coup ach o of

Bi ndi ng partners ca l'e W her through any type
associ at i ve particlesysucioas Gunanditherlike. e mEriwipseaffoiddicaniafgodbeact i on,
coval ent engineered to have a plurality of binding sites 8a with such affinity. It is
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 partners such as associate peptides 8a and 9b at

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

of associative interaction, including, for example, ionic interaction, covalent
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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 8. The associ ation peptides and their 5 |ocations nay be of

the type to epefdingdeydréged Bérting nytiraphobRSntcfitioh Cartitthe fikenmpet i on,
cross-connections, and other desired shapes for the conductive

| ayer. | n theinéstagiierebetesn the assqpiate peptidescda andiBe enoeuraae dhe sei-gb

has al ready e ' f.fQl. r '
scaf f ol ds for?n%agm%lg?’ \;\})%C&{G@E@Lé;ﬁ 'Fee dﬂt&%@ﬁﬁ%&"% Whggeapﬁ% ellq%huorks,
scaffol d 8 cass shewnfiotha final Beqeineelik FRIUr® 8. Mhetdzeodiatish peptifestdnd their
conductive_materjal. Thus the use of biological tenplate havin

associ at e PeploraRnomay derd theiveaitp gnpalrege the f@rqnigxgsofﬁmshqgeenc?tc end
formati on of t ; | 3

woul d Ibe pos s?%@?&%Hﬁ‘hérpgsﬁhgﬁﬁ?gﬁé%mrnggtﬁqh@ﬂgggb%ﬁ]ﬁ%%ov@drl%ﬂ%?
t he bi ol ogi calayeenipl the exanpie sHwevreihdfiguleds, $ied emicritive nmiferiad Bbdas a
desired degree of,order,.in the condugtive |layer. Tenpl ate-pased

aynt hesi s 1 A § s Pl egpripiherdie g proigionerigeeger a
particul ar di p@RRHENR shBRIIMARB S8 0@ NHaCHERAS 5EARNSS cBH'HIdMorm a

advant ages of biologically based manufacturing of nano-materials
i ncl ude: 180l netivonk prioicteshe bindingef thacobducivdiniatedalf or hi gh

t hroughput, anbi ent 20 te rature, depositio superi or. conf or |t
and production of condu‘@'fl‘lns\& e.ulsﬁfng)?&%m&?tﬁeh "é’iﬂa?s%?ﬁé?q%%%e&%
As an il ustrghiyBingifRyParthers blowsEiol 1K oPMaNSn 8f 4 EANRDEVE Myer of highly
conductor 10 conprising a conductive layer 12 coated on a substrate

14. The 25 ceHugstadrRevgjicthanaveiigipeipossible withuraakpemhafowhkssall he

nanowi res 16. %rﬂSulEPEéﬂwd?ﬁBf gr cr?lggfc}éﬁbﬂ\ ‘fsﬂ@&'ﬂ%ﬁj icll‘ég?fﬂ?él%@ééllec oy’ ©

10B shows another exanple o sSparent” con n which a
conduct i vé5| ayehievia desiréddegpeeai otder iis tHesdomluetiiediaydihe conducti ve

ggyﬁ;t r1I2X |1ch udes a pl'Fén%lalia%exbged%%%%es%aig%Ve\llirt%%?aﬂ%((isuﬁgg ?grq‘ggrici:ar%ing
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 Layer and Substrate

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 may
protrude fromthe matrix material to enable access to the conductive
network. The matrix is a host for the nmetal nanowi res and provides a
physical formof the 5 conductive layer. The matrix protects the
metal nanow res from adverse environnental factors, such as

corrosi on and abr asi onMatnx” pafers tod solid-state materiakintewhithfthe artd]y

| oners the LI J.LYe0f corrosive elenents in the envjironnent,
such as noi Qﬁjdrgg\a'%%rdé%élsgﬁﬁ oroqmg%qc@g; &f%’@rpf}tbﬁlnﬁ[l?w'é?ﬁjmﬂhe li ke.

I n addi ti on,prbtredergbiri ﬂﬁeQﬁéiﬁk%étéM&M@Bh@bl@'&lﬁé?é(;saﬂoi tf\@%eﬁ&&&?ﬁggngghork.l 0

properties to the conductive |layer. For exanp can prov
adhesi on t o theamaliixys erhast forthe Medalmenewires bnd prowdes a physieal forkWef the

| i ' i d i t tal . i b
Pobuer | ards GoR IR AR ik R nd el vidediam navassa,
fl exi bl e matenviresmentat factorsosisdhdedrsiaanc b Bsioh! c”rl@foﬁ)@{cgl&} the matrix

conductors in ar I ow- j:ost, hi gh t hroughput process. over,
optical proSEVicaatyiowe s the Rameeabiiy pagasrosivenelementsainitoe edvimnment,
selecting a il rd Lal . r_ex le, . reflection

| oss and un%ﬁ?ggqﬁlg@gégﬁgbéeﬁ%ﬁéﬁ Jﬂ%‘l °y’5§88u o 89“-'&'%‘% Wi?'a mat ri x

of a desirable refrabtaddtiomdes matipitess favonalsle dhiSicalkdiRSBechanical
Typi cal | clear material. A material Is

1?? the tri'axtis aa oPticaII)‘: . ) _

20 consi er@&o%gﬁ?st 1§ copgurtiverlayaye For grampleaifsaniedde aehesien to the
mat eri al i SsabsttRas ' ViS4 | - nm .., .

Unl ess specisf [ e‘édﬁgt Eg?ﬁmgzné?@épﬁm%eh@éfargﬁg% @%él)%(? lﬁyﬁrqdél)ﬁr%% ftcf{ég@&@w%‘?se)
in a transp&reddedmdthonetal dasawirdsechrhzs mbusband flexikitersablii bept i cal |y
clear. The ' larity . of. the trix is typically determ ned by
a nmultit ude8§#h$%&®ﬁ§ﬂei %%?'Lﬂ?fﬁa‘sﬁﬁ’é'ﬁ&maﬁf 'Fﬁ%/?’ﬁﬁ‘ledh.ostsl*me fefapheateye
i ndex (RI), trahsgarenkammivictar® ish BvRBest, Bikh @\rohgﬁlﬂft{g‘}?@ sst e thickness,
surface (i ncluding int erfaceégr efl ection, an aze (a scattering

| 0ss paJ ed by surf acMOFQﬂYQﬁﬁ_ ptical graperiiasefdtie dopaudtive ey cah ibe
o o o ARtk B B A e R s
enbodi ment sloss kedmmwantechglaracarebe atfedtively redasedby abinygta haBixid? 2. 5.
or about desirable refractive index, composition and thickness.
Typically, the matrix 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 (R,
25 thickness, consistency of RI throughout the thickness, surface (including
interface) reflection, and haze (a scattering loss caused by surface roughness
and/or embedded particles).
In certain embodiments, the matrix is about 10 nmto 5 pum thick,
about 20 nm to 1 pm 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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1.35to 1.8. 14 In certain enbodinents, the matrix 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 pol yacrylonitriles, polyvinyl alcohols, polyesters (e.qg.,

pol yet hyl ene t er epht hin eertzif BEHadipehtgethieanatrir ihé halyiie?, whieH is also
pol ycar bonat e [ degree of aromaticity such as

ﬁf olymers with a_hl\&. | .
phleno! i cist olrre -asfebi_’?nl&'ff@é'ﬁy"&%”{- BP?{. .chqa)r)pp Sﬁibfﬁwgrgkems in the art.
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001011 g5 L e BBL OB e BT et g 2T
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. I [ lid fl i de, .
ol vt et raf | (T ERRRAETROToEEs ), poliRieReroI iR G ia BAGYNVRYBBEy rer s
of ~fluoro- @b(g/ﬁr'nhieenpblwﬁrd@ﬁ@ﬁ@l?@miﬂeﬂﬁid@is,(;%u@btheﬂém%%! %&Yﬁr%)y?dress?gg

anor phous, fl uorocarbon polynmers or copolymers (e.g.,
Asah!o QW s pelysulignes, palypBatyigness apg polypheny!ethezs, polywethane (PU),

enbodi nent s Lex i | C i al . For xampl e, ..a
ol gel ot PP FoNli e, By Bl BRGARNEC pBREf hentesits aniff St
Si @2, Al 203-asy@hitrilutatiza8-sBirehe lcopQymer BABS ) colifodibesARbnESBnd Bther
used. In cer&ain engpdine the matrix itself is conductive. For

exanpl e, t h&"HECPRIETU B‘glg’%’eé%.(ﬁiﬁo‘?qlwsﬁ%ﬂ%“.es@Gﬁgﬂﬁ’&sﬂlﬂ'@?qﬂm ymer 54

S5yt et ofs AN VBN spl Sl i A R 0

pol ydi adéty $BR, G tandeilcagpolymens (/g opaiydnylidenéifluotide,r ef ers to

gf n;a}l\g/o: raln@é@{e&ﬁmo%‘i@len@aﬁ@ﬁ)ro(:fr'%o‘y%%&aﬂo?gﬁr%ylgﬁee), %880 gr%telfsvgf medi a
fluoro-olefin and hydrocarbon olefin (e.g., Lumifion®), 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-AlLO;-
8i0z, Al203-Si0,, Mg0-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 fimitation: 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 matrix 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 Smoduwniudtivityds atHievezbindeletineal dhay@s péolalive frof] ¥ndmetal
proportional to its surfﬁ\ce resistivity, sonmetines referred to as
sheet resi st BAQWIre igargihers suiigieRtmstal Baneyiresowet brpresast indhehe art .
Li kewi se, wh [ ar | : b e il ith
sufficient rrg(gha cﬁg%!)d ' Fgozret%gﬁég(’%en%ﬁ%}gﬁ ucgdlt?\égqh%hﬂgggdhdeeggr'#
"threshol d ¢aullictige.| #heklrfacef eoraiuctivity ¢fens eondgtivefayehis invérably

nanow res.by_wei ght ter 10 | oading of the conductive |ayer at which
he_condot | REPPHRERT e sige FaREMy cxorarliues (oot aromioetnasisiabent
106 S2/ squargnichlcafititheadiied b koAl 88 e drcvel depends on

e o

factors such as the aspect ratio, the degre alignnment, degree of
aggl oneration and t he Likayise,iwhenya ofattithis presexit, thameatiix esust Bs filled with

der st ood b L]k in t t. the nechanjcal and 15 optical
oroper 1 s tETab §eniras GeRyoms palEnes ohs drecisioEeony o
hi gh | oadi rigadihgagyelPerfdrs ¢ 8 petdepitfddof the hathiaaRRWitY byﬁvlihﬁ%ni fbr

aspect ratios of the mnetal nanowires allow for the fornati
conduct i Y& rleadipg et the erngvctiveclayana which thexcangustivelayeshas asurfacadi ng

or ot er holy- reamiuBLofREibra AR B8E T SRauBRM: otd. P BRes it Bading

preferably flewehdepents OnSaqigkeuRhizs thbasped ratd, GLdégree F BYG ment,

nanow r es. ThesepFurface | oadi ng{hl evel s do not affect the nechani cal
t

or optical [HEGEeS Pl aggloreration angithe fesistivity of tha metal nanaMiEesst rongl y on

the di mensions and spaldiakndéid "y : ] :

Advant ageousl y, trans parlenpmﬁ(;:ygﬁ’g)‘t?ct?s}otr?@b 0 Il!éﬁ&ﬁ%?@“@%ﬁﬁﬁna&éﬁal and

conduct i 18 t yptioal rropediee of i raairixiarg Jikelydo bptalterd drrcangpamizeclyby2s highn
el s of nanpow r es.

T o R oAb B S AR PRl SRl AR s Sbert A o
o o poraamae ol ShOwioa R U s B SO 1
the matrix dURrx&t a threshold surface loading level preferably of about 0.05 pg/em? to
about 10 pg/em?, more preferably from about 0.1 ug/cm?to about 5 pg/em? and
20 more preferably from about 0.8 pg/cm?to about 3 pg/cm? 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 fo
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 eFiiGiee 10@ilustratasthiaveit is bediebea theenmibtwork ofmetabbanowite®, ends

e T R o B AL i o
such as m dﬁ%wi?&?%h&ﬂa&ﬁﬁnom 184 Qﬁ%)gﬁg ﬁgﬁl‘éﬂe‘sfﬂﬁeﬁg‘é’d_’ MCfie 31%:@* 18he

matrix 18. enough nanow re ends 1 m-°ddl e sections
protrude abends ofrhemnanowits, sudieas snd 18ig profrudeabavedhe sdrfaee 19 of the

conduct o becpnes, copductive. Figqure 10D..is scanni ng el L an

ni cr ogr aph IHPPF_P(H@-S'S{;P&%QOHP” @%Wﬁ[ﬁﬁ%ﬂf‘ Oilf‘a%lc‘"‘i'&?% Fgﬁgﬁgﬁhﬂ@e _
conduct or sQMbAY 6R, FRY RS alsdIha BAraES g ©f #RGhARRSIBOTIf cAAPW I es
protruding above a matiix in a transparent conductor. In other

enbodi ment shandvérecemiutih grd migdle seehionsriPedroyudeabons the matind&i thes

enmbedded i n r i, on Ll ' I gu

conductive ?%& ofél?e g%ﬁféé}ggp%hdyétgr go?ﬁ§%%¢&%2&£ M ?éggq%-lgﬁd are
15 conpl et eédan'hﬁ"@)ﬂéétﬁﬂdihidragﬁabﬁ offtite susfakl.of ohelestivatiment ofra
"substrate of choice", refers to a naterial onto which the

conduct 10e ransparent copduetar showiggafentyr ofreds apd middle segliPnsedfy i gi d
or fl exi bl ; : Q;Pér‘é erm

"subst rat e%ﬁﬂ%&%@gﬁﬁ@bﬁta@gp%%ﬁ@tklﬁ?ﬁég?{aﬂ conﬂg%%npguﬁt% th a

| ami nati on process, da ofitdrlenizodifenissihesoadubtivedayer iSiortreol by theghetal

ond the 1 KEANYreeaBed Rt e B el s B I udy 0 T
limited to:chuiind Riyer (2 ScouplRRlonf AbAREA ditierhtbel @hed GRET)

pol yester naphthal ate, and pol ycarbonate), polyolefins (e.g.,
| i near, 16r asmrhplgtelniavboyasged’ indieg el 14s), pol yvinyls (e.g.,

pol yvi nyl chloride, p I nyhide ord 25 ' S,
pol ystyrene, pol yacryggpgﬂé%ar?g %g?rpiek@’)c?\%éc& g g‘éie{a/és%%(e{et?ﬁ%?s'@
(e.g., cellwhieRehé chaditiobtayet @ tadied or laathated) Thpeupsiriplandse rgidh

as palyet herﬂsul_bp;ho_rll_ﬁ, pgl itm' Oalesb’e c;slciael iocr%ngsug.nq'hgttehnan “s% g%aetrétéfonal
pol ymeric orflexible. The subsfrate can r or opag
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 not 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 chloride,
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 conventional 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 |ight taenBazes SiLaght tehsiReiotd Rshdrs foltke bastehtdge dftanl ingigéntdigh and
can be as high as 98% For a transparent conductor in which the

conduct i ve Waissmitted thieuals praedigin. |1a yerieissemBodments; dis lightt@nseyssion
|1ant 1 r ansgishs o8 Rlive eyt (EbAlehst o Shi con BRYad g b 8B4 Veor
di mi ni shed. ©'PeF for nance- enhanal ng layers, such as N3 esweei‘ayer,

anti- refl eengpardraycenductot in-wghieh ¢hd eyreiuctivealayéuistdepusitaahdr laminated o
reduci ng_t he overal l i ght transm ssi t ranspar ent

| f th
conduct of. Phagapstile, @'ﬁg@m Hamrﬁf,ssm@??hqoa{ﬂtralf%%mes@% Re slightlye

transparent 4; _ t 2 « 802 _east
70% or at PEIEH P EHTbrce Ginah A3 ayere uh AsREad e nd
Haze i s an refidetivvedayér| ghti-gtiré fayer,anay furtheetentsbuie tbmedyming thet avgealbf

t he quantit | ight. separated fromthe incigent.light and scattered
during tra rggg%;imqgré}ﬁﬁ%ttrppwrepy HFOL ﬁ‘h‘f?r{ﬂ’r'is%ﬁ”t?oﬂmﬁ?ﬁew a
property of igipGansSMikiom of1RE GahSpabhtsbrdubloRSlus beRt RRABESTR, aNdadts
typically caused by surface 15 roughness and enbedded particles or

conposi 10 0né0%hat leastg® e ariat deash 8DHeandvmay e ad ligh asisd ipastRbedp Pafe.s,

the haze of the trangparent conductof. i r 09 e
than 8% or no nore t lg%ndﬂ%emfijlghgdlﬁgaﬁgwﬁgg%r%goaﬁ]gspee(%ﬂ‘gﬁgg@g to
0.5% Perf %Wu@ﬂti@rﬂiﬁgﬁﬂ' supakrated fron? theAacitottaighebay ecattdred dansgict i ve
| ayers have superior B sical and nechanical characteristics due to

the matri x.ranssissiena Palike ightttransmisgion; avhigh it argelyes Reapesy dhihe

i nt roducin Lt I | : :

St uct ur e, TR 828ks bAEE brodokllf RGSARRAATE LS ¥alitd by surface
conduct 66 | mugheesy artbeinbetdedhpadioiesios esmpositionaireteropayeitiss inlbé as

anti-reflective layers, 25 anti-glare |ayer dhesive | ayer.s,.
barrier |ay@rdiumy i YaLicys egagimadtsy eil]alzé &‘ﬁ?@@p@i 08?4”?3%\%@ 11

shows a mul fhhed B8%RM0%, 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 superior 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 muiti-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 mutti-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
positi oned bel ow the substrate 14. Unl ess stated otherw se, each of

the layers @thl%améﬁo%heg%%tlﬁ sUBt8tea Y, | URRES Sfited BthepNisE S
anti- glare la adhesi ve | ayers, barrier |layers, hard coats, and
c¥mpfth¢1

protective fag lnyersa2, 247 d 26 cambe pee oe mase aakirelrstive layers mati-

The mochani CIRe B erdTeeleSh s, BRef Byelte ol QAT Gl o R IR?

addi tional |ayers, al qengfersed24 bAd 26 sehR VaToUBMaw:tioNs aeh e
| ayers”, can be one or nore ant | -reflective | ayers, ant | -ﬁl are

| ayers, adhedhpacingyibe overg optieal neafpé'ngnc%m:l WRreving dhe mechawisak ai n
nbodi ment
benet i ta 10 EBSTHEE of BTARaRRRBiAo, Pk PliNGR s, 4R Feforred |

as a hard caatasapdﬁowmaacetaﬂ*ralnernglIagers" chn be(mhetorwmrémrﬁlhefléctwlad@e‘rs,c
properties, the gerforma enhanci ers arﬁhgﬁ{lcal ly clear, as

n
defi ned her @Mi-glaTe lgnerse iyglayers Q%ré'ler e[ss ag £ogtas | lncertap
| ayer, |ayerg rgﬁor%ﬁgn%n oﬁglﬁﬁﬁbﬁﬁaic%\ll@rghaé\% Ié ro@@ ¢ ﬁﬂLﬂ’hﬂFBé’néTR@t

15 I n anot her e l"'ayer aer 41s
barri er 1(hyeFrqr eacamnlegmrarﬁﬁrelﬂectme layeri Ganeefl$ce&mctrm asmehard koatyagtd/or a

anot her enb | ayer conbi.pati on | - reflective
Maver . ant i Raipaavey. ol addiion GyBef SRS pisparBsafie fiRanebE o an
adhe3| ve | ayfhanging Iéy@é@%r@@pﬁc’%lI?'&Ie%ﬁtés-dléfﬁ"lbﬁ(ﬁeké'iﬁ layer. 20
"Anti-reflective layer” refers to a l'ayer that can reduce reflection

loss at a reflective $uphaembetingrd, leyenddisramantewiigoitelayerrigyer 24 is

anti-refl ect tloned on the outer
sur faces of 4%%1'?45%3 gé@%p&@gﬁ%@ﬁg?&@?@as an interface between
| ayers. fhterials sui ﬂrabh@thaSembbdmemflhwmzreallwercsaanaa;eneuhs Enown

in the art, including without |imtation: 25 fluoropolyners,
f 1 uor opol yr’ré?af%q?re'ﬁlﬂ%" and layeh 20 heea ang—é@ﬂecgv% layey, s, patent Nos.

5,198, 267, 5, 225, 244, |20k dhdiieMSodiment, 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, fluoropolymer 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-reflective layer. For example, with
reference to Figure 11, the thickness of layer 22 can be controlied such that the

30 light reflection of surface 28 and surface 30 cancel each other out. 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.

Ref 1 ecti.on aRSueaMIAKHAME hEUAREIENE o RALERR ! 0b Hntfeicér 200mm

textured surfaces, see at ent 7/ and literature
on Aut of | ex thiBk. MARAGT69 and Mot heyeTM products from MacDi arm d

" i -gl | f hat d d
Foi lettion al an’out GReGHRIORBSR For A8 P IREHEHLR Pipritii e By o -

provi di ng f irdherddod|iHHRaS Sséd) el @, Supét@ﬁﬁNb%MV%ndtlﬁ@raﬁ@é oA t6ex
Suitable anti-glare material's are well known in the art, including

wi t hout 18 nmiMARAGTY asidl Mateps™ llrodmtwr@nywbn@mwmoém | acquer
(e.g., butyl acetate/np|] trogge,ul QS

pol yt hi ophenes, polyp '?tbg a¥8r re{e\é\éa /agygmhta& g%n%ﬁpg\ggntegnd

acrylates, rafidctigh aab/@hcdmtéfeaur@@erbf tr@etramslpagém cdhtﬂlﬁdﬂéﬂlﬂg msardﬁfg file such
as col | oi daI or funed silica. See, U S. Patent 6, 939, 576,

5, 750, 054, Bougmerson thesudaga o scaatﬁat@ refectiony . Stmaélwths.lare materials
copol ymer s %f e %ﬂmoﬂ}‘# Rihéhs, :ﬁé\ﬂd.ﬁg‘@%}ﬂ rﬁ@&gil fﬁﬂ&aﬁ%pos' tional

het er ogenei ti ch ‘can al’so ex usi on behavior to

reduce giGar eolystypede/PMNA blatd, Tavouer @by, alsmtsa[rlade@etem'itrdoeﬂeloseitmaxtalkyd
coating that  provides additi onal surface grot ectjo '

t
scrat ches af@iBbPabitiRPhenssarplyRYTIes RAYUA ﬁh@nﬁamﬁoe%@?ogé?ﬁw agwlates,
synthetic polyiGiciiay c%ﬁ]p%ge%qig}ﬁﬁaﬁmglhg% t@ﬁ%g:ch%%'abuaue&ara%med

pol ysi | anes, silicones, | I"co- acr so on. Typically,
t he hard coatlical ﬁeecerm,rUﬁe?at@thnsdﬁl%@;ﬂ?Scé 750364, 5eto6,747, 6,495, 815

Pat ent Nos. 5, 14 91 25 23 d f. {.e
Cherei n - TRIG i SAaB4s N demborpapRNERE oF Bl ety SAF Bivambiboseie,
50 m Thgs @6afp%§:ti@hahﬁéter®%ﬁema@ mcwah u&beeihtm lighedifusieh eaavionto

the art, such as by 25 scratching the coating wwth a steel wool #000
reci procatl mgdB® glRfes within a distance of 2 cmat 2

reciprocations/sec unggr. 0ag i «3BFAGOF 1dy2PGefets & a coating that

provides additional surface protection against scratches and abrasion.
Examples of suitable hard coats include synthetic 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 g/cm? (see, e.g.,
U.S. Patent No. 6,805,756). 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 cl ear adhesive

material arecpusfh bfzeriahﬁre%én ki MQhEQFﬁMH&TL%?Hq/\%VmJﬂHi@ﬂM

acrylic resins, chlorinated olefin resins, resins
chl ori de- vi ngtrylic resinse chlotpaledradefin neaine; keshsiaf vinys cinlsride-kingl acedated

rubber resing cl orubber resins, ol yam resi.ns, cumarone i ndene
Fesins, |t oo TPITEE MAtRRacH fepneaeuBiaBEH s FosiEs. ovBeihuer o
resins, uretpgpsmideSieBins, SiniaRM inGsidYesinBOlesRisl shedisnaiiflyl ddatatk i ke.
"Barrier layer" refers to a layer that reduces or prevents gas or

flui d per feat9Rplymer golyrster reginpatrethane trsing stirene tesings pblyeifoxahesand
t hat Co”Odtiﬁl tal nanow res can cause a significant decrease in
the electric "conductivity as well as the light transm ssion of

the conductive |ayer. ‘Bafieriayert @fers &y alayenthatirb@Gddsvat prevetté §as or
at nospheric cqorrosive _gas fromentering the conductive |ayer and
cont acti ng t¥d pefraeatipinipla thedranspereat peducior. ithas beepisBpwnithgter s are

wel | known i | | ] Joel tat§ on: ALS.
Pat ent app! | TRl b A R sibhibort detReast i indatry®,
4,927, 6890 Efbl‘m:)mtg Mel_laﬁ,ﬂ{ﬁﬁght_amds:lﬂlﬁst‘nhe ?sbmcl:llﬁzﬁwé;ﬁaly;eﬁ%hed )
Mor eover, ny .of ., the ant).-ret} ect,)ve,layer,, anti-glare_|layer and,the
hard coat caPIPLBYECEATLEeCVE nhBY aimQRahelip GoRsYE SRS SRbeRRERG (e
the mul ti-1 aygdukhind@her S7d cSRBekY Bk méfBVneEr}gv&i?b%ri ?Iglérﬁfa'tr% The bartier

protective filmabove 'the conductive layer (e.g., layer ) he
protective flayensiarewglikaawnyinftheartpineluding vathoub émitaliten: stet dig. Ydre

materi al as e exi bl.e b S, 0 ro i fil m

el ude, but "aeal ARIAPR N 30bH02Rafe TR PaieRh NBE LR 5,088 o

t er epht habat£99PB8D, EPHatdntiNG.e132,565% &AG DPIFdtehieNo BH 06EDY.! Moreover,
met hacryl ate (PMVA), acrylic resin, polycarbonate (PC), polystyrene,

triacetate (AN thegniiveligativaliawsioant-galelayenandtinediardoataan aiso act as

pol yvi nyl i deé‘Saﬁfé'rPeffeﬁje’ pol yet hyl ene, ethyl ene-vinyl acetate
copol yners, '
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 ferephthalate (PET), polybutylene
terephthalate, polymethyl methacrylate (PMMA), acrylic resin, polycarbonate
(PC), polystyrene, friacetate (TAC), polyvinyl alcohol, polyvinyl chloride,

25 polyvinylidene chloride, polyethylene, ethylene-vinyl aceiate 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.
Different c LiBLhi tors may provide protection to the netal 5
nanow r es g%%@gﬁﬂﬂgh Ugient mechani snms. According to one nmechani sm
t he corrosion inhi bi tbrotbémlabo&umﬁnltsy the anspzrenitcandugtinomiay esmprise a

formng a protectiy mon net al rfa They are also referred
to as garrP@P"P%'P%”ﬁ@b'bﬁr 'Pcﬁq ﬁ’nltﬂh?rﬂpt I8H & ﬁWGr‘P%H%r l@)’rﬂo%ﬁ%ﬁﬁ[’ St he

bar i er - f or e © iR UrioBliihkiBltord Gy VB DIOREHSH b the metal

ni trogen-containing an ur-contai ning organi c conmpounds, such as
aromat i c & r napowwss basedian difleserdmoechaniszte. es. These conpounds have

been denonstrated to form.stabl e conmpl exes f t .
provide a barrier be%‘ﬁ%%ﬂng Boﬁﬁt@? B tt@a Eﬁwéﬁw{m%ﬁﬁs r8ad|ly
exanpl e, befg e ina#d hanowikde fornfin HIEBIVEORIBPGH & neetar 916108, TABY lakd or
for copper or copper anooys ; Sgﬁ?rre 1). A kyl substituted y
benzot ri azoks®, re Eﬂdf@sﬁsthﬂfpeﬁozﬁmmgec%ml%uwlbltoﬁenzyI triazole, can
al so be used. (See, nal

sui t abl e exanpl es of gor'}eoébgwlﬁ?e&&’%? rrle?f&moé%rré?loﬁ‘ﬂmlﬁd of

limtedo Omcﬂacwﬂmw lnltl’odem;)n@;rﬁn@lan@khﬂﬂlrhmnmimng@zgﬂréc compounds
2-am no- 5-nercapto-1 - thiadiazole, 2-nerca
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15 (Scheme 1). Alkyl substituted benzotriazoles, such as tolytriazole and butyl
benzyl friazole, can also be used. (See, 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

Another class of barrier-forming corrosion inhibitors includes
25 biomolecules that show a particular affinity to the metal surface. These include

small biomolecules, e.g. cysteine, and synthetic peptides and protein scaffolds
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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 kylthiols, alkyl being a saturated
C6- C24 st r awithfusdalysiipiicarsequendesiwith difinity foy pestalt, e.gr EBEEpseé,dhgbllt Br
can sel f-assenble on a  netal sur e t n r__(Sehene 2),
e G R RN R o TR e e st M
S SSSS S1H:80988, 5.8 Povisional Abpisliod BefaRidd. 6owsd 4rTBOHOTEYS
the transparent conductor can conprise a reservoir containing a
corrosi on i ahd BOWBSO,494r ovi di ng a continuous supply of the corrosion
i nhi bitor in the vapor, , phase, The.corrosion. inhibitors 15 sui.tabl
for such®sustai ned de@t'\%%”ieﬁ' QriHiRd SQRERIPN htgrq Wﬁ(ugﬁtdgtp@%'?%ﬁﬁel?'

VRIS ar e tyR{caniotnisplabbidsrtelikyniBy, eyt bsink 2daroididd CR.Canstrdightm &

nonol ayer on sSurraces e ne a_ anovm res. Advant ageous Y,
VPI's can behyhrbcarboadhain. This typeobtorssidrainbbitancan eglf-ass g onR a

sust ai ned manner_ for |opg-lastin r ction. | ' de
barri er-f or {® Sl“ﬂ%?%h gﬁ?@ %Wgﬂoéggrt &@?%ﬂece)@: th%g%#@?{oﬁ?i‘colﬁ hlsf%édﬁ‘%é,ol e,
al kyl dithi gifddréaotedmigd al kylthiols, as described herein.

Figure 12 illustrates such a transparent conductor structure suitable

for a td@ch screen. Mre specifical | $CHEMEé seal s 32 and spacers 36
are positioned between two conduyctive, | ayers the space between

the two conductive |ayers 12, r 40 are present.
f
t g

The 25 reservoirs 40 are mcr di stri but ed

such that their presence doe in the
transmttance of the transpaye reservoir
contains a corrosion inhibi{o ' orated into a
pol ymer matrix or inpregnatfed ral from

§ S5 558858888858 888s
Silver

In 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). VPIs
| are typically volatile solid materials that sublime and form a monolayer on the
surfaces of the metal nanowires. Advantageously, VPIs can be delivered fo the
metal surfaces and replenished in a sustained manner for long-lasting
protection. Suitable VPIs include barrier-forming inhibitors such as triazoles,
20 dithiothiadiazole, alky! 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 fransparent
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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

of H2S scaxsnfrkst. 'I"hg r%@@woﬁ‘ﬁon?d‘ i A0brrbdioh irtibilo? which edrehd,

gl yoxal , triazine, n 10 chlorosuccinin de. (See, e.g., Publijshed
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corrosi o i nhi bitor bdeerdingrto anpther B@Chgma@pééioff@&‘oﬁd“‘ﬂ'ﬁ@r% mafe.

For exanple he .net a
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netal nanowrhese 6&rogibis hHisitors BRAKrEvGS 'fscamemgﬁrs" srdgatteds”, sdiich i on.
Metal anti-tarnish treatnents are known in the art | fi

ecific
treat ments cemgets with Bpegmetd! epdissAuesier the Sorrpg qiq{neriggg,xa[g_pgs %o
Pat ent No. S I I 0 -
2005/ 014848%' Q%ﬁaé? e’?%&éeeﬁggg#%eﬁrﬁi@ﬁﬂeﬁw é‘ﬁaé’n Q'r‘{?&ma ) triazing, apd n

al | oyed 1ar cﬁlb&isﬁldckﬁrﬁ‘ﬂearlseéee gnﬂubhsh%is& aompacat@ndm 209661906 20.)
at nospheric el enents. For,  exanp

b | at ed
wi th gol d, which |s I%@@%EWPF’W%‘% 5“%8&3%%@19@ iég %‘@ i
certain e”bggé éa*ﬁebé&l ?é@éﬂﬁﬂﬂmecrﬁélﬁ%fr&medﬂ%pfdséﬁ@b dbes mtn can

be fabricate |ous coa met hods, i ncluding sheet coating
and hi gh thladm@rlsglytaffwbﬂ'@o@nﬂcﬂgor glectdeal oropertiosiPhibcoNdaCtivElAYRL | ng

met hod can be used. Advanta r S6S,
descri bed herein do ﬁo?tﬁ%a'gﬁ?gﬂ\%%hﬂ?eaq ?%sdaﬁ?%’hgglcﬁﬁ?%?r astte?o
the current Wiy é6rpddion irdibiton efioeé at aftér b:etmgzleerboslmed .onlthetsebstrateh&or
fabrication processes can be carried out usi 6%%%4% onye tiqnal

sol uti on- pr szemplethenatdmanowines cap berrechat alliy O'B?'B%esses
are conpati Lg Wil RRlbi§GCElyY, BPAL BT Addifort, e hebd TRABRTES 6aRA BRI -

treated with an anti-tarnish solution. Metal anti-tarnish treatments are known in
the art. Specific treatments targeting H,S corrosion are described in, e.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 HzS.

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 nmetal nanow res being dispersed in a
fluid; and formng a netal nanowire network | ayer on the substrate
by allowing the fluid to dry. The netal nanow res can be prepared as

descri bed ape@ntidhal sokflio rabeésquw et Morepveatie/faBiicatiinsed in a
l'i quid to faciliate the dg?omtlon lWll s understood that, as used

herein, "depiosessasaregempatible witlydiregtly mf@aﬁmgnti@riﬁmﬁwgé%mc?n UGIor.
non-corrosive liquid in which the netal nanowires can forma stable
di spersion (also called "nmetal nanow res dispersion”) can be used.

Pr ef er abl y, Neh6wie Diposifion Wnti Shamd et grideetbr Fabvieatirn, an al cohol , a
15 ketone, ethers, hydrocarbons or an aromatic sol Ve”t (bemﬁ?hq;%of

tol uene, xylene, et dnycertatremppdimantmitys thuselasceppgnereng
having a boﬁbiiggtg?go%a gﬁda.gﬂtéa{ ct&r%ﬁ@gﬁglﬁgndé'ﬁbé‘fﬁf Bfﬁ?éltt)}éﬂgeta‘?r

no nore tha I on he me owre ersion nmay

cont ai n addhanowires and sbb@@lesthteqnemhnamdwmdsskmsg tlgspexsednmmfmrd and
adhesi on, and nanowi re di spersion '

and bi nder sfOmiNg A&SB AN edlﬁtWPkaf‘Y%'cPW%BB SHE? j’ ﬁb}eg @gfﬂu&, t(\.‘l)’gz

(CMC), 2-hy xy ethyl cellulose (HEC), hydroxy propyl nethyl
cel lul ose (HPMC), nethyl cellulose (M), poly vinyl alcohol (PVA),
tri propyl ene gyl col TﬁmMetaimHnawrre&am Qemqpaayd aadeserihedeahavet Sheuch

th I te | k t hyl d
Thei 1 230coBBrRBROMTSh AroNBIELY dsiereatan o TgRe i RBRlkie HE pBEs o
sul fOSUCC' n%hfrﬁierﬁb@émﬁt@s u$sd Kérein, &d‘ébofslt?éﬁ’f anditdoatihgndr® Usedy. ,
Zonyl (r) by DuPont). 1n one exanpl e, nanow re di spersion, or "ink"

i ncl udes, bipterabangrably. r ARy oowgswvghqurd% whidhdbe apatalnangwireg can
preferr ed r/g

0. 0296 {0 aod e bible ARberRien (odtyaPed Aot Moy asperalonly <lite o

to 0. 5% f or usENOpreférabiy, Ee Fitdtel] maROwhes a@Edlsmirsetmin wawrfamalnﬁhcﬂS%to
1.4% nmetal nanow res. Representative exarrg)l es of _ suita

sur f act 4Rt sketepeRiBetEy ﬁW@P’i‘rqﬂQﬁl or BB A PIAY ﬁ@&?n%ﬁwe{f}ﬁ; tqig?_q}e.fy]epg n

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 to 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 ethy] celiulose (HEC), hydroxy
propyl methy! cellulose (HPMC), methyl celluiose (MC}), poly vinyl alcchol
(PVA), tripropylene gyicol (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 one 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 Zonyl® FSO-100), from 0.02% to 4% viscosity modifier

30 (e.g., a preferred range is 0.02% to 0.5% for HPMC), from 94.5% 10 99.0%
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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 §&08mt éﬂbeﬁorﬂlossém@d @Qwaal AdMRWREE C Repretientdiive SRbiMs sran

be i ncreased or decreased. ée erred gnbodl nments the relative
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to the sBrfdteMee, mgthyscqaih@rsgr ¥@nthan gui, golyxinyg kaledhadraieospvety! about
5. Th
Copona net RO e ABRRGAY Byl anaestPa BB BveRE AR water

preferred vammwpgmnge for t he nanow re di sper si on is between
about | and 100 cP. tloa the substrate can be ﬁretreate

t
prepare a surface 20 tdﬁﬁ@ﬁ'ﬁegrtor‘:@@@g% Q%@Uﬁ%@ﬁlﬁgﬁ e QISP ien gﬂmgf
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exanpl e, they ena e deposition o a uni m nanow re di spersion
| ayer. NG abhdoreferred emb;adurwmts theobidtive eattdseof theoither ngsedients hlaowever,

substrate for subsequent pr ces eps eqQ

pre-treat mef@n EeJﬂa'BgHﬁﬁf"m e “83 'GP%”b prﬂ?ﬂ:?mhﬁ S\Wﬁ?ﬁaﬁ%ﬁ?&sﬁf’ﬁ'
step 10 Creg{gRifie? iPaicteabyn ﬂ@%gblo«mb@ut 80" dHRNODINEthe ratio of tHe be
di scussed further in nore” detail "below, pre-treatnents include

sol vent or viseesityanodifientorthe mﬁaltnars@wwewawfwbw i thepiangptof @hay § to

patterned ip al or
i oni ¢ st at e® %%UT@Qb[Zégjo\?ﬁ%@{ RS Bgc{f gt?egﬂuteté’}rﬁangﬁﬁéé)ﬂf%ur ?' ﬁfg%ﬂ}sﬁr face
g (r) egt rregss pméérgag irl :ﬂa@ mlg‘ercﬁ@lbgsaﬂﬁao tdvalssn lsﬁ 'Ithleeatlméot compomit&o%

i schar ge ol l owi ng the ition, the liquid is renov
evapor at i onthe Cl'ﬁ!ée"ék%.‘rm@égﬁ mpdé@f sqding ¥ thesubslaieand t&?@ "(“:ét d of

baking) . Thg,5ieSHbhiug8d. 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-
treatments serve multiple 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-treatments 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 metal railowin getﬁel@léﬁﬂgtum Aneigad id fénﬁ’ovfeHLHydevapBFHﬂEhng a
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in the art and include by way of exar’rb
i rradi ati ng felicating erleansparent copilidter mnpuﬁmg aiepokmng él;i‘loralttygiﬁtnetal

el ectron be he i L0 addition, I cation”
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mat ri x rraterlal conprises a polymer. "Optically clear” polyners are
known i nlQ h&naoatiey armatsis reateraliandbe englel nanewite network lagar, and cudsg
but are not gyl man%?ena?ﬂ:} %%ra?% gg( such as pol ynet hacryl at es,

es an oni e [

pol yacryl at yacry pol yvi nyl al cohol s, polyesters

(e.g., 25 polyet hyI enﬁwammsétehal’ pifers(tbalhatapial U@hﬂtuﬂ@&hﬁﬂéh%%at
and pol ycar bonat ES@Q)V% mémers with a high degree of aromaticity such

as phenol i c§3BFUER Fhrapeientngs '(Q{BK'/"@I &Hi5y") opeuLiRg'y refaessio a
pol yvi nyl t ohpeRes é’YhdHéln%‘rré"rg Sartlam&zh%}sd@éweﬂﬂgﬁq ﬁlﬁ omers)

pol yam dei m des, polyetheri
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| yol ef | t h t
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(e.g. polysilsesqui oxanes and pol ysi | anes
ultraviolet (UV) light, electron beams, and the like. In addition, "solidification” 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 polymethacrylates
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, polyvinylxylene,
polyimides, polyamides, polyamideimides, polyetherimides, polysulfides,
polysulfones, polyphenylenes, and polyphenyl ethers, polyurethane (PU),

30 epoxy, polyolefins (e.g. polypropylene, polymethylpentene, and cyclic olefins),
acrylonitrile-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
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ot her enbodi nents, the &@e polymer is thermal-curable, which can be
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matrix mate Sﬁoﬁéolkﬁe? hi«ghd 8@Iyn¥é}e rdfBis'tbh lﬁ '0? dﬁ%}herQB}?% uk’é(

conprise a N-"COT r 0STve So at can e
sol vate 0 dligpmesseot bm[alq:hcr[ymearwthat (251 paﬂymebm asdydr criossiini tes’.omi the

suitable solyents inc|ude wat an al ohoI ton
ot 1 ahyar of OMTET WAGEAs slecries irely dF B Ul e Hrowiras o e skilled
sol vent (beng ?rﬂ@art?c%aﬁ@@tem %¥\lv9d?% detirabls: po?y'?n ﬁaﬁb&eﬁ%ru ﬁﬂbhoﬁ&?ﬁer

solvent is volatrl aving a boiling point no nore t
nore than 130@artial pnlymmre than 100C. In certal n enbodi rrents the

matrix material may c e} | i.nker . a ,pol nerl ation
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ot her enbodiWHReglescihrd AV TR natgpesipgseri an pRetowyRe peenplymers
corroston | ryé'ntﬂet }S’Jﬂerﬁgd by exposure to irradiation in selective regions. In other

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

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 thar{ 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), surfactanis 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 deposis eutet hetdis, thebahsgarentldondbiciond bar bd §bratedsy,
rface,, 105 of the substrate 14, |eaving a netal

rol |l ed acrgl%lgjato%sbji , ¢ )St e

nanowi res 10°GPEYEPE: Shestaating welseeating, papting, apd damingtion. Fi gur el
3A). The layer 110 is allowed to dry and a netal nanow re network
|l ayer 114 is formed ona} hesﬁ@é{@gginglOS (Figure 13B). The substrate
may require a pre-treatnent to enabl'e the deposition of a uniform
nanowi re di spersion | &heet sagingHasuitaltiefarsonting heotsuctivbsayerion dryr

subseque ' : JIhj s treatnment can include solvent or
chem cal n“f’was @%gaﬁheﬂg?%ga%é%&%qsgﬁ%& an optionally patterned
internediate |ayer tGigures$8A-138 mméh@bain%lﬁ@r%@faaﬁcét%i&ftﬁé ate

to the nanO\gire di spersion, as well as further surface treatnents

such as pl adfROSPRER frRRguUctonky shesh soatingatAmetal nanowises dispdrsiarharoge.

20 For exa ' : | n Sj t he

surface of Ehe o Ean BT ddbslia B ETpSFaERl /A LSec ffio 3 be roled

i nt er medi at @crespea topf sunface di08| of thes sutrtrate i flegding Benstal fadvifed

facilit the bi.ndin f the nanowires to the substrate. In certain

embodi ment s, 'S[pl%s'?'ﬁfaé’%ﬁ\aapgf‘zh? urges 105 ElgwretBA)od herlayeridtisat e
ior to de . N : i t he

prio BAGHEH R dhNnd'a Rt ishowi8 (RINIEH: IGRAONATE Rlfed' e Riirtage

internedi ate | aF_er can _be co-deposite nanow res.
embodi nent s, 10miFigufeiA8B).onal bi onol ecul es such as pol ypepti des can

be used as the inter | Jayer. Polypeptide refers to a  polyneric

sequence of amino acrﬁgé%hgsﬁdepl%yﬂea!‘"ﬁéﬂ pﬁ?f“?rﬁéb'ﬂ‘?’?}éoégﬁb’&és‘e bonds.

The amino adegositiowors ﬂnﬁ@nﬁn@ﬁ&MF@@f&bQ@.icﬁﬁQy@ﬂWﬁaﬁ@&ﬂ%r% toifhe

di ffereag. An no a(cgtljds havi ng side chain functionalities (e.g., am no
X

or car b y BHRStERLe Iorpubspayeripecqassinarsters. Ehia trpbimeendfcap ndliade solvent
pol ypept i degy tdtical 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 fayer 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 polypeptides. Advantageously,

the intermegiciide pslyLly&ing, Msy- Qfmatrﬁcegc[u &g the Rke. (ROl pestideadanesen,

whi ch enabl es t he dep03|t|on of the nanowi res according to the sane
pattern. O heategras thesaibaisale prief e neaRwiEsieppaitien Alter@aamlyu the10

Geposi 11 onaPOYREpPRISE 55 oabaBhER 4Ty B Bhya i el EkeRk e Hitiagn

out t hr oughpihyai@strbtes, m&mihg@assa @ohyess suibstraies ey npolybihyenef ace
of the substrate therefore onprises at | east one pre-treated

regi ons éndtﬁﬁﬁplﬂf@aﬁekﬁ?@'mmff@ﬁ@%@fP@b’PGRt'deSNanovm res deposited on
the pre-treated regi Oﬂgmgé&dsﬂf iﬂﬁpﬁf@%ﬁfﬁé ?ay@?{:%r%e agpéepﬂlﬁ% e-

adhere to the untreated tegron. "ACCO a’patterne osition

can be achi dgrgmined gattari nghithenalsles e depasitioniof thenhasawisas acsgiding ty
e.g., washing. It should be understood that the pre-treatnents
described abeamapay €Hbply to other nethods of fabricating

Lransparent conduct or puidh i aAANetRBiybaiakbBedastdd ditign bel ow

The nanowire network [aye ormed may further require a post-
treat merid t oomjandtian with alpaﬂemm:@sﬂep i orcude pedornT hatierped depesitienfent

can be a process s ep,involvin osure t.o heat

di schar ge, 8’2%8 BE\S mgéreaﬁ‘g %qa'n Q?ecaffr@%agt@&;% %b%lgém"e
detail bel OMasf%ﬁwak/mgsm‘ésuﬁidD@ﬂtemntrﬁe sarfass of theBRabstrateltharaforbe coat ed
on the nanowire network layer 114 to forma matrix material |ayer

116 (Fi gur ecappyises atleantane pre-imajed ©giws andhat laastane urifeaiqdiegiofy er
116 is allo

Fiour os. 10a Aphite§ defobika AP flehielied {ebicHETRE 16 G bUER ey
stanp, as5sptimn ippladbateto,the ustrested 38gidh e Aeppidira, cupaiterm@depdsﬁron

suitable apgéﬁ %gta%rhle%%g b%ereg%\anng tRe tngﬁoﬂréié: gn ?r]:e lt.ll’rl}?eated region by, e.g.,
washing.
It should be understood that the pre-treatments 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-
treatment fo render it electrically conductive. This post-treatment can be a
process step involving exposure to heat, plasma, corona discharge, UV-ozone,
or pressure, 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 maftrix material layer 116 is allowed fo 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 applicator, 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

30



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 ?@u%mw@w@ug@muhg%ﬂrer@e apd folraad bead coatiny amdgrawl he '
conductive lTayer can al so be patterned_ by spraying the nanowire or

matrix for ndPuR e 60 glaorke ueasktordapesit RRBRYFCLANeResuhsiaterask. | f
h
Layer ¢ he Q7RG8R Eoleror RS Halg Bhocttel b bibrdudBhhfed Bltem,

by renovi ngcawbé usegtd coatrebpatternéd dfdtdl manowbesl dlspetshtm lages entrradiix on
of nanow res belaxw t he Eerec;ol ation thresho res.can be

d
renoved By Waiiah@ver thrseRNtNY 3 Ratisa ?W\ﬁ“ﬂ%"ﬁ'@‘ﬁ"?ﬂ%ﬁl Sra¥yieyent or
by transf erpfnrgg‘gg. dgﬂbtcan ?étﬁﬁifé(yé?rcaﬁ%béfﬁaﬁé}hbé'by gFameg fh'érﬁdh%ﬁnre

under st ood ti ona epositions or coatings’'c be carried
out, while at mawimfgrrholatldm phioghesubsirate ghiveghearapeviaremasiec fithe matri

ayers” canmteTEbRDEAN FPHoRIod ahERR I 8ot AR Y HASVR oot By ieo

Coat i ng Vebygeabired .ﬂi@%@ﬁ*@fﬁu%ﬂb@w@%yea b? Remb@sh isLficRin naRBEfs of
i ndustries for high-speed (high-throughput) coating apgilcatlons It
i

i s 20 cdfpathien to dioptihe henckabatine iob nafeweas krjow phe perowtion direshold

convent | onalgeiil e baRanordh bR WesfEBrEARHH tibm YA AR dUkaliaes

dramati cal | yolv@stusey tiarefarang tem tabitad ?tdrraghesmeramrent conduct ors.
In particular, web-coati ngbproduces uni torm and reproducib

conductive |ayers on f Isdeithereundassippd ihal adpitigpgldeposiigas Béﬁ"‘ﬂ@gﬁ?ﬁ"%
full t
onatully bé"bﬁgfeg cﬁﬂ,n\{vhflﬂﬁa]%v\{l@@ 'fdé'%ﬂ %%E Fﬁﬁ%&%eﬂ%b%h%}%ﬂwg lgure

14A shows an € strate in or m of
a filmdb wetntngrsige Eonteamplenamnaanbéyofdhe pgriarmandengnhzacing layere

(hot  shounyanfi e GEI" e Hne RAIFE ARG A, *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. Itis
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 (not
shown) and moves along a travelling path 120. The substrate can be fed {o the
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 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 lfangwitds éii%pé'r'%fé‘i]r ﬁn{é??tnahﬁgrirgﬁﬂébésiﬂ@i eAh @beltSreSt2y iRd
in another storage tank (not shown), and the matrix nmaterial can be
coated in tthe starage tank 2?2 delivare smonbiedbustaiteam ot metal nanowise dispersion

q q di . devi ;
et or age PR Y RLPalHER a0 o ve” 18080 A Syon 10ZeBIRCE, °t na
10 deliversgmAnianuzed di spersions), a brushing device, a pouring

device and the like. Like the sheet coating, a printi ng_devi ce can
al so be @sed to provillis unsigrstepd dnt dimmatigematerglisstarag i paoiean

alternative o] f - t] i ' A fl | r.ried
out Son s bobt AR fR Undiciad armeeTrdiik ibyehql o] ddied ffig'sbi

i || ustrat edmannkr gsleesddedabpnbstrate 14 noves along a traveling path
120. A coating roller 140 is positioned bel ow the supstrate and

partial |y subnerged ilhisdurther gndarstagdithal any sipeasivg deyiceagihsused i

storage tan | WY : t '

G sporsi on 1sjaeeq ghferteBiiitindiand ASphaing @ iod (I 3 alioY) et
Coat i ng 100l HelivetslPresaurizant dispersionsha Iiusleing idenicef a phering dewte agd fe
path 120 or in the opposite directign. The coating of the matrix

ot o1 al - calieelike 1 Haset seting, % pirtBa Ve peRraist b phed i Boudlsns
descri bed i pafdrBEl@dafligs. and 14B, it is noted that various surface
treatnments can be applied prior to or after each deposition step. As
wi |l be described in fnigre t43 showpenaiterneative a@@\qd@gmfﬁlm@%hmn which

Cayer s f or nit codi B b Pa TR B e Yo RN EMce i e, CF Byt
limted1B0 Mostvatel 9 Figthed/Cal subeiaid ¥4 mavkaaithgtd gavaling patiCoz@nA

di scharge, UV/ozone treanment, pressure treatnment and conbi nations
t her eof . coating roller 140 is positioned 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 fraveling
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 deposition
step. As will be described in more detail below, suiface 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, UV/ozone freament, 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 includes 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 polymer film
froma supply reel 148 along a traveling path 150. The substrate 14
I's then subjected to sequential treatnents and coating processes

along the t i i ' killed
g saydRtdte 948! é,dég%ll%lﬁ‘ieao}Mﬂér AL P6R agéelgﬁilgﬁfbfel 148 alAg £

in the art that the spe reel, the sp of deposition, the 5

concent r at i taveling:paih #80r iThermabelratal14 iathen subjeried tnestuentizlieeaingnisg

i form ty 80 CERING DroReReroaoty neiRhakaN (2| EFUBRER A rent o
Mor eover, i Bné&ekillad ih BihatinzeiHesspet ©f tHerlclehé Spéddoftdupdeitivadthet 0
prepare the substrate for the subsequent coating processes. Mre 10

speci f i c8l | gonganiradion of the walrix realariale apptherdaauacy of thetying Sadeyring a
pre- treat | | ol

subsequent nﬁ@ﬁg\%&' (?éeél%}eréggg %&o%%fﬁﬁgaglgﬁépﬁﬁfe t@%?‘ﬂ géc(rgﬂ {yréergl?rf}%nt of

t he subst r attdckmeseof the ¢dreluctheplagetfoomedan enhance the uniformity of
the nanowires | ater deposited. The surface treatnent Cﬁ% be carri eéi
out by known net hods MVIRTEOVST.{Rgerigip & ragRtsPTe; trestmeRts aEcPaducte
treatment c i I : e t he
surface of ;Wh%'}é ﬂﬁ?‘rga%.s ﬂ%gif%thgg‘%gg%égﬁ%ggﬁ% ﬁg@%&;’é%kyhg@r? or

ni trogend0 pépasificadlyy thacwbstratat iWecan baoptiomally sutideghitrgated at aipre-

species at Jowte ratures. .Typicall onl few,atom g |layers on
the sur t acet oS REIRPLFY R mhBVETbe BcRhel of e tiReaRh G oabiis o
the substrafigpdsitich. fRIdRbrDLNAR trddth@ht bERBIsBbsiatetriortb e t he
chem stry. In many instances, plasma surface treatnent provides

adequat e sufepesiticicearyaphaneeribe usieraiy«d the pangygresdater sanesiiage

bondi ng. As an il ust ' | 1 A5 be
carried out in a Mar cﬁﬁ%’W@%m %ﬁg%e?lﬁlga?%ﬁ)gvﬁnﬁ% opep% 1 nNg
par anet d6s: thkdt. \Wod&emmnpleO@labmawurféee fresibmant cpn éeused: to miifgifloe r . 25
In other enbodinents, the suyrface treatnent nmay include depositin

an inter nedM%Uiaaﬁwcwepﬁﬂl%ﬁsﬁépﬁ the subsiigica JU8IDg 9ases pigkh as argon,

'ngtng\fM”fg Lagﬁé\}ﬁg& ity &I didentx Pl detrédltthbhi ddrfsrebtd nibR feddife
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 layer typically exhibits affinities for both the nanowires and the
substrate. Thus, the intermediate layer is capable of immobilizing the
nanowires and causing the nanowires to adhere o the subsirate.

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

treatment, all of whi OfheRicRelip@IM shifacelidatmiehtd iRBluLB stifEcaivbshihgevith
substrate 14 thereafter proceeds'to a netal nanowires 5 depositrlon

station 16432 sahvieoh Grypha disshargesansl UMigRens freatnagrdpalt of which ees krgwn to
defined herein.,. .deposition station can be a storage tank as
descri bed iﬂneﬂ('ﬁ%&lﬂ ﬁ%a%ti sprayi ng device, a brushing device, and

the like. A netal nammvisw&rafésngﬁ@ré@mgﬁa@edk&admeﬁ@naﬁdnﬁimt on the
surface 105. Alter natlvelé,é ﬁ' EI‘I nting device can be used to apply a
+\ahic

patterned coaposifprostation 1 delieid@imela! pprgydres dspespion 6, as
substrate. : e, . i GaRS ; :
pr edet er m nggﬁnpé;t{(?%)réhlcgﬂe g‘fgﬁ%giﬂeog{sﬁiﬁ&ed S nagn%}:‘gr?&?%‘%l er %ﬁ(ﬁe%@béd n
cotnthi guoysl ﬁ?ﬂ{rmt dsﬁ_rir:"ayiiagmwmbégamlﬁngedeb w&teslaadliih@tii(e_byAInmIa?
methods in the art. The |ayer _can optjonal]ly rinsed at a
rinsing st apamw'iqezc.i'sp%'omlav‘ara‘rl%ﬁ ,depﬂ%%da@bﬁ'el e 168 dteatflew
drying stat h%inﬁﬁ@déﬂcé%?ﬂ‘b% M apPROBhtinas VR HAHE metd0-

Optional ly, the t wor ayer 180 c be treated at "a post- treatnment
st at i on 1084 nafawirexdispémsiorsan frecaibstretat femexsmpicha stemalor melieshiavieg

W th argon or oxyge | asma can, inprove the tra arency a t he .20
conduct i Vi tWC@PS%/%@P%Bf _?W"&%Pgﬁ%ﬁ.caﬂbeﬁeﬂ | &SP r@%&r‘?ﬁpge Ar
or N2 pl asggnifrdubl difsdd REb 8 WiethmaholRes RisPEPHeh BY kheWh nisthds inltRe
followng operating paranmeters: 300W 90sec (or 45sec), Ar or N2 gas

flow 12 scéfh ~ pressure -300mTorr. Qher known surface treatments,

e L T e i oy o e

As a paris offhefeaftenshe layeatt 68 i drigchat angitymgr Kaliary €76 tadorer metal  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 N2
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 sccm,
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 treatment.

As a part of the post-treatment, the network layer can further be
pressure freated. More specifically, the network layer 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 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 g@fdntsgdcsly, Bieeasplicatioreof fresapelto adnétel marmwiie
both surfaces of a 5 conducting sheet transparent conductor

. % .
fabricated netwotfahrisatas iniechorianse With a metlof dssaripry Berein,gan Beresee
one or noregrollers.(.e. G. Male ol bars), one or both of which
may, but ne&? ?Rﬂd,r“CH‘élﬁ'e&éh‘?§ﬁ'é,‘{’%q@b§@% on larger than a width
di mensi on of the condmwidriigilaepasssuld may derapipted td dree or bothsadacesef a
network | ayer may be placed on a rigid surf%c§ and the sinng'e r%blgr

8 BLIFHEC

rol | ed adr osenduniingshestiianepatentcapduiger fRECABH N BEIHANCH Y

known net ho | re, | l.%pcrﬂ]' rHi

rollers ar egggcﬁﬁ%edﬂhegéﬁms%kéfﬁ)ayer Hpra&% rggé}rsg?%éﬁ hllé?\r/\cglehérsg'\é@et%
rollers as sbover witichivgiy butlise®d hat, bave 2 tangth diernsidiviargestharoa wiitboo
si may be applied to the transpare conductor. b ne Qor 1

ol lers. |t Arbenaianotpeoagnelna et 1 8snosclgostsedofs isefohdaer o
800 psi or BOpRAEd Bia Y sUBacPRhd B sifGIE I bbiled Riresstheexpssed

applied to a rangpar ent conductor prior to the application of any
mat ri x Mk esudhce diNhp'coadudtirigiaper using knewmeptinssyile pressuwe iHaPRHsHe

rollers are ,used .to pl ressure tp the ¢ t] N r

pi nch rol | ei%ﬁ?rré’"ﬁfelfﬁ%yqyﬁ?e?r&%& %Q%‘goﬁ]%ﬁéﬁ@tg@gg&b | %,eﬁ)f or

exanmpl e, 3Mpesihidhials KEASIn M Fighayrisati on Techni ques for Converters

of Lam nating Adhesives," March, 2004, which is hereby incqrpaqrated
the ARl R T

by reference in its ehtoneepbogdimemsTeadeinilRdPoHAMm Ry
Phor cof i ¢ HaPSBafor Btldby G it BNErs. IR ERO s RRrE IR RO L
as di scussed0ahove00 psi 20810 8O0 ¢ener 300 fo G0N0 pai mayie appliedvifyaterahly,
an 167 mmy DSSOR? ierRPade adrusBarrhee st g or R fecttipRin gy a0
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
“Lamination 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 traveiing
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
of from about 1000 psfigtie HBBIistar8BM inkge ofi pugtion eitaametamnsmel

roll er. Conduc (&J ve network 810Q includes a Iur%PEL)( nanow r e
crossi ng pom afiyie Refyéork BdQ sAftep apilication afifpam @0Ripei 19 @bouis260
shown, at
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anywher e ﬁ)hm 100G, to 160Q f.or any, b[g 10 seconds to 2
m nut es. Th% AR s oY 85 %Sa eaﬁ°§' ”?Hé/ Lhienanoyre

t enper at ur egoftualies nefik 250C 15 and can be as high as 400C,

depending on the type of substrate. For exanple, glass substrate can
be heat 1 Breat ed at a tenpraligetionot kaajenaalapbausedgbthis poinbaea post-

owever . POBLieh! FEAkan nd ARGIard ATRRHALY ShdeButo ol AbE o 12
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ni trogen or B(Bf’mtﬂﬂﬂ)"@a'sr uR o Toenihearid mgre piefdrablyds expsbealth aplyivhere

on-line or xample, in an off-line treatnent, the
transparent n@c&d? 1%9?10%@' npyé{'i'@ée Hﬁmaﬁ‘boé‘ﬁé@tseﬁ? Sr‘?f@?d@‘wt%%tﬂ%ﬁ a
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transparent conductor in suc r ov uctrvity o
a transpar eand cambdaasdiglf abADeHE, mp&Bdldgmrtheéwerm‘rselbatraﬂéocht?.S
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a tenper at u3s0°gf to 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
hitrogen or a noble gas.

20 The heating can be carried out either on-line or off-line. For
example, in an off-line treatment, the transparent conductor can be placed in a
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 transparent 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
Q/0 after the post-treatment.

30 In another example, a 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 S2/0 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
transparent conductor dropped from about 19 k4/D to about 400 0/O0.

It is also epmel bR t.tﬁmgbartehﬁcdmeﬁ%f OdQ‘FB?ﬁ'éﬁlE:GHMI,EPl% ém&@g% -

using nethods other than a sheet oven. r exanple, an infrared
coul d be us&dd. Hds alsprmonsigerachthit the teansparent corduvkeritoay be heeted using

et ar nanou TG P aRe it R PSR kA el ey befoe

nanow r e neawelthedan ri-irecsr dﬂ-mﬁjﬁéﬂfodffb%'éﬁv\m&%r%bﬁréh%ému&oﬂ Rpuced

through el ectrical contacts to the nanowire network. Additionally, a
post - t r e&t nEWrents amaplse bedisedite haatihe metalnanondiesnetwerk HRF currents

the 50 tr anEaihated Al il S8Howhe nBRIS Y cRher bibaRBI FfioRaTES Br
rollers as dasents lireticet dneugh eletitiioat tatac3b heapowireasdtwolthe rol lers

may be heated. The pressure applied by the rollers is preferably
from 10 to 500 psi ar@%‘?'@”ﬁirggeﬁ‘tﬁﬁﬁt Abiet applies begphealjand pressure
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ot opr 1 at e B ot ShliarRal b nEah Dtk s By bEdissled ohd presstee:
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with pressure can be done either before or af osition a
curing of % 20Gper Preferakindhe rollass sraxkeated to bemeepaibout 70 andr

post -treat o i Losre ~onductivity

b5 L r ans G S Rio BrordiBbi B bRt Sk A0b I PRE e GORHEEL | ve

net wor k19f appiicaticraf isedt i oombisiation ithpresiups cas inthe0b G5 corRIcalify 60
' a silver nanow re conductive

a netal reducing agent. In particular, .
net wor k carf 58”%‘?%?8#%1%0% WPBEEe Which oy beused &xapply batfent such
as sodi um beyRoHte PPessure 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 fransparent 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-tine or off-line.

30 As noted above, such a treatment 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 1@r,1 % uBedwcing agants odwsdban sediumrhereliydridepasile uaedifsr this

tati 18 ' i trix materjial. 19 fined, herein.
The mat i x PoRLRSEMeR, fers BP0 o8 BelR ndids ofs hRHaBfuetha
i n Fi gur el %, saaliura rorfyegiddehoren nittodentsmptainde $uele as dirméthpt | ng
devi ce and t he %I ke.w@wggr of the nmatrix material 192 is thus
deposi t ed SHPRROMRBE )agad gageducing agrMYEviGh I8y hydrrgemeaas ().

raterial can be depostbsial. i RUBIEY4IRULR G Aol BB BLRR o7 e

| ayer. The layer 192 is then a ure at a curi tatron 200.
Wiere tHe miationx §Gamdichatieliversa pudtyixeaterid] 1601 asysiineoh heréia. [ThganattiQ?2

Cencecs cafebebigl SR el S et BRSO o Pt A
mat ri x nat eprdling 88WES,SEBr@hing device, 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
(thermally 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 patterni ng Fieepuning probessiiosay sseehductivedsperdidoddmprilinythe38
The curing process forms a conductive |ayer 204 conprising the ~ netal
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| ayer 192 and surface tension of the matrix formulation are

control MBd appropri atleiapothenembadimantni portiotof 13 metalinaeowses for ti on

of the net I Eti,on the netal nanow res
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conducti ve (sageaisdFgard 100asd oDy, aind akletahifg shghis Hodweedddl, Iy t he
t ake- up reel@_éﬂ. This flow process of fabrication is also referred
toas a '.% ?U'%-‘"ﬂ@@ﬂheé‘?mkn%mofﬁﬂaﬁ gl maiegablayer 192 arshswrface t he
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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 ftrailing edges.
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nunber of additional coating stations as needed. For exanpl e,
coatings of the 25 performance-enhancing |ayers (anti-reflective,
adhesi ve, barrier, anti-glare, protective |ayers or filns) 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 Iow cost. In particular, due to the
continuous flow of t cOoadrhingtién ocess, the coated | ayers do not have

30 trailing edges. 3 (c_g Lamnation Despite its versatil,it tt'EF
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a plurality. ot iRhebondiRisihictgh W GSe 6P8 fibgibRdeddedostrate. Whisr i X;
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Advant ageously.. the coati.ng. st f Wel : te
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substrate ifexibledbhdraubdistes trdtmidurtvd layerintiadimgd plhedigodf roetal t hen
be transferred to a substrate of choice, wh

. . , _.which can lgeri |, d,.0r
flexible, tenewirswhichhern be pHPRAdes Bha Piatide Seharating %F?ﬂ&‘&ﬁlﬂ%ﬁy&
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conducti®/e subgieatetaf chbizes Wavankpeously ctheicosting steps optacthgdlgsible donor
substrate" refers to a flexi
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substrate is fiexible. 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 fike. The fiexible 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 fike. The flexible donor substrate need not be optically
clear.
In certain embodiments, the flexible donor substrate 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
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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. I'n
certain enbodi nents, the flexible donor substrate can be pre- 30

coat ed W t h whidieh eaRdudtRrasyaidafbelformdeby aabiddatied. The réalessiialéy e
| ayer. "Release layer' refers to a thin |layer adhered to the donor
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mat eri al havi R{g_l | ow surface energy, Including but not limted to:
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250 coated gn the rel ease | r 244. 10 The |am nated structure 230
can be fabrﬁeﬂ%GodqW?rtSHésg%Iﬁ?%nﬁMQPoﬁ "%@?é@sf%@%%mam i"51¢28% t h
- Figure 15A, 1d4efbgat he flexible donor substrate. Prior to the netal

nanow re deposition, the release |layer 244 is deposited or coated on
the flexilhl e donor subke faisateTatructiunel @80 icae bedglenicatEdin thasatre f or med

by netal na LI Lti.on fol l.owed, by matrlx depositiy on s 15
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to a substr stisstraaé, Phor ﬁﬁthe'ﬂ‘ietﬁaﬁéﬂd!‘/ﬂﬂeadepo%itrohﬁfhé RIERSE NAe? 248 19 |
glass), which is typically not adaptable to the reel-to-reel coating

process, cafepesitesirieoptad on the faxible denerrutostrate. alhe condsictivelaren 260
Fi 16B, e " :
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conduct ibe HeseribeBI®reio. t he substrate 260. In certain enbodi nents,

;gg qugt(:) leygg[llegi gﬁt [ lijlgéa bghduc:%\lg Iayle:;}J is tﬁ(e)rlw YJ%%%I? Ergggfeprgg \’fcla ges%bstrate
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 16B, the laminated structure 230 is

20 transferred to a subsirate 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 donor

~ 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 donorTisalksiinated stdbturé BEO ceh badabricaiews by d4eslind-redle 30
conductive | ayer 250, an overcoat 274 and an %éjhes,i ve | ayer 278. The
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Figure 17C, the flexible donor substrate 240 is renoved by detaching
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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 giass substrate.

in certain 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 heaied.

30 In other embodiments, a patierned 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

conductive kit niiterid)é of diisdsiviee For BRainp, begitienfeddaminating $blidttcancan
be generated, for exanple, by a nichrone wre heater positioned
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along a pre-cut contolur. 10 Patterning As noted above, a patterned
conductive layer can be fornmed by selectively curing a prepol yner
coati ng ,®ccgrﬂi ng to a pattern. The curing process can be carried
out phot Iytiabg dor thermally. Figure 18 illustrates an enbodi nent

i n which a conductiveal apRid dfovehgbatiometivonadetiviiagerspadie forned by 15
the netal nanow re network Iaéer 114 is deposited on the_substrate 14

accor di ng t 8elgctivaly euringa ore elesating @scerdingrtp aupatiern.3 Ahe seing | ¢

houl d b t hat- :
Shoul o be WS LR ied 0 G of kPRl TR ALSan
coat i ng 300eirdhodiperdtih @hicma thedundivedayer is2thdterpattemed meiale sEavifivallys

114. An irradiatiqn source 310 provi the phqto
15 t emeia nanow:rre he orkﬁ)ayer 1?2?3 depos'?teg onr{he 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 irradiation source 310 provides the photon
energy for curing the prepolymer coating. A mask 314 is positioned between
the prepolymer coating 300 and the irradiation source 310. Upon exposure,
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. 1n 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
(Le., regions 320); the prepolynmer 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.
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triacrylate, 15 pentaerythritaol triacrylate or tetraacrylate, vinyl

acryl ate, dh@KWﬁWMYC@WFWPiSPB%ﬁé‘PQ,4=ﬂ:rkﬁ$(?yl pht hal at e,
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POl yest er S AL B8 i 2O Bl o R Ui B St anes
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 ahsorbs 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, phenyl ketones, onium saits, and phosphine oxides,
see, 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. 67, 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 suitabl ejpfbpisi Cibh Igaen/e ™ 764 UdRypidlly, wittetheadse ofithé bRetdtiRitiate] e
esters, phenyl ketones, oniumsalts, and phosphine oxi des, see, e.g.
U.S. Patent thoprepelyomss oaling can suresuighin STaingtesomose praterabimviéiin G0,
Bel l us, ™ Ph%%gﬁ)clsyrrers as a powerful tool in nodern technol ogy", Pure
& Appl. 30 , Vol. 67, No. 1, pp. 25-31, 1995; J. Crivello in

Advances in Polynmer [posthecembydiments) thermal-bat@nirPéh) be tarrisd out using
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seconds. Inr%q{éligsr we%ﬂi(%ri')?mﬁ%?és}?gl f"ﬁ'gF %‘ng@?? g‘rgr%?{nagl{ g%kgé%é%ﬁﬁﬂgglyblﬂt
usi ng 5 anaimask-ess mgptdeshniaisendisdct-(aite tgchaologp ean ieaiseddé diresthyi ch

heat sour co Wil BriERs e e the PR Sser ol st | e ourSbiE
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pattern on the prepol ymer coating layer. Thermally-curable matrix
mat er i al'® amatenawantbe amepew, Blresiniandtehgol-giel corppesitemaaiarial. t he

matorial. Both the pratbparreRRbAteisbilcef e fudfia BaleEHE PRt
method ar e af@omAbatibIe whnithe tieeHd-RRIgrocdsealdschibes above] eEaraxaatple, a

above. For exanple, a photo-patterning station 198 can be af)art of
the web coaPhal§- BiAD Biadiong198 eaphmaiPartmt i websgating, gystem 146, as

phot o- pat t e.RLHE ; i 9 ) i : Y
o al  ow 1 o CORIT HEbLe e, dLEHRoEp R Elon oo luB iRglurtd
coat i ng.18 nnombeeobwdysremaljovator cbatimudus dxpgsure ar@l/Gurimgradtiae pregolymer

cylinder 330 js part of the photo-patterning station 198 (the web
coating sysCeMNe is not shown). The substrate 14, coated with a

prepol yner coating 30 oicSemBY&ithent, as shown in Figure 19A, a rotating cylinder

330 is part of the photo-patterning 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
patterned, 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 19B, 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 preveatihdg80anyetifradiatibs Bbureers0ehpugh bhenings G60s @pticabliy &
the noving substrate. In a related configuration, as shown in Figure
19B, a patt @uardglit 398 candwousatlii ng a patterned or perforated exterior

352 can be used. The

one of which is conneg@dé?bl}’hegfagﬁﬁmé@?ﬂfgﬁrﬁﬁdvﬁ P}%}dﬂo&ﬁ@#rﬁ
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400 for formng a patterned con uctlve r on a substrate.
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the prepol ynpgp a%br n%é@@bstﬁatéuaeﬁo@t;oﬁ@hetﬁgIctaﬁede@tmam warel be
further treated at a washing station 370 to renove anéi uncur

pr epol yrt} . 1Metel Banyrirestregipns JTdwmouapta a refgtinditasky reller 384 §Befe¢t‘d
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nanow res, the substrate is coated with conductive éégl ons 380 anong
non- conduct ioPadHelyEJREINS S0 ERRoNG APRFRNAUHIVR Frdions 888 as descri bed

herein can be used as{l‘ﬂé?ra% QFern?PS’ﬁddc 1§ aWdd8crisdd RdnginCdarisy Ls&Pas

i ncl udi ng any devi ce ren es use of transparent
conduct ot sledircalesiehavide xadetyfaf Idemcefxm’rmheg aoy devigktthal airgolly ces

e BRSPS 5 S50 B o BN o
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 (LCD) 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 piurality of first transparent
conductor strips 520 are positioned between the bottom glass 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 liquid 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 5Gfnspdrent botdumbtorgtriss 540bdéntingeat alight Angledrarh ithe/first i r st
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] P a oot rarapatERt capickorratriay S2 EhiseionKdiAnePamnt SaFlor ships SAD
t ranspar ent Ids ' [
p 48 ‘ﬁﬂ’ﬂ‘r‘ér%ate%g ‘%‘2} éé%sébi@d@?i@fﬁ%%&l&é& H‘\%T?:eb Hlfﬁsggtﬁ)an 4 a

Spacers 530 are pro en t al i gnnment ayer
second al i grgiesst subsirete HdPand heoldrizgnbiht Ativgrdage amsiy e tiamspaBant

[ id tals 536 . | | it f t .
conduct ord * SPPRpGoEstRs S20 AREtA P prdanie S end RS rBA R ARA T Eiling
532, the seqppebssihid SRS Blase RUBLIEHE! arfd ihlelf%a‘}igﬁﬂ'fén?[dyémréé}ﬁcﬂgelﬂ

right angle fromthe first transparent conductor strips 520. T
second tr andyrdikerie comnnbvoallysemployed netal axigerstrphdiOgo eedtiti t h a

passi vati on . 544 | or matri 48, a top glass substrate
550 and a p(ﬂe@ég@@goégg‘f.?'%&d?@g?%sfgcﬁﬂg?% Fhe transparent 5 conductor
strips 520 and 540 cam &¢urirrtegibiriimentdtteriedissharant dohdluctod describéd ng
process onto the bottom gl ass substrate, and the alignnment_ |ayer,

r espect i W| yereipdpingparhef 2 énicdricreainl A Joushsicesgsds @t aterastivadidtr i ps
I TO, no c : I L ' LK In a

{ur Cher "onb s 1ok RESPEA bh&adEleShRE BiboB P SARRERIONS: (SR ia |

forns part dfistaictionsby smrching. thé screenh Berteach ssrean is opteraily tleae to alfowt

device integrated onto an el ectronic display, which allows a user to
i nput inst%‘HEW%E”W@BWPHHH%%SM%W The touch screen is

optically clear to al gyre bb3RbwaREnEMBERIY S thliaNSMebndaREEE0 Fi gur e
22 shows schematically™a touch screen device 560 15 according to one

enbodi nett . arherdirgloomesgobodivlentie3he devies 560 inplisdser @ fitst traasrarentor
o TP L e 55 oo SR A SR
conductive conductive layer 572, the first conductive layer 572 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 transparent
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 electrostatic field. A
controller (not shown) senses the change and resolves the actual touch
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
faci ng t he abputcRHR@RARATe mane peaferablis about 10356019 n Opticallyy the firplbaret s

596. 25 Wien a user touches the second.transparent ,condu 58 t he
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They al §§ aflexblerand duspbleciupeiraiessipl epaiasiic Mm@l udi ng 15 flexible
and durable substrat %@%ggﬁs@%@&%hﬁmﬁ 's!rﬁ‘&ureggg]e‘irfeﬂ@étﬁéél%% optical

conduct or structures, rical and optl
properties, and the methods of fabrication are iilustrated 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 selution processing”,
Nanoletters, (2002), 2(2) 165-168. A modified polyol method, described in U.S.
Provisional Application No. 60/815,627 in the name of Cambrios Technologies
Corporation, produces more 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(viny) pyrrolidone) 25 (PVP) follow ng the "polyol"
nmet 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 Appli Eatweuge 2No. 60/ 815, 627 in the nane
of Canbrios Technol ogi es Corporation, produces nore uniformsilver

nanowi res at higher vyi el daegdramol@sA FRANSAREANCORDUCTGR " pol yol *
nmet hod. This application is incorporated by reference hereininits

entirety. 48 EXAMPLE APW%%@%VT%ﬁfWa@QN iAR5 AN

Aut of | ex EBGS pol yet hy ate (PET) film5 m t hi ck was
used as & siisk waseisedlas sPEbsiralst Tiae BETsubatraletis ealoplicallyedgar

insulator. The Ii tr. m ssi.on and, haze ral L e
shown i n Tapieter! T EOU BRI AEfe e R AR Bl
Vas measur edtghléSt NAIntdie spetiied otigwisentrdSipt PaRsiBission vasueedsured

di spersion of silver nanowires was first prepared. 10 The silver

nanow res wusingdbemetiodelrgnire®BMI 1A%t h and around 8min 1ength.
Ihe goncentrat o of niehte eRRRLH S My AR popac ¥
(measur e orTha silvet eadvaresesrectBUEPeRNIta S0 ivRvigthatnel areankk Bjun ifthe
di spersion was then coated on the PET substrat | | owi n § _
nanowi res t dengdl FBRCOpRRIYrativg of thadiiyef ﬂﬁﬂ@”‘r%&QM?@?ﬁ%og@gr/éWN
o o o ¥ P pe AR fonlAES ARy Efpolto eI 00
the |ike. | tMdlscilar Dheces Sgectsa blzot MA atate reader)s chs digpergignstrsathen
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. ltis 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 resuits 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 eleciron microscope.
The matrix material was prepared by mixing polyurethane (PU)
{Minwax Fast-Drying Polyurethane) in mathyl ethy! ketone (MEK) to form a 1:4
30 (viv) 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 formed on the PET
substrate. (AgNW PETR The light transm ssion and haze were neasured
usi ng a BYK tanewies filrmseingastingl Gther kmh‘yns‘mthaatsamrthe iest, foriekpmplis
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el ectrical 10 properties were neas the resu s areos
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test. More LT Scot ch 00, adhesi ve tape was firmy
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conduct of® wPrePeriss gf e teansrarant ceraiuater were meamued pnd TheblesUlts ay way
of conpari sQRowd iRBLhlexqonly filmwas formed on a PET

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 Q/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 hi ghly coAdduotthersshomegndiable hdha transparent sansiustor basgd on
60 52/0. The 25 deposition of the bare si.lvyer, nanow film. t he
PET | ower ed SV 1arigigresip g??sPr?l¥'éﬁem?ngﬁ'ﬁ§tf‘ﬁ!\agﬁeﬁqmﬁéﬁﬁﬁt}c@m'%ver,

the bare sil | rgrﬁst%%}‘{“aé the Eér@sn@@rf AERbwireSiitdr PETOAR dlengdlyangheral | y

clear with a transm ssion of nore than 80% The optical and
el ectrical praapeiThiegssisfivitynaf thairansparerircondueiar remainedthesamens ks e

conpar abl r _superior to tal oxj.de,fl] . Q. T 30
PET subst adtees ST cBnoyfiedihy PRl el b uding of s e HhéBfarde
further showtgRthBIke silvertB@olviraTrnaTaa traaspatent esndueter dhanforaid wais
nanowi res in the polyurethane matri x had an al nost identjcal Ii

ht
transmi ssi oropdisaliheledmend siadhaeomparahleras SUPEHOGHINAES resiplivity tQ meidk | v
hi gher haze. . Tha resisti r nt conductor remai ned
the sane as %@m@i?@,ﬁlﬁ)é{%ﬁ%ﬂ%@fﬁ Ler S%@Pﬁ]ﬁelghdi cating that the
coating of the matrixnadditioathditabe test didinst altdr thé eesistivitg or thanliphitr e
film The transparent conductor thus forned q\‘/vzals sﬁlghl cally cl ?%irgh and
had a cohartesmsaizsion obibeitmnsparant cendusiersand Pply slighthpingieasgd fig.haze.
films (e.g., ITO forned on PET substkaggsq I n addition, the tape
test did not alter the resistivity or_the ?iqht 10 transm ssion_of

EI'QELE filn_srf)g;]ei n; L@C Oagnacriﬁuoi @ggjrié | an;é‘,:ig%ﬁ réns%lls'sigrh1 k)nzy IE n; §£§§l§°zd : tq Eﬁﬁiwﬁwm).
(s2Jo) PET 91.6 O.p# non-conductivegis PU PET 92. 3.1@. 88 nomneomidotvei ve

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

AgNW/PET 874 4,76 60

AgNW/PU/PET §7.2 5.74 60

After tape test 87.2 5.94 680
ExAMPLE 3

ACCELERATED H2S CORROSION TESTS

15 Sulfides, such as hydrogen sulfide (HzS), 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 fransparent conductor serves as a gas
permeation barrier. This prevents, to certain degree, the atmospheric H>S 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 HyS in the air is about 0.11-
0.33 parts per billion (ppb). At this level, corrosion is expected fo 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 el ectrical
properties of the nmetal 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 nospheric PES ai @htemed:pamtxboﬁtrrget ﬂ'husreﬁredxccehmted oS eoriasitthedsi was

the mat | t th b
furt hor bt araagd i hE AL ertne et o Hist MBI 05t on & i bi tor
in the matrix, as descFicepl obek@di ag%gmk&%ryﬁtdl@ﬁ :ﬁﬁhﬁiéﬁée prﬁfse%w;ﬂt

of H2S in the air is about O. arts per bil
this level, P@eHoBAGNA léz%mgart(wustmai Sklenhﬂcaé‘@sBEdg@‘v"dus ah‘iyctmgelmded

to 'p?Sv?Let L SEdE Bi%ale MLBRES b8 Tredre G0 e bl s TRbuREReageesePhs
were broken Hp$ dropi theesygryulkss eRibak 2D skowdh aFfidat réiéﬁse ﬁrdﬂ%%fffﬁé ‘Hfzs

(I'ndustrial Scientific, GasBadge Plus - Hydrogen 5 fide Singlé Gas

Nbni t or) was9Fhe¥R aReoH &f 4kousg After ﬁamlmairbuﬂqhuproéﬂws!as of thetizg, the

Hoo " gae ousablete dibpB ndicathuR fheiddt B i SR R berfebid ne
H2S in the bbag. Neeerthgissy, ﬁwellevel!s(m}ﬁﬂmiHﬁ pds miaked at M@ppht)en Gash d
di ffused,Qut_of .the p Neverthel ess, the levels of t
H2S gas E@ea%@a”!é?“'? ﬁ%ﬁﬁ’e 'ﬁ"?'lﬁ’g maspheda HeS 938+ passed t he Ievel
of the atnospheric H2@ ga% sﬂv@ﬁﬁﬁacﬁﬁ}é’@ﬁ-\ WpEWWﬁ%J;rbha?e%rhfgﬁ_

prepared according to Exanple m was
bag with fre¥anplecdokEe E&lggwyaple@ed i Eqaléstlbmagegﬂm'fremlydamm eggtyi:lll{s

two hours, i Iver had be | and bl ack
Ag2S was forﬂrrégdﬁ'ﬂf %é‘g%gh@ac&g% M@%é”qe??mg%{ﬁgt tEFS ¥ergadhgen
nanowi res i rtapidhad sicislack AgLs %sW@tFn@edWOIh dbh%@étVSQIoHBﬁéﬂge%flﬁ Glm<Lof
days, indicating that the pol yurethane matrix acted as "a barrier to

sl ow dowtP t rveraanawdresdn ui¢ibape Baj@s werpaoimbserved 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 SaBipigd 8-6weraprepared bydirstfernting amhgre gilves nanpwise

pol yur ot handiAd+ FETSstelinf Ge- soptiedl Thapafee BpBHBAKET v ng s
bare silver japgdfshfereflihédiboated] &Efﬁg%lﬂl@%béﬁ\ig?plb_b@ssesﬁﬁm Malx material.

Thereafter, various corrosion inhibitors were mcorgorat ed during
the coating processes Sainpltd wast preranestor gaating sdhihwly¥ssoltionekpar ed

b ti 0.l % ¢ A f ' TA) i :
ethyl keroneerelAeal e ity PURFRAGHE IER) Bp it ftre hucttiotitnire
solvent to dy aﬂd\rﬁh%@lﬁ@*séiﬂénttbﬁw sivercoling dalldweg! by eoatimgrthe matrix
material of pol yurethane (PU) | : Sanpl e 4 was prepared by

n MEK (1:4).
first incor poatetinhef polsyelenePUHINMEStRididi azole in a matrix
material PU MEK (1:4) qf e, th ; RS ferial on
the bare silver nanovmsraéﬁ#l%ﬁm ﬁ%?@&%ﬁ@r@g é&gg&gy %’?’? di ppi ng
a bare sil vefithianiadiazelef inlamairir reateddl RUMEIO{1:4), Tollowszdddy coating the

di t hi ot hi adi azol e in MEK, allow pg the solyent to dry after dipping,
fol I owedlby re@tawn@femﬁwﬂ@erlﬁr@ﬁ&\%wapwaﬁ\" MEK (1:4) having

1. 5v/v% of di thi ot hi a@eﬁﬁ% ‘r?)bvi(éépr%%d%ﬁﬁr’é?&pﬁih@%@é siVerfridndiwire film

i ncorporating 1.5v/v% of ac ein Ina'mtrix material PU MK (1;4),
fol | owed by i aatdlutiprt ¢fel. Brelv i of dithicéhiadinzela imMBkaadowinobe salxastiordy

measur ed berieE dnriolsves by easana e el tpld B ERMERY R del R
in 20 Exanp] gy/R% didithi®RiddiaSorl € shown in Figures 24A, 24B and 24C.
15 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 H2S 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 H.S treatment, all of the samples have experienced decreases in
their light transmissions due to different degrees of silver tarnish,
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 hi gher than 80% . Followi ng 24 hours of the H2S

treat nent, ainhibior diteiothiadiazsle was effestiverin pnotedtintetheatisesndivwite8 gidm

| i ght transm,ssi ue to different degrees of silver tarnish. As
expect ed, Sgh%q%é%gﬁﬂgﬁit he nost reduction in light transm ssion.

Sanpl es 3 and 6 did ”CFti?m%rzftﬁB’ ShA therediBRAcE Ergeﬁ%ﬁéﬁtgglf égp‘@ﬁesl 1:6

sanple (Sample 2). Sa es 4 and 5, however, ess reduc

li ght transnPeferaihedtafplieaimeant ant @4 maurs aftesiihg HeStieatmentn dior aurmgetdie
Che’ 51 va? PN Mo b et B4 AT ik Soim S s
resi stance niashowneillutEangaswm @@Jeﬂie@cedbdﬁﬁfa%c;iﬁlﬁgﬁge% ih I Fé%iéttarﬂdeég

24 hours after the H2S treatnent. For purpose o conpari son, t

decrease of gHtefeddively hecanmeoron-eendustives iathpeghihecongeh phibe. degeadstionn,
all but Sa L ene ] C In their resistapces
2nd of feot v o SRR W SR RS PR oo SmEle
degr adat i on hadhondy acmocum|i%meaefmintiﬁseasaimac§.i itné hoearthadthe ahpa&s of PILS
some sanples. Sanple, 4 had onlly a nodest increase in its resistance.
It is ngﬂ!}d %é?%ke“ PH?B%@F@D?%ﬁ d&f?ﬂﬁd@ﬂ@md%w deapitetatooth|Samples
differed comngg | 0 ; ;

corrosion i mdgﬁté %?h%d??ﬁq%ﬁiﬁgmggag{omﬁlg%’llgﬁp]ﬂggnm%ttﬁ%ﬂ@e
coating proceedeg praogsads pey affeet thisfaffetiiveriess of afgiviergptorsictoinhibiRbEN

I nhi bitor. Figure 24C-sho he haze nmeasurenents of Sanples 1-6
before the H2S treat ﬁ@wg%ﬁ‘c? %@"‘féﬁ%‘aéﬁ’ Msasprpnepts of Salpiasnt-6 befpre
purpose of lhe thSpesatinent and 24 abaRe el thd ASS HagediRr F%?Enwﬁmlfe i s
al so graphed. Al _the sanples showed increases in thei aze

measur entht SOMREFIROR HBe shavge inthedtaze Sarprcbsampleds 8iso ghaphesz Alkihe
oo oo 59968 HERaReh 0ok Sk Lisy BT AR S il 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 HzS. 1t is therefore expected that transparent
25 conductors prepared similarly as Sample 4 would fare even better in the
presence of the atmospheric HzS.

EXAMPLE 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 wi thstanding the corrosive H2S gas. By incorporating the corrosion
inhibitor (dithiothiadiazole) in the matrix, the transparent
conductor showed clear advantage over Sanple 2 in which no corrosion
inhibitor was present. It is noted that the H2S I evels in these
accelerated tests were far greater than the atnospheric H2S. It is
therefore expected that transparent 25 conductors prepared simlarly
as Sanple 4 would far ép@eﬁinalb,etsilmr namoives op arcsied F&naf tol $0hm in width

NETVORK LAvERE s B s Tength overa GepopTas] et AULOTK R PR e bstite.
appl yi ng pr epfdisGhst@tewas Web W A ?gagﬂ%gﬁa@ﬁpl Catﬁﬁ g&%&!@&ﬁ P%ﬁ?éer

(or "network layer") on a substrate
nanow r es ofnanoyliies. 72onebwmork B@anwasfmnﬁdmccamga’rodhednahbd debeigidhin

d t t of l. PET Th bst r at
{Feat ed v t 50 25 e B oA e erli o D distuaris meor w1 oo
A network | qareésu/lnmrebt?ﬁ@fﬁd THECTHAK Pétedi th Téﬁe@ké\%‘be‘f‘ﬁé&ﬁs i Iq)‘é' sfhgle

Exanpl e 2. matrix material was applied to the networ
the pr essurséa'ﬂ‘eéﬁﬁﬁ%fouem@ amigid bench-tnpestiriace T dbkeirea vhthe retwoikddyer

out using aj Ql | a,rigid bench-top

surf ace. Theis(-:lzgl?%j ﬁa?‘?'loﬂ‘leglrtfgtﬁ al?%%g?é?”d?@@h?é%4\}k%‘g’eﬁr'8'ﬁﬁs to 4
inches wide and from3 to 4 inches long. 10 TABLE 2 Trial | Trial 2
Process (92/square) R (nlsquare) Transm ssion (% Haze (%

(ori gi naﬁ} 16000 400000 88.2 3.34 1 FFOBILEI@340 _psi 297 690 87.3 3.67
1 roll @340 psT—T08~230 87 LTr +J Li_j ©-3460 pal +3—3127+86+6—4. 19
1 roll @340 psi 61 92 87.1 4. lﬁ 1 roII ?5340 psi 53 86 86.6 4 44

Ar plasma 38 6FPr@8S0 4. 19 M (Qfquare) anyR (@fsplarg)at iMansraifsiqor(s s tiaes (4 he

network | ayers (hghah he 16000 400000 88.2 3.34
1 roll @ 340 psi 207 690 87.3 3.67
1 roll @ 340 psi 108 230 87.2 4.13
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 86 86.6 4.44
Ar plasma 38 62 88.0 4.19

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 roll

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 to 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 tri #sshownuabove inTablea,iapplicationrafpsesssisd tora aatvailaze
for the second trial js as |jst i.n the fourth nd fifth col ums,
Fespect i vel yaVRROLAGHIT AR redibedte BB RS TRRN PGS I GOEITIFESF BF
the network A&sé%&&hcﬁmm TddI@B DS, I GESARG Brotess RillowsR iherpréésure
pressure to a surface thereof. 55 As shown above in Table 2,

appl i cat i on todatpreat sam @urther imprevedinkiransipiasiop gnd redlidecthed@ie céihirc e
the |ight trar@mks%i on of the layer and increase the haze. As shown
in Table 3 JEWUK @Rashi ng process fol l owing the pressure treatment
can further inprove the transm ssion gpg ggduce the haze of the 5
network |ayer. TABLE 3 Process Resistance (SWao) Transmi ssion (%
Haze (% (original) 7@0cc800 86. Redstante ((A0Y olffassn@@BAQ%psiHaz@GL)85. 6
5.24 soap & water was(gﬂgﬁ%l)tjb. 0 47920/ PT aSa 2ge $5.9 4. 8Bl 74s shown
in Table 3, application’of 'pressure to a network | ayer by %&n ce
rolling with a singP&8@34IPss steelbar at appPd&i mat el y¥3%0 psi on
arigid 10 surfaceosetiwsedyvdshe |i ghtd4t ransni ssi 80 and i ncA@ased t he
haze of the network | o Vshing the network payer wthygpap and
wat er after the r%uﬁéﬁﬁ%w%ﬁm
decreased the haze. An argon plasna treatnment further inproved the

transm ssion and haze. AdMisdimia Tdite Beapplicktion diprasayre dned nedwvenk layer by
without rolling is also 15 effective at inproving the conductivit

to sone ext emice riindowitng single slainiess deelbarat APRIGXiMalgly MéQRsT og a rigid

matri X maherddtace 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. Anargon
plasma treatment further improved the transmission and haze.
Washing the network with soap and water without rolling is also
15 effective at improving the conductivity to some extent.
Following the pressure or washing treatments, a matrix materiai
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 layer”) 800 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 mixiure 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 forned on a glass substrate 604
according to the nethod described in Exanple 2. Two hol ders 610 were

pl aced on t ppohiasRolaERB TR Fhédfrhsk 8208fdsneglass slideshdilng & ownier of x
formation. A 25 photo-curable matrix material 618 _c?rrprl sin

nixture of gadiepARdeohaboUt S0t avIdR.c e mathemalsie WaS dhesBieciateti n

ek 620 valnaort Dy AR BESC stk Ph; Sl el i n 1
about 500m véglens &hasoswatio lighiaicersnaainedhliquid prthe regidns thed ware deskead

Dymax 5000 Iangefor 90 seconds. The matrix material cured in the
regi ons &pbyde tarklingdt and remained liquid in the regions that were

masked 5 by the darkgpli WS i L SERIPER0 was B tdineaftdr! M
630 was obtai ned afte}rag sﬁﬁ@"b‘ﬁg{@%g??’e‘?br@h'gw eécri bed abggééﬁ. T?le

| i ght er regitlmnph@d4atiersing deswivedtabovel Therdighicaregions B weee expased to
regi ons 638 re masked fromthe li exposure, nductive fi 640
was further Lﬁﬁﬁjaé’éﬂt@ﬂ ac"Ei t[iﬁ dg%@gfqrggsgp\ggr rm%sqiege’%&n g%? {Tgﬁ{ xkbé"%
renove the LEHVEPHIRT 640 was it sUBjReNdIte anidihesivetask begtauky roltb
As shown, the contrast between the uncured regions 644 and the cured

r egi ons 10644emase theomatrixcegterisbandthienpnondreadmursuied regians B4kt Aent |

th trati f th ' . I
Lhreanol d i SAPHD. thekanizgs: RARRENSRRuILAER TR EM LiEuReCaBIRAIBR:
fine probe tgapsyseoRguhdirl Rdmewidy thecidhedive egpeoinsatiivbht vihe eoncentration

non- conductive. Figures 26A-F show a phot o- patterBe@ _c?nduct I ve | ayer
at higher @hiie nanawiresriropped belewiba persiationiaresbald e i Wngyreth 640

el (R APl Rl LM TS bt uc
regi on 6¢8 apperdsegions 84dgidremonhaomdl6tivehe uncured regi on 644. At
higher magni fication H?;Iu éjsr ng-%Gs o%\Pg pﬁgglpeﬁ%)ﬁ)léd é:énductive layer at higher
magnifications. Figure 26A shows the conductive fiim 640 immediately after
photo-curing (5x). Figure 26B shows the conductive film 640 after the adhesive
tape treatment (5x), in which the cured region 848 appears much lighter than
20 the uncured region 644, At 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 eparsgidregionddelor ilbdue ahmred segionspzl; ebst of the unauser aeirbn

th h b k. Fi 27A sh d ' .
(conduct 1 veMAlgha) ARy the Sfvaliergniey Baa pegh oV BiiCe i HEhingn o
wWth et ha”Obhgﬂﬂ?ﬁfééiﬁgﬁttﬁ@re?é@?ﬂrmc%é%nﬁdhéﬂvé%g%he andtnohwhaastived

magni fi cation rast o nanowi re concentration in the
uncur ed r egregisn d2cordingdarcepietieterminedipatiette 57 cured regions 710. In
t he uncured regi ons 720, nost of theE#,ﬂ@%LrEt matrix material and the
silver nanowires had been renoved by hanol washi ng.

Phot o- patterning therefore produce cond‘li:ctive regi ons and

non- conductive region accor |'T‘%TOL'QU5A%F FERLAREY pattern. 5
EXAMPLE 7 PHOTO CURABLE FORMULATI ONS The matrix maferial descrj % d
in Exanpl e 6 can be féhainaiiematgrial desginedig Eéﬁ"‘&@%lcﬁf‘ efaf {[e ?’Jr
pr epol yner, | l L ‘I;Mgrt' mer
(or prepol yﬁéﬁ}bﬂﬁﬁ% Qg% cﬁgéatgtrﬂ%)%%rﬁ%ﬁr?gk Ellter?iog I at b??a%%nﬁﬁy%@'ﬁ‘ g@[ygp
nononer s or fipictipnhlaeyistecmonbmen Grdremalypher aindEdisastong iphoteslitiatabr e

ifically, 2-ethylh I | at 2- ph t hyl | at I
2eryl at 0 | RoYIEEYgleRomSROTHEP TS 36 o e g Ee soray eyl o
ToNONEN ( OF mdd6 BRI ?ﬁﬁ{lh@ﬂgﬁgﬂé@, RpREVGGetie abyl@tiaag! sdryiate,

crosslinki ng polymner es _include trinmethylol propane
triacryl at e nigivadmatest andrthe lisey Aay owdfi-fuastionnl geryatateonameidRenol - A

di | at e, | at 3 tri | i

di pont aor yt PRGN BB ER-bec e Dby s B BRRRG B 4 BSSipPbGolymer.
ket one basegehpbiki Ex@infples Mlude timethylcipepiné tiacepaterTRIPTA)C] ude:

Ci ba Irgacure 754, phenyl ketone such as Ciba |rgacure

a- hydr oxip kéﬁi}lfﬁéﬁl,engIQ}G&@W@F%@‘%&‘W&M@W@%MV?RP’WE’?%}]@ and the
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,
a-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, 15%-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 norgani ¢ maht ¢hne il A additidnaliptanqihiéatoosucthas Sibalngacuye © XEMThe b
pronoters include Sil quest Al174, CGE Silquest A1100 and the Ilike.
Ant i oxi dant M@ RIE8A.G ba | rgonox 1010ff, G ba Irgonox 245, |rgonox

1035 can be used. Mopgpveire f@ﬁld%%ég?%ﬁr‘gtﬁ?{ot&@uﬂa!aiéﬁoﬁh@faﬁoﬁ@éﬁiﬁ%léﬁ@d

to pronote the 30 effrciency o oinitiator. Exanples of

coi ni ti at or tleamatrixahatieiabnged ingbis examplesr ti ary ami ne acryl ates, such
as Sartoner CN373, CN 371, CN384, CN386 58 and the like. An

addi ti ond&l ;EF?HPB]?‘HWﬂat or such as Ciba Irgacure OXEO1 can be further

added. Below are four7?%ezrg{|-@mé hadrPateur abl e formul ations suitable
as the matrix material used’in this exanple: 5 Formulation 1 75%

2- et hyl hexyl acryl at e20%dvinetinvieipropase praspdale TMELKY| ate (TMPTA); 1
- % adhesi on pronoter (% %ﬁ%ﬂo S%ﬁoﬁ&f‘{lt‘?rla(»?%?éizc(ﬂe%}i’&ﬁ% nti oxi dant (G ba

I rgonox 101 O't) and rgacure 754)

Fornul ation 2 73. 9% 2pavhghhexaantdCibal iegomiox A0%0fy amet hyl ol pr opane
triacrylate (TMPTA); 1% adhesion pronoter (CE SilquestAl1100); 15
0. 05% aritd oxi dant (Ci $% Pb%}@lﬁﬂb@tqrdgmlfgﬁﬁ E9%)phot oi nitiator (G ba
| rgacure 75 - ation 3 73.1 %tripropylene glycol diacrylate
(TPCOA) FormbREGHY

73.9% 2-ethylhexyl acrylate,

20% trimethylolpropane triacrylate (TMPTA);
1% adhesion promoter (GE Silquest A1100);
15 0.05% antioxidant (Ciba Irgonox 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 acrylate;
20% frimethylolpropane triacrylate (TMPTA);
25 1% adhesion promoter (GE Silquest A1100});
0.1% antioxydant (Ciba Irgonox 1010ff) and
5% photoinitiator 1 (Ciba Irgacure 754)
5% coinitiator (Sartomer CN373)
1% photoinitiator I (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%
tri-met hyl ol propane triacrylate (TMPTA); 25 1 % adhesion pronoter (GE
Silquest Al 100); 0.1% antioxydant (Ci ba Irgonox 1010ff) and 5%
photoinitiator | (Ci ba Irgacure 754) 5% coinitiator (Sartoner CN373)
1% photoinitiator Il (G ba Irgacure OXEOl) 59.EXAMPLE 8 NANOW RE

DI SPERSI ON A nanowi re di spersion, or ink, was formul ated by conbining
about 5 0.08% wt. HPMC, about 0. 36%pMaympbtBver nanow res, about
0.005% wt. Zonyl (r) FSO 100 and about 99.555% wt. water. As an

initial step, an HPMC stock sol leimwﬁ@g,gpgﬁﬂgﬁed. An amount of
wat er equal to about 3/8 of the total desired volunme of nanow re

di ' I dA ,
on B hotplat e, Pnongh ‘HiaibiRAEperRRh, BERIab a8 Bl g eSSl
added to ¢ hel.08%ewt. eh@mm%mmwﬁr uﬂmresf Ebomooﬂgl‘ﬁ. Z?ﬁlﬁfh
' ti d ' t ... The remni nder o e
Votal amount S5 Read 45t B8 SBo%hRE ettt “asan iia) Simien RIGVCH oW at o
HPNVC sol ut i splaieh Wwad preperet A‘zﬁgﬁoﬁﬁj%f\%teggg%‘éll t@ngﬂJtrBISBtF?légJSh%:

solution was filtered through a 40nm 70m ( ut e/ nom nal
Bet apur e fi |9esired yolme ehranewineadisisreion was placetinmabedkenlsatideatddeot a

2 Oy of zony Riw8on B g ket 0y ARGRRES. BHSRE BPMcH Y BakR sk Wit o
until t b0 ZHBMCr9olitEm Wadatesd fothkYvalessal thethotpldiRenaS RERSRBN, FRBRUNT
of HPMC stog_h:ﬂ@g:! utjon to nmake about 0.08% w. HPMC solution in the

final ink c MoHalra Nigrerwas sHred éodispersethe HRMC. The remainder of
inﬁC terS] Z ary R itaCdmSlint WelteWad BifeBR e a1k tRER Kby 9 HHeaiSd Ut ON
HPMC solution and stirred at high RPM for about 20 min. The HPMC solution
was filtered through a 40um/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 Zonyl® 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 fo make about 0.36% Ag nanowire
solution in the final ink composition were added. Finally, the necessary amount
of the Zonyl® FSO-100 stock solution to make about 0.005% wt. Zonyl® FSO-
25 100 solution was added.
All of the above U.S. 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

Application 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 anount of the Zonyl (r) FSO 100 stock sol ution
to make 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. patent applicati oRfom Hey frdgbinat fAlkise apsretiatil Pat Athough specific
applications and non- patent publications referred to'in this

speci fi cat i oRMBeginaentsiof thajinventiandhaxghieepsiasorbahbereisHios purpgses of

i ncor por at ed; i : o Lr tirety. 6 [ he ..
foregoing it "@mg{rgﬁ%é%B%ﬁ%ﬁk@ﬂ@?'?%&??vgﬁrﬂ% g\ﬁltlg%.é(geﬂa@nggﬁﬁjb@e@mts
of the invenahdscope of thednveativar iNeeordligyig ithe EnioH RAfR imited except as
illustration, various nodifications my be made w thout deviating

fromthe 2pi py the aRReNIes AT 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 netal 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 murdackel dneislEanRA itk f O thhal: SRRl RON-
conductive. In one errbo%i"‘:Q ; o E a'El[rstpaspect ' ﬁ@u' rate of
the transpabwnte; @@medmhveclmr breﬂlmsgl‘rsaate Ithe condickiee lammhqdwem t he
substrate Iﬁ@any R B G ATSs. Ig%x%ﬁﬂ,x&ﬁt-:ﬁ,omﬂé Aed %éﬁea tlf&%é{éll' nyl
chloride, fluoropolyner, polyam de, yI m de, @f f one,

silicone, glaare syibhs sﬂvqs@wmm%ﬂlem&ek@@w@enp they usib@n@h@ach

pol yester, &H%@@@IﬁMEﬁaq@&&MkpﬁikﬁhhﬁmnQH&&H&%&Q&%&W&&Qﬁﬁﬁpﬁaky”Er or
pol ycar bonate or a copal | am nat e of ese

mat eri al s. q@?%%@@?h@*“ i pfheutd90-t he first aspect, the substrate
of the transparent conductor can be flexible. In another enbodi nent,

the substrate can oh@@xhl&ﬂéﬁndﬂ%%ﬁ& sk ﬂst@ot RO boL&HvE Mayer RAliNcYIdaY!
chl oride, fl uorog}g yrrer pol yam de yi m de, pol ysul f one,

si | i cone, apgiher pemiadiniat oty e@%’éﬁ%ﬁé cOBRHPR oFao He nwtiace

pol yester, coﬂﬁlbﬁ{w)él MY b SfurtiRE lephb &t lhe-rﬁuﬁpadarﬁaeoﬁﬁcxn}ee@arcqap%tyrrer or
pol ycar bonat e O;Fﬂgjﬁ copol ynmer .or blend qr | am nate of these

mat eri al s. BIEIPRUTERH B R materiplnen ipglude robpestiane, nobyagnlie
descri bed amcbﬁ@rmgata@mte C‘;ﬂl’}@ﬂﬁilbobolﬁzékfdr heslyciapEilsidg poletyfhe, TOr €

anti-refl ect ers anti e adhesi ve | ayer.s,
Dar 1 er s, RAPHGBOTpaer g BRBEE, PPl FiPr TR B UPHENE, ¢ he

transparentbutmgenﬁamm sa)pajmﬂt br dopblygetsi \b¢ bRydr tmajft ilpne@ over

t he conductl | a%/{ F Qe& ve | ayer p05| t| on bett en the
conduct i ve T% ’rf’[l ndi% Ff? F tﬁan fi 3 BOHEHC T laﬁ 2% he

t ranspar entenﬂbodmhem; edch nfgtalCOmpwirs er & Ipaﬁdmcoatthe()\phrralﬁﬂyeotmndalct ive

| ayer, a barrier osi tione en the ¢ tive and
o subet r Ao o eq RER LR BN RCR R0 b0 oA R ESpuf¥at e
a further eirboda semice dfitkee tnaanspmryemnotlmremboﬂmtentmye comudtive an
anti-refle ayer r i Y oS |oned
above the g%}nduc |§§ ag%%rh &CR %ﬁfarﬁjm r? &{S %%oté?tsl 6%‘863 %e{ Ween t he
conductive ttaayr@relan@nﬁhgos wbstbeatcer,ldlmnudeauncarsbcorxdefw@ams wé {hayer

bel ow t he %HHﬁ&J ¢ fie 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

embodi ment e 1806 leofifiner£O4 O Al AICRL ! AR Genudigfiauged 1n

one or nore reservolrs an can e rel ease I'n vapor ase
anot her entitaipasent, coms@coor g reomphisivict one ccanmom:laudeeﬂectwe

benzotri azqg)eers t Qhiy! tg[a]r:.azl%fﬁ Qﬂﬁé@h‘vebgﬁzeﬂ Bﬁl’rf%}so | Rard coahI Oﬂr

di t hi ot hi adi azdl e, al kyl hi ot i"azol es and al kyl't
ami nopyr i nirgptAgivesilgL I@ﬁ%?lﬁ?@fb@ﬁaﬁ HhediEansbarentymaycoroDIEsenAsY Bt o 1,3, 4

t hi adi azol genriveTBl/&APSR%E] BUL RE 1coﬁfumecﬁi?$r0la§@7aﬂxa%ﬁ& V' lager
mer capt obenzot hi azol e, or 2- nercaptobenzi m dazol e. %/et anot her

enbodi ment Pobitiened Setivea thncqndwsting layyr apdifhe S\B@trﬁ@ﬂlzemqtheaz@ qgliment,

di t hi ot hi adheagRRr@f caabibydr n@uytcbmﬁﬁéala%&@émt @9er d[@eonfaﬁ)&fves}ayeﬁ a
i nhi bitor can, al'so be an H2S scavenger. further enbodi mént, the

corrosi on CPRN W?fOWOS@QFde@%P@%F%d“‘QIWéWﬁI and; the gyhsiyate, el an

n- chl or osuG&fi RifREER layeNbddie iR Rk EERta Rfihd RELEAiIMSH:, B8 ReGbaredthe
transparent conductor can have a |[|ight transm ssion of at |east 50%

I n anot her 8HEAT HehcoBprises ft-tflectivpdaver apfiglarg podng BaFenBY&onduct or

descri bed hesigined abdve Higv@nduciW fadéCad /ST Myér){)oﬁfmﬂ%@ b@We@n tHehan
1x106 Q o. In, another

odjnment of the first as nmet al
nanowi res PRI I%ﬁﬂﬁ‘g}% Pestrais IR ail’fhaqﬂaﬁwﬁ&yapbﬁﬁwrtaﬁf %“%}
nanow re crossing points, at |east one of the nanowi res at each of
at | east a port iloRn®kmbbEmpdt Wfahd tﬁyst aﬁpecmﬁwmbrrspm@ﬁ Q5f&dubEgr pRkNt S
havi ng a flarh)éened Cross section. gl;lﬂa s&glond aspect, there is
descri bed A“HSt REEPTSY OFS ?)rr‘I’SrﬁtcioFf@Slgn fth CPar'dhon® eomgtrctatosion
conpri sing mldlﬁ;wscdm mgu@e @Igwlabmmmuﬂcfs Iiedna lembadiawit | tBS oﬁH‘lor&niSIHI’face of
a substrate Osonmhng,orscan%nqjto §s bei n di spersed i,n a,P % ; and
forming a I8 AUPIRRE £28 CEAPURSF 0 P8 POBih TP HEOIBBE CFRPETT5 | owi ng
t he |i qui dif oaphryphaden hoam)theerebmldumm,t thef cdri'teumenmfmdoﬁsmednicludbhe nmet al
nanow res %8 zog%ﬁ&l ,l \{cﬁatr D310 Wb]ﬁtéj? enzyl ?r{]a%ct)lgerdlt%%ﬁuegd&a&f) t acf t he

second aspeclf onprir’se an ive eI ected
from car boﬂymnﬂaiaﬂyttolcsel I uthd)se alZ)flthydsr,oxyZet hyhinppyrimitins.e, 3Hrdr oxy

I t ] I | coh
ItO; ?B?opﬁeﬁéﬁew L‘I"L“?‘EE‘H )r(rg %an %§1H%;r9£3?c léj%(;rri);ocfingglll C'ﬁ!"(fn(‘:ot (Ijlie second

aspect, t h@ermpthm@qu}ye fljmphartobenzoxazole, 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-chlorosuceinimide.

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° €/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 | aagtkeBRCapbe ther€Rled kRS ARG fa%citﬁg%ttrans@a%m
untreated region. In yet another embodiment, the metal nanow re

net wor k | afpPBGuCios comprising: ofepesiiing Rhﬁéhtw%mﬁﬁalewe‘@r%é@aowfaqwfa further

enbodi ment , sybdifie € metal BRoWRGs bAiEr 8id5dRE8n GaRuidNehd EemAE RO/ Ng an
intermedi ate | ayer on the surface of . the substrate, plasna

treat ment, TERAVHEOWEVAF dypnehihe wbstats: bnalloging tharligaid oripnle @fbodi nent

of the secoRBo@EBRGE thelsB@ndBIpBAChE B8 6T h-REFirdQ6L bdsiBYnanbwifds NRr
conprise post-treating the netal nanow re network |ayer. |n another

enbodi ment ,20PHE RACABE R the (FPIORE AsREE B %‘E“‘bﬁ%&rf&liﬂf‘?@ campERdlct i vity

of thek Itr aia&lﬁ?er l@ef]éctéaoﬂ&ﬂCéa%OX?Ym&Hﬁt celllﬁﬁ)@é Izlgydrdls}@ B 1al:e1maia@w re
net wor ayer ol'l oW N ormati on ther n a rther
enbodi ment 31‘yflﬁr‘?éy nﬁﬁoﬂﬂd%ﬁg?l:r?ehﬁlas%e?léﬁhﬂ r?ﬁ&?l ookl s"ényipblf:?}lohg

pressure, hegpbpylddy gokolcaidbkmaiizam. t hereof to the netal nanowire
network |ayer. In one embodi ment of the second aspect, the nethod may

further conpris deposi t] trix terial on the netal nanow re
network | ayer; iﬁoonﬁu‘??stﬁ eﬂtec’fgget FrR™ @F’i’é}‘e f5tho gr’i‘?f"éfﬁré]?‘?lx t he
mat ri x and cohgrisepettraacing whe asfaenbite ecbstritd prici ta dfa;ﬂ:rsinfhgl@eanaanduct ive
| ayer. In another rrbod'hlrrent of thte teconq am_%fg m; od may
further comBPTEEs IX EPHE A PHIER: A1 oRFT A b cSHr 8% &' pdftion of
the pl uralshbwratafcremt alpammwngtamlqast@me potaratedvegion sudrat kag of t he

matrix to L9 con uctln% surface o[ tﬁhe conductive Ia er. In

one enbodi msnt g?aﬁe% TRt 1 YRR PR PO S PREL PR OS R Y Si s per sed

i n a sol venayer ismmmronethbpmtmd regioneln z tiwrthergemimdineonpeise
evaporati ”Qre%tﬂl% tﬁeoéuﬁgn%tc(qn H&ﬁldgﬁs%pﬁglérb%n% ﬁ{eh‘gédla@%?[lecf%gRﬁ%s% 2& of

pr epol yner be photo-curabl e.
| n anot her thesrbatrdicnpasma tlﬁh@l@@@ﬁﬂk%lreamm, teotohedisdhbrgeur abl e. 64 In
one enbodi nent of the second aspect, the matrix material can be

deposit ed accor dj pg. &oRnRALJ A Lecdll O] AYnEARS 5 %ﬁebr%@h%ﬁg B9l

uncoated regions of the netal nanow e net wor
regi ons curfiiHgr icamprise postirqatinandie matel ingnoviing matwerkelpyesnbodnethert | t he

met hod  des GhiybfhellMhe bR mdy HukhG " omﬁl‘?s!’épernhe?rﬁn{gea[@aﬂdﬂ&wh? or ikt al
nanowi res in the uncoat ed regl ons. I'n yet anot
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 protrude 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 cured regi GRSnARALSAGLH: & he ScBRS aspkdl, th@rtﬁttnﬁrmaémp@met the
met hod may further conprise renoving the matrix material and the
nmet al nanowepasied AccopiEng i dr Beters gPieHidingTpeatedy Fagdpns egidonmcopdy  f or m

patterned GQREUACH M6 nhM HaBowite RStk qwapdhmtedqtgléﬁaecuaﬁ%cﬁmaas pect,
there is described a nethod of fabricati ngéa t ransparent conduct or

wher ei n t h@atgnsd magixe In apotherspibgdigenty the gsthod depslerd hetsin mayHarthaipst r at e

can be dri eRpii¢ Bmbh@tHeNGeth1@Rhowkte@ N R ItV lefl6hs. RN anciiRd t he
net al nanovures are deposited at a first deposition station along

the travel CHEOPRET, %tﬁlatrwr%at%t rwem&p@ﬂroarthq whiglsrsredae & ths second

deposi ti on patdr@tth @ﬂe @hiagnent) enet crumgchagnmtsaeawahaa@tngeerccaaagdI ment,
t he substrate can posi ti onegl(b conve or belt. yet anot her

enbodi ment [© Ftﬁ’étt%ttﬁ?)ﬁla?‘ﬁr”f‘ﬁ%rra r‘i“éeél CHERs 37 ‘tnﬁ\ge%&gnﬂ% Iat eri al
at a pattenfpithg Sibatinen, atteoriembdnenatyr RivtBer étﬂnpri@atr&novmeth_eumtﬂg may

conprise conti.nuouys exposi n rratrr X mater tQ |ight
i rradiati om® @f‘ﬁle“tﬂ'tﬁ%’tle‘iﬂ‘r‘?aﬁﬂt’ ftsrl’é IRV G595 éafegéegt &AL ri x

mat eri al adearpditdiged chmluativpdiyerer n. I n one enbodi nent, there is
described a nethod of fabricating a transparent conductor wherein

curing conprise heatl t he tr|x ter ccording to a
oo S o B iR o TR hestnd bfteufige iSRS (b
matri x mat éabirladtmglesmmbﬁdathc&métcmrc\alﬂerém thattietaeds i fTkdblec Ui eﬂer egi ons
and uncured [ furthe odi escri bed
e e SniAl e Re shflufelddh ASGHETRON Mg RUSITR T BRVEREC e

nmet al nanowathesnd the tﬂetal naewmies arerctegomed abh ﬁlrsm deptmtenbtmiromﬁrmhg of the
second aSp?ﬁ:ttra‘}gpu? [ atfl ngql?ecﬁll {??{dmﬁexrﬁﬁtlp 9? OSLted zlftabre:I C n(% a
transparent” con wherel Rt he slbsttate s a flex onor

substr at e. sttanonaaiomgtéle teavblogi patntin anptberf ¢nahoidinlest, dhmerbssatbs;tam &ke can be
coat ed W|t a r @;‘ga cond
aspect, Osn%nﬁg i &%Véy?%%& e%ln}eeg%%ﬁﬁ%e %ﬁpﬁtﬂé eh"?:‘gfﬁﬁ%’?u ve

| ayer f romcomtemﬁs emnlaltée aatroy mstsrbslta’tatt@ﬁeraml stappi ylplrggtht: havaioaduct i ve

layer to apsHballfify Ay CRYHEScontifuRARG SIRRE T8 RMrix fBErial 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 heated region and at | east one

unheat ed T egi on i, WELAIRiL AL oL ARSI Yo AXEL: ARDAR LN

regi on more firnt I't S Wt unheat ed regi on
further enﬁ@i@ﬁ@fﬁlﬁta tr@mﬁ@arp@t tpoducthe seherdie dheh eybsirate rimyp fAusilihdencconpri se

renovi ng Oﬁh%trEthfn%H(gQ&%}rﬂb&ﬁngg?;YﬁE fikAbik Bﬁn&gﬁb%ﬁﬁtggarf ofdd with one

enbodi nment he conductive Is appli to the su strate of
choi ce by apglesserayepriassother ebpdingpat ebHgueednd aspest dhe metdot dlarig to a
pattern, a%ﬁé@é‘dn?ﬂri@e BOSehERNEY SSdaMQivE BYEY fror? BRIRXBRI Bndr shtit¥teW th @

pressured region than it wth an unpressured region. In another
enbodi ment 204 pRPLHRE thoepndective lapede pabstiraie piephoieg dn prerembgdigients ther enpvi ng

only the CQB&HﬂEtE\Je\{%/e} e ﬁﬁﬂerﬁéﬂ%dé?ﬁfﬁe‘ﬁ%%e%@heﬁ%rpme LS A1 r(l@nor
enbodi nent, the _substrate of choice may be rigid. In another

enbodi ment SuttSHee -J prothenerabodimeats Hiecwbsté pecoiceingy eomnrise gt kepstr d

aspect, thene nkfied RHidn Rkt dcdsBBhd BhiIRted trEHEH, UV IRrGRNRY b&idRdive
flexible d?nor substrate; and a conductive | ayer including a matrix

embedded Wi®R beadsibe peatedirpeion maseamly hsnihponds With thegwheatidt®ipthent  of

the third aspeffthertdi@odin®ii, MR BE@thSH ddSH¥ER héB hby Fider cofifHsese a
rel ease Iayer osi ti gned Eet ween the eH”LeXI bl e donor substrate and
the conduct9R frgagféff 1he; pRdycHYRINE 1 Qrdinhedigeion dp SRheBIdtGbm t he

conducti ve t]ieac}b(ﬁﬂuctzkrﬂ 13810 hﬁlﬁheﬁrfb@liﬂ fiBftatObf &hlae;etblsuamymgq;eestsure t he
| am nat ed uctu furth €0 ise an a osi tioned
on the corsﬂ?jﬂlgtcf’ ‘gfgl °T apger lé% %ﬁ@ra@r% ”Frgjﬁtc‘”&‘*“c%/‘ﬁ’ i rd
aspect, theotdmadratianly vathramedstred repyor thid i etth Gﬁ) [m;frea@eecaﬁgmﬂaﬁ coat
| ayer positi ned xi. bl e donor bstrate and t
conduct s ve PG FmBERAEE s HEed S FrciR Bty RPN REOBRGuct i ve
layer. In only thelvoskuntivet laydr loa thvenpreﬂﬁredmggidne Iﬁoh@.féﬁhb@cbﬁént the
pr ot .eCt ' Vesubsérar{e oﬁgho%nt L ef | ecf;tln other [)edérge tatﬂe S ra fch%}/ ;

or i At bA i A ?H

barrier |ayer, fheres our aspe ct,
there is de@ebcﬂedma dlsplay deV|ce conpri si ng at | east one
transparent el ectrode having a conductive Iayer t he conductive | ayer

including a pl ﬂ%@'tﬂﬁ&/ag&t”ﬁ&r@' B%@%dreﬁ Peﬁosﬂ%cr%@bc%ﬂfﬁﬁﬂ of the
the

fourth aspect, conductive ayer er co frat r | X,
t he met al HAaxibwidprs sﬁgﬁr«ﬂg and a conductive layer 1nclud1ng 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 metal nanowires can be silver nanowires. In one enbodi nent, the
matrix can be an optically clear polyner. In another enbodi nent of
the fourth aspegt, angean - r rise a
corrosi on i nhi bit o aRereeh tﬁe‘ﬁﬁc%?rﬁbg#s?g%m?%ﬁ‘( ﬁ%“?ﬁrfs{}‘% 33%35“)
embodi ment ,ong frénspatentod¢ctrads eving a condugiiva layer, tha condaciing layerdaptydngnd. | n
anot her embpdipBRt of 1B SEHOHAS. AR dnB NinfoliflenC 80 HRERAN 2 QLI 870! €,

tol ytriazol e? bu?’;? benzyl triazol él_, glmto i_(gﬂ'gl hlaf;g?agol e,_&tgf kf/rﬁz

di t hi ot hi adioag¥stias lafs aask furthen eqspris aampirsple i metali eowies gheing

di met hyl bengihBdazo R, manaTh RRotRer B ARER" ok Be fubhlagRlbaaR! Botal2-

mer capt opyri m di ne, 2-nercaptobenzoxazol e, 2-nercaptobenzothi azol e,

or 2- mer cdPRYHEs 2R SEGI danquires Nt e rembapiBgntriiet matriy Cag e rdsi on

i nhi bitor CRfcdl§ cleAGoRhR M arBihéOetodintehd F4icTBurttOfspect, the transparent
n-chl orosucci nimde.” I'n one enbodi nent of the fourth aspect, the
di spl ay dedlcBodeafan Srtier SHBPISCE S80S MbéRiton Yhieydy she &rEgsicdly, or  a

flat panel ighiidra¥n dnB SMAIARIOinNEEErodfont MRibItb Shn BSPAL brgahite
transparent conduct or tgescrl bed herein has a surface resistivity

bet ween abd@BPad+lg apoheicempbsigent fe £AEesingy sty an (e enssiagple fir st

aspect, theaolhtianspar entbugPerGt oOr desesle,beddib@itighdiazbrs a  hlicght
transm ssio enbodi ment, .the transparent

1. of . 85%.or higher. | e
conduct or t&@théa%éaﬁ?l?sace %E‘gi stif’@?y?t[}]‘oﬁetv\e FrEBENT™®% 0 1,00 Qlo.
67 CLAIMS dihakylbaizigdidizoied 1S: lamiolIBasHpasKIU-thixdiaghlgt or compri si ng:
a substrate: and a.conductive er on the substrate, the copductive
PR it R AL Rt A e S g
conduct i ve rheayaetobénsinpiditzdler hethotheic bmtddatient, i thes torf@pnONkibiedr cahte sur f ace
of the trar;i% rent. cqnductor _are conducti.éeeﬁnd se og]%treg% ans of
the surface Or Tt Yo% a FEGEPe Mt MEURTIHEBIMYT 2 (- LTSGR Vel A
nmet hod of ffaothi as@ect, thy displayalesipacaarite acomdisctear, a tiquit ciystalniisplay, or

pre-treati rf of a substrate; depositing a plurality of
net al nanovnilngﬂrag%a%%ndfls?% "surface of the substrate, the

In one embodiment of the first aspect, the transparent conductor described
herein has a surface resistivity between about 10 to 1,000 (/0. In ancther
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 Q/a.
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metal nanow res being dispersed in a liquid; and form ng a netal
nanow re network | ayer on the substrate by allowng the liquid to
dry. 3. The nethod of claim2 wherein pre-treating the surface of the
substrate creates a pattern conprising at |east one pre-treated
region and at | east one untreated region. 4. The nmethod of claim3
wherein the metal nanowire network Jlayer is only forned on the
pre-treated region. 5. The nethod of CEABMSn 2 wherein pre-treating the
surface includes depositing an internmediate |ayer on the surface of
t he subst r at &hapis gleimedist eat ment, UV- ozone treatment, or corona

di scharge. 6. The method of claim2 further conprising: depositing a
matrix materikl on the Hespdrenhasedueter neerpwsisiigl ayer; and curing the
matrix materialpbiQfggma matrix, the matrix and the netal nanowires
enbedded therein formng a conductive |ayer, wherein the matrix

material is depuisitivedyacaohepubgrac the opeduciérerayepineliiiide agluediay efgmetal
regions and waeoatedneRgh NS Haukhife IREAls SRR rsgcﬂ;ﬁltal’r\ﬁééf rrTéE &for the

coated regions curing into a pattern T trix. 6 L hod of
clai m 6 furt Hersugfoapel e tgnspanany corductes arpqeaductienavii yeesnd regidns of

uncoat ed r egit%‘rfage OFhJ% t%tsgﬁ‘gnpéon(ah@ﬂo%@ e(l:o%'dﬂctfvge matr I X

material is printed on the Substrate according to the pattern. 9.

The nethod of claim6 wherein curing conprises selectively curing,

according tos,a pattenpn, I, rja r j-ons and
uncur ed reg?bns.'log fﬁ%ﬂﬁ%t odkﬁyﬂﬁﬁgi%1gm%§¥% e?%ﬁgﬁggié?ﬂgl g
removi ng t hePreettepting a spedace pf adubgmiy: t he netal nanowires in the uncured
regions. 11. sdheufes QB%HB; oﬁh&%léﬂaﬁ%%@roﬁ'tﬁk LlGeLot B @@ fOrm

patterned conductive |ayers. . The transparent conductor of claim
| having a sthefabeaaoyisesibsing dispaysed fyea igmidi asthout 10 to 1, 000 Oki .

forming a metal nanowire network layer on the substrate by allowing the liquid to dry.

3. The method of claim 2 wherein pre-treating the surface of the substrate
creates a pattern comprising at least one pre-treated region and at least one untreated

region.

4, The method of claim 3 wherein the metal nanowire network

layer is only formed on the pre-treated region.

5. The method of claim 2 wherein pre-treating the surface includes
depositing an intermediate layer on the surface of the substrate, plasma treatment, UV-

ozone treatment, or corona discharge.

6. The method of claim 2 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,

wherein the matrix material is deposited according to a pattern, providing coated
regions and uncoated regions of the metal nanowire network layer, the coated regions

curing into a patterned matrix.
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13. The transparent conductor of claim1l having a |light transm ssion
of 85% or higher. 14. The transparent conductor of claim 13 having a
surface resistivity between about 10 to 1,000 Qo. 69

7. The method of claim 6 further comprising removing the metal

nanowires in the uncoated regions.

8. The method of claim 6 wherein the matrix material is printed on

the substrate according to the pattern.

9. The method of claim 6 wherein curing comprises selectively
curing, according to a pattern, the matrix material to form cured regions and uncured

regions.

10. The method of claim 9 further comprising removing the matrix

material and the metal nanowires in the uncured regions.

11. The method of claim 9 wherein the cured regions form patterned

conductive layers.

12. The transparent conductor of claim 1 having a surface resistivity

between about 10 to 1,000 Q/n,

13. The transparent conductor of claim 1 having a light transmission
of 85% or higher.
14, The transparent conductor of claim 13 having a surface resistivity between

about 10 to 1,000 ©/o.
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