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

hi gh-transm ttance insulating surfaces or substrates. Transparent

conductors may be MYAN@MIRESBASEDIRANSPARENTCOONBUECYORS Wil e
mai nt ai ni ng 10 reasonabl e optical transparency. Such surface

conducting transparent conductors are wi dely used as transparent

el ectrodes i [ 1S I sl ays, touch panels,
el ectrol um n%éégﬁRgg\&:ﬁcggq%%WEwi@'ﬁI m photovoltaic cells, as

anti-static |ayers and as el ectromagneti c wave shi el ding | ayers.
Currently, vl_acuum deposi ted nmetal oxides, such as indiumtin 15 °
oxi de (1TO) ,Eialdofithe Inventiedry standard materials to provide optically

transparency and el ectyd; ﬁﬁﬂﬂ VA | | s
as glass and pol ynerit“'??’lvﬁs. *éa%l\'e/de’ércftﬁ&s{?\gﬂé%ﬁ%ﬁ#%ﬁnﬂé afgrﬂgﬁétrh ggfg\pfe
and prone5t andaufaghiringihé sgmiegimddarticudar, td high-timoughpal cositing setisedsThey
al so require elevated deposition tenperatures and/or high annealing
tenperatures to achieve high 20 conductivity levels. There al so may

be issues WiphbsdipfoadRaRl ROIafdd ARt al oxide films to substrates that
are prone to adsorbing noisture such as plastic and organic
substrates, e.g. polydaanspaericcondppibrcreferdndhiofconductivediing eoéiedron on

fl exi bl e suhstrates e therefore severely limte I n_addjtion,
vacuum  depd 0t FoRSmilahab s gre RSt B dutsties cLrebudief edrifitors
equi prent . MaagBEghandHaciuRRl BIIRAESUTAate YORALLIVRAERARE MaditainfngnOt .
conducive to formng patterns and circuits. This typically results

in the ntd reasonshie aplical tigasparensh gSuehswénesconduetingtransparent
hotolith '
opt i cal Ogrc'%?'la}jmo}s ﬁg@\giﬂ%yt deod ﬁ‘gﬁs{?%é%]ﬁ\é?ec?ﬂﬁgmgs \Bﬁﬁé} I%ﬁ@gcrgéﬁ‘er ally

optically transpare rical con ors.
have | ower dispigys tioudl panesds, wisctiuminegdet depices,andthiofiipi pietovoltaic
(particular leéllg,t asv ggtll-gtla?ic Iayetrs and as electromagnetic wave shielding layers.
Currently, vacuum depositied metal oxides, such as indium fin
15 oxide (ITO), are the indusiry standard materials fo provide optically
transparency and electrical conductivity to dielectric surfaces such as glass and
poiymeric films. However, metal oxide films are fragile and prone to damage
during bending or other physical stresses. They also require elevated
deposition temperatures and/or high annealing temperatures to achieve high
20 conductivity levels. There also may be issues with the adhesion of metal oxide
films to substrates that are prone to adsorbing moisture such as plastic and
organic substrates, e.g. polycarbonates. Applications of metal oxide films on
flexible substrates are therefore severely limited. In addition, vacuum
deposition is a costly process and requires specialized equipment. Moreover,
25 the process of vacuum deposition is not conducive to forming patterns and
circuits. This typically results in the need for expensive patterning processes

such as phoiolithography.



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

process. BRI EF SUMVARYCOhdUdtivelduihers Bave plsoiecprized d&8aitically | S
descri bed herein a téﬁagg arent conductor conprising: a substrate;

and a ponducttriavép?r_ﬁf) ic?ﬁ‘@@%@ﬁaH@WeVEHethe&mmﬂ"N\havedwr
i ncluding a ebhwdtwveugeg%ﬂawgﬁﬁpﬁéaqfagg@pgerfn @m@@gg\migﬁ 15

| n anot her enbodi ne rans con

substrate; angveleogthshcomparddiipdhe enetalexidaubimt] abd suffdrardrh bGsi ve
l'ayer ingl udhnlg. algl [al ity of netal nanow res enbedded Iin a matri X,
in particdl aP"eHIge 'bchj Egrieimstabiity.ol ymeric matrix. In yet another

enbodi ment, the transpgt&HdingRN i ; ' a
corrosion inhibitor. In (gﬁfIﬂgghgt&%%%%ﬂéﬁ%ﬁedi@%é;gﬁéEfoslgdeed herein
a method of ireaspdresitcongluators hawpadesirabi® skbotrical, optital =ingimachanical
depositing a_pl | i of. tal _nanowi res on ubstrate, the netal
nanow r es beP%&ghﬁfpwgﬂﬁcﬁr'grapﬁﬂ?rﬁp : ucioss ﬁﬂi@re_aamfableﬁaﬁaw re
networ k | ayegulssiratdss anteh Rl Inahifasir@IaRd paiisnbl ‘ﬂ'\‘é‘i’crw-%é ttﬁg?‘ﬂ[% I'n
anot her enbodi ment, a nethod conprises depositing a plur aFl' of
met al nanBwi hEQUAWULEPEIRESSr at e, the metal nanowires bei ng di spersed
ina fluid; and formng a netal nanowire network | ayer on the

substrate by allowing the liquid to dry; depositing a matriXx

mat eri al on BREEFBUMMARYOQFHEBENVBRKIGN! ayer; and curing the matrix
material to forma matrix, the patrix and the nmetal nanow res
enbedded t herein for mlRGNG sFahrelireent, & is dosaribed hesein artranspatans sdnduster,

b ot snor K LAk ahalFep ROEILE5G 051 el i
conductive layer including a plurality of nanowires, preferably, metal nanowires.
15 In another embodiment, a transparent conductor comprises a
substrate; and a conductive layer on the subsirate, the conductive layer
including a plurality of metal nanowires embedded in a matrix, in particular, an
optically clear polymeric matrix.
In yet another embodiment, the transparent conductor further
20 comprises a corrosion inhibitor.

In a further embodiment, it is described herein a method of
fabricating a transparent conductor comprising: depositing a plurality of metai
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

25 todry.

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

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



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

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

I'n anot her qgpgdbpg '&Priné thel rPafik $ateRECo REHE L Matrik gﬁé %@9 Pg@ilfé’?nteﬁ{le

conprising: a ff¢X|b e donor substrate; and a coriduc
i ncl udi ng a nanEwiresameztited théren farmpingraatorductife el nanowires. In a

f h nmbodi , | am [ : ' | bed,  the, 15
pféiﬁi_; conpr i 81 ng: Zm??%ﬂgérlj%q%{ﬁéﬁifﬁgﬁ%pﬁb%ﬁﬁum pare
of choice, RbrHEATRY bggei_tbﬁ’eél g@&é&'s, \Iwggl‘éé?ﬁ %I-%é%%éfrg%ﬁs )9“099( Iﬁ& éaar%?étma

embodi ment, a display device Is descr ay dev
conpri si iy deelalery adravelingpaih aanchthesdarwisitind of trevinetal aanowhes & darded

20" T’ par t1 U} & nrafdiep Bt bRGer Flaf e By ina aal ind e Honsanbaict oo

in an opticahé phatot BRterRO ls/ERAdE ot s‘ecoﬁﬁ'eﬁgo 2ioh @bridingHE
SEVERAL VI EWs OF THE DRAWNGS In the draw ngs, 1dentical reference

nunber s ideﬁF@NPW’%Pﬁﬁh} ar elenents or acts. The sizes and rel ative

positions of el enent sy s re,.nat necessarily . drawn. to
scal e. For exanpl e, tLﬂea%ﬁﬁ%eéi%@ﬁ"\%gﬁ’gﬁ%go%q%ﬁﬁ[]ag%ﬁ@' hﬁ aggrn[ﬁ\ﬁgm
not dravi® t pasivalar, plestd-pattemenfbyt iEs® phbiBIGRMISe Matrix AfeAd&r i | Y

enl arged and positi onfd to i nprove draw_g% I eg)l bility. Further, the
particul ar shapes of thQinerpRediment itindeseribeddiereintaciaminated convey

ol rent's, | i pare B BANAG, & 15198 deRbr SRR anbiafedblive e ¢ on
in the dr aw_inﬁg.s:lingza!ﬁh@dx embedded witbleeplatality of hetst natdwiresof a
properties of a oi 1 vere fefiBEemppdiied alhyarinsiresrarerssa e
li ght . RABgupcdss kbiptismbespiifiig 3RS RiMhARA stREEHd 1% elibérath oY Shoice,
nanow re and removing the flexible donor substrate.
In yet another embodiment, a display device is described, the
display device comprising at least one transparent electrode having a
conductive layer, the conductive layer including a plurality of metal nanowires.
20 In particular, the conductive layer comprises the metal nanowires in an optically

clear polymeric matrix.

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

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

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

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

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

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



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

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

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

Floure 7 111 ustrates @R sferhdd ARRIIERNA oPadidhbiel N2t function

as biol ogical tenplat AY transparent conductor. F gure 8
illustrates a protei nFigars 2 ¢ @ graphdllusdrating tlomelxpedtedoptical propertidsey a
via various binding lT,ite}a. Figure 9 Hﬁlu traft.eB the formation of a
conduct i ve BMORGAROBIIPSAHS BHYATIONE WaYRIANgENSOHIg8k g on the coupling of
associ ate peptides. R ' i S5EBunT 8f 4 ¥in nanowire
enbodi mnent of a met arrgﬁgeﬁ%\?}m@éteré{e glzéeéaétr trllngarent conductor. 20

Fi gure 150Blaykt ostarlesthglehe texeplthblaje Rot)mbstrateodi nrent of a net al
nanow r es- based transg,aren . conduct

or. FEigure ho .
schematical ly a furtheBUEnB&A 'E‘I'St@t‘ﬂgteépe&ﬁéﬁaﬁrﬁePigrbVﬁ'@HS
transparent rés%iﬂﬂgg%pérﬁeéﬂm & HaR&Witd Baseddn NasvifRBRIMES are exposed
on a surface of t transparent conductor. 25 Figure 10D shows_ an SEM

i mage of silver nanowFigeee pisoe grafihijustialing dhe axpritedeverall resigivity as a
transparent _copductor. ,.Fiqure |l ustrates schematically another
enbodi nent B'I"‘:ﬁon r‘?&ﬁlﬁ d'ﬁﬁ%ﬁ%r‘%g%% 'L ‘transparent conductor. Figure
11 i1l uggrates schenafiggpd 6¥hows ehtSEN imahedf aenigiosiver ndfowiessl
nanow r es- based transparent conductor having a multi-layer structure.

4 Figure 12cemamting betupeptyemetal6aA@EISr structure having a
reservoir for deli Verf@%{‘?‘gﬁ’:@gétegW&wbﬂbbﬁllélﬂén@@?oteﬁb%‘éﬁﬁnction

13A- 13D show an exanp rrcation process o t ranspar ent
conduct or. as biological templates 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 templates based on the coupling of associate peptides.

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

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

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

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

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

Figure 11 illustrates schematicaily a further embodiment of a

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



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

appl i cation. Figures JG4uhof sy 'ﬂ‘aﬁ%ﬁf@ﬁteco‘ﬁfju of 8,88 R ";Pdgcess

Fi gures 17A-17C show anot her exarrp I'am na l'on” proces

Figure 18 swmnmfek@eimean@fa \famrpham inkibitom@yRd).conducti ve | ayer.
Fi gures 19A-19B show %n exag‘g ngg conti nuo ‘ph 0- tterm ng

met hod suitable for a WeBCRJAfT Q¥ 88 £XAMP geu? "'§ﬁ PRCESY Pf%l
system and arafispaesd cgﬁdu@gfl cating a 20 patterned transparent
conductor. Figure 21 shows a display device conprising transparent

el ectrode® based on miigurerddhostiovesan Exayople of2 fabrication procass ofer een

devi ce conpr. are nduct ors based on netal
nanow r es. f?ﬁ‘l_sﬁ%&énﬁ%gg&gcﬁfﬁgy geB ﬁ%ﬁ rel ease profile of H2S gas
fromfreshly cooked %r&%@shoﬁ@éﬂ&héf‘%aﬁif}hﬁ‘éféﬁ%ﬁcé%ﬁ rpcess of a

transm ssmns of six sanples of conductive ore a ter an
accel er at ed mpéfﬁmégn@ﬂpt@re@twebmgam 24B shows the resistances of

si x sanpl es of conduc fter an_accel erate
H28 corrosion test. ﬁg{ﬁ%r@ﬁﬂ-@ sho&gggh%’@%és rgianglekﬂgvgpf)chs%qr
conduct i 1@ ffabmmting@nwrespar@htabhanctan accel erated H2S corrosion test.

Fi gure 25A shows an e | e _of di rectII\E/ patterning a nanow re- based
t r anspar ent conductivglg‘ re 4pB shows an SEM image of a conductive layer following a

post-treatment of pressure application.
Figures 16A-16B show an example of a lamination process.
Figures 17A-17C show another example of a lamination process.
15 Figure 18 shows an example of photo-patterning a conductive
layer.
Figures 19A-19B show an example of a continuous photo-
patterning method suitable for a web coating process.
Figure 20 shows a partial system and a process of fabricating a
20 patterned transparent conductor.
Figure 21 shows a display device comprising transparent
electrodes based on metal nanowires.
Figure 22 shows a touch screen device comprising two
transparent conductors based on metal nanowires.
25 Figure 23 shows a typical release profile of H,S gas from freshly
cooked egg yolks.
Figure 24A shows the light transmissions of six samples of
conductive films before and after an accelerated H,S corrosion test.
Figure 24B shows the resistances of six samples of conductive
30 films before and after an accelerated HaS corrosion test.



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

Fi gures 27A-27D show phot ographs of another exenplary conductive
filmbefore and after a solvent treatnent. DETAILED DESCRI PTI ON OF
THE | NVENTI ON Certain | | rent .
conductor based on a E@E u%‘%t?\% g;@ﬁ%%e%ﬁ&faﬁg(ﬁaﬁlﬂe@% F’ﬁ@%gﬁicﬁ}:{%f'ﬁ?s,
t he conduct i Yefaraped aftesan actelemtechHsP gosesioetestr k of net al

nanowi res. In additi ONg-. t he, conductive | a%ger is transparent, flexible
and can include at Ieas'gu'i?n?eé’%ﬁp‘?%@nleﬁﬁm lesof ciygaticpatiaring  a nangwinee

coated or | aphgt fansParént\dhbgdtvedfimsubstrates, including flexible
and rigid substrates. The conductive |ayer can also formpart of a

conmposi te® structure ifgueRiRshowsphotagraphs of the EatibridEcomheitive Gns
The matri x | L.cal |y inpart certain chemcal,

mechani cal gﬁéﬁ%?b‘ééﬁe'ﬁ%ﬁ@? 'Véegtapét'ie%gﬁe@onposi te structure. O her
enbodi ments descri be rﬁ@lh@d&SﬂQéﬁéﬁdWﬁhbtﬁg?agﬂ\% oif F?fis‘ uﬁﬁfé“rh@&’ chPGuctive

conductive | &er. Conductive Nanowires Fig strates a
nanowi re 2 srhefare apdaitar anadhesivedape treatnesit aheariausdevelsiof di vi ded

by the dia :Suitabl e nanowires typically have aspect ratios
in the rangg'%g?”%att'@loo,ooo. Larger aspect ratios can be favored

for obtal®ing a transiRigwes 2ZABUT si6w bAYRYrEINBGE ahBfsr BRYmBRAY! €
nore efficient . condyctive networks to be Torned while permtting

| over over al $O"GURYYS Pmypelgre and aliesra solvemjireatmeripar ency. I n ot her
wor ds, when conductive nanowires with high 6 aspect ratios are used,
the density of the nanowires that achieves a conductive network can
be | ow enoud?ETARED RESSHIBTKINGF TEHEAMMENROMbSt antial |y

transparent. One net hg_’d 0 deLi ne the transparency of a |ayer to
light is by its 5 ab &f{?ﬂ IHOAIEEL A RITeCHH0 rapanaseRtsiongricior ght
passi ng t hr dsgbdan A¥ekdueive Eﬁer of nanowires. In particular, the conductive layer
15 includes a sparse network of metal nanowires. In addition, the conductive layer
s transparent, flexible and can include at least one surface that is conductive.
it can be coated or laminated on a variety of substrates, including flexible and
rigid substrates. The conductive layer can also form part of a composite
structure including a matrix material and the nanowires. The matrix material
20 can typically impart certain chemical, mechanical and optical properties to the
composite structure. Other embodiments describe methods of fabricating and
patterning the conductive layer.

Conductive Nanowires

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

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



defined as: | -toe ax in which tois the incomng light on a first
side of the layer, | is the illumnation Ilevel that is present on a
second side of the layer, and a ex is the transparency 10 factor. In
the transparency factor, a is the absorption coefficient and xis the
t hi ckness of the layer. A |ayer having a transparency factor near 1,
but less than 1 can be considered to be substantially transparent.

Figures 2-5_j '
characteri stalséé&i%'ﬁﬁgr @g%lu@{ |(1j/ée.h%r';c %?)m%ﬁjleasr%%gg &Lérdg s aconductwe
t heoreti cal nefestk cah Behlew érpughahstahe tonduatiie aetwmk is swtmbmhtlallpsou ds

at various wavel engths of |ight. Depending on wi dths and | engths,
si | ver nanod@nepRaigntis exhi bit a high extinction coefficient to a

narrow band of |ight ﬁ{%

nanoneters and to mage:ée'{r}g@ﬁw?é Qstraﬁﬁb%%%ﬁrgnlﬁﬂ\}gv@ﬂ S b%‘ts
are SUbStantabebﬂp}zioﬁQOEﬁlamluaﬁ'belillubm’oa/tmmfdigbtnas&m tt'nml.@ncmlayé’t)@ambe
which falls | n the visible range. Figure 3 shows the absorption
spect rum of dgfired@s: of silver nanovvi res deposited on a pol yethyl ene
terepht hal ate (PET) substrate. P\NE’FW t he absorption profile,
the silver nanowire |ayer on PET subs e is substantially

transpar ent ﬁ\%lﬁ% nls‘ath@qﬁcfo‘]ﬁ]ﬂgrﬂ;ﬁp%ﬂ Q@Fﬁirblo%gdﬁﬁé l%ert@tHehﬁurﬂﬁaugn .

results of t edretic own in Figure Fi gur es
show t he r edauel thatis presenkton e seconxtisitle mjtl”@r layére and €Y Lsttheutnaylsnaren@y al

b d di F
nanowi 1 10 ¢ Rastplednahe FensOUBERLROlY, 3 BSE AtP TPy SaRRish Anf & dhe
absorb nore thlbkrﬁﬁ(}% .ofARe ERRr.PR iW’haVﬂg@ arispafendyltactef heat B 1l less

resistivity ba on the raln 30 boundary and surface scatterlng are
hi gh at di aftiearet sapfbel tEHSIdelmtollﬁﬁ swhstagially renspaigst er i ncreases,

these effects are dragt] cal %% [wsg%gfgomglb@ﬂ%v tﬂ:'a'l ar?d 5%%'5)%55\” ty is

t herefore reduced gre queﬁ hat creases 0O nmto
over 100 nmcﬁél%%terislh&@oFtrwmde):tweTﬂmmw:r@r ovenent in electrical

properties nust be bal anced, however, ai nst t r
transparhcy for appFigte ?(ﬁ'i‘é’wlséhw}e?'feﬁ'@ lgne %lr?éﬁhﬁ @’ﬁ ag’ﬁﬂ'iﬁ’u‘e? &f silver
nanoellipsoids at various wavelengths of light. Depending on widths and
lengths, silver nanoellipsoids exhibit a high extinction coefficient to a narrow
band of fight in the wavelengths between 400 and 440 nanometers and to
wavelengths of light above 700 nm. However, they are substantially
20 transparent between about 440 to about 700nm, which falls in the visible range.

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

25 results of the theoretical model shown in Figure 2.

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

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



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

nanowi r es af&igfhe fidrdiraeBlbPoldafly 15 hdrficter &Rt ifibadtiadiath 40tk 2
properties. en er of suc V\n?es ¥ at wll provide a given
density of Agemtdtomnr(ese,iassEigact 8 This pnevementinelecttital peoparties cal

xampl c. S BaLEcR, AN BLPIOS, Lo e pasRs FPOTAT BTN ALl a1 o
8b Lo provi dgpiieakiohs feyuiRy & taRegarhRainduemk, conduction path, and the

concentrati asp atio, size and shape can be selected to
provi de & subst ant i al Figute @sbpes arsingle Aduwnewire 41that extends between two

transparent, .electric conduction 4.S, provide ) :
termnal 6bCl&r & cé('cﬁlﬂﬁr%"ﬁ% Bﬁnﬁ bnﬁqq%r\ﬁlvidgsaq.' %8@3#%‘28@% \gei?ggﬁ ed,
the di stanceohy@findl 64 fdterfihd @bt i taah ‘teARinGD imeyddiecantadl padst t he
desired optical properties are not obtained with a, single nanow re.

A pl ur al i t ycondupiing nedesand @y miferséating ang enpingeaints ha JodyY P8t her at
Vermnal " sBleekieaP Gt T RN6 iR 8128, S afd e kBatd ot he

based ont hﬁhyﬁ@@iﬁaﬁ?ﬂn@@é efihezpRaires ase sdlbeted tb ipeovidertherdesired
nanow res that provides the 25 desired copducti OP. p%gg a{;d_ over.gl |
resistance 6Rtieahand siagirieal prapariey. ¢ fhe BUMABHPISHEN YRS gLVl provide a

el ectrical BRARGIERF of RY RIS |d ddhdthed RHGIHORCEABIe diEGiTLal

term nal 6a”to term e electrica uctivity o

t r anspar ent cbagtiongropertiey forapupling feedinal/6ajo temmired Gu Eor ekapple; a
single nanowire, b) the number of 30 napow.res. b e .
terninal s, QHBS'@FSPE@QW@E@SV% &3n Wa?véﬁﬂmttﬁgmﬁ'g%%ﬁ @%Q@'@P"é’v"v g low
certain 1§a“?é!i£t§n6@eré%ﬂfcéﬁé¢mdiah patH, Bh& tHeesbrsentriBon, Gspecioatiatdion
threshol d), the conductivity between the termnals is zero, to. there
i s no conti modsbapecarive selRdethioniodiss puthstrniialy Fanspriant cndyeior.

gﬁgcggr ? g(r)lt Tbgﬁqggﬁ%p%%gxf eﬁé@tr?ca? 8&?&[@“53% ﬂ%vid%ﬂ‘?lro‘?'n tetnfiial 6BAS!
terminal 6b using a plurality of Ag nanowires.
As can be appreciated, the distance from terminal 6a to terminal
20 6b may be such that the desired optical properties are not obtained with a
single nanowire. A plurality of many nanowires may need to be linked fo each
other at various points to provide a conductive path from terminal 8a to terminal
6b. According to the invention, the nanowires are selected based on the
desired optical properties. Then, the number of nanowires that provides the
25 desired conduction path and overall resistance on that path are selected to
achieve acceptable electrical properties for an electrical conduction layer from
terminal 8a to terminai 6b.
The electrical conductivity of the transparent layer is mainly
controlled by a) the conductivity of a single nanowire, b) the number of
30 nanowires between the terminals, and c) the connectivity between the

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



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

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

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

nanowi re" {Siafich Frélioith! e bEctAY! Méén"’tﬂe%mﬁﬂ% §B4R) 1.0, TRER

al | oys or conmpounds 1nc| oxlI des | east one
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greater tha e nmetal nanow res can be based on” any
nmetal , irl mi@cr&ysmthout limtation, sil ver gol d, copper, nickel,

and goI d-pl ated silver net al__nanow r known
methods in the art. QD ngtlve&ﬂngwlregllnq} fﬁ%mﬁﬁ%‘@ﬁ%ﬁaﬁ‘ggt@

synt hesi zed doRHQ&ER Pfticlbs ﬁamﬁ@mgh aspiect eﬁu@té ?n hcg‘heatmd V&) B@niples
(e.g., silver nitrate) in the presence of a i, ethylene

gl ycol ) and ghebpemeiajic napewies mﬂ@e bub@argenos Bmlted 9, c?@ikqn BANGSHD h%ﬁd| ver
fosori bed _KFNTS) GhGtet bt HERQRI-L RALANTIAIREN et Bnd Wy i Nods

4736-474/p and Xi a, YAsalsedlhereinNamsthleidromdrel 2F0R8)to3( Metallbsrd60. 25

Alternatively, the netal nanowi res can be prepared usjn bj. ol &%' clal
tenpl ates (&eMHIrsingyelementmgtalanats) alleysiorgnetaheop  Ghebygin

exanpl e, bi a o i on
as tenplat eﬂsx&gg?cf%%t% E%ﬁ?&%sﬁgggﬁﬁ}% é}sﬂinﬁ#ﬁ ceﬁlg‘? Irﬁ‘h;e%?rblerc?)dd| rrer?tlg%ttah
bi ol ogi cal thampbanes amdriesnethangmﬁm eahdmom(mmrablgée@:maﬂéoanm g y
for a particul material, suc

o do. "o & Nt b, 48R PR TRDwE s fabpPRt A Thar My oiteter,
be foundg " thén 90, M?é?abl?g'?eateﬁ trigh. 50, h’hﬂk’ﬁor@%’?@l’érab%g@'@t&thaﬁ Q001 he

Directed Synthesi s of Magnetic and Sem conduct i n NOW r es (2004)
Sci ence, 30Buizbis metal NAROWIrEs ean be hesed on aay m@aleﬁ’@lltgd"aﬁ withent ed

limitation, silver, gold, copper, nickel, and gold-plated silver.
The metal nanowires can be prepared by known methods in the
art. In particular, silver nanowires can be synthesized through solution-phase

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

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

30 material, such as a metal or a metal oxide. More detailed description of
biofabrication of nanowires can be found in, e.g., Mao, C.B. et al., "Virus-Based



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

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

nanowi re) cafodlkitefot the Diresled Syathbhialop MagRktic 8P SkicdiRRethPRaRbwires,”
affinity 10 between the conductive material and certaln binding

sites (e.g., (¢ Spenceyd8acdtd 2 bh Mam GbBoelai, OdiraliAsspmblyeof Orierdedier
nbodi , [ ol d Db at |
o ocese oy oI NETES  F00G ENRE o SRIF Hoc 12, hpdBi 1T Mal!

particles thaBbetal, t'iraiesseblyoei Chentée QUaAteS Dot NanERNESICI2003)
particl es be able of further growing into a continuous

[ 5
conduct i vé | '5,3%}51’ *ﬂ(ﬁ?&)pﬁ%‘é%§851,&8aﬁ§bﬁqa§pe ig! Ne. H¥976,179 and U.S,
n -l | M M ll. . " 1 M 7 n . .,
2 eta sart] usiBal Ayoulth Sed NG ETRYG 0T LT s BleREHR AR, ccence
of a reduci mgogmeated RBETeinrip thait étgetidsenent al netal binds to the

bi ol ogi cal tenpl ates nd gro I nto a continuous netallic |layer. 20
| n other embodi ments, Ogeeggeqlvp%ahy,iaarpongyg\fe material of aicPpdyrier @:4-ca

onto the bi Ohfwélﬁno‘m’é?géﬁlhire&g%ﬁ@fé§Bio]@cif5§ngé;}ﬁ?llﬂgﬁeﬁ%r§e§i%n & taffmge d

converted into netal and plated on the se ayer. The's
mat er i al 1@anb@weencdhe copdyctivermatedaizng, cantzirebindingsiten (@i, peptitat

causes the nucleation and ,..growt h, of metal out of a solution

cont ai ni ng ag‘%%'quggﬁgw&lﬁ?gb'%gﬁartﬁ%%ﬁsor. 25 To il!ustrafte, a seed
material layer contai Ninndh&edrhBeHimeh®a8 coAYSRivEIRatehNGinbd ZRbtbyPh
Cu or Au. As one specific exanple, for creating a Cu conductor,

accept abl e sBeeAIANERIOSESS, FRNiNg QT & PrREUIsadisegnverted|to sdnduntiveased

I l e, Au.Qk: : . ] e, i canduct.o a.zinc
oxi do. may bePTcS 1t SRS R ACH S el el AR Wakies B0
mat eri al 130 capahle of frtheCgrowhy infwa cBhtintus obaidusivedhyery STHE FNcess is
alloys. Metals n%e d . netal oxides_that can be at ed

t al [ 1 Jretal oxi de
i ncl ude, witHs@fe p{r%pttgtaﬁg%?nq%]?za}igp Ay plating”. Rey exgmpde, a metal precupgor
G, M, A9, (y.2hln¥ai é8) @an beUhlertdd (P Qfentl nfbthPKShé Brédence of a

reducing agent. The resuiting elemental metal binds to the biological templates

and grows into a continuous metallic layer.

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

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

30 include Ni, Cu, Pd, Co, Pt, Ru, Ag, Co alloys or Ni alloys. Metals, metal alloys
and metal oxides that can be plated include, without limitation, Cu, Au, Ag, Ni,
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FePt) or Ti 2, Co3O4, Cu20, H 02, ZnO, vanadi um oxi des, i ndi um oxi de,
al um num oxi de, indiumtin oxide, nickel oxide, copper oxide, tin

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

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

l'i ke. The tedhiCy s Rorwselreab] Ag, Co gnwm(g@ a@@p@r;gyé@%lma%ys e.g.,
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affinity for a 20 specific target nolecule ca elsola’[e
pepti de” d0r ud P18, @ﬁnb@ﬂﬂ appdicaiidrtsi aafd in the m?ame pEChmbrios ﬁ'ecbmlegles

sequences of nol e controlled to provide a
nunber of COpIEJ sro‘lf(ﬂi)%ﬂ ﬁ%lflng?rpﬁ 8"%%5&5%8 ®in certain types of
phage particles. For exgafpied, ab@be%;or%gfé:al @ﬂfﬁlﬁés%Dcl?%s%?ot@fn%%’eﬂﬁdé‘a”

be arranged in an ordered array along the len

particles. TRECWSr Biolngisa satenialisan rl?@cﬁrlgi"wwd)?q hrverfiniy sumdolf ac
pepti de  sequsaseqisaal il |qu-'ae@é|£ (EDEARIGDL LA, Bialiild orbentis,

conductive materi al, provi | ng con

conduct i ¢bt letmaﬁmrtya@ecapebm;: matbnal caa dlerit et eﬂlthm&@hfa)ﬁroté‘lﬁ driebleryy
to control the eorret al li n 30 structure of the nanow res

d
t hrough the B/ %ﬁ‘s‘bqrb%/%a %%ﬁ(’:é%B | ¥Ras %P@&uwgsurfaéegilspf@f Bk @ingEs.
havi ng speci Fbﬁ@één&/pléﬂﬂt@%e@f phagt uRplHdIaRkS AepREFRERES M0 11

phages) can be created by inserting a wide variety of different sequences of

C)

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 sequerices
in certain fypes of phage particles. For example, about 3000 copies of P8

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

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

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

of tens of h% ang Jgéabt,hSQ%}E q?&ﬂs Qﬁth%ﬁﬂn%gﬁipﬂ)?fcﬂls‘iﬁépgﬁﬁ\’% gﬁﬂg@bﬁt €
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Alternatively, the binding site ave an a r a see
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conducti ve riicl such as d. t like. ein ffold
S oan ol vo pHREhEAdR0 BHE péRalt g et roy o ienbrl S Priits

wi th suchgaf ﬁanwtmes |Add|ﬁi)r%QY Rirefedid 8¢ daRidtdy Syrithesizs RPRRSE Adlume than
frequent and regular intervals along their length to increase the

conduct i vi t yPhage pastieleal-atgsrResla nasuiagiuse of mieteingiyich asfengymes used
bi ol ogi cal n%t?éﬂa?gtentﬁﬂﬁ vas i@p@ﬂ te@élBBe@S well as its diameter is
ech

easi |y engi neere RHBvn ni ques IS engineered to have

the correct di nmensi onsFlgl.cre g $teovepi Isciaématid)\msbhfwa pPotein $duffold 8®a\nng
shape 25 and as&gereratlo have been [;el ected, the bi O:%',@gl cal t.er.i al

can be expos®gy brindingisies Saroupled val cangrivespartiplef §P. Tdie hinding
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fabricating conductive nanow res usi'ng bi ol ogical ates. The
protei n scafAgl@u 8nd i Bﬁefnatwelwthedwgilm@emaﬁa bavenah tatfmltblfmtca seed

A B L e e T R
23\?2?;?: | ve pdHi€leaCduchas G@@hu(ﬂhé‘me fPHie Qﬁb@émbs@aﬁelélsl d‘anl dlsepact i on,
engineered to have a plurality of binding sites 8a with such affinity. Itis
20 preferred to have them spaced at frequent and regular intervais along their
length to increase the conductivity of the final conductive layer.

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

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

Figure 9 iliustrates 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 respective ends. Binding partners can couple with each other through any type

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

i nt erconnected nesh networks, as shown in the final sequence in
Figure 8. The associ ation peptides and their 5 |ocations nay be of

the type to e )y : o] : I on,
cr 055 bonnect PonagpRydrdGe BoRRG, Mo SRTRRS i atdrp o the AR VR
| ayer. | n theirds@gibe hetvesen the aSsociate @ptites 98 and Obtenceursgedhie akif8b
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I h bidl o tenp havi ng

conductive material. Thus the use of gl ca ate
associ at e peplaoaions maydehefrtheitypdi tlogensautagertbe &rimingsof meshem; end to end

f i f ive | f hi gpl d K .
noula e ooss FR Rty cbSnsBhee; o Blother GSIBE Eber 1 R Sabilictye
t he bi ol ogi calayeen tHeaskafidle RaLETIPFiguRES SRk BEH@SEIVE MdteASINEIENS 2

desired degree of order in the conductive |layer. Tenpl ate-based
synthesis is pheadybeund ip thaipretainisefiplisd befare ihg proteimegafisidsoorm a

Pavant ages of NEVRTRo iRl LA DR Raf ATRAR kel & i Aief formee
i nclude: 190l network prioc ®sihemindifpbf harcobaudtieirhatedaf or hi gh

t hroughput, anbient 20 tenperature deposition, superior conformality
and production of condufRys e ysgyafhiologisslderplatehavine asseripisneptives ar

As an il ustrgiy6; i t r
10 compri si ngotet S Bonert g o e RtTof of A 3BARGFR gyt .
conduct i ve | agennc?ed nejwdrk dmnavalld bal pdsyible withe taaildonanandwiess. The The
nmetal nanowi res_ form a, copductiyve network. Fiqure 10B shows anot her
exanpl 6 of o BrARUIEAPENTOTE Gh AR A Bloaeebemiaton Rt frerclus B Selared Gy er
12" is fongedagiielda dudhed Hahreldt orddlan OBshRictive dyayer 12° includes
a plurality of netal nanowirés 16 enbedded in a 30 matrix 18.
Template-based synthesis is particularly suited for fabricating
nanowires of particular dimensions, morphologies and compositions. Further
advantages of hiclogically based manufacturing of nano-materials include:
solution processing that can be modified for high throughput, ambient
20 temperature deposition, superior conformality and production of conductive

layers.

Conductive Layer and Subsirate

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

cor rosi on and abr asi orfMairxrefsrs ok olc-stafo MAkeral intd W hehétay
| owers the perpeability of corrosive elenents in e environmnen

such as noi st'APVIGS %."@ed'%ﬁfﬁﬂ‘i' opemhgddes. Ii5®<'99'e‘!$1;>f‘Eh&:tlrfeuuo\nwred nidye | i kg
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properties to the conductive layer

adhesion to The matiibista host. floetmaanmrmwm@anlﬂq:rﬁﬁHéé am gggffgg tehe

mbedded with met n
oot and f B 8B T 6 Mat Hipistaris e Metahbrsowicasiomicaerss,
flexibl e matshepmENs fé&towéﬁbﬁ)h&w &Péh&%%ssé . a@ﬁ%ﬁ@@%;eme Rt

conductors in a | ow cost F SUGNpUL “pF 88
optical proptgnifieantiyflowees themumezammlowenro@wemerﬁ@m Pesthvi¥nment,

t a For exanple, reflection
isglsgcghgguﬁvnsva"ﬁﬁ F}’{f‘o@fﬂgﬁkgt %CQL%'%QF \FJé} ox¥aeAyeWhinandibe fe.a matri x

d bl f t
Tuptcal 1y, the e sugﬁb@;;‘P%c";*ﬂﬁgﬂfﬂséé%?%?e@?k%@ﬁifﬂ@ﬁra"mf'
r

20 consi eRiOB?ﬁ*'P%éFP the eanslyetive [ayer FForgtxarrnodaa,ndscramboneca‘dthen to the
ion ((400nm - 700n

terial st n.
6ﬁ| Z;Isasplecszl |ed§%f h"_e%é)‘s"e‘bpeaf“:a %E‘e'tﬁt?é’ii@? ?rRﬂ’UH?W@"E ﬂ@aﬁmﬂr@el@)
i n a transpaneeddediticinetal denewirbs dahBs pbiiusabRd ﬂ@i’(lFfee d@?mﬂ Rt cal y
clear. The c()%clcal clarity of the matrix is typical erm ned

a mul titude ugsed iy morg el derein \ﬂeP(MﬁJmatriQﬁ!Bmke)mposmblertefatﬂmete/e
index (RI), tiépspiicpkBSiuc &Qr?ﬁ.'a%\ftt?%% %@f&f] OUt the thickness,

surface (incl ud| ng int e OF&%cattering
| oss cauked by surfacme@ﬂmswphaaiqirmer&wmedzoﬁan&ti\,@lh@?ér can'be

20 nm to 1 SHCTRH BY selsPind B abBtrialk GaLbom AR ot Sxpmrts isflocson
embodi ment s jossimdmivanted afaré chR beadfebinreny AeEed by IRMY a hatid £ ©
or about desirable refractive index, composition and thickness.
Typically, the matrix is an optically clear material. A material is
20 considered optically clear if the light transmission of the material is at least 80%
in the visible region (400nm - 700nm). Unless specified otherwise, all the
iayers (including the substrate) in a transparent conductor described herein are
preferably optically clear. The optical clarity of the matrix is typically determined
by a multitude of factors, including without limitation: the refractive index (RI),
25  thickness, consistency of Rl throughout the thickness, surface (inciuding
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 10 2.5, or about
1.35t0 1.8.
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1.35 to 1.8. 14 In certain enbodinents, the nmatrix is a polyner,
which is also referred to as a polynmeric matrix. Optically clear
polymers are known in the art. Exanples of suitable polyneric
matrices include, but are not limted to: polyacrylics such as

pol ynmet hacryl ates (e.g., poly(nethyl nmethacrylate)), 5 polyacrylates
and polyacrylonitriles, polyvinyl alcohols, polyesters (e.g.,
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pol ydi actd yl ERRSSBRCERIDMY, ave flisspiolymers (8.69 'ﬂ»@g‘?tﬂy}{@eﬁé hurender efers dt 0
a network | a nanowi res that provide the conductive nedia
of the tran Qﬁwg‘ﬁ@ﬁuoroetﬁylene (TFE) or polyhexaﬂuoropropylene) copolymers of
fluoro-olefin and hydrocarbon olefin (e.g., Lumiflon®), and amorphous
fluorocarbon polymers or copolymers (e.g., CYTOP® by Asahi Glass Co., or
Tefion® 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-AlO3-
Si0z, Al205-Si0z, MgO-Al,03-Si0z-Li,O or a mixture thereof can be used.,
In certain embodiments, the matrix itself is conductive. For
example, the matrix can be a conductive polymer. Conductive polymers are
25 well known in the art, including without limitation: poly(3,4-
ethylenedioxythiophene) (PEDOT), polyanilines, polythiophenes, and
polydiacetylenes.
“Conductive layer”, or “conductive film”, refers to a network layer
of metal nanowires that provide the conductive media of the transparent
30 conductor. When a matrix is present, the combination of the network layer of

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

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

The surface W@dﬂdﬂchv tyoi dchRve® BY $ddY &l Eﬁé(rﬁ%g’e?cdl ﬁﬁ%%ng Inetal

proportional to its surface resistivity, sone s referre
sheet resi st #Abewireipporthenrsuliisiant matalotariowines onust retphesknt imtHishe art .

cut 1ol ent  nepafutBoferdd B RHORet et ot Presnpiieng bcame
"threshold koaglidigel anel surtra@é %6ﬁdﬁlcﬁlvg¥ B?ﬁ%%ﬁﬁgﬁ \@f!aﬁé}‘?s fml%?éely

nanow res by weight after | oadi ng e conductive |ayer at
t he condu@t i PEonoatjal faifs aur§aner r@@@tsvmesomenmesyefafredcbo aersheemmsedmet

106 O/ square d | n | eyel depends on
factors such“@gt%{gééﬁne}?&etadwmmmﬁg-&% é’gﬂ}e ?ﬂl gnment, degree of
aggl oneration and the LikewRkbk| whély athattiRes prekaht, ﬂféfmmrrxﬁmust/b% Fl%d with
under st ood bgm%ne skilled in the art, the mechanical and 15 optica

properties oPUfiRENHEEL pagpwires T&J‘P@anéﬁ pendiiclive.eds ysed barainrthreshdly a

hi gh | oadin

nspect rati oReSindIRYeP Ribisitbreindieitabe of ADIANGT GRS L UEGh! Bfer,
conduct i 18 nisadingkofithe contudtize Iaymbtwhlohtthacbhﬂitﬁ:ﬁtb@l@@%&&%da@édl ng

| evel preferabl bout 0.0 about

pref er gbl y f'Fe@f#é{&’)ﬁfn%"P%é}?@%@ﬁqﬁb&ﬁq@%&?réW) aﬁﬁe ﬁUeﬁlﬁf?l@ |03d1n9
preferably fh@éﬂ&é&ﬁds%n&a@@fscﬁ?chtéé @1@ bgét B4 fdfeg eéﬁ#aﬂﬁé ent
nanowi res. These surface | oading levels do not’ a TI5S%i cal
or optical pegiertdlegglopteration and thexesiStidyeofila metaldapenifest rongl y on

t he di d I th OW, I es.
Advant ageously, tranodi BrieBisteH Bl Pl Skieq i SR e Fiephnipal and
conduct i ¥5t yoitizal propepties ofehé Aistris é&)llkéwowalfé@éd b ESHRPRNIEEY bga Hig

be provided by adjusting the | oadi ng | evel s of the netal nanow Tes.
In certain JRBOACREANY Pariresibrtait Aduantageousiyp s highaspact ratios of the

L1 lness ol Bl all O e 68 3R AMLORSATRE 8 o
the matrix dustrixat a threshold surface loading level preferably of about 0.05 pg/cm? to
about 10 pg/em?®, more preferably from about 0.1 pgfem? to about 5 pg/cm? and
20 more preferably from about 0.8 ug/ecm?to about 3 pg/cm? for silver nanowires.
These surface loading levels do not affect the mechanical or optical properties
of the matrix. These values depend strongly on the dimensions and spatial
dispersion of the nanowires. Advantageously, transparent conductors of
tunable electrical conductivity (or surface resistivity) and optical transparency
25 can be provided by adjusting the loading levels of the metal nanowires.

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

30 particularly useful for touch screen applications. In particular, a transparent

conductor can display surface conductivity on at least one surface thereof.
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the surface tension of the matrix material (e.g., polyners). This
feature is 30 particularly useful for touch screen applications. In
particul ar, a transparent conductor can display surface conductivity
on at |east one surface thereof. 16 Figure 1 OCillustrates how it
is believed the network of netal nanowires enbedded in a matrix

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

as nanow r erifife 10BYilll&r84 hé@'lMs béh@l@ﬁﬁﬁ@ﬁet\z\!rd?kbhﬁleﬁtﬁahéwﬂf@s ends
of other nanow res, such as end 16b, protrude above the surface 19 of

the 5 matri embeddedsma matpmaphlenesasurﬁqenmwctg&t iAsrsheivm Whdeiseas,

i rix 18, NRuESEie e ahdlne W R i 5 AR A BFasitod 3 et 1€)°

protrude abgugs bhetheRhahswitss, shbﬁas sHaf1epepetrulsabbla ffnsurite 19 of the
conduct or_ becones conductive. Figure 10D |1s a scanning electron

i crogr aph Bfatihd8s Msm e astiornaka aigsdiel Faetion Winanonies, sishRgraiddie

or ot 1 udi ng SRR 155aeay iry8s PP uRRboRbS ey biaRA 18, 1 cBUGH o

enbodi ment s nahd\Rirs ends dth e@dinaidele sle‘é‘.tlcﬁlw @epioruti aboes e maamow ltlﬂ@
enbedded in a portion of the matri as shown in FI%re].OE

conduct i ve PHjease szthedfﬁﬂﬁﬁﬁ@é"t sﬂmqucéprmc@m@ﬁ condugiivendiigyre 108 i '§r?d are
15 compl et ebyy Crﬁh@%rp&sﬂ mibfbotdlfh S Sl of cHPShbakiRient Bf a

"substrate 0O materral onto
conduct ide trapspareat omatuehbrcshoWa'rg\ mamﬁdur dfkmdsdmsltmﬂﬂle satiobgof i gi d

or flexible. The, substr an be C ear The .term
eubstr o BRNOWKSE BOUNG SHVER MeTHaBa 1A SPRIIECOPHE st 1 o

| am nation process, ag d’lhéxl eﬁﬁo&%eﬂté%é&ﬂid&ﬁﬁ@ld@er BUbkrA&d By 'thegmétal
substrates include, for exanple, glass, polycarbonates, acrgﬁlcs

and the |i keanSuiresbmbetitied irba pogion<f the wetrixn et @h@wnmmFlguae d0kotThe

ol yeter . RAGHATEP J0r B Bopufor M aartih SERERMIR Behes ™)
linear, 1lgr apemprbteigreusyiélged” inthk yedtek n8s) , pol yvinyls (e.g.,

pol yvinyl chloride, polyvin I|depe chloride, 25 polyvinyl acet
pol ystyrene, pol yacrnyi-tbé atelnef "sHestiatk 6f chaies’) [ﬁf%@é‘)@s‘?@ﬁe”@h%

(e.g., cellyhnsan gdoﬂae&tﬁ}eq%&gé LHARE Sr ifihated) THRA MRHLRIOAESe ﬁgﬁh

as pol yet hersul pnone sr i cones and other conventio
pol ynmeric or ﬂexnble The substrate can 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 chloride,

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

30 Typically, the optical tfransparence or clarity of the conductive
layer can be quantitatively defined by parameters including light transmission
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filns. Additional exanples of suitable substrates can be found in,
e.g., US Patent No. 6,975,067. 30 Typically, the optical
transparence or clarity of the conductive |ayer can be
gquantitatively defined by paraneters including Iight transm ssion 17
and haze. "Light transm ssion” refers to the percentage of an
incident light transmtted through a nedium |In various enbodi nents,
the light tr, 1SS lupd ) i | o0 and
can be as hig sﬂaasza 98&)Bhf:@%n%n%§@§n%3%%et%?'éc%%fg%% g{ra%?ﬁh\;\?ﬁ J&rﬁﬁ} ﬁﬁeﬂa
conducti ve [tememitiex] theqaasi 4 abdium) dnvaritiue énfoomimanisyithet ifght ansmizsion
light transm_ssion of the overall structure be slightly

di mi ni shed. 9 % it %yﬁ.éﬁcﬁtrl@aqt%@r%’]d’ GaIthe a8 high sxifeh ForEayer,
anti- refl e%ﬁdn‘é@ar‘eﬁ/%qd&%r' in Wrﬁérﬁhb%ﬁauctﬂéﬁ?jéfﬁé BEposieA dr I Gt
reduci ng t he overa I ght transm ssion of the transparent

conduct orh lam avaunbstiate, éhd tightteantsmisdidreof the giverallrsinstdre snaynbe§lightle

transparent conductors can be at |east 50% at |east 10 60% at |east
700 ot 1RGSR Ay SN G VS, Sich e5an agioRNE Hyse,athas e

i s an index efiedil8MHyefi érftié’%bfé“layélt, rr]ﬁa‘?ff@ﬂﬁertébnttrf&?.lt & F&l&%@%ﬁh@foveltam

e
quantity of light separat from the incident ght an attered
during tratightisansemissionlof e rangparant sosdacten dn vavibis embedimenjsl the a

property of . di u ze is often a,.producti,on .gon R, a s -
EPPAR I L Y e e R e R
conposi t4EnN@OY) et RIRYF0, bl BblckhBt 807 andRAkB2 ab Mighdd aUIBaSid tdBRYS |
t he haze of the transparent conductor is no nore than 10% no nore
than 8% or no nore thage eninsensligh difisigw theesfersdoibe petagatagmalt o
0.5% Perfo ~ N | tive
| ayers havert@gagﬁe%tg B@F@tﬁ ?gg%%;%ﬁoﬁg aﬁ%&?ﬁ%ﬁg&\ggﬁcgbggﬁqf@sﬂ%e to
the matrix. trhhemissidrarideikerlight transrassiohewhichnis egelg ahmoperdy bijthe
et e, RO LR e BSrE R e
conduct [ ' ] m' i GRS as
anti-r e?‘lr5ect$?l</e %gﬁg%%wgﬁt I - égl aéréle‘f%a er slt?fnggﬁ%t?{%/e I é%g?gg%
barrier | ayensdiuandn Harieuscerabgdimentnthe htzesofrtheitrepsparenprenducieus 8o 11

shows a ml tﬁér'e%aeg 10%, no more than 8%, or no more than 5% and may be as low as

no more than 2% to 0.5%.

Performance-enhancing Layers

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

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

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

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

the layers 2% thi?u4|a?8g%§§o&ﬂ8n$aebé1&$ tﬁ%glp‘ﬂg)#%xé‘ﬁ‘&] Un?éslsﬁsgért%ﬁggg%’ S

anti- glare rayers sive Tayers, I'ayers,

protective feadsof fhbdayery@Ps24Land 26 can he2messimiereVantirreflectiverigyereanti-
such as 5 enhancing the overall optical perfornmance qﬁ]d | mpr ovi ng
t he mechani c@gre W@%@@F’h@%"%fwﬁ%bﬁFf@rﬁiﬁYﬂ%ﬁﬁr‘éﬁPﬁiﬁcﬁ profedive films.

addi i onal | ayers. al sfd BUSf 2124 od% S06s L BITRGROEIARIT S,

| ayers”, can be one or nor 3 ective layers, are

| ayers, afihesnhencirytbevebsll optieal pafoemanceadd iraprbvingdhe mdahaoizat ai n
enbodi nents, one perfornance-enhancing | ayer provides nmultiple

benef i ts. 10PRBHERARHIR TABsPARRICOEHSIaE | Vesd arFoneL Rvars aleatariesh
as a hard Cot%tasagb@ﬁ?Fméncél@ﬁﬁé nd [BY&E", ool RN drtfofelaritiRiboRABYSST
properties, the perfornmance- enhancing |layers are optica clear, as
defi ned her ednii-glare layerss @dbesive layerd, haoier 2yvers; as0d hand icoatsf | kaoteirtain

| ayer, layer_ 24 i.s n adhesjve |ayer, and Jayer 26 is g.hard coat.
17T anot ner mBAREEr T dhe Haptpinand Fhharitiie W Ehreoeh juflidd epSEE.
barrier hayeFor dafhpldys adfrdfeciie RYE! cdrfals6 Airlcien a8 eHard lcday Sd/or a
anot her enbodi nent, layer 22 is a conbination of an anti- reflective

| ayer, anti -kardeelayer. ban addition to/beirspeciic prapgrigsathe perjarmange: s an
adhesive | a r b t | | ayer. 20
"Anti-refl egﬁhvag%,?‘%%?é{'%raé%gpggq[@%é%qaéﬁeégﬁ?gﬁeé lﬁ re)éuce reflection

loss at a reflective dniohaeeiafdirbet, tayan2p i embnit-esfidetivotayer hayer 24 is
anti-reflective  layer can therefore be positioned on the outer

surfaces of thﬁd"t‘@%‘%ﬁaﬁbrﬂ‘d '%Xﬁ'i@@d? érh,a“i')FO%*s an interface between
layers. Materials sui tlﬁ%‘nﬁth%? erl’lf%bl‘mérﬁf 159&12%2’ (f%lé ﬁé(r%rc%af‘,rlﬁyééﬁtl' isgnown

in the art, including wthout mtation: uor opol yners,

f 1 uor opol ynevarieelaysr, anddaysr 2pnie as antieefledivg layed. S. Patent  Nos.

5,198,267, 5,225, 244, 1A r)]/gt gﬁcﬂﬁg’r’ gn%gédiment, layer 22 is 2 combination of an anti-
reflective layer, anti-glare, a barrier layer and a hard coat, layer 24 is an
adhesive layer, and layer 26 is an anti-reflective layer.

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

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

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

Ref | i I I b duced .by.. ' ., nf
Foxt ur ed_sur PG SaBadmenls, Uy i isiBine s B 588Ut P ick or 20ams
on Autof | ex tHickMARAGIM and Mot heyeTM products from MacDi arm d

Autotype. "Anti-glare layer" refers to a layer that reduces unwanted
reflection at an out er Relgatigndossicantalsq be edy tbeagpwpgatepyse of

it abl o ant PR SEACES 8P L OV et NS aR2Pho T Rt Ierdeita F bl
wi thout | Bm MARAB™ shd MiAR@E™ bibduetsy/mém neasdighiil Altefge. | acquer
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5, 75?, 054, 5|];c04|§ﬁnés?s70n H)&fl,&.lﬁ'lféi:ia&o scattet the ?&‘&cﬁ&ﬁli SBit?ldsnﬂJghre.matelrials
copol ymers of t e materjals, can have m croscal e conposi tiona

het er ogenei t@rgéff’g'f\m%n Hh’?‘i‘eeﬁ"%H‘CE-!E{EH%Wth“ité'm[taHP'Fuf X %ehavi or to
reduce ghar ey 1 ) le \ e

et o ROl e 8GR SRR b R GBIty

scrat ches anrshy palyibinpheBes,mullypyriofess polyalstikareanidrocebulese, miduateylates,
R L g it M PR I S R e
the hard coagjlig. sQeé Qéfgr isesPaahi Rbsld 030 576,35, 7855084, 5456,747,8,%15,815,
Patent Nos.5, 958, 514, 7,014,918, 6, 825,239, 'and references cited
therein.) Thand hi2ORTSds Blendmantheprplyaers ofshesgonatariels ¢andaveysisroscalen

The art uchaeosfnal elPaasherRl, RIS Bna Sy MR B ap

reci procati ngdtbeglares within a distance of 2 cmat 2
reci procations/sec unq,ﬁr | oad, of ,300 g/ cn®
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ard coat”, or “anti-abrasion Ié{/seer?fefgr's% a coating that

provides additional surface protection against scratches and abrasion.
Examples of suitable hard coats include synthetic polymers such as

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

25 scratching the coating with a steel wool #000 reciprocating 50 times within a
distance of 2 cm at 2 reciprocations/sec under load of 300 g/cm? (seg, e.g.,
U.S. Patent No. 6,805,756). The hard coat may be further exposed to an anti-
glare process or an anti-reflection treatment by known methods in the art.

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

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

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

material are i Lo ' t htout |imtation:
acrylic resi ﬁl\ségl. %ﬂ%%@?&d}agﬁre%%ﬁ" F%@%E',d(hg%5%‘%&”%\””@”ﬁi_m]t%“°n'
chl ori de- vi nytrylie Risiiss chlopnalednaishin E8lre eshei of virfs cRisrideNingl sated
rubber resins, cyclorubber resins, ol yam de resins, cumarfone indene

er I I po . .
resins, resi fRPAYMEF Hialeisacid ippinsashiparited et resins. cyplorykher egsins,

i ne. ! _ _ | ke,
Barrier | ayRoVETIEEIeRis, SAMRERE i Rsing els PBMiENE DT ddstare'
fluid per Geatomsiymet, polyestelr résisnarethhing easiivis styrend tesias poReitox@hesand

that corroded petal nanowi res can cause a significant decrease in
the el ectriche kg conductivity as well as the light transm ssion of

the conductive |ayer. Ehfierhajde Fe‘feljsi‘é’%rla)ﬁeﬁe‘%étfréﬁ’ﬁé%svﬁje&?‘!lémé Bht 9r

at nospheric corrosive gas mentering t conducti1 Vv ayer “an
cont acti ng tfuid petraaticamiotd thedranspatest oenduickor. [fhes heenishownlthyter s are

1 k in th t, i | udi ithout .limtatj : .0.. U S
Patent Appl | CT9UES TREtel DRGRI RS b ausee siapitantidsereaseda e oRciial 15
4,927, 6890 Efbrideicavity dPwell 8¢ RS Ryht A shBsBat be NOndwfive Syd? 2 The

Moreover, any of the anti-reflective layer, anti-glare |dyer and the
hard coat cabarEEE@yaceamefiectivelyrinhibit atragapheric gotresivaigas drepoeiteting $he

th I ti-| . furt.her. ' .
e PHFRoEhAEBOEE AR oRRBEARL B radB A iy EREAEE T i
protective fI'akasiaetkui!@@Wn&ﬂnﬁh@aﬂpiheluamg VARDUP Pmitatish: @be! @.?: g@e
material as the flexible substrate. Exanples of protective film

i ncl ude, butPaPEt ARBioatipRNCd00F0Z5MG L I Patepb NpE: oBR48S and

terepht h%atéﬁ?gﬁn@ﬁgf Eg?}a)fy?r?{fzﬂ’é.%% sése%ﬁgbbhf’altéﬁlﬁgo.wp%?ﬁbg%: Mereover

met hacryl at e resi n, polycarbona ystyrene,
tri acet at e (arAG theahtivreftgdtiva llayenodnii-glatefayeryanctthedrard epat?dan also act as
polyvinylideng chl ori de, polyethyl ene, ethylene-vinyl acetate

copol yners, & parmerlayer.

In certain embodiments, the multi-layer transparent conductor
may further comprise a protective film above the conductive laver (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 (FET), polybutylene
terephthalate, polymethyl methacrylate (PMMA), acrylic resin, polycarbonate
(PC), polystyrene, triacetate (TAC), polyvinyl alcohol, polyviny! chioride,

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

D fferent cgrosi.onI ih@hi bitors may provide protection to the netal 5
nanow res b : nt mechani sns. Accordi ng to one mechani sm
the corrosion inhibi tﬁ{oﬂﬁbf‘gﬁmbb@?ﬁiéﬂtéf thé Rah%réﬁﬁcﬁindﬂéﬂ&ﬁmdy%mpnse a

formng a protective filmon a netal surface. ey are also referred
to as barri eormosioniinijbiter noaddifion h@hpbnnth@usafthewbafﬂ@r leyebas desaribedhe

barrier-formn aosion inhibi 10 i ncl udes

it ogen- combi: MR e bbbk ragFEER R R ieametal o as
aromati c g r irzpelvites bbSad a5 GifRFe@tdedHtiniisd. €s. These corrpounds have
been denonstrated to form stable conpl exes on a netal surface to

provide a barrier befweddingde anstraechanism.itbe caPsin ikitorhinds readily

For Copperd HEE "anphfee bl alHEERE AR & ciRel Ftdte, THRY k'

benzot ri azolags reféredt wsad @ér)ftaf-foﬁtﬂﬂigecarwdmmmbltoﬂsenzyl triazole, can

al so be used. (See, e.g Pat ent No. 5, 4.) . Addi.ti onal
sui tabl e exanpl es of Bbem%gn@ﬁdmﬁﬂtbth?&amarﬁema%GOHB%IOHﬂ ibitar
limted 0: DERFiA

2- am no- rrer&c"z'a hﬁ%gﬁ Pgaz'rgvgbﬂggprﬂ capt d@gﬁn@%{% gompounds,

2- mer capt obsuzbmaand:matletrmmmr indiga oidesand thiszotdse, Trease compounds have

2- t ob d ENVE 1P - "I N- " N! N/ NCul ~N/, NNN
N oo Baph e ied © oM SiblR cuBrIRkes R A MRELUITAte RPIGRE 25

bi onol ecul eggtidhethodt theAbtdl aHd &5 e?:fr‘f'éd?hém Fr bhﬁmmét abnsstrib2e -
These include small bionolecules, e.g. gstelne nd synthetlc
i

pept i des andBpAbised pormowhnfapasic corrosmn inhibitor for copper or copper alloys
15 (Scheme 1). Alkyl substituted benzotriazoles, such as tolytriazole and butyl

benzyl triazole, can also be used. (See, e.g., U.S. Patent No. 5,270,364.)
Additional suitable examples of corrosion inhibitors include, but are not limited
to: 2-aminopyrimidine, 5,6-dimethylbenzimidazole, 2-amino-5-mercapto-1,3,4-
thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-
20 mercaptobenzothiazole, and 2-mercaptobenzimidazole.
SCHEME 1

Another class of barrier-forming corrosion inhibitors includes
25 biomolecules that show a pariicular affinity to the metal surface. These include
small biomolecules, e.g. cysteine, and synthetic peptides and protein scaffolds
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22 with fused peptide sequences with affinity for metals, e.g. EEEE
see, e.g. U S Application Serial Nos. 101654, 623, 10/665, 721,

10/ 965, 227, 10/976,179, and 11/280,986, U.S. Provisional Application
Serial Nos. 60/680,491, 60/707,675 and 60/680,491. 5 O her
barrier-formng corrosion inhibitors include dithiothiadiazole,

al kyl dithiothiadi azol es and al kylthiols, alkyl being a saturated
C6- C24 str ai,ght ] | )i i ] enBiot ar
can sel f-as“snﬁemr;g'l'lseé%ﬁéa nﬂleﬁgﬁ\?gggﬁlp gy?%fmetgfsh%%:%e?%egbﬁgbhg@ g)
“thereby prodeplicatipnt Sesiatblosl 10/664,628.610/66572br 1B HE27, 110/SEHERE: and

S/ Sil Lcyl ar . di hy

can  corpr | 44BORBELL S ErllnE APREEon seraLbS S CR BUER, g

a continuougndsomdoa®f the corrosion inhibitor in the vapor phase.
BOMGBY

The corrosion inhibitors 15 suitable for such sustained delivery
i ncl ude 'Svapor phase Ciharihardgrdorningcprosion éhikitass inghidsadlithjothisdigzoiee

the metal  nalv IR BR iR BRI Sae d P S RRET
netal surf agggroaabonedNa@mi THREG pk of Bosbisibminhitkoraan eslfi-tesermbled @ast i ng
protection. Suitable VPIs include barrier-formng inhibitors such as

triazol es, MERIEUTFCELR M amanelaysr (Sehema &) Hraiekpreientiog thpmetal
al kyl thiols ri herein. Figure 12 illustrates such a

transparents%@%ﬁ%@?@vﬁgﬁgﬂgfure suitable for a touch screen. Mre
specifid®@l |y, edge seals 32 and spac8cse@B2 are positioned between
two conductive layers 12. In the space between the two conductive

| ayers 12, one or nore reservoi € 5 reservoirs
40 are m croscopi ¢ and are spapsgl ' i

presence does not cause a red [ ' S

transparent 23 conductor. The fr esprveisr |

i nhi bitor which.can be inc [

I npregnated into a porous [

hat their
Yttance of the
5 8§S §8§S8S85855588885
Silver

corrosi on
matri x or

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

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

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

25 reservoirs 40 are microscopic and are sparsely distributed such that their
presence does not cause a reduction in the transmittance of the transparent
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which it can be sublimated into the vapor phase to form a nonol ayer
44 on the surface of the netal nanowires (see, inset). 5 According
to anot her nechanism a corrosion inhibitor binds nore readily with
a corrosive elenment (e.g., H2S) than with the metal nanowires. These
corrosion inhibitors are knowmn as "scavengers" or "getters", which
conpete with the netal and sequester the corrosive el enents. Exanpl es

f H2S i : kit : A,
gl yoxal , ¢ r BOfESr. o Fie HEkBnvdl borflfis BRorobBR G wIEA BaTbl i oo
U.S. Appli ?@?‘ddg@?md iﬂﬂﬂélp@%@les 2Rat)ix of imreghated irgatmpbd_ 'masmsa,éerﬁdiéoan
corrosion inhibitor (e.g. '
matrix provivduen ftean %ﬁ@g,@m@t%iéiocﬁ\éﬁggg{j%@fqi@ péﬁgﬁélageréllﬁ{]qti@g
or electri C%h{fﬁé‘gﬁﬁﬁ% rﬁéta?haﬁmirésoggggg’s% | ayer. In other

enbodi nments, nanow res c ‘etreated 15 with a
corrosi org i nhi bi t or batoowirgy toadriotirerines ahgnisep @stdramsiaminhipitosbibds rmare.

F le, t I ' - | .
bar i or -1 or ARy WA RGOITGRVE HTERRGR 8- d oS tASTAh Fie HBIAFPBAYIThe
et al nanowfiese (AtoiAnRBitors e kAdluites RsckiieAgéis” bPTgRERSRhihi on.

Metal anti-tarnish treatnents are known in the art. Specific
treat nents tcampeté nihk2Snatalrosi saquaster theseartdsbie ¢lamestsy. Exampdes ob

P . , d U.S. | sh ' ' -
2005/ 0145450151y ErOREET B R NRUR AT, Al bl atevng, opd

al l oyed ff chjopbQitcMitiican@eaee. gratlish&b . DrAPHchforeNb! 25060008120.)
at nospheric el enents. For = exanple, silver nanow res can be plated
with gold, which is | ¥seertaieespadinents.dhecoppsignighibjordes., 325 | n
certain enbqdi nmen he [ C e | '

be. 1 abr i cat SaPYy e o BRPSRSE I IneCRRnH BB A8 Dloctite cBgp AL <2

and ) hijg h th raglugi‘s@!% affaig 1190 Bptioad or dlalectbibalqrropeﬂﬁesl iofrthet sondarctieniagelt i ng
nmet ho can be used. Advantageously, the fabrication prqcesses
descri bed herein do HbP“"leéS%bPQW%'BﬁJH? 6!Sqa[qomesiq%m rpﬁg:?te{do

the currant Jfigbt LGAbSIGA iﬁilgi%&?%e?@rb éaﬁQr Beih§ Bepbsditet or thet fdirafeh &For

fabrication processes can be carried out using 24 conventional
sol ut i on- pr exeswpiledhe qetpimEtowitks caokergretcoatacawith 8derdsr-fopnivgesses

are compati bl e i LGS o/, BFAL 7 Bhifion, Mo MARTRACHNes LAR L 02 -
treated with an anti-tamish solution. Metal anti-tarnish treatments are known in
the art. Specific treatments targeting H,S corrosion are described in, e.g., U.S.

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

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

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

30 oxide films. Instead, the fabrication processes can be carried out using
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Nanow re Deposition and Transparent Conductor Fabrication In certain
enbodi nents, it is thus described herein a nethod of 5 fabricating a
transparent conductor conprising: depositing a plurality of netal
nanowi res on a substrate, the metal nanow res being dispersed in a
fluid; and formng a netal nanowire network | ayer on the substrate
by allowing the fluid to dry. The netal nanow res can be prepared as
described a eM I ed in a
l'i quid to f%%?entm% %Jigtdd}:?g ?%ﬁg\ghp ﬁﬁ‘.e@ unggéas\/té g th¥ f%ﬂrﬁ:%é@ used
herein, "deppsidsses aramrnbawﬂe with'directly pattsiningttee transigeraht yondivesor.
non- cor r osi ve liquid in which the netal nanowires can forma stable
di spersi on (also caIIed "metal nanow res dispersion”) can be used.

Pr ef er abl i i | hol ,
e ketoney N VAP PraRsBardhE8Bh Hlf‘at&gﬁt_ (ggngeﬁg ol, a

t ol uene, xyl ene, etclrbcerwxmenmodfrmrﬁb,lryrsthmnadesoqbedhesermalraeihlod of
havi ng a 0|I|n t of no,nor re than

o o e EhaPLISHES HarERENS FON YROT T T AP RN 8 REIy P Figga
contain add'nﬁzh&\ﬁrﬁes BR% QJH%%feS tﬁ@rre@amgﬁbwwéﬁaﬁg%pemd P Mild; and
adhesi on nanow re di spersi on. anpl es of suitable additives
and bi nders fmrlmhgraeneﬂahnamrmqurkﬂawedom the sidostigie/byrallawing the fluid e
(CMC), 2-hydroxy ethyl cellulose (HEC), hydroxy propyl nmethyl

cel l ul ose (IQIrBNC met hyl cellulose (M), poly vinyl alcohol (PVA),

tripropyl ene gylcol (Th&metanthntaieiaande ré[b@ﬁ)ed afbseHbédabens.sTraich
as et hoxyl ates, al koxyl ates, ethyl ene oxide and propyl ene oxi de and

thei r 250comstyhranpwirosiave fimieally dispersacin a nuidila faatipte e deposition. 1t
sul fosucc “frémrg% r?@%ﬁﬁﬁﬁt fs u§Sd ﬁéfem aﬂgpéélﬁb‘ﬁ" AR L& g”t.a?en&geoﬂ

Zonyl (r) b I'n~"bne “eX W re dr spe
i ncl udes, bmteMengabljrrAﬁy&oﬂ%&%sm HQuﬂa"/irmumdrameanE’ta( palpwires can

preferred range i s from 5% t 0"05 o.for Zon SQ-100), from
b, 0206 t o 4509To8 SaG SprSIaTeialesnealied metal naaliEes BEPPEIRIS) £ B 0206

to 0.5%for uEEﬁ’CPrefEFéH% We HOAIHFIWAES a?éd%ﬁéﬁé@ﬂtm W&fbrf 4R BRPh8PY to

1.4% nmetal nanow res resentative exanples of suit
sur f act dift s ketecley dthels WH(QC)arEFSN orZzungrofrafic Es@eniz@epzeme tg@apemler@n

etc.). More preferably, the liquid is volatile, having a boiling point of no more
than 200°C, no more than 150°C, or no more than 100°C.
In addition, the metal nanowire dispersion may contain additives

kll

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
propy! methy! cellulose (HPMC), methyl cellulose (MC), poly vinyl alcohol
(PVA), tripropylene gylcol (TPG), and xanthan gum (XG), and surfactants such
as ethoxylates, alkoxytates, ethylene oxide and propylene oxide and their

25 copolymers, sulfonates, sulfates, disulfonate salfs, sulfosuccinates, phosphate
esters, and fluorosurfactants (e.g., Zonyl® by DuPont).

[n 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® FS0O-100), from 0.02% to 4% viscosity modifier

30 (e.g., a preferred range is 0.02% to 0.5% for HPMC), from 84.5% to 99.0%
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(x100, x114, x45), Dynol (604, 607), n-Dodecyl b-D naltoside and
-Novek. Exanples of suitable viscosity nodifiers include

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

| sopr opanol . If It is desired to change the concentration of the
dispersion n
be increased 5%@@@8&%@6593@% %pr e leb%@’d’ﬁ%r?bq%gp r8§%ﬁt£'§?\he28*é{-ﬁ&%? \gsfg
rati os of t rsmt@blb@urfta@@h&;ineluﬂe ZohplRessy, Zoﬁ?lﬁ H’Mnmyﬂ €SHqMeitort n
particul ar, e ratio of the surfactant to Vi s 05|ty r}ggllfler IS
preferably |(¥1 Q0 & 13 4,0) Py 4604, £8 71 8- QB@%RV' b Qf@ paiderand Novsk. ¢ he

viscosity negi,

of “about "5 Eaanigise bFyigBIoRBsip ARG ol elyRl R B Tl g
to the sﬁf:@HPMﬁ) ety cpidbss, a&bh’;hanrgmmmlwrrg@ainbhdbomeoSﬁ&:ettkwlabout
5. The ratios, qof ¢ onent t he be nodifie

dependi ng. oflESS BRI Pa Y FeNIRES ExAaIesI! Sulble SSPGIR lnalide weiks
preferred V|a§g(?§dﬁr¥pémge for the nanowire dispersion is between
about 1 and 100 cP.” Optionally, the substrate can be pre-treated to
prepare a surface 20lftilds besirest torchasgedhe hm@mb’@t!@[h@hmedbmsmndmm)f

t he nanovvlr S, fac t r eat ser.ve  mul e fun t|

eramm oot h RO B R Y N b b MhistrE bl e eedst,
| ayer. I1r(o awh‘i biféfé’r'?ed EhRfivdmaehts REDRIAtveeafidtof tHE8 dEr rrﬁg&e@:@ntshﬁowever
substrate for subsequent processing steps. Mreover,

pr e- t r eat mefan gemaiiethesemes dndartia rcthej ratie of the SMrfﬁﬁfBé!t Batheéﬁwwgy

step to cre e be
di scussed fdﬂﬁ‘ﬁ@ 'QQP#%F%%H& %Pﬁg&eﬁ%&l‘ah&éﬁ;ﬁ} 5@;@#\9% zhe ‘%‘tﬁov&cf the

sol vent or gleosigamoddishtothe m@tatmmmwnre@egpsefenably mftharang@mfmlmlutﬁto
patterned intermediate |ayer to preﬁent n Ecl)’l ate mcal or

i oni ¢ st at e 3PeUt BA0RSER AFdhe ralinefdng met é“aWQ re§ thers argu?face
treat meniss gﬁgm p'tﬁéfmnggé ﬁ@étgﬁ?ﬁb‘eo WWansae ﬁfee TtuB?BF comboﬁ@me%

30 discharg | ow n eposition, the I s renoved
evapor at i onthe dispersicrpmeag ieonodified depansiegd en ﬂtee@lisjlrateemd the rpethed, Of
baki ng) Th%p{afeca"ﬁon used. The preferred viscosity range for the nanowire dispersion is
between about 1 and 100 cP.
Optionally, the substrate can be pre-treated to prepare a surface
20 to better receive the subsequent deposition of the nanowires. Surface pre-
treatments serve multiple functions. For example, they enable the deposition of
a uniform nanowire dispersion layer. In addition, they can immobilize the
nanowires on the substrate for subsequent processing steps. Moreover, the
pre-freatment can be carried out in conjunction with a pattering step to create
25 patterned deposition of the nanowires. As will be discussed further in more
detail below, pre-treatments include solvent or chemical washing, heating,
deposition of an optionally patterned intermediate layer to present an
appropriate chemical or ionic state to the nanowire dispersion, as well as further
surface treatments such as plasma treatment, UV-0zone freatment, or corona

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

e et FMeMirAhelebBansh, SRETARH i RorfoVelithPovadoMiE 2

met al nanowi re network |ayer on the substrate by a
to 10 dry, cUwevapasation earxberaceaiérateddy Ihdeaimge(b@ MI‘rEgM ﬂ‘ﬁeﬁéémﬁé

| ayer, and X _mat er i ma matrjx, "

it orarer deUhe et Bl etmag S FinashiradRentae eencer & aladicaliyan
cure into thongvttives, TiHS pastireRfeRes , rs
to a pr ocess wher e rmnor'?grsrorﬂ]ggrt@asego@éﬁ%rsss‘(gémvsmridr:&r?ofg%“%
rmnorrers) 1 e@blBI@I%TI?,z@fahalﬂlﬁﬁh@ﬁg@sld\/mmklesu pressrefasrdesarisad below.

| t S dit | |
0 Yhe art and | ot ual By R AR 8nig e bsthe i ameinod o
i rradi at i ng falvicating @nesinspardnt CoRblkter empriding: %@p%?ﬁ%é%rahﬂy%;ﬂmetal

el ectron beans, and the like. In addition, "solidi at'i on
pol yrer / sol \P@HPW!sr?%PBrﬁ %H’Qﬁltﬂa@%ﬁ%ﬂ@ﬁ%, nenowises b?lngoilsm!ised ioreofhaitl; i s

I 20 di th
mat 1 x mat er "G amerER AR nefldhk Ber.of e ipeR it A7 BTG Mo tyid 1
It<)nown i mMa hellnarcbatlggarrpa’mx mteam:mﬁbéeneiﬁl lYEITRian‘e nermtﬁm ;agnlsr aRg Uy

ut are not lin t rylics such as pol ynet hacryl at es,
pol yacryl at é"é @ﬁ' e ?)%[@@I %’W‘tgmﬁgé‘ pol yvi n5| Zu cohol sy pol yesters

, 25 polyeth I b T
(e.g. pol yet hy e”ﬂ\ﬂéﬁl&%&hﬁ fé’rs(tﬁ% rha@@igl é’le§ a&%g@@fﬁgﬁch

and pol ycarbonates), polynmers wit ree
as phenol i c§aBeus l@tﬁ)the metrixahisl defriel I(eﬂemol"é:uﬂrﬁn) "c:uring Y%mfﬁbeﬁ

bl yam dei nPhies WA Fidhars B Barial SalnpreyESier ol IS0 marnsaers

pol yphert@ epelymeallzé a@ﬂVM'FdI@wllnI@édW@e{ o foRflaysbliatdeRiferddt Hbtnxe‘OSlﬁt%‘BI@’
pol yol efins (e.qg.. polyprop I ene, ymnet hyl g‘gnt ene, and cyclic

olefins), Rebyegarton can 'Ed@féﬂée"dtfsﬂ“@ﬁé fee poiandanciydeBy way of

?g' 'g“' 83 : ;C/; féh&feﬁﬁgﬁlznr%ﬁ@ % ney, %Fa'o%t 9&9@ TR Oy BBl SET S
ultrav:olet (UV) light, eIectron beams and the like. In addition, "solidification™ of
a polymer/solvent system simultaneously caused by solvent removal is also

20  within the meaning of “curing”.

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

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

30 epoxy, polyolefins (e.g. poiypropylene, polymethylpentene, and cyclic olefins),
acrylonitrile-butadiene-styrene copolymer (ABS), cellulosics, silicones and other

27



pol yvi nyl chi ori de (PVC), pol yacetates, polynorbornenes, synthetic
rubbers (e.g. EPR SBR, EPDM, and fluoropol yners (e.qg.,

pol yvi nyli dene fluoride, polytetrafluoroethylene (TFE) or

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

hydr ocarbon olefin (e.g., Lumflon(r)), and anorphous fluorocarbon
pol ymers or copol yners (e.g., CYTOP(r) by Asahi d ass Co., or

compri st a SRPORETABRY oeblheToiel hafERRShEPRA s dtfpliocter ™ '

nonomers or golydisylittileridd P\z@) pb Tyﬁ@@ﬁtés pblyﬁ@ﬂbbrrféneﬁoéyﬁmét&: fuBBérsqaly.
(0]

pol ymeri ze and/ or crosslln rmth | ymeric matrix, as

described hefBRnSBR; EPOM; ﬁﬁd ﬂuomomﬁm é%ige pelyvipwlidena fluasige, i n t he

oL 2, bl oo 8 3RS HIB R o 1

pr epol ynes lfmmotsﬁncaﬂda’qddeocarbm olefif Je. yhe;upﬁf&p&) mamoipmsagl zes
and/ or cross-|inks upon exposure to irradiatio

descri bed i AU4MKPRArERA BPIYMERHOF coRalymearsda: %@fﬁ@?ob&lﬁ%ﬁw @'%ﬁse‘-?ﬁ)l Ofer s

can be patt ® to irradiation in selective regions. In
ot her enbogfé?n@ﬂtyﬁlﬁgaﬁ ol'ymer is thermal-curable, which can be

patterned by sel ecti Wweotiepemiodinents, thealuats)ommmalzﬁm'bylpésal ly, the
matrix materjial is a li,qquid T triX optiona

Conpr 1 so s SURRRHDET Ay PRpRETsT, B0 SUPILE of FAnoRsss Bf P ORI P
solvate of dQligBRicPE of B&tiﬁ%dwmeﬁﬁhﬁf ¢ p(ﬂgfﬂfeﬁféab‘ﬁ@/gr clfe%8liAK 830/ the

suitable solvents include water, an alco o et one,
t et r ahydr of (RoAfmeric et asdescrifas kereiry dt isvdttimtie nowdedge ofrants skilled

I b | I f h
sl vent 1 5 VoI e ESHERE I B g Rl el ot Selths b SLiBRe ot
nore than 15ﬁ§arﬁa1 polyr8 e than 100C. In certal n enbodi nents, the

matrix material may conprise a cross-linker, pol yneri zati on
initiator, stabilizer# giprRfeuad ﬁ@quwe@xmrepoly@m isoxfiienstiEableydg., uv

Loy o ASbrbser ANWSleq 410t SBsefnloN Eegld dBepn. ne

ot her enbodiwii bEﬁescmL‘u@I imarh ofiexdetait emtabesrbase‘dnn plesto-@oingirle pesplymers

corrosion i nh| tlvle patterned by exposure to irradiation in selective regions. In other
embodiments, the prepolymer is thermal-curable, which can be patterned by
selective exposure o 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. cyclchexane) or an aromatic solvent (benzene, toluene, xylene, etc.).

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

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

30 inhibitors for greater shelf-life), surfactants and the like. In other embodiments,

the matrix material may further comprise a corrosion inhibitor.
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As noted herein, the transparent conductors can be fabricated by,

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

can be initially deposptediddhdrEa 1 I

rolled acrogs a top surface 105 b?’éﬁﬁée s?%ﬁesr%?:g?deﬁcicﬂk c‘fgéab\J/e?’%Bﬁ%}ﬁ‘gE&
nanowi res 107¢i&Xg8HAe shephgeating] webicoating, toointisy rsnaddemirlionFi gur el
3A). The layer 110 is allowed to dry and a netal nanow re network

| ayer 114 is fornmed ongphe .. 105 (Figure 13B). The substrate
may require a pre-treaﬁa?rent oeftgréggpé the deposition of a uniform

nanowi re di spersion |asneetmatmgwatsmdb@rfeﬁcdamngfaa:ohauéﬁ&}ésﬂapéﬁ&qBF&
This treatnent can include solvent — or

subsequen racessi ng steps. Th
cﬁem’ 2; Eﬁ%{%éﬁ%ﬁ&%&é&%ﬁwpsirat@?- an optional |y patterned
i nt di at | ayer t o rj . ' r.ignic, state
Lo e o re- ) spa, QSR 7B BRRY AR RORRAAL tiofion r e
such as pl ast@nsnasantrmonductovby elzcrnte:oatiﬁ@,t Agfnétgl lﬁﬁncﬁﬁﬁegrbﬁsﬁérﬁigh%&e.
20 For exa i nter iate lL.ayer can be deposited on the
surface of T%@%ﬂb%fpr 'EH_%EV 8%%?&&9@%%5%% .r @ goller{®0 can be rolled
i nt er medi at eadra¥es toj§ BINAIEOTTS H2RE saBstAR Yk feﬁ§iné '%@n?fé{l bgﬁ&ﬁ&sc .

e 8Substrate. ertain

facilitafe the binding of the nanowmres to't
embodi meH! s, digpRIsiontlayaredi0anethe dge sutiace 105 (FiguretBA)HalayeHPHD fsat e

i tod WA h ] l.n ot.h nmbodj ts, the 25
ot or medi at o1pasdtS dny Sl AHBL T onil b Bve hldBpiead of fhesirasen
enbodi nent s, 108ufFigudreri@B).onal bi onol ecul es such as pol ypepti des can

be used as the intermé_gi ate |ayer. Polypeptide refers to a polyneric
sequence of amino aci dSSEHBREREIRIY fesiuie@ nre-treamenidoenabtisthe bonds.

P amne SiehommORBEaS o 8RS BREURIGT ot B e o

or  car by isubsthatedoysuhses)ertropassing steps. Eignielagfioscahtihtialé Solvent

pol ypepti deg, LRUS ical washing, heating, deposition of an optionally patterned intermediate
layer to present an appropriate chemical or ionic state to the nanowire
dispersion, as well as further surface treatments such as plasma treatment, UV-
ozone treatment, or corona discharge.

20 For example, an intermediate layer can be deposited on the
surface of the substrate to immobilize the nanowires. The intermediate layer
functionalizes and modifies the surface to facilitate the binding of the nanowires
to rthe 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 suitabie polypeptides thus
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29 include poly-L-lysine, poly-L-glutamc acid and the |ike. The
pol ypeptide can be coated on the substrate prior to the nanowre
deposition. Alternatively, the polypeptide can be co-deposited on
the substrate with the nanowi re di spersion. Many substrates,

I ncl udi ng gl ass, -pol yester substrates (e.g., polyethylene 5
terephthal ate) exhibit affinities for pol ypeptides. Advantageously,

the interne i d ' ; ,
wht o enap) R qe.PEYTE SRR, BBty F AR ol hrd RE fke, e ONBESGR EArEE
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out through ace
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the pre-treated region adhere t ubst r bette 5 than the

adnere 1o ¢ he unt r eat BderagestALEITRRBA fvBtceeba dapealitsnd W

can be achi guedmied ;Eéﬁ%’rgf\ghsbﬁ% BRBSWd &éq i 6 thE' hBSEWiPES AQDrdiAg kY -
ou e d at

e.g., washing. It s un erstoo the pre-treatnents
descri bed ah’ln/mmalp@ﬁer;rppl y to other nethods of fabricating

t ranspar ent conductor I n ac 0] mnth descr ti.on bel ow.
The. nanowi e networ k. PIVEATE SERIREgeRss bt sl e B!

treat nenfp t @ohj@ABRIN With @l ReferiiS@bley iF oREIed beForn batierPed tdebb@ﬂbu@ nt
can be a process step involving exposure to heat, plasma, coro

di scharge, ot e¥@mple, ptﬂem@g&weérea enti gan hﬁecafrlg@eybi@aough amaéeﬂure
detai | bel Omasﬁ%alvﬂ}qiogg& e eﬁ tI'ﬁe s?rfé'@é bf t%e%h?ﬁét@lth&%gtirge coat ed

on the nanowre ne orma matri x nater

116 (Fi gur ecddPyises éisleabmwe pm-tFea@ad regldia andat leadtrdne umneatedmtegllcnyer
116 is allowed to cure to . obtai

Fi gures 10ANBDRWITES fepesifst on ﬂ@oorewfﬁeat%cf ﬁ'?ﬁa@? éjqf%‘g‘g Qs C@uﬁg&s?s%ﬁ
L Bb1 ASEEU SO REIOf 08 Byl BB i a8 Mon
can be achieved by removing the nanowires on the untreated region by, e.g.,
washing.
It should be understood that the pre-treatments described above
also apply to other methods of fabricating transparent conductors in accordance
20 with the description below.
The nanowire network layer formed may further require a post-
treatment to render it electrically conductive. This post-treatment can be a
process step involving exposure to heat, plasma, corona discharge, UV-ozone,
or pressure, as will be discussed in more detail below.
25 In some embodiments, a matrix material can be coated on the
nanowire network layer 114 to form a matrix material layer 116 (Figure 13C).
As shown in Figure 13D, the matrix material layer 116 is allowed to cure to
obtain a matrix and the structures of Figures 10A-10E, can be obtained.
i 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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roller 100. Additionally, as discussed further below, reverse and
forward 30 gravure printing, slot die coating, reverse and forward
bead coating and draw down table can also be used to deposit

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

printing a p?é\Iu‘?é @ﬁﬂti@?%‘flﬂ%ﬁéc‘! t{ngyr?ervgff-&id foﬁvé’ﬂ%e%ﬁi &Haitiﬂg'bﬂa)draﬂ he
conductive Fayer €an al'so be patt&rned by spraying the nanowire or
mat ri x f or mdbenitableaanalédhbe sebd to demsitmanogiresonapestbstmteask. | f

the matrix material layer is deposited or cured

| . tt d
ayer, the ARVRGRRSRUFIY.IOIEF aRSPRIPAING HEGSTIRS it FRBBITEH PG
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of nanow res§ﬁel ow t he perc reshol d. Nanow res can be
renoved By weddialdayar, thuephinting apattemedycontuetive layen(alg. eGraygtasent or

by transferri.n h t o tac or adhesjve roller. It is further .
inder ot ood PHEMGadTE GrancfE hurt ool A5 b Belifnrgovcsarevife M natiatre
out, while af hwi@rmolatishohiotHer subsiraRGhRRIGHRATaraMIre REERC U th enakfix
coating step. For exanple, any nunber of the performance-enhancing

| ayers cannsdera davsd is deponited nmsurashn érpatiemprsioyeh e paitara capipe Wb

“ndust Fi o5 FENSRITEH 8308 Rt GRS il et by il R g
i's 20 compatidph ¢ Widphtht@ndeitasgiohi of nahcwieés bapbwithe pesststidndhreshold.

transparent conductor fabrication. Advantageously, web-cqQating, uses
convent i onaNaBgWITBREAD berfgmoyad biyvashingorRitehing deem apay yvith a suitable

dr amat i cal | ¥of, Ay hhRienRb iimtBhAG!dMnet@NSRA! eNt conduct or s.

In particular, ating p uces unitform an repr oduci bl e
conductive | ayers on itlisfirtheeusddrsippd tiest. adBitiocebdemisdions cagoatingsuran25

on a fully integrated line pr serially as separate operations..Figure
TaA shows ahE SRS Akl i ER Tor e 36 clTaS B farf o fonBRaltuB, m of
a film o wWesatiristBs. mbﬁ@lnﬁréclbhfHembyoﬁhe%rr@rrﬂawéélgnmcmg pere

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

(not shown¥aahe cestassingdhe ggme maenssiasidegeiRathall®d®. The substrate can
be fed to the

(h) Web Coating

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

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

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

Figure 14A shows an embodiment in which a fiexible 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 moter (not
shown) and moves along a travelling path 120. The substrate can be fed o the

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

- anot hor  ergyiss FeRsieh e ot st ndiiER Senke B AntRer G 12 e
coated in thee swidge EHRNEZ delivaeSeEdritRtoad styeam lof mistalfnanolidre dispersion
understood that any di spensing device can be used in the place of

the storage 1320 theribsialegl 4Giodpima i layerddfianea tap girfacgnl Ot e er t hat
10 deli verssﬁﬁgﬁét%rﬁzed di spersions), a brushing device, a pouring
device and thé ITKe. 'Li ke the sheet coating, a printing device can

al so be used to provi {lds upddrstodeatcthe hhatds malerial isestbrdd inhamothern
alternative nethod of web-coati n&ti n which the coating is carried

out on a bottYRESIFMIEET BHowN)s AR thesmatrix Materiahanhg ferted fthe same
i1 lustrat ed.rﬁéhr@r%@é@sﬁ%e@a%.t rate 14 noves along a traveling path

120. A coating ro IS positioned bel ow the substrate and
partial ly subnerged i lisfurier ahderatomai that atiysispesising decescan bel used i
anow

t tank, 122. T ti [l . 140 del,i t al
G onade: on' e Bice 1 st Sadgitaht, tnheind & spying G6ving (52 ApmuE at
Coat i ng f¢p! |dj%ﬁvélr%garé§§@1ri&@$ atsgeiéibﬁé),ea Hiushmly! davicef atda?rih%@»éeicb%daﬁ’e

path 120 or in t opposite direction. The coating of the matrix

mat eri al cafikéeLikedhe sbeeicwating, a pantingndevicencan also hetused e puaidses
descri bed i Laur 4A and 14B, it is noted that various surface
treatments @gﬁb%';édz%ﬁl%r'%l prior to or after each deposition step. As

wi |l be described in Rigjufe d4Bahbwbeinewentaiive atethbd eplveboatied h which
enhance 25 the t rans,parerééy and/ or conductivity of the conductive
R

| ayers for miftf CORfingaipIcarrieghput gpea beltuiRBHifacs Pl sdRstraben Lispdhe,grethod
Limted {50 SOSHER RFIGHETAL R sUBRMD Y4 mdlel HBhd & BAUBIHGpatiaRon A

di schar ge, ozone treanent, pressure treatnent and I nat'1 ons
t her eof . coating roller 140 is positicned below the substrate and pariially submerged in a

metal nanowire dispersion 124 stored in a storage tank 122. The coating roller
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 treatments can enhance
25 the transparency and/or conductivity of the conductive layers formed. Suitable
surface treaments include, but are not limited to solvent or chemical washing,
plasma treaments, Corona discharge, U\/ozone treament, pressure treatment
and combinations thereof.
Figure 15A shows a comprehensive process flow for fabricating a
30 transparent conductor. As shown, a web-coating system 146 includes a take-
up reel 147 that is driven by a motor (not shown). The take up reel 147 draws a
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Fi gure 15A shows a conprehensive process flow for fabricating a 30
transparent conductor. As shown, a web-coating system 146 includes a
take- up reel 147 that is driven by a notor (not shown), The take up
reel 147 draws a 32 substrate 14 (e.g,, a flexible polymer film
froma supply reel 148 along a traveling path 150. The substrate 14
I's then subjected to sequential treatnents and coating processes

"nhe art PAARI4REE A ek poliier MFROH LARHFREL 188 IR FY 1 .55
concentr at i fravelfing {rsth 01 iThensbetratel 14 isnider! Subjecied trasayumntibhteeatmentsy

and curing processes are anong the factors that determ ne the
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Cubsequent | RENSRPSHBR9 HRCors N RUEPErBIne Ga nGueTy: 4 Went of
the substr afifcdiesiort ég]ﬁucg@g)f%gé”op{ﬂ?&an enhance the uniformty of

the nanowi res [ater deposited. e surface treatnment can be carried
out by known met hods Moreavsr tineedain enfimdiregpisppre;trestsents arerdonducted

treatment can_be usgd t i the molecular structure qf the
sur face of - Ehecali FieaBsTRE Y s s Rl aBing BisSSedss e or
nitrogenp psgsdireaty hacibbiraRl 1HEdn K BplidrRfy Sulfhdiryatea a4 bi pre-
species at |low tenperatures. Typicall only a few atom c |ayers on

t he surf acetreaimentsialionetfa ta impeoveribe éﬁ’@jew of fhe piseIgeIaONS of
the substr a{‘]ﬁpéﬁtr@"l.i ﬁg@ﬁ%ﬂh%{%&rﬁé&éth{&t bERR' oLt IiIoP b B L Ne

chem stry. ances, surface trea provi des
adequat e sudépesitiarctary ehhanvefthe upiftraniiyasf thehanovgresdlater aidpositac:

2203 oot T o v RS Gt AT B e RSt PRl apaadE

e o er Wk opBedne etk iSlo Bt oSBT

deposi ti ng eoléaWarstediue ef theysurfaca of te sulistratent Wsingganes edchasoargon,

the intermedate | ayer typlcal Ly xhibitenplll BlblsRolfebahl the
species at low temperatures. Typically, only a few atomic layers on the surface
are involved in the process, so the bulk properties of the substrate {e.g. the

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

25 In other embodiments, the surface treatment may include
depositing an intermediate layer on the substrate. As noted above, the
intermediate layer typically exhibits affinities for both the nanowires and the
subsirate. 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

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

i nclude nultifunctional bionolecules, including polypeptides (e.g.,
poly-L-lysine.) 33 Oher exenplary surface treatnents include
surface washing with a solvent, Corona discharge and UV/ ozone

treatnment, all of whi | ' r . ;
substrate 14 thereaft Qh%%gei@%ﬂ;@ﬁge%%%@@ﬁ%ﬁ%l "lrdé%sé@%gg%ass m%éﬂ'th
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defined herein, The_dzr%)sition station can be a storage tank as
descri bed i rPnerskiigeldn M€ al. sprayi ng device, a brushing device, and

the like Ametal = napguidpsesansieafiel S4BEedOR 4 mel8RBRbhAds On Lhe
y, a printing d 0

surface 105. Alternativel evi ce can be use apply a
patt er ned cagpbsitionbtdtioa 16 ahichGativers\s metal daspeiras dispersidnts6, as

Sty ined AR e B3 o b g S5
conti nuousl Fi@]r@ﬁffg, 4 %@yﬁgﬁﬁéa&%@éﬂiﬁf@eﬂb@,pﬁ 8MkEY Aoy
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Wi th argon or oxygen plasma can i nprove the transparency and the Z0

conduct i vi t yeegssen ef adregetrRiminge paten. candeawsed. | Tha stampver relieirpande Ar

or N2 plas - ' | : '

ol lowi hg - SBX Y §Bp& o Rthers ke YBisS isaEsBy BYXoBh 1oBos b s,
flow 12 scam pressure -300mlorr. Other known surface treatnents,
e.g., Corona discharge ?r UV/.Qzone treat al so be used. For

| . nt, nay
exanpl e, the Enercon spg{aier 168 cea@et?@ﬂae%@ nsedAtadinsng station éat |
As a par{s ofrpbheiRP She 1ARAUERNE dridd 8t HBRY &atiGy 976 $forind Faed) be

nanowire network layer 180.

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

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

25 can be used for a Corona treatment.

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

conducting 1 ayer. In RACLEHLAly RRESBHIGERY: BRs8iR) oot eRofike

both surfaces of a 5 con ransparent con

fabricated inetwekdaddcated i adtoadareehwith a detlod destribed dieneibwan decredse
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k t hods whi | i i ed t ler. If t
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rollers as siypBe ivRichingay, Bul Réed hbt, Page @ h @RAEnsidn RiYSOhhe aMidH00

psi may be applied to the transparent conductor by one or nore
rol lers. |t dirmeasion of thestansiueting layer.f f eraingls raliep ist usetp te patvorlolagetk o

800 psi or 300 to 500 ,psi_may, b ' f '

appl [ od to 48 HRERREY  OOt RFsEBRH3fe sBbEHEIE e BERESE Hi elpbsed
matri x g erdupface ohkie cotiducid Rliyer 1sthg Rhewimethedsmwhite pfesture iemppied:
rollers are used to apply pressure to the conducting sheet. N p or
pi nch rol | erte the wige| If o Telleas Ata Berd, the pefwods lByanhayibedeledhewsens or
exanpl e, 3M L.cal | LR e yRati on Techni ques for Converters
of Lam nati %ggﬁgﬁ@%&%g&%%b@%ﬂ%gg whi ch is hereby incorporated
by reference in its ei bnetpnbolimeats fromt 5 toi 10800 psitmaypbé iappligcoie the

pressure to a netal nanowr network | ayer ipprqoved the cqonductivity
t her eof ei t HENSBAFESY &0 u‘%‘?@@?"%ﬁfﬂ?&?f ﬁrs.égg(ﬁ?soac ﬂ@"rf&%%ﬁi%m
as di scupsed v J0em 8r 300 fb 500 péitthaHbe appliedl | Preserably,

subsequeﬁ? gllasnaﬂopzdz}?nent ?%ﬁo&m In Fi gﬁ\érle 15A(,3 'Pﬁtla rollers y186

an 187 nay lpresslre dslapiedds athanspardrd cend@gogdriartie theeapplicrtion pbany1 80

a . .
matrix material.

*Nip" or "pinch” rollers may be used if two or more rollers are used
to apply pressure to the conducting sheet. Nip or pinch rollers are well
20 undérstood in the art and discussed in, for example, 3M Technical Bulletin
“Lamination Techniques for Converters of Laminating Adhesives,” March, 2004,
which is hereby incorporated by reference in its entirety.
It was determined that application of pressure to a metal nanowire
network layer improved the conductivity thereof either before or after application
25 of a plasma treatment as discussed above, and may be done with or without a
previous or subsequent plasma treatment. As shown in Figure 15A, the rollers
186 an 187 may be rolled across the surface 185 of the network layer 180 a
single or multiple times. If the rollers are roiled across the network layer 180
multiple times, the rolling may be carried out in the same direction with respect
30 to an axis paralle! to the rolled surface of the sheet (e.g., along the traveling
path 150) or in different directions {not shown).
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single or multiple times. If the rollers are rolled across the
network layer 180 nultiple tines, the rolling may be carried out in
the sanme direction with respect 30 to an axis parallel to the rolled
surface of the sheet (e.g., along the traveling path 150) or in
different directions (not shown). 35 Figure 15B is an SEM i mge of a
portion of a nmetal nanowire conductive network 810 after application
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t r anspar ent frephd@@iGoto t&iCier @mmwelfmnaab@nél@tseatoydm@ 2veinuiset The a

t d
2t ancpar ont "anNATebforfiBlch 2h Hidh 0F FxAdRedlh sdheorlifes pidiRetih Fopos:
a transpsr eahd candiecaohigh aler400aC edeshdiRsen tHeagpd 6f Sibstrat®r FEbd
exanpl e, a transparent conductor fabricated using a reel-to-reel

process as SYdTPIa BEAFsHEPEr#egas he hraldraatedatshiempeadatire rangecef abeut at
a tenper at UBBo@ 1o 400°C. However, post treatments at higher temperatures (e.g., higher

than 250°C) may require the presence of a non-oxidative aimosphere, such as
nitrogen 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 predetefmined amount of
time. Heating a transparent conductor in such a way can improve the
conductivity of a transparent conductor fabricated as described herein. For

25 example, a transparent conductor fabricated using a reel-to-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/, which dropped to about 58
Q/0 after the post-treatment.

30 In another example, a second, similarly prepared transparent
conductor was heated in a sheet oven at 100°C for 30 seconds. The resistivity
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200C for 30 seconds. Before this heat post-treatnent, the transparent
conductor had a surface resistivity of about 12 kn/”, which dropped
to about 58 .0/0 after the post-treatnent. 30 In another exanple, a
second, simlarly prepared transparent conductor was heated in a
sheet oven at 100C for 30 seconds. The resistivity 36 of the second
transparent conductor dropped from about 19 k. Q0 to about 400 D/ O.
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net wor k can?@ #engpayest evnduchr. épesikide which sialy beruseddoepply gient such
as sodi um bog RY AL A8 essure and heat simultaneously is a laminator by Banner
American Products of Temecula, CA. Application of heat in combination with
pressure can be done either before or after deposition and curing of a matrix or
20 other layers as described below.

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

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

30 As noted above, such a treatment can increase the conductivity of
a transparent conductor. For example, a transparent conductor of silver
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for, preferably, anywhere from about 10 seconds to about 30 m nutes,
and nore preferably fromabout 1 mnute to about 10 m nutes. As
woul d be understood by one of ordinary skill in the art, such
exposure can be done either in-line or off-line. 30 As noted above,
such a treatnent can increase the conductivity of a transparent
conductor. For exanple, a transparent conductor of silver 37
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station 188 which delivers a matri x materi al as defi ned hereln.
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in Figurel 44 5 \ I '”9
device and t hsé’ﬁhu %&ﬁhﬁg'd&?ﬁg@ rﬁ‘oé’éﬁ’? ﬁ&r{gﬁeérl‘\%glasa@% t hus
deposi t ed owntmbormte/@MAmad g%&edua‘hdg'agémgpmlﬁi a5 hytd?@géﬁigés fHa).
mat eri al can be depo tedﬂf% E‘ %& ngI device to 20 forma patterned
| ayer. The |ayer 192 el algol4chIPeeeds 19 auaihydenasitioon 200.
Wiere thg naamnqwt\mﬁnbﬂben@er@aeﬁéwmétéﬁél\ﬂ%@t a8 YSHiRdH héfh, | 7 'ﬂ%’e%aﬂr&z
can be cured by al omﬁn? he solvent to evapbrate
process carfapositigacsatiioni&iicaybe estorge (ankps désddbed )in F!glhmﬂmﬁh@
MRt i X mat e aling QEDeESE Brihing device, a printing device and the like. A layer of the
matrix material 192 is thus deposited on the network layer 180.
Advantageously, the matrix material can be deposited by a printing device to
20 form a patterned layer.
The layer 192 is then allowed to cure at a curing station 200,
Where the matrix material is a polymer/solvent system, the layer 192 can be
cured by allowing the solvent to evaporate. The curing process can be
accelerated by heating (e.g., baking). When the matrix material comprises a
25 radiation-curable prepolymer, the layer 192 can be cured by irradiation.
Depending on the type of the prepolymer, thermal curing (thermally induced
polymerization) can also be used.
Opticnally, a patterning step can be carried out before the layer of
the matrix material 192 is cured. A patterning station 198 can be positioned
30  after the matrix deposition station 188 and before the curing station 200. The
patterning step will be discussed in more detail below.
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25 radi ation-curable prepolynmer, the layer 192 can be cured by

i rradiation. Depending on the type of the prepolymer, thermal curing
(thermal ly induced polynerization) can also be used. Optionally, a
patterning step can be carried out before the layer of the matrix
material 192 is cured. A patterning station 198 can be positioned 30
after the matrix deposition station 188 and before the curing station
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In the "reel™eEY MAISE @P%ﬁt&"%‘)géﬁ%%ﬁi%@@% Ry che natr i%gﬁ’i‘it@d
out along twet theawplpoftibristithe Aetdl HENOWE RSk HdEa pditen WP thesRidtd Ng
system 146 therefore can be custom zed or otherw sg agapt ecfct 0
i ncor por at enaiigwires will be exposed an the surface of the conductive layer.
The conductive layer 204 and the substrate 14 are then drawn up
by the take-up reel 147. This flow process of fabrication is also referred to as a
“reel-to-reel” or “roli-to-roll" process. Opticnally, the substrate can be stabilized
_ 20 by traveling along a conveyor belt.
In the *reel-to-reel” process, multiple coating steps can be carried
out along the traveling path of a moving substrate. The web coating system
146 therefore can be customized or otherwise adapted to incorporate any
number of additional coating stations as needed. For example, coatings of the
25 performance-enhancing layers (anti-teflective, adhesive, barrier, anti-glare,
protective layers or films) can be fully integrated into the flow process.
Advantageously, the reel-to-reel process is capable of producing
uniform transparent conductors at high-speed and low cost. In particutar, due
to the continuous flow of the coating process, the coated layers do not have
30 ftrailing edges.
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nunber of additional coating stations as needed. For exanpl e,
coatings of the 25 performance-enhancing |ayers (anti-reflective,
adhesi ve, barrier, anti-glare, protective |ayers or filns) can be
fully integrated into the fl ow process. Advantageously, the

reel -to-reel process is capable of producing uniformtransparent
conductors at high-speed and I ow cost. In particular, due to the
continuous flow of t coat.ikha.nrocess, the coated | ayers do not have
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mat er Al | Seisane PPl fansr sORe o Gan g radr Sef g8 TR fe
conduct yxe d\dghatd B érﬁtﬁ?e,f. uRGFerdd dRisiyC il Giting Btepsl drite triomsxible donor

substrate" refers to a exi bl e substrate in the form of a sheet,
film web, suisitabecan ke camied dutbyisoies!-troiesh ProgESS begaiisedhe genor

substrate is flexible. The conductive layer formed thereof can then be
transferred to a substrate of choice, which can be rigid or flexible, through
standard lamination processes. If only hanowires are deposited onto the
20 fiexible donor substrate and no matrix material is used, a lamination adhesive
may be used to attach the conductive fayer to the substrate of choice.
“Flexible donor subsirate” refers to a flexible substrate in the form
of a sheet, film, web, and the like. The flexible donor substrate is not
particularly limited so long as it can be separated from the conductive layer.
25 The flexible donor substrate can be any of the flexible substrates as described
herein. in addition, the flexibie 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 substrate can be pre-
30 coated with a release layer prior to the coating of the conductive layer.
“Release layer” refers to a thin layer adhered to the donor substrate and onto
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particularly limted so long as it can be separated fromthe
conductive layer. 25 The flexi ble donor substrate can be any of the
flexi ble substrates as described herein. In addition, the flexible
donor substrate can be woven or non-woven textile, paper, and the
| i ke. The fl exi ble donor substrate need not be optically clear. In
certain enbodi nents, the flexible donor substrate can be pre- 30
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. Figure 15A,I P?ﬂ the flexible donor substrate. Prior to the netal
nanow re depasi |f‘)'n, the release layer 244 is deposited or coated on

the flexiobl e donor supsé (hifateltrueRiAsl D80 icdR bediBicaisdin hakake f or ned
by netal nanow res deposition foll owed by matrix deposition, as 15

descri bed hBRENEr agpesefsUpconaestiopyith kigureehbAsing theylexibimdenrarr ed

to a substr ' I ' I 1O I 0.,

gl ass), whi g ﬁ?tgﬁ%ygﬁggﬁty enr@?taﬂgéoﬁgg# 'gatFeé) ot% 'ct)i% h{ggr%e'%% ?"%c@}regg%‘ﬁé%at I ng
process, catepusitedrorrcaat o the fldxible domshustbisiratel affer contiticiolapert 260
Figure 16B, the lLam nated structure 630 i.s 20 transferred to a.
substraie 289 P& TgmePYEEalnAnpnis depeRfior llpvad B seatisepoition, as
conduct fge Ned@bhedHerén, t he substrate 260. In certain enbodi nents,
the polynmeric matrix (e.g., PET, PU, polyacryl ates) provides

adequat e adhesi on to The conductive layer is then uniformiy transferred to a substrate

of choice. In particular, a rigid substrate (e.g., glass), which is typically not
adaptable to the reel-to-reel coating process, can be laminated with the
conductive layer. As shown in Figure 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 to the substrate 260. In certain embodiments, the
polymeric matrix (e.g., PET, PU, polyacrylates) provides adequate adhesion to
the substrate 260. Thereaiter, 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 [aminated structure 270 comprising, in
addition to the flexible donor substrate 240, the release layer 244 and the

30 conductive layer 250, an overcoat 274 and an adhesive layer 278, The
adhesive layer 278 has an adhesive surface 280.
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t he substrate 260. Thereafter, as shown in Figure 16C, the flexible
donor substrate 240 can be renoved by detaching the rel ease | ayer
244 fromthe 25 conductive layer 250. In other enbodi nents, an
adhesive | ayer can be used to provide a better bonding between the
conductive layer and the substrate during the |am nation step.
Figure 17A shows a | am nated structure 270 conprising, in addition
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heat or pres1sg::ne can be used during the |amnation process to
enhance the 1 éﬂ%@e%?ﬂ@@ﬁf pyRstEale 4P \ncrempyed dydietashing I releagadavere

| ayer in thg@tf&ﬁﬁ%g\;?r@ga%@si ve layer) and the substrate. In

ot her enbodi nents, a release layer is not necessary due to an
affinity differenti al irogertdie eoodinents,chdahpepresstife casipeased durdritethe

flexible d . subst rat d th trate of chpi For exanpl e,
the conduct IVBMPRYRPTIRESS (R 0RENES e RoRHGnBetueeT e gPhes IR (b
to a text§ | eoH@mnstivedsstin meeabs%fnbérofblg%dﬁelsi{/@myéﬂtarmkhar%sﬁéte. the

textile donor substrate can be renoved while the  conductive layer is
firmy bonded w th tht @hasemeagdisianis,@ release layer is not necessary due to an

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

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

In certain embodiments, a patterned transfer is possible during
the lamination process. For example, the suhstrate 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
taminated with the conductive layer due fo an enhanced affinity (e.g.,
adhesion), therefore providing a patterned conductive layer on the substrate.
Heated regions on a substrate can be generated, for example, by a nichrome
wire heater positioned beneath the areas of a substrate to be heated.

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

thermal gradient, which affords heated regi ons and unheated regi ons
on the substrate 25 according to a predeterm ned pattern. Only the
heated regions will be lamnated with the conductive |ayer due to an
enhanced affinity (e.g., adhesion), therefore provi ding a patterned
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the netal nanow re networ ayer eposi e su strate" 14
accordi ng teemcﬂmm@drin@acprerhxﬁymeeccmting(aa:cgrd,lng%wpawrﬂr?:ﬁthem)mgI t

T e eS8 be et BELSRaEE htsehur Bl HJFbhalS e
coating 300 ghihJHREM ihSFhicia TcBﬁdrElﬁ‘Kr&%y}ér 132;9'|dt§-3b%{teﬁfed”emlre BREGREAIES
114. An irradiation source 310 provides the pho
15 the metal nanowire network layer 114 is deposrted on the substrate 14
according to a method described herein {e.g., Figures 13A-13D). It should be
understood that the substrate 14 can be any subsirate, including a flexible
donor substrate.
Thereafter, a prepolymer coating 300 is deposited on the network
20 layer of metal nanowires 114. An irradiation source 310 provides the photon
energy for euring the prepolymer coating. A mask 314 is positioned hetween
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-curabie prepolymers are well known in the art. In certain
embodiments, the photo-curable prepolymer includes a monomer comprising
one or more double bonds or functional groups, e.g. hydrides or hydroxyl

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

ethyl nmethacrylate, silicone acrylates, acrylonitrile, acrylam de,

met hiacryl aminuthaepy l'gfei Nerubgtitutast (netblepriamides, vinyliestere stieh es yinyh as
byl - ana. Aeta oty ShAS'stef 98 Kho) S0t Salee Shi¥ng i and 2 e

vinylider® dhaldstyrdaes, Nviyidyaoliddne Rimgiehlcrideo ah@ivinylidsrie/shieddgror e
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gl ycol, neopentyl gl yESBMPIOfEGARRINYEISFONAIRIBG WA REMETE HPB%R&QGF*S Are
and 4, 4' -bi o ﬁ% i n | ol propane
triacryl at e?lﬁ%g!a%éﬂ%ﬁjggﬁ;% i t@ﬁ?‘é@?@?ébgbggaf g??%%r{c I '%1}}%6'«!:?, vi nyl
acryl at e, dihexkayletheierenglycdiandmofibisphenol Aarel 4, dHaib{2y| pht hal at e,

| oyl et hyl)

SRR M R T R A R P

limted {9, peffderithfits! GthcPRAEYorteFAdTyIaRe Ukl Sdrgafb, RRIIMASehe, divinyl

pol yesters containing viny 20 ether” or epOxy groups, ‘polyurethanes

and pol yet héteginaigs dialiybiRlabialpts, jrigdlylaphosphate, triallyl isocyanurate or tris(2-
acryloylethyl) isocyanurate.

Examples of partial polymers include, but are not limited to,
acrylicized epoxy resins, acrylicized polyesters, polyesters containing vinyl

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

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

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

30 Chem., Vol. 67, No. 1, pp. 25-31, 1995; J. Crivello in Advances in Polymer

Science, Vol. 62, pp. 1-48 (1884). In a preferred embodiment, the photo-
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resins. In a preferred enbodi nent, the prepolymer is an acrylic.
Optionally, a photo-initiator can be used to initiate the

pol yneri zati on and/ or crosslinking reactions. The photo-initiator
absorbs the photon energy and produces radicals, which initiates a
cascade of radical 25 polynerization, including chain-extension and
cross-linking. Photo-initiators are well known in the art. Exanples
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matrix 10 material can be an ‘epoxy, a resin and sol -gel conposite

mat eri al . Bot h the phBotsLtbgmr@itmpa@erﬁ@gm@lhad@ndﬁbarmiﬂaﬁetrémmma@od

method are t :r e e

TeLned o S ABYE Wik o A T Bt lencHOBE BBV CEB e 5

the web C oaphb-patisraimg s&tioratos edsmwwmrtl%fm webodatiiheystern 146, as

phot o- patternl nalstatlon 198 can be configured in a 15 nunber of way's
t

to al | ow f oSNEWRIR Fishe 188pJdeRholeakeminggtation KR pan BB CpRigured in a
coating.4g n gg%e? @%&%ﬁd‘éﬂoﬁﬂﬁ%ﬂﬂﬁhdd& dXpBYIR andfburfhg' Gt éﬁ% H;%o lymer

cyli nder art t he ot o-patter | ng station~19
coating sysneaﬁlrig% i's not shovvn) The substrate 14, coated with a
prepol ymer coating BOPrf one e”%oglment as shown in Figure 19A, a rotating cylinder
330 is part of the photo-patterning station 198 (the web coating system 146 is
not shown). The substrate 14, coated with a prepolymer coating 300, is moved
20 along by a conveyor belt 332. The rotating cyclinder rotates at the same speed
as the conveyor belt 332. The irradiation source 310 is positioned within the
rotating cyclinder 330. An exterior 334 of the rotating cyclinder 330 is
patterned, perforated or otherwise provided with openings 338 to allow the light
to irradiate the prepolymer coating 300. Optionally, a guard slit or a collimator
25 340 for preventing any stray light can be positioned closely above the moving
substrate. —
In a related configuration, as shown in Figure 19B, a patterning
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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20 al ong by a conveyor belt 332. The rotating cyclinder rotates at

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

340 for prev | kYl | ﬁg% el e

t he novi ng g%@?sa@% tﬁ% 'rgé/drléet,%{geoéﬁ g%%ﬂ?gﬁ@%ﬁ%n a §%%vm}5‘flﬁy'g%re
19B, a patt eguardglit B40 ta®be usedti ng a patterned or perforated exterior
352 can be used. The atterning belt 350 is driven b |l ers 354,
one of which is connedti@¥esd 8 ﬁﬁ?ﬁ‘?ﬁl( H’é?grg{‘?mt.e"}l/'ﬁéa)ﬁ%ft#f;@?'ﬁgﬁg
belt 350 nov SE elrmm <SS 32,
al | owi ng conﬁtﬁﬁgﬁéggg}(posu?e 0 %tnﬁazs%drggrg{)'yrreér@ 45 \fggﬁ‘farﬁ'g‘%e% to the
i rradi ati 6n intagreteddnid thameabgioatipg siystgm BED. In@strticntear, the, ptoto-gatienting

200 ot or AR TS GG et e . U e oS ™
system 400 cathda@rd Hhd ¥urnd, M& BretioRfindritoatind 800 1Fed bk Balestivl REICH46.

In particular, the photo-patterning station 198 is identical to the
one shown i namd wiltlee flpiher Freated\at egvashingpslation 3] fmemevessity dRoured,

e BLePOl T S B B LG R e Bl teld

prepol yngo. rhegl phswIres fegldhs BT4Y neevaRItb 3l rotating taskyrrelieraasy. SRk okl
bare 10 netal nanow res regions 374, noves to a rotating tacky roller
384. The t aclejler 3&4 pentacigpndgrmaves thimbaresneiabranaydresJeaions (-

nanowi res r eﬁblmﬁ%@% renfat Wh@%gﬁ'@ﬁ}e&ﬂﬁ%\‘l ir ,.th@%uﬁ@ﬁ&e@é@%eg %trr]:g

nanow res, the subsStrate 1s coated w conduct’ive regions
non- conduct i senduetive regi@&6380Tamohg awrandudtiveaagions 886. as descri bed

her ei b d 15 el ectrqdes i ' ari ety .of devices,
'ncl uding any devi ce (HE TRUPAETHCGNIYRRE S AESoHPed Pairiy spi e used s
conduct Opg Sé!é&r&?es”iﬁtsﬁhid%a%ggﬂ dBRice5EXiABRERY My devitid thit surftiyces

I nclude flat panel displays, L t ouch screéns, el ectomagnetic
shi el di ngs, makes Lemaf traepssery qoadyctorsf schasgpeiebexidedirps. Examples of

suitable devices include flat panel displays, LGDs, 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 flexibie displays and
touch screens.

In one emhodiment, the transparent conductors can be used as
the pixel electrodes in a liquid crystal display (L.CD) 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 bottom glass substrate 512
and a first alignment layer §22. Each transparent conductor strip 520 alternates
with a data line 524. Spacers 530 are provided between the first alignment
layer 522 and a second alignment layer 532, the alignment layers sandwiching

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

pol ari zer 5%@@3@1&%&&%%@@@ 5au%ﬁéﬁmﬁ%ﬁgehm@ié%&wtb% f first

transparent c uctor strips 520 are po t ween ottom
gl ass subst risarspateht canductor $trigs 5201 Jhewetondhiyanspelent deadhctor strips 540

t t dyct tri 520 alt t it data |i 524.
Shacer 530 aipduissioates wih deasSunlon BEE 4 ophnie M Pegn s 335 0
second al i gryiBeY shiiRke 552 and BH AR ss?.t AdNfthge S whe MaRghatent

liquid crystals 536 in between.” A plurality of Second transparent
conduct ord seandpstor stipsi2Opust §4beardbe pati¢roed @od duanafarmpshinra laménading

532, th 46 t i ps;.. 540 i ent]
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second transpalkerthe ¢onvBItioAaISEmbRYed Hitabddd stiibSETCHOAG edstiyf th a
passivation | ayer 544, colored nmatrices 548, a top glass substrate

550 and a poleRoskien ossichingpmeessRsIAISIgaUirask transparent 5 conduct or

strips 620 and 540 ca t ' ' ling
process onto the bott(If)‘.'mgg'll@gésr%@%ﬁmgﬁgfﬁ%ﬁ%ﬁpﬁgﬁﬁdﬁﬁgﬁka?%@@%?
respect i ¥l yhereidrfoirkephit ef a dowshnddresral Aytowsdoryatdisnei mterastiivddangttr i ps
(I'TO, no costly . deposition or, etching processes are required. In a
further enbd¥fY FFEQW’ESC’PP%%%G@HP“’%#?&R‘R% SNIcielWS,3 4SER (G Mdftei n
fornms part &ﬁfb oTNTe)) ' id td '
device int egjﬁrwétttﬁj e 9@%? %%ﬁ\ e et('l:.lt6 rstc?nl C dﬁg{)ﬁggh Eséil‘neléf‘}rllé gf’ﬁ%ﬂ/@ déééﬁst%ra%
i nput i nst rligbt anthimage todrarsnmitthrogscr een. The touch screen i s
optically clear to al IF_D

W I'g ht and image'@o @raﬁlsm't t hrou Fi gure
22 shows scherratica!ly'gé’r‘?g_ O%ErS Bﬁ”@_%‘ & BEE" ST TN to one
enbodi merd . abeerdisy tcendeRbbaridieThe device 56D 8 fifst te@Bskurehpr
564 conprising a first substrate 568 coated or lamnated with a first

conduct i ve |a@pdHcter B84 campripingta rshelstiele59%hgeated pp latainpteg with afirst
conductive oongyctive layer 572, the first conductive layer 572 having a top conductive
surface 576. A second transparent conductor 580 is positioned above the first
transparent conductor 564 and separated therefrom by adhesive enclosures
20 584 and 584’ at respective ends of the device 560. The second transparent
conductor 580 includes a second conductive layer 588 coated or laminated on
a second substrate 592. The second conductive layer 588 has an inner
conductive surface 594 facing the top conductive surface 576 and is suspended
over spacers 596.
25 When a user touches the second transparent conductor 580, the
inner conductive surface 594 contacts the top conductive surface 576 of the
first transparent conductor 564 and causes a change in the electrostatic field. A
controller {not shown) senses the change and resolves the actual touch
coordinate, which information is then passed fo an operating system.
30 According to this embodiment, the inner conductive surface 594
and the top conductive surface 576 each has surface resistivity in the range of
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surface 576. A second transparent conductor 580 is positioned above
the first transparent conductor 564 and separated therefrom by
adhesi ve encl osures 20 584 and 584' at respective ends of the device
560. The second transparent conductor 580 includes a second
conductive |l ayer 588 coated or |amnated on a second substrate 592.
The second conductive |ayer 588 has an inner conductive surface 594

facing the téb‘bu?@@ﬁ%bmﬁ, rﬁ&%{@&%fﬂg, ﬂbgthé-sﬁgmn@ﬁgg@ﬁﬁe filke Rl S

596. 25 When a user touches the seco ansparent con or 580, the
i nner conducteicund franfparenb@hdtioitrabage high trappmissiciust §.v e 85%)ftaadio®76
of the fi rsft Iransqarent ﬁqﬁduc or 564 and causes a change in the

el ect rost at i18" fagey o HanggbioUEBy  (not shown) senses the change and

resol ves the actual tquelirstGRRricead %ubéﬂ’ﬂitéé‘cérﬂb@_farﬁtﬂb%ﬂ mafch8R, as
passed to an operating system 30 According to this embodi ment, the

I nner corRlucigsvabedihérgin Borexammde tthe firal subsirate can e rigid {ege gb®e, @ach
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transpar ent RAEE feXiBleTame Alﬂeﬁ*iattvéﬁjnfdﬁasfﬁéxmh totictl- screarBadflichiford o
for images to transmt through. The first and second substrates can

be a vari et pubstraigs ean fedlexiide finsieser plgstic)her ei n. For exanple, the
ire o et Y at b Li . !
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as
pol ycarbonate or poly € seco can be a
f 1 exi bl e10 i lovndédtiveriapdrs\(elgy, ITOGma). f Asxote! above IO fleiseare fragile and

application, both substrates can be flexible filns (e.g. | astic).
currently areeitain febberien iy PRUEHET, W B} films) aye Sraradly dﬁépa!?e%%? giass 10

ductive | ; | '
conductive s%%ﬂ%lérﬁ%%{c glgth ngefétth@a}nd iﬁﬁ/a'&%.efrgélﬂ'}ﬂ?a tﬂ&@hgﬁﬁeﬁ{e

¢
fragile and ricate. In particu , I'I§O Il'nms are
typi cal | y depeditiors descgbed hierednbsin batfaricatechyhighdhpooghpuirreetimds and
vacuo. In contrast, the transparent . caqnductor.s described herein can
be. abri cat &84} HRAPERPbuGRRUE R RBAR HRlF B ot ERrser Be oS
They al s15 alfleqitvid afid dDfdIds Rt sSsihtdaplastic filme! udi ng 15 flexible
and durabl e substrates such as plastic filnms. The transparent

conduct or st ruct ur es, ThRdiansparept eenductar siruslyress dneir electrical and optical
properties, and the methods of fabrication are illustrated in more detail by the

following non-limiting examples.

20 EXAMPLES
EXAMPLE 1

SYNTHESIS OF SILVER NANOWIRES

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

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

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

Nanol etters, (2002), 2(2) 165-168. A nodified polyol nethod,
described in U S Provisional Applig¢shjeeNo. 60/815,627 in the name
of Canbri os Technol ogi es Corporation, produces nore uniformsilver

nanowi res at hi gher vyiel %EE.«%&I&P&?A%&E@AWW&%E "pol yol "

nmet hod. This application IS T ncorporated reference ereininits

entirety. 48 EXAVPLE PREP. Ok T P,

Aut of | ex EBGS pol yet h%r@g‘goﬁ%b%@%ﬁw%@%ﬁ%a% gméijé'lliitﬁA@lg was
used as a5 sUfRkvCusethds FElb&HAS! ThE PHTSsub3tOR lseml dpticalheelear
insulator. The I'i1ght transm ssion and haze of the PET substrate are

shown in Tdnsuator. Thedght kanssiissien agd harartiie REE SHPHFAIE AFupROWR ] on
i sper st on- of ¥ v SRRl Y o Selesith P ER sg

nanow r es w@qgab@tme%ﬂmog? iBASTM D103t h and around 8min |ength.
The concentration of the si

Ver .nangw r es gA N%/g was ab %Jﬁg 0.5 0/gv/v
of the dispersion, red\dl2QuURpUs sispersipn ptelv Hgﬂ "‘l”{)eso‘ﬁ’a%lg prepaged.
(measuregyo : ' r d I ikh
di sper si gon \r/‘\r/aﬁs% %’Nghﬂﬁﬁé\gﬁ%ﬁéﬁ eﬁggﬁlhstgggﬁ %aﬁ”lggllﬁ%ﬁ %’?ﬁ%ﬁg 8?1 e‘-E ©
nanow res t desgiti et caswentrativn difhs siharmanewirds (Agah stascabaoy OSnbw/v:

T o L S spars e S P S5 S el PR
the like. |tybrelidf DRRlcey SiR0EE Mk MR att Readdrh CPRE Hisparibrhea then
coated an the PET substrate by allowing the nanowires {o sediment onto the
15 substrate. As understood by one skilled in the art, other coating technicues can
be employed e.g., flow metered by a narrow channel, die flow, flow on an
incline and the like. It is further understood that the viscosity and shear
behavior of the fluid as well as the interactions between the nanowires may
affect the distribution and interconnectivity of the nanowires coated.
20 Thereafter, the coated layer of silver nanowires was allowed to
dry by water evaporation. A bare silver nanowire film, also referredto as a
“network layer”, was formed on the PET substrate. (AgNW/PET) The light
transmission and haze were measured using a B‘fK Gardner Haze-gard Plus.
The surface resistivity was measured using a Fluke 175 True RMS Multimeter.
25 The results are shown in Table 1. The interconnectivity of the nanowires and
an areal coverage of the substrate can also be observed under an optical or
scanning electron microscope.
The matrix material was prepared by mixing polyurethane (PU)
(Minwax Fast-Drying Polyurethane) in methy! ethyl ketone (MEK) to form a 1:4
30 (v/v) viscous solution. The matrix material was coated on the bare silver
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behavior of the fluid as well as the interactions between the

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

using a BYK Ganawite fifazpingeuating! Giher KRo@nhsthaes il Bl st Wéﬁﬁé :
measur ed using a Elﬁﬁke 75 True RVMB Multimeter. 25 The results are
shown in Tab gctg_r » VIYEF Mﬂﬁ%’(‘ﬁW[’?rﬁﬂﬂﬁlh@OﬁHﬁQ\gané@ used, Tahet_ I
I a ; t I rved under an.opti.ca
o1 - scanni ng. o ool WS AR of Aol S oS of R I SRS Rlodulich
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hyl ketane,(MEK) to forma 1:4 30 (v/v) viscous solution.
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Spi n-coat i nghogsher known nethods in the art, for exanple, doctor

bl ade, Meyer rod, drawdown or curtain coating, can be used. The
matrix material was cuhéangpareabannduBtohbaving atcondoolivedapar & theRET

i i d and_th tr terial
00 s PR R i e ot sver
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conductor _having a conductive |ayer on t _ _
( AgNW PUI PETRIoRagies yre mosassiied andtheowrsults aressHomyein Tabld he si | ver

. . ; eeno ene s
Chootri cal 10 propert e PahsBaRath cata Ry s finet Suflbied T adimdest n
Tabl e 1. TheMoressmificaly, « BMBEeH® madhérsi\)éetépéws%hﬁﬂa%ﬁi&g Stéplféf iy

test. Mre specifically, a 3M Scotch(r) 600 adhesive tape
applied to twpg%cglgf ﬁ};%'é"yayfx btheRremeveth dAny inese sitvrfomnondngs wess e

Test . the oncreapt2idho [IRRRKCECE: 886 elidpt Rt B Sprhiaa Apdntaly
conduct o5 warreperties of the trarsparent cosdldicr viere mesawsd aAd Tedtasults aRy way
of conpari S Qow iquIIa'ia&eX'-I.onl y filmwas fornmed on a PET
By way of comparison, a mairix-only film was formed on a PET
substrate (PU/PET) under the same conditions as described above. The
optical properties (light transmission and haze) and the electrical properties of
20 the PU/PET are also provided in Table 1.
As shown in Table 1, the matrix-only film on PET (PU/PET) had a
slightly higher light transmission as well as haze value than a PET substrate.
Neither was conductive. By comparison, the bare silver nanowire film on PET
was highly conductive, registering a surface resistivity of 60 /0. The
25 deposition of the bare silver nanowirs film on the PET lowered the light
transmission and increased the haze. However, the bare silver nanowire film
on PET was still considered optically clear with a light transmission of more
than 80%. The optical and electrical properties of the bare silver nanowire film
on PET were comparable or superior to meta! oxide films (e.g., ITO) formed on
30 PET substrates, which typically range from 60 to 400 Q0.
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substrate (PU PET) under the same conditions as descri bed above. The
optical properties (light transm ssion and haze) and the el ectrical
properties of 20 the PU PET are also provided in Table 1. As shown in
Table 1, the matrix-only filmon PET (PU PET) had a slightly higher
l'ight transm ssion as well as haze value than a PET substrate.
Nei t her was conductive. By conparison, the bare silver nanowire film

on PET was highly congiifiirihgeshdv@dirsTable nothe tratishament ceadisdtonbdsed @
60 0/0. The 25 deposition of the bare silver nanovvlre filmaon the PET

| overed the silvghnanowisesin tbeinelyusethangerbichad %fhé fm&%zédemﬁalé@éﬁ t he

bare silver f

clear with a{??’%%é'? P%stﬁ%ggfjeogﬁé{ W%ir‘ﬁe'}é t”hnan /0 9[ﬂllggllghand
el ectrical pragerTheesidtivithef tharteansphneat cm*a:hmmrrrembiﬂenhthersaﬂéTawmee
conpar abl e or superior tqg netal oxide filns

TO .for
PET subst Pat e&e siipercnanayyrectim, jndicatigeg thatdhe e@aﬂr% Qfdh i m 'am
further sho | t é}%g 8 ddBss
nanowi res in thngtp?quEr%I %ﬁ%%@:@@akﬁ% E! ?%ﬂggbpgﬁtﬁgaﬂ?wrﬁght
transm ssi onogticatihn elelaa,ramdsindd/e compammbile er $ugdenooaulfcE resistivity i metat | y
hi gher haze. .Th I stivity of th anspat ent conductor remained
the same as ‘t”’Hg E w(b)e‘éfl’”ﬁﬁ‘ijl Etj?‘l% ‘?s‘ndi cating that the
coating of the matrix m%grﬂoal th@tape f&ftdm‘r%tlanterfﬁéeresﬂst.worrtﬁ@qgmre
film The transparent conductor thus formed was optically clear, and
had a corpar tiémsmiesiosmiéhe ansparéntoentiectps @indiany slightiyingreassd the haze.
films (e.qg., 1TO forned on PET substrﬁt?gg_l In addition, the tape
test did not alter the resi stivity or I'i ght 10 transm ssion of
the transparent_conductor, and only Sl ghtl d thE haze
TABLE 1 Tr anspal'@iParkeidies hi§s08 (% '
(OD) PET 91.6 0.78pppn- conduct i ve o/ PET 92.3 Qg g8 non- g&péj,H&rct,\)ée
AgNW PET 87.4 4.76 6 AgNW PU/ PET 8 .2 5.74 60 After tape test 87.2

I I’ICI’ eas

J

5.94 60 PU/PET 92.3 0.88 non-conductive
AgNW/PET 87.4 4.76 60
AgGNW/PU/PET 87.2 5.74 60
After tape test 87.2 5.94 €0
EXAMPLE 3

ACCELERATED H2S CORROSION TESTS

15 Sulfides, such as hydrogen sulfide (H2S), are known corrosive
agents. The electrical properties of the metal nanowires (e.g., silver) can
potentially be affected in the presence of the atmospheric suifides.
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 hersin.

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

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

at mospheri ¢ ®8r &n extehded petiod of thiie! MAUBE RbcdtIad 195 eaﬁﬁ%i«gﬁfbsit fas
the matri x. Lon%-ntﬁsrmsta ility of the nmetal nanow res can be

further obtaid%8 10 REYIGRRMEKIRITE Fas® of HuP gorresieM.osi on i nhi bitors

in the matri x, as descgj LW, .. i . .es. the a nt
of H2S in the air is aEE%’?' ﬂ'o&?f%%ggﬁﬂ‘ta‘pﬁ%’gg’é‘#% Iﬁfo%ﬁceéspﬁ%tfge&ggma
this level, plastiobagn A B,%rmtet @ntiustridl ScRnifi GasBatige\Miis 2Fy8iganded
period of i Tt%s accel| erated H2S corrosion test was™ designed
to providé ag%@gﬁ H@Ie(?g%‘% itep) Wasdrseytadinto the baa|tg menites theoiglpagslof s
were broken i j e ' o A t
(Thaustrial a0 fREEGOSE PGty 28 sowPigaitsl riREse Boffe e e HeScas
Moni tor) wasgesouet @getiod of 24 boirag After anninitiairbuilieipr & tha $BS W the By, the
1S gas ovelha iR pbaten ndaln i e &fe G oiieepisl herpapmenbie ne
e Mhem e 458 g g .

di ffused out of the perneable : verthel'ess,
H2S gas (IBeattedtlysumasspaihe levelns thagtmospedat,$ gasr passed the | evel

of the atnospheric H2 . re silwer n ire filmon PET was
prepar ed accordi ng to%gggen%pgpggn%lée ﬁ'f‘? ﬂ?\?ﬁm‘%ﬁ%@@(ﬁ’aﬁﬁﬁcﬁﬂr B9 te
bag with freBramplahkEde hywaeldisced il RlidticBdyaganibonida b I
two hours, iﬂ&i ﬂat ng thaé@_t heﬁ?ﬁ velr r?ﬁ)ad lgegr% .tarrni sﬂeggﬁud%qgﬂ
Ag2S was for Mg he Fhiq Garken wihiy twenhpga dndipating thet tie silBeshad/eeen
nanow r es i [ o] il after 2-
ayor " i carioied BhBReK RS s Bfied I Qe S Shanadt bfimE o7
sl ow dowiSt helvepaanewirésin miyurathahia Shates weFsdRibsefved until after 2-3 days,
indicating that the polyurethane matrix acted as a barrier to slow down the

permeation of the H.S gas.

EXAMPLE 4
20 INCORPORATION OF CORROSION INHIBITORS

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

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

Sample 1 was a conductive film of bare silver nanowires.

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

i nhi bi tor was present séﬁﬂai-.@ dwéi%spr@pémcbipﬁrbmrrﬁinbrﬁ pdrelsnysr sarovsre
nanow res. Sanple 2 was conducti ve silver nanowires in a

pol yur et hanefilmean B)PE'BSU@W{& gs. (ﬁaﬁ'ﬂM@ﬂé ﬁh@f@aﬂ@ﬂ vBiiots EQTOSI@ i ng a

bare silver wre

Thereafter, 'Oﬁﬂb %’@r'PS%rPB%tgq ﬁﬁ]}fﬂsﬁg %Eﬁcﬁgﬁsp@?za? gﬁaté} F' anerlal
the coating processes @émﬁlb%\ﬂﬁébﬁebafatw tating 2RO WE/98 sohsionrogpar ed
by coatin 0.1 w v% sol ution of benzotrlazole BTA) in methyl

et hyl ket gnéaqmmamﬁa (A fametiayl |etfyrl keteneWMEK) omthﬂiaa'éﬁ $IYRr Han@\w&e

| tt
matori 2l of W SUPEPREAESpRE fodm A R RhARR by Rl b ety
first i ncor npbRiiangf dolpurettdnef(P Uit MIEN(r‘[IABdI azole in a matri x
material PU MEK (1:4 foIIovvedb coaélt5 10 g 1erlal on
thg bar e IS| | ver nanowS@“P'?lWa%arﬁE’Iaée b\(/\g@ WPBEE&’F@H‘Q{/ Y/V&a? di ppi ng
a bare I f
si | vegit ZH@Q%}H‘;}& *1n é’?nairﬁc rﬁat%ﬂhl‘ibuflfﬂ\i/lg S 4 5!8@6/}/&9@%3}{ %:%a}tmgl the

di t hi ot hi adi a 'owm ng t ppi ng,
fol | owed1bdy matbd mgteniat bn mmrelsﬂvemtmnmkeﬂm/ MEK (1:4) having

1.5v/v% of dithiothiad|azol 15 Sa p first

i ncorporating 1.5v/v% @8?‘%“"@? erpgfﬁfg%ﬁ&\gfﬁk?g t%ﬁ@rg'sblfﬂl 'R?éf?“('rf WT
foll owed by irepddifiSort Bﬁ'l B & mmcﬁﬁ.baiaz@la |ﬁME!}€r£loWir|gViﬁé leé@thﬁv
film The optical and electrical properties of the Sa

measur ed befafter dipringffoliowethby eeriingrwitied npatix maderishE/] Eé‘s("d@s)’lﬁ”i"lﬂed
in 20 Exarrp{gw’é% gp&tﬁl&ﬁl‘é\' Easzo?er.e shown in Figures 24A 24B and 24C.

15 Sample 6 was prepared by first incorporating 1.5v/v% of acrolein
in a matrix material PU/MEK (1:4), followed by coating the matrix material on a
bare silver nanowire fitm.

The optical and electrical properties of the Samples 1-6 were
measured before and after an accelerated HyS treaiment, as described in

20 Example 3. The results are shown in Figures 24A, 24B and 24C.

Figure 24A shows the light transmission measurements of
Samples 1-6 before the H.S treatment and 24 hours after the HS treatment.
For purpose of comparison, the decrease of light transmission for each sample
is also graphed. Prior to the H.S treatment, all of the samples were shown to

25 be optically clear (having a light transmission higher than 80%). Following 24
hours of the H,S treatment, all of the samples have experienced decreases in
their light transmissions due to different degrees of silver tamish.

As expected, Sample 1 had the most reduction in light
transmission. Samples 3 and 8 did not perform better than the matrix-only

30 sample (Sample 2). Samples 4 and 5, however, had less reduction in light
transmission compared 1o the matrix-only sample, indicating the corrosion
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Figure 24A shows the light transm ssion neasurenents of Sanples 1-6
before the H2S treatnent and 24 hours after the H2S treatnent. For
pur pose of conparison, the decrease of |light transm ssion for each
sanple is also graphed. Prior to the H2S treatnent, all of the
sanpl es were shown to 25 be optically clear (having a |ight

transm ssion higher than 80% . Following 24 hours of the HZS

treat ment, afdhiisfor dhRioERAMLES e WS HREHIRY ih%?ﬁt%@?ﬁ%ﬁ'{eeﬁﬁrgfnéﬁowihé}%n

i ght transm ssions due to different degrees o ver tarnts
expect ed, SaRfing aemMedEdt he nost reduction in light transnission.

Sampl es 3 and 6 did not:.per better than the matri x-onl 30

saggl e (Sanple 2). Saorr%pgge %ﬁ%ﬁhmgs h’?d&ék?%“?eﬁ%ﬁ%%@ev@dﬁéﬁwes w6

| i ght transnbsferotheddsPae ' hi C |

co?r osion_ 53 inhibitor d?ﬂ%ﬁ?%@% gﬁﬂggﬁ?@i&ﬁ‘ghwﬁﬁ%‘{r@%%

the silveP nSYBRRNSY, thadecrsasegf theresistaace fargach sanpies ismiso glaphed.

23 hours. af o TR LY CTRER ShepReer ablefginciahtcn bbr tretees
decrease of amkeffectivelydramnionomashiutare£thbagiR ol RP#L dddfaditonn
all but Sanple 4%€€E§erl$ﬁr}ﬁed dramatic increases in their resistances

and effecti viBISe RECRFIHER WA significanthsdelnyedyfer somesareplest Satmple 4
degradati on ha Hed: ti i gnLti Ly, del ayed f
sone. sanpl s Lo BEGHER nBaRSIrii3ones; H18 Hob el vE TrBEFE ke
It is nofl@d em&amplee4 angRarepleS diﬂﬁedl@onsidé@hw,@eépi?éldmaﬁaﬁm@arﬁp[es
di ffered congj derabl despite that th Sanples _had the sane
corrosion i ﬁﬁ%"g‘iﬁ?éﬁ”{%??fﬁ?ﬁ?%f%‘?lfé&@@)O.fhlwaéoiphprh@smh@ﬁ thehthe

coati ng procasSAg pfeitsad f i f ' : ion
Cnhi bi tor . Figura oAt s A yt%ﬂ;&ﬁgfzee&%g‘g%%ﬁ?sg"g?'{gg%’%'@;{“ﬁb?&
before the H2S treat kigire 24§ showsohe haaé measuremeis of Seaipleni-6 Hefre

ur pose of ' in t azg fqr each sanple is
B50 ar aphed ™ SEER R i34 RORBR e e e LEERmert: waF plreipe o
measur enéfit scompierison ihechaepe i thetfaze ForatcrSsama s Slso drHRZ Al
w thin acceptable raqr;ﬁ%é | ess than 10% for each of Sanples 2-5.

Sanple 4 was sh reases i theirdage anaaq@@mgnwar\!&'@hnfhe 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 matrix, the transparent conductor showed clear
advantage over Sample 2 in which no corrosion inhibitor was present.
It is noted that the HyS levels in these accelerated tests were far
greater than the atmospheric H,S. It is therefore expected that transparent
25 conductors prepared similarly as Sample 4 would fare even better in the
presence of the atmospheric H;S.

ExXAmPLE 5
PRESSURE-TREATMENT OF METAL NANOWIRE NETWORK LAYERS

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

e oapher i ¢ 1DS - ExanpLE ook eer oW s R AT 20fn RARam fpavictn
%E?D@KGLIA\C(ERQdiﬁBOq%ﬁmzn ienatis wese depasited nasun Astofiéx EBGS PEalsab@tfate.
: i er
(oF ¥ netubr k a5t s i @ER viin AroBh gt phardatig Hoppstian of the
nanowi r es of nanmul’nds.mm@m@rka@%ég(v%éb forAEA acé’d?@in%ﬁ@'ﬂ#g%docggé&rﬁ%%s

were deposited on an Autofl ex 5 PET substrat _ rate
treat edpvm%t hEl@GWI'? #1 Nermatsixiraaterial wagaprlieddd theonetmforispriontarioni r es.

Ecarpl e 2. b osrr eabieE, e Tl I ag i E hevn cetbricut peinara segte
the pressur etainles: steeltrolldien 3 righ &ddh&bﬁ@uffé‘céfaﬂﬁ@a?eaﬂﬁ tﬁﬁﬁéﬁﬁdrﬁ%yer
out using a sfainless steel roller on a rigid bench-top

ingl e . _ |
surf ace. Theﬁ'ﬁ?@g WS o[ G duiches wjderand fremitle 4vashes tangs to 4.
inches wide and from3 to 4 inches long. 10 TABLE 2 Trial | Trial 2
Process R (.0/square) R (f/square) Transm ssion (% Haze (%
(original9 16000 400000 88.2 3.34 1 rPdgLE® 340 psi 297 690 87.3 3.67
1 roll @340 psi—#686—2368+24-13—1+oll @340 psi 73 127 86.6 4.19
1 roll @340 psi 61 92 87.1 4.T4@1 1 rol |Ti@B40 psi 53 86 86.6 4.44
Ar plasma 38 62P@Eesd 4.19 PRi®EqaR) aNyR ARRILER! I BhsRissh BES UiSe 1

network | ayers™agd, Bne 16000 400000 88.2 3.34
1 roll @ 340 psi 297 690 87.3 367
1 roll @ 340 psi 108 230 87.2 413
1 roll @ 340 psi 73 127 86.6 4.19
1 roll @ 340 psi 61 ) 87.1 4.47
1 roll @ 340 psi 53 86 86.6 4.44
Ar plasma 38 62 88.0 4.19

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

15 across the network layer at approximately 340 psi.

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

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

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

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

and third (second triglg BhSve in el | suplibatidn Fhradsiss o fRtvdRZ e
for the second trial ?is %wrrste(? 'lnn tLe 'f urit%t 20 ngés?'tl? th col ums,
respect i vel ylaydsbishoolter can rediscedbe dight trarsmission ofithe layerdancitinereage e
the network | ayer, of each ftri al S increased by a | cat .on_ of
pressure to hg 'r‘?‘%ﬁg"‘?”l’ué}t@q!? 35%?%' %W@Rﬁnglﬁ’&/%es?ﬁ&ha%rﬂ%{% pressure
appl i cati on datie® bk furtifer anpRVBBRE trahghiBEioRand re@ldtheditzeldidys e
the light transmssion of the layer and increase the haze. As shown
in Tabl e 8 begtoark Ry@tashi ng process following the pressure treatnent
can further inprove the transm ssion aﬂgé duce the haze of the 5
network | ayer. TABLE 3 Process Resista K ?V\D) Transm ssion (% Haze

(%9 (original) 700, 009 84,4 4'7Z?esi§ar{c9|éslzl§2 OrBA0niBsdn (%99 86 Py 24
soap & water wash —0—4- : . n
Tabl e 3, application dPigEBssure to’®@%MBtwork | afet by twhé€é rolling
with a single stainkess @sddaki bar at 1egppr oxi nat eB§ 6340 psi 5@4 a rigid
10 surface reduced sto%&%tgmashr ansm sgi on and i_ngi_@ased thglgt@aze of
the network | ayer. shing the network layer wth soap and _wat er
after the rolling. hofeRa™ i ncreased® he transnP$2i on and*décreased
the haze. An argon plasma treatnent further inproved the

transm ssi on and haze. i e 4 K. WM
wi thout rolling is al &%@@?‘ft{!ﬁ? \3&%10?{%& Ec’){\)ljr%g&pﬁgg%on Ug{kl '3’(‘?‘"be
to sone ext eifice Fodirngoxiing siir’fyiie piafriesy stearbanas hppoximataly 8t ssi on a rigid

matri x materi al
0  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 fransmission and decreased the haze. An argon
plasma treatment further improved the transmission and haze.

Washing the network with soap and water without rolfing is also

15 effective at improving the conductivity fo some extent.

Following the pressure or washing treatments, a matrix material

can be coated as previously described in Example 2.
EXAMPLE 6

PHOTO-PATTERNING OF CONDUCTIVE LAYERS

20 : Figure 25A illustrates one method of directly patterning a
nanowire-based transparent conductive film. In this example, a silver nanowire
network layer (“network 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

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

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

| aced h ' i f '
pl aced on tA@%@ m@&%?ﬁgt ThEadkeHPlhe 8 fesediiae hadthg! PAURBEY 6%

formati on. le matrix materi conprising a
m xture of piapdingaeld ofiaboutdi@iouiwitee Thehwatiztaiedal wgethedOoadiatedi n

the area 614. k 62 | ac 56 t he, .hol .S, 610, . Th
mask 620 vvasf‘ﬁ%l%@%mé?( %Qﬁﬁlfﬁi&? ﬁﬁegg %ﬁﬁﬁﬂﬁorn&? mﬁ@?&"ﬁ?hé’sc%%’rbwg
about 500m Weleyns i odBd fd n@rg% 8rbmbindadighiagn the fepbrit wet weRdRBsied
Dymax 5000 | anp for 90 seconds, The matrix material cured in the

regi ons e&poiethetdarkiligés. and remained liquid in the regions that were

masked 5 by the dark J.ines. . ' ' . d ' Ll m
630 was obtained afte S%H@"bﬁﬁi@@r%%éeﬂﬁﬁ%%@ﬁ i%gg%%@éf.n\éaﬁfgb}

lighter regipapHoidpursmirgpdeeabed abotd/ Thd ifhtét ieglons B84t wreredadplssed to
regions 638 were masked fromthe |ight exposure. Conductjve film 640

was further YMHjradiatien aad Hie darksagios B3P wes masked KoM 9I”9bbe)ﬂR95ure-
remove the bhdtf rg@'{\'@b v@a&dru&ﬁﬁrea?ei@eéa o adﬁayf\%%f}ge;oﬁgi apRy fifido

As shown, the con bet'ween uncured reglons cured
regi ons 1644renasventhe maatrix ethtera) lahdvwhe gandwiresdhamicured regonsrGdadt et |

the concentration_ of the nanow res dropped bel th ercol ation
threshol d | rEHOW, die GeeiERst Pefescing sncutsddepiors 24 ad b shied 2alp0e ng

fine probe tg&@wélgg,\ﬁ@r%dnggg EBE%v}iﬁgQﬁ&ﬁ&lﬁé&iﬁ@tﬁ?@'i‘r%aﬁﬂénﬂ{"ﬂ{eecqncentration

non- conducti ve. ures ow a photo-patterned conductive |ayer
at hi gher nefghefmacawiresdropbed lelove i’ perotletiemthreshelint theainturasd 640

m 640 af B0 S B r e Toe Pens B i roB R naRefiRRah o
r egi on 648 apRRRES ré’g;@ﬂis t4OWERY néepndiititde uncur ed regi on 644. At
hi gher magnification (Figures 26C and 26D, 20x), it . .
Figures 26A-F show a photo-patterned conductive layer at higher
-magnifications. Figure 26A shows the conductive film 640 immediately after
photo-curing (5x). Figure 26B shows the conductive film 640 after the adhesive
tape treatment (5x), in which the cured region 648 appears much lighter than
20 the uncured region 644. 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 aiternative to removing the matrix material and nanowires in
25 the uncured region using adhesive tapes or tacky rolls, a solvent may be used
to wash the uncured regions. As shown in Figures 27A-D, a conductive film
700 was prepared as described above and exposed to UV irradiation through a
brass aperture mask. Figure 27A shows cured regions (conductive regions)
710 and uncured regions 720 after being washed with ethanol and wiped.
30 Figures 27B-D illustrate, at increasing magnifications, the contrast of the

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

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

700 was preR@rafiradfiofted 0.1 Refe ahowedasgionx P8 afosiofthe Lntwrdd atatan
through a brass aperture mask. Figure 27A shows cured regions

(conduct i ve maigriatand tteisivaneenewdies dadrhegndamored bithe pthaBrhyaskished

w t h et hanol,and w | gu D gl , [ iﬁﬂﬁ’
magni fi cati f@to-pﬁhgm ﬁ’%gézflo%% 5r§ﬁg@e7 n%‘ﬁc‘iﬁcb%g{:égﬁng’nﬁﬁaﬁdggél n Pﬂ%
uncured regir@@énmomﬁ@wﬁgr&@térﬁmed peitdne. 57 cured regions 710. In
t he uncured regions 720, nost of the_uncured matrix material and the

silver ndhowires had been renoved byEXA¥PIE hanol washi ng.

Phot o- patterning therefore produces conductive regions and

non- conductive region accor dPHQTR-CURABLESTRRMULATIONG pattern. 5
EXAMPLE 7 PHOTO CURABLE FORMULATI ONS The matrix material described
in Exanple 6 can be f dheuhatriedndigrialdestibedip Exange ¢l canderforroviaied lay

| , f i ned her gi Iti- f i |
Cor pr epol yifeBIaHR 2R aq"gale MukeDeEY Brepaitipe s camanpbiedhyp pat ™"
ononers or fﬁﬁtg_ﬁfglthxgl@lﬁﬁaté%n@%c&‘#%&%reébl?ﬁleﬂsalﬁpﬁﬂéas’t@nﬂpﬁbﬁﬁmitiaimr e

specifically exyl acrylate, 2-phenoxyethyl acrylate, lauryl -
acryl at e10 niethacrylptaresomens ot prepblyREers pay benused, JUSHES ety aserlgtedt e

Crosst nki ngn Shrsitealt ZBMME FEHAE, eRRRGD i kRidB paR dinee
triacryl at e fdiMBEAIated Tarid thelikey hapengiivartiotalannlbetraondhepfoenol - A

di acryl ate, propoxylated (3)  trinethyloipropane triacr

di pent aer yt HfPp@yMeertan be HsechiceRromele thergtmertinn oiA gioss ’{5?&92"9&{%%,
(b oacor et % e IR oty SBRAEf BT AF 0o
a- hydr oxys k ettipropyieng! ghpoof dacedate bieisgiugriodAodiacryiata mropokéaien €3) and t he
ke trimethylolpropane triacrylate, dipentaerythritol penta-acrylate. Any
photoinitiator, for example, ketone based initiators, can be used. Specific
examples include: Ciba Irgacure 754, phenyl ketone such as Ciba Irgacure 184,
o-hydroxy ketones, glyoxylates, benzophenone, a-amino ketenes and the like.
20 More specifically, a fast-curing formulation can be prepared by combining 60%-
70% é—ethylhexyl acrylate, 15%-30% trimethylolpropane triacrylate and about
5% Ciba Irgacure 754.
Other additives can be added to enhance the stability and/or
promote the adhesion of the matrix and the nanowires. For example, an
25 adhesion promoter (e.g., silanes) that promotes the coupling between organic
matter and inorganic matter can be used. Examples of the silane-type
adhesion promoters include GE Silquest A174, GE Siiquest A1100 and the like.
Antioxidants such as Ciba Irgonox 1010ff, Ciba Irgonox 245, Irgonox 1035 can
be used. Moreover, additional or co-initiators can be used to promote the
30 efficiency of the photoinitiator. Examples of coinitiator can include any types of
tertiary amine acrylates, such as Sartomer CN373, CN 371, CN384, CN386
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20 More specifically, a fast-curing fornulation can be prepared by
conmbi ni ng 60% 70% 2-et hyl hexyl acrylate, 15% 30% tri net hyl ol propane
triacrylate and about 5% Ci ba Irgacure 754. OQther additives can be
added to enhance the stability and/or pronote the adhesion of the
matri x and the nanow res. For exanple, an 25 adhesion pronoter (e.g.,
silanes) that pronotes the coupling between organic matter and

i norgani ¢ Meinkehe k. PR atEtibnabsisstonitiatarisutihas CibagatweOXBOhesan be
pronoters include GE Silquest Al74, GE Silquest Al 100 and the like.

Ant i oxi dant Sudhgsiedsiedci ba | rgonox 1010ff, Ciba |rgonox 245, |rgonox

1035 can be used. M Lt = b g b : d
to promte the 30 ef f Perhers B kemBRh Slotf Buldbls obitofigButibie €
coi ni ti at or {§@MmatiehiatsiAnged Pl elamplertiary am ne acryl ates, such
as Sartoner CN373, CN 371, CN384, CN386 58 and the like. An

addi ti ondt piesrwlatiPpifat or such as Giba Irgacure OXEO1 can be further

added. Bel ow are four rable fornul ati ons suitable
as the matrix materi Zl?wl;g]e%wﬁe)&ﬂ%@@%npl e: 5 Formulation 1 75%

2- et hyl hexyl acryl at e20%0#methyielphyiankdriagelate (TMRTEAY| ate ( TMPTA) ;
1% adhesi on pronoter il quest Al 1 0. 1 ,.% anti oxi dant (G ba
| rgonox 1010ff) and 18%@5&1%‘?%”9”?9%&&% ?@WJ{Naaﬁhre 754)

Fornul ation 2 73. 9% 2gefohuhhgxdhni@eind Rychox2@Moky hagt hyl ol propane
triacrylate (TMPTA); 1% adhesion pronoter (CGE Silquest Al 100); 15

0. 05% antQ oxi dant ( Ci 8% phofoinitiatar0Cili lygande 8@ phot oi niti ator (Ci ba
; ° ! .
I(_rrgacx;e 75490rmla%rﬁgHI2at| on 3 73.1 %tripropylene glycol diacrylate

73.9% 2-ethylhexyl acrylate;
20% trimethylolpropane triacrylate (TMPTA),
1% adhesion promoter (GE Silquest A1100);
15 0.05% antioxidant (Ciba Irgonox 1010ff) and
5% photoinitiator (Ciba Irgacure 754)
Formulation 3
73.1 % tripropylene glycol diactylate (TPGDA)
22.0 % trimethylolpropane triacrylate (TMPTA)
20 4.9 % photoinitiator (Ciba Irgacure 754)
0.03% antioxidant (4-methoxyphenol)
Formulation 4
68% 2-ethylhexyl acrylate;
20% trimethylolpropane triacrylate (TMPTA);
25 1% adhesion promoter (GE Silguest A1100);
0.1% antioxydant (Ciba Irgonox 1010ff) and
5% photoinitiator 1 (Ciba Irgacure 754)
5% coinitiator (Sartomer CN373)
1% photoinitiator 1l {(Ciba Irgacure OXEO1)
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22.0 % trinethyl ol propane triacrylate (TMPTA) 20 4.9 %
photoinitiator (C ba Irgacure 754) 0.03% anti oxi dant

(4- net hoxyphenol ) Formul ation 4 68% 2-et hyl hexyl acrylate; 20%
tri.net hyl ol propane triacrylate (TMPTA); 25 1% adhesion pronoter (GE
Silquest Al 100); 0.1% antioxydant (Ci ba Irgonox 1010ff) and 5%
photoinitiator | (Ci ba Irgacure 754) 5% coinitiator (Sartoner CN373)
1% photoinitiator Il (G ba Irgacure OXEOl) 59 EXAMPLE 8 NANOW RE

DI SPERSI ON A nanowi re di spersion, or ink, was formul ated by conbining
about 5 0.08% w. HPMC, about O. 36%&@@? ver nanow res, about

0. 005% wt. Zonyl (r) FSO 100 and abou : §5%wt. water. As an

initial step, an HPMC stock sol ygj r ed. An anmount of

wat er equal to about 3/8 of bt he ;ﬁd%@]dwﬁgg’g%ggg%bol)upe of gggovm EieBSC
di spersion was placed jn ecaker and heate n .an

" on a hotplate. Enough ‘%\45@50\9'59 RESLHE mzwﬁé?ﬂﬁ@éﬁ&!tqwlﬂlﬁg about

added {0 GheowBYewt HRMChabd@!De%avtiaiet HaRadired labodlie. 005 38flye

water m xture was stirred to di sperse the H remal nder 0
total amount FOP-1RR and abeutf% 5955d varwatee As@ntinitial siepieh HBMGstobkeat ed

| uti ' ' M bout, .20, m T H
ol it on - ve A BeL Bheiterdh b ATl ot R RS LR B apRUR R A rntd
Bet apur e fi | desiredoolfime efmamowirsldispbrermh Wad ﬁ:aaétsiirp@béawla’ﬁ&fe_ _até\lﬁe a
stock soluti,o ofﬁ@é%g i?r) FSO 100 was Erepared. More specifica ,

10g of ZonylR&He SC g fotpiate 9 EneuginHPMEE taveneke a5 wieat ed
o i S S i 149 ot ok eE gl g R BERERRR R, TR
final ink cdnpiéi andwatersnipiuse adsistirred todisperserthe HRMC. tThe rdfhainder of
imricte f}:ar Y AR %tapémgll.mt 0 tm(raartelI v?tag%ﬁiﬁeg 88 lilcg_e a?ngd t%gg(g)d\gted tg%'tneelgegtgl:i ution
HPMC solution and stirred at high RPM for about 20 min. The HPMC solution
was filtered through a 40pm/70pm (absolute/nominal) Cuno Betapure filter to
15 remove undisolved gels and particulates. Next a stock solution of Zonyl® FSO-
100 was prepared. More specifically, 10g of Zonyi® FSO 100 were added to
92.61 mL of water and heated until the Zony!® FSO 100 was fully dissolved.
The necessary amount of HPMC stock solution to make about 0.08% wt.
HPMC solution in the final ink composition was placed in a container. Then, the
20 necessary amount of DI water to make about 99.555% wt. water solution in the
final ink composition was added. The solution was stirred for about 15 min. and
the necessary amount of silver nanowires to make about 0.36% Ag nanowire
solution in the final ink composition were added. Finally, the necessary amount
of the Zonyl® 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.S. patent applications, foreign patents, foreign patent applications and non-
patent publications referred to in this specification and/or listed in the

Application Data Sheet, are incorporated herein by reference, in their entirety.
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final ink conposition was added. The solution was stirred for about
15 min. and the necessary amount of silver nanowires to nmake about
0.36% Ag nanowire solution in the final ink conposition were added.
Finally, the necessary anount of the Zonylr FSO 100 stock solution
to make about 0.005% wt. Zonyl (r) FSO 25 100 sol ution was added. Al
of the above U. S. patents, U S. patent application publications,

U S. patent applicatio | ; v i -
appl i cati ons and non- g?@ﬁ@%ﬁ%‘@ﬁ‘@@e ?é%?fra g%j @%&,fﬂrﬁh?lﬁggspemﬂc
speci fi cat i oemtradiraentsicf thedinventidnehaveidenadasonbdherefinfae burppses of

incorporatedWQﬁfe%n Qy.refere ce, intheir entirety. 60 Fromthe .
foregoi ng it IWSIAUR VaHBHS modimcationsmay berprdr witagid deviating Siepberfpiits
of the invent ri ei

11 ustrat ono o aeos 8 BRAYSHER kRO the Iiibnfh R Tnfien spcept as
from the $pi bythe appergiagialainfs.t he i nvention. Accordingly, the
invention is not limted except as 5 by the appended clains. 61 In a
first aspect, there is described a transparent conductor conprising:
a substrate; and a conductive | ayer on the substrate, the conductive
| ayer including a plurality of nmetal nanowi res. In one enbodi nent of
the first aspect, the netal nanowires can be silver nanowires. In
anot her enbodi nent of the first aspect, each nanowi re has an aspect
ratio. In yet another enbodi nent of the first aspect, each nanowre
has an aspect ratio of about 100. In one enbodi ment of the first
aspect, the conductive |ayer can include a matrix. |In another

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

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

pol yacrylic, silicone, polyacrylate, polysilane, polyester,

pol yvi nyl chloride, polystyrene, polyolefm fluoropolynmner,

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

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

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

regions of the murgaceyal de, dansRel B0l ORINEIL: GARrOR. 0N

conductive. | n one enbodi rent of aspec ‘rate of
t he transpabsnte: adridwodustiveclarer be theisgbstiate) the eomdudties laeetrbmlhdmmt t he

substrate 0, i nyI

chi ori de, st QEEHOE RSy B UK RGENALE: oD% ik el Rl
silicone, dlapeysres exbs, SIIV%@PIVE'@IIQ%ﬂ@@#ﬁ@tekembﬂdanenp@ﬁ#ﬁﬁmb@nmh@ach
polyester. b Y s asgBGTl M §dilhne Ut BN A ASNRp&ORRAY TBr . OF
pol ycar bonat e or copol amnate of thes

mat eri al s. qaﬁovﬁﬁéﬁﬁ@tasmi*b@m@fé‘h@mdﬁothe first aspect, the substrate
of the transparent conductor can be flexible. In another enbodi nent,

the substrate cap oh@%&&ﬁmﬁ%ﬁ@@ Ik agp%a e lyo.afk ndyer | Mart !

chl oride, fl uorogg ynmer, polyam de, polyim de, polysulfone,

si i cone, gngiher pembndimicat o thl o FriasPaFG, COBHIO)RN 0PAs0 e nBtrface

pol yester, coﬂtﬁsl:t}%l ﬁytmsretﬁb%ﬁltﬁtl iy QM&@@A@B@o?&&ﬁ?EEmC%%N”EV or
pol ycar bonat e or copol yner bl e | am na hese

mat eri al s. ae%h?rﬁ@ﬁ@mé%%l%% “@tenﬁlh‘é‘nflp?l‘ﬁe nebpyethane:t ppdyagrylie,
descri bed aﬂhcbﬂearp%@%@mte cp@nfa%totaot&wtérh%my@gmotm&ﬂeg peRRtyfRiine,MOT €

anti-reflect] ve a?f ers1 anti-glare |l ayers, adhesive l|ayers,
barriers, Raglelpdiuorepplyzger, FPPH?%‘&% RAYifgiqeypo V?PTB?féeDén%féﬂP?fﬁH?‘ t he

t ranspar entputiiénE QRhe S@paRmaAL bor édpfaiyﬁﬁtg W bRY&! (RISl ipnad over
t he conduct%é | ayer,, and. an ad eS|v ayer 03|t|oned betmeen t he

conduct i ve “FRYmet, die T FRfeR téan b‘t ¢ oG e t2notheT o
transpare nteumnﬂmt dch Nital CRUNPWirs @r an tpaftcbnc Oﬂtthé)\pﬂfraﬁﬂ?e of Cﬁtutatct ive

| ayer, a barrier d %_ﬁjr E"F’Sltlonegi? en the conductive l? and
the subst r AFEOViERqdssred feseiny | laddpdls, %?ﬁtePn%ét%\antt @ BgBettate. In
a further ebbadisafice ofhke tnraahcspﬂryenhnotmrwhb@ﬁmtenfr&ye cofipudiBe an
anti-reflective |ayer antl a _barrie ayer 0 i oned
above the g@’ﬁﬁu@f‘l‘é Hagsie g’ﬁggq@t ey f) b?tﬁuﬁ%@g 0gleh’tﬁeen t he
conductive t:taagparenancabntltnﬂoxs utblstheatcendmdeaﬁnchrsbcoﬂdefrégoﬁs ot thayer

bel ow the %qu?éer@flt'ﬁe transparent conductor can be non- conductive.

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

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

enbodi nment, the HNEnd'e gﬁuengotgf QEé Ofri.'rse nalhI et():Lt %e?e G@‘nd bs%ri}pe%usaed In
one or nore reservoirs and can be Telease I’n“vVapor phdse. I'n
anot her entodspasent, cotvmcmor fuoidien rrompnisbigt one ocan mone | antiereflective

benzotri az t i.az . ] I
di t hi ot hi aﬁ%‘%’zf%| gbtygfak% Bk"%ﬁ E‘%ﬁﬁ%ggﬁg té’é‘lrge?iﬁ g?rﬁyﬁ’ﬁr ol's? 2

am nopyr i mpd¢taeivesilg. Inioneepbdiorent, thel rawiperenPmayricompBsaer ewtpt o- 1, 3, 4
t hi adi azol = i m.di ne, c X ., 4 2=

nmer capt obe‘r?gf(]). .?12%‘%?8%5?%%%& ﬁbe%cﬂggtcgé%@?emﬁggarg%ﬁgzﬁl %d‘?“%é‘fe giﬁ%rt her
enmbodi ment ,positiencd between th candiitive tayer apd the shiestrite iz enqthen zobaliment,

di t hi ot hi agy i thiofhi adi i

i bi tor - ChnPapErl oRuitor ;8 BhOHD LA T00Rer AN EafLRIRR s |\
corrosi on bamist yeropositiapedpleturen she pondugiivg davst and thie aubstrete, axd an

n- chl or osuGe; Ringie -Iayjef‘béP&ﬁ m%rm&%ﬂlz?m}] a ﬁ%thérf}ﬁnb_fa&iﬁﬁﬁt, 8 Pefidparehin®

transparent conductor can have a |ig ransni ssi oh of at |east 50%
I n anot her ceiiyeiar menconpriera apti-sleggdeer, ahglare paths parienteyeonduct or

described BeLifindd G8ive RV&@nduBW :96Cad Sdlesild MidpoSliofa JIR¥eEn tehan
1x106 [I/o0. I n another enbodi nent of the first "aspect, the netal

nanowi res PRURNYE laysnandche sibstigies aRskar aptirestigefive dpvar hslar the subgtrass.

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

at | east a portimRn®mbhBmbitWrahé thyst Ghpect) AROWIFar&lt A38dRGr RN S
having a fl attened cross section. 63 In a second aspect, thefe is

descri bed &MHET FRIEPTIST ORSA B MRl ORGSIAN daRiaEn rTgR one OB IR fYFosion

conpr ibsi ng:inlﬂtqaﬁssédni iﬂ@l}l@e wgm@b&ﬁp@g@@& Hﬁ%@'enﬂﬂ@d)ﬂgﬁt,_rtﬁ§ oﬁ)elpp@nféx‘gr f acg of
a substrate, the netal nagnow res belng dispersed In a llquld;, an
forming a FRAeSOD PR ?ﬂﬁﬁ%ﬂﬁ? RO PRSI MR TESFHEOE A7 P PR | owi ng

the |i qui did @aghtYphaden D Beothee ebBOdimER] t1Rf cdhRidme adMoASReGlcludshe net al
nanow res can be silver nanowres. |In _another . qdj.ment Iqélthe
second asp%ﬁ’iz,omtaﬁ i itﬁﬁ‘i”azﬂi%ybw ttFFé‘?ylcg?Fﬁ?]iesedlﬁf[}’?m ﬁoper vé el ect ed
f r om car boxithio®taHiakolesel | uhdse, alRylthydls, oxy 2et hyhieeydtidase, Fgdr oxy
propyl nethyl cellul ose, nmethyl celﬁé_ulos ly vinyl lCOhﬁJe’
tripropyle eéliy?bceg?lfmdjﬁiﬁ%e’xant EXae |0 mFrﬁapgqigg‘gnboMﬁ@?eof t & second
aspect, t henervepthpalinmidiye, f Lmelveptobenzoxazole, 2- mercaptobenzothiazole, or 2-

mercaptobenzimidazole. In yet another embodiment, the corrosion inhibitor can

be benzotriazole, dithiothiadiazole or alkyl dithiothiadiazoles. The corrosion

inhibitor can also be an H,S scavenger. A further embodiment, the corrosion

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

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

nanowire crossing points having a flattened cross section.
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conprise pre-treating the surface of the substrate prior to
depositing the netal nanowires. |In another enbodinent, the
pre-treating the surface of the substrate creates a pattern
conprising at | eggteQnEapLE; &lﬁsﬁtc@& h&O ABNANGE Hricht £33 ran Rt
untreated region. In yet another e I ment, the net oW re
network | aipagucios C@mrgsmgo‘ilwulﬁrﬁ mlwehtpmémeraéamewr?segn owrfaterpfa furt her
enbodi ment , subdiGiePhe meldi G&idwids blRe ﬁHﬁér&Q%%aﬁhuﬁd"%&‘@&mﬁl gRORLEI N9 an
asma

intermedi ate | ayer on the surface of substrate
treat ment, WBRGEORREVAK dayerremithe Bbstety by allering: Fgr lipwid 10nd1'é5ﬂ@ ettbodi ment

of the secoRtho@fRAUS thelBSHnABIRAIME GREN hRBFirBELE b mmy nanbWhdshEr
conpri se post - treatl ng the metal nanowire network |ayer. |n another

enbodi ment ,20pthe srrkofmsunal theseeand rasesstnihg b@lémn@ﬂlﬁ-‘@ CRMPRSRCt | Vi ty
of the traRsRN @a&ctefdongmcwsoxgymew célfuﬁfé&' My&rbfy ?ﬁkelﬂﬂ’d@@w re
net wor k Iayer f ol | owi ng formation thereof. In a further

embodi ment ,YEREY nBPRYd n&fét%r qué@s%ep’éihﬁl rgiulosee nily senvp Bleghakg

pressure, hg@{)pylwggrcolcgmmaﬁﬁﬁﬂggﬁlthereof to the netal nanowire
network layer. 1n one enbodi nent of the second aspect, the nethod may

further conpris deposi tin trix material on the netal nanow re
network | ayer; j‘ﬁoonéu?qﬁf?&mﬁ%b of Sg? rSesendreasesch athe traethady ey e x, the

mat ri x and dobgrisepaliratingWhe eafearbeud esbstritb pried © dEQisﬂhQ%eam&ﬂndUCt ive
| ayer. In another enbodinent of the second aspec E od may
further corfBPeEs dmudery afmhodt a%e@f?wt‘% t %CSH‘I e P p i on of
the pl uralsubsyraafcra&&alpauﬁaﬂempmngt@mﬁtainapdeetr@lmvreglan sidr & dae of the
matrix to provi

con uctln sur f gece of the nductive | ayer. In
one enbodi MERLT tr?aﬁ% gidd ?‘@F‘F&Fm %ﬁn&&h%ﬂe? NARATE Y O i sper sed
i n a sol veryer isrbmgnibhhm(neuhb@fh-tfmmﬂ regidhe In stﬂmh&gemmayﬁm'eﬁf,rmei e
evaporating_the rix material,nay conpfise.a
prepol yner . e PIHESH ik Surt‘r?r%e Can utdg%?pr?@t’%g S C}lﬂ‘ggﬁerboé‘ t{%%utr%‘-’ec‘ffr abl e.
I n anot her th@ubmdtenpimna ttehtenepty BNedzymereaimant, tiecotdne digelargeur abl e. 64 I n
one enbodi nent of the second aspect, the matrix material can be

depost ted accor dh . el i LecRONES) 10,5034 50l 005 A

uncoated regions o nanow re hetwor ayer ¢dat ed
regi ons curihmigr icoinpriss postiréatngdltt mztal inenovtire aﬂwblﬂ{elay@nﬁochnmhm t he

met hod des%mbp:ﬁgeﬁe{hgln%t yszd{"%hH&rclomgﬁgg)&{h§l?c1%%“83(11&&1\&9 & HR! al

nanowi res in the uhcoat
transparent conductor by post-treating the metal nanowire network layer following

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

nanowire network layer.

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

embodiment, the prepolymer can be thermal-curable.
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enbodi ment, the matrix material can be printed on the substrate
according to the pattern. In one enbodi nent, the curing conprises
sel ectively curing, according to a pattern, the matrix material to
form cured egi GRSn@Ntiibt:od HEULANF sl (RNALAR! mBERALLARAL . e
met hod may further conprise renoving i X material t he

met al nanowiepased acqopding e LA eelttﬁregPmsimngqeatedmajorrsegld)mscqm form
patterned GOAGHCY e e Hadowtd n@REIARRE AL Bhod legt aaspect,
there is deséggllysbed a agomlf' m? Errl (Ezga%tl ng a &f;”ée é%:?@ﬁgq%gnductor
wherein t h@a%ﬁtthaé%m @thPWWﬂ@enl, hegppthod glatsobidrisrein mash@rtberbst rat e
can be drivga,hy %nBﬁEQMc%etﬁl%o@ir&rﬁg ik lgfc@éf&i $eBfAns. @?‘g an@fig the
net al nanow res are deposited at a first osit on station al ong

t he travel iSAgopaen, the matrixtaateri waermméeﬁhoalt ¢ snbgleatoaricerdig ¢ the second
deposi tion pagdRtih %He Bh I ACdnh §hd ELﬁ'fﬁ‘Eldoﬂlgn%tslalectll\'%haaﬁhl@eécc%@d' ment,

t he substrate can be positioned ofi conveyor In"yet anot her
enbodi nent ,!© epatterat the Matix pegal teéfrfﬁlr%@sreé@ﬁﬁ ﬁglttqﬁereﬁaquﬁ It eri al
at a patterping shiRtinRh, 3hORBtHodemly avaki BenprRatBmoiile tfelUikig MRy
conprise continuously exposing the matrix material to Iight
i rradiati ofBateripand; tB‘hfﬂe‘ia REREVEES 18 b unyurse regionp eEtecyrod Gegions ANt r i x
mat eri al aqgrgfﬁtté}gedcbﬁuuaw@qugﬁrn I n one enbodi nent, there is
descri bed a nethod of fabricating a transparent conduct or wher ei n
curing conprises heating the matrix material |ayer according to a
pattern using a hat e‘P‘?‘PgH’I‘e&f Phige serord asprctathere AnAeserhse @i mEhad o t he

matrix nmat emnaitmgesem@eenthwnemd@orcaneraﬁ tﬁ@-tsﬁlﬁhﬁﬁt@disl MxfbleC Uh Eghel €91 ONS
and uncured rcﬁlﬁl ontls“édl n a furthe odi nent, t met hod descri bed

e
herein may PP FHfFriat?ecaPebr?o‘gfll‘f?ﬁ Y TR ’B?e PRE £ VRS t he

met al nanowmesﬂd the trlveal waIwiRd ard @@bmd 262 firft ep&iteiedionwNngof t he
second aspec ere s

cri fabric
transpar en '8‘?1"3[;’&% B?dl’vﬁlllg oy pa H‘em%ﬁ‘ggtlf %F%os}t%d & F pE %b4eggséft?ﬁor
substrate. sﬂaﬁoramloﬁgﬂﬂre tmvblﬁ@ pasntln dnbéed brebddihedt, dbd Gibsgatbshh ake can be
coated with .a re | ease od| rre t of. t.h econd
aspect, t hEOTRYR cfm Cci?veyf’ﬁ??]ﬁ llfn Eeg itﬂfsr eIH © ol o R i ve
| ayer fromcbihgristd entinlgl the choutmdx nfatdua]t atat watteraing s&app:h ylong tHehawvelmpduct i ve
layer to a pgtﬂ.bﬁ}erc%ﬁl‘?g Bl;y g n%g COnkmuou ?f e%&)bs%cgi ﬂ%erﬂ%mx mgt%rial 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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conductive layer can be patterned prior to being detached fromthe
fl exi bl e donor substrate. In another enbodinent, the substrate of
choice may conprise at |east one heated region and at | east one

unheat ed 29t O IEERRI I IR sl HERL AR SRISRIEC,
further enbidblicatmyt 2 ttansparest hodlucies ehébiedthh esubitrateniya fllexibleedonconpri se

renoving o er.C 1va. i 0.t he unheated region.. l.n one
enbodi nment ?Jux%tlfﬁ{e?i %noa%gﬁgltc %ﬂ\l/beo%@é/?ﬂei ﬂsegg%epﬁn%rds uﬁ%afehcémgu céatterda 1@1 of

choi ce by applepsnBypr bssnether embodihent gdribluetchndeaspentethe atioddiayy to a
pattern, angifhes ghile BRCRN HUChhREIMRE soR IR Eonll Lifldaya L 2
pressured region than 1t w an unpressured region. Rt SRR Gt her
enmbodi ment ,anglapplyieg the dordeiteildyetorenksimate whghofagr Intvee crolomipmdng gher enovi ng
only the c AR ; ‘ . ONn

embod mont PRy BiEbe Pllchof pHIRE S5 ERAEERLA Y. AL ner

enmbodi nent ,subsiateslygaathey embefimentdhe subsivaly of ehdice wiaplcempiise a4 lealti r d

aspect, thesR HesedeSEH Qﬁpatalggarﬁng%hﬁ&@t {egfow(vﬁen%& Li ﬁﬁc%gﬁ@e

fl exi bl e donor substrate;, and a conductive-layer including a matrix
enbedded wile¥er bepdpthehgated speion mees fiimln taoitivords withthewdegedsdionent  of

the third agnefitherd B8bodiRdR, NAL GbuRId" HSLnH-8 HIRYn Héggf?ﬁﬁer(\cg fileS€ @

rel ease | ayer positioned between the flexible do substrate and
t he conduct'FRevin&oely the pendpdive layer indhewnbgephissioacinpnh smbedifersm t he

conducti ve thaydiuctive 1@@9&[}%?%@&%%& DRREratlof ERBed 1Y 41 AsPHetsure the

(¥
| am nated structure may f er conprise an adhesivé 'l ayer positioned
on the corfBthetgopdctiys Byer aceordiag (o mBiiisar apdHBeFRdhe cosudtivelayer r d
aspect, thech@vhaa ety iy Mﬁieblsruﬁadrf_@%oﬁ ik RS¥ithCRANRpeSBred RegMEIC Oat
| ayer positioped e‘ijﬂ\é\\een the. flexible donor substrate and the
conduct i ve aP‘é‘g‘érefn e By B5thed fespiihgd hpreRgRAYSEERSRLRIPPIISE FEYEEduct | ve

layer. In oAl eehediwerd layihe damgRrdTaY¥gbe B el ehvedialnt, the
anti-reflective |ayer, .an anti-glare _|layer, a

protective film ,

barrier |aye S,tratBro?ghmlcé’dﬂﬁ DG I ARt srmbodigienty the splstrpte 10f gRgiect |
there i s dessmneliedbla. di spl ay device conprising at | east one
transparent el ectrode having a conductive |layer, the conductive |ayer

el 0ing o Py syl TR IR bl P SRR, o e

t he netal rlaxibleidoss stisiratg 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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enbedded in the matrix. In another enbodi ment of the fourth aspect,
the netal nanowires can be silver nanowires. In one enbodi nent, the
matrix can be an optically clear polyner. In another enbodi nent of
the fourth aspechh,a folreh dspeat) s i Qéscriddcdisphaadetiay chuphidhgl at@RPri se a

corrosion inhibitor erei.n, the corrosiqQn inhibjtor. In qQn
enbod: ment  CREIERSEARRbUFEEOF Ry caRuERYe e i CoRpERe lverishiitnd. 1 n
anot her embogluraint of hieal eeldwdes.Ol brithérbddbiient ah tike fd¥eh zejdct, aEo| e,

tolytriazol e, ,butyl, benzyl triazole, dithjothiadiazole, . alkyl

i ot by adi RIS 183 "B e §PaSiis b e A RsSissbetne

di net hyl berenbeiidtd Zo ltie, m@rianinnmeothemaitodipient df Be 4oirihi Apkicg2d @ctal-

mer capt opyr.i_nm di ne - el capt ohenzoxazol 2- nmer.capt obenzat hi azol e,
or 2- nercaptobenzithi 5252313 TN O B © %ﬂg@ﬁgﬁéﬁ? %agﬁecaggt}er%"si on

i nhi bi tor capticddly cleacpodyner.fin aigktheozrabadirhent afzhafenrtiodspect, the transparent

n- chl or osucgi pim de. .l n nbodi nent. of. .t four.t h, aspect, the

di spl ay deve?%:gbdgga%%ﬁécu rghe gﬁlgﬁmsecfgecgﬁr? gt |nllh(21|£l}l?0 VE%?%PQPC cf?rsr%ﬁl%, or a
flat panel idhibipdrayn dme emieodamdnddithee nérrafont hiitfifor Stn dsp et targankve

t ransparent Ct.0, i rein.has,a.surface resistivity
bet ween abocﬁglg_@'glut%%? .%gr(s) %gﬁg Pthrﬁgen%fxﬁsérn mgl% tcc’)rd|°a‘r1111?3br‘13t eﬁO%?%gfe’fi rst
aspect, thdolymarapar entbutybridoayl or désazolebedditeotbiadiatoks a  likght
transm ssi qf i hi r. | enbodj e : ranspar ent
conduct or ]_las a su_rlg_%ce %g(gi stia{illf)?@%gét megiﬁﬁglg%pd?&r?(gn%’o 1,8%01?\]0.
67 CLAI MBS dinethylbenzigtiddzaled is: Zaminoembsebiofd f-dtudiazelei ng a 2-

LT anspar entg ORG Alink O ke MenzoHERBS | hiiarforl Al RlbibY f pITet 2l
nanowi res on a surface of a su strate, the m‘;Pta_ nanow res bei ng

di spersed imereplopepaimgdazeler ki angthar smbedimentribavicprosiast inbibiion eapete on t he
substrate o, WA, tfBink) BYUhLhlofRudlintmid@ el GRNERCIIREEAR of the
conductivity of ‘the transparent conductor by po_st_-treatl_n?t e netal
nanowi r e ndPWraPach{ierdisrly] dsiicn gant brea Pushrster® 1§ Lianid caste! displayTere met hod
of clai m1 GRiphtsdidp@yappl yi ng pressure, heat, W or conbination
thereof to the netal nanow re network | ayer.

In one embodiment of the first aspect, the transparent conductor described
herein has a surface resistivity between about 10 to 1,000 /o, 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 Q/n.
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CLAIMS

What is claimed is:

1. 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;
forming a metal nanowire network layer on the substrate by allowing the liquid
to dry; and
enhancing a conductivity of the transparent conductor by post-treating the

metal nanowire network layer following the formation thereof.

2. The method of claim 1 comprising applying pressure, heat, UV

or combination thereof to the metal nanowire network layer.
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