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 high-throughput coating nmethods. Description of the
Rel ated Art Transparent conductors refer to thin
conductive filns coated on high-transmttance insulating surfaces or
substrates. Transparent conductors may be manufactured to have
surface conducti vity NANOWIRESHEASED AGANSPAREND CONRUCHORSAl
transparency. Such surface conducting transparent conductors are

wi dely used as transparent electrodes in flat |liquid crystal

di spl ays, 't o BACKBREIUND GIFETHE (NWENTIEN ent devices, and thin film
photovoltaic ? cells, as anti-static |layers and as el ectromagnetic
wave shielding |ayers. Currently, vacuum deposited netal oxides, .such
as indiumti i@ oPiHiedBydrtib) . are the industry standard materials to
provi de opticalTy transparency and el ectrical conductivity to

diel ectric surfaces subhs dwegliaxis relaigd o franspsrenticondguctomnsiand vesthodaala|

physical o r SEUSAOng Rt SR R A R Pl T

and/ or high annealing tenperatures to achieve high 20 conductivity

| evel s. There, al sq. nay. . be.i §u with the adhesion of netal oxide
films to sub?ﬁiﬁﬁl@Me to adsorbi ng noi sture such as
plastic and organi c subah§mirest cofdgotoabiee & in@ndactiveMiths eodtedos of
netal oxide filns on _erxi_bI? substrates are therefore severel étors

limited. |n SEHEANSTITYIEo ISHRHEGCUTaes On Sbsiralt fANSPREBLOngH
requi res spegisy deZanGiaiupibRihayRuALEEEondgetivit) e AhfSinfy vacuum

deposition is not conducive to formng patternS and circuits. This
typi cal | y1& eseasosablg apfieal fi@saparence gHahFuiace sendicing ansrgidses such

as photolit hggﬁﬁm?%rﬁare widely used as trarﬂggﬁ'l‘éHFélbi‘!t?od%glciiﬂﬂﬁr Iﬁuf&aéﬁ‘gsté‘ll SO

been used as optic y transparent electrical conductors. wever,
t hey gener al digplays etolcnpanals redeatnolumingscent devicesnanchihihiém phistovelaic

ool "ot de. PRS2 ShilitatiHhat BhBR BISHADR RN MR sy e
stability. Cuireamly dvanglinn, deipbsiteal metahoxides) soeleds indiunintn ar t
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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 femperatures and/or high annealing temperatures to achieve high

20 conductivity levels. There alsc 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 fiims‘ 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 o forming patterns and
circuiis. This typically results in the need for expensive patierning processes
such as phoiolithography.



properties, in particular, transparent conductors that are adaptable
to any substrates, and can be manufactured and patterned in a

| ow- cost, high- 10 throughput process. BRI'EF SUMVARY OF THE | NVENTI ON
In one enbeodinent, it is described herein a transparent conductor
conprising: a substrate; and a conductive | ayer on the substrate, the
conductive layer including a plurality of nanow res, preferably,

nmetal nanowi res. 15l n another enbodi nent, a transparent conduct or
conprises a substrate; Gondustiveqralyueers havé aige beem usdtbas ofigsalyat e, t he

conductive |l a ' ' |ural it f al nanow res enbedded in
a mat;J ri ;<V in ggllristqacu t%%cg}g’ﬁ?%%ﬁﬂggﬁl' yﬁ%‘ﬁ%‘??ﬁb%\f Ntk '??é’fsarl‘i"%‘?" |
In yet anot hecoreubtidiyrnaites dnbehidhenoptic ebdorstiondpaitieiiafiy bt NIghie20
conprises a corrQqsi i nhi bitor. ) In a further enbodi nent,
it is describ¥d’ %'}'933?? GéP”PPé‘{?Fg{‘P the mela) oxidafiimsy andsuBferdiem daek of

conduct or son@vrérm;a]gmdd@-@@hhislfg,“ﬁy_pl urality of metal nanowires on a
substrate, the netal nanow res being dispersed in a fluid; and

forming a metal nanow AECeTEINals Keratamainma need Buthe artae prawdeal | owi ng
the Iiquid 25&5&{39@‘& condugtor P?\gn%b&l%%tQ%éﬂ%%&i}éﬁ#dy%ﬂ%{cgg?e

conpri ses depositing a plura net a
the metal narfyoperées, e padicdias franspatentcoadidtoisdhatand abiaptabldo anyet al

nanow re net e t.he trate b |l owi.ng .the liguid to
ey " depos: t 1 hSue@Ynd B efane e apwont abr k
| ayer; anti0 cudhionghpiterosdss) x material to forma matrix, the matrix

and the netal nanow res enbedded therein form ng a conductive | ayer.
In a further enbodi nent, the nmethod described herein can be perforned

in a reel -t o BRIEF SUNERRY OMRYEINVENTRORUDSt rate is driven by a
rotating 5 reel along a traveling path, and the depositing of the

metal nanowires is carlfiqng asohodiment, it jsrdascikasbireingntransparenh condmotpr
the traveling i | 44 | eplal is

carried out at0 H?hgg%?hgu%?f)é;%p?o%nédgp g?tﬂ%rllé%‘?gﬁgﬁ% %@st%r%gevid% ng path.
| n "anot her e®BoRHGHERlayer neludingdripiurality ¢fampeowites; pbeforablyt reted dandwirek)

particul a5 photo-pat tlﬁra%ﬂ\e%m%hﬂ%neréottra(\)ﬁs%glre%? Lgném%orric)émgﬁéeesrai‘ al's.
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 fransparent conductor comprising: depaositing 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
fiuid; 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



I n anot her enbodinent, it is described herein a |am nated structure
conprising: a flexible donor substrate; and a conductive |ayer

I ncluding a matrix enbedded with a plurality of netal nanow res.

In a further enbodinent, a |lam nating process is described, the 15
process conprising: applying the am nated structure to a substrate
of choice, and renoving the flexible donor substrate. In
yet anot her enbodi nent, a display device is described, the display

devi ce conpr ilsfengrat curiegshe matixtmzsiedalad Rt Lhatil heendtay aRd e metal
conductive | a el i t he Eon{%%c{hi Ve \J &%er i ncl udi ngﬁa plurality of netal
nanowi res. 20PNAVES: SMREIIEd hermil ToBNAG AGOPEUGHNG BVeBonpr i ses the net al
nanowi res in an opti cghlafughar@mpRAinNamR! ' TI ON
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of recognition in the ARSI RMbodimaRy theiconduetive dayeraan be ipriteraedni on
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expected optical properties of S r nanoel I'I psoi ds at various
wavel engt hs of | i ght . In another embOdlment, Iti&jiﬁs@rl@d lhere&;lta' latnératedhe

absorption s 2. Sl d ] | yet hyl ene
t er epht hal at gﬁ%yé%%%gg'{’ g’aét gé.iﬁblé‘ aBhey Juﬁst‘?at%a%ﬁ aee%q%s? R‘ge %Vﬁ'b h
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illustrating the ex pe(l: eh’ﬁlg\%%ﬁ{’&ﬁ@r'&I?Wfr\af/n%gr°§eg%ﬁ&er°'8ﬁpet5’?ﬂ%ne
di anet er 45 of proeeEsdangwisingO apEying tie laininstedstrBRivb tora gebstfat@ oP tHuldes
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andTemoving the fiexible 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

particutar 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.



Figure 7 illustrates a network of filamentous proteins that function
as biological tenplates for a transparent conductor.

Figure 8 illustrates a protein scaffold coupled to conductive 15
particles via various binding sites. Figure 9 illustrates
the formation of a conductive network of biological tenplates based
on the coupling of associate peptides. Fi gure 10A

illustrates schematically an enbodi nent of a netal nanow res-based

transparent ConductorFng@é:r!@uJﬂcliéﬁﬁﬂbllllusﬁarcm@& safvenret i cal |y anot her
enbodi ment of a netal _nanow res-based, transparent, ¢congdu

Fi gure 10C shows schefi@¥edls §Sephdfusiating (%Pﬁgﬁ oB ca;prrq)gpglps ofa
nanow re basgge ,tﬁ%ib:?ﬂ@gglgg a?%%%Webﬁ%e g flgipor tions of the

nanowi res are ex on a surface of t trans arent conduct or.
25Fi gure 100 shows aananfbxgbatsstimabserptwars@mtﬂée opa siivel aARQiEt  of

a surface.of,_the t r Fi gure 10E

I 1lustrat gs 'E%?{ %?@@?@%%‘%ﬁ@“ Hé]‘tr’}% (PE%s%ubst:}ata net al

nanow res- based transpiuent [s:a)g:hphtllmstratmg expected values for VéEigus e 11
illustrates sc_he a, further enb t.of,.a 0 net al

ticall
nanow r es- bd§84g “ETE’a‘il‘YQB 'é“h? %BWEQJ?’aSﬁ Hﬁgﬁ"rﬁﬂf%e Player structure.

Figure 12 shows a trapgpps8ia gfﬁbﬂlilﬁlsﬂétirﬁméfébcpéﬁeﬂlavelﬁmrﬁlﬁlm%eﬁs’ﬂlr
for delivering a vapor phase inhibitor (VPl). Fi gures

13413D show THnctivpafine digmelers SHRANCYITESN process of a transparent
conduct oyg SFi gure 14?‘@?@\/\2’%@@336%@” fnddfe & of dIE Stlek ABndWiREess of a

t ransparent conduct or coatin
connecting between two metal contacts.

Figure 7 illustrates a network of fitamentous proteins that function
as biological templates for a transparent conductor.

Figure 8 illustrates a proteih scaffold coupled to conductive

15 pariicles via various binding sites.
‘ Figure 9 illustrates the formation of a conductive network of
biological templates based on the coupling of associate peptides.

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

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

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

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

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

Figure 11 illustrates schematically a further embodiment of a

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



Figure 14B shows anot her exanple of a fabrication process of a

transparent conductor by web coating. Fi gure 15A
shows a web coating systemand a flow process for 10 fabricating a
t ransparent conductor. Fi gure 15B shows an SEM i mage of a

conductive layer follow ng a post-treatnent of pressure application.
Fi gures 16A-16B show an exanple of a |am nation process. Figures
17A-17C show anot her exanple of a | am nation process. 15Figure 18

E_hows anlgiagrg)lBe ﬂf phﬁQOFGIUHE?F&)’Wﬁﬁt}ar&pﬁﬁnﬁ%u\éﬁwsﬁﬁﬁﬁrﬁ ft\avinga
I gur es - sho n_exanpl e of a continugus photo-patterning
net hod sui taHF%eWgF%égﬁ}é“&r'Egé‘t‘ﬁﬂﬁr phasedafibitor (VPI). Figure 20

shows a partial syst enigids3sA RAPSRPE ERRINIE B b RthiRafth MRLLE! Ga
transparent conduct or. Figure 21 shows & dispray device
conpri si ng t tE@RSPRIPRIRONGHESE.r 0des based on netal nanowires.

Fi gure 22 shows a tou r&an ice [ 1,Si N t ranspag ent
conduct or sé based on necf{]%ﬁ?rgn@%‘o%%rﬁésa% ej@&%‘?@ %g"%ﬁgr %celsg Bf Ral

rel ease prof itlaespereri2Z®ndactorf howeb cestingy cooked egg yol ks. Figure 24A
shows the light trans [

before and after an aggd-ilfsré%gge%‘]‘ow;l@)ﬁ'@"lgf’ l e“i‘?{gfpég ﬂggbqiggwgfog%%ﬁom
t he resi st anéraaswirensticondadtor 8sweb cesipguct i ve 30 films before and
after an accelerated 1-12S corrosion test.
Figure 15A shows a web coating system and a flow process for
10 fabricating a transparent conductor,
Figure 18B shows an SEM image of a conductive layer following a
post-treatment of pressure application.
Figures 16A-16B show an example of & lamination process.
Figures 17A-17C show another exampie of a lamination process.
156 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 HzS 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 H;S corrosion test.



Fi gure 24C shows the hazes of six sanples of conductive filns before
and after an accel erated H2S corrosion test, Fi gure 25A
shows an exanple of directly patterning a nanomﬁrebased t ranspar ent
conductive film 5Fi gure 256 shows phot ographs of the patterned
conductive filnms before and after an adhesive tape treatnent.

Fi gures 26A- 26F show phot ographs of the patterned conductive filns
before and after an adhesive tape treatnent at various |evels of

magni fi cation. 10Fi gur Fﬁgu?&ﬂ@Zl%m\é’rﬂE@é 9&1&;@9{&@;319& o?&%d&%ﬁvetﬂms

exenpl ary co ductlve filmbefore and after a solvent treatne
DETAI LED DESCH® 124 Qﬁermacwwgtwmﬂ corrosiontest.  Certain enbodi ment's

are directedtoatran ctive | er
of nanowires. In parti c ﬁ{e&%ondu nﬁj\?%gfj%{% '?Egﬁé}ﬁ@ﬁ?d&‘ oY

spar se netmrb&saﬂtmsmwmwmmﬂmn addltlon the conductive |ayer
Is transpagent, flexib n |n ast urface that is
conductlvgé It can be E@HEEQ%BC‘T' q“%?rﬂ ih r%é'? eAndygitve fims es,
i ncl udi ng f| defdrbandndter ama&@%&ép@fr@ﬁtmeﬁhe conductive layer can
also formpart of a cogposite structure includi n&a matri x materi al

and the nanowires. The™RUEPZRAMSFSOM phatoaraphs o fhepatteynedpenductive
h | |
Tt T o O o e iR R RO e Tolslet I o T

structure. O her enbodi nents scri be met I ng and
patterning t egdieatieni ve | ayer. Conductive Nanowires Figure 1

Il lustrat a nanow r e to 25 the
| engt h Ll‘ﬁal vi ded by eFéu‘?]?g‘réeg%gfﬁ%@ﬁP@?E?@% 5%8&] oF 88piENCal | y
have aspect cancimweﬁlm beforecargiafisi alkoiveat {1&AmeA). Lar ger aspect

rati os can be favored for obtaining a transparent conductor |ayer
since they may enable nore efficient conductive networks to be forned

whi | e per i t DETAILEDMESORIPTION dOTRIE YNENTIGNeS for a high
transparency. In ot herC enain embc\:’g]:%gnt%%r}g glﬁéc':tgc? tong Qﬂgl\'/n\gpra?gntvgoaguc?clargh
based on a conductive layer of nanowires. In particular, the conductive fayer
15 includes a sparse network of metal nanowires. In addition, the conductive layer
Is fransparent, 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 subsirates. The conductive layer can also form part of a composite
structure including @& 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
patteming the conductive layer.

Conductive Nanowires

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



aspect ratios are used, the density of the nanowires that achieves a
conductive network can be | ow enough that the conductive network is
substantially transparent. One nethod to define the
transparency of a layer to light is by its 5 absorption coefficient
The illum nation of |ight passing through a |ayer can be defined as:

| =in which lois the incomng light on a first side of the layer, 1
is the illumnation level that is present on a second side of the

| ayer, a2d| ga?q]écfr 138 dré AOSP ML t%@fthé% wwésf‘thhh&clﬁév%g%‘lﬁnﬁﬂm{/e

factor, sorption coe ent an x 1s the thickness of the
| ayer. A | ayeeiwodvéargba law amhrtbatélye sensiugiiveeaiwork is Bubstaré@élyt han 1
can be con3|fiered tQ be substantially transparent.

Figures 2-5 r?“ﬁ?sa{? te sonme of the optical and el ectrical

characteristics of t h@r@mémﬂitwﬁeww&raaqnaréﬁd’?i WJarleyel ts ligtds by its
t heoretical npdel of t i gh bsorptio silve soi.ds at
vari ous wavePRSRiRD QHEffe‘?' F‘?)@Hﬁﬁ'ﬂﬂ%ﬂﬁ ogpp%paﬁﬂggﬁ}q r?"e%@'ﬁ'p andke'y ey

nanoel | i psoi ﬁrr@a@sm t a h| gh extinction coefficient to a narrow band
of light in the wavel engths between 400 and 440 nanoneters and to

wavel engt hs of |ight above 700 nm Hdweh&f™ they are substantlal ly 20
transparent between about 440 to about 700ng} which falls in-t

vi si bl e rang® wirishyleris the spemingdight i Bieheife AT thedayardds die umigetl qn of
silver ”a”O"WeKISFthQGQEﬁééel‘i‘ﬁ’or?E sBoftfl 8 OV eh, AR 8 enérdiloy
Substrate sorption profil he silver nanow re
| ayer on 1RETfastdos in ﬁledramps@bsy mtql’,aﬂ isﬂhQ abmp@@neﬁmﬂ%@%xéﬁﬂﬁt

440nm to 700&1@@6‘% §Rh2%a)d L R Ié%‘?g%ﬁné Sjﬂngéargﬁcs:*ﬁ@toﬁ‘ ﬁg&r ‘Ftb'u ks nodel

shown in Fig ure € résu ts of
theoretical thadel tarcbotondideredi tﬂéublstaﬁtlaﬂyhn'ftsabramanow res based on

deor eases subst ant | al OGP AU sms OB SPEHErd SRIERE “s ca

be seen in Fblﬁ]#é&eﬂstidsftﬁ‘ tied écﬁ‘@h@tnlérhalhe\‘ﬂiréﬁ i VI ty based on the grain

16 Figure 2 shows a theoretical model of the light absorption of silver
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 fo
wavelengths of light above 700 nm. However, they are substantially

20 transparent between about 440 to about 700nm, which falis 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 aithough it will absorb more

* light. As can be seen in Figure 4, the effects on resistivity based on the grain
30 boundary and suiface écaﬂering are high at diameters of less than 10 nm. As
the diameter increases, these effects are drastically reduced, The overall



30 boundary and surface scattering are high at dianeters of |ess than
10 nm As the dianmeter increases, these effects are drastically
reduced. The overall resistivity is therefore reduced greatly for

di aneter that increases from10 nmto over 100 nm (see, also Figure
5). This inprovenent in electrical properties nust be bal anced,
however, agai nst the decreased transparency for applications
requiring a transparent conductor. 5Figure 6 shows a single Ag

nanowi re 4 tRalst@ytis iikvelns waated yeath bedianlstartthatdadredsusitonal 8 nfietoand
6b, to provide an electrical Ly copducti '

tive path fromtermnal 6a t
termnal 6b. ovEid 0D &M sepeRlRp Flgure 5thﬁl'ﬁlj'\é§°“g\@meﬁfn ‘%@E?%&?ﬂﬁj i O(I‘)l
nodes and any, ekl hiled il e deeieised WaAdparBNcyTer

el ectrically connected. aspec si ze, shape and the
di st ri but i onapflicetiensIequsting a trahspaertreondyciotof t he nanowires are

sel ected to provide the desi | ' '
The nunbe% of such w F@éﬁ? ﬁéf’g‘&f%f& %é?gg'%ﬁge?‘?/é@%?ﬁ&%&g@i@
nanow res i fS:ataeir ﬁeﬁtfichltt@rrrnmlsﬁd:ang@bﬁuotmdwm eh ;ategtricaw cmﬂudtimfpaﬂn
properties for coupli term,n to termnal,.6h. ,For ex e,
hundr eds of ﬁ@“ﬁ%’ﬁgﬂﬁ'%g@ ierwﬁ?ékt Zhﬁ??%qiﬁr -|H§yde§aco[ngac§§%g%
provide a | oygnkpctidiPhedednig M%ériswinwmﬁ ipi@tthat neacbe he
concentration, aspect ratio,_sSize and shape can be selected to

provi de a sudisetdealysonpeetednIpapepact Elipdties. shareAry H’?o‘ﬁ%tf‘b“tlon of the

t ranspar gRt, | t | [ Mol ' ato
term nal ng %@Sﬁé} éér%ﬁ"& Fézig :af@%or*aﬂig’r%saﬁ%ﬁé;%?& tkswf:qé%@,{)hg‘ %gg?gci at ed,
t he di st anceofticahardeelattric] peeparies. ehei nuuber of Sichisivesdbakwil pravidea ¢ he

desired optical properti . ' i ' wre. A
plurality _ofg'mge'ﬁsitx8&@3@%’&%@_&3&%@_&3@%f&ﬁi%%&te gtaggilcﬁeéc} er at

var i pusI pglb n(t;?duotiqdr_rmpdﬁiea;‘]ﬁr@pdplmgltgmnpaitaﬁ tbrtermlmajiﬁm frar egample, |
term na .. Accorg di to the invention,. t nan e r '

based on t heh‘éfgé‘?cise RENeMIres rd‘ocf?@rﬁ’#eé@.fmmgeﬁfm%géﬂa &Ou@%gor &8?'% &b
nanowi r egst hgsisfin@y iefsridah Cortfuctiers path careithd cohdamtration, laspect ratice sizs|

resi stance on that path are selected.to achi eyq?ly ccept abl e 8|%‘§Ctrl cal

properties fand glifpeicanthy wlcebioRieyided sthsantialy FansRaratanddHos o

term nal 6b. Therefore, transparki€ efloifehl ddralictivdns Bedvidddtion®feriiil 6a to
transparent layer I's mainly controlled by a) the conductivity of a

si ngl e nanowierinabdb using awiality of Ag nanowires.
As can be appreciated, the distance from terminal 6a to terminal

20 6b may be such that the desired optical properties are not obiained with a
single nanowire. A plurality of many nanowires may need to be linked to each
other at various points fo provide a conductive path from terminal 6a to terminal
6b. According to the invention, the nanowires are selected based on the
desired optical properties. Then, the number of nanowires that provides the

25 desired conduction path and overali 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 humber of

30 nanowires between the terminals, and ¢) the connectivity between the
nanowires. Below a certain nanowire concentration (also referred as the



30 nanowires between the termnals, and c) the connectivity between
the nanowires. Below a certain nanowire concentration (also referred
as the percolation threshold), the conductivity between the
termnals is zero, Le. there is no continuous current path provided
because the nanowires are spaced too far apart. Above this
concentration, there is at | east one current path available. As nore
current paths are provided, the overall resistance of the |ayer wll

5 decrease. percolation threshaayctnébbmmﬂﬁwm@q ihe(témmnalmﬁro Nanthare es
and ot her conductive particles havin %d 1gect rati os
Ihe@a‘r*?@n

hi gher ¢ han IS0, contiayRsSeIsnt pash PR B P BRI RTe RBAC80ar o
not limted g0, rffﬂp@:&mmésﬂratﬁméke .8§§ieaétd}e@aﬁreﬂaaawa0§iﬁable

conductlve po y ers and t used herein

nanow re" reAzmere ouenteattisidre pmwdsdgthemvesallrfgméﬂaaﬂ%nﬁhﬁéay@r willhet al
al l oys or _ne a corrpounds (including nmetal oxides). At |east one
cross sectio €vensi on of the metal nanowire is |ess than 500 nm
and | ess than 200 nm Cafdudtvedapoeie inbluje metal nehawirdOémhothés not ed

b the netal h t ratio (lengt h
areater 15 ¢ ARG LIS BRI B 2RerctrHER (5, "N Tl EXGTEG,

greater thans . matalic¥ahewii®d RbiuBa MitafeSot Hitited o, Rassm suhofubgs et al ,
including without imtation, silver, gold, copper, nickel K and

gol d- pl at ed €iNTRrmetal oxide nanowirepyeongsictive PriyBe) faess e%ff@é'kﬁf epar ed
by knowng thods in t L@E& heldih. PRE ?y:ire ",en%fb WA® can be

synt hesi zed t hrough so I on-p ds uctlon a SI ver salt
(e.g., silvesomprisirg d?ment meial, preigiatoys of matapmrpmur(cb (peludivgimetane

glycol) and | rrolidon c flasd | ver
nanow r es ofg’ﬂq%sé f“‘%’?ﬁ% & ﬁs%%ecgﬁgﬂﬁégﬁé%%%& eﬂ{e?%th%bhﬂi?e% %éds
degcr i bed i nbhaﬁ|590 nmxlaald leés tnamtg% Snghegué rrivled pnefer(azgmé’s)zs ghaM1@UT®6_ A§|45,
and Xia, Y. eta et e ely,
the metal na 9’\?‘?@%"% @b‘é’]’%h ?%@gpﬁ*r’(g) gﬁ?|83$tht“€ }8{£§ée(%r

bi ol ogi cak sgahf0l }erém ré‘aﬂér than B0,neidahoreedefefably grcatapliean 100,

bi ol ogi cal materi al s suc as vi ruses and phages can functjon, as

tenpl ates t os@lfa@éﬁ wetal panovissankesbased onany dnetale inshigingemthout  he
bi ol ogi cal ﬁheglvgppogecﬁgwépﬁaggdaﬁ% Bllafédtsn%ﬂ ective affinity

f or apartlcu ar such as a netal or a netal
oxi de. More detail ed Tbe metalnanawises parbe breparad RknswnaabRAs Bhgan

be found in, 'ﬁeH‘ parg@? gh,?{ n%ﬁ%\rﬂﬁfsga}{br Lbj{g@%%fzgd tlﬂaﬁ%ﬁé&ufidﬁ pﬁa‘%@

Directed Syn? em conductin W res (2004)
Sci ence, 2803redidtbn2dia sivaosaliGe., siiver nitrate)nrthé pmsecmpfya mlyam(egnt ed

Quant um Dot Nanowt t 8341y ahd S0mviryl oytroitiBhe). 1%%ge-08kie produbifshsrSfind

Mao, .
nanowires of uniform size can be prepared accroding to the methods described

in, e.g., Xia, Y. ef 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 biclogical
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. ef al., "Virus-Based



C.B. et al., "Viral Assenbly of Oiented Quantum Dot Nanow res,"
(2003) 5 PNAS, 100(12), 6946-6951, U.S. Application Serial No.

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

metal nanow re) can directly bind to a biological tenplate based on
an affinity 10 between the conductive material and certain binding
sites (e.g., Pagkitibe theeliberied8ynthesis bﬂmhgrtdtm@hdﬁeniiedmlbaﬁ@ Nanowires,”

A" oo S, AR EVERLE 3o e bt

conducti ve paQtastuesDétNdndois,” KZOGBPPAMLSO{/QQ'iGIﬁ'not Weaemsﬂrnso
conductive pgé.é_;d es being 15 capabl e of further ng into a

conti nuous ¢ &t phre Vira emﬂyog‘qﬂeatasls@uaréuw% ﬂwf@%'d(zﬁmhs

"mneralizati 0 [S) I g.,
a netal saigt )ﬂgAaﬁ L%O(%&§g@§g%5st '§| eét% té(?rg?rrektga @é‘?&ﬁ@&%q gg%énce
of a reduci nd’rayigienal ApicaticruSeriah i oe 166/880148N, whichirefbfendss &re t he

bi ol ogi cal t a continuous netallic [ayer. 20in
ot her enbodi qmré&%ieqafg%aﬂﬁﬁn%'Jeé\tt'rqt'g%r is initially nucleated onto
the biol ogical materi aMorél'b;ﬁomfaﬂwa coadmwlma@émura@bnmrt(ég,
converted into g g cgl g) t he seed r’iater ial layer. The seed
mat erial can %tn@g?@cﬂ'r@ can grectly b ta 2 hiclegiga 6?!“8'3%?§3F’é1n grygifinity
causes t hep Niehedsr Me cReuSieWdlerrd add BBt b%tnﬁnteé & gt P&g{m g
a see

containing a correspondlng met al precursor.
mat eri al | ay SPAUYHISH) AN Hip Balbpigalilamplels, cause the ninerali zat | on of

Cu or Au. As one speci fi Gn&r@Bidimerto a &frﬁﬂéﬁ\’égmgﬁ’-‘%‘ r% Todts

acceptabl e seed materi aI S may contain pa rum a pa
mol ecul e, Au hgeleahiomprosass during wbich @ precursarris om@eted(bmdmuimhve a 2| nc

i d b
mater a1 30 PAREsARRLNS ARSI Bes. GE MRATN? ol BRFG
al | oys. M alcapabiepéfurtiel grosiirgnidtoreetaltinoausiemdubidve lagar. Thispraced is
I ncl ude, with I m.t.a

Vo Ag. Co. aPlysiareyBasCineralizict of GaioreF ol syiie.& hetal kigptvpoor

Ti 02, Co304, (€£42@ méta2alt) zgﬁ)bevsanmheurtb aX iettdfontalMebtHNh ®id ﬂ%seﬁde”d?‘a”um
oxi de I ndi ugneg}l n oxi de, _ni ckel oxide, copper oxide, tin oxid

t ant al um oxi RAUCHIGARISHN The E@”'tmaﬁm%!@ﬁt@é"’ﬂﬁs taﬂa%alﬁloamabtﬂwtes

and grows into a continuous metallic layer.

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

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

30 include Ni, Cu, Pd, Co, Pt, Ru, Ag, Co alloys or Ni alloys. Metals, metal alloys
and metal oxides that can be plated include, without limitation, Cu, Au, Ag, Ni,

10



5Any of a nunber of different biological materials can be used to
provide the tenplates for creating the netal nanowires, including
proteins, peptides, phages, bacteria, viruses, and the |ike. The
techni ques for selecting,. form ng and engi neering a bi ol ogi cal
material that will couple to a desired nmetal or conductive materi al
are described in U S. Application Nos. 10/155,883 and 10 10/ 158, 596;
both applications are in the nane of Cambrios Technol ogi es

Cor por ati on afdi Go,&tj Re,0NpGr,dliedd)oailloyhie.g. cCelP@ridiaalioys, Fe alloys (e g.AS

ot her bi ol oi () Ay O GhRR T R e NeledlyPiekinsta il o¥ite s

for a sel ect eslumirreh o%IE€ Thdlimain @l@hi@ﬁél@ﬂld@%ﬁﬁ&? bXi8e Wﬁi&&dealtantal m
Proteins or peptides, 15 Wi t h afflnlty to a specific materi al 'can %

i dentified tHMARRyNIODIYM sXidevalediwgy@fide prabserigmexide.as phage di spl ay,
yeast disphay, cell SURB?BPa ﬂbﬁn%lgc%’f u‘iff?réﬁtrﬁﬁfaigicéf Nt ér?bé 5]sécpt

case of phage display, l1braries phages
created by i ri¥eyide ﬂ‘@ tempiates foacieating thes rostak mmres,eqcladmgmutéins

tid t
e Fini ty for PePyfedhabed Bafln WnBal dfa b Beh He'edupd iakatie,
pepti de strudommieg afam ftﬁgmgdmga bbb@lcal matenal that will Icgu;ﬂalté !ta@é‘la:fﬁddm%i’éﬁ
eneti c sequences,o e bi s .cap be controlled to
orovi de o nuBEpnafotes Bt pRedrscriod i SeRbn Gaha ab LR AR, ai n
types of phage/158396c bem apphtatons &R if thaakate oﬁ@gﬁbﬁ%ﬂ@%r@io g 25

proteins can pe arrang%é:l in an ordered array along the [ength of M3
phage parti clG¥EPoraHign predbeqraerateshesein My deferanget o i ncl ude a

speci fic peptide sequ o‘l‘ab?d |nd
apconduct Pvg mat er i gl %ﬁg@é%ﬁoﬁ? %%ﬁgfpg{eg?gﬁg@mn% é}{n}dQ
conductivityor At!!@ahtoa@@mma;enai pansbe elﬁmmqedetcalhamm‘rmtyrsdeaﬁ:rml | i ty
to control t e he na W|res
hr ough the. SoicBRATEREADfe BF Kb RpieISnd e b PRt By B

havi ng spbxi wrtbaiffirytydlealsgﬁeﬁc matariah¢arobd Hdn!ﬁfmﬂtthdmgh equeﬁetrﬁﬁsccﬂ}éry

t hat end, pe des or roteln t h_bi,ndi nit silver ol d
or pal |l adi ﬁngh&c\?%s B'écéh Brggs ¢! qs?%%y \Xﬁ?%ﬁ'st'?%g{ I‘?"H’%&% EP( Vel Otharg, g
phage struct @beexamsie dathe 0ag8eofpliae diépidy, dbiawias bpmagéaqé@ QMg hose of

t he phage particl
: phage p héges? can be created by inserting a wide variety of different sequences of

E

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 aranged 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 conirol the geometry and crystaliine

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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Bi ol ogi cal materials other than phages can be used as tenplates 5 for
the formati on of conductive nanow res. For exanple, filanentous
proteins which self-assenble into long strands of tens of mcrons in
| ength can be used as an alternative tenplate (see, Figure 7).

Advant ageously, such a tenplate protein can be synthesized to have a
much | arger aspect ratio than phage, which |leads to | ower percol ative
t hreshol d concentrations of the conductive 10 nanow res.

Addi tional |y theplehasticas %r Efﬁétﬁ’é wftl‘? bﬁ&fll?fgr@ﬁ‘lﬂ?%ﬂ divérapen oY?:IaHEHﬁJrﬁ han

phage particles. Large scal e manuf act ur foteins, “such as enzynes
used as deteﬁ@éﬁbea@mentlﬂaétwhlpb caRebe lmwaipémtoaphage structureftp greate 8
shows a sche I f a nunber of
bi ndi ng si temhgﬁg‘%{)&ﬁhﬁﬁ Q%Q{S@E%ng%ﬂ)ﬁ%@%%arﬁe%hégg@éhﬂ%?é bi ndi ng 15
sites are sel ected to Bialgicahmafetinisidtherftioan phages canlbetusee ap tarhplatess,

sueh 25 . Wy N e ol Tt Sl

Further nucl emigh ééﬁsfé@ﬁﬁl&htdﬂ@n%éﬁéﬂd@'cﬁenssdﬂﬁhcr@ﬁs ﬁﬁueﬁgtﬁl cbh%elusls@
The protein scaffold 8 can al so be engineered to have acg urality of

bi ndi ng sitefS@a amefnaﬂg@éerm%latﬁ (Bee. flgur@ 7). SAP@EniRdepusly.c @tﬁw@tq hem
spaced at fr %Pdiéfgtcaﬂ%% %&éﬂ w@l nafhn%cﬁ (??gt?l Vgé«ftgﬁégfﬁﬁh Bhbge,

i ncrease the'con UCtIVI condu >
The | engt h oWwhichdeadslgi Iwer peacelativel threshelti cascentiptionsctfiibe asnduetive as

engi neor aif + oRATEY, | AdRE Brad e SO By iERe Voluienes
g)ncle t he IS| zphawmﬂbclﬁﬁ Ba@easplecnamﬁadtmegﬁp&)_téiasrsuehb_e@lhtgges hﬁedh
t t ,
2 et or "B e B BB iR c o' et ares 5 for et
enbodi ment of fabri catmgwew@weta é&eﬁﬂﬂ@%n’é@ﬁ dﬁlm&em%ﬁﬂﬁ%amng
ein scaf can be i neer ed

1 | at Th 1
e i naPRuPer SHBRGInG Stes B8 CALSLIER EoLISTYe/GAT GRS Sh o Dirdingo
respecti g egfis arBiseflicha BNl 8 8h TR fd"f%@b&ldﬂbﬁ\rb Féiﬁ&le@tslil@ﬁ akAgough

any type of associative interaction, includ |ng for exanp ) |0n|c

i nt er act i on, AgoGH aagNi. aﬁer@ah\gply,ﬁwbmgv@g siieh 82 hgve ay affiojihteb aceed
o ok on TR el (4, UF ) P RRubEL VS, WiFecgance.
nanow res i n'partlﬁlea sumasdbnamttl‘edlkﬂeﬁ' he pmtworsk:sf)‘oldie cshalgo hen t he
final sequenggh 0okl WhevSa pliinPSARKHRY S5 RARk S5 Syt k"
20 preferred to have them spaced at frequent and regular intervals along their
{ength to increase the conductivity of the final conductive layer.

The length of a hiological material, such as a profein, 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 9a and 9b at

30 respeciive ends. Binding partners can couple with each other through any type
of associative interaction, including, for example, ionic interaction, covalent
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5 locations nmay be of the type to encourage the form ng of neshes,
end to end connection, cross-connections, and other desired shapes
for the conductive layer. in the exanple shown in Figure 8, the
conductive material 8b has already bound to the protein scaffold 8
before the protein scaffolds forma network. It should be understood,
that protein scaffold 8 can also forma 10 network prior to the

bi ndi ng of theommwwr\é@eﬁbbﬁdm@lhydrophob:c teractu@%ﬁd%mlmsemef

bi ol ogi cal tenplate having associ ate pept es or bl ndi n

partners al | ovigtaraptiopetwenniieiassocite aebﬂﬂﬁ#@@@tandé?ﬂ enperrage the Wf-
d
connect ed net vgy, E%tﬁ@ﬂ% fud errp a?rb rﬁé}gﬁ’ Péwﬁér?@emﬁk&

particul ar netWor ol ogi ca es can erefore
sel ected to 15sstuvevie the fieaisequbrde gy Bigur 8. oTlmlseassomatrbie peptmésmti\ﬂ&w

| . h
oy bri cali dECHENBHDLE GRS RER 1 Etel e ZoBies ofirdies) i it
conmposi tions. donkhkbtisn, aﬂasmbﬁawmé aPU QiR desitddysHpes foriRabdRittfd NY

of nano-materials i ncI ude: solution processing that can be nodified
for high throd@¥fiutn e ewwﬂﬁ%taeér @ed?@B@%GtWPmﬁter@Jﬁbﬂ"ﬁﬁr
conformal ity Qdé%

and Substrat eadh@aBi] Bk td%ﬂe‘ﬁf'otélﬁ%gﬁgldg g? Ietoi‘é(g')fgprofaﬂ{‘ ure H’lrgi

shows a transpteerk. dosheulst e undersieeth thatiprefein scaﬁ@d@tqaa@ls@pen al2
coated on fo sUaslb@lsiol f bty GG RYBLL2 cOMPri ses a

plurality of neta HAROW I'8s nan és forma
conducti ve network. Thus the use Bf ginfogiciaDtBrrfpmmaa\an@macimpaﬁfdesm a
transparent co

ductor. 10' . in i C ondyct i
on the. subst  S0eEFpiing Batngrf ol Br PreyBiRtafh of § ceftiGie ayet gl o
met al nanow r@@nﬂ&teﬁhéﬂﬂﬂdthah v&:u@b@p@ﬁsﬁb{e With rafddpt ranowiree! B to a
solid-state materi V\:p rb r]e
particu ar n ork the lologlca templates can therefore be selected to
15 achieve a desired degree of order in the conductive layer.

Template-based synthesis is particularly suited for fabricating
nanowires c_)f particular dimensions, morphologies and compositions. Further
advantages of biologically based manufacturing of nano-materials include:
solution processing that can be madified for high throughputi, ambient

20 femperature deposition, superior confarmality and production of conductive

layers.

Conductive Layer and Substraie

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 metfal nanowires 16. The metal
nanowires farm a canductive network.
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 ih a
30 matrix 18,
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nanow res are di spersed 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 netal nanow res and provides a
physi cal formof the 5 conductive layer. The matrix protects the
metal nanow res from adverse environmental factors, such as corrosion
and abrasion. In particular, the matrix significantly |owers the
perneability of corr05|ve el enments in the environnent, such as

noi sture, trace anount Matridaetess tom(ajqjém;tats visktental ol whith the f@tal! N

o oper b1 es. 1 qeBires ¥l i elad Y Hrie el " aaRs o fhenepavres DY o
adhesi on to tpnefrulelfsim ﬂ‘teemaﬁwrﬁéten‘ 4106 €nablhédess 'P@fh%' coRdibdie nb{er?k

pol ymeric or .@ g%qul .C. ma}l es enbedded with netal nanow res can
robust and f|'ORITEFEX ISANQR ”B%mﬁ%aae%zﬁ&aﬂdrﬁrp\élda@a@hysnmmmnﬂhe

flexible rat rcbﬁ@.&:tnﬁ@@ertﬂﬁ@ﬁl%trﬁ r{ﬁotéé’t ftf?é%bfé%ﬁn&&l% %@w&e&e t he

conductors in a | ow cost, high throug put process
optical pr op@F“t"l’W%’ﬁa'tf?@O'@omhcﬁa coerobian @énd @brasio. tlalplaﬂicﬂﬂr Hiye matrix

sel ecting an reflection

| oss and unwg%? gg a{%’&csgﬁé g@“@@ rog}’%ﬁf?@'é‘%g HP e PAGroRmest.r i x

of a desi rabFéch ag maure.draqmoummm bxyzyienasglfdrtahglgﬁgam@

Typically, the matrix optica terial. Amterial is

20 consi dered opti cal |'§',3g$lﬁ%q h@’yqﬁcie@ﬁv?rﬁ 'ﬁsﬂﬁy§'§?’oﬁ‘ﬂdd'ﬂe‘2hﬁi@lﬂal
Ealte“ al 10s ?Itopéﬂlasttoﬂfé%dnduétlhle l?/yﬁﬁl Fbi%){aﬂﬂi(lé)rit #aq,gg t ﬂﬂ;hP "f’ )
nl ess speci a e layers (i ncluding e substrate
in a trans pa?%fageon?dﬁﬁwor&e%lmﬁ%ﬂalﬁﬁ@ fimay Rolymericeraiygnio priricak | v

cl ear. The opmbedtedolif inblal AAndifesTEh b ol b NEAbleY AL Ned by

mul titude of factors, Including wt he T'e ctive
i ndex (RI), %C%Sﬁ?@:l(h@g@ d%haergmeﬂ@w@mamcesnnaimhmssnwmm fabiiekaess,

surface (i nciadbBnt B&SITRRE) [ g a scattering | oss
caused b¥ surfa(k:)e rou ngss a?nd wr&%%fg]%dmgﬂ' hpﬁzp?f’ :
In certail® enbodi ment Moradver,tee pptical sropéties oflibermonductve yet barcke
about 20 nm about 50 . nmto .,20Q. nmthick. |n_ other
30 enbodi rrenttgibré? Eg‘séf%t: ﬁ@arﬁé}%p 'PTie ales 'Vatef‘ﬁ'dg:fr@P‘a@B@ufeﬂﬁd@”t 0
2.5, or abouessiar8bunwartedglare can be effectively rédﬂlcé@b?@lsiﬂg%rmé’lﬂk geats, the
matrix is a which is also referred to as a polyneric matri Xx.
Optical ly Clu(%glrglﬂ% r?fﬁaé;rt'ge Ndex, SooWps(tian @Rd thigknesgx anpl es of suit abl e
pol ymeric matrices i n‘C)lrpi@me, thafrna’ir)@s%topklbéﬂytd?éjartrﬁ?ateﬁ Wah&libGs such
as poly% hacr |, at g Rf '\]/ net hyl et hacr¥

con dere ical clear |ft e light transmlssmn 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 (RD),

25 thickness, consistency of Rl 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 nm to 5 um 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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5 polyacryl ates and pol yacrylonitriles, polyvinyl alcohols,

pol yesters (e.g., polyethylene terephthal ate (PET), polyester
napht hal at e, and pol ycarbonates), polynmers with a high degree of
aromaticity such as phenolics or cresol-fornal dehyde (Novol ace),
pol ystyrenes, pol yvinyltoluene, polyvinylxylene, polyimdes,

pol yam des, pol yam dei m des, pol yetheri m des, polysulfides, 10
pol ysul f ones, pol yphenyl enes, and pol yphenyl ethers, pol yurethane

(PUI) : epf)x]%/_, pol yol ef : hsge(rm_irlgemgodiln?n&pﬂﬂieaﬂﬂrixmé Wf?ﬁ‘ll@’,hﬂﬁéﬁ %%gso and
t - -st ,

U1 ubstce | SRlameRR A RO ns et Ccalbi s RPNGRS PUETC o Thg art

pol ysi | sesqui Brnsiss enslitable\solynidtRShatries i)i&lhﬂé/,'b%h%g %&%@Eﬁ% -

pol yacet at es, pol ynor bornenes, synthetic rubbers
EPDI V1), and R Hﬁ‘/‘?;@ﬁ%FW%PQMmQ. aciylgtesderg/l paldmethyl nethateylate)),

| yt etraf |
F T ot o o1 GRRCttEsAnd polperlon e SRV LAEARIE BEVEREIs e hng ™
D s e Lowpiomacmhfmite, ar@piittorks).

ahi d ass r n n _ofher e i s,
the matrix iga s %3&5%’?@" F%?é igﬁfonf—ad'f’ﬁ%%se?hea" U gEeSalrat 1 i x
based i | iformaldahylie (Novatas®), polysGtdnes] : +6102,
5, st o e 5
enbodi ment s, PORAM ?*rﬂ%ya\n?@%q'ﬂm[@ idesi Ralyethsgimides welysulfidess natri x

be o . ! !

Ca e SRRSOty SRS A SBE A BfdR

et hyl enedi ox FPRX PRYRIEIN apayolypreriigne polymethylpnsotepehaiptysiie slefins)d

pol ydi acet yl @B&$onitrile- et ' e . " copducti v
film, refers, _]?o n:atnlr?e?tu}}\%drl?(nei gtyreeﬁ%%g% Hﬁ&béﬁé\%?béﬁény es lcghﬁﬁc%%gypggﬂ}eﬁe
conduct i ve métiFen-eantainiginclesralent p@ysilcesyicxtnes amhpolysilaras); i X i S

Th e 11" PRl S B B b SRS T
conduct i vi& yEPR, 88R, EREiM)hgne fleartpolgmbrsofeay. golnmyliodas flu®idér om one
" the condubtYsEeiayerRins tim apobigia ipraomianss ppbmarn s hol d
and becone cfunstoaldiineandHydreoaricrcalefPRU Clinyiflén®) Mdnd diforpRBGUICt i ve
layer is inv lﬂosrgcl:a}/rbon polymers or copolymers (e.g., CYTOP® by Asahi Glass Co., or
Teflon® AF by Du Pont).
20 In other embodiments, the matrix is an inorganic material. For
example, a sol-gel matrix based on silica, mullite, alumina, SiC, MgO-Al;, O3~
8i02, Al203-SI02, MgO-AkO;-Si05-Li:0 or a mixture thereof can be used.
In certain embodiments, the matrix itself is conductive. For
example, the matrix can be a conductive polymer. Conductive polymers are
25  well known in the art, including without limitation: poly(3,4-
ethylenedioxythiophene) (PEDOT), polyanilines, polythiophenes, and
polydiacetylenes.
“Conductive layer”, or “conductive film”, refers to a network layer
of metal nanowires that provide the conductive media of the transparent
30 conductor. When a matrix is present, the combination of the 'nehuork layer of
metal nanowires and the matrix is also referred to as a “conductive layer”.
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5 proportional to its surface resistivity, sonetines referred to as
sheet resistance, which can be nmeasured by known nethods in the art.
Li kewi se, when a matrix is present, the matrix nmust be filled with
sufficient netal nanowires to becone conductive. As used herein,
"threshold | oading level" refers to a percentage of the netal

nanow res by weight after 10 | oading of the conductive |ayer at which
the conductive | ayer has a surface resistivity of no nore than about

10652/ squar e $iate bblbductﬁﬁtsﬁlsfabﬁléﬁéw&)ﬁelb@tﬁgél%ﬁa@%‘ﬁ@md@ﬁﬁﬁ%% ?ﬁb hfagdior s

such as the as t ratio degree of alignient, degree o
aggl oner at i on”%WMJ"PHE al”@ﬂ?%tﬁ”fﬂictew wetal ﬁ@%t@lmlﬁﬁﬁéw¢@§t ll'IAbel s

under st ood by, | tical
coMBcile I'a*( oréhnf]% rﬁ?éétricatl 8rc ere d&sff’nlr corrpro

properties of the matrix are ed by a
hi gh | oadi ng eshduelijvepaitts suiriase cmlmtnrity oﬁdhaamm{getmsager ig hEei’eth

aspect ratkio now.r.e aIIo for the formti

conduct i ves nir%rigﬁﬂgghgﬁm?%g Thaip Uy nﬁ?rr@ 50 do &g, ?#’ea%ée?‘ﬁéﬂﬁ%g
| evel pref er atitigh oén bbmﬁasﬁreﬂ&nynmbwnﬁnémoﬁmt@ﬁea;@ pg/ cn2, nore
preferably from about ikéwgg/ c%}to about 5 pg/cn2 and 20 nore

preferably from about MATHLE Paeﬁgg? Hiempiix rgqqt@g.ﬂled with
nanow res. ThefRiehhedhahewid s de%ﬁlb%oﬁ@udiﬂ% ﬁ&fugéa hén% ﬁprdcal
epend St rong

or optical properties of the matrix, These val ues y on
the di nensi oldAdingleyphfefars tg aﬂ@@@fcm oftha metah nasmwiresdy weight after

Advant ag@wslwad[ﬁd BIRBRORN tEO R R?lﬁcf?{hetéé &?At‘@eﬁygﬁéé ﬁghg@c% can

conductivity (or “surtace resis and optica
be provi ded gsistiviiyof hnqlctl'hﬁldnc&bouhy) |@fsquare ¢br Ap Tiee drestaitblobding -

In certain e t e la pans, the entire

t hi ckness of mﬁbéﬁ‘ﬁq&x"" Q@o@}%&ﬁ%}&ﬁhﬁﬁ?ﬁ 8§%eﬂ39%°§€h@ﬂ?% a

;:ﬁrtai? !ooréI ldegiaeﬁiftﬁgglammrationmahermtynﬁ mne&?ﬂal%na?mf?c? 19 of
e matrix due to e su ensj on o rix nmateria e.g.,

pol yners).. This featur%s 5S§m§6rsb‘£dﬁ? aﬁkF”?H EE@“F megfianicat aden

appl i cat i1@ns opflical pedderiag dithe @akikns Wﬁtﬁb&&féﬂé@b%on%ﬂnﬁeﬁwyaé’h h

surface conductjivity on at | east one surface thereof gure 10Cq

i |l ustrates H&fingofianymparicasdhereiie Afveniaoroesly, ihe alph lﬁ'ﬁh@ﬁﬁnfﬁim of the
enbedded in %eﬁﬁahéwﬁé@hﬁdb@f’brﬁﬁfﬁﬁﬁﬁhoﬁ%@b EHl‘fétMé nﬁﬁqrﬁhﬁr‘éﬂg ﬁ‘ig' le

some nanow res, such as nanowre , e ent
the matrix 1Bwatieisa tbfe&homurfﬂammdméevaiocﬂierably@mabmm ofppgfc tke

above the supfaqe ol Ryah? hGe preferably from about 0.1 pg/cm?to about 5 pg/em? and
20 more preferably from about 0.8 pg/em?to about 3 pg/em? for silver nanowires,
These surface loading levels do not affect the mechanical or optical properties
of the matrix, These values depend strongly on the dimensions and spatial
dispersion of the nanowires. Advantageously, fransparent conductors of
tunable electrical conductivity {or surface resistivity) and optical iransparency
25 can be provided by adjusfing the loading levels of the metal nanowires.

In certain embodiments, the conductive layer spans the entire
thickness of the matrlx, as shown in Figure 10B. Advantageously, a certain
portion of the metal nanowires is exposed on a surface 18 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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5 matrix 18. Also, a portion of a mddle section of nanowi res, such
as mddle section 16¢c, may protrude above the surface 19 of the
matrix 18. |If enough nanowi re ends 16b and m ddl e sections 16c¢c
protrude above the matrix 18, the surface of the transparent

conduct or becomes conductive. Figure 10D is a scanning el ectron

m crograph of the surface of one enbodi nent of a 10 transparent
conductor showi ng a contour of ends and m ddl e sections of nanow res
protrudi ng abiguees 0CHstrates how ittis beligved ¢he networksftngetal nanowires I n

ot her enbodi ment he conductjve layer is,forned by the t al
hanovi oo enpoRERed B EmaBkEcHEVeR SUREE SRRIYSVRAAS TR WS PP e
10E. The congarowiig, S@ords ﬁ&ibmﬁqeaj'm% B?Eﬁti@l}ﬂ@ﬁﬁm?’ge@'ﬁn tHeemamik 18X

18 and are 16 conpl etely "submerged e matrix
"Subst rat ", efis ofqigrinanowites, suplvpe end 18R sptEudeakovadiesyriace J8iad the

whi ch thegco tiove, Y am e LN rafe can
be rigid gr ?’%gﬁ(l ﬁ'/eélg$h€ﬁ%¢}§ns?f%@@éﬂie‘%gmgrg%wpgb%‘acg%%@ e term
"substrat e ofeaiibpilbe,'may ptofpide abbye theedrface tDnhibe inmadrix 0.t i enough

| am nati on process, a 11 be discussed hergin. Suitab I gi d
subst rat o | WIS erith Tt apTigde sPa@ R R fhin g the a B e’ a e
the li Ike. Suwr&?.b@fiﬂﬁénfsper?ulb@iduatoebeéﬂﬁty?ﬁqdumms. _?_:Fi@.lradloDlii;ai t ed
to: polyesters (e.g., .polyet ne terepht ate , yester
napht hal at e, SERBMBGSETHRIER Sy Srp AL ope S bodrsnBFa b anched,
and cycl it pRAnphAInt BShdudisH shewRglaScdrtoud of PG A MdIESEAbhI6S

pol yvi nyli dene chloride, 25 polyvinyl acetals, polystyrene,

pol yacryl at eRanosirgsfietrydinggboved malriy ina dsneparealeesdydory. , cel | ul ose
triacetate, cellul 05eIlﬁ&ﬁ%ﬁéﬁbodiﬂ?h%%h%ﬂ@@éﬁv@ r &formed by the metal
pol yet her sul phone, polyrmdés, silicones and ot her conventional

pol yreri ¢ fiharewiraddimbesidat irex ponibe of the meairix,zs shovmtig Figsre $0E.ahhde
found in, e.g.. a-Pat ept . 6 : Lcal t opti cal
transpar ence&&dué{?%rlﬂ% f%] °P%@'%%°A‘?%%P?’3‘é“|°£9‘g'3%@%1 )e“"“&d"?mé;t itatively
Slefi ned g WW‘SEbm$LQMnghéh’?mta.?nsm Ssi pg talnpl E?ze. "Li ght
ransm ssion' refers e, perge an jnciden |

transmitted through a %ét?ﬁtrﬁ‘fﬁm’ ?rns%%g%lé}cgﬁ{%dir#ﬂﬁga PRETEL e
transm ssi onyith tiecsHAINBIGS et i$ 8véd bStafindtedSTh8Eibstaté embedtgits
high as 98% For_a transparent caonductor in whigh the c%nductlve

|l ayer is depddlexibie.ofhe sihstaiesnn be clear or opaque. The term "subsirate of
choice" is typically used in connection with a lamination process, as will be

20 discussed herein. Suitable rigid substrates include, for example, glass,
polycarbonates, acrylics, and the like. Suitable flexible substrates include, but
are 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 chlorids,

25 polyviny! acetals, polystyrene, polyacrylates, and the like), cellulose ester bases
{e.g., cellulose triacetate, cellulose acetate), polysulphones such as
polyethersulphone, polyimides, silicones and other conventionai polymeric
films. Additional examples of suitable substrates can be found in, e.g., U.S.
Patent No. 6,975,067,

30 Typically, the optical transparence or clarity of the conductive
layer can be guantitatively defined by parameters including light fransmission
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5 on a substrate, the light transm ssion of the overall structure may
be slightly diminished. Perfornmance-enhancing |ayers, such as an
adhesi ve layer, anti-reflective |layer, anti-glare |ayer, may further
contribute to reducing the overall Iight transm ssion of the
transparent conductor. In various enbodi nents, the light transm ssion
of the transparent conductors can be at |east 50% at |east 10 60%
at least 70% or at |east 80% and nay be as high as at |east 91%to

92% Haze i samihazedekighi rinsiésich réfesd the bércéﬁfagé%f é@lﬁci&npment age
of the quantity of |ight separated fraomthe inpcident ' ght and
9

scattered duwrwwecmm@sa @sﬁdiuam lnwanwsg?mqu*raﬁatm fb@. ttranemissions
largely a pr I hg{@g ré%g%ﬂl’ oncern
and is typi Cgﬁ%&bé%d&%g%@% gﬁgr ace ragﬁcﬁé]gggsgr?‘h %d? r&
particl es ortrasppent ctbnﬂmtormwhtcb@lwmndmetwe layarhised epatitedor laminaied ous
enbodi nen s S e no 1Mk,

T00% o nr 11 ASHESGe Jhe IR BB B e U S o R NG o
than 2%to Qiuﬁa%nsﬁ%ﬂr fmﬂmnemémmeing@yew eush 294w athésiib lRbay anti-t he
IR L T AR N
further enha@ﬁeﬁa@muwéﬁ @ﬂtﬁé'tﬂﬁls ht dopaattof. qn%ﬁoudWeﬁnB@dlﬁkﬂﬁS%r ent
conductor structure. in ot enbodi ments, a nulti-|ayer

t r anspar ent @bhtﬂmssmrs owgéﬁanﬁwenmnéhcte@rﬁmb@e@ e 5076 Hpast
layers sygh Eﬁﬁ%,aafitléas'i ?64/038F éﬁ@aé&%% shd rhay BE&S h@haéﬁs@ys% b$y, BYA9SI ve

| ayers, barrier Tayers,
illustrative exanple, HEZ@lsram Imde)sbifdlgbt diffesion. i redgrerto theaparpentegs of

Goscri bed e BURAH Dfr SRSt RofEine Pl dort ol Aia DBt ity ey °°
conpri ses atfanrsaﬁssic&ydﬂnlika Ilgmsttansnﬂmbmmtchtmmrmawper@rdfﬂ;eer 12, a
Subotrate 14MSdNG. nEER ok a BoyaricSRT olettn REG Hurdf it by PR the
14. Unl ess S’bﬁ@?ﬂiﬂes@fah@(emb‘éﬁde@pﬁﬂicl@fs of BEmp eIl Rderodéneifies dGhsan be
one or nore anti-reflective lqcé'gggts antiglare | ayers, adhesive,

| ayers, bar rmegiumgya variousgogp "Qﬁ(ﬂ‘aﬁ‘? Bﬁéﬁtt"aﬂépﬁ"ﬁmrﬁpnd"fﬁér E&ers
22, 24 and ?rﬁor%%ﬁé{r?w%r hHwré H%tswrb? noSHER théh SvaiHane *asaglmw as

overaII optical performance and i nproving the mechanic properties
of the t r angvamnersthan Biiet®bP%- These additional layers, also referred
to as "performance-enhanci ng | ayers", can be one or nore
anti-reflective layers, anti-glare Iayers, adhesive | ayers, barrier

| ayers, and Reafogmence-gnhdngingdayaisn enbodi ments, one
per for magge- enhanci ng,l ayen dbove, 1HE 2ol l'a?ellg%%% 'shﬁerior physical and

mechanical characteristics due to the matrix. These characteristics can be
further enhanced by infroducing additional layers in the transparent conducior
structure. Thus, in other embodiments, a muiti-layer tfransparent conductor is
described, which comprises one or more layers such as anti-refiective layers,
25 anti-glare layers, adhesive layers, barrier layers, and hard coats.
As an illustrative example, Figure 11 shows a multi-layer
transparent conductor 20 comprising a conductive layer 12 and a substrate 14,
as described above. The multilayer transparent conductor 20 further
comprises a first fayer 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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10 For exanple, an anti-reflective |ayer can also function as a hard
coat and/or a barrier layer. In addition to their specific
properties, the perfornmance-enhancing |ayers are optically clear, as
defi ned herein. I n one enbodi nent, layer 22 is an
anti-reflective layer, layer 24 is an adhesive |ayer, and |ayer 26 is
a hard coat. 151 n another enbodi nent, layer 22 is a hard coat, |ayer
24 is a barrier layer, and layer 26 is an anti-reflective | ayer.

In yet anot hedthﬁﬂ%r%’ﬁosntlbﬁéfﬂﬁel&@ tﬂéstﬁ)sﬁ@fébmn@ﬁ!@éé eﬁéteé'bthenmse
anti-reflective | aﬁﬁr ant | -g4are barrier layer and a hard coat,

layer 24 is @rchdhtha Riersadedd anhab caybe one or mosmarihiefieptivel laars, et

| ayer. 20" Antj t

reflection I arEaGf%Je% é#‘l% ?.ya&%rss é?&%ﬁgﬂly%’% ﬁ#g%%ﬁ?%héﬁgé n ﬁ'ﬁﬂct or.

The anti-ref I ective | a¥ke layers 22)24 ehd 28 servepasious Mneﬁbrmnsmdlmasout er
or_as,.an face bet

surfaces o t ranspar ent ct

o ek ord Epboag RS AL G Blina e SR P icChe TR own
in the art, iprepardéear thi taAsiaréntohdldten Th%ﬁebﬂaiﬁtﬁm@y)é@é{%o referred
quoroponrrer bl ends or copol yners, see, g., U S Patent Nos.

5,198, 267, 5, Qgg @gfprmgﬁ@p ¢nl@gg@1ngjgyers" can be one or Mrepgfisreflective layers,
embodi nent s, ta{]ﬁfdlﬁﬁtléﬁﬁs 'a‘aﬁ?sﬁfﬁygl% BM‘@F!F:%EY@' and ﬁé}H%Qtsbyln certain

control ling e “t hi cknes nti-reflective |ayer. For exanpl e,
with refer en@mhwlm@ar@meﬁqm@nqaaemg@g layfer pepyisies rliiple beeefits.

control | egh sygh %(Qﬁ,g taﬁﬁ’ réﬂ'eg{\}e l%f}érc%ﬁ s%r%uﬂétloﬁ‘é"sfaaﬁ dgg nﬁér@éorat he

surface 30 cance various e
anti -refl ect ibaaidrdgyer. ila adbiton t0li68ir spedifiv pripeties), Gios perfdrmakce-

Refl ection | gss_can al so be reduc y t a riate use of
t ext ur ed Sur@gsggcm%%érersearaopfpag %ﬁfﬁtcpeﬁﬂe‘?g 8‘957 and literature
on Autoflex 6 MARAGTM arghelaibvaliaet, IRy&rdiact snfantuieidetia Ryer, thyer 24 is

Aut otype. "Anti-glare |ayer” ref rs t | ayer that reduces unwanted
reflection ah zﬂﬁ’g‘Sﬁ‘E’% fayshand dayes Sﬂ%%ﬂ?‘%aﬁ?@gar ent conductor by

provi di nggg i ne rOughnelﬁsan@fhe?B&béﬂlﬁfe@?%ﬁé?ﬁ%hﬁfd dd3e 1awfrieacd hon.
Suitable anti-glare materials are well Known in the art, includi ng

wi t hout |i mi tafriesliayssi ansidayriLt igan ﬁbﬂ'y%ﬂeﬂ\@"ﬂéYWMVA bl end, |acquer
, b | / ,
(e.g., butyl acetate “lh;feg Siathet u‘lﬂ‘ﬁ#taiabé(r@b d&qbu%ﬂoﬁ%?ﬁ%@?—”es

pol ypyrrol es, pol yuret nitroce ose ates
whi ch may com@flacmee yer, @ht!-glﬁré falsarries Inyerenda haa‘d@hatab}’eb% siatal or

(U1 11 g3 ol S B BB IR0 5100 07 e
mat eri al 2@can have m cAmticeflestive 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, ses, 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 controlled such that the

30 light reflection of surface 28 and surface 30 cancel each other out. Thus, in
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15 conpositional heterogeneities, which can also exhibit |ight

di ffusi on behavior to reduce glare. "Hard coat", or
"anti-abrasion |layer refers to a coating that provides additional
surface protection agai nst scratches and abrasi on. Exanpl es of
suitabl e hard coats include synthetic polynmers such as 20

pol yacrylics, epoxy, polyurethanes, polysilanes, silicones,
poly(silico-acrylic) and so on. Typically, the hard coat al so

conprises co .

7,014, 918, 6%@%‘@%@66&}7@?} {EfitrEndbve e Iﬁgrﬁtealﬁﬂf%d\?ﬁﬂﬁ?lﬁ&%ness of
the hard coathiti typically fromabout, 1 to 50 pm The degree of

har dness can be eval uate n LN ar y 25
scratching the coati naﬁ%\fetcﬁg%fégg\é\% g@éggq%{?&dﬁ’ggﬁ‘%?é%@ﬁﬁg u§%o i mes
within a di stexaeedetirfdcan)sasd, 20.188] Ratontts. 82085 anthiteratirodd AftofRR0
g/c see e hard coat nay be

e ( The hard b

. S. . Patent _No. 6,905, 756) .
further e 0%4%% ﬁ"%MqtheVSTMaPerW%ge@sMﬁ'%D'aW“QMQWRﬁ | ection

treatment by known net"mfifghar@léyee ks 1o aﬁgi?éiﬁhé’t%b@dé@un%h@ds to any
optically clear material at bonds adj acent layers (e.g.,

conduct i ve | sflectiomat @u@@erwr@pepbﬁwmfepmnhwlduatpr bstpiqwgilrtgq@e

physi cal , 0, | e 1y
cl ear adhesi \?/éeughgggér ?'the é?}rf‘a‘&élh %ﬁgﬁmﬁ%irﬁﬁﬁcﬁén‘arspw%%ﬁtygkhegﬁ@mﬁqg 8 ut
limtation: aterwell knoversimke adhlhdudlngmtiouﬂlmrhiatiom esfloxemesy esi ns of

chl or i nat B PoREheARe Gyt PR . ol ReSteRi ariS e atoe

cunar one i ndmm)rmyﬂhazphéﬁés IpSlypirrcﬂédmb@DﬂatNanéy hiveceiiddse, and agokieser
pol yester r es'lofswhxcf:aet hane resi

rene res ol SI|OX nes and
the I 1 ke. FrescrTee & B LIHSiRd Sreter s A IO BaR o

or prevents gfss, 05ed iy URSIFERAIINGS. 6,089,576.%, 750060 3 48l 74705445 /895,
It has been shown that corroded netal nanowires can cause a

si gni fi cant 6%5@%5 84n Rlendsandcopplymiersief teesedialerigiscpn hgveuanigrogaals he
light t rgg"s ﬁﬁbgﬁt[&{al h@@r@%g@m% \WicH @¥fdiso nﬁb rﬁuﬁﬁ:sbﬁl&%ha\ﬁé&%

effectiv at nos rrc corrosive g enterlngt e
conductive | E&ﬁefseal‘&ﬁecont acting the netal nanovvl res in the matrix.

i tation see. e o, 0o Sapfe Shenkaulasrfbier I SoaRPatiellt. s
Pat ent Nos. provides %@ﬂmandl slifade ﬁmﬁoﬁslﬁ)agﬁﬁsmtaiGheMd #B&sige5, and JP
Patent No. 5 reflecti ve | ayer,

anti-glare | Wf‘eﬂg FH'%‘%B@S%%%D'@# a:fygﬁmigtpoygeés BATT#%r 1 ayer.

20 polyaciylics, 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 fimes within a
distance of 2 cm at 2 reciprocations/sec under load of 300 g/om? (see, e.g.,
U.S. Patent No. 6,905,756). The hard coat may be further exposed to an anti-
glare process or an anti-reflection treatment by known methods in the art.

“Adhesive layer” refers to any optically clear material that bonds

30 two adjacent layers (e.g., conductive layer and substrate) together without

affecting the physical, electrical or optical properties of either layer. Optically
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In certain enbodi nents, the nulti-Ilayer transparent conductor may
further conprise a protective film above the conductive |ayer (e.g.,
| ayer 20 22). The protective filmis typically flexible and can be
made of the same material as the flexible substrate. Exanples of
protective filminclude, but are not limted to: polyester,

pol yet hyl ene terephthal ate (PET), pol ybutyl ene terephthal ate,

pol ynet hyl nethacrylate (PMMA), acrylic resin, polycarbonate (PC),

pol ystyrene, élé?@éﬁh%ﬁ?&ﬁne(tgr%;ﬁ e REA P(ﬁ’del"n 138 ﬁ@,{]ﬁéludlﬂgﬁﬁf{:ﬁm |tat:on

chl oride, 25 yVvi ny ene ¢ orlde
acet at e copol gamlrcsrgsma,l qfﬂormtednleﬁn mbms,rresias of mnyla:thhmsléwm;(babetate
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enmbodi rrentg t he transparent conductor i/“ﬁ C ri se a corrosion

e

i nhi bitor,?i rﬁogalmqr Yesterdesing, Yretagnges &nPlr@W‘%W&}’ﬁ“%"es and
descri bed abgygijikdi fferent corrosion inhibitors may provide
protection to the netal 5 nanow res based on different nmechani sns.
According to one necharBaver layrs” wders &xa tayer et tduoes ol prdventegas by t o

the metal nanpy é&?neai 8h gﬂtggeggaﬁ{rspgr%ﬁg éo‘ﬁ%u&’o} Jiact t?eerﬁestr%buﬁ%’étf ace.

They are also re arted corrosion ibl'tors. In
one errbodl rreruorrotibdantmmiaeowirm Mmgametarwlfmant dédreadenin tHeelectdtaldes

certain nj ain d L fur-caontainin ani ¢ _conpounds,

cuch as ol braendugfit 35 el 4 e vebm RN B e S Bl RiSet "B pounds
have been derbansdriajerdah efféctivelyShlabi @tmm’ewmsmaga@ﬁm eRtefiigme to
provi de a barrlgqﬁjbagtlv\een the nefal and, i ts environnent le,

benzotri azol &°f ayes aeéﬁ%‘ﬁcwgdﬁﬁ metaifapgwiresinithe, mﬂtr%QI'l'\edqarn r
copper or COpfRIrs atd \Qé‘lﬁkﬁoﬁvr( nAheBR lﬁéludlﬁé W(houﬁ%ﬁfahéﬁ“&%@ e.g. US.

benzotri azol es, such as tolytriazole an benzyl triazole, can

al so be used PatentApplicajion N!P Qooﬁg?@ﬂse'l\fds @fg'ﬁd\‘%ﬁ 5p0A88ianfonal
sui tabl e pxanpdessgy E‘Polﬁétgﬁi L0 ?@@ég ’téln‘t'% S'PUET 858 Mfreover,
I ne, 5, 6- fmet y

limted to: 2-am nopyrim en2|mdazo
2- am no- 5- meraoy of teldrdi- WflewtwedWea,zm'IﬁeglarEJmaaﬂtliqo@ardmpaﬁ gem,also act as
2- mer capt obe 2- 20 nmer capt obenzot hi azol e, and
2- mer capt obe%ﬁ%ﬁ%ﬁ g“rr SCHEME |
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 terephthalate (PET), polybutylene
terephthalate, polymethyl methacrylate (PMMA), acrylic resin, polycarbonate
(PC), polystyrene, triacetate (TAC), polyvinyl alcohol, polyvinyl chloride,

25 polyvinylidene chioride, polyethylene, ethylene-vinyl acetate copolymers,
polyvinyl butyral, metal ion-crossiinked 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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Anot her class of barrier-formng corrosion inhibitors includes 25

bi onol ecul es that show a particular affinity to the netal surface.
These include small bionol ecules, e.g. cysteine, and synthetic

pepti des and protein scaffolds w th fused peptide sequences with
affinity for netals, e.g. EEEE;, see, e.g. U S. Application Seri al
Nos. 101654, 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. o %fonq bk form ng corrosion inhibitors i ncl ude

di t hl ot hi adi m&e—% t hi ot hi adi azol es and al kyl thi ol s, al kyl
being a saturated C5- Gﬁ@t!ﬁrl@&t@ﬂbné‘nu@lrtiwaaltxparerrihaomducﬁnm}tgqnmrméa
corrosion inhibit.or, sel f rfacetoforma
o of ayer ( eResien sbtonds eddiar By etiniiay o 6 HAuid et aF dbsorbRiim
corrodi ng. 1@pGIEMBIf3rent oG PRRBREE IR, olide brotection to the metah a

particul ar_ enbodi nrent, the transparent conductor can conprise a
reservoir %oﬁ?&?ﬂ?&@b%e&ﬂ*‘r%ﬁﬁf@ﬂt meshepists , provi ding a conti nuous

supply of the corrosi % Sqtjictd?{erh Hah% 60,.%%?1%“?;#53 bq@&gggéign

i nhibitors 15 SU|tabIe h sus alne |ver i nc
phase i nhi bi tothe' megms)nowessfoumegtawoteeﬁwe;ﬂlmMa nnB@l sufface. Fhegaral s

that sublime noJ of the netal

nanow r es. %gﬁ?%ﬁgg]&%ﬁgg ﬁo‘?@mgn@igglgﬁ%\)ﬁlﬂ\goggt o the netal
surfaces and r epl eni shrdne entosingdrd, the damenfeemingaroriosiog-ihfesitarng
protectio kﬂdgble \VPI s includ i nhi bitors such as

o]
Er i azol edld B oA A CgRB N G P HA R Bt SaRpoieS,

al kyl thiol s, s@é’n SesohidHe did¥eledl imidazoles and thiazolbs.JThéselcbrmpdungs hades
such a transparent conductor structure suitable for a touch screen.

More speci fi B8#T femepgietedial form stakipcammetasonamatal syirqe P ardde a
bet ween two Bﬁﬁﬂgﬁ%ig\)é%n'tﬁé’ﬁléﬁl 48d itk BrliRAnARCLoRBEARR bEhfortididle

conducti ve Iayer one or nore reservolrs 40 are pr esent
reservoirs 4(BENds aicommeaopgeniasarrasien ibibitaeioy ceppar or pojpnsd aleMsh t hat

el DT SBeTASerARR D Y &t Aed BEMTHARBIGk R e bRATbE ARG e
benzyl triazole, can also be used. (Seg, e.g., U.S. Patent No. 5,270,364.)
Additional suitable examples of corrosion inhibitors include, but are not limited
to: 2-aminopyrimidine, 5,6-dimethylbenzimidazole, 2-amino-5-mercapto-1,3,4-
thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-
20 mercaptobenzothiazols, and 2-mercaptobenzimidazole.
SCHEME 1

Another class of harrier-forming corrosion inhibifors includes
25 biomolecules that show a pariicular affinity to the metal surface. These include
small biomole_cu[es, e.g. cysteine, and synthetic peptides and proiein scaffolds
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conductor. The reservoir contains a corrosion inhibitor which, can be
I ncorporated into a polynmer matrix or inpregnated into a porous
material fromwhich it can be sublimated into the vapor phase to form
a nonol ayer 44 on the surface of the nmetal nanowires (see, inset).
5Accordi ng to anot her nmechani sm a corrosion inhibitor binds nore
readily with a corrosive element (e.g., H2S) than with the netal
nanowi res. These corrosion inhibitors are known as "scavengers" or

" Iget te { s", vmm;usée @fﬁpﬁéﬁesgﬂcﬁ.lbnééwlﬂﬁfﬂhltﬁ@ﬂméﬁﬁwg*‘g @Eaﬁ)eeiapsr.g.?s.iscte

el enents. es o cavengers 1.n u I imte (o
acrol ein, g|wuaatnort SetalNes, | WG 625, 10/RRI 31 o L0Ibes AT BT B ang, o
Publ i shed U & 9 6,498 P%v%naﬁﬁ%ﬁfe%ﬁ%l&o&% G%G@@ﬂ eRrerd nt's,

t he corr05|on |n 't or scavengers) can be di'spersed in
t he matrlx mnﬂﬁ@i@&loﬂrg’b presence does not adversely affect the

opti cal el ectrical rti ' | :

enbodi rren s, the net ap?l}llejﬁaa\}err-zérnﬁ@gn&%?osgoﬁqﬂﬁgitéré@c{@%@#ﬂa&&%ﬁ}é
COr r 0Si onI i rmwﬁttmbtm?j’@zoﬁeﬂndaémwthIMEMI m@asawclatemcg4m4 stedighitr at e.
For exanple, the neta res gcan be pr oat ed
barrier-for rWﬁ%c%%?ﬂ@?'%%WP%P wrospndnhib%;man Fﬁwéﬁﬁﬁlsﬁn % he
netal nanow heg) &@fhc!t8 forRfa FioAskeér (Bchéma ), ahéreby prolediing SR mitadn.
Metal anti-tarnish treatnents are known in the art. Specific

treat nents tuigeeiiieg ¢EA rosi on are described in, e.g., US 29
Pat ent g 4,083,945, and U S. Publ igmr%opl [ cation No.

2005/ 0148480. In yet other odi nents, the netal

nanow res can be alloyed or pla | ess prone to

: I nanow res can
be plated with gold, which is/l rrodi ng by H2S.
251 n certain enbodinents, th s described herein
can be fabricated by variou udi ng sheet coating
and hi gh throughput web cogling. /| nts, a |lam nating

met hod can be used. Advant ugly g dagr I on processes
descri bed herein do not rEqU acyppdepositioh, in contrast to the
current fabrication of th tal

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). VPls
| are typically volatile solid materials that sublime and form a monolayer on the
surfaces of the metal hanowires. Advantageously, VPis can be delivered to the
metal surfaces and replenished in a sustained manner for long-tasting
protection. Suitable VPIs include barrier-forming inhibitors such as {riazoles,
20 dithiothiadiazole, alkyl dithicthiadiazoles and alkylthiols, as described herein.
Figure 12 illustrates such a transparent conductor structure
suitable for a touch screen. More specifically, edge seals 32 and spacers 36
are positioned between two conductive layers 12. In the space between the
two conductive layers 12, one or more reservoirs 40 are present. The
25 reservoirs 40 are microscopic and are sparsely distributed such that their
presence does not cause a reduction in the transmittance of the transparent

23



30 oxide films. Instead, the fabrication processes can be carried out
usi ng conventional solution-processing equi pment. Mreover, the
fabrication processes are conpatible with directly patterning the
transparent conductor. Nanow re Deposition and Transparent Conduct or
Fabrication 1In certain enbodinents, it is thus described herein a
met hod of 5 fabricating a transparent conductor conprising:
depositing a plurality of metal nanowires on a substrate, the netal

nanow res beb&ﬁiu@io?.p%é‘?ésér%xﬁccfrhéihéja c@f‘?&b:érﬁnﬁlbﬂ@rﬁhlﬁﬁbaﬁ pganow r e

network |ayer on the substrate by allowi ng the fluid to dr¥ The
metal nanow nesrpotatet intp paphinal nalixeEPIeRatashiotas pames atsrial Eiem

nanow res ar |

deposi tion. @Pmﬁ@ CL%%dder s"ﬁ:, iﬁ'@?&{dﬁﬁﬁthégl%&é’@@%&iﬁﬂ% ﬁéﬁ%’éﬁtr%lgﬁm the
"coating" arsurfiedfiin m@aag@atésy(seé\m)seﬂon corrosive I iquidin vvh| ch
the netal nanowires c or m bed er5|on Iso II ! ]
nanowi r es °di sper si on" ?‘GEQW[%{%L?QQ erlﬂeg %ﬂfh?/ ofF ’n'ﬁﬁ%%ﬁ
are di sper segaiily w&h %roon@@ivalewﬁ@h {e.8, H3S)ihREMGh thé hﬁetaa naimlrssc ar bons
or an aromatic sol vent (benzene, toluene xyl ene, etc.

preferably, TRese gagjision iBhipEOTEETe KNOWIERS |SEEVENSSTS’ PR Q rsnrtW'&i?h no more
than 200C, ngorﬁ%ts wWilhde @Qanﬁ%e@ﬁeaﬂ@l’tﬁe £67R8sivd8ements. Examples of! N

addition, the nanow re dispersion nay contaln additives and
bi nders to cHs® scﬂvemgetsoaclugle beibaregwit bmjtechton astiotain, slyexah Hisginer and n-

but ar o 1 FINORGEPGTE o5 B iRl Re i R Da PRott)
i el ez (501 rtemipher, s asiibturi
and xanthan SHAVECSRSF) e SBpPach e on ey e gL sk nde O

al koxyl at es, a@éﬁyéwaﬁeaxmleptwadommmeepmp@mede;fmcdriaecﬂvezéyer
copol ynmers, sul fonat es ul fates, disul fon%%e salts, s Ifosuclf_i (ﬂat es,

phosphate esters, andIP PWS%P#'&@“&%?? rgtalnancyyies gan
In one e"igmﬂvﬁh a%o%QBW':ﬁlﬁb:er%Bﬁfré bPé\‘ter%mg'dyﬁos:téHJémﬂ\@SsubﬁVat@BF@ht

fromO0.00 1% surfactant (e.g., preferred range is from
0. 0025% t 0 Oemleohhezmtgl [anpPWiTes canbg prerwﬁ#ed)wcm%h%ﬂarﬁi@m‘%os. ty

modi i er corrosion inhibitor, e.g., BTA. In addition, the metal nanowires can also be
| treated with an anti-tarnish solution. Metal anti-tamish 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 prons to corrosion by atmospheric elements. For
example, silver nanowires can be plated with gold, which is less susceptible ta
corrading by HaS.

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

24



30 (e.qg., a preferred range is 0.02%to 0.5%for HPMC), from94.5%to
99. 0% solvent and fromO0.05%to 1.4% netal nanow res. Representative
exanpl es of suitable surfactants include ZonyPFSN, Zonyl (r) FSO

Zonyl (r) FSH, Triton (x100, x114, x45), Dynol (604, 607), n-Dodecyl

b- D-mal t osi de and Novek. Exanples of suitable viscosity nodifiers

I ncl ude hydroxypropyl nethyl cellulose 5 (HPMC), nethyl cellul ose,
xant han gum pol yvinyl al cohol, carboxy nethyl cellul ose, hydroxy

ethyl cell ulmen@iM@t%rpﬁroaégsw)é@npﬁﬁémemoﬁedv@eItﬁaﬁawﬁ%m and

I sopr opanol . I s deSired to change the concentration
of the di spepropesses rammrnmttbdﬁ with diseally sabeaingithe trpesraseit condydier.

sol vent can be increased or decreased. 10 In preferred enbodi nents
the relative ratios of the other ingredients, however, can renain the

sane. |n pariamewis Depdeitionanidol rafsganent QontiactoFabricatiame vi scosi ty
nodifier is preferably in, the nge pf. about 80 out 0.

rati o of the viscosi tﬁmﬁ?@f’w'ﬁ‘eﬂﬁ ‘tf?gtﬁ'éﬁ deser Rﬁ‘ﬁggﬁf}gnﬁ(ﬁé‘}% Fabl y
in the raagefaﬁfceﬂhglsttra‘isbareabm&to@@&ﬁaﬁsmgaraépbﬂmg ablupalidf oftrh@tamet al

nanowires to the surfactant is 15 preferably in the ranqe of . a out

560 to aboutN&OWiEs opasubstrae, tt@rm@tﬁim@waﬁs Pping gisppEsesiin
modi fi ed de%pﬂhg Brat BhoRHRS AL 15V2H oh A% Risha rgf ﬂ&%g tﬁatﬂurarto

used. The preferfFed vi scosMy range f'or the nanow r | spersion is
bet ween aboudryl and 100 cP. Optionally, the substrate can be

pre-{reated Lo prepar g 8,30 BRE.A% L BebLBnHeESl B draRB H e

deposition of the nan Vage pre- serve
functi ongo Fmetabxamv&hes arélqmicamblspensbe ircke fiopsd td famhaﬁe the depdsuim it

di | . dd i | h
2228“ ;25 Ioﬁ éerg{}zggtqﬁl%{%s ?JIBE‘L%B%P#@@@S%? P s? r«?gégd}\/bfeover

the pre- treahfé&fﬂangéﬁb[@eAﬁ?hbh-edrr@&Ne liqmucpmrwhmmwaem ﬁdho&nraat:ﬁiernl ng
step to create 25$)atterne wres. As will be

0S e nan
o oP usoed T It HepusmBERe Ao anoN ey JeReS R0 be
sol vent or qhegl (F%fe%ﬂ‘&H&mefb@ﬂéhéﬂres%@@%béﬂs@ﬂ irPvafth, APAibsHoRld ¥

patterned internedi ate 'ayer to present an propriate chem cal or
ionic st#de ka&nm@tm@xﬂm@amogpergn@wm% smgflen SNENE: Friyensy xyleRe

Ijr ggﬁlg?g;_s SHED RRrPbRMELI R iIER s véidie FRUfgld BHinEERdint i hohrirena 30
than 200°C, no mare 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 ethyl cellulose {HEC), hydroxy
propyl methyl celiulose (HPMC), methyl cellulose (MC), poly vinyl alcohol
(PVA), tripropylene gylcol (TPG), and xanthan gum {(XG), and surfactants such
as ethoxylates, alkoxylates, ethylene oxide and propylene oxide and their

25 copoiymers, sulfonates, sulfates, disulfonate salfs, 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® FS0-100), from 0.02% to 4% viscosity modifier

30 (e.g., a preferred range is 0.02% to 0.5% for HPMC), from 94.5% to0 99.0%
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Fol l owi ng the deposition, the liquid is renoved by evaporation. The
evaporation can be accelerated by heating (e.g., baking). The
resulting nanowi re network | ayer nmay require post-treatnent to render
it electrically conductive. This post-treatnment can be a process step
i nvol vi ng exposure to 5 heat, plasnma, corona discharge, UV-ozone, or
pressure as described bel ow In certain enbodi nents, it
i's thus described herein a method of fabricating a transparent

conduct or cowoé,ﬁlaﬁg frofE 08k tbﬁgfl% nﬁEt Irr%lnbﬁv)feé)fR%E%nfﬁm{I ?(W?hﬁ’ks 2

substrate, the nanow res bein ispersed in a
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pol ymeric matrix. Suitabl e polynerization conditions are well known

in the art a®if isaeogaeclby way of exanple, heating the rmnorrer

rradiating the: monompy dioblroH i8idhbadihe ohaid o b Mgt from

el ectron beans, and I'n a tron I cat
pol yner / sol vibat disgleseshaixiveihe peesnt bithe saveot dapn twon&reasedr wrdeedased.

armod: welbs il ARl i el fatiog ot the stther ort g At dler, ..
poIt ?/ Img re : ?L ?dfmménﬁ?le?rmﬁ gh pﬁﬁcnaltag,lths ratio of the abiaetagbkzﬂe ﬁiscosity

e Vinet hacr vmbtiger 18 BeetotBhUR ineieman g snts 2B o PEREDIY S e 148 efheny

al cohol s, po\hyﬁﬁf ﬁﬁ)d(f@r ﬂ) the %Eetﬂma‘!‘l@m&* fértﬁeibfﬁbﬁpihttﬁ@fa'ﬁg@ of BEdut.5 to

pol yest er napht hal ate ol ycar bonat es) i gh

degree of ar@hft POOP i%lﬁaﬁt ragingih s @@tabﬂawwo tmpﬁéh%e
(Novol acggr)p re%wi%@@@@e &%wi 580 tb%Bﬁﬂ? ws@}amus By&éﬁﬁb(ﬁ%ts of

pol yi m des, am dei m des, pol yetherim des,

pol ysul fi desthe plmnwwrf mﬁbbe npnﬂlfieplmwnélng@n tomeuhsteienshije reathed ef

Dol ot i afbor B0 SHK oA L 8L rbycor HEIEREARY uRBision s

acrylonitril tmmaeradbmnd-mdﬁw copol yner (ABS), cellul osics,
silicones and ot her 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 muitiple functions. For example, they enable the deposition of
a uniform nanowire dispersion layer. In addition, they can immobilize the
nanowires on the substrate for subsequent processing steps. Moreover, the
pre-ireatment can be carried out in conjunction with a patterning step to create
25 patterned deposition of the nanawires. 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 {reatments such as plasma treatment, UV-ozone treatment, or corona

30 discharge.
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silicon-containing polyners (e.g. polysilsesqui oxanes and

pol ysi |l anes), pol yvinylchloride (PVC), polyacetates, polynorbornenes,
synthetic rubbers (e.g. EPR SBR, EPDM), and fluoropolyners (e.g.,
pol yvi nyi | dene fluoride, polytetrafluoroethylene (TFE) or

pol yhexaf | uor opr opyl ene), copolyners of 5 fluoro-olefin and
hydrocarbon olefin (e.g., Lum flon6), and anorphous fl uorocarbon

pol ynmers or copolyners (e.g., CYTOP(r) by Asahi d ass Co., or

Teflon(r) AF by Du PonIFc)uowmg the deloosmon tHé”!mf@ﬁd"i@rr f@’a@%
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nore detail, _natrices, based lﬁﬁpgho 0- curabl e prepol ymers can be
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sol vate or diSperse™t I X naterl can e use
sui tabl e solm@m@flxmt@mtmmmmamxal cohol, a ketone,

t et rahydr of uran, hydr oCal cl. ohexa or. .an r

sol vent (benzene t ol uener&q‘q&fa'('ﬁe'%feéﬁo ag%n%}gnwtgfee r’&%agﬁ'sm?é

sol vent is vednatire ito Hm/maglxaaé)deﬂnedmemn ntCoe”, l@ﬁ"cﬁﬁh@' téfafd t6@0C, no
no_nor.e certain

enbodi nent s o BRI arists Br Pl nobyrpars Sewer trepdgDrmeneersh

pol ymer i 48t i molyrhevide @tddsr, credsiink doZ&y 16 férnig kb ;Etﬂ méﬁl{ m‘éﬁf@cm@uﬁable
antioxidants, and. Uy stabilizers for |onger prod uct l1fetime and

pol yreri zat i Rymerizatan sppdiiensrase well kaown insthe art and iayluds by @y 0int s and
the like. | nexahips, P@Eﬁﬁ’%tﬁ@%ﬂé%mémﬁmﬁp&hﬁé e MbREME! wilfVisibiy &her

conprise a corrosion in
ultraviolet (UV) light, eleciron beams, and the iike. In addition, "solidification” of
a polymer/solvent system simulianeously caused by solvent remaval is also

20  within the meaning of “curing”.

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

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

30  epoxy, polyolefins (e.g. polypropylene, polymethylpentene, and cyclic olefins),
acrylonitrile-butadiene-styrene copolymer (ABS), cellulosics, silicones and other
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As noted herein, the transparent conductors can be fabricated by, for
exanpl e, sheet coating, web-coating, printing, and |am nation. '

(a) Sheet Coati ng Sheet coating is suitable for
coating a conductive |layer on any 5 substrate, in particular, rigid
substrat es. Fi gures 13A-1313 show an enbodi nent of the

fabrication of the transparent conductor by sheet coating. A netal
nanow res di spersion (not shown) can be initially deposited to the
substrate 14 .giiBoh@bh@nink)SblfAagrs78.of Bb , e 105 of
the substrate 14, leaving a matngQ{ngr}gﬁme?@%ﬁg?g%gPgl?%iﬁfnﬁgyer 110 -
on the top suwolvaiwichipsde FPYQ) pelApetateaepdlynpghorienss, syrthétimvabibers (algy

d t al | ' th f 105
(R gure. 138) EPReSEEbtMr ey 08 Bhater &4 diBeld iugieunani o the
The 15, Sunst Fate Tor Subaaan bt gt can-
i ncl ude s? ng?robqle@'h@?FFﬁ%%%@Pﬁﬂlﬁﬁn ‘rsf‘e%t E‘r‘f@hmﬁp@ﬁ 2MBPhEHS an
optional |y patbRea®enipdlyRicisei aspdinidts te.b OCRTE® iy Réhh@%sle@;ﬂ'é?&e

chem cal or ionig state’to the nanow re di spersion, as
further surfdeBonrdhbybhtRonlich as pl asma treatnent, UV-ozone

treatnent, or corona dj Inter. Late | ayer
can be deposited on tﬂgﬁgﬁ%ﬁ@gdﬁ?&ﬁ%é@é@%@%{ﬁgﬁx%ﬁ?lﬁﬁ%ﬂgﬁ?%i ze the
nanow res. Theepohmsarmédipepolyinsgréreféra e o imixtate ofesormmibraoda nixture dfe

surface to fagilitat | ndi f the OW_I to the substrate.
I n certaiﬁ) eﬁ@%‘#‘%{gﬁ? Egnﬁh'gélﬂﬂ%%gn% ahtpgiﬁir{alégagﬁfﬁr B@Sélgﬁ&ig rBhtli’?he
S lﬁbst2 r5 ate pr polymesc dmmql iasid@emgdw hmﬂn.wltﬁswmgh Iﬂ)@ﬁmﬂ'ﬂedgwtﬂnmméd

t he i nt er pedi at ayer .can cp- osited with the OWi res.
In certain cMiBaERERESeCti Virw.ahadestetie Brsmere mats 2suinbia sonorier
pol ypept i desofpdrtifirdifitst. as the internmedi ate |ayer. Polypeptide °
refers to a polyneric sequence of anino aci (rononers) joi ned, by

ds
peptide (ami de) bonds.In REeiareh smberinenibeBtepolymes Rficjprepibel @ an
be the same e ﬁ@p&%ﬁéﬁﬁﬂ?\%eriﬂ@%!@%&%ﬂﬂﬁé’ h?% SqRBURN@ adiation. As
functionalities (e.g., anino or carboxylic ac groups) are
preferred. BEwillis descibed in mevs| detab matigssibdesd o photoiqusakiel prepolymers
poly-L-lysin = ] | : Lke. = nol i de can
be coated ong?%ggéé%ésrp ?gp @g“?ﬁgsc%'?g togrr? ﬁigt'ér@ﬁc;‘slvedelr%gv%lg gosrllgt i]%ﬁﬁg}'
Al t er nat i vel gmbodieentd, yipeprepdymeais thermmb-coeples ivhitt can behmattemedthyat e

with the nanowi.r.e di spersi.on.
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, efc.).

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

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

30 inhibitors for greater sheif-ife), surfactants and the like. In other embodiments,
the matrix material may further comprise a corrosion inhibitor.
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Many substrates, including glass, polyester substrates (e.g.,

pol yethyl ene 5 terephthal ate) exhibit affinities for polypeptides.
Advant ageously, the internedi ate |ayer can be deposited in a
predeterm ned pattern, which enabl es the deposition of the nanow res
according to the sane pattern. O her pre-treatnent nmethods can al so
be carried out in 10 conjunction with a patterning step in order to
perform patterned depositions. For exanple, plasma surface treatnent
can be carried out thrAsghtedheaginthe ransppdntRondwgors cdf b asticaRdits N-

The surface bstrate therefore conprises at |east one
pre-treated ?éb%’géﬁ%ﬁ%r‘? € flcqaga%tw ePatingy Ilfiag anddrmmatiornowi r es

deposited on the pre-treated region adhere to the substrate better 15

than they adhere to th@)uniSheat@datiggi on. Accordingly, a patterned

deposition can be achi ve(ij bg/.rermv_i ng the nanowires on the untreated
region by, e.g., \/vashiﬁr{;e."a coating is suitable for peating @ sandpetiveriersr onamy t hat

t he pre-t rieatsubstiste da paftichas r@%sﬁhé@. apply to other nethods of
fabricating transparent conductors in accordance 20 with the

description bel ow. ThdggasUsAd 3Bsthavran ¢rbedimeot ofdids fabyictiontdlehe
require a po l4f. el.e tcally conductive., This
post -t r eat neﬁ?n%%%]ré@%dsga%ﬁt%@ ssgﬁkg? éopétlﬁﬁ\/ "\?7%{?!;"@85%@3 AEPEiqLRet

pl asma, cor oRewnsesndegaitial\deppeited tothe poleststs ©4. Asolr 100 kan Bbsakased

i n nore det aj | n enbodinents, a matrix nmaterial can be
coat ed on thg&rﬁgﬁg\?\%% nang@S%?F%%ﬁské%. Ao loelinghamaial panowiigser i al

| ayer 1180( Fiigpersiohda)er 148 oahiwvtop suriabg 108 (HiglRe18KC TR IE)er 1TBLST | al
ure to obtain a matri x and the structures of

| ayer 116 is_all owed to c [

Fi gures 10A- i@ged\é‘@,ﬁi%an%mtm@now{re netwark laver bttisfermedonthe shirface
stanp, a spr#5 ¢hgurecidgpr, a slot- 30 die applicator or any other
sui tabl e applicator can be used in the place of the roller 100.
Addi tional |y, as di scd§8&Hbstiiate may requie preevantmentinenablevis d

_deposition of a uniform nanowire dispersion layer 110 that adheres te the

15 substrate for subsequent processing steps. This treatment can include solvent
or chemical washing, heating, deposition of an optionally patterned intermediate
layer to present an appropriate chemical orionic state to the nanowire
dispersion, as well as further surface treatments such as plasma treatment, UV-
ozone treatment, or corona discharge.

20 For example, an intermediate layer can be deposited on the
surface of the substrate to immobilize the nanowires, The intermediate layer
functionaiizes 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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gravure printing, slot die coating, reverse and forward bead coating
and draw down table can al so be used to deposit nanowires onto a
substrate. Advantageously, a roller or stanp having recesses of a
predeterm ned pattern can be used to coat a patterned netal nanow res
di spersion layer, or matrix 5 material layer, thus printing a
patterned conductive |layer (e.g., Gavure printing). The conductive

| ayer can al so be patterned by spraying the nanowire or matrix

fornul ation pah@etdfy-BWHe F&g&%@gﬁ@ﬁ@ﬁ@ﬁf&x%ema%biypéﬁude%n be

matri x materi al Iayer i's de a patterned |ayer, the
pattern can pested andiesuhsiratenprior thivemenaire dejasiticn |Pd§ematlb91y.r emvu ng

ff t f t
ol ow tho. pePdremidscatibel ety el b MSRE b i hitfbuie ittt o
;):‘) gerQL ng Maeysabstyates, t&ﬂmlmﬁmlaad)lpelysﬁbﬁmtrggeg?g tg‘(c),(;rpglytefhlg:eneng t hem
u u
addi ti ona d@ﬁ%}ﬂ%@%ﬁgeﬁﬁll)ia@{lﬁflﬁﬁ@fB&{){P%@f@% ried out, while allowng

for drying or curing beidR@bebisy, GRTARAHEANR lé)r@rfb@ﬁ%brt@pﬁéﬁﬂ in BQFe-
exanpl e, any number of the er f or mance- enhanci n%bl ayers_can be coated

in the sanme WelAfeiped patieeynisk enales te dappsifian olbamangvires according to
V\eb- coating #asa iRl oyed in the textile and paper industries for
hi gh- speed (hi gh-throughput) coating applications. It is 20
conmpatible with the dépbelpredieatendmatipdsmancissssscdrged putdnspar ent

o prreni OB i SRR RS D I ordlP By SRR MAIRER SEPRIAIHS, OTF
b COtt | g or e L”?“?‘;'i?’““““e““?"“"?“é‘é“ﬁ? ‘8? '“E'Sﬁ'&c’“i“‘""‘“g“ vare on
Toxibre ooReRthadso B HssRedbaln . TRE Sk A SREHSk ety

i nt egrat ed |¢dﬂﬁpﬂ§és%¢l&la@t bne p&-tﬁ&dﬂaﬂn@bfbnemﬂ at ie@@ﬁone%ﬁtee&dmgmahom
an enbodi nent in Whlﬁ fl exi ble substrate in the afilm

web can be ciaqwgn Oﬁ[ngng edqr%ﬁsatgdmpﬁédlb%{gﬁo tm@strate better
speci fi cabl Ythaﬁtr%#bédﬁe?é&:tﬁé URBERES fodith. rﬁﬁmﬁ%g @ratf&rﬁéw dPbsiof Ot Or

(not shown) moves al ong a travelling path he substrate can
be fed to t r@n be achieved by removing the nanowwes on the untreated region by, e.g.,
washing.
It should be understood that the pre-freatments described above
also apply to other methods of fabricating transparent conductors in accordance
20 with the description below.
The nanowire network layer formed may further require a post-
treatment o render it electrically conductive. This posi-treatment can be a
process step involving exposure to heat, plasma, corona discharge, UV-ozone,
or pressu‘re, as will be discussed in more detail below.
25 In some embodiments, a matrix material can be coated on the
nanowire network layer 114 to form a matrix material layer 116 (Figure 13C),
As shown in Figure 13D, the matrix material layer 116 is allowed to 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
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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 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 14. 5It is understood that the matrix material is stored in

anot her stor g@ggﬁe%ﬁﬁtihﬂ%loﬁ?@WMQ%%ﬁa%nﬁ’%Maﬁ FEdEdaRhg %ﬁ{l‘ df%a‘s?v

coated in th ne manner as descri bed above.
further undedewvdtable pan algepedisedtordanogit denovdescnto Bsubsitale.i n t he

| f th , ' . ' ' ,
Do zer t hat Oy RARSETS roll Bt i hatin RERKLEEof Sl fhroafiéin
device, a pogan b@usmi/iloamagaqiattérgeiti etal nbh?ﬂiremfsmeieg !ayea,tdrmmtrba

t ( 0 De, Use rovi atfern cQatl ngs.
B gure 148 sHBRELRYE) Fiistintoes refeBad Serdhshie sier Geg: GRHREh ¢ he
coating is Cgfifting!l Phe coRtiuBiRObYEBah Widodkepatfentad réﬁh@thé—l’ia‘ﬁ@gﬁrbe

method 15 illustrated in Figurel4A a substrate 14 noves al ong )
travel i ng pa®hmabiy formulafioniante theisubstrata throughyen Aperdne anask Hithe matrix

substrate anghapab] gk ¥ d%ﬁ%é}?_é& %ﬁ Burel ifta ﬁg&érh[a? Za\}/é\iﬁ‘ig@ Hgﬁtéfﬁ ghybgn 124

stored in a storage’ tank e coatl ro Ivers a netal
nanow re di siansisread intoythe matel renowird tiyeoby mimdvingesuficlerdinutribers of

substratg,14 t] 0] | . ' ' i t he
travel | ngC2oMgi LG rieanibordn f Batith el gt dBRbafBs oo
the matrix niasowiads camrbdorenoaed by drashihg ionbiushingahem eman evith a suitable

In the processes deac%befd in Feigrgwe 4A and 14B, it is noted that
various sur fSR¥EN PERY Frapsteriog th Oa?a%‘l gr anesvegligr after each
deposition step. As witlid fr@ergsirétbedithanadatichal @égaditidpelop voatigs icas e
treatments can enhance 25 the transparency and/ or conducti vi tz%of t he

conducti ve |®§eEed gitrpthile slipwing fos diing aLRUIrNE SEMBRSMWORINGRRUIVBUt are
not |im kgd datifgSKPNIFdPexaNBR! SR} nitASd o the FErFRENES-EANEHRING, lafedd Ona

di scharge, UV/ ozone treanent, pressure treatnent and conbi nations

t her eof . can be coated infthg game T6INenandescribedpbeYensi ve process flow
for fabricating a 30 transparent conductor. As shown, a web-coating
system 146 incl udes aggyakeyydp dgdthg 147 that is driven by a notor (not
shown). The take up reel 147 draws a substrate 14 (e.g., a flexible
polymer filn) from a ¥¥gipegatipgéps basn empleyed in thadertiegnppaner150. The

Sroobiohe Apkiee ALFSLEERISRIB Syl A w0 oo 1
20 compatible with the deposition (coating) processes for fransparent 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 subsirates. Process steps ¢an be run
25 on afully 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 fravelling path 120. The substrate can be fed to 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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one skilled in the art that the speed of the reel, the speed of
deposition, the 6 concentration of the matrix material, and the
adequacy of the drying and curing processes are anong the factors
that determine the uniformty and the thickness of the conductive

| ayer forned. Mor eover, in certain enbodi nments,
pre-treatnents are conducted to prepare the substrate for the
subsequent coating processes. Mdire 10 specifically, the substrate 14

can be opt | ORgrHiLARGo 1881tk BrBifes HESABRT ArIRHUAM AR 1O

| nprove the efficienc e subsequent nanow re deposition.
addi tion, suthesteragedankvi22 dafiensirecontibedusatireapr dfonetalnamowird dispsisioron

cur'face. 11 eat HERD T sLtsuee R oI AR LA HERHATE T s e art.
For exanpl e, sglstab@mi4urface treatnent can be used to nodify the

nmol ecul ar _structure of the surface of the, substrate. 1 n ases such
as argon, Soxygen or nilti® Ygeerstogr hatine mefrix eaterial i ﬁ@ﬁ%lﬂégc’%ﬁeéate

highl'y react iegelsfik ot Qﬁovlrﬁ)‘,"éﬁ@ﬂﬁ%ii’tﬁ!d riaTﬁéH Békbated Hthk s@pfeeW

atom c layers on the surface are involved in the process, so the bulk
properties omapher aadracribgdaliaveg. the 20 polymer filnm) renmain

unal tered by the chem | ; . :
treat ment provides adé@%gqﬁg egg?@%éogﬁ \%ﬁ?lﬂ%ﬁe@éﬁ&gﬁﬂﬁggﬁ\%ﬁdi "Plg
and adhesi vethegbatiendf.thé\stosagei tehk dtclating 8 spregingldeyviceXs.ge mn@ienizer that
treatnment .can .be carried LN, a reh ,PX250 .system. using th

fof Fow ndCopPraeTseafizag flspetoichel AT dovic Halint Bsvige apdine
pressure: - 4mLdke the2hbst cvbling, LpiMing Bevics cat Azodenisad o provrienent

may i nclude depositing an internmedi ate |ayer on the substrate. As
not ed above, PRIGENSHERRER ate | ayer typically exhibits affinities for

both the nanow res angidie 150 BR6WSER altdhtifve mBRICLRF ReBRAEMEInvANN 1S
capabl e of inmmobilizing the nanowi res and causi ngﬁt he nanowi res to

adhere to thHEesoBEng rcarmegpukep editiontsuripes pha sHbetrate.sbike i melgd he
| nt er medigt &yl auiiy inrlﬁ#ﬁ%@%&'}& Sidstaed 143&6%&%!8%’5%%%@1 pd§241dANg
pol ypepti des lze. g., poly-L-lysine.) rexenpl ary
sur f ace tr eataating sollemdHa iepasiiichad belusisthe sybstiaid and paitiaynsybn@sgethin a

d scnarge andeblherQhf bibSabiahina shirba i a YBHAyR 81251 OYHb EutRE Foller

skilled in thé ar
140 delivers a metal nanowire dispersion layer 110 on a bottom surface 144 of

the substrate 14. Coating roller 140 can rotate in the direction of the traveling
20 path 120 or in the opposite direction. The coating of the matrix material can be
carried out in the same manner.
In the processes described in Figures 14A and 14B, it is noted
| that various surface treatments can be applied prior to or after each deposition
step. As will be described in more detail below, surface ireatments can enhance
25 the fransparency 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, UVIdzone treament, pressure {reatment
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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The substrate 14 thereafter proceeds to a netal nanowires 5
deposition station 164, which delivers a netal nanow res dispersion
166, as defined herein. The deposition station can be a storage tank
as described in Figureld4A a spraying device, a brushing device, and
the like. A nmetal nanow res dispersion |ayer 168 is deposited on the
surface 105. Alternatively, a printing device can be used to apply a
patterned coating of the netal 10 nanow res di spersion on the

substrate. FinSaad®. a I [
pr edet er m negu?osgt t er%?eé%hag%ﬁg% eﬁc?]ynﬁl'égefﬂ r@{fg&n?g‘éosr% Eﬁ;@??@fﬁg;a%dh eé;‘
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transparency and the 20 conducti vi t%ﬁﬁf the network [ ayer 180. As an

i | | ustrativethickages ef thacorduckive [svacieemedin be carried out in a March
PX250 [ | ' y
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(or 45sec), Ar.or N2 gas ccm pressure - re. e
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be used 18r "pachidfhs M e P odf B Bptoraly o BELERRAMNBGE: 5 ©27

R/gst -treat ][ _Hemalﬂlmehhstﬁtm’( &0 to ||l2'@|ytme tba?fggbntwgrthbeﬁwaﬁﬁw rmlnr:wi?at igG
re specifica t he Wor ayer | e ou r ers

hnd 187 - whi Saposlisny 15 raStet stive freaamordee Sibshal AT Bwor k | aver
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Advant ageously, the a;%glg cation of pressure to a netal nanow

5 €,
network fabricated inTi ShraeeEeatientean I??Efi%‘iﬁij Qtdyrkngwy W‘Eﬂ“ $Mcan
i ncreaseqshangemd Llia?r!e\ég leg’bla%ﬁlﬁ S@Jggﬁﬁéétﬂﬂn{ e uddd t@%ﬁédiﬁ%@r ,

pressure nmay be applie 0 one or surfaces of a 6 conducting
sheet transpaplesulatsifiiigesf thegiriaca cbtheisubsicaier Yaingaoasks RUCh Frcaraon

descri bed h ' f r I . | i cal
Joscri bed syl BY el s BB AALEER ot hgnf Kbbale
di nensi on | angeiestdidow termpatathradi Tgrisalignondy a fidve atoomid tayersnen theyserfacd f a

i ngl [ is | A I L ai d
Surace and aRIMNRS i e FroBEs 8P fd AR prolBYeRBr B iBSA Bel e o
tﬂe colnfllam ipln?yrreny(ﬂm) luT..maig ukaibeved hgtﬂiiaﬂ&nwﬁ:y.dnm?ﬁﬁiwtamm, glppmia?efl é 0
the roller. r rs are use ne r er, ne e rolle
bt weon Che SHHBCF JePEPLT oo\ deR AHente e Auiketen foh RRabe ek
from 50 to lghdOikheRfe U&Min@?ﬁ%mﬁ il'{l.@r_aﬁﬂa éﬂ#nﬁlé, gé& pREmaaRawaémr by
one or nore rollers. It is also considered that from

can be carried out in a March PX250 system, using the following operating -
parameters: 150 W, 30sec, Oy flow: 62.5 sgem), pressure: ~400mTorr.,

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

30 Representative materials suitable as the intermediate layer include
mutltifunctional biomolecules, including polypeptides {s.g., poly-L-lysine.)
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15 100 to 1000 psi, 200 to 800 psi or 300 to 500 psi nay be appli ed.
Preferably, pressure is applied to a transparent conductor prior to
the application of any matrix material. "N p" or "pinch"
rollers may be used if two or nore rollers are used to apply pressure
to the conducting sheet. Nip or pinch rollers are well 20 understood
in the art and discussed in, for exanple, 3M Techni cal BuIIetin

"Lam nation Techni ques for Converters of Lam nating Adhesives,

March, 2004, which is i K

ent i rety. QU eri G I R Ring BT ecd kg i,
to a nmetal namsolvent Cosonecdischiasgeeand UWDMreatmenbraﬂmWhMtaye kioevretof
ei ther bef orgvggk@#ﬁﬁg€gﬁl ication 25 of a plasna treatnment as
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other by theg@pplication of pressure, thereby enhancing the
connectivity as well as the conductivity of the nanowi_re conductive

network. 10The appl i CJ{TPJﬁVeﬁﬂsﬁéﬂﬂb@rﬁ@‘%ﬁﬂb"ﬁ@d@t@d"@@mﬁ?@'bﬂznt as
a post- yEeafyd géﬁer-rf!h Ijadrles léﬁk?eotét?’lﬁ*ﬂ]ﬁggf&[oﬁQ?g%i‘d?Fﬂ ed to

anywhere from80Cto Cfor u nore pre eralyls
exposed to amwmﬁmeﬁwmhlamcwﬂo 160C for anywhere from about 10

seconds to 2 m nutes. Omﬁnéif@@‘%%%ﬁ&g},a&%mg&%% b& g saggtf)ﬁagxposed

to tenperatures higher’t can be as
dependi ng ortreaimentyq;ietm'f18;41b@mrrMmp[eFemrfmarqﬁmenigifammetﬁbsiamcaﬂnmscan

be heat-treated at a t a}ture r an of a out 350C to
However, pos\P" ?r@gf'l?éﬁ’ Pﬂ?"@ﬂ&?”!’g’r‘}% ggp?gnﬁyanﬁ her t han

250C) magor esphduetivity ©f Heasanek I@)fera 800As @mﬂd&traﬂ\ﬁe exampipherg® Nosuch as
nitrogen or nobl e be,carri ed_ oyt either

20Th
] P9en 0T e fen Ba GarEdahiing Mershnr s Sistets USnehRdsliowing e
tr anspar ent @m@twraﬁa@rmowmed (r aseschr 6] @ fRNEA2SBmAL 2

glventerrperaturefor a_predeterm ned a tine. Heating a
transpar ent RigpRMie r8P0mfory Eiher Knayn suaceipanenisne.g., Corona discharge

or UV/ozone treatment, may also be used. For example, the Enercon sysiem
25 can be used for a Corona freatment.
As a part of the post{reatment, the network layer can further be
pressure treated. More specifically, the network tayer 180 is fed through rollers
186 and 187, which apply pressure fo the surface 185 of the network layer 180,
It should be understood that a single rolfer could also be used.
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conductivity of a transparent conductor fabricated as descri bed
herein. For 25 exanple, a transparent conductor fabricated using a
reel -to-reel process as described herein was placed in a sheet drying
oven set at a tenperature of 200C for 30 seconds. Before this heat
post-treatnment, the transparent conductor had a surface resistivity
of about 12 kO./0, which dropped to about 58 0./0O after the
post-treatnent. 30l n another exanple, a second, simlarly prepared

transparent conduct or m%nlg?gbﬁéjy,itﬁb gpﬁﬁgﬂﬁn sTpeebsale bW fmetdd harlvire

seconds. The resistivity the” second transparent conductor dropped
from about 1@etdrk tebricates duaccrodarpemithia method [dsscringddieeip 6an iNeEgasehe

t ranspar ent - l.ng nmet hods other than a sheet
oven. For exﬁ%&i&h%ﬁyngﬁﬁﬁé&g@aﬁgﬁ% I%:%élh d be used as either an
in-line or off-line mahbpadictlar peassurdmay bamppledntoneandoth enrfaceEota
currents y al so be us to heat the netal | re twor k.
currents Eycﬁ'ﬁqcﬂﬁ%éﬁ?ﬁ%ﬁnﬁp%? IO"HHﬁBD\f‘aEEcaﬁ%F% OB@%'&? Wﬂﬁla rhéthod
broadcast ni gegueaherdin BYUES Bf Snd BdHERIoldS (wgb cgindfitdliband), @mndract s
to the nanow re network. Addi tional | ost -t reat ment

] y, a
that appl i esbpbraf whish manduspeed nelehavs @ l’?é‘gil'\'ﬁﬁ’%%l%l'ﬁeg?ﬁh%ﬁ;‘f”&&ﬁcan
be used. 1N Biddsil Gine bohHRAS 1NERIPH SRgIe!rBRr IO BRDRERBH layer
e rough” o I e

conductor can pl aced t e or noife rollers as descri bed

above. To si mayterplaces on apigidysuiees and the single milsr iplod perors tecrkposete

B Ll ot
heat ed t o betoenolrolitiwg0&leas dre2iizd, tuwechetwork lgyee frey diel rpliedbdiweeren

about 100C a{hd 175C, Such, 15 3@{_}] | cat,i,on of heat in conbination with
pressure cantleedolers ps sBWaMEioW& 1PAf a transparent conductor. A

nmachi ne whi ch may be usefle efmbagphent i 50 P 10,000 psiensy bs spplizdaatheheat
simul taneously is a | am nator %Banner mar'lca Product s g{ﬂl
Temecul a, CAUABIRArGRLONEYEIRR bYHYIR OF (ROTEI AR ra tIHHSALEREIYREL LT3 IOan be

done eithey keh e ool pf 20 todODQEI b JUD 18500 PET iy be appligtR tPreferably, 20
ot her layers as described bel ow. Anot her post-treat ment

t echni que t hiressuie ipepplissdordransereateondygionetipnipiiie appligationaefamir ent
conduct or isrﬁa%&?ﬁ‘ngfé?ﬁ the netal wire conductive network of a
transparent conductor !’abri cated as disclosed herein to a netal
reduci ng agent. |n parNiper fpinchd relidrymey benses ifdve onoece rallersrare week

C281 om o or RIS oA B, AT AR TBRIL SRLES
about 30 30 nuhéerstoatdn therat pncllecusskst irf, fomexainple, 31 Tiéchmical Bulledibout 10
o e MRl HESDbe i Bt SR Bl do. et
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 treaiment as discussed above, and may be done with or without a
previous or subsequent plasma treatment. As shown in Figure 154, the rollers
186 an 187 may be rolled across the surface 185 of the network layer 180 a
single or multiple times. If the rollers are rolled across the network layer 180
multiple times, the rolling may be carried out in the same direction with respect
30 to an axis parallel to the rolled surface of the sheet (e.g., along the traveling
path 150) or in different directions (not shown),
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30As noted above, such a treatnment can increase the conductivity of a
transparent conductor. For exanple, a transparent conductor of silver
nanowi res on a substrate of PET and prepared according to a

reel -to-reel nethod disclosed herein was exposed to 2% NaBl-14 for 1
m nute, which was then rinsed in water and dried in air. Before this
post-treatnment the transparent conductor had a resistivity of about
134 CVO and after this post-treatnent, the 5 transparent conductor

had t t f k I
ad a resistivity of ghaid 188/40an SE&/FiPr%?Q %Ho?a rﬁet&(ﬁdﬁ%@ﬁéeo 206

conduct-or of silver nanow res on trate was expos
| 71 aBH4 for gondustiveesstwerk-@idaiien anahcahomatfrmn abouti 1600 petb@beut 2009

S MOy 0 andsieo'd FRERSS S FRE CorbuchRthdbybi Blitatldas LB ac
a resistivi tiyammiwigbsrassiddpdinte stleh Be dressing ptammaoBm:w aﬁdla’tnzac‘g?? um
ost trea Sui

b hydr i b th
rg(r:llcj)c%/ngrgl gge %2”"\ %& a&hﬁ?{i’e*?aﬂ'?iﬁ &R Pl §s n&é# g)‘se%cgbqflgpﬁssmg points

bor ohydri de; gtz @n2pbhd Qg@é‘hmﬁgécl%%geé}%ngmﬁﬁé‘ﬂﬁbf s@@ﬁ@rﬁifh%
(DVAB) ; and gas reducing agents, such as drogen gas

Thereaf ter, faye %ﬁ?@ﬂrﬁ%ﬁes intg egeb otheaby the apnlmtwnpfaeqﬁégnes herelys
station 188, ertinEfio Rt bty wam&géé%ghcﬂ{cu&gp of tRS nfifliRSd herel .

The matrix deposition station can tan S descri bed
i n Fi gur el4/gondusiveaiatwgrkdevi ce a brushing device, a printing device

the netwlk | ayer ~1aoe abbealiBh ot MesBG D ne kel s gl 6P R RS o
bﬁ dlep05| tegtréa;tmenprTyptdahg thke franspatrent Z0ndutonexp OﬁdteramWhérgggme]

The | ayer 1 tq cure at a I ng station ere
the matrix r@éﬁpﬁg%%& “Bgea lf‘sﬁﬂ‘ﬁ@ﬂﬁe @9%( %teI‘FBc’?e%/tha"TQbe'@an be
cured by al Ifmh Ag0tt® mﬂom@taﬁywh%am%eut 1’6@@#&1@@&&@&&5%@% be
accel erat ed b heat i ng I}q(ﬁm@gpglbp@iél ng). When the matrix materi

conpri ses a "ESSPAENLED PeEXEPsAte tempg: at%%higmwh@ﬁﬁf’%@
cured byqs r rpg éaw Ras IE?F%QQDO‘SC %péﬁtﬁné umeoxp pé Bfsubsf

thermal curing (thernma i nduced pol yneri zat can a so be used.
Optional |y, s¥apwia, @fﬂﬁﬁﬁg sirale ca:ahetbeabtﬁ@atqé@at @tﬁnmwmanbe of alymt of

Lo TS BOEEBlodR? nay ol e el T AR il
curing st at ithan 200°C) Tey rpguiretheipigsesice pf ambh-olxmiativesahxmaﬂemnsuntras
detail bel Ovr\"itrogen 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. Healing 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 reekto-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
Q0 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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The curing process fornms a conductive |ayer 204 conprising the netal
nanow res network layer 180 in a matrix 210. The conductive |ayer 204
can be further treated at a post-treatnent station 214. In one

enbodi ment the conductive |ayer 204 can be surface 5 treated at the
post-treatnment station 214 to expose a portion of the netal nanow res
on the surface of,the conductive |layer. For exanple, a m nute anount
of the matrix can be etched away by sol vent, plasnma treatnent, Corona

di scharge or okHieQeen® irk F@ﬁb&dﬁ%&?gﬁ:‘ﬁe%ﬁ{ al‘f&ﬁ'?%"k oazg!ﬁ:umoo

particularly useful for touch screen I catlons
enbodi nent, &/poltis aso G@nﬁldﬁemmbedm\emma‘scorduebopme@eclmaatade.lsmg

rurtace, o BRoRPRURLNG L o1gHcRaY, ESL LR ot 9% B0 KT,

I n particul aas euﬁmmntlh&me br offiies methodtib aestthe transmir@tticohddayie RF192
and surface ten5|on of e matrix formul ation are controll ed

appr opr i atel §H ‘?’“‘%Wﬂlﬁ & pged tﬂgﬁatfge\ﬁﬂﬁta'ﬂﬁ‘@o‘f"% nEyors. o‘ﬁFGf‘”?Wé
metal nanowi fay hetivdided and rstaiahbRie ﬁémroh@bﬁeﬂﬁér bRGYIRA T REroWalvbs

exposed on the surface of the conductive |ayer. The conductive a er

204 and t he RS Bducedithpughairatyica e@maqiﬁtqﬁﬁetnﬁaaowmeewrk eel 147
This flow process of ‘h@Bftfbﬁé‘%/r ﬁ'ﬂoétstré%\ltrﬁgntrt%tea{prgﬂgs{ &hfl’l?ﬁtgansd | pressure .,

"reel -to-reel"” or Focess
can be st ab|ﬂoltb%ﬂamaﬁ?nftma@mtomnddmdalru:pamiewlar tcba;bply pltelssml’eethe

"reel -toxpe g] s_can be_ carri
o oo+ na0% TP ASES300/S o R ) B8 e G b
system 146 tatavef d) oemma]tamusisaapplmheel;lthyromérbwiay Iscchadedt Btk pessure
i ncor por at e %pﬁ Bn?_l add@% tat |$ns as needed. For
exanpl e, cod ag Y fhe EI§38 Bisfe m‘mg)e dqs,l] g9 HPes greferably from
(anti - ref | exto weooapmestewabllyathé ir6llers aﬁétﬂeagéo%%enpééﬁ &fdut Y&Q gY@ s or
filmns) Canbf()"&l |nterat%1j|ntot e (P
0 more p efe y fo between about 100°C and 175“0. Such
15 application of heat in combination with pressure can improve the conductivity of
a fransparent conductor. A machine which may be used to apply both
appropriate pressure 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 {ransparent conductor is to expose the metal wire conductive
network of a transparent conductor fabricated as disclosed herein to a metal
reducing agent. In particular, a silver nanowire conductive network can

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

30 As noted above, such g freatment can increase the conductivity of
a transparent conductor. For example, a fransparent conductor of silver
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Advant ageously, the reel-to-reel process is capable of producing

uni form transparent conductors at high-speed and | ow cost. In
particular, due to the continuous flow of the coating process, the
coated | ayers do not have 30 trailing edges. (c)Lam nation

Despite its versatility, the "reel-to-reel” process is not conpatible
with a rigid substrate, such as glass. Wile rigid substrates can be
coated by sheet coating and can possibly be carried on a conveyor

belt, they tym ; I
e, Al ML LBk 500 gl

uniformty. I'n addition, > ut “process,
whi ch can siigaihopdsligelaspdineteie wse cxpesedds % NaBHotbndtmiante, which was

Thus, it is | ' s I_naty .oce for fabrjicating.a
ransparent Donaneray PabCal isals mspile My B reathendne Lidwerdec
Thib s 10 procassuster banir?aesi‘latli\my‘ofﬁwbwowmﬂl ghdl afierthis ek ERedm@nt firxi bl e
substrategs. Mre specifjc t he | am i ocess conpri ses:

c gat i ng ag c OWB?E‘%E'EC?"&{P&?O"%H &7 F?'éﬁﬁaﬂﬁ Iog%ﬁgr&éu ﬁ% ?Pﬁﬂ"@{rg’fﬁﬂ@le: a
conductive |tegtepareneborstivatoraf Bilver AbidwiredfonBhiass SaaMd Bss 0%9%?@“
be enbedded jn g mat ri x; .separating the conductive |ayer fromthe

f1exible dorfof tleraf Uil rinpethBrvester angl aindriesh rRrforsithis poalrer to a
15 sub ' . ' h
Subst r at GrémEMEhe GrandSHE RARGOMUS! ﬁ’aél éo té%lsgglﬂ; 6%:)?{_ :?g M;g@ltaqgt e

fl exi bl e donor sgbstrate can be carrie aree r ocess
because t he afiéhtivs pegidieatment| theftrapsparent conductonhatiia résistivitayieaboubr med

t her eof n b fer substrate of .choice, which can
e 11 gi dir TP euPomed-ERB sEEhEet friielin R SrrdB e frg
nanow r es am@summl siehe dOther leuitamaa @uéihgg%@htei@mmrmwwb & ﬂd@é@hoﬁoh
matri x mater] i s used .a |am nation adhesive may be used to attac
t he conduct i%}opmﬁopqur frie: gaﬁgtwtﬁg«?”(‘}f’n@%ﬂ%\ﬁ“% as dimethyl

"Fl exi bl e dentnotsivisd (BMARL); Al Y8 réduchalddkishLEcrsadiyd ' e form
of a sheet, film we (mgnd>th %ﬁ ie. Tr?e 9?Ihexilgclﬂﬁ.z don_orgdf]u%%tq-gfe I's
not particularly |im theieaden fgﬁéu%fat% 14 Rrroseds g retrbdigposition he
conduct ii® Iseitieh 188 dwiliaR dblivrd B! f - a he
flexible sugstlr at es as_I deshﬁfbgﬁﬁﬁgﬁgﬁrérﬁw&%‘gh@ﬁﬁh% & p?ﬁeeg{]%tfig
donor subst AgpesitiystgionifRearohe asioragaiank aexestribed pmpigure1dAdat he

i ke. The f | n optd . ear .
I certain SheynPaseara srhiel dhier & BnY actfberi o gl B5BF ot
coat ed wi t hmétwenstesial 198/ sthys depostted o theowawonkdayeh 180e conduct i ve
| ayer. "Rel ?\§§%ﬁ%€é@fsly{ Hemtrk e hidl'odn B‘é‘%@ﬁo&%ﬁ%&readpr%n%ntg Heud2 o'

substrate an
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 radiafion-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 matetial 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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whi ch a conductive | ayer can be forned by web coating. The rel ease

| ayer must allow for an easy renoval of the donor substrate fromthe
conductive | ayer w thout damagi ng the conductive |ayer. Typically,
the release layer is fornmed of a material having | ow surface energy,
including but not limted to: silicon based 5 polyners, fluorinated
pol ymers, starch, and the Ilike. Figure 16A illustrates an
exanple of a lam nated structure 230 conprising, a flexible donor

substrate 240, a rele
substrate 240, and a ?Zr%ddﬁ%’ilﬁ\%o%ésfb% gzogguétns I@E??R‘Eb%ﬁmtmeayer
244. 10The | Eieial apaewlkes WRwarkdags o 864m amathad 9. cEheecbriductivedaper a4
manner as de using the flexible
donor subst rgﬁbgmr{epﬂg%p%géﬁgﬁaﬂﬁﬁﬁgﬁ%@%ﬁs| tion, the rel ease
Iaygr 244 is depositedn oneem?bémem] th&mﬁduﬁw&h@m@agm@%aée The
conductiv can, pe for tal nanowi res deposition
f ol | owed gy ﬁ%?et?? ﬁ?@'@ {) @menggtagg%/%‘g@rqxggﬁe A@PEIR of reamelBhduct i ve
| ayer is themwirfe@rdﬁMeéuﬂé@fcﬁ&ﬁ@%m:;ﬁveﬁa?&t ’Fiﬁ'@xe%l hﬁrﬂ‘?' n t

I ca no

parti cul ar, rigid substrate ( ass), which is

adapt abl e t oamﬂ (9 dhe ngtrixcan b@ﬁ&ﬁd@w&y@m%mm w@a’mﬁat @@mnat h
t he conduct i ygcH-Ay&br UMD %@ ture
230 is 20 tr ansfazqr el('j to Zgﬁgu S a@ %8)3 ﬁretél Iﬂspasg%g]%g% %P%@ i ng
a surface 26mehf f@ﬂ«t@u@bma@n amélciafgy‘er 250 to t he substrate 260. In
certain odi nent s,
pol yacr yﬁg?es) pr ovi des acgﬁ%‘ E’Eﬁ%dﬁﬁ%é 83”‘%8 O?WQ @55%’@' wivires i
Thereafter, Ga@oséd)mn thesFiage Ibéthbﬁﬁndoﬂﬁﬁeﬂéw 204 folldamarths oy Froeesd40 .
can be reno ach| I 244 fromthe 2
conducti ve |(§€% gures el 3168} a Lﬁ? %%Pl‘%’?ﬂ gieedgf. dhnesi ve
| ayer can bqoaumnbrmh@ﬂi Qiétﬁli@kﬁes@@‘ﬂ%mb@ﬂ%ét@n&%ﬂé‘?‘?% BR@ sGRfiduct i ve
| ayer and tr}e subsjirate durin am nation step gure 17A shows.
a | am nat ed "€P§IOR PLINE Maiax %@?ﬂg&aﬁgn At anﬁoﬁﬁfhﬁﬂﬂfﬁwlqt‘ﬁy,tf @ natidsaviginet
donor subst nigtehe i pdriith 6&!1@&%} In@N&Wire Adiwd
| ayer 250, an oveir{Hc%opat 274 and an adhesi ve Waﬁ%eé&oﬁ%ﬁ%@%éﬁfve
| ayer 278 hd¥ngwiregiwdidiaexpsged ae dhepsaface of the conductwe layer,
The conductive layer 204 and the substrate 14 are then drawn up
by the take-up reel 147. This flow process of fabrication is also referred to as a
“reel-to-reel” or “rollto-roll” process. Optionaily, 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 o 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-ree! 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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The | am nated structure 270 can be fabricated by a reel-to-reel
process as described in connection with Figure 15A, with the
under st andi ng that the web coating system 146 is adapted to provide
additional stations for coating the adhesive | ayer and the overcoat.
The adhesive layer is as defined 6 herein (e.g., polyacrylates,

pol ysi | oxanes), and can be pressure sensitive, hot-nelted,

radi ation-curable, and/or thermally curabl e. The overcoat can be one
or nore of the perforganceaRlaggi ng | ayers, including a hard coat,
an anti-reflective |A§Z , an protective film a barrier |ayer,_ and
the |ike. Despite its vesatilily.dhe 1Bg! tpfreell' pivcAss I8 @otedrueatile 270

bonded th the,b10 t
Ther onf ter - iD AGHATPEEES Pk 8 6B3s. i PEirpERyNe caNbo BoseaRY.
||s r enoved Qﬁgagj@qhg B6d bmp@gsimgals@cémwbn%%Sﬁemnbem,dhw‘qpmew 274.
n certai n enbodi nents ressure..ca
| ani nati dh WB@T@?eﬁS’Q@ﬁﬁ% r‘FE' rBﬁWmE%ﬁgfﬂ%’ §ﬁ%%%0%§r?q Byer
(or the 15 ¢qg HPtfhkdéﬁ;hbab’;ﬁ-bcéss &:hi@heaﬁs@ﬁmcmﬂyaﬁcraﬁﬁeem@cesﬂ gfyer) and

t he substrate. er enbodi ments, a release layer is not necessary
due to an afrdductigndi fferenti al of the conductive layer with respect

to the flexible donorvyﬁ}grbﬁﬁg@és%n@&ﬂ%é\}-gﬁx asl‘éﬁ'ﬁr?]aﬂ ‘gﬁersﬂﬁi"félﬁtcaﬁ‘iﬁa

exanpl e, the conducti ayer affinit
gl ass than ttmnaparentcndneluctontbrougbbhe nse of a Adtikle dpn@r spbsirate ﬂ"étsl on

he textile d
Ponducr i 18 PayEes i St ik PO, R PidBs pEdBY R Hbsfatéd hore
: 2 mcﬁ;{ f"og g?g@ﬁfbfﬂﬁﬂﬁé larﬁmaﬂdrt rooess damséercoahng)asemducavellwen@ a he

r t he b tra e can
t her mal graé'%’g?[e Wéﬂbsg‘@?@'&é%é{?tﬁ% ?éedl' HAing 3 pﬁjﬁﬂ&g&éﬁgﬁa gi ons
on the Substn%%@raéwﬁ@ﬁ%ﬁIbe@rﬁﬁedae@rr@ﬁ-rammmawmebﬁndﬁivey letybe
heated regi ons w am nated with the conduc cﬁqch gr due to an
enhanced af fffomﬁ‘?f(eé‘bbedmwﬁ%ﬁt@% angd Fapgiepng tg?(’ﬁ“ ﬁg YBEP&r ned
conduct i y fe gﬁ%??at@%f Eﬁkﬁf@ R%J%ﬁig%ouﬁ?%@%étﬁ@%&@ﬂoﬁxeﬁl&ﬁé aérorcan

be genera or exa a nichrone wiré heater positioned
beneat h t he sabsizaie 6bin @emb@drcazt by acﬁeejéom%lﬁamessbe@atﬁﬁrﬂ@ donor

e Tk L s AT
transferred to a substrate of choice, WhICh can be r|g|d or flexible, through
standard lamination processes. {f only nanowires are deposited onio 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 shast, film, web, and the like. The flexible donor substrate is not
particularly limited so fong as it can be separated from the conductive layer.

25 The flexible donor substrate can be any of the itexible substrates as described
herein. In addition, the flexible donor substrate can be woven or non-woven
textile, paper, and the like. The flexible donor substrate need not be optically
clear.

In certain embodiments, the flexible donor subsirate can be pre-

30 coated with a release layer prior to the coating of the conductive layer.
"Release layer” refers to a thin layer adhered to the donor substrate and onto
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matrix materials or adhesives. For exanple, a patterned |am nating
roller can be used to apply different pressures according to a
predeterm ned pattern. The patterned |lamnating roller can al so be
heated to further the affinity differential between pressured region
and unpressured region. 5In yet other enbodi nents, the conductive

| ayer can be pre-cut (e.g., die cut) according to a predeterm ned
pattern, prior to the |am nation process. After transferring the

pre-cut cond %fch\s\ecdrﬁ%ﬁvé lﬁgér %\é%@iﬁlﬁy wét? anﬁfﬂ@d sy ré(lgaéeaﬁgéd' al ong

t he predeterm ne attern | ane I'S™ T enov
a pre-cut conmamllomt@r Ratcaey rﬁnmahsfth@d@mbrabbstateérop%éeonmbtwe layer

conductive | r vel ri po

coating acco%ﬁ%"g%%@a%ﬁfda@?ge Hdu#‘ﬁ%%gg'}‘lty ﬁ%gg J:%%D?/m%‘iij ofut
phot ol yti cal hynapéridl Ihav‘ﬁgllt_bw suﬂFac@lﬁr@rgWlnlcluldm@tmmh@ishnﬁifboﬁl?bﬁﬁboﬁ%bed n
whi ch a c%nductlve h | hot o- patt er ne More specifically, 15
the metal aPHNEES: B%/ stp(ﬁwgrsigtgr sapthedikeed on the substrate 14
according to a met hOd éﬁBﬂ%ﬁJsﬁ'@t’é@hﬁe&@mﬁ!e’of':'lgr‘r')fn%%dls'iﬁuc&ﬁ@zso't

shoul d be understood that th strate can e an trate

i ncl udi ng a $ereXishG adisuiple denss subatete 34b eogicase layar Mﬁbpmgtgdmm the
coating 300 ¢ ﬁ@BBﬁél‘tsﬁfgsR&&%%brov 6ﬁﬁu%ﬁ\leé %\K’&"Zébfc cfgagp t?:%?& #q ng

114. An irradiation source oton
t he pr epolyrrlavercﬂﬁtl ng. A mask 314 is p03|t|oned bet ween t he

bl 5 1501 Bns. exposed dBoHRNAERSHAHICAC s ot o ieR n B ggrEns 320 :
t he prepol yrmanmmasldvgcﬂ!mﬂ inaBANEtIOn with F‘idlﬂ‘e UBALGERY HeGiefBRe dofdr can
be renoved 25 b?; 9 ﬁ'@ brushing with a_ suitable sol vent or by
lifting t herSYpEtals ¢ log1 q @etg gnapire deposrtlcm, the refease dpvern 24dbise

prepol ymers @posie d)r doon thelfiRRibR donok Sulsstiatéll TheERRALIRNhyer 250€

phot o- cur abl e pr fpo yrner includes a nononer conprising one or nore
doubl e bondscagrerigragd Bugret@mua‘ywe%deyosﬁyaF@I@é@déw ragitx dayasiteo, as

groups, §8i t@RkedPRerefal N extension and crosslinking. In other
enbodi nents, the photo-curable prepol yner-conprises a parti al

pol ymer or ol i goner thbe condictivaiayerie then um'foﬂfnldtbnahbfen’edrhtda sobstrate
functional gLQURS. & ﬁarg% v aqg?d é?Jbs{}é’t%r(%V glassy, Wik@Pk plcally not

cross-1inking or chal
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 substrate 260 (e.g., glass) by contacting a surface 262 of the
conductive layer 250 fo the substrate 260. In certain embodiments, the
polymeric matrix (e.g., PET, PU, polyacrylates) provides adequate adhesion to
the subsirate 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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Exanpl es of nononers containing a double bond are alkyl or 5

hydr oxyal kyl acryl ates or nethacryl ates, such as nethyl, ethyl,
butyl, 2- ethyl hexyl and 2-hydroxyethyl acrylate, isobornyi acrylate,
met hyl nethacrylate and ethyl methacrylate, silicone aciyl ates,
acrylonitrile, acrylam de, nethacrylam de, N substituted
(rneth)acryl am des, vinyl esters such as vinyl acetate, vinyl ethers
such as isobutyl vinyl ether, styrene, alkyl- and 10 hal ostyrenes,

N- vi nyl pyr rol i done, Vi jafiahéd SRucRE 2¥b Bdh he FAlHoGIMY fiRo to-reel
Exanpl es of nononmers containing two or nore on s are

di acryl at es @focesh gt daecripesido connectiprywidm Eiggte, tah, wilhdbe endsrstagtiingol |

nory1 oy oxy el HUH B AR IR 2 R adhuieR ) aityitsalidbiel sixtopp e, 15
pent aeryt hri t:odztmgthe@dblés%eela?ér élﬁithé@?émb@tt Ghe\ddhpsive eyt istae defined
di vi nyl be n i all {?nght hal ate, Wl l

e n Succ
phosphat o 5 t PRt (50 ESSAales: eotiioxanes!.2nt 4en Pe gymisurs paneitie, hot-
i socyanur at e meigd MatiRSotuldld, bAl/oPPeMiEly Scukébqé uglge o@f&oﬁrcﬁn B8lone

limted to, acrylicized epoxy resins, acry | ci zed pol yesters,
pol yesters c8ht@rawiihe prAgIMarGeanhiancing laxpsxinclydingpshard spstuerentmes

o o e " fetectiRoRlH 8h BABANYARA parfer Ifer, ok etk ®1 | °0

enbodi nment , prep 'S an acr tionally, a
phot o-i ni ti at or can bén frigpide ﬂ?JB,ltheiaminmeﬂ struqiole2¥) is bahdahwitintheor

crosslinking._r ' .- e photo-initi bso bs_the h.o n_ener gy
and pr ot es PR PRTvig ke RARNE fate ZBELTRIRAG = iR Fidrs

pol yneri zati ¢RC, membmalmmhmmm PAGSTs opmavdd 15y dstaching thenglease layer
Phot o- |n|t|a%%4§ E {%\Q{n in the art. Exanples of suitable
photo-initia o ?8&@0"% are not linmted to, oxine esters,

phenyl ket ones, oni umis abidin cABRIEAS) hEREoQréslare cAPSs u@ecgdung%e

Pat ent NOS. 6, 949, 678, 929, 896, and 803, 392; N. Buhler & D

Bel | us, " Pholegpet] W@C% te epbraserthe b‘t’%’l‘g P@W%GW@*@?WR@S@@WT thepyr e
& Appl. 3@ %ﬁuotn)@iayeﬁﬁ fché\Qbse?ace BF’an gél‘ie%ﬁﬁeé{%%?g%%d] hegubé’t?étéo in

Advances in Pol ynmer SCience, a preferred
embodi nent, the photoln othﬁrednép@lrnmgs. @r@aasselga@usem\mm%arw;;e@aan Y,

wi o usco i RcRARAGTIY L, Bfve b1 I TRGICHFRT ARG R U1 e

within 5 mn
enbodi nent s, subs&mtﬂnchbtatsabstratg otafm&dm Roarexamgleotie copdogive Iamar may

ot 00 PR R e S BRSCe FE o R e

Al t er nat i20el amination process, the textile donor substrate can be removed while the

conductive layer is firmly bonded with the glass 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 fo an enhanced affinity (e.g.,
adhesion), therefore providing a pattemed conductive layer on thé subsfirate,
Heated regions on a substrate can be generated, for example, by a nichrome
wire heater positioned beneath the areas of a subsirate to be heated.

30 In other embodiments, a patterned transfer can be affected by a
pressure gradient based on a pressure-sensitive affinity displayed by certain
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a mask-1ess approach, laser direct-wite technol ogy can be used to
directly "wite" a heated pattern on the prepolyner coating |ayer.
Thermal | y-curable matrix materials are known to one skilled in the
art. For exanple, the matrix 10 naterial can be an epoxy, a resin and
a sol-gel conposite material . Bot h t he phot o-patterning
rrethod and thermal-patterni ng nmet hod are conpatible with the
"reel-to-reel" process described above. For exanple, a

phot o- patt er P i tem
146, as showﬁ{af&%( %géafrae rﬁﬁeﬁﬂ& Qﬁo&?éﬂ‘g tte%ﬁﬁ%@estat'ﬁ%ﬂ{glg%r%éﬁ be
configured i beasé&tmm;ﬂyedlffefenv\messures atdopding ¢ aqat&detemmmi retieos uTIE

and curing of rrer coat i e. odi
re shonn T n° Eetalel AR B Rk AR e et tedirtpey e AR AR
phot o- pat t er peR@ediprédstnedl@giontdng unplese@rtirdgiopyst em 146 is not
shown). The substrate 14, coated with a Ere oILé%rrer coating 300, is

moved 20 & ong by a cdnvaleihensmhodiments.tha cperustive lRvesean Rrie-qubt at es
at the sane gp eg iefsut) 480 el re@&laﬁmﬁ%ﬁ:aﬂé}ﬁ prick &iRtiaARalo ce

310 is positioned wthin t rotatin nder' '330. An exterior 334
of the rotat pwgeeqzcﬂﬁwdmnsmmg ibepm—s@meductweﬂas@r ta ba substtatedhei se

provi o0 4 Byt dRgeP Rt bk gl rrbg AR, .

prepol yner co dar

340 for prevEmdived wdamy 3 preaguticogibtir.can be positioned cl osely above
the noving substrate. In a related configuration, as shown in Figure
198, a patterning belt 350 having a patterned or perforated exterior
352 can he upsgemibae patterning belt 350 is driven by rollers 354,
one of which I's connected to a 30 notor érEOt shown Th patter |ng

belt 350 noves at t he ASAIRICEPRAVE: 3 BatieiBedEUNdHGivG crmedby
al | ow ng congdiBupel, G¥R %r@p&ﬁméﬂﬁaaﬂﬁ@@éﬂdfdﬁﬁ%o §9§ﬂérﬂ9 Tﬁ@Q:uFuﬁb t he _

irradiation source 310 through openi ngs t 1 onal guard slit
340 can be uB@gess can be carried ogf @m@yt@elhswd\hsrr@ai&yaﬁgw ﬂ§ '““ﬁ‘t‘@@ﬁ abed

system 400 f n ”nﬁﬁ
T%e system 48%‘ é%ﬁ{gge fﬁ'%agsﬁﬂ%g\’%a? gﬂgfpﬁt&cﬁ? éﬁﬁéﬁ{eag r(\:@gl ng ﬂg’g@"t&em
146. | n dartiheuhetal narvwirehetworkdayveed td isglepoaitedoon th@&ubstratﬁléﬂtl cal to

curi ng. ¢he. BBy SR Tueyie s SRR, (b6 FoReE 1 EARIEY B BBl e,
wi || be furtedersinedtied tad substratetdngandteadriyosub3iféie] including \adlexibje

uncured prep e substrate 14, now conprising cured regions
380 and bar egor}/or substraq

Thereafter, a prepolymer coating 300 is deposited on the network
20 Ilayer 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 cresslinking. In other embodiments,
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10 metal nanowi res regi.ons 374, noves to a rotating tacky roller 384.
The tacky roller 384 contacts and renoves the bare netal nanow res
regions 374. Follow ng the renoval of the bare netal nanow res, the
substrate is coated with conductive regi ons 380 anong non-conductive
regions 386. The transparent conductors as descri bed herein can be
used as 15 electrodes in a wide variety of devices, including any
device that currently nakes use of transparent conductors such as

net al oxi de i | | e | : nel
di spl ays, LC%LA ﬂf?"éﬁc %@%ﬁfs}&"@r%‘g@%ﬁn@é%‘éﬁ@?ﬁf e drpﬁghséolnfet&rt]c i onal
gl asses (e. gepnifins aneartmare ioohiedoninddusgtionapgrovps @ g. hydrideseri ces,

be used 1 n 1 MEBE HioPR e Mesn i R BRhs iR oye and fouch
screens. | Exepmsiecofracliontars contbipiry ROSUHE bovid eyt bor s

can be used as the pixel electrodes jn a liquid crystal display (LCD)
devi ce. - FitguPUdroValkiy AETIEtRR FRime BaPY Ftosm SU R BeTRYL b BURT Backi | ght
504 projects 'g{g,go],t ,q% ' Ffia

substrate 51§.HYA p ‘uﬁlqil?gﬁrgf fi}?g%@ﬁ%ﬁ%ggﬁﬁﬁé}glg%dﬁﬁ%ﬁm&%i ps t%20

are positi onaad pvimethachiatpotilicone gralaies apylaniitile, sarglamide, a fir st
alignnent |a chi. 3 r 21 Qr L Strd ates
W th a data TEqEeRdgmicRs N bBRBREI Eleln SATEHIIGY YRy dderd ot B

al i gnnment | ageatate? 2inghetherssach agl ismbuiyhviny etienysdyref8 2aligt+endal | gnnent

| ayers sandw ching 30 liguid crystals 536 1n between A, plurality of
sevond ¢ ridns pAPSNEES e rElaee B S s Wik iR sevon
al!gn{ﬂ_ent |?yer _53ﬁi tmlrrq:eémﬁf dnt;ﬁdir%mh f_@@':t&?mngadiﬁmc{?édsﬁl{}ébtan@é}e
orienting at,a ri an rom ir ranspar ent. conduct or
Strips 520. HeEIRQUBIRT o CHALSIS QR0 FERRYROEIVERT BRemENER 1 ur t ner
coated wi th AeRpshyiaheé giycbia@of dtpherd®hOERI4MbI[Les 548, a top

gl ass substrate 550 and ol ari zer 554. Advant ageously, the

anp ‘ L

transparent 8CylgHiguyetbexdichenyipropanss tinetbylelarpogae figondatied and
transferrgd Liht rl\rfl'ﬁ'?ttﬂ kA r i ; s il €,
and the ali ghﬂ‘eﬁ? ayeﬁé%g%eﬁgé\%cy*%n*%gp?ﬁac@éﬁﬁ ent Foﬁ%ﬁ ;/@I
enpl oyed net succnstel alialyt prpbalaleTOrllyl phoswte, yrialybisstyanorateer @8@hi ng
processes ar | rther enbodi nent, the transparent
conduct or deg%r&]?gfég{@gs%dgrggﬁrﬁ{#orms part of a touch screen. A touch
screen i s an interact iBxamphgsuf pdeial palymetsdgelades dubatena iimééedtt, r oni ¢
di splay, which allows a user ructi.on touchi ng  the

| to hnfgu i.ns ons by %l
screen. The TOWMFSUCTREZN TPENS SENUGFTY PRUYESIF St ROVTIRR PN Y i mage
to transiot &thepoigdpoxliguours, BalysieMapes ahe poivehatd, insath@teipoheistsn
devi ce 560 . . . .

resins. In a preferred embodiment, the prepolymer is an acrylic.

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

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

30 Chem., Vol. 87, No. 1, pp. 25-31, 1995; J. Crivello in Advances in Polymer

Science, Vol. 62, pp. 1-48 (1984). In a preferred embodiment, the photo-
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15 according to one enbodi nent. The device 560 includes a first
transparent conductor 564 conprising a first substrate 568 coated or

| am nated with a first conductive |ayer 572, the first conductive

| ayer 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 encl osures 20 584 and 584' at
respective ends of the device 560. The second transparent conductor

580 | ud I
cecond subst TATIETHEERRLN A4 SHioehh iR B BE weRRAhREERD, ©
conduct i ve sihd mepola®ér taatinggah leard withic 6 mimwdes, u'eoremrémtmﬂ}aﬂmmﬁd i's

suspended over spacers 596. 25When a user touches the second
t ranspar ent s) Bt or 580, the inner conductive surface 594 contacts

the top conductive sunagrrembodindnts; tHerhakpdilehiing 888 pé camedlwtas‘nQBM
and causes a chan(r:;e in the electrostatic field. A controller (not

shown) sefsedninsdiating smahmaple og- i3 apeiiire magk). whishicen! sc@enoa%at e,
whi ch i nf or MR df% nhé?t’ﬁﬁ niAets a}g?to%b QPEI R4 HQat%)bﬁPc%mAléﬂé?ig%l%qh ng

to this enmbodinent, e 1 nner conductive surface 594 and
conductive snmméewasmm Faser diract-weite teelyiclagywdanbd ysedie diregilye of

about 10-100 r t he

first and se%g? gr%g%@ o?@héHﬁ%gwef;égaeﬁ%qai&frngQ%é@gt%d(g%b]?e g.,
> 85% to al hmnixfmatenaiam ko tcmrwn’kllleﬂmme@ht Forexbmpie, thendatsiecond
substrates can, be. a Vﬁl’l etg of materi des ri b?er@perei n. For

o ann! o bncRRrae] S B B Sbedh aToHE anf 6,508 PRt GTEL T gt 4
plastic such as pol yc@ohpirtphofd-paedriiag Metiiideandhbitalipagemaronsthod

substrate can be a flexible film Alternatively, for a flexible touch
screen appl i 8%8tGogwpatiplermitisiigstaekicget prpoges f’?@i‘bﬁﬂ 8beys. norexagiple, a

plastic). QJﬁﬁ&GJpEKeﬁaYr@ $taRIre1 Qﬂﬂi{'bé&?@@ﬂﬁhémbc&iawg §%§iérﬁyt4ﬁﬁésa|

oxi de 10 conducti ve yers not e above

films are fr alg:wremdﬂ@w@déﬂ hed)hoahpaftﬁmm si%atiom% raw ba confignesd injams
T vasnn 5 p RS R T SomAIRLE Blihurd ) SRR AED @?ﬂd
can be fabri catiad. by hi gh thr oughput met hods and at | ow t enperatures.
They also allow for d gned 'er‘ﬁ%oéiﬁ'ie%ﬂ ba%tsflg\}vﬁ in FIQGICel i’é%l agrotatfng cylinder
330 is part of the photo-patterning station 188 (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 ahove the moving
substrate. '
In a related configuration, as shown in Figure 19B, a patterning
belt 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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15 flexi bl e and durabl e substrates such as plastic fil ns.
The transparent conductor structures, their electrical and optical

properties, and the nethods of fabrication are illustrated in nore
detail by the followi ng non-limting exanpl es. 20EXAMPLES EXAMPLE 1
SYNTHESI S OF SI LVER NANOW RES Silver nanowi res were

synt hesi zed by the reduction of silver nitrate dissolved in ethylene
glycol in the presence of poly(vinyl pyrrolidone) 25 (PVP) foll ow ng

the "polyol " flﬁtfne {Sﬁstﬁé'lﬁ%‘i’aﬂoﬂ’soﬁrcg 315thr§P§'ﬂ obenifidd 550, @PUMW%S &

Y. Xia, "Crystall ver nanow res by so sol ut1 on processing
Nanol et t er s, gtaabdi 342¢a) be®B8ed.68. A nodified pol yol nethod,

descrlbedanS P | ' '

of Canbri os Technol ggygghré@%@'{% W%%&gﬁg?@ge@nﬁéﬁg&?@ﬁ? bﬁ%b o
ot hod: e?h.aé p?“‘?‘??ﬁ??“”“?i“?ﬁ?%‘ﬁ‘@@%@??éé E‘ﬁ“fz“a;ﬁ“3°“*‘rb§f‘%"'yyﬂ' ts
ne

entirety. afechintorie KGR AoA “TﬁﬁﬁiSWﬁﬁ” %f(f%ﬁlﬁ:,‘? ming
Aut of i ex EBG%taQi%hyi@EfMd%ﬁﬁcaq fdﬁ@%@%hawﬁ il Bloe ng rFo'i»loWﬁ@ the bhbtek was

used as a substrate. The PET substrate is an opti cal %/ ["ear
i nsul at or. Tie¥posuyaand coirmitapiepolimer maéeg@ﬂﬂﬂm@lrﬁ@ selecfvedegions e

e e g 4 L b NG POBEL L e AR TR S e ity ! or
di sper si on ofpregidiyraer. aecnbstsaisidsndw comprisitgeired regions 380 and bare
10 metal nanowires regions 374, moves to a rotating tacky roller 384. The tacky
roller 384 contacis and removes the bare metal nanowires regions 374.
Following the removal of the bare metal nanowires, the substrate is coated with
conductive regions 380 among non-conductive regions 386,
The transparent conductors as described herein can be used as
15 electrodes in a wide variety of devices, including any device that currently
makes use of transparent conductors such as metal oxide films. Examples of
suitable devices include flat panel displays, LCDs, touch screens,
electomagnetic shieldings, functional glasses (e.g., for electrochromic
windows), optoelectronic devices, and the like. In addition, the transparent
20 conductors herein can be used in flexible devices, such as flexible displays and
touch screens.

In one embodiment, the transparent conductors can be used as
the pixel electrodes in a liquid crystal display (LCD) device. Figure 21 shows
schematicaily an LCD device 500. A backlight 504 projects light through a

25 polarizer 508 and a bottom glass substrate 512. A plurality of first fransparent
conductor strips 520 are positioned between the botiom 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 liguid crystals 536 in between. A plurality of second transparent conductor
strips 540 are positioned on the second alignment layer 532, the second
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10 The silver nanowi res were about 70nmto 80nmin wi dth and around
8l.1min length. The concentration of the silver nanow res (AgNW was
about 0.5 %W v of the dispersion, resulting in an optical density of
about 0.5 (measured on a Ml ecul ar Devices Spectra Max M2 pl ate
reader). The di spersion was then coated on the PET substrate by
allowing the nanowires to sedinment onto the 15 substrate. As
understood by one skilled in the art, other coating techni ques can be

ol oved .9 enkb AMTERLEL: Bpd ATEARMLC BERYEh st ol o o0 o
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nanow res i necomuctoatS6id compsising autrstsudsirate 568 lcoatet or tgeihatat withd first

el ectrical 1Q broper }%ésﬁg}ﬁ%b ?oﬂdﬁ&iv@ﬂ&%@fﬁ%m L rcgncﬁj?:g\‘}@ in

Tabl e 1. ar e con or “was Fdrther Ssubjected
to a tape testirfdder3y6s pestédandatangparentiddnBocibcdi s patiionethelsivedhe first

T LY BB e 2o SRS ooty Faf iy LSRR SRR, A
tape testyg t Be4 ang 562 ataepeeliReéidsastthe device 560. The second transparent
conductor 580 includes a second conductive layer 5§88 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 fouches t‘he second transparent conductor 580, the
inner conduciive surface 594 contacts the top conductive surface 576 of the
first transparent conductar 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 fo an operating system.
30 According to this embodiment, the inner conductive surface 594
and the top conductive surface §76 each has surface resistivity in the range of
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15 properties of the transparent conductor were nmeasured and the
results are shown in Table 1. By way of conparison, a matrix-only
filmwas formed on a PET substrate (PU PET) under the sane conditions

as descri bed above. The optical properties (light transm ssion
and haze) and the electrical properties of 20 the PU PET are al so
provi ded in Tabl et As shown in Table 1, the matrix-only

filmon PET (PU PET) had a slightly higher light transm ssion as well
as haze val U8 6&1%-1%0E3éfver ré}’&%bﬁb(}di%-mm/aomanw%efﬁ%and

conpari son, e bare si NOW r m on PET was hl%
conducti ve, s@@ndtt@nsm@'eat mmdﬂetw haysiligh iransinissiors®.gner 55%nto pw

deposition o owre filmon the PET | owered the

| i ght transn%ogi'nﬁ% Eﬁsrai?]nc‘r{g@ng@?t he haze. However, the bare silver

nanowi re filmon PET Whe fisstianti secnrsi slibskates pan balal varielyesf maténsis, as
pore than ctrical

light t Th ti.cal
plr gper t |r ZE’S (r)nfjgésql'?ge‘ﬂ)g?r@msl Qfeqxaﬁ‘gﬁ‘oé]errgsﬁ rﬁg%ﬁﬁ e\ﬂ@l‘Je(ecQ)rﬁ!%f?saBT e or
superior to \FXQH ?}\asﬂc‘. béh éé bdﬂ‘y‘ca(rﬁ‘er&te of H@a&ﬁét@?ﬂhﬁﬁ‘tkﬁ%eegﬁ substrate

substr at es, ich typically range from6
As further sBdwbe a.ﬂembbﬁ@m Altﬁﬁ@twelmgmﬂ@mle WB@@EW apalieatioppoth

silver nanovxg rb’é?raié% &Hﬁ}ﬁ%&(?ﬁ%ﬂﬁﬂ?@? rﬂ’atsﬁb had an al nost identical
t r

l'i ght transmssmn as are sil nandwire filmon PET, and a
slightly higher haze. Cﬂhenﬂseeveslabbltoqcmr&ame typically samion metshoxide or

remai ned ,t.he s % t hat
he coat iRy BTPRORTRVTE S ud o ARNrirs oBE Sy g Gl ot
ni':movvi re L i Lmstmn@fabnemtepm paticulon 6TO filews 4rb typidadly wegosiest copglassal |y
clear, an | e or .superior surface.re | t nmet al
oxt e 11 1'ms. pibsyatss Tt Bt neiatH SPR T iy (LEaaeh TR PRET | he
tape test digoriekiond dicrib8&heRf &in b fahn@d’ted bﬁhighgi‘n‘!buéﬁbllt hRSHsIEsSMIdON
of the transparent conductor, and only g i ncreased ,t he haze.
TABLE 1 at low temperatures. They also allow for more dw rse substrates, mcludmg
15 flexible and durable substrates such as plastic films.
The fransparent conductor structures, their electrical and optical
properties, and the methods of fabrication are illustrated in more detail by the

following non-limiting examples.

20 EXAMPLES
EXAMPLE 1

SYNTHES!S OF SiLVER NANOWIRES

Silver nanowires were synthesized by the reduction of silver
nitrate dissolved in ethylene glycol in the presence of poly(viny! pyrrolidone)

25 (PVP) following the “polyol” method described in, e.g. Y. Sun, B. Gates, B.
Mayefs, &Y. Xia, "Crystalline silver nanowires hy soft solution processing”,
Nanoletters, (2002), 2(2) 165-168. A modified polyol method, described in U.S.
Provisional Application No. 60/815,627 in the 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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Transparent Media Light Transmi ssion (% Haze (% Resistivity ((2/0)
gET 91.6 0.78 non-conductive PU PET 92.3 0.88 non-conductive AgNW PET
7.4 4.76

EXAMPLE 2
PREPARATION OF A TRANSPARENT CONDUCTOR

An Autoflex EBGS polyethylene terephthalate (PET) film 5 pm
5 thick was used as a substrate, The PET substrate is an optically clear
insulator, The light fransmission and haze of the PET subsirate are shown in
Table 1. Unless specified otherwise, the light fransmission was measured
using the methodology in ASTM D1003,
An aqueous dispersion of silver nanowires was first prepared.

10 The silver nanowires were about 70nm to 80nm in width and around 8pm in
length. The concentration of the silver nanowires (AgNW) was about 0.5 %wh-
of the dispersion, resulting in an optical density of about 0.5 (measured on a
Molecular Devices Spectra Max M2 plate reader). The dispersion was then
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 techniques can
be employed e.g., flow metered by a narrow channel, die flow, flow on an
incline and the like. Itis 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 Thereatter, the coated layer of silver nanowires was allowed to
dry by water evaporation. A bare silver nanowire film, also referred fo as a
“network layer”, was formed on the PET subsirate. (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 resulis are shown in Table 1. The interconnectivity of the nanowires and
an areal coverage of the substrate can also be observed under an optical or
scanning electron microscope.

The matrix material was prepared by mixing polyurethane (PU)
(Minwax Fast-Drying Polyurethane) in methyl ethyl ketone (MEK) to form a 1:4
30 (v/v) viscous solution. The mairix material was coated on the bare silver
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60 AgNW PU PET 87.2 5.74 60 After tape test 87.2 5.94 60 EXAWPLE 3
ACCELERATED 1123 CORROSI ON TESTS 158ul fides, such as hydrogen sul fide
(H2S), are known corrosive agents. The electrical properties of the
nmetal nanowires (e.g., silver) can potentially be affected in the
presence of the atnospheric sulfides. Advantageously, the matrix of
the transparent conductor serves as a gas perneation barrier. This
prevents, to certain degree, the atnospheric 1-128 from 20 contacti ng

the netal naneariows® fmﬁfwﬂﬂ@cﬂatih?. Ofteer RR&Wh TethddRdn YR 4R, Fordialvpley ©f
the netal nangw,re an be further obtained by incorpdrating one or
NDr e Corr osi o‘?th‘meﬁ%cf » Mayer Fod; Heawrdawn Q1 custginieasting nse bearsedn The
matrix material was cured for about 3 hours at room temperature, during which
the solvent MEK evaporated and the matrix material hardened, Alternatively,
5 the curing can take place in an oven, e.g., at a temperature of 50°C for about 2
hours.

A transparent conductor having a conductive layer on the PET
substrate (AgNW/PU/PET) was thus formed. The conductive layer of the silver
nanowires in the matrix was about 100nm thick. Its optical and electrical

10 properties were measured and the results are shown in Table 1.

The transparent conductor was further subjected to a tape test.
More specificaily, a 3M Scotch® 600 adhesive tape was firmly applied to the
surface of the matrix and then removed. Any loose silver nanowires were
removed along with the tape. After the tape test, the optical and electrical

15  properties of the transparent conductor were measured and the results are
shown in Table 1.

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 iransmission as well as haze value than a PET substrate.
Neither was conductive. By compatrison, 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
fransmission and increased the haze. However, the bare siiver 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., 1TO) formed on

30 PET substrates, which typically range from 60 to 400 Q/0.
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In the United States, the amobunt of H2S in the air is about O0.11-
0.33 pads per billion (ppb). At this level, corrosion is expected to
take place over an extended period of tine. Thus, an accel erated H2S
corrosion test was designed to provide an extrene case of H2S
corrosion. Freshly cooked egg yol ks were broken into pieces and
sealed in a plastic bag. A H28 nmeter (Industrial Scientific, GasBadge
Plus - Hydrogen 5 Sulfide Single Gas Monitor) was inserted into the
bag to nonitor the relg ? l”%i‘ E@ﬁqfnrﬁmet'h%@ﬁ'ﬁnéﬁar&%coﬁﬂ%&agéd Shows
a typical release profile o 12S gas over peri od ours.
After an ini tsilaér rtanmmreamﬂafeaoweraﬂmematfmaad@g almpe idendicaldigbt

Dac PRaver  ndrRstiidl A wbhadghel Rihalp RS ST, b dIBRRAAGREC €
}A hgalraggs |1I0vg ;ifa%‘gln ms;neéﬂftfiylsir@n@g trilherd_?ewmalgbntafondhaoatemmrpmﬁhécsaiﬁéas tgmsl. .
e T1 | b nete SEs BEnowira i, dionthe et Tietcoaring OFP s mptbagl A

yol ks. The fijgiyRegemhd in@ﬁﬁm:mmrhl Thé Yanbsurent conadéteeihis forineaiwvashe
silver had been tarni shed and bl ack Ag2S was forned. |In contrast,

col or changeshtinallvialens, and hax 8 comparahigrswHPRIOrSHIaEs (RistYIRAAStal r i x
vere not ObseJxc{é*l@(ﬁ@iégégfégforl%%arH?’Eﬁ'sub@@?ﬁéét' ng that the

pol yur et hane rl rier to ow down the perneation of
t he H2S gas. EXAI\/PLE 4|mmmm@wammnM&]esiswmrMht

The fol |l ow duc

subst r at o Radrapeateeiag o1dag REG ot Bopd ol I S SR Seradted B hore.
inhibitors, i ncI udi ng benzotriazol e, TreiE Dt hi adi azol e and acrol ein,
wer e i ncor por

25Sanpl es 1-2 wetRspafchidddad acGgh Thamghiskion @d)e meitdae (te)d e s CResisily (szfn)

PET 916 0.78 non-condtctive
PU/PET 923 0.88 non-conductive
AgNW/PET 874 4.76 60
AgNW/PU/PET 87.2 5.74 60
After tape test 872 5.94 €0
EXAMPLE 3

ACCELERATED H28 CORROSION TESTS

15 Sulfides, such as hydrogen sulfide (H.S), are known corrosive
agents. The electrical properties of the metal nanowires (e.g., silver) can
potentially be affected in the presence of the atmospheric sulfides.
Advantageously, the matrix of the transparent conductor serves as a gas
permeation barrier. This prevents, to certain degree, the atmospheric HzS 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 HS in the air is about 0.11-
0.33 parts per billion (ppb). At this level, corrosion is expected to take place
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herein. No corrosion inhibitor was present. Sample 1 was a
conductive filmof bare silver nanow res. Sanple 2 was a conductive
filmof silver nanowires in a pol yurethane matri x.

Sanmpl es 3-6 were prepared by first form ng a bare sliver nanow re
filmon a PET substrate (Le., Sanple 1). Thereafter, various
corrosion inhibitors were incorporated during the coating processes
of the matrix material. Sanple 3 was prepared by coating a 0. 1w v%

sol ution of 5ommmemalpeﬂé@mmen'm@§ fay:laceéiaaéle dg@ c(sMﬂi)es g he

bare silver g W|re fllm all ow ng the solvent to ter coatlng,
fol | owed by cOeHgHG tomEcvigr an ﬁxtfﬁaﬁ%pm of df-Sserpsipat hane (PU) |n MEK

Gt ot b adi azol Tfnp;ﬁhﬁﬁx&“nﬁ? b bl SaRTERoR! i Pchd i Felg i
coating the 1@astniEox Ak nedér (ndustiel &aelﬁn"s; GasBadgariive + Hydrogen
S5 82, SORRESI el RIS R i

sol vent to drlygaafmmrthelegg)ym@s Flgbiamd'ncme £pichNgledké Brofilddiihé M,S

mat eri al PU/I\/Echwle Fll oof di.t hi ot hi adi azol e. 15Sanple 6
was prepar ed % F@tpef'ﬂf\{Bf%b %Hr?né‘ g gy inified byl ¢fithe h’2$ﬁ1f§e#ﬂﬂrﬂ1ﬁ
mat eri al  PU M= 1€Vl dioppea) uh@%&lﬂwdﬂfﬁaﬂﬁébh@ﬁaa Bﬁfu&@d ba%f@f?é gérh%!ab%n a

bare silver nanowire film The optical "and el ectrical properties of

the Sanples 2R mvgﬂheleswag@wglg ofh edlzS gasdpaskasiat[Bppr)dh theshagd H2S
t t ty t h
reat men ngéiﬁﬁﬁém adéﬁ%%gﬂ%c@@v@@fﬂﬁ &w@sgﬂé‘r@: B2t o are shown In

Fi gures 24A Shows the || ght
transmi ssi on nmeasur eneftgresilveanqriavdreliig dne? BT was hrepeRl adceaﬁrlgaﬂ@t and

24 h ft 2 " f

decr 2322 gf ‘?‘—fxah{b‘?% ?a?gzran%@g%%maﬁg&% ﬁ}%ﬁ%%e%&ﬂ%ﬁﬁﬂ%cﬁ?ﬁﬁaﬁga YOl8i or
to t heI I1128I tTrheaﬂinr']rmegan & ctlelarhén Evﬂ?m&w%be& mrcamg”rmwthtﬁ@negoﬂw been
optica c . ransnj ssi o an 809

Pol | owi né 24?%@‘%8 f@% Was SO “&P‘%@ﬁ g‘@ﬁ’é Eamﬂﬂs(aa ﬁ*?%%f
experi enctsl dﬁwreaaemre@|ntdWUretha@élﬁ1atrrx6W§r€1n%§blS§é$véﬂHﬁ1tﬁ et 23 ga@Nt

degrees of silyer. tarnish. As expected, Sanple 1 had the npst
reduction in an%;pg 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 ceriain 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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transm ssion. Sanples 3 and 6 did not performbetter than the
matrix-only 30 sanple (Sanple 2). Sanples 4 and 5, however, had |ess
reduction in light transm ssion conpared to the matrix-only sanpl e,

i ndicating the corrosion inhibitor dithiothiadi azole was effective
in protecting the silver nanowi res from being corroded. '

Fi gure 24B shows the resistance neasurenents of Sanples 1-6 before
the H28 treatnent and 24 hours after the H2S treatnent. For .purpose

of 5 conparison, the c@@rﬁ?}agg-merbfmeﬁa@éd BY fisERIThing Lloard siharpgowise
al so graphed. As shown, all but Sa%l’e 4 experienced dramatic
i ncreases i nfihen @ REE puhsiiaied caS@mPl§ be tThprasfieh JAHMES SREPSOBnduct i ve,

al t hough the; &A@l | ' £ ' ]
significantl i/rm("ﬁ?"ésye%réf 'Jgrsmgg%é samg?ggéf &ﬁgﬁgddfgﬁ%d&gﬁ?giﬁ%fg@?
increase in its resi st3ample 3iwas wepared By chaling 8. Imitaeelstion of - 125 10

Sampl oy hdd BRO-TRRPEATTAD RPN R Altsioptfe Bafelbotandihd
i mpl i es t hat fil)ealiewitg ing spivenids sasaftar yoatigefliovee by toattpgithe medix of a
gi ven corrosion inhibi re 24C shows the haze

rreasurerrents"ﬁerﬁ%l’@g‘?rrfﬂﬁnﬁé?u}@ M%‘é(ﬁlﬁgutreat ment and 24 hours

after the H2S treat nergampieu way prepare@by hbst ARORDrAFQN.5WIM ofhange in
t he haze for each sanple is al sgrm%ra?hed. e sanpl es shoyed
i

Al th ]
i ncreases i ndithiethiadinzele ienatik P EKH{h4) dolluyndi RyrPastingsHign| es 1
and 6, t h : .t hi (less than 10% for each
of Sanpl 2@ 2%&%2‘%%%‘%\%5%%8%%%“%@%&"% best overal l .
performance in 20 w t HBarapldibrips frepased by Sirst dipplr® aybare siyer nanowire film

! i o Lor i nhidi " (di thi > < :
iy, the TraRGpiRLReToghn bt Rk Ak Aethd ol da,
2 in which naftecfipgingdoliowed by teatingaith @rresten matérial PY/MBKdH:4) hating he
H28 | evel s IE@&R%%&@‘?&L%&%%S tests were far greater than the

at nospheri c e expected that transparent
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 HoS treatment, as described in
20 Example 3. The results are shown in Figures 24A, 248 and 24C.
Figure 24A shows the light transmission measurements of
Samples 1-6 before the H,S treatment and 24 hours after the H.S treatment.
For purpose of comparlson, the decrease of light transmission for each sample
is also graphed. Prior to the HzS treatment, all of the samples were shown {o
25 be optically clear (having a light transmission higher than 80%). Following 24
hours of the HoS treatment, all of the samples have experienced decreases in
their light transmissions due to different degrees of silver tamish.
As expected, Sample 1 had the most reduction in light
transmission. Samples 3 and 6 did not perform better than the mafrix-only
30 sample (Sample 2). Samples 4 and 5, however, had less reduction in light
transmissioch compared fo the matrix-only sampile, indicating the corrosion
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25 conductors prepared simlarly as Sanple 4 would fare even better
in the presence of the atnospheric H2S. EXAMPLE 5 PRESSURE- TREATMENT

OF METAL NANON RE NETWORK LAYERS 30Table 2 illustrates the results of
two trials of applying pressure to a surface of a silver nanowire

network | ayer (or "network |layer”) on a substrate. _ _
Specifically, silver nanowiret of around 70nmto 80nmin w dth and

around 8pmin length were deposited on an Autofl ex EBGS PET

substrate. Thiahisitdrsdithitisiatiazolé wed effective ih prdt®iAg Iﬂ#@ﬁ%f RarioWirek ‘Prof‘nhe
deposi tion of, the naqpe\# res. A network |ayer was formed according t

the method deRNd BRUFPYEH- 5 Exanple 2. No matrix material was applled
to the networks prior FRukd'g4mpsRAURE ésrsfi‘éﬁ éasu]:g'lﬁeﬂ_ 'o?'S?nI'né S4eg 1N

Table 2 were carried out using a sing est ess S ona
ri gi d bench- tkgferedhe He%treafmelﬁae@%houna@ﬁaemdﬂjs tkemment rRoapahosd of

by ovese Bl SRR 1 DRS00 o o SR St A et o
As shown, all but Sample 4 experienced dramatic increases in their resistances
and effectively became non-conductive, although the onset of the degradation
in electrical properties was significantly delayed for some samples. Sample 4
had only a modest increase in its resistance. It is noted that the impacts of HzS

10 on Sample 4 and Sample 5 differed considerably, despite that both Samples
had the same corrosion inhibitor (dithiothiadiazole). This implies that the
coating processes may affect the effectiveness of a given corrosion inhibitor.

Figure 24C shows the haze measurements of Samples 1-6 before
the HyS treatment and 24 hours after the H.S treatment. For purpose of

15 comparison, the change in the haze for each sample is also graphed. All the
samples showed increases in their haze measurements. With the exception of
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 matri, 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 HS. It is therefore expected that transparent

25 conductors prepared similarly as Sample 4 would fare even better in the
presence of the atmospheric HaS.

EXAMPLE §
PRESSURE-TREATMENT OF METAL NANOWIRE NETWORK LAYERS

30 Table 2 illustrates the results of two frials of applying pressure to a
surface of a silver nanowire network layer {or “network layer”) on a substrate.
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Haze (% (original) 16000 400000 88.2 3.34 1 roll @40 psi 297 690
87.3 3.67 1 roll @40 psi 108 230 87.2 4.13

10

156

20

Specifically, silver nanowires of around 70nm to 86nm in width
and around 8pm in length were deposited on an Autoflex EBG5 PET substrate.
The substrate was treated with Argon plasma prior to the deposition of the
nanowires. A network layer was formed according to the method described in
Example 2. No mafrix material was applied to the networks prior to the
pressure treatment. The Trials listed in Table 2 were carried out using a single
stainless steel roller on a rigid bench-top surface. The area of the network layer
treated was from 3 to 4 inches wide and from 3 to 4 inches long.

TABLE 2
Trial 1 Triaf 2
Process R (S/square) R {Qfsquare})  Transmission (%)} Haze (%)
(original) 16000 400000 88.2 3.34
1 roll @ 340 psi 297 690 87.3 3.67
1 roll @ 340 psi 108 230 87.2 413
1 roll @ 340 psi 73 127 36.6 4.19
1 roll @ 240 psi 61 92 87.1 4.47
1 roll @ 340 psi 53 86 86.6 4.44
Ar plasma 38 62 88.0 419

Prior to any application of pressure, the network layers had the

resistance indicated in the “original” row (the network layers were not pre-
treated with plasma.) Each row of Table 2 indicates a subseguent single rol}
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
and fitth columns, respectively. As shown, it was determined that the
conductivity of the network layer of each trial was increased by application of
pressure 1o a surface thereof.
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1 roll

roll

@340 psi 73 127 86.6 4.19 1 roll @40 psi 61 92 87.1 4.47 1

@40 psi 53 86 86.6 4.44 Ar plasma

10

15

20

25

As shown above in Table 2, application of pressure to a network
layer by a roller can reduce the light fransmission of the layer and increase the
haze. As shown in Table 3 below, a washing process following the pressure
treatment can further improve the fransmission and reduce the haze of the
network layer.

TABLE 3
Pracess Resistance (Q/0) Transmission (%) Haze (%)
{original) 700,000 86.4 4,77
2 rolls @ 340 psi 109 85.6 5.24
soap & water wash 44 86.0 4.94
Ar plasma 24 85.9 4.81

As shown in Table 3, application of pressure to a network layer by
twice rolling with a sing?e stainless steel bar at approximately 340 psi on a rigid
surface 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 freatment further improved the fransmission and haze.

Washing the network with soap and water without rolling is also
effective at improving the conductivity to some extent.

Following the pressure or washing treatments, a matrix material
can be coated as previously described in Example 2.

EXAMPLE 6

PHOTO-PATTERNING OF CONDUCTIVE LAYERS

Figure 25A illustrates one method of directly patterning a
nanowire-based transparent conductive film. In this example, a silver nanowire
network layer ("network layer”) 600 was initially formed on a glass substrate,
604 according to the method described in Example 2. Two holders 610 were
placed on the glass substrate 604 to define an area 614 for matrix formation. A
photo-curable matrix material 618 comprising a mixture of prepolymers was
coated over the network layer 600 within the area 614. A mask 620 was placed
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38 62 88.0 4.19 Prior to any application of pressure, the network
| ayers had the resistance indicated in the "original" row (the

network | ayers were not pre- treated with plasnma.) Each row of
Table 2 indicates a subsequent single roll 15 across the network

| ayer at approximately 340 psi. In each trial, the
network | ayer was rolled 5 tines, Thereafter, a plasma treatnent was
applied to the network |l ayer. The resistance after each roll is as

listed in Fh%tpéﬁfif‘?é‘ﬁ'olééi%@b. trhé Ahask @20 ﬁé@'d@aéésﬁfaéﬂﬁymfgléﬁl)mb‘é?'dﬂms-
Variation in transm ssion and haze for_the Second trial is as |isted
in the fourt Wagolingsdeiof ehow d0Qnmevide.e She mefriangteriakwasmibgn iradiategh s
determned th bl - Of : I al
was increaseé“‘ial E?Fgggﬁ%ggpﬁ%kwoé%ﬁrgggé%gg ﬁ”%ﬁ’éﬁiﬁ‘f’ﬁ%%”@ﬁ’gf%ﬁﬁ .tﬁé

As shown abovegioms Sglused B light phd carhaioed lifuipindbe tegionsdhat wereumadket ay er
by a roll ag rsd)_lé.e the light transm ssion of the |ayer and

i ncrease tthe P{aDR9KINEFown i n Table 3 bel ow, a Washing process

fol owi ng the pressuread §iRAINTAFgHE 258 Ugdnaactiveim®2e waseohtdinadbatersi on
and reduce the haze of the 5 network | ayer. TABLES Prs%ciessResi st%r%ge

(DO Transni s$hepqtogpatigming dgscribed above. The lighter regions Were exXpose
UV irradiation and the dark regions 638 were masked from the light exposure.

Conductive film 640 was further subjected to an adhesive tape or a tacky roll {o
10 remove the matrix material and the nanowires in uncured regions 644. As
shown, the contrast between the uncured regions 644 and the cured regions
644 was pronounced. Foilowing the adhesive tape treatment, the concentration
of the nanowires dropped below the percolation threshold in the uncured
regions 644. Electrical measurements using fine probe tips showed that the
15 uncured regions 644 were non-conductive.

Figures 26A-F show a photo-patterned conductive layer at higher
rnagnifications. Figure 26A shows the conductive film 640 immediately after
photo-curing (5x). Figure 26B shows the conductive film 640 after the adhesive
tape treatment (5x), in which the cured region 648 appears much lighter than

20 the uncured region 644. 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 soivent 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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(original)700,00086.44.77 2 rolls @340 psi 10985. 65. 24 soap & water
wash4486. 04. 94 Ar pl asma2485. 94. 81 As shown in Table 3,
application of pressure to a network layer by twice rolling with a
single stainless steel bar at approximtely 340 psi on a rigid 10
surface reduced the light transm ssion and increased the haze of the
network | ayer. Washing the network |ayer with soap and water after
the rolling, however, increased the transm ssion and decreased the

haze. An ar geiredrasions ¥ TR aAhIRS Undured Fegionsm20pmest dfities tmeunsdrinatrixon and
haze. . Washi ng the netwgrk with s%ag an‘% ter w thout
rolling is angteriabaed ﬂ@c‘?('[?’?fenaépwifﬁ?)h% SR emoved :l e £ P%@ Washigne
extent. Plg‘?to-(!aaatteﬁﬁllré P TGrel (PO TERIHIOS relfiSHR! 1l rionedhbBéathe. a

matri x materi n be Ccoated ds previously described in Exanple 2.
EXAVPLE 6 PHEgONRCToERNM NG prdeennived PetemAYERS 20Fi gure 25A

Il lustrat ﬁs one nethod of directly p@){AtMpP'i_E ng a nanow re-based
transparefit conductive film In this exanple, a silver nanowre

Substrat e 504 according to t et riRRE kbR Elnp 62" Tuo
el T R N
conpri si ng acdfpihmgearcicrylaemnbyomsrdorprepolgmes dsalefined hereimgtavoult- | ayer
The sk 620VRELOTE gPalsie TOMBOR G PIRONTIRI Bt 2P 2rR PRPRBLRTS of
By 000 MnE SRRl ST epUheaSr athst 4 sptupadyhin
regi ons exporete srecificghy, 2ethyihenhaeviats. 2Zhhesoxyetiv @GW@é?’g@Wnlt%&ﬁatﬁer e
masked 5 by A& ARjikel ] dHaShe like. Any multi-functional acrylate monomer (or
prepolymer) can be used to promote the formation of a crosslinking polymer
network. Examples include frimethylolpropane triacrylate (TMPTA),
15 tripropylene glycol diacrylate, bisphenol-A diacrylate, propoxylated (3)
trimethylolpropane triacrylate, dipentaerythritol penta-acrylate. Any
photoinitiator, for exampie, ketone based initiators, can be used. Spacific
examples include: Ciba Irgacure 754, phenyl ketone such as Ciba lrgacure 184,
a-hydroxy ketones, glyoxylates, benzophenane, 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% frimethylolpropane triacrylate and about
5% Ciba lrgacure 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 Silguest 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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As shown in Figure 25B, conductive film 630 was obtained after the
phot o- patterni ng descri bed above. The |lighter regions 634 were
exposed to W irradiation and the dark regi ons 638 were nmasked from
the light exposure. Conductive film 640 was further subjected to an
adhesive tape or a tacky roll to 10 renove the matrix material and
the nanowires in uncured regions 644. As shown, the contrast between
the uncured regions 644 and the cured regi ons 644 was pronounced.

Fol | owi ng t hgnadielikey eAr agditidra photeRnitiator becicanCibatirgaiclirOXENT ban be
nanow res drgpped 3&%£m1the percol ation threshold in the uncured
regi ons 644, TSR | neasurenents using fine probe tips showed

that the 15 uncured rq@OnSrdifhr WRs I&beh%@&!#ﬁbl}e‘f&mulat{ons_suitableas

Fi gures 26A-F show a phot o-patterned conductive | ayer at higher

magni fi cat i ofhe mElrgunatetdaivsed dnthis giempdiiduct i ve fil m 640 i nmedi atel y
after photo- inga.(5x). Figure 26B shows the conductive film 640
after the @dﬁé@f‘@%’é%ﬁe treatnent (5x), in which the cured regi on 648
appears nuch |ighter t75% 228hylhexylagyaied regi on 644. At hi gher

magni fication (Figure . a 26D, 20x), it observed that the
uncur ed regi on 644 ha?ﬁf@%ﬂyiewfﬂpéﬂﬂ%tcw&%ew}?ﬁ%m res than the
cured region 648. Thi sj%5@hésish ptendid (SESIRAESIA1100);Fi gures 26E and
26F (100x). As an alternative to renoving the nmatrix material and

nanowires in 25 the urfelicantipddpri{Clei!ragna¥n@iii0andapes or tacky
I ls, I t e t ReHssd i . As sh i
rolls, a vent may %;ﬁg@ﬁ@ﬁg@%a IE)%CH 4? regi ons shown in

Figures 27A-D, a conductive was prepafed as descri bed above
and exposed fFomuationradi ati on through a brass aperture mask. Figure

27A shows cured regio g I j.ons) 710 and uncured regi ons
720 after being washe Vé%?%ﬁﬁlghwaéﬁ%b\?\j ped. 30 Figures 27B-D

illustrate, at increasiOiftrimethyibpopeneiracnidie (CMRTARSst of the

nanowi re concentration,in,the uncured i.ons 7 ynpared to that in
the cured regions 718’%@?1;"?*“%” was%éﬁﬁg%ﬁgﬁgt%(@%mst of the
uncured m@rix materi @05 artibgdsitl(Qka mganox 0HE) bad been renoved by

t he et hanol washi ng. Phé)t Q- pat t.erni ng%t her ef ?ée) produces conductive
regi ons and non- conduc?aRNOIBHRARr Lk rgRsH Yo*a predet er ni ned

pattern. SEXANRhEaio¥OTO- CURABLE FORMULATI ONS The matrix materi al
described in Exanple 6 can be fornul ated by conbining an acryl ate

nononer (or prepol yner?3.h% tﬂféfqm@@eﬂyﬁéﬁﬂé}qwlat%ﬁpﬁquncti onal
acryl ate nmononer (or pEPY ¥iRAdyIAPIpAe BB Iatd PAVMPHRS Oi niti ator.

20 4.9 % photoinitiator (Ciba Irgacure 754)
0.03% antioxidant (4-methoxyphenot)
Formulation 4
68% 2-ethylhexyl acrylate;
20% trimethylolpropane 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 Il (Ciba rgacure OXEQ1)
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10 Any acryl ate nononers or prepol yners can be used, such as epoxy
acrylates, nore specifically, 2-ethylhexyl acrylate, 2-phenoxyethyl
acrylate, lauryl acrylate, nethacrylates, and the |ike. Any

mul ti-functional acrylate nonomer (or prepolynmer) can be used to
pronote the formation of a crosslinking polyner network. Exanples

i ncl ude trinethyl ol propane triacrylate (TMPTA), 15 tri propyl ene

gl ycol dianl ate, bisphenol-A diacrylate, propmated (3)
trinmethyl ol propane triacrylate, diPentaerythritol penta-acrylate. Any
photoinitiator, for exanple, ketone based initiators, can be used.
Speci fic exanpl es include: G ba | rgagynpe/®g. phenyl ketone such as
Ci ba Irgacure 184, a-hydroxy ketones gl yoxyl ates, benzophenone,

a-anm no ketones and the like. 20 %bééﬁ{‘)l y, a fast-curing
formul ati on can be prepared by co n| ng 60% % 2- et hyl hexyl

acrylate, 15%30% tri ngt t r O

I gacur e 754. | "RiraAbRe biRpERn: bt Bk b AaR I AR
stability and-&3%ytoHBME, eheutddRss wirsiver nanewiras,raboubB.806%ewt. Zonyl®
nanowi res. F npt er.. t hat
pr onot es theﬁgg?gﬁéggg?@e@%@?}g}a i C é%ﬁlgt/? 3 g ﬁﬁ@r%ﬁ#@%ﬁ’%’%r can
be used. Exargplution wiastpnepared.afr ampoet efdiater syuaPloRLESS dffid el CF

Si | t AL7 t A1100 and the |ike. Ant dant h
i ba | gonox RO FOURHEE e eyl Baron vy ised ioa soskat 236 hoatseto

Mbreover, addietwemed0°Grani@s°Cidn ai:lhétbﬁaté aEhde@thtt@ k8 Tdeg withe 30
effici enc Of@&ﬁﬁ{l@t oinit | ator. es of coinitiator can i nclude
f

any types OB Mesd a%dmtaﬁé@ter@néﬁh%botsm waeturoeoft, Toe

371, CN384, GHH3H®
C ba Irgacure OXEggacmgbﬁémm{dréﬂﬁg’reﬂr@djﬁdd e thB'i—fﬁhﬁb”'T@b%l%Qrﬁe (?

exenpl ary phtedtotdl amenet efovaten was ehilledsaert icaland then advedrathe heated er i aI
et i i pr OBl <ROLIHA A AR s I S G S
Si | quest Al1®e$fi Iteresd%lr@ngh aﬁﬂdaﬂomddmmlutegmnall%ﬁ& Betapite filter to
15 remove undisolved gels and particulates. Next a stock solution of Zonyl® FSO-
100 was prepared. More specifically, 10g of Zonyi® 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 compoasition 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 minh. 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 ZonyI® FS0-100 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.8. 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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104% photoinitiator (G ba Irgacure 754) Fornulation 2 73.9%

2-et hyl hexyl acrylate; 20% trinethyl ol propane triacrylate (TMPTA); 1%
adhesi on pronoter (GE Silquest A1100); 150.05% anti oxi dant (G ba

| rgonox 1010ff) and 5% photoinitiator (C ba Irgacure 754) Fornul ation
3 73.1 %tripropylene glycol diacrylate (TPGA) 22.0 %

trimethyl ol propane triacrylate (TMPTA) 204.9 % photoinitiator (C ba

| rgacure 754) 0.03% anti oxi dant (4-nmethoxyphenol) Formul ation 4 68%
2-ethyl hexyl acryl ate; F?&?(Otﬁéfoﬂ@jo‘i}bg' mhmmm?ecﬁdté@ﬂ{ay'amhsudhﬂ\fm

251% adhesi on pronoter (CGE Sil quest” A1100)
embodiments of the i lnven ion have been descnbed herein for purposes of

illustration, various modifications may be made without deviating from the spirit
and scope of the invention. Accordingly, the invention is not limited except as
5 by the appended claims,
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0. 1% anti oxydant (C ba Irgonox 1010f1) and 5% photoinitiator I (G ba
| rgacure 754) 5% coinitiator (Sartonmer CN373) 1% photoinitiator 11

(Ci ba Irgacure OXEOl) EXAMPLE 8 NANOW RE DI SPERSI ON A nanowi re

di spersion, or ink, was fornulated by conbi ning about 5 0.08% wt .
HPMC, about 0.36% w. silver nanow res, about 0.005% w. Zone FSO-100

and about 99.655% wt. water, As an initjal step, .ap HPMC st ock
sol uti on was pr ep%\é\ﬁgﬁs.t %Rfﬁc?’at%%ﬁﬁtcgﬁcﬁb%ﬁ g’f'“s h&hﬁ%%éﬁ?ﬂﬁm’ﬁ%‘? of the
tot al desi r eubstratk;Lame a ofndnciive laier en diessplastrate, olre coadictpledayedinélmiing abeaker

and heat ed PERPAo R, A%%e bRl ko ERUE MG 0 make

0.5% wt. 10 HPM ution was a to the water pl at e was
turned of f. TEMEIEPRITLE filyeyienesyiresily anpthsr eebpdimentaf g firsh adpotysachse t he

HPMC. The 1 epRjwid@hs &f aspddCrali® 12 et AR emBE ¥k BF thVV@St Spbdt legd On i ce
and then added to, the heated HPMC sol ution and stirred at high RPM

for about 2@2HWebasa arpHo stabettillh was filtered through a
40gm 70) xm (absol ute/ nom nal) Cuno Betapure filter to 15 renobve
undi sol ved gel s &nchepaibbdited: af the firdNasptet,ahs tondhetiSOkytr canineddegony! (r)

2dded t o o2 B Crolt SpBREELL B8 ifiprtt BrabBltot B0 vas
ful ly di ssolcodietivahie anfuthe ssbpdimemiuise notri-Rbeseptically stsautlh oet t 0 make
_abOUt 0. 08%¥diher bﬁ‘%lﬁéﬂt, Yhd Rftrik RateRR dab BRbudk B&yﬁ%ﬁ@?b&l&a@&liws pl aced
in a container. Then, the .
silicone, polyacrylate, polysilane, polyester, polyvinyl chloride, polystyrene,
polyolefin, fluoropolyrmer, polyamide, polyimide, polynorbornene, acrylonitrile-
butadiene-styrene copolymer, or copolymers or blends thereof In one
embodiment, the matrix material can be an inorganic material. In another
embodiment, each metal nanowire or a portion of the plurality of metal
nanowires described herein can include at least one section that protrudes
above a surface of the matrix. In yet another embodiment, the conductive
layer can be patterned such that first regions of the surface of the
transparent conductor can be conductive and second regions of the

surface of the 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  chleride,
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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20 necessary anount of DI water to make about 99.555% wt. water
solution in the final ink conposition was added. The sol ution was
stirred for about 15 mn. and the necessary anount of silver
nanowi res to nake about 0.36% Ag nanowire solution in the final ink
conposi ti on were_added. ggnally, t he necessary anount of the Zonyl (r)
FSO- 100 stock soft9"nebrdimed” ool fostoe6sssnt thergotie dpstbedos 100
sol ution wasraaspdest conductor further Aoknpfikinkhénealaevigort). futi-RAt&nks, U. S.
pat ent appli.cation. publication U. S.. patent .appl.ications, foreign
patents, foracgn ﬁé'%'ﬁe gaﬁrﬁfsi cazi%l fohs I%’ﬁeﬁs’ ng %’gt eq"ﬁ‘ffpcﬁﬁtri?fa?i ons
referred t o pratective Sils.placiniegdbbdiorenta g wansparstt euhyi comphiee Appiti-cat i on
Dat a Sheet, o - rel f nce, . i ntirety.
réefiive NGt %\?\flﬁn@ ob& (b Qomﬁctﬁ\g Igl%eg, &R ! Edé%ﬂﬁ: far\gcg

From the foregoing 1t e appreciate t, a specific
enbodi ment s PERIAEAELIVRR HEiCONUNG Byt aphihe ebetrats Bichuptberemhodivent, pur poses
]9f il It ﬁst r a&ﬂeﬁ{lnspyxgﬁt|c9ﬁéﬁct&ﬁfﬂdy{dﬁﬁ19ﬁdequ§a{dr@%t BeAer %Qgpd%tFJ@Q&j%ﬁ devi ating
romthe spirit and sgope e invention. Accordi : e

i nvention i é’arﬁ‘?ftla?'ef ﬁ?ﬁ"é‘ﬂ%%&@?ﬁ‘ these SW"T %%eré'ﬁﬂéli?dsé‘g*‘%’é it

a first aspestieflédies aydr delohe sl substate an tarfasiep ahiaimean e wehirent
conpri si ng: bstrate: .and conduct i ve | [ on,the supstrate, the
conductive F%‘ﬁg‘:&minr]ﬁ,ylcd’ |pﬁsgc 'y %Tthfeale‘?}{'tv?/llagfr’ ﬁ%q%{%f’mr?ﬁ% Wres ¥ n one
enbodi ment oésitiohat dbpyesthe anduntive layéreamasthesiverigygopasitiosedcmtwebethsi | ver
nanow res. LehiARol 36d: RIRO IR 2fan bliErehbdisd nanowi re
has an aspect rati o.%rl n yet anof erm%%glgg%cqﬁenta%g?&ﬁtgeg{%gtg%éqaspect,
each nanowi re has an aspect ratio of about 100. In one

embodi nent of t hE ferabodigsricet the fiest aesety e RrasPRIgYefondusior m3¥| ude a

matri x. | n ap@échemnpiseteneioiRbie cotbsod MBIWRPR! T ok Wrdiieé GdrcsdA be

surface conductive. In further enbodi nent,, the trix can be

ot i a1 vC Criit Fan iR bibaie So SRR TR T Bl o B e can
i ncl ude pol yarrosioh dhiijtory cinytzdoyded dq orsidr nmoeTMeserRat YyBlomy bateased _
pol ysi | ane, mp@épglg?ﬁagézla%%tyc\f'e%%ﬁi%%lt,o{h%d&noggﬂ YalidkoPEn lBla¥o! ef i n,

fl uoropol yner, 'p m pol gl Egl ynor bonene,

acryl oni t ri PeBeieaice nelygiagelen aviyb Jepiphetiazdy,  didpehipdierols, @kl ends

thterepfl. I Indim@him@h i nemctil'd thﬂt kymdlgﬁx rr?t lergnghopgﬁi@_ idag, an 5i,g:|0{ gani cf

mat eri al . _apot her . odi mept, , each ne nanowi r.e or a portion o

the plurali ’g}w@?ﬁ’mﬁa&gﬁﬁmm ?@E‘m(ﬂ%étﬁ?r?%@gﬁﬁer ei T]i“aé’éﬁ’?’ncl (e at

| east one saekapopytithidine,pl-atercagieenakovle, a- Sturfagokenadthiize, At X. I n

yet anot her i j r,.can be patterned such
mgr'g;ﬁ?o%l%lgﬁlﬁlo &?ﬂ%r}g %1? a{}lg{’fl%lt %tXl?qrg'llietg%ﬁ?, the gbnosmfl DRt

that first regrons ne surface o ransparen conaru(_:caflor can be
conduct i ve bdenzeisiamels, rdibipdiadiazele ohalkyl dithiohiaditzoiche The sersqsiar ent

conduct or CRELAE 3R Miso HRMEUEK! Mvenger. A flrfheOBRLRIRAN B bt he first
aspect, the@g}_i bstrate of the transparent conductor can be rigid. In

anot her enmbBPRE SR beapraleln, guqxals riazipe, or -chlerpgyecigipides | pol yacryl at e,
pol yol efin, polyvinyl chloride, fiuoropolyner, polyam de, polyim de,
pol ysul f one, si | lnegsebodiraatiof the Sirshaspi | teaihgaehthoidiatathave a

pol ynor borepg, .Rol.XES) 8F 4 188! 9] BY LGl BN iRyt adi cpe- st yr ene
copol yrer, o pol'ycarbonaté or a“copol yher or bl end or i ani hat e of

t hese mat er trasparent epndusér [describedihedinn@n thaefa sunfacef iesigsivitaefmecnore t he
substrat e o, R (HANGRAGEL lendb PG L@ he A@ﬁec{, kh%xjsaame?an&»pmgnot her
enbodi nent, the substrate can I nclude polyacrylate, polyolefin,

pol yvi nyl cfors e geductve nstpoingpding a pbralighdimnowies esipgiecinthatysul f one,
silicone, Qleasoné @5 itk nROWYA! Hedet BEEKREANEporl&H ¥ Be BONERIRAEG of

pol yester, JE)ol %.\/i nxl S ac%%alr pni %ri | e- but adi. ene-styrene copol yner, or
pol ycar bonataBogie Hosige BwHRAvng p Ifeacheross setioh nat e of t hese naterial s.
I n one enbodi nent of the first aspect, there is described a
transparent conductor further conprising one or nore anti-reflective

| ayers, anti-glare |ayers, adhesive |ayers, barriers, hard coat, or a

In
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In a second aspect, there is described a nethod of fabricating a
transparent conductor conpri-sing: depositing-a plurality of netal
nanowi res on a surface of a substrate, the netal nanow res being

di spersed in a liquid; and form ng a nmetal nanowire network | ayer on
t he substrate by aIIovvln t.h id to dr ong enbodi nt of the
second aspect, f% rre?aa&’e‘:thtg%e 1SchgsmbedaﬁTéﬂ}sloldlc’%p‘?‘bmaﬁlnrgoa e rret

anot her enb@dridngm cogipritifge depegingcr plwplity vf methlgrahdvpes oh na.yfatﬁemftaher :
conprise an gaddil 'me%aalﬁ&&vﬁg b Jaaw BYdna | L5381

2- hydr oxy etshyl cell'ul ose, roxghg?é a’EE% qﬁ ose, nmnet hyl

cel I ul ose, ﬁmoyfﬂeunﬁwrkabrfbweﬁhe %vfbﬁtﬁ olpiyﬁl@rvfelggtm éaﬂld thﬁrar Raffthangum

I'n one enbOQinH&lﬂhen@Bfth@%c&aﬁ%ﬁ:?@l ﬁ@ﬂx@ﬁf I nandvifes R HRQMve B! ET

Geposi 1 g SHUFEELPAREH G ceson 12Fo Ao BB AR coTpie
pre-treati ngddithe sleckddmuotarbdyg sethflt cetitiose; 2egtingy &tl@'atcél&lﬂd’se

conpri sing ted r |o nd at, ea t e, untreated
region. In ?&?L%ac?%??g ?d%erlr@% Eﬂ Os?iaﬁ ﬁ {%\g\ibrk | ayer
is only for lfm?domhmtméc&)bla@dxan@mg@dl reg| on. I nafurt her errbodl ment ,

the pre-treating the surface can include depositing an intermnedi ate

| ayer on the surfgeg Qﬁbédﬁ}ﬁen{“é?szﬁé dLcBnd Qép@&”&et PERIITRAY . fukthr0zone
treatment, or corona di scharge, I n one enbodi nent” of the second

aspect , thecm%&rﬁgﬁﬁfﬂigﬁéﬂs%@Fee?@fh?rﬁ?StfaEﬁRq‘Péfﬂ depprjfing dhe metal

post - tr eat i Agholvizes. NRAL ahothRA NANYoRINALT RO frehrBAtIAE - the Nsufaed NET the

enbodi nment further ri se enhanci.n nguctivity
of "the tr anSiAPRTe e IR PoER e o RO ai er G AL RBE a1 3 EAw r e

net wor k | ayeme mehtmeglgntlheretf ootk erdiwdindret gefmetd mamvﬁw tdtreork

enbodi ment, 1 he, gA b iRarbe PRleYin0
pressure, heag SU\/&or co t|o?1t?1%1reo]¥ﬂtot E?‘ anow r e

net wor k | ay@gating the surfage ‘@ﬁéﬂ%éﬂ*’?ﬁé‘%ﬂ mwtewélafgé%w e E}@%fe oft he

net hod may fidkitiRdke, PRI thetneHIC D0 Dzéde M@atRell Rl EdrdnaliBERFLAl ON the netal
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CLAMS What is clained is: 1. A transparent conductor

conprising: a substrate; and a conductive layer on the
substrate, the conductive layer including a plurality of netal
nanow r es. 2. The transparent conductor of claim 1l wherein

-the netal nanow tes ar 1l ver. hanow res. . 3. Th

t ranspar ent condtijnc?lgrengt}nﬁ'%’le%fi % e\?\ﬁ@?‘{efsﬁe‘:&a@ﬁ n?‘?%o%?tfléalhcﬁg%ﬁn aspect
rati o of abdeposie@Oaccording to a pattetn, fieeidingarmeizdregibncemtinotoatredof cl ai m
1 wherein thg; Lv8 LaY6ke hdagidd b X o 5. The

t ranspar ent b%é%g&gfq%?}no% caﬁla‘lsrfc\ 4 m%er@%ﬁ%%eﬁgﬁ geﬁlgﬁsé(r}ugﬁ% 111ctc())ﬁduct or is
surface condgitefedmatrix. In another embogimenty e methpd drseribpd hesdnaimcogkerof ¢l ai m

4 wherei n t BengRt kdmoving tRPhbERhhMvifds @8 fhe uncoated regions. Il yet Biéher

P ot SSBRSL B b o Dl L 2
pol yest er, pafeytyingnk etbbdinéntl@haiivig eynpies padeyiodle birhef dcatiapol ymer ,
pol yari de, gl ¥ .82 4R YA LRRE RN B Sl QS b Pl AdL g St yT ene
another embodiment, the method may further comprise removing the matrix
material and the metal nanowires in the uncured regions. The cured regions may

form patterned conductive layers.

In one embodiment of the second aspect, there is described a method of
fabricating a transparent conductor wherein the substrate is flexible. In one
embodiment, the substrate can be driven by a rotating reel along a traveling
path, and the metal nanowires are deposited at a first deposition station along
the traveling path, and the mairix material is deposited at a second deposition
station along the traveling path, In another embodiment, the substrate can be
positioned on conveyor belt. In yet another embodiment, the method further
comprises curing the matrix material at a patterning station along the traveling
path. The curing may comprise coniinuously exposing the matrix material to light
irradiation. The light irradiation can be projected to the matrix material according

to 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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copol ynmer, or copolymers or blends thereof. 8. The
transparent conductor of claim5 wherein the matrix material is an

I norganic material. 9. The transparent conductor of
claim4 wherein each netal nanowire or a portion of the plurality of
metal nanow res incl udes at st onge sect rotrudes above a
surface of the qefm%men“’ the SeCpps! aspfs tt“?‘eaﬁé% 2 et or of
cl ai m 1 whefsbricatibfa sankmtentt@diGorr wWighdn the substrate is a Hixibld Rienor

t ranspar ent mJl er.ei.n th bst pate IS .gl ass,

pol yacryl at e‘ﬁg@ﬂ%yo e%hg;mﬁjo%lm tr% }f{nmﬁ S?I‘o‘c'is’eu%“fa?uoro Al 19

pol yani de, potlgasenlater, Ilpatoslsu brhbndenens pf the orropd gipassthe ersihnd may

pol yet her et hes kel QB a@fatmaﬁlb@s;ﬁe&?e PR L ﬂTmé 3hb Wibskrate

acrylonitrilebutadi ene-styrene copo carbonate or a
copol ymer oPnC’tﬁPE]ﬁ&gH?ecP%tWSﬂaé‘erdNﬂﬁ’é@éﬁ Qfﬁb‘éﬂ"er %uoge embodiment,the 12 The

transpar ent cénaidive 1a9dr cad b&ﬂ)a&bxﬂ&d pﬁoyfotﬂ%ﬁ{g defadTRY E&h i MRABIeAondiOI €
corrosi on Ig@lbltﬁ]ﬁﬂh dn eor%ﬂ?‘re corrosi on |§h|b|tors
are organic ther embodiment, t e Stratg b GOPIGH 134 FRMRTSE Shiett or  of
claim12 \Aheneehaateﬂhegmmencbat et en< Gihieatsd mgmnl;lh»hbnetuom caddactiveused i n
O O 0T e SN R B AR RSB AR DB G

14. The transparent conductor ere n cort osi on
inhibitor i beﬁnﬂv@x einbodghst, the mgthod alewtibed muylmabémz@ct cemprizzol e,
di t hi ot hi adfe%oﬁlg,ongl Yy l:onqﬁctum a%ékhﬁ%ma@ regﬂ,q Rl dn€ ¥nbdttr¥nf -

2- am nopyrim di ne enzi r al dazol

am no- 5- mer b5 GpPRIugLive lﬂe‘f ﬁl EQH]F‘%QZ‘B the Subs-t%r@éb?lﬁpw opivéngRaessure

3 mer capt ogwamawnee lager AWrGAPIcNRAEA] ld ke, thdddonductive Iayeé f
ITEI‘C&ptO trans arent co uctor o

T Bt P Rt RSy  presrred sty | COLBRDRERIES S 1o

di t-hi ot hi adkmthet embodimatktiit mathoddesdribedilbreiizmbyefirther comprise removﬂx@ The

transpar ent ,GOMGHAH0d 1264 Aud 2nMAGKE] Frglol S BBb@Red ML DI tOT 1S

an H2S scavenger.
substrate of choice may be rigid. In ancther embodiment, the substrate of choice

may be flexible.

In a third aspect, there is described 2 laminated structure comprising a
flexible donor substrate; and a conductive layer including a matrix embedded with
a plurality of metal nanowires. In one embodiment of the third aspect, the
laminated structure may further comprise a release layer positioned between the
flexible donor substrate and the conductive layer, the release layer being
detachable from the conductive layer. In another embodiment of the third aspect,
the laminated structure may further comprise an adhesive layer positioned on
the conductive layer. In yet another embodiment of the third aspect, the laminated
structure may further comprise an overcoat layer positioned between the
flexible donor substrate and the conductive layer, the overcoat being in contact with
the conductive layer. In one embodiment, the overcoat may be a hard coat, a
protective film, an anti-reflective layer, an anti-glare layer, a barrier layer, or a

combination thereof,
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17. The transparent conductor of claim 16 wherein the corrosion
inhibitor is acrolein, glyoxal, triazine, or n-chlorosuccinimde.

18. The transparent conductor of claiml1l having a light transm ssion
of at |east 50% 19. The transparent conduct or of
claim1l having a re tha

20. The transpar &?ﬁ@%@ﬁ%@%"? ?#e%o Mésfgbegafwxgl\ﬁggeme coﬁlgmi’lr%% gﬁear%/anow res
f orm a condfae ireaspavent glsetkode hevingdiconyuetive layerathe ¢topdusfivelayenmilndingcr ossi ng
points, at aeﬁlﬁxtah L el LfAROWHREI O §:f2 Sentbboifi@ NofOthe %maaeﬂ?@u quPOr ti On

of the plurality of nanow re crossing points havin attened cross
secti on. Sondiiive layqr may fugthep Gomprise Romptek thé gregel trwwsrﬁfabw

conduct or c@APpEdded MGthe dﬂ@;ﬁsmtanaﬁeﬁexﬁbbaiﬁﬁﬁtldﬁheofouﬂ?ﬁ ct,ﬁEdW@WaIr es on a
surface of a substrat {he nmet al anovvl bei ng ed in a

liquid; and “f’%’rwﬁli“’%éja“ N "HIHBR eef‘lL}?B g umal‘a‘ﬁJ e Abst r at e
by al | owi ng optirelly ¢leppalyrhe. Idm;ntherembodunent of thBZomﬂh@cﬂEhd’tfbdsp&rfentcl aim 21
wherein the efs@&ofag f&&hﬂﬁwr Rphi& 2'0'0;45;1%;@ Wb! §Rescin the corgosion 23. The

met hod of clalm erein Aprises an addltlve
sel ect ed f r drhiiter-blax gnorembgdimens ths?l ersesion - lhlyblltchganebdwﬂl argnicul ose,

hydr oxy pr op¥hpdiEd. By hnoBife} Eﬂaﬂo‘aﬁf‘cm ﬁﬁ%ﬁ%&sxo‘ﬁ%ﬂlo@%& beoﬁ’ényoﬂdz&)!l

al cohol, tri propyl ene gyl col, and xant hangum The
met hod of cleYR¥SIE: f ur ¢ Q?Eﬁi’brl si H§zoly e psiiiethindiazplamt r i S%lkﬂat eri al

on the net ahltlﬂaﬂﬁamzo&snet wad Kk | ayedihiosnd C'.l’ainﬂﬁp)trﬂlﬂd]ﬁ@.trl xs grat eri al
toforman% t he. rra%nx angthe net al [}gg ({‘ enbedded t herein
Hatisegl

fornming a com%fd}y{be’i'f -amii0-3-meseapto of cldim 24
further conplercmttppgnmrﬂau,smqgereaptobmazcae swercqnohnhzoémﬁe ofor a2-porti on

of the pluraljctWosfzmRlAl. BALOWES Sﬁboﬁg?eté (;&%ﬁe Rt rj.ace of

the matrix to provide a conducting sur Ive |ayer.
26. The net ﬁ%lm&f glypxal, rﬁiazwemﬁreﬁ-@hlﬁr%qﬁ@mmer iy omﬁ@quament ehfri ses a

pol ymer di Sﬂﬁftﬁ@s@edt ﬂh@dl@ﬂﬁy\&ﬂﬁze cdnlR a&&loﬂ%&en PR c@}sﬁéﬂ@fplayz& The
met hod of cl L gl.m 24 er ein curing conprises evaporating

at panel disp
In one embodiment of the first aspect, the transparent conductor described
herein has a surface resistivity between about 10 to 1,000 /0. In another
embodiment of the first aspect, the transparent conductor described herein has a
light transmission of 85% or higher. In one embodiment, the transparent conductor
has a surface resistivity between about 10 to 1,000 /0.
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28. The nethod of claim 24 wherein the matrix material conprises a
29. The nethod of claim 28 wherein the prepolyrner is photo-curable.
cur abl e. 31. A display device conprising at |east one
transparent el ectrode having a conductive |layer, the conductive |ayer
including a plurality of netal nanowi res, wherein the transparent

el ectrode further conprises a corrosion inhibitor and wherein the
corrosion inhibitor is an organic conpound. 32. The

di spl ay device of claim 31 wherein tBBABMY rosion inhibitor is
benzotriazole, tolytriazole, butyl benzyl triazole,

di t hi ot hi adi a?®®ids claimrdis: di t hi ot hi adi azol es and al | cyl thiols, 2

am nopyri m di ne, 5, 6-dinethyl benzi m dazol e, 2- am no-5-nercapto

1, 3, 4-t hi adi azol e, 2- ner captafpaticdidittor 2- mer capt obenzoxazol e, 2-
nercaptobenzothiazole,agé.gﬁnercaptobenzinidazole. 33. The
di spl ay device of claim 1 fherein the corrosion inhibitor is

acrol ein, glyoxal, triawbstete;amd n-chl or osucci ni m de. 34.
The transparent conductQf:QfveGlyal dink shiihd) fhe BondithilAGyRy F €SI Sti vity

bet ween about 10 to 1,000 f2/o0. ) "~ 35." The tTansparent
conduct or of rlading aPlwalisy efgnctal pangwirest r ansmi ssi on of 85% or hi gher.
36. The transparent conductor of claim35 having a surface

resistivity between about 10 to 1,000 f2/o. _ .
2. he transparent conductor of claim 1 wherein the metal

nanowires are silver nanowires,

3. The transparent conductor of claim 1 wherein each nanowire

has an aspect ratio of about 100.

4. The transparent conductor of claim 1 wherein the

conductive layer includes a matrix.

5. The transparent conductor of claim 4 wherein the

transparent conductor is surface conductive.

6. The transparent conductor of claim 4 wherein the

matrix is optically clear.

7 The transparent conductor of claim 5 where the matrix
material is polyurethane, polyacrylic, silicone, polyacrylate, polysilane,
polyester, polyvinyl chloride, polystyrene,  polyolefin, fluoropolymer,
polyamide, polyimide, polynorbornene, acrylonitrile-butadiene-styrene

copolymer, or copolymers or blends thereof.

3. The transparent conductor of claim 5 wherein the matrix

material is an inorganic material.
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9. The transparent conductor of claim 4 wherein each
metal nanowire or a portion of the plurality of metal nanowires includes at

least one section that protrudes above a surface of the matrix.

10. The transparent conducior of claim 1 wherein the

substrate is rigid.

11. The transparent conductor of claim 10 wherein the
substrate is glass, polyacrylate, polyolefin, polyvinyl  chloride,
fluoropolymer, polyamide, polyimide, polysulfone, silicone, glass resin,
polyetheretherketone, polynorbornene, polyester, polyvinyls, acrylonitrile-
butadiene-styrene copolymer, or polycarbonate or a copolymer or blend or

laminate of these materials.

12.  The transparent conductor of ¢laim 1 further comprising one or
more corrosion inhibitors, wherein the one or more corrosion inhibitors are organic

compounds.

13.  The transparent conductor of claim 12 wherein the one or more
corrosion inhibitors are housed in one or more reservoirs and can be released in vapor

phase.

14.  The transparent conductor of claim 12 wherein the corrosion
inhibitor is benzotriazole, tolytriazole, butyl benzyl triazole, dithiothiadiazole, alkyl
dithiothiadiazoles and alkylthiols, 2-aminopyrimidine, 5,6-dimethylbenzimidazole, 2-
amino-5-mercapto-l,3,4-thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-

mercaptobenzothiazole, or 2-mercaptobenzimidazole.

15, The transparent conductor of claim 13 wherein the corrosicn
inhibitor is benzotriazole, dithiothiadiazole or alkyl dithiothiadiazoles.

16.  The transparent conductor of claim 12 wherein the corrosion

inhibitor is an H,S scavenger.

17.  The transparent conductor of claim 16 wherein the corrosion

inhibitor is acrolein, glyoxal, triazine, or n~chlorosuceinimide.

18.  The transparent conductor of claim 1 having a light transmission
of af least 50%.
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19.  The transparent conductor of claim 1 having a surface resistivity
of no more than 1x10° Q/n.

20. The transparent conductor of claim 1 wherein 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.

21. A method of fabricating a transparent conductor comprising:
depositing a plurality of metal nanowires on a surface of a substrate, the metal nanowires
being dispersed in a liquid; and forming a metal nanowire network layer on the substrate
by allowing the liquid to dry.

22. The method of claim 21 wherein the metal nanowires are silver

nanowires.

23.  The method of claim 21 wherein the liquid further comprises an
additive selected from carboxy methyl cellulose, 2-hydroxy ethyl cellulose, hydroxy
propyl methyl cellulose, methyl cellulose, poly vinyl alcohol, tripropylene gylcol, and

xanthangum.

24,  The method of claim 21 further comprising: depositing a matrix
material on the metal nanowire network layer; and curing the matrix material to form a

matrix, the matrix and the metal nanowires embedded therein forming a conductive layer.

25, The method of claim 24 further comprising: causing at least a
section of each of a portion of the plurality of metal nanowires to protrude above a
surface of the matrix to provide a conducting surface of the conductive layer,

26.  The method of claim 24 wherein the matrix material comprises a

polymer dispersed in a solvent.

27.  The method of claim 24 wherein curing comprises evaporating

the solvent.

28.  The method of claim 24 wherein the matrix material comprises a

prepolymer.

29.  The method of claim 28 wherein the prepolymer is photo-curable,
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30.  The method of claim 28 wherein the prepolymer is thermal-

curable.

31. A display device comprising at least one transparent electrode
having a conductive layer, the conduetive layer including a plurality of metal nanowires,
wherein the transparent electrode further comprises a corrosion inhibitor and wherein

the corrosion inhibitor is an organic compound.

32,  The display device of claim 31 wherein the comrosion inhibitor is
benzotriazole,  tolytriazole, ‘butyl Tbenzyl ftriazole, dithiothiadiazole, alkyl
dithiothiadiazoles and alkylthiols, 2 aminopyrimidine, 5,6-dimethylbenzimidazole, 2-
amino-5-mercapto 1,3,4-thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-

mercaptobenzothiazole, or 2-mercaptobenzimidazole.

33,  The display device of claim 31 wherein the corrosion inhibitor is

acrolein, glyoxal, triazine, or n-chlorosuccinimide.

34, The transparent conductor of claim 1 having a surface resistivity
between about 10 to 1,000 /.

35.  The transparent conductor of claim 1 having a light transmission
of 85% or higher.

36.  The transparent conductor of claim 35 having a surface resistivity
between about 10 to 1,000 O¥/n.
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