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 ORHRESIBASERAMRARYPARENTECBMMAYEYORS Whi l e
mai ntai ni ng 10 reasonabl e optical transparency. Such surface
conducting transparent conductors are wi dely used as transparent

el ectrodes i L Qi | spl ays, touch panels,

el ectrol um ngéglﬁRépmgﬁgﬁﬁlﬁ{/ﬁNﬂ-@@I m photovoltaic cells, as
anti-static |ayers and as el ectromagneti c wave shi el ding | ayers.
Currently, vacuum deposited netal oxides, such as indiumtin 15
oxi de (I TO) ,Figldeofithe lavenlionry standard materials to provide optically
transparency and el ectfi.cal nduct i vi o dielectric, surfaces,sych
as glass and pol yrreritﬂlgﬁvﬁ@ﬁoqﬁ’v{g%ﬁ%ﬁtqrgpa%?ﬁgnqli’qt% 3&‘%&“%"8@? PE
and prone5t ongao@ERiringUhk REmRE thAttc@ér, & high-thfdughpad co%&ihﬁmrﬁodsT hey
al so require elevated deposition tenperatures and/ or high annealing
tenperatures to achieve high 20 conductivity levels. There al so may
be issues wijphg E%Eﬁq’tﬁﬂ% ﬁ@{a?éd ARt al oxide filns to substrates that
are prone t uch as plastic and organic
substrates, e.g. polychahspmeriscondnpiors aferdoshiafcondtetivedindeobicddm on
flexible sug_gtrates are therﬁfore severely limted, In additiop

vacuum depd¥9RUGRSIMEtancedaRyigling &S ShaUPHRieT o Sraserieat sonqyctors
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conducive to tormng patterns an circult s typically results
i n the né@d ressonaipe npiical tiasparencygSpclvsesamesconsiuctingransparent

ot cal 1y BT AEE Wit Vieeebrs YRRt B el tigBa D5t (R cfRAk  ar 1
have |ower gigseyes tibiidH Pavais, Ufsctisisnite8bait dericks aandRidfiPfilRt piflovoltaic

(particularly at visible \ . o
cells, as anti-static layers and as electromagnetic wave shielding layers.

Currently, vacuum deposited metal oxides, such as indium tin

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

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

25 the process of vacuum deposition is not conducive to forming patterns and
circuits. This typically resulis in the need for expensive patterning processes
such as photolithography.



wavel engt hs) conpared to the netal oxide filnms, and suffer fromlack
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 SUMVARYCEhduldte IptNFRERS Hhlvé Blsﬁfb%eﬁfﬂéeﬂi_d"s“’dbﬁicgﬁs\{ riatse'

descri bed herein a transparent conductor conprising: a su
and a conduciaierarayieledrcalnondusiors. dilewevaiethey gederli havé sovesr
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substrate; awdvelengthe)etrparadayere ﬁiétéffb@id%lfﬂlﬁé,réﬁcﬁ%ueﬁfﬁrgﬁ?&%%ffi ve

llayer including a plurality of netal nanowires e ded 1n a matri X,
i n” partical afherdigal & jopgiteim stabiity.pol ymeric matrix. In yet another

enbodi nent, the trans : n r_f. , conpri ses, a
corrosion inhibitor. Pt?lécg’ lﬂ§@h®§%em%ﬁ%ﬁ?gd ilrfﬁ]esargg)s;arpiwggd herei n
a nethod of trérsparerttdonduetoty BnsngtiesitatosloEtal opEMaha nbhanical

deposi ting arﬁl urality of rletal nanowi res on a substrate, the netal
nanow res bef Beﬁ'ie§p'@r%3é£!°q . Hapsrarant eanductoss thiahgresadantable taaowi r e

netvwork | ayesymatratdi® afitlRah At ' i Bl hw-e3st Rigflr Y. 1D
anot her enbodi rreﬁt, 'g mat&tﬁh(g% r@gﬁn%???ﬂgtéy‘é ep%ésﬁp%%%aé g%g‘g?tn R’?H of
met al nahdwithexighpubprogbss.r at e, the netal nanow res being di spersed

ina fluid; and formng a netal nanowire network | ayer on the
substrate by allowing the liquid to dry; depositing a matriXx

material on RREMBUMMARYCOF THEMNVEIKIGN | ayer; and curing the matrix
material to forma matrix, the matri x and t he netal nanow r es

enbedded t herein f or nilhgna egthegiroenty & is dgseribed heeeir arttaneparenb oonduzidr,
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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 substrate, the conductive fayer
inctuding 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 subsirate, the metal nanowires being dispersed in a fluid: and
forming a metal nanowire network layer on the substrate by allowing the liquid

25 todry,

In another embodiment, a method comprises depositing a plurality
of metal nanowires on a substrate, the metal nanowires being dispersed in a
fluid; and forming a metal nanowire network layer on the substrate by allowing
the liquid to dry; depositing a matrix materiat 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.
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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 acis. The sizes and relative positions of elements in the drawings
25 are not necessarily drawn to scale. For example, the shapes of various

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

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

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

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



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

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

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

s bi of ogi cal 1 enpl at D80! e esptale RaRY oF aRoREer 17 6! "
illustrates a protei rFigogs @ & grapuiiiegrating eeneiksctedeoptital papeiticsed a

via various binding sites. Figure 9 illustrates the formation of a
conduct i ve sibenparoelipsaidepbyarieas waveianathsofdigbd on the coupling of

associ ate peptides. Fi e ' . i . )
enbodi mrent of a netal #@ﬁéen%i\ﬁggé{e%3@%@%@%@@%@@*&%‘9@3? _an%\glre
Fi gure 16B lavktioh ayictfethviBagtdrcplathbitea(RET)@ubetrbledi ment of a et al
nanow r es- based transparent conductor. Fi

] . . Figure 1 é'xj shoig .
schematical |y a furt heguedin geanh ibstrating expectad Nalies domagiays
t ransparent e ' i ; ' are exposed
on a surface %ﬁﬁéqeéﬁ%@r%ﬁ?%%ﬁ%%ﬁn @E@Pﬂﬂ@ye@%ﬁ shows an SEM
i mage of silver nanowWigase Pisa gratihntiustating die expactéchererall rasiptivity as a

transparent conductor. Figure CE il lustrates schematically another
enbodi ment finciion ﬁ‘&ﬁ’tﬁ ‘_j'ﬂﬁ'%g‘?ﬁpggg'&%@?'t ransparent conductor. Figure
11 illugprates schemgizaal 6¥naws shidEM imEEO6E aRMglOSiver ndfowiRis|

nanow r es- based transparent conductor having a multi-|layer structure.
4 Figure 12ceimmeaing betsesptvemeta caatactsor structure having a

b a7 YEBEERIEAABEn ot i ntor
conduct or. gag biological templates for a transparent conductor.

Figure 8 illustrates a proteih scaffold coupled to conductive

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

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

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

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

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

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

Figure 11 illustrates schematically a further embodiment of a

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



5 Figure 14A shows an exanple of a fabrication process of a
transparent conductor by web coating. Figure 14B shows anot her
exanpl e of a fabrication process of a transparent conductor by web
coating. Figure 15A shows a web coating systemand a fl ow process for
10 fabricating a transparent conductor. Figure 1 5B shows an SEM

i mge of a conductive |layer followng a post-treatnent of pressure

application. Figures - I nation.process.
Figures 17A-17C show ﬁ@?%ﬁ@ %@n%?@aﬁﬁgﬂ‘t}r%ﬂﬁgﬁohﬁ{pﬁﬁg@eﬁ".‘& 35
Figure 18 shressrvair fexdetivedngt vaiper phast ihkibiom@yRi), conducti ve | ayer.

Fi gures 19A-19B show exanpl e of a continuous photo- patterning
met hod suitable for a@o@yeﬁ%ﬁrw@ 5’9%@9@%6@@9@3 tﬁbmn@mp@cpas of al

system and %ﬁ#‘éﬁ‘eﬁﬁcehdﬁﬁefi cating a 20 patterned transparent
conductor. Figure 21 shows a display device conprising transparent

el ectrodes based on mftigureriddostiavesan Exaynple 022 falbiivstion predess of@r een
devi ce conpr,ising two ércﬁns arent cqonductors based on netal
nanowi r es. 2?’@?8[%09@ UGHBRY Wepwealng. rel ease profile of H2S gas

fromfreshly cooked egr¥algssshdasidthearti '

transm ssions of six sanpl esbiﬁ con(fﬁr(':t [ Vgﬁ{&?’e}"@ﬁi;é t%fdg?gmaﬁﬁcgﬁ 8fra an
accel er at ed trarspamnt cenductordsy webicgating.24B shows t he resi stances of
si x sanpl es of conductdve filnms befaore,and after an_accel erated
H2S corrosion test. 5“#&5%#59‘2‘51’8“@%\9(5PH%“%%@?%@HQ@&%H{HG@Séqr
conductiu® frabmaatingef RdrispanshtabhBiictan accel erated H2S corrosion test.
Fi gure 25A shows an exanple of directly patterning a nanow re- based

transparent conduct i vEigure #HB shows an ng 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 HaS 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 61‘ conductive
30 films before and after an accelerated H,S 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 Cert ai n | i.rected to franspar ent
conductor based on a Iﬁ%ﬂ%ﬁ%@%é@%ﬂ%ﬁﬁiﬁ%ﬂa oS ?Tﬁc%@PPﬁ%ﬁ"a}S,
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nanowi res. |n additi og__., the conductive |ayer is transparent, flexible
and can include at | edd8WmoAsshiawsan examplesf disaetlycratiesning ia narawitee
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RS PhRArdht L8R RV fim
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The matri x teri al Z‘Q can pically inmpart certain chemcal,

nechani cal OISyt al ef;ﬁ%ﬁ%ﬁ%f\@sfapgfrpﬁ eonposite structure. O her
enbodi nents descri be f | | t ' .
conductive | ayer. @ncﬁ%ﬁggs‘ﬁl&?r%ﬁdg‘gaﬁtggﬂagﬂg Orﬁ'ﬁéﬁeﬁé;cgcéphaeuctwe
nanowi re 2 H&WBhgfere andmfter anadhesiwguape treatmizht atvearlopgdéveld bf di vi ded

by the dia dl1 .. Suitable nanowires typically have aspect ratios
in the ranggh%n'ﬁéatlo *100, 000. Larger aspect ratios can be favored

f bt ajni t \ |
or o ing a transpaess 22RPIICEYw b@%@z&?ﬁ&&‘*’aﬁ%‘ﬁér%ﬁé{fﬁ% |n3

nore efficient conductive networks to

| ower over alPngeeiiie fimdyeforerans aftesra solvenjireatraerdpar ency. 1 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 enou@ETAIRED DESCRIFTION OF THEWNVENTIORUbSt anti al |y
transparent. One nethgod to define the transparency of a |layer to
light is by its 5 abS6fiEiN YRbeYEeNtTAEfirectngdoia ranspasentsendactpr ght

passing thr grgsd 3n! PYSTdUeRIE B§er of nanowires. In particular, the conductive layer

15 includes a sparse network of metal nanowires. in addition, the conductive layer
is transparent, flexible and can include at least one surface that is conductive.
It can be coated or laminated on a variety of substrates, including flexible and
rigid substrates. The conductive layer can also form part of a composite
structure including a matrix material and the nanowires. The matrix material

20  can typically impart certain chemical, mechanical and optical properties to the
composite structure. Other embodiments describe methods of fabricating and
patterning the conductive layer.

Conductive Nanowires

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

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



defined as: I=loeax in which to is the incomng light on a first
side of the layer, | is the illumnation Ilevel that is present on a
second side of the layer, and e'a" is the transparency 10 factor. In
the transparency factor, a is the absorption coefficient and xis the
t hi ckness of the layer. A |layer having a transparency factor near 1,
but less than 1 can be considered to be substantially transparent.

Figures 2-5_illustrate so
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terepht hal ate (PET) substrate. V\g by the absorption profile,
the silver nanowire |ayer on PET sub t14Pe is substantiall y
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results of | gures
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nanowi res based on their di aneter
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absorb mor e g& ﬁﬁ}l%@@r bg | gﬂg\baﬁ%g teBHs al‘bnc? hect&f heti s babless

r_eS|st|vi_ty ase e'grain ary nd surface scattering are
hi gh at di athetnet sanbelcessiderehtol® substandially tﬁanapaaﬂﬂter i ncreases,

these effects are drastical Feduced. Th I I vity is
therefore reduced gre ppgpsr%% "ji‘lsgrﬁgqt_‘é?m?ﬁ’ ¥he(ﬁjé L%rgdsélgt?fg%éllo nmto
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transparténcy for appFigss ZéhQWﬁé‘db?WﬁH@ anedel ek e ight abseratien of siver
nanoellipsoids at various wavelengths of light. Depending on widihs and

lengths, silver nanoeliipsoids exhibit a high extinction coefficient to a narrow
band of light in the wavelengths between 400 and 440 nanometers and to
wavelengths of light above 700 nm. However, they are substantially

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

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

25 results of the theoretical model shown in Figure 2.

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

* light, As can be seen in Figure 4, the effects on resistivity based on the grain
30 boundary and 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"term nal"
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
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| east one c
terminal 6b using a plurality of Ag nanowires.

As can be appreciated, the distance from terminal 6a to terminal
20 6b may be such that the desired optical properties are not obtained with a
single nanowire. A plurality of many nanowires may need to be linked to each
other at various points to provide a conductive path from terminal 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 6a to terminal 6b.
The electrical conductivity of the transparent layer is mainly
controlled by a) the conductivity of a single nanowire, b) the number of
30 nanowires between the terminals, and c) the connectivity between the

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



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

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

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

nanow re" ref h 1 ' . | S| ; I I
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Alternatively, the netal nanow res can be prepared using biol ogical
tenpl ates (cpMprisinggleraentmatal,onele) alaystorsasta rmﬁcmdm(mfé&ﬂlmgﬂaetai

e Templ ar SeRT AL R ey S%%%%ﬁ'?'eé'h*ﬁ‘*%%ﬁ it RREATRpARe s, o

as certain enbodi nents,

bi ol ogi cal tha"POGhAS aﬁaneé@ethangbcem %dtmo@memrably wsacthaw 408 mst y
for a particular type of 30 materjal, such as a

tal or, t al
oxi de. Mbr eNgtacahane. ieswelglnappwie hag b aeRtaly B el i PBtery
0 ook adoey 0 P o o It HenFpratha a0
Sci ence, 30$u:t2ﬁf&~rﬂétb] niiayirdd &n bd based o ghy metaismemdirw withaxti ent 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 sait {e.g., silver nitrate} in the presence of a polyol (e.g.,
ethylene glycol) and poly(vinyt pyrrolidone). Large-scale production of silver
nanowires of uniform size can be prepared accroding to the methods described
in, e.g., Xia, Y. ef al., Chem. Mater. (2002), 14, 4736-4745, and Xia, Y. et al,,
Nanolefters (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, which references are incorporated herein in their
entireties. Mre specifically, a conductive material or a conduct or
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In other enbodi nents, Mlo&EReGHiaady.arondigtivye meaterigl or alcopdugier ea

to the bi
converted ?h%%é'ﬁ@t"g%‘eﬁﬁéﬁid e AR Eblo o BIFEAn SAReARY .
mat eri al 16anbbbveemthembaduoﬁvermmaa1mm cariarebindimgasiteB (@4, Peptithat :
causes the nucleatio P of a netal out of a solution

cont ai ni ng aSEHGEE gﬂ'ar}?fbb'gb@éﬂa {eRietesor. 25 To illustrate, a seed
mat erial | ayer contain '

Cu orI Au. A)s/ one spel:lI:‘nlrkgh@iéﬁsﬁgd]hﬁp%?ac@@ﬁ?@%’bhﬁat&%%ﬂ%déu taltéaﬂb!?g
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oxi do-may bePdtel A PRT B wRHSR tPiatSS. 38 RORUERIP PaHBicsdieif
mat eri al 180 ¢apdblelef NrthePgroviny int®a OBhtlnlB{lls daduliveabléry STH FMcess is

alloys. Metals, netal alloqys and netal oxides that can be at ed
i ncl ude, wi t#areleriedia@ssminealization” agplating”. Ao eempte, a metal RUECUpgOr

G, M, A9, (DgablR¥s {8H%an be¥bvertdl toaér{ 8itentd ribtaP%Snd Brékence of a

reducing agent. The resulting elemental metal binds to the biological templates
and grows into a continuous metallic layer.

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

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

30 inciude Ni, Cu, Pd, Co, Pt, Ru, Ag, Co alloys or Ni alloys. Metals, metai alloys
and metal oxides that can be plated include, without limitation, Cu, Au, Ag, Ni,
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FePt) or Ti @2, Co3™4, 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 nunber 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
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phages) can be created by inserting a wide variety of different sequences of
peptides into a population of the phage. A protein having high affinity for a

20 specific target molecule can be isolated and its peptide structure can be
identified.

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

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

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

e.g., proteins having specifically designed or controlied 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
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synt hesi zed havehizaen idenifistl Wiich ean deiRsdrpoatadintda phadé etuctuhiocdieate

| eads to | ower percol ative threshold concentrations of the conductive
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conducti ve rticl such as apd the like. The protein scaffold
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frequent and regular intervals along their length to increase the
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bi ol ogi cal t @l d . LR s well as its diameter is
easily engin ecféeté%{?&t %g&ﬂ‘ﬁ%smsawgﬁﬁ%?ﬂa %&1’ It is engineered to have
the correct di nensiongigue 8 dowepd scidmaticopasivh @$ a frbieth $digfold 8 Baving
shape 25 and aspect ratio have been sel ected, the biql ogical_rmaterial

can be expostBufiBer eidiadipgisies facerpign et candurtivespartigigp £p; The kinding
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fabricating conductive nanow res us gl c npl at es. e
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engineered to have a plurality of binding sites 8a with such affinity. It is
20 preferred to have them spaced at frequent and regular intervals along their
length {o increase the conductivity of the final conductive layer.

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

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

Figure 9 illusirates 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 pariners 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 association peptides and their 5 locations nmay be of
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t hroughput, anbient 20 tenperature deposition, superior conformality
and production of condu—[:,fiqsvtée usg pé biologiea! derppiBtehavine psearipte peblides @

As | | ust
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conductive | amnebﬂecbmtwoﬂsﬁmnawqﬂlmbelplossrlbtmfwnﬂetaidonamvdw;m The The
t al f ducti et k. Fi th
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12" is fongedydiieid's deyirsd Héﬁr@ejo‘?ord@?% tHeOshdEtiveSiayayer 12° includes

a plurality of netal nanowirées 16 enbedded in a 30 matrix 18.

Template-based synihesis is particularly suited for fabricating
nanowires of particular dimensions, morphologies and compositions. Further
advantages of biologically based manufacturing of nano-materials include:
solution processing that can be maodified 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 network.
Figure 10B shows another example of a transparent conductor
10’, in which a conductive layer 12’ is formed on the substrate 14. The
conductive layer 12’ includes a plurality of metal nanowires 16 embedded 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

corrosi on and abr asi orfMatrix'efdrs ¢h ablig-sB& ﬁ%&érla?hmté Wﬁfh‘é?ﬁéﬂat’
| owers the perneability of corrosive el enen e envi ronmnen

such as noi sf‘%’?‘@”'rqsr%{@é:“%ﬁ?ﬂ opemaeddes. Mgmnpf thel famowdred nidye i ke.

propert i e By RaE e, thettno b o BHEl BEnBR MERES to ficaniipom mmwork.
adhesi on t o Themadibista host foﬂhetri‘iaénmr%wu%@dn'él%rﬂﬁﬂéé agfﬁygﬁaffb rﬂ%gghe
pol yneric enbedded wi th net nanow res can
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te matrix material. For exanple, reflection
Fglsgcghgguﬁvrg\aﬁﬁggorﬁ?'ﬁf g'ctéﬁ‘f’eo@'r'@'f"?tégtaf:@él mﬂuﬁ'@@rwddbe fike.a matrix

d bl efra ]
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lal i nth r 400nm - 700nm .
Gﬁf Z;Isasplecszl tr'fe'ﬁ@’nélr@‘”e |”P %'é‘e 8;9‘@?3'9? !lHPﬂ@Of WQaglfib'Q@fﬂae%)
in a transpzmmddedwdupmefalﬁaﬁemr@@emsé%Hbs@éﬁd ﬂQ{(Ff Wi gpti cal Iy
cl ear. Theo ical clarity of the matrix Is typica etermned by
a mul titude %5CUFSRY iprrgorg g@ﬁUBBW \ﬂemblmmatrmsmka)mpossablert@fahmhtev e

index (R), tﬁﬁSﬁ@’eﬁ{‘E@rﬁﬁm &85 é?&e laé%/tt ﬁgH%@Hg ogt t he thickness,

surface (including int olorRd S%cattering
| oss caul$ed by surfacMorem@ln%e&pﬁﬂl(ﬁ*@ﬁerﬁé@@ﬂﬁ@%oﬁaﬁéﬂ\f@Iﬁﬁér cahrhbo .

20 nm to 1 BHCL i solgPing o b Bioviiala abisoreiATiE Kot Sxemaiz ﬁéﬂe@en
enbodi ment s losk mdiwanted gfiré chf be kbRl AR by TR a tiatid & £
or about desirable refractive index, composition and thickness.
Typically, the matrix is an optically clear material. A material is
20 considered optically clear if the light transmission of the material is at least 80%
in the visible region (400nm - 700nm). Unless specified otherwise, all the
layers (including the substrate) in a transparent conductor described herein are
preferably optically clear. The optical clarity of the mairix is typically determined
by a multitude of factors, including without limitation: the refractive index (R,
25 thickness, consistency of Rl throughout the thickness, surface (including
interface) reflection, and haze (a scattering loss caused by surface roughness
and/or embedded particles).
In certain embodiments, the matrix is about 10 nmto 5 KUm thick,
about 20 nm to 1 um thick, or about 50 nm to 200 nm thick. In other

30 embodiments, the matrix has a refractive index of about 1.3 to 2.5, or about
1.3510 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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fluoro-olefin and hydrocarbon olefin (e.g., Lumiflon®), and amorphous
fluorocarbon polymers or copolymers (e.g., CYTOP® by Asahi Glass Co., or
Teflon® AF by Du Pont).
20 In other embodiments, the matrix is an inorganic material. For
example, a sol-gel matrix based on silica, mullite, alumina, SiC, MgO-AlO3-
Si0z, Al203-8i0», MgO-ALQ3-Si0,-Li,0 or a mixture thereof can be used.
In certain embodiments, the matrix itself is conductive. For
example, the matrix can be a conductive polymer. Conductive polymers are
25  well known in the art, including without limitation: poly(3,4-
ethylenedioxythiophene) (PEDOT), polyanilines, polythiophenes, and
polydiacetylenes.
“Conductive layer”, or “conductive film”, refers to a network tayer
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 @Hilﬁéué‘drtd(}chvnﬂfs abHi%vé@B?'é?édtch%l Eﬁ%{@ré}gg?crdé s rﬁﬁ%%né etal

proportional to its surfdce resistivity,
sheet resi st &ﬁ&@WlTe\mEﬁﬁth@arﬁub‘@leﬂwﬁlammwlneamusthreuinmﬁntumtl’fehe art.
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106 52/squar%hfcq)|r Jr%é%‘eﬁ-"[n%gttwﬁ" dah}jﬁg | evel depends on

factors such as the &% ignnment, degree of

aggl oneration and the Likewisk| whéy athattiRes prREaAE, mmﬁx%ust’%’% ﬁll%d wnT
under st ood b%{uf?ne skilled in the art, the mechanical and 15 optica

properties ofUiiHENhREI pappwires t@e’?%ﬁomﬁ pendictive.eds @Be@bﬁwmrﬁfﬁeﬂmﬁ' a

hi gh | oadi
nspect  rati ooeapapVelPRicisito Sherliitabe of HEARET AE RS L b eoht 8er,
| ond:JCt . afa nletgxlz!muloftth% ountgﬂuanne |aymaat wmcattha gbhrgmm@ lahes naé mdaeadl ng
evel prefera u abou
pref er gbl y fﬁeg}#lg@bafncbmfr%wa&%gq% 19?)965!@@"%@7?@@) aﬁﬂe ﬁ'ﬂeﬁlﬁﬂ'@ loadmg
f bly f PRI Lot
P\;ﬁos\nr ?esy "?’g?se squsgggaaggdl ng e@g I's g“%géctﬂgtd%g ees#dﬁemr?gﬁl cal

or optical pﬁ%@ﬁﬁégglomemm amtithexesrsh\etyeof\ﬂaé mesaldepowitesst rongl y on
t he nanowires.

t he di nensions and sp |on 0

Advant ageously, tr ansgg %rﬂnd %pge 8?'"9‘? (g ast Sewerhanipal and
conduct i ¥5 t yorltical propbetiee dfelse fiatix érlé)llkémo%étélfé?éd &f @d?’ﬁpﬂ%hﬁélé‘d’ b
be provided by adjusting the |oadi ngdl evel s of the netal nanow

In certain JABYAEREADY Particlesdbaeint Adwantageousiyp dreshigh@spect ratios of thé
Loy ckness, clmbBengRofts oty B TRl 9LE & ol B SR RIFRLBL Y
the matrix doatrixat a threshold surface loading level preferably of about 0.05 pg/cm? to
about 10 ug/em?, more preferably from about 0.1 pg/em?to about 5 ug/em? and
20 more preferably from about 0.8 pg/em? to about 3 ug/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 fransparent
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 eFiffe 10BYilllRRraee hé\ﬁ'ltMs bEREVREIBE Hotvidtk bheeinswikes  ends
of other nanow res, such as end 16b, protrude above the surface 19 of

the 5 matri embeddeq ¥va reathspehisvessuriacei caRuctliyt AsrEhomnnwhbespre,

i i 16, PeeiEhiuel gk e e el B8 AR A BRedied B et fa)°
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conduct or_ becones_conducti ve. gure 10D |s a scanning electron
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protruding a ove a Fansparen con uct or

enbodi ment s pahdveire endsid6b wad Inasidle sestidry mmuudéebm e mamxom, thes
enbedded in a ortlon of the matr shown | ur OEI he
conductive P afihe apgpriest BQHC{F‘CEP" GEPTER CSF mﬁ‘gqrﬁ RIS are

15 conpl et eliairmPARLAEH mibiBgtdbh dFthd Sifif é%ofﬁébé%mﬁghen;cﬁta

"substrate o to a materi ont
conduct it0e traysparest mmmMetbrahonmeﬂrﬁdur afrends wnstmiddle seotioheof i gi d
or flexible. The subs The .term

t b
eubst s at . BRNOFSH BRvLRG Jive R mevana HarspamiEcoraie s n

| ami nation process, ag d(’thérI erﬁﬁoﬁﬁleﬂtssﬂi@é(ﬂﬁuﬁﬁﬁ@ld?er RBUbinaéd By tHedingtal
substrates include, for exanple, glass, polycarbonates, acrgllcs

and the |iksanauresempeddeding @o@gb@n‘mﬁ@gtrmnas ghiewn i Figuse d0RotThe

oot or* FASHEAR B0 fou st AL NAFE SCHURAR L
li near, 1gr aa@hptéxe!w@hbm@iged“ infthé yreiedt 18) | poI yvinyls (e g.,
pol yvi nyl chl ori de, vin Ildqne chl or

Qol yVvi n acetal s
pol ystyrene, pol yacryl éB'a Sarff F%ﬂﬁt‘kegc Q‘,%EH[FI Bsdo %ﬁer'ﬂgg"g
(e.g., cellihpngh fcbﬁeeét%q%érgé bihte or Rifhatel) THOAUGHLROHS. Aan

as pol yet hersul phone I'i cones an er conventi onal
pol ynmeri c orflexible. The substrate can be clear or opaque. The term “substrate of

choice” is typically used in connection with a lamination process, as will be

20 discussed herein. Suitable rigid substrates include, for example, glass,
polycarbonates, acrylics, and the like. Suitable flexible substrates include, but
are not limited to: polyesters (e.g., polyethylene terephthalate (PET), polyester
naphthalate, and polycarbonate), polyolefins (e.g., linear, branched, and cyclic
polyolefing), polyvinyls (e.g., polyvinyl chloride, polyvinylidene chioride,

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

30 Typically, the optical transparence or clarity of the conductive

layer can be quantitatively defined by parameters including light fransmission
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films. Additional exanples of suitable substrates can be found in,
e.g., US Patent No. 6,975,067. 30 Typically, the optical
transparence or clarity of the conductive |ayer can be
gquantitatively defined by paraneters including Iight transm ssion 17
and haze. "Light transm ssion” refers to the percentage of an
incident light transmtted through a nedium |In various enbodi nents,
the Iight tEansBLESHIONt tRinshiigsiGOIEHES lo/e!RYSInthge 8 fand
can be as h?gﬁ as 98% Forsa J@gﬁgﬁgrent é%%dpctéﬁ f%ﬁﬁﬁﬁ%ﬁgﬁﬂ% :
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anti- refl eghh¥farbAY@ndudidh im Fhthhé ByRiuctivBayet id dsifoshed of latih&teli©
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conduct 0B. pn asitbistrate, ehebliaht trensrjssioneof the gverall siiusivre siayrbesslightie

t ranspar ent nd oLs .can be at. | east % | east 10 .60% at |l.east
700 or ar PEROENEgoPER A savels, sth a£8Y seleurs Behant
Haze is an tgfidetvelaybr, alnti-glarkliapdromay Flrtie? lcongibuge ovednsing ehd agstalpf

t he quantlt%@%‘t | i ght separated fromthe incident |ight and scattered

during tra s Blssiahef the trangparent eenducts; b vaiigiiscembpedimenifetie a
property of [ L i i S
Pyorcal 1y clottenhiaith oftfe feSpfiehtlofiulichlsah b RALS D0, BE Rat?
conposi tiponab%het kkasgrdte) dr stdeast 300 andadiylre ad highass atusast 9 e0iod2%s,
the haze of the transparent conductor [ re an 10% no nore

or i.s no th
than 8% or no nore tH2ae @%ndﬁaemi/hgmdﬁwoawqﬁ@ferﬁéomﬁ@erpﬁ@ﬁgmt 0
0.5% Perfo : | r ctive
ayer s have Caher i ETHRnL Sehar el fort e raeh PRI A Soak et R 1
t he mat ri x. transsigsiohalhdike liphkt rarsnyssiomavhiChiist Iargelea mopety dithe
i ntroduci ng_addi ti.onal. | ayers in the transparent conductor
Structure. RN g RS RpshvRRR o B A S g R R by sppfece
conduct 96 | fougHRESS AReEmbebibed paAIRIIS creonpdtitiehalMsterdgayieties fpk as
anti-reflective layers, 25 anti-glare |ayers, adhesive |ayers,

barrier |ay@ediunan yarioysanehagimastsalie hazg<f the fraesraranisendupiogisre 11
shows a mul f‘n'o'ré %%rm%, 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 transparent conductor
structure. Thus, in other embodiments, a multi-layer transparent conductor is
described, which comprises one or more layers such as anti-reflective layers,

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

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

30 layer 24 positioned between the conductive layer 12 and the substrate 14, and
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transparent conductor 20 conprising a conductive layer 12 and a
substrate 14, as described above. The nulti-layer transparent
conductor 20 further conprises a first |ayer 22 positioned over the
conductive layer 12, a second 30 |layer 24 positioned between the
conductive layer 12 and the substrate 14, and 18 a third | ayer 26
positi oned bel ow the substrate 14. Unl ess stated otherw se, each of
the layers 224.: i ' S,
anti- glare %5@@‘?‘5‘?3'2%%@8. @@‘%ﬁ?@?@,tﬂéggﬁt@gﬁgyé{”gésﬁsg%fﬁﬁg"éﬁ%eand

protective fehctsof thedayeay22s243nd 28 can beXfhes@rmierevanti-efiscivenayérenanti-
such as 5 enlhanci n tgﬁ gveral |l optical performance Iﬁ]d I Mpr ovi ng
the mechani c@fre WSE%@ gve aYERe baFrigh s Miard SRS R Profedive films.

addi tional layers, alsgd@g é’lrsrfé.d?ﬁteaﬁdafﬁ sdig& (,Qﬁm%[?ﬂg?gﬁg%ﬁ%

| ayers", can be one or norée antl ective layers,
| ayers, afBhesnhendrayheversloptieal perfemancaadd apdvingsths méchantoat ai n

enbodi nents, one performance- enhancing | ayer proyides, nmultiple
benef i ts. 10PEBPrERAEMIRTAaPamR CONgHItet. 1 Tesq adAlional IeVars Slsamiariesh
as a hard cogfas Frménced8htdriting 1BY&R", dafl RAsHd biflofePattPRiffec a@yéﬂgg

properties, the performance- enhancling layers are optlcal1 y clear;
defi ned her eanfi-ghare ayerss eibesivee latyerd, hpwier dayers, and hand icoatsf | botdriain

| ayer, layer_ 24 IS n adhesive |ayer, and |ayer 26 is a.hard cpat.
157 Th anot ner ERtBan e Healpleadt fhnartite W9 EEEtide; fufin Hepse!
barrier hayeFor dddinpleyaf ambrdfRctlit RPE} cdrPAlk8 finctien lad\ehard|doay 8hd/or a
anot her enbodi nent, layer 22 is a conbination of an anti- reflective

| ayer, anti -Rardeelayer. ban addifion to/theirgpacific eanerismthe pejemange: s an

adhesi ve | ay r I: thic ' | ayer. 20
"Anti-refl ecﬁh\%}%’hg*/%?%%raéégpgéﬁllg%éea#?aélseégﬁéﬁég 'ﬁf reduce reflection
| oss at a reflective dnihaembaldirhbet, tayan2p & embnt-esfibetive tayel hayer 24 is
anti-reflective |a e%lacan t.herefore he positioned on the outer

surfaces of Qm@dbﬂﬁ‘% : Pk And '%ﬁd?@r ar Foﬁ% an interface between
layers. Materials sui t!ﬁ*&hﬁth@?efl@bbﬁnérﬁf Ila?@rtz%ﬂ ?Ié ﬁé{z‘arc%a%ri%(ééﬁzﬂ isighown

in the art, including wthout mtation: uor opol ynme

f 1 uor opol ynerarbiéelagier, anddayso2prie s antigefledivg Jayead. S. Patent  Nos.

5,198,267, 5,225,244, !gry}ceit gno(%ﬁg’r gn%gc')diment, layer 22 is a combination of an anti-
reflective layer, anti-glare, a barrier layer and a hard coat, layer 24 is an
adhesive layer, and layer 26 is an anti-reflective layer.

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

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

In other embodiments, reflection loss can be effectively reduced
by controlling the thickness of the anti-reflective layer. For example, with
reference to Figure 11, the thickness of layer 22 can be 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.
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Autotype. "Anti-glare layer" refers to a layer that reduces unwanted
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5, 750, 054, Emu@lme?ss?on me@Bfa&ém scaitedth‘:e 292cfi@. Stitabbel antigthre matenals
copolymers of th mat er can have_m crooscal e 15 conpositi onal
het er ogenej tq" ggve‘? éh ?*56‘0@9}“95”‘?“9%?3%8@% ﬁﬂ%’ﬁﬂ‘? Spehavi or to
reduce gh@r gl s‘fﬁéﬁeﬁF‘?@MA bigiid, |dtier A6 BURNadURIrirs iRIoSehbadalkyd
coati ng that provi des additional surface protection agal nst

scrat ches arfﬂsnabrm:éytbwphemrpplyesrrolles,smlytabtrwnleanltrocelb,tl@sa Aot geeylates,
synt hetic poI such as 20 pol lics poI reﬁ?tg nes

ool ysi | anes. St WHhEEY cOiTEes 1 Silising osteRaspebds, phied
the hard coas‘mcal %@@@rm@s:ét@:htlmﬁ@lgsg $78; &, 7505564, 5&;55747 8,445,815,
Pat ent Nos. 5, 958, 514 014, 918 825, 239, and references cited

therein.) THadHRORA8Ys %ndwd@p@ veRis of haspanaterials candiavatpigiosealeo

themar ;rh suﬁ%ﬁggm@gﬁscr ﬁi%g \p gﬁg%zht ?éﬁe&rw&l@ﬁwﬁrﬁﬁv% #86%

reci procati mgdide g!anaas Wi t h| n a d| stance of 2 cmat 2
reci procations/sec unqﬁarc’ coat” %]; agﬁ l-a é\glgg Iéyer’ efeeré% 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.5,858,514, 7,014,918, 6,825,239, and references cited
therein.) The thickness of the hard coat is typically from about 1 to 50 um. The
degree of hardness can be evaluated by known methods in the art, such as by
25 scratching the coating with a steel wool #000 reciprocating 50 times within a
distance of 2 om at 2 reciprocations/sec under load of 300 g/cm? (see, e.g.,
U.S. Patent No. 6,905,756). The hard coat may be further exposed to an anti-
glare process or an anti-reflection treatment by known methods in the art.
“Adhesive layer” refers {o any optically clear material that bonds
30 1iwo adjacent layers (e.g., conductive layer and substrate) together without

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

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

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, PNIMA or TAC because of their
hi gh strength. 21 Corrosion Inhibitors In other enbodinents, the
transparent conductor may conprise a corrosion inhibitor, in
addition to, or in lieu of the barrier layer as described above.
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Ui abl e exampi oo of - HBpHGEMBRAMRIL SRSt BITBE CopsioR B
limted 1¢ 0indoddd AR hiodeR%onDifing afB SO AiNINgaA8hRic compounds,

2-am no- 5-mercapto-1, 3, 4- thi adi azol €, 2-nercaptopyri ndi ne,
2- mer capt obetizbasasp@atie trizeoles; ividaztien 20d thiszales, Theae compounds have

- benzi nmj d I -cu' NN ~' ' | ~
N N Anot hor TePRReTBfRyBied GO srabie Sappleaed o 4 MR FTRE torbilbee 2
bi onol ecul eggfi@tbgihesh thedietd b as etlviroirhént. (RoridRampls, denaotribasle.
These include_ small bionol ecules, e.g. cysteine, and synthetic

pepti des andBpAdised ROHEEN @p@sic cpprosion inhibitor for copper or copper alloys
15 (Scheme 1). Alkyl substituted benzotriazoles, such as tolytriazole and butyl

benzyl triazole, can also be used. (Seg, e.g., U.8. Patent No. 5,270,364.)
Additional suitable examples of corrosicn inhibitors include, but are not limited
to: 2-aminopyrimidine, 5,6-dimethylbenzimidazole, 2-amino-5-mercapto-1,3,4-
thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-
20 mercaptobenzothiazole, and 2-mercaptobenzimidazole.
SCHEME 1

N N
~cuy_ N Cu™ N \cu\./N\N/BW//
'\N N N

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

small biomolecules, e.g. cysteine, and synthetic peptides and protein scaffolds
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wi th fused peptide sequences with affinity for netals, e.g. EEEE;

see, e.g. U S Application Serial Nos. 10/654, 623, 101665, 721,
101965, 227, 10/976,179, and 11/280,986, U.S. Provisional Application
Serial Nos. 60/680,491, 60/707,675 and 60/680,491. 5 O her
barrier-formng corrosion inhibitors include dithiothiadiazole,

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

C6- C24 st rah&tﬂtfuséﬂ’ﬁéﬁ’ﬁh%’ééd@:eﬁeé’é Hith Sffintty YorRetals, Y. remzerseenalgpu 8!

can self-assenble oh a netal surface to form a nonol ay er@_&_lchema 2),
“thereby profgpticatipnt Seriahblosl 10/664.628e10/86572br t1UWHG27, 11D/SGHERE ands S

Cranspar ent LGR0RR U-E.Freviinfi SBbleaBu SRl Mot hts FIRE AT ora

i nhi bitor, prawosm4@.continuous supply of the corrosion inhibitor
in the vzgaor phase The corrosion inhibitors 15 suitable for such
sust ai ne® del i very i nOtheidarierfomipsgegosianiimhikitars inglugs githisthiagiazglee

on the  ur AIGLN oM il 1d eyl Ryl Relra SRRy S Sl o

del i vered t aydifoearbtrt éHais THiSHyPE ohBdrosion &muﬁtmedan aemaseemalelmﬂa
manner for Iong | asting protection. Suitable VPIs inc

barri er-for ﬁ’ieﬁ@ 5‘%‘11%0&"@ & & asolayer (Seheme2), theZ@"ﬂP[Qﬁ?‘S{rﬁltEﬁl"%F’ztﬁll e,

al kyl dithi al kylthiols, as described herein.
Figure 12 i P Séo;fiooﬂ"@g transparent conductor structure suitable

for a tddch screen. More specifical |l $cHepgE seal s 32 and spacers 36
are positioned between two conductive |layers 12. In the space between

the two conductive |ayers 12, or r 40 are present.
f
C
yc
0 I

The 25 reservoirs 40 are microsc di stri but ed
Silver

such that their presence doe in the
transmttance of the transparfe reservoir
contains a corrosion inhibit orated into a

pol ymer matrix or inpregnat al from which it
can be sublimated into thegy, gnmonol ayer 44 on the

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

15 suitable for such sustained delivery include “vapor phase inhibitors” (VPl). VPIs
| are typically volatile solid materials that sublime and form a monolayer on the
surfaces of the metal nanowires, Advantageously, VPIs can be delivered to the
metal surfaces and replenished in a sustained manner for long-lasting
protection. Suitable VPIs include barrier-forming inhibitors such as triazoles,
20 dithiothiadiazole, alkyl dithiothiadiazoles and alkylihiols, 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. [n 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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surface of the netal nanowires (see, inset). 5 According to another
mechani sm a corrosion inhibitor binds nore readily with a corrosive
elenment (e.g., H2S) than with the netal nanowires. These corrosion
inhibitors are known as "scavengers" or "getters", which conpete
with the netal and sequester the corrosive el enents. Exanples of H2S
scavengers i nclude, but are not limted to: acrolein, glyoxal,

triazine, %&é&om%%%?f WriBif€a cBﬁSﬁon%!ﬂ%ﬂoerﬁ ﬁ%‘ﬁﬂ u.S.

pllcatlon I'n certaln enbo he corrosi on

i nh| bitor (hecarporbed m&capelymersﬁatmaur ineprelgsated $ritd a porbbe nraberial from
provided its presence does not adverselly affect the o tlcaI&% l

el ectrical phighet earbestbimateddnipioe varol %ﬁf’éfa O form,
t he netal gp %gﬁhgqﬂ tté’nFneric% gﬁ WI th a corrosion inhibi tor

before or a el ng ep05|te e su strate. For exanple, the
met al narow res can b.e.cwrdmgctataﬂdtham‘feehabam ipegorfasian inbibitwbind&hr@rﬁ
I nhibitor, e.

‘H I n addl&;n t he 5 aomresaganaso
treated wit Fﬁaéwyé[m a £AIASIVE cleameiti(@ 4. %WF &gt Hap?‘@'é?shent s
are known i "i'geégﬁoﬁfaélon m%{cfré %r Rl‘i‘@%ﬁfﬁé‘l‘s%at.réﬁ@@' BQ'g%ﬁ&é’a’%ﬁl@ﬁ' on

are describ Pat ent ) 945" and
Publ i shed Appipete wdﬂn tieometdl @BHEEY8aser thercoyr@elveteiemeeiebc&xammﬁ%of t he

tal be al | h
brone To coresSeaotFs G ouf arefor e i B, St Wi Bfa -
nanowi r ef C%HIOP@SLB’CE‘]‘?rﬁﬁieW (SBegelyd PubnsidY US. | asplicatitiriip! 200620008120.)

corrodi ng by H2S. In certain enmbodi nents, the t ransparent
conduct ors descri bed ll'h@&'rl'&ﬂllmeﬁ@l@dtﬁﬁeﬁt&tihﬁ@9[@3%9""\‘)5‘?‘?"68@ dest i ng

ot hor - embod R SErS ks ABbRGEd T e o it BE losta OB HEE, | "

the fabri catidoersplyosifsts e dqﬁt&ﬂt bbeldctriealgiropeities nbthermw“cme/lagemm
deposition, in contrast to the current fabrication of ?’% ﬁ " a
REHBAGH

oxide films. Instead, N BT BRPPLEERSH tb? Bietalanowiigs oan
usi ng  2¢ C%ﬁ%&éﬁ%n SHitior BRrdre @ f@ﬁéﬂ E@n&@éb@é’lﬁ’ﬂton MerRpyeste, Foe

fabrication processes are conpatib wth directly patterning the

t ranspar ent examgie oz metalerrmmnmres Dap beiprecoateddvith abepigrdpmmioenduct or

Fabri cation corrosion inhibitor, e.g., BTA. In addition, the metal nanowires can also be

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 H,S.

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

30 oxide films. Instead, the fabrication processes can be carried out using
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In certain enbodinents, it is thus described herein a nethod of 5
fabricating a transparent conductor conprising: depositing a
plurality of netal nanowires on a substrate, the netal nanow res
bei ng dispersed in a fluid; and formng a nmetal nanow re network

| ayer on the substrate by allowing the fluid to dry. The netal

nanow res can be prepared as descri bed above. The 10 netal nanomﬁres

are typicall n%@[ﬁ%&?é‘ﬂuf idh- ﬁrdcbgéih& ehgig]fr%‘ﬁi ! M%Fé‘ovtepghg?é)&ﬁ.:'ahbl?n

I s under st oo as used herein; coatl ng' are
used i nt er clpavgpsabs pre dompatiie Mhrcbmcﬂppaﬁemmg the trahspdrenheonoetir,
nanowi res can forma stable dispersion (also called "netal nanow res
di spersion”) can be wused. Preferably, the netal nanowires are

di spersed i rNg‘_f@m"e Dﬁgsﬁioﬁ‘\% Traﬁs&éreh?@@ﬁ%ct&*#’@ir&atl&ydr ocar bons or
an aromaticS Zene, toluene, Xylene, etc. Mor e
preferably, t he |i qui bh Gestai Bambotimertayi inghus dﬁﬁdﬂbﬁg hpmlnta ro¢thad ofror e
t han 200 150C nor e

ddj h
ot al - na o SS9 BLEMSRATRLY COU Pt PRt SEPOT e By of e

contr 0' VI Sfﬁaﬁbwes B8R 'a NUbshBie, ﬂ@ﬁ@t&ﬂanéﬂ%@@éﬁﬁ%@@e@é@ﬂeﬁﬂm anc20
Exanpl es of suitable addi tives and binders inclu but are not

linited to, fermingeyneist ngnovies nemedelayene) thesubstiatady allawing &a fluid & e
(HEC) , hydriaf&{| propyl nethyl cellulose (HPMC), nethyl cellul ose
(MO, poly yl al cohol (PVA), tripropylene gylcol (TPG, and

xant han gum (XG, andThe hiel&ltridtowvize@an baqarepmmdsaimnb@di Ebowd, artes,
et hyl ene oxi de and propyl ene oxide and their 25 cop¢

sul f onat’®s, melpknanoyiregiase tyrically sligpgread m@'ﬁ%t&f@PWa{%@e C{ﬁﬁ@%ﬂﬂ%t K
esters, and; id ﬁﬁ’&grgt%ﬂgft té‘@h§et§ ﬁe%m, a‘%ﬁyéltfdn) ah¥ "&%ﬂl@t’ bre lied®
i SpPersion wel g t from

exanpl e, a nanow re , ncl u
0. 0025% t 0 (hté&¥thangéahdy. aAny meng‘.o,rroawpmqﬁminn eﬂucﬂam@eneta! hamowirds GO25%

to O. 05%for Zon FSO- 100 Q. 02% to 4% vi,scosi.ty, modj fler
50 (e g, TR SAURIBERGIN GlRs CAlR, oG BaPATeT BRERTen LATHH 506 ¢ o
99. 0% 25 59§¥§”Préféﬁbbﬁj%%e@&%ah‘éwireé%é@%ﬁérs@éﬁ?\#a‘teﬁ’san alcohol a
Representati ve exanpl es of suitable surfactants include Zony lr?@'%

ene,

FSN, Zorfy ( kptorsoetheemyiygiocapsms arran yamatis solyenkbenzena3pivens,
(604, 607), epc.)l.joﬂspey |!3ne-k‘)erg)ﬁlgf’1 heolﬁiugoels%?atil\émgbmg a boiling point of no more
than 200°C, no more than 150°C, or no more than 100°C.
In addition, the metal nanowire dispersion may contain additives
and binders to control viscosity, corrosion, adhesion, and nanowire dispersion.
20 Examples of suitable additives and binders include, but are not limited to,
carboxy methyl cellulose (CMC), 2-hydroxy ethyl ceilulose (HEC), hydroxy
propyl methyl cellulose (HPMC), methy! cellulose (MC), poly vinyl alcohol
(PVA), tripropylene gylcol (TPG), and xanthan gum (XG), and surfactants such
as ethoxylates, alkoxylates, ethylene oxide and propylene oxide and their
25 copolymers, sulfonates, sulfates, disulfonate salts, suifosuccinates, phosphate
esters, and fluorosurfactants (e.g., Zonyl® by DuPont).
In one example, a nanowire dispersion, or "ink" includes, by
weight, from 0.0025% to 0.1% suifactant (e.g., a preferred range is from
0.0025% to 0.05% for Zonyl® FSO-100), from 0.02% to 4% viscosity modifier
30 (e.g., a preferred range is 0.02% to 0.5% for HPMC), from 94.5% t0 £9.0%
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Exanpl es of suitable viscosity nodifiers include hydroxypropyl nethyl
cellulose 5 (HPMC), nethyl cellul ose, xanthan gum polyvinyl alcohol,
carboxy nethyl cellul ose, hydroxy ethyl cellul ose. Exanpl es of
sui tabl e solvents include water and isopropanol. If it is desired to
change the concentration of the dispersion from that disclosed
above, the percent of the solvent can be increased or decreased. 10

e ont <Solf SR 6415 18 % el PHloRrel! I'«‘e{iil niiifve examples of

i ngredi ents, however, can
of the sur f aitabie sﬂntﬁad:thﬁsvndmzawlﬁ’ FrSNL Zow@ |F§(1)r2ein§l®a58b1 Trtohhe

o e ot o nangd 4 od5h Dysok i, hrbadkert behgpetteide ane NoveR. | o'
about 0. OOOE%QTE%%CB%B l%?&is?g@i%yhhﬁﬁtﬁ% lﬁblyﬂgggm‘dxg%rob?l Fnl%@mgi cel Iose

sur f act ant prefe e range o
rati os of c(HiRidGnmethyl celitosedikaptbas gam, pelyvingl afoofhidl; mbdapmemwhg on

Vi Scosi vy 1 BRIPHR YRISEY NG AR Mot CoiarIEn of Sh1eBIA SeluerTa BHdS valet

100 cP. Opt hedplohyopdifag substrate can be pre-treated to prepare a
surface 20 to better recei ve the subsequent deposition of the
nanow res. Surface prléitig dwtedémcbaem the canicentsationt efiibe idiapersiew from

exanpl e, nahl e .t 0Si for on
Thyer. i gt ERERen GvE e Bridsnl ofle Bustt ke Bk IR orlisthesRl
substrang fpypreffiRRibAbbdiRcREEHEI rBRLIoS Ritos dFtieoMer lngi'étﬁents however,
pre- treatnent can be carried out in conJ unction with a attern n

step to creedrrersaipdpe spmed Inppdishiardhe satiq eidha énfmtaetsto the VWCPF|?VOG
di scussed Ty hher; ﬁ'refg?hﬁlx u‘fiﬂ’f]e b B%lfg thoetotéb%ﬁf t fhel 36 %@'ﬂ]el y

sol vent or c¢nemca : ng, p05|t on of ‘an optiona
patterned i visesstydhadifier taybe ristalprapeeirts dprefgrpbiypm e mngbexfrabaht D) (o}

troat mont o 304 COOGER ARl TR e Dot PN e S BB RIEBANE S ona
v ot PoSEAERLT0 A BLRL80PI ) At Sl ot gl
baki ng) . Thikerdisparsiongnaynbe owidifiedrdapsadingl eny/ibe subptrateqnid e method of
post-treat ”Eé‘ﬁuca o %Qg ' Thé prec-:l-fgr(frécrl wcs%osﬁgf 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 subseguent deposition of the nanowires. Surface pre-
treatments serve muitiple functions. For example, they enable the deposition of
a uniform nanowire dispersion layer. In addition, they can immobilize the
nanowires on the substrate for subsequent processing steps. Moreover, the
pre-freatment can be carried out in conjunction with a patterning step to create
25 patterned deposition of the nanowires. As will be discussed further in more
detail below, pre-treatments include solvent or chemical washing, heating,
deposition of an optionally patterned intermediate layer to present an
appropriate chemical or ionic state to the nanowire dispersion, as well as further
surface treatments such as plasma treatment, UV-0zone treatment, or corona

30 discharge.
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conductive. This post-treatment can be a process step invol ving
exposure to 5 heat, plasma, corona discharge, UV-ozone, or pressure
as described below. In certain enbodinents, it is thus described
herein a nethod of fabricating a transparent conductor conpri sing:
depositing a plurality of nmetal nanowires on a substrate, the netal
nanow res being dispersed in a fluid;, formng a metal nanowire

network |ayer on the W&Mﬁﬁe%ﬁgélhﬁmtﬁg h%’]’iﬂ IH tcﬁb;ﬂgv%r&faté%

coatlngamatrlx mat eri al on the nano ren
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to: pol yHEr Wy, maﬁngla raatr:pmhataraafrm-cnhplrﬁétesnandwie'ﬁémmhala?ér @€ curing

polyacrylonltrl s p al cohol s, pol yesters (e.g. 25
pol yet hyl end gﬁ"ﬁf éﬂ@'ﬂ maly yest er  napht hal at e, "and
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phenolics or cresol- fornal ol ac yrenes,
pol yvi nyl t olcagsere inge $he mgirixy b definecoladrging ‘Gerse”, pofcwangdeefers toa

ol yam de| et herim des ol ysuf f deg, | ysul f ones
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pol yol effens pomibrizec ndpsratys £k sdas IRk é’cﬂ?at;?‘diﬁneﬁé‘ﬁla%@ | $Sitable
olefins), acrylonitrile-butadi ene-styrene copol yner (ABS),

cel l ul osics Poqur@awé@ canditienshare wellzZkniawn indhe eotransi mclnge by iwayeots
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ultraviolet (UV) light, electron beams, and the like. In addition, "solidification” of
a polymer/solvent system simultaneously caused by solvent removal is also

20 within the meaning of “curing”.

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

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

30 epoxy, polyolefins (e.g. polypropylene, polymethyipentene, and cyclic olefins),
acrylonitrile-butadiene-styrene copolymer (ABS), cellulosics, silicones and other
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EPR, SBR, EPDM), and fluoropolyners (e.g., polyvinylidene fluoride,
pol ytetrafl uoroet hyl ene (TFE) or pol yhexafl uoropropyl ene), copol yners
of 5 fluoro-olefin and hydrocarbon olefin (e.g., Lumflon(r)), and
anor phous fl uorocarbon polynmers or copolynmers (e.g., CYTOP(r) by
Asahi dass Co., or Teflon(r) AF by Du Pont). . In other

enbodi nents, the matrix material conprises a prepolyner. A

oPY SPOLY T gk g el oRRERDMoRiod SIS Ok (o
form the pol ydlpringlcielide PVES pdB@eeidessy] ppyneibdrndries] symhétid mubbéﬁs (e.g.
know edge of _one skilled in the art to select, in view of

desirabl e poEyhePBR, IOV and ﬂggrqmwr@erﬁr&ﬁsn@plyvmvh@qm ﬂmnq@m yIer .
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phot o- curablfia prepol yners can be patterned ‘éﬁ@ ﬁposure to

i rradiation "%%ﬁ"@‘é'ﬂ P%!M%Pbﬁ@ml!"ﬁe@t(ﬁ@r ‘CEhBbdityetaahi Glags Co., or
prepol ymer i-Bsope whi ch can be patterned by selective
exposure to a at so rce O Typically, the matrix material is a

| i quid. The matrix natrepther entpdirngtis othelnhatric orgieris comsiseyant . Any

non-corrosi ve sol vent ,that a ffectivel sol.vate or disperse t
Tt i x et erRTEPOWIET A “RERP TSI PRSI0 MEHTE S5 EPnCERTs G BITAEP @

wat er, afg al gi@BRlers 8r AkANSolyrhetd BBY SAPh &I RBrize KA/ BF ek to(fSrrH the e

cycl ohexane) or an aromatic sol vent (benzene, tol uene, xylene, .
25 More pr efpalyrasiigmatrhe as leseribed berei. dt isivdthim ths knpvdetas of w mlladt

certain embddReALeS SelRe VPR, aETestRRle nelmeis ARG, =FURabR onorer

cross-1|inkerar p@rﬁmlpbwerzat lon initiator, stabilizers (including, for
exanpl e, antioxidants, and W stabilizers for |onger product

lifetine and pol yner i Fheipsefead enmhasiments thegregplymesis Ritpreuratie)ie.,

o Lo BRSPS REL IR pon LR (it b

t ranspar ent wilhhduesonisedciamore detbilimaltiees bysed on photo-curable prepolymers
can be patterned by exposure to irradiation in selective regions. In other
embodiments, the prepolymer is thermal-curable, which can be patterned by
selective exposure to a heat source.

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

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

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

30 inhibitors for greater shelf-life), surfactants and the like. In other embodiments,
the matrix material may further comprise a corrosion inhibitor.
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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 deposited to the substrate 14. A roller 100 can be

rolled across a top saH A&te8 htfsin -0 8 al
nanow res 10 dispersion |ayer 110'%#“’?@3%%3{ éﬁ@gg&e}s fé@ﬁ%&%@ﬁﬂgﬁﬁg,
The layer 11%rexamgle, sheet aoatiog,yweindoatings prhtintamadilarminatiomor k | ayer
114 is formed on the surface 105 (Figure 13B). The substrate may

require a pre-treat rregg) t Oﬁ%gtpgg?ﬁﬁhedeposi tion of a uniform

nanow re di spersion | ayer res to the 15 substrate for
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20 For exanpfafsparerit coeductali lat shdet postireana Bretalerpowied dibetdish (not
surface of tt&ﬁ gbst rat.e.tlg, i mmgi lize the nanowi res. The
i nt er nedi at & 3@' can pgiaitialydenosied inthefbstrates4 v reller 188 san de rolled
facilitate tdfaeodd e t ' I.n certain
enblodi ments, the ?ﬁlbtprﬁjrrrgfdc?gpg ??ﬁ#%ﬁ%%?,&%éﬁg@‘éﬁ%{af hgnos“aﬁeﬁ rate
prior tol(estanersiag lavee 14Q0ovthe éop surfacet 1S (FigiretBAle M lajde! 1028

i nt er medi at I -deposited with the nowires. In certain
embodi ment s%"!rjr‘uﬁ%git? ﬁwg?'?%ﬁg'%tﬁli e nedwol Jayerstl ‘ﬁ%rﬂ?&ﬁﬂ thessugfage
be used as t108 (Fiyues n8B).ate | ayer. Pol ypeptide refers to a polyneric

sequence of am no acids (nmpnoners) joined by peptide (am de) bonds.
The anino aci d nononef Be sHb¢raie mMaydgavite aguertieatrnénst te @mablerth&0

o o Do ORISR B B BB M At e *

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

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

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

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

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

carboxylic acid groups) are preferred. Examples of suitable polypeptides thus
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i ncl ude poly-L-lysine, poly-L-glutamc acid and the |ike. The

pol ypeptide can be coated on the substrate prior to the nanowre
deposition. Alternatively, the polypeptide can be co-deposited on
the substrate with the nanowi re di spersion. Many substrates,

i ncludi ng gl ass, polyester substrates (e.g., polyethylene 5
terephthal ate) exhibit affinities for pol ypeptides. Advantageously,
the interne r e e ' d L : ,
wni ch enabl b PR LRFHE, ROl AREE Rald bl e ke ThEHENRERIAELATEE
pattern. O lweatgl en theesubstrate pridriotiee taowiiesdejusitioar rAlecthalively] thel O

conjunctlon wth g att rn| ste in order to f orm pat.t er.ned
deposi t i ons.Po! mﬁpt'@g Opq? %8? fhg suistiale ﬁ‘ﬂ‘;\ﬁh%a qyire-dispersion.
out through yaf, rm% | t ace
of the substrate t ere dr'e n I\r'élbg d’i\/éé es;ugtgtr%‘l% (grg?i ptopeégrtlﬁ%{

regi ons and tartephﬂ%tebemlhmafﬁameetﬂarrp&mtpﬁpttde&lanOW| res deposited on
the pre-treated region adhere t the. ubst te better 15 than the
adhere to the untreat V?Eﬁ‘gﬁﬂus A c{ﬁezaﬁtcﬁarbﬁé%pﬁéﬁ?ﬁtnﬂ %rﬁ
can be achi epedintived Eﬁ@?ghkh%naaeg%é 88p ol ic%rh@f HBaRBiAEs bestraRg W

e.g., washing. It s e understood t pre-treatnents
descri bed alilbey eamelpsdtesippl y t o ot her net hods of fabricating

e nlnout o metor v CHSAESRAIRE Ty RRnt bh i PERRABLART "' o
treat menp t @ohRNEEEN Withed gtiarninglstap iA @rasrabipesform tpa&eﬁ@atdetp'oembﬁent

can be a process step I nvol vi ng exposure to heat, plasm, coro

di scharge, B@rgxample, piasma swapedreaieni ¢an becarr@éu% throvgh %aeeﬂure
d | bel d
etail be O%aﬁéﬁ%ﬁsﬁg@ggﬁﬁn‘@o s?]or Be b ot the @bStrhf the a?rQe Coat e

on the nanow e net matrix nateri
116 ( Fi gur e cdfprises As lesisbone bre-féajad eedions ahdet leattone nmﬁtecategmyer

116 is allowed tQ cure to .obtain matri x ,and .t he ;structure f
Fi gur o5 10ARETEN tea faposes OF Hebreronied (el eulbs 1 M Supdypl Retter

Ui T bl o' BpTH L ARG ARSlo tnd TBbtediRgieh FARBIIRY i pAtsAEY dgpQdfon
Addi ti'onal | wande atitievesilydremovingethe rahowires ondne en’amteﬂmemah &y, 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 nancowire 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 materiai layer 116 (Figure 13C).
As shown in Figure 13D, the matrix material layer 116 is allowed to cure to
obtain a matrix and the structures of Figures 10A-10E, can be obtained.
It is understood that a brush, a stamp, a spray applicator, a slot-
30 die applicator or any other suitable applicator can be used in the place of the
roller 100. Additionally, as discussed further below, reverse and forward
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30 gravure printing, slot die coating, reverse and forward bead
coating and draw down table can al so be used to deposit nanow res
onto a substrate. Advantageously, a roller or stanp having recesses
of a predeterm ned pattern can be used to coat a patterned netal
nanowi res dispersion |layer, or matrix 5 material |ayer, thus printing
a patterned conductive |layer (e.g., Gavure printing). The

conducti ve | 3l S q r
matri x for mjcfr éﬁrgﬁﬁfgﬁﬁ % Q?l@ﬁ% ggélﬁﬁ;d'? %\?Btr 8’3‘8 an@%%%ﬁ%m%iﬁrﬁﬁ
the matrix doutretabé cdragleo bewisedio sepesit manowdrescnito asupsirater ned

| ayer, the tern can, be ansferred.into the taI owire |ayer
by efrovi ng AQHENTRHSCHEYna Ry &1 Sl adhiscssars B 1 RieBirreured et
of nanowi r es;aeldddIR R %fﬂﬁgbtr%@ hitfAfires &@;mwnqéyé‘ra& irix

removed by washi ng or brus emaway wth a suitable solvent or
by transfer ratgriabHapen thus prindikg agpattediasstansiuctive Byer (eg.i Sréawre her

derstood th t i ed.
Ut ai e HTUPhg IFoHHFS e Eelt IS0 BNEEIEA B SeiaHE B MoRowEs
coating st epy prfix PrAHIMATRON Y tHESRRtratd thiOEgHPSH BEEaIRas) hﬁﬂ*@' Asitrix
| ayers can be coated in the same manner as described above. (b) Wb

Coat i ng Web-reaigrialigyérde depesitasihgn ayediin ampatirimed javer.dha pattpanean be

9720 compat BT RRTRE odpam i BB iR RuRaRH fpidser

transparept thamdoeirey thef @cengiticmof mhoaires gemsthe, pd@@aﬁ@ﬁﬂﬂréﬂ\oﬂtﬁ es
conventional equipnent and can be fully autonated,

dramat i cal | Naeuessante @@gqveéfbm&%ﬁhna&m h@lshméhgwmw'@bﬁéuﬁaws
I n particul g HEBr 6 f}'% B’ﬁfgofﬂléﬁm%r&{égifépétﬁ@wer feRgoduci ble

conductive Iayers on subst Process steps can be run 25
on a fully integratedlilis fu;trmr usdens&jddythamdmmmaﬁdepommmmmwtmgsmrre
14A shows an enbqd ate, in theformof

R Toe o s 80T i o wR Ru i Aty BenEYT e ot
speci ficqd | hoaﬁnﬁtﬁé%t rﬁir%xéﬁ]pﬂ@léﬂ?%n%r 'E)Fﬁ{espérﬂcﬁrﬂaﬁcgfeﬁ%néiﬁ fy @'ﬂst or

(not shown) and noves along a travelling path 120. The substrate can
be fed to tigan l:@o:qaé%cmtbers@ma yapreigsdesceibagd @pove.bel t syst em (not
shown). A storage tank 122 is

(b) Web Coating
Web-coating has been employed in the textile and paper
industries for high-speed (high-throughput) coating applications. Itis
20 compatible with the deposition {coating) processes for fransparent conductor
fabrication. Advantageously, web-coating uses conventional equipment and
can be fully automated, which dramatically reduces the cost of fabricating
transparent conductors. In particular, web-coating produces uniform and
reproducible conductive layers on flexible substrates. Process steps can be run
25 on a fully integrated line or serially as separate operations.
Figure 14A shows an embodiment in which a flexible substrate in
the form of a film or web can be coated continuously along a moving path.
More specifically, a substrate 14 mounted on reels 118 is drawn by a motor (not
shown) and moves along a travelling path 120. The substrate can be fed to the
30 reels directly or via a conveyor belt system (not shown). A storage tank 122 is
positioned above the substrate 14. The storage tank 122 contains a metal
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positi oned above the substrate 14. The storage tank 122 contains a
metal 31 nanowi res dispersion 124 for nmetal nanow res deposition. An
aperture 128 in the storage tank 122 delivers a continuous stream of
nmetal nanow re dispersion 132 on the substrate 14 to forma | ayer
110 on a top surface 105 of the substrate 14. 5 It is understood that
the matrix material is stored in another storage tank (not shown),

and the nat r,{gho(}ﬁ]{egrd;i@e §58 158 fﬁﬂﬁéﬁgp%@y&i{éﬁa anitioﬁ?meépe?@re 128in.

descri bed above. urt her y di spertisi hg

can be used the stdrhge pirkci22afelivbs s tomthaeus stréamiol ohetdl mghowviredispersion
device (e.g an atom zer that _ 10 delivers pressurized di sfgersi ons),

a brushing de@ Yethesubstrrients wdema laver 119 a ke syiface 19hofdhret

coating, a War evice can also be used to provide patterned
coat i ngs. F%Jbrg{eréf%gﬁ?shoms an alternative nethod of web-coating in
whi ch the coating i sltdaundediomgtthantha nattix ovatsnal issterad incarstiest r at e.

Li ke the nethod 5.iJlustrated in Figurel 4A,. a substrate, 14 noves

l ong. ot 1 aHTAAG i 1ok SEOWIA, BB e A maleTaliga BS OSIR b Ine Rases ow
the substr atg, it RdskAbdyapserged in a netal nanow re di spersion
124 stored in a storage tanﬁ 122. The coating roller 140 delivers a

met al nanowi re di sper $iigfurthey endarstoastthat &yt diepensing dedca aan be usethén
substrate 1 ati roller 140 can rotate i.n the direction of the
ravelng 20" RERE S orge ik pRDuB s trpube N8 (& celp ey et
the matrix mRlieslsdresAniz08 dispardibfy, @Ytushihgt dsicea BEOIRIAG levickaridBe
processes described in Figures 14A and 14B, it is noted that various
surface tredieehike thasheel coabing ca pppfing devicereampise bedined tagpdde i on

step. As w || 1hed in nore detail below, surface treatnents
can enhance pfggﬁheg]e?o%g'hggarency and/ or conductivity of the conductive

| ayers formed. SuitabFgursa4Batewsrzpeamativeméethde of iueb-cating i which
limted to sol vent or chem cal washj nrg,syﬁgl asma treanents, Corona

di schar ge, UV? 698 1B caHiRcRUL 952 BRYAM Sprfeck AER FUDSIRIC ¢ oI tha Mmedhrd
t her eof .14 GlfsBafRInFIGHE 184 CH OB QPRE Sl WioW¥sOa6RS a tla@WlifPpath 120. A

fabricating a
coating roller 140 is positioned below the substrate and partially submerged in a
metal nanowire dispersion 124 stored in a storage tank 122. The coating roller
140 delivers a metal nanowire dispersion layer 110 on a botiom surface 144 of
the substrate 14. Coating roller 140 can rotate in the direction of the fraveling
20 path 120 or in the opposite direction. The coating of the matrix material can be
carried out in the same mannet.
In the processes described in Figures 14A and 14B, it is noted
| that various surface treatments can be applied prior to or after each depasition
step. As will be described in more detail below, surface ireatments can enhance
25 the transparency and/or conductivity of the conductive layers formed. Suitable
surface freaments include, but are not limited to solvent or chemical washing,
plasma treaments, Corona discharge, UV/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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30 transparent conductor. As shown, a web-coating system 146 incl udes
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 polyner film
froma supply reel 148 along a traveling path 150. The’substrate 14
is then subjected to sequential treatnents and coating processes
along the traveling path 150. It will becone apparent to one skilled

in the art S f i ' the 5
concentrati %Q%{étpem %ﬂqe‘r?ﬁéﬁ%'t% ofﬁﬁérﬂ%gﬁ?ﬁgaeglgpﬁxlgégeﬁﬁgﬁ c#1"‘§naclryi ng
and curing travelrespath 1B0c THasubstrbte foistibesstibjetteded eemmat freatments
uniformty and the thickness of the conductive |ayer

Mor eover , i ANE SPRHNG PEIASSERTRIRNG th%ﬁ"%‘lth’gi’@m&ﬂﬁ% Bl E%?f{ﬂ%%@ﬁreﬂbto
prepare theoﬁH%ﬁfelléghﬁtr{ Oért’iﬂéﬁﬁé’%se%gd%’iﬁ tt %pBéc?@Fééﬁ‘o%md}{bf

specifically rat |ona y sirface-treate at a
pre- tredt meohcertettionnf HOmatrix mpteoak ahueh@aeﬂequemyaj thud diying and curing

subsequent nanowi re deposition.. |In, addi urf rea nt of
t he substraPEBG5EPEF af%A HBQE%%GQW F"@ggéfﬁ"ﬁm&% ﬁd@ PH'E[ 4 mty of
t he nanow rﬂﬁcﬁx@s@&ﬁﬂ?@@&id&’cﬂﬁe 'gggr%gace treatment can be carried

out by known nethods in For exanpl e, plasma surface
treat ment can be usedMoseaowed, ihyetthia emipidimahis; pes-treatments arfe adnducted

surface of the subs ases such as..ar oxygen or

it ogen. | plSTRRALS HeubstR AR TS BheSid BauRb Bisss i iblh.

speci es 1at bﬁé‘f:lﬁ@émefl'@wb%ﬁatew@bé}ﬂbé YptigtHiy sﬁrfé@é“tr@h@ﬁl‘é%a';ﬁ%er s on
the surface are involved in the process, so the bulk pro erties of

the subst r atreaineent statinn 149 fsdmprave theleffjcienayef theisusesue nAnoviE
chemi stry. b?g&?xﬁé’n | fhsélcfoﬂ@n, Bhas tngegﬁ BP@t% édb%ﬁé{é‘(}ﬂ ord 81‘é' des

adequate su ce activ Or 2 EhNaN dhesi

bondi ng. Asdepositibnisan ahharcesthampifermityxofghe nah@sm@s rantaadapeaited can be
carried out in a March PX250 system umgg@the foll ow n%’ Jge ating

paraneters: 150 W 30§ suigacs freaimegbcan be sarisg Qi by dmown FM 25
I n ot herg enﬁ%ﬁﬁ%ﬁexé,{aﬁiesgra AfEua88 R Rhertbay Inchdddfto rﬁ@m@%é' ng

an |nterrred|ate | ayer strate. As note above,
i nt er nedi at demLMr styysiweldf theesinfasietaf thd $ubstiate s Usiog deses sutieas argon,
nanowi res and the r ntﬂgsézn ptlasma sur?écettpgatmen cr:gr%a greage hlgﬁxr reaé:tlsv capabl e
of i mobi | i ZK¥FT fento8
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
substrate. Thus, the intermediate layer is capable of immobilizing the
nanowires and causing the nanowires {o adhere o the substrate.

30 Representative materials suitable as the intermediate layer include

multifunctional biomolecules, inciuding polypeptides (e.g., poly-L-lysine.)
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nanow res and causing the nanowires to adhere to the substrate. 30
Representative materials suitable as the internediate | ayer include
mul tifunctional 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 which are known to one skilled in the art. The

substrate 14 thereaftﬁlrth ;eg(%grﬁ)ﬂ%ytasﬂﬁgcé@g&hmﬂ-,\QI]Jd%SSugfﬁgg%,%hQig%th

station 164, which dell'v nanow res di sper si

defined her ei golvehfeCoiopasiisdharysamt UvTozons tleairaent, all ab@hicarifte &Bown to
described in Fi?ureI4A, a spraying device, a brushing device, and
the |ike. Aongskiledipifig@it-es di spersion |ayer 168 is deposited on the

surface 105. Alternat *ﬁ%gﬁ%?tﬁe?%itﬁéﬂﬁgﬂe%&%&'%% %tﬁ%%q?ﬁgegppl y a

patterned coating of ¢ W r'es di Spersion on
substrat & Kepositamplation d 64| whichalelivet laemetashnangwiré=diepesinnofotaas

predeterm ned_patitern can hbe used. The sta or roller can be, ,
cont i nuousl| Qeﬁrﬁ)%éareamt'ﬁh%dﬁefe%wom%tﬁﬁ% %’%BrgiE's%%fraSl@dﬁ“'b?S Bﬁ%ﬁkh’?sd n
met hods in i : : b6 ; | I el N a
Tnoing st af ke T2 SHBVRNRIG S ahiFiante. ARy IkoTRTAe8! 2

dryi ng st at inanowif@s tispersion layer1d8 is depnsiidd en tha swidcel Hpe rAlEgaatively,

CPL onel o RGeS o R oL

with arggn @nbn@@&k‘@@&is@éﬂsﬁfﬁoﬁ% supRbaKe Kdrexahils RpsaRpYoradRertHaRing0
conductivity of the network [ayer 180. As an illustrative exanple, Ar

or N2 pl asferesass pta psedatednioed patiera osarhehused sthesstampngr raliermgntliee

ow 12 scERs Bl R B R betaelontes Hedetiiofpp dbbr hehafpfes

e.g., Coronapndi scharge or UV/ozone treatnent, may al so be used. For
exanpl e, the Enercon system 25 can be used for a Corona treat ‘rlr_lggt.

As a part of the postlk¢ @é’?ﬁéﬁ@ cap b gpdipn@ivdinsedat acrél'ﬁ"?gﬁ?ﬁ%
pressur g I §akReieMhE 15RFIBBIIS 8lidY at 4 BRIMLLAREK 178 fordBPnetall €d

through rollers
nanowire network layer 180.

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

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

25 can be used for a Corona treatment.

As a part of the post-treatment, the network layer can further be
pressure treated. 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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186 and 187, which apply pressure to the surface 185 of the network
| ayer 180. It should be understood that a single roller could al so
be used. 34 Advantageously, the application of pressure to a netal
nanowi re network fabricated in accordance with a method descri bed
herein can increase the conductivity of the conducting |layer. In
particular, pressure may be applied to one or both surfaces of a 5

conduct i ng sheet {r anangaRBkeSRIF 6t holaRon sRbRAsiia BrABARGRoM N

a nethod described herei nor e r ol

cylindrical feauek faofeted in énmbl‘daﬁcevvai’t}'c@ mﬁ)qd tescribed terain cah inazease
| ength dinension |arger than a w dtq di mensi on of the conducting
|l ayer. If atke ﬁgm@—'qt%'ﬂf @f’thﬁémﬂ%‘éf'“gt A¥ et work | ayer may be pl aced

on 8 rigid surface ang plifioah Bhesd.ob by HPidTE0 16 bR S b QUrRRESd1 40

surface of the conduc usi ng ods while pressure is
appl i ed 8 o cohductivig shrest tr‘énspwemtﬂdrdustoafabma’@d mtaneondam@mihlweihod
may be rolled betmeen the two . rollers as shown | n. one

embodi ment , desEmResbhergimby BRROLRNS REVOIRIOHR (el ?yé'ngﬁ%a'%ﬁsing'?)%?ent

duct b 15
100 to 1000 oER o SHGTTARLER! hE0 pol hale o e e e

Preferably, dimessionef the eonalucting layen If aamrcélﬁr lmmeometwprlbfavero

the application of an mat.r.i x teri y

b’ uaph £ 2l o bl on fii S LS Bl e sRbR 1ol roBid Eliost e EfpbsEl
conduct iy shemake oNhR éUndemj"laF/@} h@R}? kAbwn weétﬂxoc@wumwpresm@ds iappldie

art and discussed in, for exa Technical Bulletin "Lam nation

Techni ques fotheosiesr If eve TQﬂeT!’r_afﬁ wsad, Hie neiwess layer maybedrliedbetyeen
which is herﬁ%%«”ggﬁ%@w% g% B’YF{Q‘ET'@WA'CG inits entirety. It was

determ ned t essure to a netal nanowire network

| ayer inproved the conies embbyhmé‘ramurhE@tbhlé)rocmapmrrmay)beappiead to the

application 25 of a plasna treatnent as d abov be
Mred i

done with orraREPRGHM C%”(Hffcé‘?/ RN PY @B%E’éfﬁﬁnt ‘ﬁl THEORH
shown i “11§591 W&o oo g%h‘%()b%'%b%s: &880@ meaypl@e éﬁbl‘le@' M‘éfé?éﬁ!yt he

surface then ayer 180 a single or nultiple tines.
the roll ers paessureld mph&drtoairaﬂwar&rﬁmnﬁuqt@lywmri@&e application of any

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 Bulietin
“Lamination Techniques for Converters of Laminating Adhesives,” March, 2004,
which is hereby incorporated by reference in its entirety.
it was determined that application of pressure to a metal nanowire
network layer improved the conductivity thereof either before or after application
25 of a plasma treatment as discussed above, and may be done with or without a
previous or subsequent plasma treatment. As shown in Figure 15A, the rollers
186 an 187 may be rolled across the surface 185 of the network layer 180 a
single or multiple times. If the rollers are rolled across the network layer 180
multiple times, the rolling may be carried out in the same direction with respect
30 to an axis parallel to the rolled surface of the sheet (e.g., along the traveling
path 150) or in different directions (not shown),
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multiple tines, the rolling may be carried out in the sane 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 inage of a portion of
a metal nanowi re conductive network 810 after application of from
about 1000 psi to about 2000 psi using a stainless steel roller.
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depending o substrate. For exanple, glass substrate can
be heat - treg?ﬁ@&atﬁ’g% érr[ﬁer ature range of about 350C to 400C.

However ,i0post tr eat neTihe applidatigh ef hesipay alsuesused. 4t this ol ee a pdean
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process as described herein was placed in a sheet dr oven set at

a t enper at up¥ample, geesestbstrale Cgéch@rhﬁﬁt~tf8§1fa§#%t &meelﬁéfalfe range of about
post - treat MBikac {E0d-CANSARERM post treatments at higher temperatures (e.g., higher

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

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

25 example, a transparent conductor fabricated using a 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/O, 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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conductor had a surface resistivity of about 12 kU D, which dropped
to about 58 DID 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 kO D to about 400 O0/D.
It is also considered that t he transparent conductor may be heated
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f
D etaork o 204 ?%ﬁefgmcgﬁtpr%femto&etwam abetDOE andsTESSad s 61 o to
a netal 151 egbkﬂlc%ﬂoﬁ%ﬁéat ih %o%‘iﬁdt;BH aﬁ{h Opr@séilr ¥ah lrﬂggﬁ)g th& 089@9#%

network can 25 preferably be expose ver ng "ag
as sodi um batiehgparestcorductorp nﬂemachlbbwhlanmexews‘eddma@bwotﬂo
seconds to S\?&angl% ﬁegsul}rgséhd%régt simultaneously is a laminator by Banner
American Products of Temecula, CA. Application of heat in combination with
pressure can be done either before or after deposition and curing of a matrix or
20 other layers as described below.

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

25 preferably be exposed to a silver reducing agent such as sodium borohydride
for, preferably, anywhere from about 10 seconds to about 30 minutes, and
more preferably from about 1 minute to about 10 minutes. As would be
understood by one of ordinary skill in the art, such exposure can be done either
in-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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nore preferably fromabout 1 mnute 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 treatnent
can increase the conductivity of a transparent conductor. For
exanpl e, a transparent conductor of silver 37 nanowires on a
substrate of PET and prepared according to a reel-to-reel nethod
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reduci ng agents include other borohydrides suc as sodi
bor ohydri deregbnes the trapeparenitardunios had avesistiviiynaftapout 3 8nviRdbandine

(DVAB) ; and i r n gas_ (.H2).
Thereafter, aﬁﬁr;thg S [raétggﬁ%ﬁt?%ohr%o%@eé%gr%z ng&?ééf%&ﬁehxacg@ﬁ%é?tl‘%%ﬁf gRout _
st at i on 1088;150l/nh Rielutingrayeatssther thangbaluntbobPQdricks calehé Besd RAEEN.
The matrix B‘gseigosition station 188 can be a storage tank as descri bed

in Fi gur el 4ROSEIreadipenl; Qihey syitakle regusingsanants insludecsther harphydridgs stich

devi ce and i : | e |1 s, t hus
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mat eri al cadmbwbomgres(RMABhard gasi netliicigg dgentsestich &0hjdrogemgas(igr ned

| ayer. The layer 192 4s then allo fo cure at a curing station 200.
V\hgre the matrix mat e-heé?a'feg' g‘ep?ﬂ%ﬁ@tre/@g?r\?@ﬁ?é%%ﬁ BRI fepasifipsy 192
can be 1euregdtidy 188 Whichdetigs %%Mﬁiﬂ%ét@g&vﬂb?%@g%ﬁn%@ ﬁ?/{%g{il 'Flﬁ%matrix

process can be _accelerated by heating (e.g., baking
matri x mat ed¢Rasitiongintiare$8& cambe aditenage faitastescribed o Figuee 14A, e

layer 192 cgftafifig bR, DbridHiRfhéit@y printing device and the like. A layer of the
matrix material 192 is thus deposited on the network layer 180.
Advantageously, the matrix material can be deposited by a printing device to
20 form a patterned layer.
The layer 192 is then allowed to cure at a curing station 200.
Where the matrix material is a polymer/solvent system, the layer 192 can be
cured by allowing the solvent to evaporate. The curing process can be
accelerated by heating (e.g., baking). When the matrix material comprises a
25 radiation-curable prepolymer, the layer 192 can be cured by irradiation.
Depending on the type of the prepolymer, thermal curing (thermally induced
polymerization) can also be used.
Optionally, a patterning step can be carried out before the layer of
the matrix material 192 is cured. A patterning station 198 can be positioned
30 after the matrix deposition station 188 and before the curing station 200. The
patterning step will be discussed in more detail below.
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Dependi ng on the type of the prepolyner, thermal curing (thermally

I nduced polynerization) can also be used. Optionally, a patterning
step can be carried out before the layer of the matrix material 192
is cured. A patternihg station 198 can be positioned 30 after the
matri x deposition station 188 and before the curing station 200. The
patterning step will be discussed in nore detail below 38 The curing
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process (see, also, Figures 10C an 0 an etching step 1
needed. |n diggheigaerddV/ogpnes treaiments.c Expesedonetah banewiréscanegizeticuidrly

| ayer 192 a f ' f.the matrix formulation are
controlled Qg%‘?'gﬁ"rrgiéa%%/C?Q?’?wga?w‘&ﬂ'?&sw Il not 15 wet the top portion
of the g al nanow relnngriotsierabstimend at pRiobr thBendBI RAnowWlRiaqyi 1 es
w Il be exposed on the surface of the conductive |ayer. The

conducti ve PXRRSetheRyriage of ihpseondustivelaype2@hialowinguhe wpring pradees
t ake- TR heatlon:i s al d
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Ut al ong.t ITESETLTaNe AEFHBA AT iatan 158 B GekARbaR A g eBaics ad e
RETI pdd gb e L
exanpl e, coB@nawjeesowillibgesxposed on the surface of the conductive layer.
The conductive layer 204 and the substrate 14 are then drawn up
by the take-up reel 147. This flow process of fabrication is also referred 1o as a
‘reel-to-reel” or "roll-to-roll” process. Optionally, the substrate can be stabilized
_ 20 by traveling along a conveyor belt.
In the “reel-to-ree!” process, mulfiple coating steps can be carried
out along the traveling path of a moving substrate. The web coating system
1486 therefore can be customized or otherwise adapted to incorporate any
number of additional coating stations as needed. For example, coatings of the
25 performance-enhancing layers (anti-reflective, adhesive, barrier, anti-glare,
protective layers or films) can be fully integrated into the flow process.
Advantageously, the reel-to-reel process is capable of producing
uniform transparent conductors at high-speed and low cost. In particular, due

to the continuous flow of the coating process, the coated layers do not have
30 trailing edges.
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25 performance-enhancing | ayers (anti-reflective, adhesive, barrier,
anti-glare, protective layers or filnms) can be fully integrated into
the fl ow process. Advantageously, the reel-to-reel process is

capabl e of producing uniformtransparent conductors at high-speed and
| ow cost. In particular, due to the continuous flow of the coating
process, the coated |ayers do not have 30 trailing edges. 39 (c)
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particularly limted so | ong as
it can be sajmstratecarn becatried aub byl dceelio-leglpiocess because the donor
substrate is flexible. The conductive layer formed thereof can then be
transferred to a substrate of choice, which can be rigid or flexible, through
standard lamination processes. If only nanowires are deposited onto the

20 flexible donor substrate and no matrix material is used, a lamination adhesive
may be used to attach the conductive layer to the substrate of choice.

“Flexible donor substrate” refers to a flexible substrate in the form
of a sheet, film, web, and the like. The flexible donor substrate is not
particularly limited so long as it can be separated from the conductive layer.

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

In certain embodiments, the flexible donor 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 fo the donor substrate and onto
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25 The flexible donor substrate can be any of the flexible substrates
as described herein. In addition, the flexible donor substrate can
be woven or non-woven textile, paper, and the like. The flexible
donor substrate need not be optically <clear. In certain enbodi nents,
the flexible donor substrate can be pre- 30 coated vvith a rel ease

| ayer prior to the coating of the conductive Iayer "Rel ease | ayer”
refers to a I
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conducti ve I can be fornmed by nmetal nanow res deposition
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conductlve | a Is then unjformy transferred to a substrate of
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| am nated wit con i gure
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I b tact f 262 of ti 250 to
The- slibst r at8 BB0OMTG by FISiAlMacibifes AERpaion FRovse) Byrort deapeiian, 2o

(e.qg., PBT, dBskridee patelry! at es) provi des adequate adhesion to the
substrate 260. Thereafter, as shown in Figure 16C, the flexible donor

The condugctive layer is then uniformly transferred to a substrate
of choice. In particular, a rigid substrate (e.g., glass), which is typically not
adaptable to the reel-to-reel coating process, can be laminated with the
conductive layer. As shown in Figure 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. Thereafter, as shown in Figure 16C, the flexible donor

~ substrate 240 can be removed by detaching the release layer 244 from the

25 conductive layer 250.

In other embodiments, an adhesive layer can be used to provide a
better bonding between the canductive layer and the substrate during the
lamination step. Figure 17A shows a laminated structure 270 comprising, in
addition to the flexible donor substrate 240, the release layer 244 and the

30 conductive layer 250, an overcoat 274 and an adhesive layer 278. The
adhesive layer 278 has an adhesive surface 280.
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substrate 240 can be renoved by detaching the rel ease | ayer 244 from
the 25 conductive | ayer 250. In other enbodi nents, an adhesive |ayer
can be used to provide a better bondi ng between the conductive | ayer
and the substrate during the lamnation step. Figure 17A shows a

| am nat ed structure 270 conprising, in addition to the flexible
donor substrate 240, the release |ayer 244 and the 30 conductive

| ayer 250, an over coafhe f4mma dag}r@g_ggng?%%h%bﬁgéiedgp% reBPfieRk) €
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layer in thd’Sb iRle daRonsihsiiate24G pdpmoxRd by etaghing thetreleape layer
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of t

affinity ditferentr al e conductive layer with respect to the
fl exi bl e donor subst inatestaémeambbdinwarnis, theat or pfessimei cam. be-osededwuing the
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textil e 1@ongsndudtve a/e? it fHe dfehedoY af anhbdite idyer) HRNALGUbYPatbayer is
firmy bonded with theﬁgl ass substrate. In certain enbodi nents, a

patterned transfer i singrbel @nbo@imeintﬁg a 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 subsirate can be removed while the
conductive layer is firmly bonded with the glass substrate.

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

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

30 In other embodiments, a patterned transfer can be affected by a
pressure gradient based on a pressure-sensitive affinity displayed by certain
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the | am nation 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 lam nated with the conductive | ayer due to an
enhanced affinity (e.g., adhesion), therefore providing a patterned
conductive |layer on the substrate. Heated regions on a substrate can
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al ong a pre-cut ur. 10 Pat ning As noted above, a patterned
conductive I" ng&ggf?%gea PY F%&oh@{msel ectively curing a prepol yner
coating according to a pattern. The curing process can be carried
out photolytically or thermally. Figure 18 illustrates an enbodi nent
in whichl®h Eaiemingve | ayer is photo-patterned. Mre specifically, 15

the netal nanowire ne | ' L 14
according to a net hodsﬁ‘gggoﬁgercll %%@ehé&)éﬁﬁﬁ}eg.e%?@b%u@g%}{@A@_@Eﬁn? afbs
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t he prepol yner coating. A nmask s ‘posi ti oned between

15  the metal nanowire hetwork layer 114 is deposited on the substrate 14
according to a method described herein (e.g., Figures 13A-13D). It should be
understood that the substrate 14 can be any substrate, including a flexible
donor substrate.

Thereafter, a prepolymer coating 300 is deposited on the network

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

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

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

30 groups, suitable for chain extension and crosslinking. In other embodiments,
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t he prepol ynmer 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
regi ons 324 can be renoved 25 by washing or brushing with a suitable
solvent or by lifting themoff with a tacky roller. Photo-curable
prepol yners are well known in the art. In certain enbodinents, the
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Examples of partial polymers include, but are not limited to,
acrylicized epoxy resins, acrylicized polyesters, polyesters containing vinyl

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

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

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

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

Science, Vol. 62, pp. 1-48 (1984). In a preferred embodiment, the photo-

44



Optionally, a photo-initiator can be used to initiate the

pol yneri zati on and/or crosslinking reactions. The photo-initiator
absorbs the photon energy and produces radicals, which initiates a
cascade of radical 25 polynerization, including chain-extension and
cross-linking. Photo-initiators are well known in the art. Exanples
of suitable photo-initiators include, but are not limted to, oxine
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prepol ymer coafingag 300, is noved 20 al ong by a conveyor belt 332. The
rotating cyclinder r Oltnacgneesen%octﬁ%een?,aargeshs ene"q 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 pattermned 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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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 otherw se provided with
openings 338 to allowthe light to irradiate the prepolynmer coating
300. Optionally, a guard slit or a collimator 25 340 for preventing
any stray light can be positioned closely above the noving
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non- conduet | (ORI B GPRHAstol RBHEH 18 s 88Ta e TR
herein can bgortRetivéfegidris %@QMbﬁ?%nid@nauw\ﬁ&egi@hb%ﬁ. of devices,
i ncludi ng any device that currently nakes use of trans_rgare

conductors such as met'd1® ERIpErentcRpIUEREAR eascHbed bETY Bﬁ‘égtéé\?_?@&
Isﬂﬂarg?ngé ?t ?Igg@ﬁeosﬁgfac\g%?g g% %dgévgé% '(r)]irrI E@Pe '[br% Cci}éﬁ{i)%?ti'l‘é W n g{%g) ,
opt oel ect r oninekeeuse obiramsparéemaondietord suchoal metah pxidk dilms .a kxpapiastof
suitable devices include flat panel displays, LCDs, touch screens,
electomagnetic shieldings, functional glasses (e.g., for electrochromic
windows), optoelectronic devices, and the like. in addition, the transparent
20 conductors herein can be used in flexible devices, such as flexible displays and
touch screens.
in one embodiment, the transparent conductors can be used as
the pixel electrodes in a liquid crystal display (LCD) device. Figure 21 shows
schematically an LCD device 500. A backlight 504 projects light through a
25 polarizer 508 and a hottom glass substrate 512. A piurality of first transparent
conductor strips 520 are positioned between the hottom glass substrate 512
and a first alignment layer 522. Each transparent conductor strip 520 alternates
with a data line 524. Spacers 530 are provided hetween the first alignment
layer 522 and a second alignment layer 532, the alignment layers sandwiching
30 liguid crystals 536 in between. A plurality of second transparent conductor
strips 540 are positioned on the second alignment layer 532, the second
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20 conductors herein can be used in flexible devices, such as

fl exible 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 508 and a bottom gl ass substrate 512. A plurality of first
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further embodi pent, the transl[;)a{ent conduct or _descri bed 10 . herein
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devi ce int egﬁﬁhﬁ:ﬂoﬁé‘gg t&fbhﬂfﬁ\bré&ﬁé%. AfPloB¥ s¥idlefills 6Hid(5:§rﬁ2 e 35 hildwP

I nput instructions touchi ng the screen. The touch s en 1s
optically cllightandirdgdete transghit thaouph. mage to transmit through. Figure
22 shows schematicallg.a t%?ch screen dfvi@e %60 15 ac ordi% to one
enbodi nent. The devi cE'BED ﬁSPW&é& gme *?EQ g gﬁgﬁg'}e&'ﬁ VS Yct or
564 conpra Sla&@oﬁliﬁg fosdnesebbiinient. SGBe dedice d60 ndladedatird trahsparent | r st
conductive |layer 572, the first conductive |ayer 572 having a to?irst

conduct i ve CoNAREBE5EY coMArisiag Grirst subsiple 3 Cersad o¢ lasninsted with a
posi tioned %Bﬂ&&cth)é%{«érrﬁz, the first conductive layer 5§72 having a top conductive

surface 576. A second transparent conductor 580 is positioned above the first
transparent conductor 564 and separated therefrom by adhesive enclosures

20 584 and 584’ at respective ends of the device 560. The second transparent
conductor 580 includes a second conductive fayer 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 fransparent conductor 564 and causes a change in the electrostatic field. A
controlier (not shown) senses the change and resolves the actual touch
coordinate, which information is then passed to an operating system.,

30 According to this embodiment, the inner conductive surface 594
and the top conductive surface 576 each has surface resistivity in the range of
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transparent conductor 564 and separated therefrom by adhesive

encl osures 20 584 and 584' at respective ends of the device 560. The
second transparent conductor 580 includes a second conductive |ayer
588 coated or |lam nated on a second substrate 592. The second
conductive | ayer 588 has an inner conductive surface 594 facing the
top conductive surface 576 and is suspended over spacers 596. 25
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and dur af# e flesBid s 8orabiCsulRirafdAsiichGasl plhste filhBe transpar ent
conductor structures, their electrical and optical properties, and

t he met hods of fabri cahe&rnaparent cerstuctar siruriiresp theigeleairicaband eptical
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(viny! 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”,
Nanolefters, (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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followi ng non-limting exanples. 20 EXAMPLES EXAMPLE 1 SYNTHESI S OF
SI LVER NANOW RES Si | ver nanowi res were synthesized by the reduction
of silver nitrate dissolved in ethylene glycol in the presence of
poly(vinyl pyrrolidone) 25 (PVP) follow ng the "pol yol" method
described in, e.g. Y. Sun, B. Gates, B. Mayers, & Y. X a,
"Crystalline silver nanow res by soft solution processing”,

Nanol etters, (2002), 2(2) 165-168. A nodified pol yol nethod,
described in U S. Provisional Application No. 60/815, 627 in the nane
of Canbrios Technol ogi es Corporatiog Hﬁﬁﬂ?ces nore uni formsilver
nanow res at hi gher yields than does gﬁ t he conventional "polyol"
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shown in Tab 1. Unless specified otherwise, the light transm ssion

was neasur e@sm@tphgThﬁéQh@fmm&b@yaﬂd\ hazref flb@d?j%T S‘APﬁ rRd@ arughown in

di spersion r
nanowi 1 es B0 S STRECEEE ol fl RIS ssich s eshieRr
The concent n@irigtheahethbeoldby WEASTRINDW0RSs (AGNW was about 0.5 0/tw/v
of the dispersion, resulting in an optical density of a

(measured on a Mol ecANAAUSEYS gispersiat of HivRaRanpvigswas réga{ﬁp)aredfhe
di spersion vas d NSPn Eepsq?/ﬁt% éldga%t'? msthB%hﬂh%Hﬁh aid %\‘ggﬂg 8lihfin

nanowi res to se |man strate. under st one
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d
the I | ke oA R D ontcel datisityof BhER 8 raPEinl oY
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nanowi res ma:;oa’ced on the PET substrate by allowing the nanowires {o sediment onto the

15 substrate. As understood by one skilled in the art, other coating techniques can
be employed e.g., flow metered by a narrow channel, die flow, flow on an
incline and the like. [t 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 BYK Gardner Haze-gard Plus.
The surface resistivity was measured using a Fluke 175 True RMS Multimeter.

25 The results are shown in Table 1. The interconnectivity of the nanowires and
an areal coverage of the substrate can also be observed under an optical or
scanning eleciron microscope.

The matrix material was prepared by mixing polyurethane (PU)
(Minwax Fast-Drying Polyurethane) in methyl ethyl ketone (MEK) to form a 1:4
30 (v/v) viscous solution. The matrix material was coated on the bare silver
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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 nanowire film
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Tabl e 1. The transpar eht® EBRERFCEHCANLcCtpl ven dirtharsubiectsd to@ tape dgns.

test. Mre Kpeskpeamddly, ?@%vﬁ%éeﬁm 666 éb%é{ifee@a%'é%éé’ﬁrgﬁlﬁgﬁeiﬁ%ﬁtgghé my

applied to the_ surface’ of e matrix an n'renove
si | ver nanowkyrEascefiee matripaad thenoeyonied h Anlydodsepsilvedhaowitdsewérepe

test, the opgd | cal roperties gf the trapsparent
conduct or m@gﬁ&gg%&e@@ﬁgﬁé ﬁagaer é%[ﬁ? tﬂéeoépg te%thgﬁpprhqaw glegtricg), way
of conpaflbsopropertiestofithe trahspdrehtrionasctbPvBRSmeRsaredBhd the hediRldre

e

ot . € !
( PU/ PET) undsenrom}nhi% _Isa%qg1f:ond| tions as described above

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

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

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

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

30 PET substrates, which typically range from 60 to 400 Q/0.
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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
light 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 conductive, registering a surface resistivity of
60 52/0. The 25 deposifd RMhF shé\fn RATSbIS ! WRItratRpaRirt @ohdibdibiBhseh®n
PET | owered the light transm ssion and increased the haze. However,
t he bare sil siber nanowiresinfthipohonetrae matyixshad an abnestddendigaldigint cal | y

| ith a |ight t i ssi on, of % T ' d
loctrical propnssi e Rareaner shvodre ERBFRT Affe SEhhERangEr .
conpar abl e OpaAlPRAYd RsidiiRity Bt ﬁJe teafis@sreht béﬁddcﬁa@emain@thé%éﬁﬁzhgﬂhe%

PET substrates, which typically range from60 to 4000/0. 50 As
further showbarersilteinanolyire file, indieatipa thaiithe spating ofrthe matdx siaterial dider

nanow res in_t.h | yure n [ I t . | el
transm ssi onngscﬁﬁtﬁ@) % rSéIBEfp&q%#aﬂ%h&% ﬁhs@}aﬁ%ﬁ Iggl‘llgﬁé;[%ﬁgg £+r||'r%@tv}le§,s
hi gher  hazegptitagly et Bridhdd/ a ebmbaeable ansupiien sudaseiesistivity @nmetagd
the same as the 5 bare silver nanowre film indicating that the
coating of taddediims fe.gralEP) formad @n Rk subsdidl®® t he silver nanowire

L' | m The transparent iﬁ%@iﬁﬂﬁﬁwo{hettggétés%ﬁ%t‘%@tér tl@ﬂ%&%{%ihﬁ’oﬁhégght and
ad a conparabl e or superior surface resistivity to netal” oxi

filns (eA9., trarighisdion v theoaf¥parentcohdadies antrorddslightip mcredssd thp baze.
test did not alter the resistivity or _ILhe light 10 transm ssion of
the transparent conductor, and only sliA§hElly i ncreased the haze.
TABLE 1 Transparemnt Media Cight Transii ssion (% Haze (%) _Resistivity
(S2/ 0 PET 91.BaspFentisdiacondkight Tigasmissign BT 92 Hez@(88  noRessiriM (e} ve
AgNW PET 87.4 4.76 AgNW PU/ PET 2 5.74 60 er tape,. 27 2
O g 2o o Ber s 654 Réh-dofidilen’

PU/PET 02.3 0.88 non-conductive
AgNW/PET 87.4 4.76 60
AgNW/PU/PET 87.2 5.74 60
After tape test 87.2 5.94 80
ExXAMPLE 3

ACCELERATED H2S CORROSION TESTS

15 Sulfides, such as hydrogen sulfide (H28), are known corrosive
agents. The electrical properties of the metal nanowires {(e.g., silver) can
potentially be affected in the presence of the atmospheric sulfides.
Advantageously, the matrix of the transparent conductor serves as a gas
permeation barrier. This prevents, to certain degree, the atmospheric HzS from

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

In the United States, the amount of 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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ACCELERATED H2S CORROSI ON TESTS 15 Sul fides, such as hydrogen sul fide
(H2S), are known corrosive agents. The electrical properties of the
nmetal nanowires (e.g., silver) can potentially be affected in the
presence of the atnospheric sulfides. Advantageously, the matrix of
the transparent conductor serves as a gas perneation barrier. This
prevents, to certain degree, the atnospheric H2S from 20 contacting

the metal namwer apextndedgedod of tie. MaLSE] an abQratRN NS EeRhdibh ¥esPlvas
or

the nmetal nanow res can be further obtained by incorporating one
more  cor r os “GRIGNRAILD PrYide amexirmesase of HeS casesienbed herein. In the

United States, th [ | I ut 0. 11- 0,33 .
pglr t g- per ab?lsl i one( SEBE%RB; ﬁciwa%gd :eggé{aﬁ(s%érpg%?%%qﬁto IRt felisealed ina
place 51 ovelastio bagt @nHgS! muter (rtustridl SeRntild) GasBlga TS eHsz%eh'ZS
corrosion _test S.. designed to provide an extrene case of H2S
corrosi on® F%&%ﬁ'ﬂ%@é&s@@ itord Was ingertechintskiba bagtte nipnitos thearetbase of
led | . > trial . e
GacBadge Pt ubts iR v PR & shpRE LU RA RS Rhullé Prite s,
i nto the bagga®owena period bk24 boerss Aflef anliziffalibuiltuphef tREB1,B0h e bag, the
eriod of 24Sholel dRppEt. iR el s deaskaitiendaunetane Rermesting,
the gas | evBhg dNeRBRReIckd)dhe RLRGLIIA H S Mas acaRRAb Y @ﬁgﬁagﬂ(igggﬁgg

t he perneabl e bag. Neverthel ess, the the H2
at 7.6ppiP i areeHy spmpssed heclavelordie pseeptietinélSqasl of the

et Co Cixannt o/ b BRI sREl HahollE A AERET WaS Bienaod abmiing th
freshly cookEgaragle 3.0Tks film Wag piddet ik agdstic® iﬁ?ﬂ%ﬂ% Eb%ézd’s@%é;gdlﬁs?’

I ndi cati ng tﬂﬁ% the silver had been tarnished and
formed. In coi flsPedaniadarken mwibin twe hoursmndicatiy thiat thersilmeniuad bes i n

pol yur et han | r nt i r. 2-3 days,.
i ndi cating t ag? §'Fti déa?éﬂé?%g?%ﬁgﬁ%ﬁfé r?@:' g'céoé'?aég CS%BEQP?F@?S indiirgs gfy
down t he15 pesilveananowicds inhpolydd&thgas meraMEtEndt cidenNACRPBA! 20 dalys,
CORROSI ON | NHI, BI TCRth . .

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 sampie. 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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The follow ng sanpl es of conductive filnms were prepared. A PET
substrate was used for each sanple. In certain sanples, corrosion

I nhibitors, including benzotriazole, dithiothiadiazole and acrol ein,
were incorporated during the preparation of the conductive filnms. 25
Sanmpl es 1-2 were prepared according to the nethod descri bed herein.
No corrosion inhibitor was present. Sanple 1 was a conductive fil m of
bare silver nanow res.gg B% WeldasrefareQ HyUitt foRnih laBart sivdriiinowire
nanowires in a polyurethane matrix. 52 Sanples 3-6 were prepared by
first form rijmaroaPETssubstaiedrolample fl).| Theneafierraricusearrasian (i . e.

S le 1). Th f . ' ' . nhi bi . .
RO AN ST W ERE L S

Sanpl e 3 was prepared %;ﬂ@%tWéwpr@PQFeavww%am W 0.9WN9 sblution of
benzotriazole (BTA) in nethyl ethyl ketone (MEK) on the bare silver

nanowi r e 5 f inemzotiiazols (RJA) e msthy etiyl ketone (MEKD en the hererfdlver sanyvied

by coating the Jd terl I . L Qs 34) .
Shpl o 4 vy Bl thg Soiptcto o aftd s, Bt bl sbghrie niaith

di t hi ot hi adipgietial dfpayureinang (PE BrMEK (RA)MEK (1:4), fol l oned by
coating the 10 matrix material on the bare silver nanowire film
Sanpl e 5 was prepar ed S3MRle Asvasprepaieg by Wk BeeiporaingnbhdWer i1 m
in a soluti : % i N L sy Ak B1-uD sk it e
solvent to gir?t?ﬂ;tg% 9@%% ﬁﬁ%f"&g*r&%ﬁ?‘%@%qﬂ) by cg/la'%mrﬁg V\netdﬁdy]a&yr?gp giﬂ;’?{;I

mat er i al 10°PU/ivatiix (Maté)iahawvthedard shxer nnowirdifitrhi ot hi adi azol e. 15 Sanpl e

6 was prepared by first incaorporatin .5v/v% of acrolein in a.
matrix material PU I\/E%a_('lpqﬁ%_, %ﬂﬂﬁﬁﬁ%@l'?}y‘é{fébﬁmg%?Pefeﬁﬂ‘('?fi'}?wf&ﬂ"&
on a bare § Ia"%'lutW.Sﬁv%‘ SifithiDifadiBL 18 M MEN b®fHg'thE Bblvent to dry
properties of the Sanples 1-6 were neasured before and after an

accel er at ed af2sdipning, fellnwediy ceafingiviitiua metrbomatsrighPUMEK (Tie hayigl t s
are shown in Eigures.24A . 24B and 24C. Figure 24A shows the |ight
1R S iag 2ol

transm ssion
15 Sample 6 was prepared by first incorporating 1.5v/v% of acrolein

in a matrix material PU/MEK (1:4), followed by coating the matrix material on a
bare silver nanowire film. -
The optical and electrical properties of the Samples 1-6 were
measured before and after an accelerated H2S treatment, as described in
20 Example 3. The results are shown in Figures 24A, 24B and 24C.
Figure 24A shows the light transmission measurements of
Samples 1-6 before the H,S treatment and 24 hours after the H2S treatment.
For purpose of comparison, the decrease of light transmission for each sample
is also graphed. Prior to the 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 tarnish.
As expected, Sample 1 had the most reduction in light
transmission. Samples 3 and 6 did not perform better than the matrix-only
30 sample (Sample 2). Samples 4 and 5, however, had iess reduction in light
transmission compared to the matrix-only sample, indicating the corrosion
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Sanmpl es 1-6 before the H2S treatnment and 24 hours after the H2S
treatnment. For purpose of conparison, the decrease of |ight

transm ssion for each sanple is also graphed. Prior to the H2S
treatnment, all of the sanples were shown to 25 be optically clear
(having a light transm ssion higher than 80% . Follow ng 24 hours of
the H2S treatnent, all of the sanples have experienced decreases in

their Iight ﬁﬁtﬁﬁﬁiﬂdﬁﬁioﬂﬂgdiggﬁle%sdéﬁefcﬁﬂf{ﬁprgf'e%'ilﬁﬁl&%%llvse'{ kéﬁé@%&f' 3h-

As expected, Sanple e nost ‘on1n
Sampl es 3 an@emgdmﬂmd@d performbetter than the matrix-only 30

sanpl e (Sanple 2). Sanples él@ 5, howev? had | ess reduction in

| i ght transm ssion cog%'QPE‘ﬁ #3 SPAWS the resistasioe measHipmentsfi Sannleg 1tthe
corrosi on S53eforditd H t f ecti ng
the silver naﬁowl res ?tr@biméé’?régh?glrIﬁgﬁgﬂé@ﬁgﬂﬁﬁéﬁ%ﬁgm@)‘r%p Gse oFY
resi st anc® neadRABsLthe decisaspbbtheTesistahed tﬁmreaatdh%driﬂ:ﬁe iy #1846 GRIPheand

24 h ft F 5 th
Gacr oase of tRshBin EPan SARERL exetenhid Bt ingreasen ner resisnoees
al | but Sarrpbﬁd éffeatively IBaRie ﬁam&aﬁamva%m&gﬁ tﬁﬂoh&t'thﬂee éq?g&é}%%s

and effectively becane non-conductive, althou et o
degr adati on e‘éf"éﬁ!tnf@lé%me%M@ﬁéﬂgm@:ﬁnﬂhde@u{gm\rfcmsmm symplebaBachflod

sonme sa Ies I eas S resist nce
s ot ed TAEBAPemdectific Ly | i BERncel if B 3tfed fat b iipech s

di f f er ed 16onen Sanmtﬂ 4 andeSample 5 dﬁﬁéreﬁ@ohs@éf’ﬂﬂlf%esbﬁ@ tﬁa{%oﬂ?ﬂ&nples
corrosion i nagcgjg_@o di t hi ot hi adi azol e) npl i es that

coating proc Gpiresien ﬂﬂf@'@!’(@ﬂﬁqtb@ﬁ@gglﬁf Talsgmpbas that thesi on

i nhibitor. F t l.

before the FEE FedtesnR ey A Lo BT oo BRI RR it
p:Jr pose 01;] 15 conpar i Sigyret24€ sﬁrmgmsgthelhmzemmdmméﬁgshﬁfﬂﬁh;];ﬂww]%éf&e
al so graphe sho increases in their haze

neas u?errgnt Sme%ﬁ%aﬁ@egﬁga%gﬁ&ﬁ”@fa F'é treafipgnts, Farmarpnseotfnas

wi thin acseptonparisbane dHapgs if ﬂ@"né&@%r Eih sBAGR 106IsSAMbARY 28 Pthe

Sanpl e 4 was shown to have the best overall performnc
wi t hst andi ngFanrleg showed V@r%sg@&enﬂgazennmmememsg Witk theoexcaption of

inhibitor  gamples 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 H3S levels in these accelerated tests were far
greater than the atmospheric H,S. [t is therefore expected that transparent

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

EXAMPLE 5
PRESSURE-TREATMENT OF METAL NANOWIRE NETWORK LAYERS

30 Table 2 iliustrates 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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(dithiothiadiazole) in the matrix, the transparent conductor showed
cl ear advantage over Sanple 2 in which no corrosion inhibitor was
present. It is noted that the H2S I evels in these accelerated tests
were far greater than the atmospheric H2S. It is therefore expected
that transparent 25 conductors prepared simlarly as Sanple 4 woul d
fare even better in the presence of the atnospheric H2S. :EXAE/PLE 5
PRESSURE- TREATMENT OF NEME , e .
illustrates the resul tgg%-?ﬁ?é\}@' tri EF?%%@@I@??@%&@@”%{WW
surface of aasflareynthBuroun lengtiemers depasited oham Auteflew ERGSFET slb§ifatéd

I fical l Il | f around 70nmto 80nm
Thw dih and TS RUR S R AaN B BIRY (84 a HoReRTin ofheBcs
PET subst r at @anowiies. SAetEkSay@wds orhsd aﬁ%c}r iné‘rtg?ﬁb H‘{‘eglfﬁgﬁsrc'ri%d o

the deposition of the nanow res. A networ ayeér was ! _
accor di ng & o FxA@IPIR?.h bl matsiymatedal wasaiplisaiib thenetNorkepridnto s er i al

Trrararl | ot el L BRAmBRETRE aBbisi Bipclfroble 244 criprout seinom saale
steel rol | er stainlesy stgbidohssia righi SaHchasg su %ﬁ;‘e ar I?@afga[%ﬂﬁe ﬁ%@%@% Kayer

layer treated was from3 to 4 inches w de and from 3

| o%g. 10 TABIrgatsd was fgom 3ripjdincheswistecand fomad toguimchys RNEQ squar e)
Transm ssion (% Haze (%9 (original) 16000 400000 88.2 3.34 1 roll
@340 psi 297 690 87.3 3.67 1 roll @340 psi 108 230 87.2 4.13 1
roll @340 psi 73 127 86.6 4.19 1 roltap@340 psi 61 92 87.1 4.47 1
roll @340 psi -53-86-86-64.44 Ar plasm 38 62 88 Q 4.19 Pr!or to
any application of pressure, te inetworkTre/ers had the resistance

indicated in theoihsi gi nal "Rri@aldi® NEEYQultre] AYRERMEHR RO A F)

(originaf) 16000 400000 88.2 3.34
1 roll @ 340 psi 297 630 87.3 3.67
1 roll @ 340 psi 108 230 87.2 413
1 roll @ 340 psi 73 127 86.6 4.19
1 roll @ 340 psi 61 92 87.1 4.47
1 roil @ 340 psi 53 86 86.6 4.44
Ar plasma 38 62 88.0 4,19

Prior to any application of pressure, the network tayers 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 roli

15 across the network layer at approximately 340 psi.

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

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

conductivity of the network layer of each trial was increased by application of
pressure 1o a surface thereof.
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treated with plasma.) Each row of Table 2 indicates a subsequent
single roll 15 across the network | ayer at approximtely 340 psi. In
each trial, the network layer was rolled 5 tinmes, Thereafter, a

pl asma treatment was applied to the network | ayer. The resistance
after each roll is as listed in the second (first trial) and third
(second trial) colums. Variation in transm ssion and haze for the
second trial is as lis 0)

respectively. As shovvnnghdwrl EB%’% feﬁlrj]lcrr"?tdr?leeg’ ?ﬂg@aﬁ%ﬁ& C%%%Hgﬁléelqetw%r

t he network laqgleby afrolsradantredade thadighhtraesasiesiob wof ﬁmoilayeraamd)mctﬁase the

t th 55 As sh b
ppl i oati on BRSer ASSOPUNID (APIRGNEPW: 5 °“Em%u:§’r¥§eﬁ's§‘piramne§?#pv@aaws

the |1ght U7 asiert oo iiindrifiol e HashRSIPARR felifce HRZRaze S thEOWN
in Table 3 b ow, a washing p ocess oW ng t e pressure treatnent
can furthér nefprook@yehe transm ssion and reduce the haze of the 5
network | ayer. TABLE 3 Process Resi st 5210) Transm ssion (%
Haze (% (original) 700,000 86.4 4. 77‘%; olls @340 psi 109 85.6
5.24 soap & watefi was 86. 0 S 1. shown
"h Table 3, appl | Gation %Jmm egélra@eéﬁ}u& fﬁ‘?aqéﬁséiéw@@ ﬁéze?f_ee
rolling with a single @tighahl ess st c&I0.098r at appﬁ@ﬂl mat el y 4340 psi on
arigid 10 surfaceargdugeshgshe |ightiogransm ssi @ssand i ncrseased t he
haze of the ”etmrkoa$3¥ﬁerw¥$5h' ng tﬂe net work lggyer with ,pap and
water after the rolﬁlng, owever, increased the transm ssion and
decreased the haze. A® Rt pl asnma 24 eat ment f 8PPher i npridiled t he
transm ssion and haze. Washing the network with soap and wat er

without rolling is als 15 eff Y

to some extent . Fol Fovkngans btk i aBbicalBh fY i ehisto e oty

matrix mat er ke rélffy With @AMEd skinlBsetesLtsdnat @@pﬁfxﬁdﬂ@l@ly 31 psiropl erigid
10 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 rolling is also

16 effective at improving the conductivity to some extent.

Fbllowing 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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EXAMPLE 6 PHOTO PATTERNI NG OF CONDUCTI VE LAYERS 20 Figure 25A

Il lustrates one nethod of directly patterning a nanow re-based
transparent conductive film In this exanple, a silver nanow re
network layer ("network layer") 600 was initially formed on a gl ass
substrate 604 according to the nethod described in Exanple 2. Two
hol ders 610 were placed on the glass substrate 604 to define an area

614 Tor et jgorf AL HRIdeP0016: Fo AIRKHIADh 8IER 1A HEBETd Rlmadbr

conprising a mxture of prepolymers was co over t net wor k
| ayer 600 widdrk finéhe240kabdit $400pmnaisle. 026 matsx phatedal wascthep imadiated

hol d 610. T k 6 | | i de, havi nb f . dark
nes. 624 ofunSbaDETRN SUPHEM L SHerPdsrahE Al RREoTA S Pdhf at e
under a Dynmgy %ﬂ@%xha{.ﬁgj 9r P?Qné?éiﬁaméd n&@alirﬁ*ﬂ{é legiOTRIURAT BereGHASR N

the regions gxpose and remal ne iquid’in the regions that
wer e maskid bysthbydarkbnesark |ines. As shown in Figure 25B, conductive

film630 was obtained after .t h -patter.ni i bed. .

The lighter regions 6% ﬁtﬁé’?”é’ ’Effe&@’_s?%%o&'ﬁ?ﬁ“‘r’? ﬁ%? g?ﬁg{#sa%ga’ﬁgg\éﬁﬁrr k
regions 638 tWehRofRgARINhE UBsEMSd lshle. SPHRORGHES regions @3aiwete eikbbsadiéO
was further subjected to an adhesive tape or a tacky roll to 10
remove the rdY ivadiatinreandihegark regions eesmpakemhtamdhe light Bmesues .

As shown, t t e d
rogions. SRRl A AT WA S HBHSER AT LR Re Y i ol
t he concemt rrakiowd the mdthematsrizaane shelnanuvacbstie upouichareginne 44! iAsn
threshold in the uncured regions 644. Electrical neasurene '

ts using
fine probe tSheynsHsweentiashbeiweenthe yneyreddegians 6fd apd Ahg apiea regions
non- conduct i A&y . El - = n ' r
at hi gher rréé%n\fv% gﬁ“ﬁ’%’ﬁé‘?&;@'ﬁﬁgﬁggﬁo S Oé\%é@?ﬁ%@@%ﬁ%@% i\i/'%céfo:n}:‘?nntléﬁtbg‘ﬁ
i mmedi at el y dgifthe nanphistodopped elobxihe farcplatior2tbBshiotdis thaenceieduct i ve

regi on 645 ABBORSB4TER G FEReBS (oK fhikudipkl BPEGhaeh R Y °
hi gher npgni frictabd RIyidTS SN REre2fdn-asiRfRe, 20x), it can be observed
that the uncured redion 644 has a | ower concentration of
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 844. At higher magnification (Figures 26C and 26D, 20x), it
can be observed that the uncured region 644 has a lower concentration of
nanowires than the cured region 648. This contrast is more apparent in Figures
26E and 26F (100x).
As an alternative to removing the matrix material and nanowires in
25 the uncured region using adhesive tapes or tacky rolls, a solvent may be used
to wash the uncured regions. As shown in Figures 27A-D, a conductive film
700 was prepared as described above and exposed to UV irradiation through a
brass aperture mask. Figure 27A shows cured regions {conductive regions)
710 and uncured regions 720 after being washed with ethanol and wiped.
30 Figures 27B-D illustrate, at increasing magnifications, the contrast of the
nanowire concentration in the uncured regions 720 compared to that in the
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nanowi res than the cured region 648. This contrast is nore apparent
in Figures 26E and 26F (100x). As an alternative to renoving the
matrix material and nanowires in 25 the uncured regi on 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 apejidy ﬁfgimn%kmci BURE uRdHrel PEYIBNE FRE InbSITIT IS O BE wedtiiv ©

regi ons) 710 and uncured regi ons 720 after bei ng washed wi th et hanol
and wi ped. 3datEiiglanssthezliver nariowdes hed besn removed sy e allgRrkwashingns,

the contrast_,of th nanew re concentration.in t d '

720 compar &R PREETIE PRLEEANES SRR el e e
regi NS 720 rodBlacebrefieto precRibrvicd pettoft er i al and the il ver
nanow res had been renoved by the ethanol washing. Photo-patterning

t her ef or & produces conductive regi onEX&MBLEWHN- conductive region
according to a predeterm ned pattern. 5 EXAMPLE 7 PHOTO CURABLE
FORMULATI ONS The matri x mat er PEOTGHEYBABLESORMULELIONS|l ¢ 6 can be

formul ated by conbining an acryl ate nononer (or prepolyner, as
defined herein), a miThe-métrretatenslidescribddainExanmpedroandre forraplategnint )

and at | east one photoinitjator. 10 Any acryl ate NOMEr S. Qr -

gr efﬁl IyLrer slc@H'IJP“P}Bg FEAFTYe oﬁ%m@b‘(?éf}/eﬂoﬁl'a?rt @?idgﬁﬂg? erseﬂgdc?:'i"‘wéfl ly,
- et hyl hexy 5 1 imti&tor.

met hacryl at gﬁ&@%ﬁ%ﬁm@ E@Bﬁf%?%}?ft ?@?ﬁ%\éc}t i]?ngtl Ié%ggr ;Ie?twg rlmr:omgr

(or pret®l yimracrgiate inenomeds ooprgpolyoiess carebe visadi sush asfeppxy acrylates,

racryl at o TerspRpcal. sy b 3RB/453, 2 bfelibGerin ZEh Bt el e Ra e
di acryl ate, jRepaerHias athd(Be liké! AR nLH-Alrtiepaneryisleanoydrage(or

di pentaerythritol "penta-acrylate. An photoinitiator, for exanple,
ket one basedrepelyings)san beusede rigwele dhedeimation ehapiestinkingdrqiyaer

et 1 _ Rl
o nyar ony kdeskalc Ebe KRUBRSRRON Iarchhe IR MR . ond (e

li ke. 2015\/brtﬁp@?§réhfeigtpddl viaca/idtashispheriohd diacnylstetiropoxydaiethé)pr epar ed
(5]

by conbi ni ng[_60/ - . .
rimethylolpropane triacrylate, dipentaerythritol penta-acrylate. Any

photoinitiator, for example, ketone based initlators, can be used. Specific
examples include: Ciba Irgacure 754, phenyl ketone such as Ciba lrgacure 184,
o-hydroxy ketones, glyoxylates, benzophenone, o-amino ketones and the like.

20 More specifically, a fast-curing formulation can be prepared by combining 60%-
70% é-ethyihexyl acrylate, 15%-30% trimethylolpropane triacrylate and about
5% Ciha Irgacure 754,

Other additives can be added to enhance the stability and/or

promote the adhesion of the matrix and the nanowires. For example, an

25 adhesion promoter (e.g., silanes) that promotes the coupling between organic
matter and inorganic matter can be used. Examples of the silane-type
adhesion promoters include GE Silquest A174, GE Silquest A1100 and the like.
Antioxidants such as Ciba Irgonox 1010ff, Ciba lrgonox 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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70% 2- et hyl hexyl acrylate, 15% 30% tri nethyl ol propane triacrylate and
about 5% Ciba Irgacure 754. O her additives can be added to enhance
the stability and/or pronote the adhesion of the matrix and the
nanow res. For exanple, an 25 adhesion pronoter (e.g., silanes) that
pronotes the coupling between organic matter and inorganic matter
can be used. Exanples of the silane-type adhesion pronoters include

GE Si| quest 4o IRE. P atdnatbnd@hist suen dl o OB M cin BEC
as Ci ba Irgoar?‘(@xtﬁ%“fgdﬂ, a e{qaﬁ)gono;( 245, IrgSonlog h?(%%%*éggﬁéegegﬁsed.

Mor eover, adutthéroaddedor co-initiators can be used to pronote the 30
efficiency of the photpinitiator. Exanpl f i,ni.tiator can.include
any types of tertiar ?Oeéwﬁéewgﬁgmgg?y §§%t§'cé@&§§FQFM? 'Wgaﬂﬁqs
371, CN384, Hh3RhrietheaadaitRedlin ks efimpedi tional photoinitiator such

as Ciba Irgacure OXEOl can be further added. Bel ow are four
exenpl ar yb pHoarmwiaiioatl e fornul ations suitable as the matrix materi al

used in this exanple: r mul at i % 2- et hyl hexyl acrylate; 20%
trimet hyl ol propane tri@%:gT%ﬁ%%ﬁ#é 1% adhesi on pronoter (GE

Sl Iquest Al 100); 0. 20% eiihétylotRatarkGibeylatg (TMRTARLO f) and 10 4%
photoinitiator (C ba Irgacure 754) ormul ation 2 73, 9% 2- et hyl hexyl

acrylate; 20%trinet hﬂfaﬁﬂh@ﬁﬁ'ﬁlérqrﬂ?tgbf% %lﬁufﬁfvé’dﬁ&})?;_ 1% adhesi on
DT et son e O Ao iR e toigeni® b, L rooror
% tripropyl ene gl ycol 484 photoinitiatol (UiERyact@. 784)o t r met hyl ol pr opane
triacrylate l'-(o-lt:rl\t/llfl-llé@on 2
73.8% 2-ethylhexyl acrylate,
20% trimethylolpropane triacrylate {TMPTA),
1% adhesion promoter (GE Silquest A1100);
15 0.05% antioxidant (Ciba Irgonox 1010ff) and
5% photoinitiator (Ciba Irgacure 754)
Formulation 3
73.1 % tripropylene glycol diacrylate (TPGDA)
22.0 % trimethylolpropane triacrylate (TMPTA)
20 4.9 % photoinitiator (Ciba Irgacure 754)
0.03% antioxidant (4-methoxyphenol)
Formulation 4
68% 2-ethylhexyl acrylate;
20% trimethylolpropane triacrylate (TMPTA);
25 1% adhesion promoter (GE Silquest A1100);
0.1% antioxydant (Ciba irgonox 1010ff) and
5% photoinitiator 1 (Ciba Irgacure 754)
5% coinitiator (Sartomer CN373)
1% photoinitiator ! (Ciba lrgacure OXEOQ1)
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20 4.9 % photoinitiator (Ci ba Irgacure 754) 0.03% anti oxi dant

(4- met hoxyphenol ) Formul ation 4 68% 2-et hyl hexyl acrylate; 20%
trimethyl ol propane triacrylate (TMPTA); 25 1 % adhesion pronoter (CGE
Sil quest A1100); 0.1% antioxydant (C ba Irgonox 1010ff) and 5%
photoinitiator I (Ci ba Irgacure 754) 5% coinitiator (Sartoner CN373)
1% photoinitiator 11 (C ba Irgacure OXEOl) 59 EXAMPLE 8 NANOW RE

DI SPERSI ON A nanow re di spersion, or ink, was formul ated by conbini ng
about 5 0.08% w. HPMC, about 0.36%w . silver nanow res, about
0.005% wt. Zonyl(r) FSO1 00 and ab %@% %55%\/\&. water. As an
initial step, an HPMC stock solution 5 epared. An anount of

wat er equal to about 3/8 of the t t al gﬁl red vol ume of nanow re
di spersi on was pl aced in a beaker W’ﬁ@ EEFEPEN bet ween 80C and 85C
on a hotplate. Enough ke 0.5% w. 10 HPMC sol ution was

" added to the water an t“ﬁBc"HtS? [SREESIYM T inks wag femulated by qamiiniag ebout
t t Bbh
wat er m xBurg.08esws. HF’M@dab@ut‘b SE%NRE siivel n'é'ﬁ&%eﬁtaggggg%tbg %2?8 e

total amount of water was chilled on ice an
HPMC sol ut i ohS@ntPGand abautfo. 557k wePMatear Aalanlnitidstap,ran FHPM(HE’&M@(

et apure. 11 TPt HE BrasHit " Anril, Eiwgler SRS ot Sl ba fottox o

st ock sol utldﬁslr@iimebfh e &
10g of Zonyl (r) FSO 100 vve?e adeoleﬁp?r\gﬁ1 Wé§€%wg’g}%t§%r ancﬁ%aqg# &

until the Z eeR 8080 and@BaRa ot ahpiplate s Eppugil HPMG éo n‘akei)s&%wiarmunt
ol ol o 2cHpARY Lol hBs TRIEY AP wReDRIA e potblely28iibed gt e

final ink conposition was ace

necessary andaMC afid Dlatemat:mmré wasaitiredho disp8ethe YPNIC. Vﬁfe%n%‘ﬂ%détrbf)”
'n the fi -nfﬂ]e iﬁ‘%' gr%o gtsclaftwa%gr GG’S‘S cﬁlﬂgc? gn |c-:|c-aﬁr=1enciS %e%tad%redvtvg?hes ﬁéétéde @ tor
about 15 m
HPMC solution and stirred at high RPM for about 20 min. The HPMC solution
was filtered through a 40pm/70pm (absolute/nominal) Cuno Betapure fitter to
16 remove undisolved gels and paﬂiculates; Next a stock solution of Zonyl® FSO-
100 was prepared. More specifically, 10g of Zonyl® FSO 100 were added to
92.61 mL of water and heated until the Zonyl® FSO 100 was fully dissolved.
The necessary amount of HPMC stock solution to make about 0.08% wt
HPMC solution in the final ink composition was placed in a container. Then, the
20 necessary amount of DI water to make about 99.555% wt. water solution in the
final ink composition was added. The solution was stirred for about 15 min. and
the necessary amount of silver nanowires 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% wi, Zony® FSO-
25 100 solution was added.
All of the above U.8. patents, U.S. patent application publications,
U.S. patent applications, foreign patents, foreign patent applications and non-
patent publications referred to in this specification and/or listed in the

Application Data Sheet, are incorporated herein by reference, in their entirety.
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t he necessary anount of silver nanow res to make about 0.36% Ag
nanowi re solution in the final ink conposition were added. Finally,

t he necessary anmount of the Zonylr FSO 100 stock solution to nake
about 0.005% wt. Zonyl (r) FSO 25 100 solution was added. Al of the
above U. S. patents, U S. patent application publications, US.

patent applications, foreign patents, foreign patent applications and

non- patent publicatio £ Ol I Lhucati [
oted in the Appl | cat | S Bat Eihg it be'aRpRRERL IER AEBuBSphne
reference, i remimimentstofitied invenfich fravenbddreddseribg® haesin foryurpodes of
appreci at ed tﬁg#,.although spgei f.iic enbodi ments of the invention
have been dedWUStBLAN.AEMNEDR Magificaiions, By bermade withputaewiating fiam diesspirit
nodi fication RBEE R t jrat f : Jran

Scope of 1 ho T ssapF SRR, AcBHIRY. e AL &8 itea ABdht oo
except as 5 5 byythe appepgesheleithsc| ai ns. 61 In a first aspect, there is
descri bed a transparent conductor conprising: a substrate; and a
conductive |layer on the substrate, the conductive layer including a
plurality of nmetal nanowires. In one enbodinment of the first aspect,
the metal nanowires can be silver nanowires. In another enbodi nent
of the first aspect, each nanowi re has an aspect ratio. In yet

anot her enbodi nent of the first aspect, each nanowi re has an aspect
rati o of about 100. In one enbodi ment of the first aspect, the
conductive layer can include a matrix. In another enbodi nent, the
transparent conductor can be surface conductive. In a further
enbodi ment, the matrix can be optically clear. In yet another
enbodi nent, the matrix material can include pol yurethane,

pol yacrylic, silicone, polyacrylate, polysilane, polyester,

pol yvinyl chloride, polystyrene, polyolefin, fluoropolyner,

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

but adi ene-styrene copol ymer, or copolyners or blends thereof In one
enbodi nent, the matrix material can be an inorganic material. In
anot her enbodi nent, each netal nanowire or a portion of the
plurality of metal nanow res described herein can include at | east
one ‘section that protrudes
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‘above a surface of the matrix. In yet another enbodinment, 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 surface of the transparent conductor can be non-

conductive. In o sabagmike. 8lacddibed L bilp@aRSHlactleuiulsrate of

the transparent con r can be ri er e t he
substrate suhyiralehaidaieongicivslayep oh ﬂ‘acsrlbﬁltraw,dhe mﬂWlVefaww inghwslingvd ny|

chlori de, Jlﬁﬂéﬁ&%@%e){ﬁ% novﬂ%g rEng %&ﬂéﬁtn&fdtﬁe lLysW @ 8ecal

silicone, dglass resin, pol yet eret tone ﬁ bonene
pol yest er, Ds8pWigdssgt ke silsermpnosrics. i ﬁ@iheb ambaﬁﬂe@eog Wﬁehespeqw@ﬂyrrer or

pol ycar bo naﬁaﬁmﬂfe s GRREYeY TR, B laﬁ&ﬁ% %'infboéiﬁ@ﬁtr@ttfe ikt és &% Qac

materials. In another enbodi nen I rst aspect substrate
of the trarfeparierhes anisestnbe oiehatBe0.f | exi bl e. I n anot her enbodi nent ,
t he substrate can include polyacrylate, polyolefin, polyvinyl

chloride, fluoropghy Qﬁﬁoduﬂéﬁ't xiaﬁ{b(ﬁ@st agbeéti/éhmc&euctﬁeha@%y&afn%ﬁude a
silicone, glass reS| et her et herket one, pol ynorbonene

pol yest er, M8y ﬁ‘?‘Pt@er aEbaditesl.¢ fe| EanspaTendi eomeuciary pasn &e celsBry mer , Or

pol ycar bonakgawefived In 6 ORAkeY Ribodimed) 8R0nQFix lcAbO 3pGealf cIeEhe%? et
materials. 62 In gne enbodi nent of the first aspect, there is

descri bed #nobsTFRYedimshk %dﬁﬂ%ﬁ@?“ﬁh‘?ﬂpﬁé‘fw‘@m%h%ﬂ& rhEcHiicnpr e

anti-refl ecsmcwe PoBMEryRite, ad&lysﬂzﬁzlea'p&yés@éteF)§1yv1ﬁ§*lh@1§bﬁ1& |1}%§i§fy§ene
barriers, i?ﬁ%é or . a rotect}lve I'n one enbodi nent, the
t ranspar entpo ofltlftﬂ“?Pé’WH Pohpmide, pelyigyds, P@W%Wel’fﬁo%‘ifi’l%‘ﬁéﬁr over

the COﬂdUCtHu‘béﬂlehaS{@fene agshoBtheRd e StopBlyhRWElor BRAdS lt@é&‘&ﬂ uetw&en the
conductive IH@% the substr?]s lbn angt her, enbodi t he

t r anspar ent® &An, b oty IoKERpic opaterialy caé‘H@EFct ive

| ayer, a haﬁfobdhﬁént] aabﬁrmaﬂsnatnbﬁiﬂedr hetportn bhehecq)mdumty ¥e rh@yer and
t he substrate, and ﬁgl -refle t ve i%%er tﬁe substrate. In
a further aRBSHTFeARCTHRdeRPLRR IRARAT = (GBS B?Ct’r‘?&y‘ EoRSFHEE an
anti - r ef | ecbbwea lsarfar, ofaht magixane yanshahdyantbodimdngytae coﬁﬂ!ﬁdti\jeoned
above the onductl e an. adhesi ve | ayer itio ween t he
conduct i veqfi ye Ca‘naﬁd l%a%émsegbsslicPaﬁ%?Sflgﬁtdr lésntof ﬁ%fﬁué%f; %l%?yer

bel ow t he Srdpsparedt econdnctoneae nizodomdbrntivef aidescéonds regspeaif, tehe
transpar entsu?fgpedeligtthgrtramarent 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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further conprise one or nore corrosion inhibitors. The one or nore
corrosion inhibitors can include organic conpounds. In one
enbodi nent, the one or nore corrosion inhibitors can be housed in

one or mre [ eSeryoLl S i BE diel SAPed kN Hapor, Bhasg. I

anot her enbodi ment, %he corrosi on 1 nhibitof Can |nc Su
benzotri azoﬂr@Spamhytcpmamrefurﬁmy¢ontmrsmg one i @iz Moz antl reflective

di t hi ot hi I I th I d I t hi ol
o thi o kgl Spighi! ! NALDLEY 0001 Sgd SR OLe s 2 |
t hi adi azol aﬂrogctlvﬂeﬁbraduoqnyrembpdlmt the nanxpaptlt)bmmz:ommod: en aft-

t ob | m th
mrnoar ot TR EE8LE ol T8 RRRLARRNA ELRESS S, LDHEL 1001
di t hi ot hi adtositiees hefwean thg lcondpetive drtyer aad ithesobsgrate. Iheotbgrembediment,

hi bi t
i nhi bi t or Ctﬁ@ﬁﬁisﬁzﬁen@@onﬁﬂctg%&gir ?ﬂ\bﬁ&gfﬁarfl%o Uc{vtapﬁ'é cgﬁﬁﬁgt%erﬁgj%g‘

corrosion inhibitor can elrn triazin
n- chl or osuc@rr Agyge positipnerhbetwednollie ﬁmﬂtlctofie leyee ahd fhstsubsiipiectnd arhe

transpar entanﬁqmeﬁteqayeg ﬁaomyeesuam tel g ﬁttt@rrt%{ﬂoaﬁieen th%ftraﬁt alefi@St 50%

| n anot her enbodi nent” of first aspect ““transpare t conduct or
descri bed Her&cter duay qﬁia»v@seaa% antia@bctr\@slmc aptitglerofnde hmee layFIhan

1x106 f 2/ 0.pokifloRAAbGR! the bhaalive 'iHyetOEm Eaﬁmf.ré [a?ér ﬁ%?ﬁﬁgfféd beH?e%ng?e[

nanowi res form.a conductive net wor k i ncl ud mgaa plurality
nanowi r e cri98&iche 1awsT Ardsthe gbstrates grad angri-reffectivedaysalbring the substrateach of
at least a portion of the plurality of nanow re crossing points

having a flatt efIﬁCbnE re@HodifRat 60fe B} dspecd BE GANParBRA@aluctdr NBLL 1S
descri bed thod of fabricating a transparent conductor

conpri si ng: B%Iillt"’isﬁ@ﬂ%obinﬁ’iea‘iqr’t“g%mﬁfmji’r@f%? ThamB6RioF #20re RORESiy f ace of

a substratighibitdie ciﬁi‘ﬁlalhldél aiemt ceSpdiai th sHeSRBb&RENt fhe 3nt bfifbey and
formng a netal Fovmre ngw\é\ork | ayer on the substrate by al | owi ng

the liquid CPHOW’yl Hors Fd beipsdi iRt OTghoTe RSt LHY 48 BeEdcastthe net al
nanow res Qﬁmabte ﬁial.:evelli aﬂcamvuntbe&meittn theaB@’frdiLﬂi’n i@ r&ﬂtmaﬁdet he

second aspec uj ﬁ$ ive sel ected
from carbo q’P’i buti" h@ﬁd‘%lx dl@‘éiﬂi“ > alkYlgr oxy
propyl net iﬂyth;oﬂﬂdiaudﬂase affﬁt hy hikgledidlsll ose, p@in)mqmrt)ﬂduﬁl coh:ods-
tripropyl en xant Qangu nbodj of the second
aspect, t hed‘13 %ﬂ% ‘ﬁlé‘?azgmt he am%bo%mergﬁn(%%ﬁﬁgt r eatlthtnﬁ‘@“tl%e su? face of
t he substr amaacaptopmnuﬂme d2peshapibirgzdxhmlaye2-almercaptobenzothiazole, 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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nanow res. I n another enbodinment, the pre-treating the surface of the
substrate creates a pattern conprising at | east one pre-treated
region and at | east one untreated region. In yet another enbodi nent,
the metal nanowi fe, REkAkdecr XS adsciOlh theln0l BPEbRAl PRk et ed
region. In a furt er pre- treating t surface can

i ncl ude dep@@d@qthgw@nnsmgt ém@mm elurahVeqf meptel mprewires éme eurbibe of he

substrat e, r t i-&ﬂ{u&n char ge.
I n one enbogjlb%e&%tﬁgflﬁ?ﬂerﬁ.‘gé%%ﬁegége egsgdeﬁ mnégﬁ%oaga escrlﬁmgh}flerel n
may  furt hePaewin petwerkpleyer -on thesubsigate e alewiag tirahovd fe dnefwonk | ayer .
I'n anot her guHaRcH:NEthe scbdi ARENBR HERY nhitbthiBELan RN S5 05AES E@rﬁ' ng a

conductivity of the transparent conductor by post-treating e netal
nanowi r e netufek embgdiment of |tsnhosepd ashest,f e Haeif orext fiethesofomprise & f ur t her

ebodi ment , addife efchod HRD EirbbE el PBIIRY, 269K SiryPRRINHR0
pressure, heat UV or conbi nation ther eof e netal nanowre

net wor k | ayBdronyn pewel oreibdi fehfoser Moyl sedlBlqer. aBRiEc¥inyk Hécokelt hod nay

further con@ﬁ,f@%n@@m&aﬁdmﬂﬁng@grlx material on the nmetal nanow re
network layer; and curing the matrix material to forma matrix, the

matrix and the nmetal napow res enbedded therein formng a conduct i ve
|l ayer. In anot hel® SHfo&aPedERTt A theeseewd otfbcchs fhe cicthed @ay niwrthey may

further conguuife pe@usitig @t shi@Rs lof theSSdhe gmeif toeRpbhitfy the RRfat | ON Of
the pluralit of tal nanowires to protrude above a_surface of the

matrix to pf ERATRFL c ETRRIRTRG T e PETIEHRS BRdtiEfRrY e dYer. In
one enbodi nﬁllﬂﬁtratet &eatéE&{p’att&mrﬁaﬁlpﬁhﬂé at 1@5/0@%@&&:&@1 Rgidf bid®Rleddi Spersed

in a sol vent t her enbodi rin onprls
evapor at i ngoqeh%’trgag’f‘ﬁ’?ﬁ‘t‘m gh@t ‘?)‘? “é‘?l}t’ ‘E‘ W)%JE‘SK%YIF% acty ok
|Ior epol %/hrrer layed iOOEEy ﬁﬁiﬁ@cﬂf{nﬂﬂﬁtp;e-ﬁr&&adﬁé@@ﬁ Iny mﬁrtt?ﬁ&nhﬂlmmqtt@% {sxur aléléleI

n
e oo g i ARG oy BORE o SRR "RETB!  l e
deposi t ed atbeatbetrang plhansrqaidne UV,-opnovdathheng ocaadredistlagdeons and
uncoated regi o_ns of the nmetal nanow re network |ayer, the coated
method descr beciear PR PIIRE wEm b PR MG RG e B
nanow r es iﬁunhdnecompuwpm&treemggdm meltah npedwian atthverk laeerbddlmthb: t he

matrix mat egnllb%lim‘i:eﬁﬂ tl%emaﬁécﬂgug)d fildfled &%p?lglé) A u?g 9%819&119[1v1 onht he

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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pattern. In one enbodi nent, the curing conprises selectively curing,
according to a pattern the matrix material to formcured regions

and uncured regions. anot her enbodi nent, the method may further
conprise renovi “ﬂ n*éeexﬂﬁa et of Tk Gkl 4 %?egt ttlt;Eenﬁ]?-& %ﬁﬂo rgs in the
uncur ed regions. e cured regions may erne uctive

| ayers. In @ﬁ@lte%ﬁemrmgrttooﬁ ptaﬁensewrﬂinawete@ regihey end smd@eezdrr bed a
method of  fahnl 6Aki-Nge el grnartﬁpﬂtt%tk ﬁ%%etertea/ttgrogt Ergtup St rat e
ven

is flexible. In one I ment, the substrate ca
rotating rerffterasdyngris In pupther Pln@dmpmt, ithe regtlepdtdeecrifred lwremmn:oﬁur&hers ar e

deposi ted afonfyibd fe%Iovﬂ?Qﬁ’éinEﬂaPHan%@vﬁ%é iﬁr{h@hﬁw&ed hzﬁgmé RYE dnB@ePat N,

and the matrix materia eposr te secon eposrtion st atr on

al ong the t¥EpeimeplythemaTx mpierah serhea Pl‘é’r‘fﬂdd@r the pHbstraty accerdbstte e can be
posi tioned QfehORVEY Qﬁlb&iﬁ!n&nt thé cifite c%ﬂ'ff:h@r%rseﬁe@?% . adcdffget hod

further conprises curing t he matrix material at a atfernrn station
al ong t he tiPavRaftpHgthe etk myjsdalty rfvrﬁgcurﬁyree@nwr%@cwﬁtrpa%u y

exposi Ng t NGB EmbodHne " thelmdifdd! S furthef baHpRL] zfaﬁmﬁg%é hﬁt}tx
irradiation can_ be %ro ected to the matrix nmaterial according to a

pattern. | @l axbe mieshpanopiey @ the wrasd regey: Ehenetworaglets may

fabricati nqoﬁlp&téﬁmga@mﬂ%@ﬁduct or wherein curing corrprr ses heating
the matrix material |ayer accordi ng to a pattern usi ng a heat

i nsul ati ng mask.. I n anot her enbodi ne he matri x materi al

descri bedgher ei rin CBfH cHRedRE of W@c?e‘ioﬁ‘il aspeﬁr@arer%&rsame andethethefur ed
regions. | rfataqctturgtmefan@maadbdmﬂ&tor Whecifehb adbstagClsi figshidiemebie may
further h’@e r@ﬁm)v%f”%the rrx mat eri al and the neta1

nanowi res | RN R BRI AN %'Senllﬁ' D AYeELTET HRRE 23RVEIS second
as pgct , t hateh, asd dleSﬁtalbﬁﬁovarermtémeq:oﬁ]fed aﬁ&ﬁfrkt&&bb%nast&tfo&%cﬂ@r ent
conduct or ei rate.is a onor strate

oot her et Risht Pehote bk Asfix Bafur! S shatral 8 L aroBbORbuREg i th
a rel ease Iswym alohg mnmivleEng pm]homr anether aﬁbddh@exﬁ,emendbs&suae@h bet he

met hod may

er comp hi n thec fromthe
f1exible ddjr?(s)lﬁo%ubsnt‘r: or ﬁ% g‘pﬁ% %‘ert ﬁ’gb%btﬂ%c t{m?//
substrat e @bmpises cering the oumerie MetaliahEtnd pattedaeg mnﬁllamhgm tkarylerg can be

patterned q:rathoi“het chQE tngg ctgl%r%g E'gn(timftguglm egqr)]oesmfglt € ma iX ma?enol 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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substrate. I n another enbodi nent, the substrate of choice may
conprise at |east one heated region and at | east one unheated
region, wherein the conductive |ayer bonds the heated region nore

firmy than it bﬁrb(l gszefgmgg%ég‘%kﬁggnﬁq nJegtg hEJf is d scngedfauxrnte &4 of

enbodi nent, the SCri erei ur ther conpri se
renmovi ng onfabnqam @drmisnatqnt/@mdastetr whereiphthe wnbmweﬂ # digkible. ddnnr one

embodi ment ,  substiafe. &Oe{ﬁg{ﬁ&t éan%dln?eéE El}_?' Rx B oh?rdsu{)s? a{ehc%n BY Qéa&edat ith of

choi ce by applying pressure con ive a er according to
pattern, andlraiaes Bier [thenothendmbediment |ofyley secm;h@hpemirhe nfsthrod] yayMi t h a

pressur ed I‘ﬁg é?@oﬁlﬁﬁﬁs@ él'e%es C% n]bacg %@mqu?'%i'l Ei‘glq th x?tpe dAnBr su%pc%ttfher

enbodi nment ereim may further conprise renoving
only the coﬁﬁdlannlmgathleaylﬁiuctofn layheto arspbsissts of wlqeelgmmemlqunmne the

enmbodi nent ,
enbodi nment , co%ﬂgtlgifgg%%?? gg%%% S&‘Pﬁ &% BB yg Eé%ac ggtﬂeql n a t hl rd
aspect, t hesubstrats. Ta@sethar sebodimensthn subsdats of eh,Qlafr @ag @mppm@l 7 deaat

flexible docfh@he%@%&é@ﬁ @md Q‘tnfi,aé’i‘ oﬁg%m&wdvl% oty @rﬁcﬂe{ﬁc e Gl cAvdTat ri x
enbedded with a plurality of net nanomn% I'n one embod| ment of

the third dayebends fh@éleatpchmwam@a% @mlmbmrtéowbwfhuhq wdeatebiepionse a
rel ease | aygra Remed LARREMLE! W eRkitdaedesdt b%&'hfe}e‘ﬁl gﬁ?%@ﬂ%ﬁ?ﬂgee and

the conductive |ayer, the release |ayer being detachable fromthe
conduct i ve FEQURE oply the sendustve iy HRhinhesied Kaion e gapediment, t he

| ami nat ed shé beHaUER e TRYr isuerpbhaf toGRERIbsS e 3R ciRfhes) éﬁ‘ahlu@%’ essBQ:S' t i oned
on the conductive layer. I'n yet another enbodi nent

aspect, thdof }é?rﬁoﬁ‘a"ccélﬂe laé"t‘frﬁ%‘tr ging @ patterh epb Phersinshs "soé‘d‘éﬁﬁ“’?ﬂﬁéfﬁrc oat
| ayer posi thoamedorddirmBeritt El9res§ul‘dﬂ>@b§lb£thd@ﬂQfﬂh%Ql%ﬁ)&%ﬁ&d@é’é%ﬂt he
conducti ve Ia e overco 5%8 in cont wth the conductive

layer. In c?ﬁ% r'FB’('B’B?EWE‘Ht e Qﬂ‘e”ﬁﬂ;}m’d o SPTEPTiSE Bmo Ve

protecti ?/e dniyt the AR n%alyaf d;re&kumgrelssasefarmglam Iﬁrﬁnbf@ib@ﬂlﬁlehtaw a
barrier layer, or conbi nat i t heyreo 6 In a our t ct,
Chere | s Qabimel ipich Sp| B eibur Bt e SRR 4E sHElEE of Ghice

t r anspar entmaivedketiblde havi ng a conducti ve Iayer t he conductive | ayer
including a pIuraIity of netal nanowi res. In one enbodi ment of the

fourth t, th duct furth t
the motal nanowh S<TBLMRE: RGUAERPR § HETRET TS RrECoEeReR

enbodi nent ftakibteh’entﬁrcsulnstrhte,amp acbnduttve laget iilbludmg a matrix embedded with
a plorality 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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nanow res can be silver nanowires. In one enbodiment, the matri x can
be an optically clear polyner. In another enbodi nent of the fourth
aspect, the transparent electrode may further conprise a corrosion

i nhi bitor wherei ]Batfblﬁ‘thce@%efcp%{e%s dés&meﬁ'atd%layldawgggotﬁﬁm fehk, the

corrosion inhibitor can be an organic ound. | n another
enbodi ment , OAeHBNPEIR LY FBIRde Fﬁ’{%latcé?d“ét&ﬁ l?bfén e fonsluptivg Jaypicincluding

tolytri azolaeplummwa RRAE Ybndwiled 2R &he éiﬁﬂohinﬁhhbﬁ%ieaﬁﬂhﬁ as tk)ﬂlle
di t hi ot hi adi aéﬁl es and al kyl thiol s,  2-am nopyrimdine, 5,

di met hyl berfPRAVGES JR¥er B2t RhsT SoErise Fomalrin, e metpli BaPwies %emgz-

ner capt opyrédnbedicdqn thd- ARFiE ARAPEHZONAFRR: of2hEehsRRLARE MOLRRZO! €,
or 2- nercaptobenzi m_dazole. In another enbodi ment, he corrosi on

i nhi bi tor CEACHKESS S4B 85| BYH napPWiEFRaln, onersmbopiment, dhe matrix can be an
n- chl or os qum@almccterpolyme@u@m@mé@ahmﬂﬁenpctftﬁmunﬂaayé& MeasRgBient t he
di spl ay deV| ce (fan b touch ,screen, iquid crystal display, or a
flat panel TEURTeafray FRrthshOBRESAR r‘FQF{PSI‘E}‘f ﬂhﬁ@toﬁ"i‘@ff’%s‘ P £PITOS g
t ranspar entinkibineudh ownedaﬁmdmb@ﬁ, tH&eE(ﬁ‘i’dﬂmhaﬁmﬁufzSﬂ rchiR O B Drdnicvi ty
bet ween about 10 tgﬂr r?lo rr]ﬁanot her . lTbOdI née of the first
aspect, t heco'f”P%\ng e "Bﬁ’d’ fizieay MeOEPTHe nZptrigzplg ¢
transni ssi aolynlazdg% or bhiyghefizyl | n Onﬁzﬁ&bodﬂlﬂﬁﬂlﬁladliﬂ&& tranamﬂrent
conduct or c{;ﬁ%h urface resisti \ﬁlq'ifx Eetwe n _about, to 1, ggp
67 CLAI VB PigdazQles i e @i s:  PIYRNORA s paFREO pé’B‘ $or coiprising:
a substrat eilmahxdbazmnduiule,t ive | a-)aﬁlﬁnoéﬂilmérh@tcsl,ﬂ)fs-thiaﬂiaeolet he comductive
| ayer incl udin rali o of . .nmetal .nanow i.n the
substrate is" a?to%"ﬁ]lneme [ePloPARUIAN &, %%ﬁa&%@?%P&WOIE’I &1
wherein t hensubwbmhmdazele Inoinpaxelr ymbxtdﬁnenpahe/obmfsmﬁ mhxbitcymamyﬂe
chl ori de, P f on
silicone, alc{aé’%g r s(%%iegnazﬁl %{herglto OSHCE one dpngl yno?%epﬁgﬁ&e
pol yester, fploﬂgﬂquqyﬂs: dl@dﬁwﬂemm tami Heertbunhadleenehqmsi censel digpdgyobry mer,  or
pol ycar bonadtfgitlgineladi@ggol ymer or blend or |am nate of these
material s. )
In one embodiment of the first aspect, the transparent conductor described

herein has a surface resistivity between about 10 to 1,000 O/m. 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/o.
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3. A nethod of fabricating a transparent conductor conprising:
depositing a plurality of nmetal nanowires on a surface of a
substrate, the netal nanowires being dispersed in a |liquid; and
formng a netal nanowire network |ayer on the substrate by all ow ng
the liquid to dry, wherein the substrate is flexible. 4. The nethod
of claim3 wherein the substrate is driven by a rotating reel along
a traveling path, and the netal nanowi res are deposited at a first
deposition station along the traveling path, and the matrix materi al
is deposited at a second depositi@nisSati on al ong the traveling
path. 5. The nethod of claim4 wherein the substrate is positioned on
a conveyoryybelibimefis: The nethod of claim4 further conprises curing
the matrix material at a patterning station along the traveling
path. 68 7. The nethod of claim6 wherein curing conprises

conti nuously exXposi Aigranent endpqtsr comrrsBal to |ight irradiation. 8.
The nmethod of claim7 wherein the light irradiation is projected to
the matrix nmabews@die;agcording to a pattern. 9. The method of claim§6
wherein curing conprjses heating the matrix terjal layer. according
Lo & pattern &CHECEVRET it P ety Rer siine AR €1 ai m 6
wher ei n t he nmateiaknanedies, whereia thasibetraeds flakiblecur ed regi ons and
uncured regions. 11. The nethod of claim 10 further conprising
removing the matrix nmaterial and the netal nanowires in the uncured
regi on. 12. The. net hbd trehspeteal prBlusherdi daimhé whevsinrthe eubstrage sl exi bl e
donor substra T ho : (130 i Lbl e
donor substrat EéS’lIngrg}éﬁ, gglyg\%&{a hgcélgtr”g?iegﬁslg?l%ﬁgra g@%#ﬁ?%@ﬁ%d of
clai m 12 furt heplyEeidpr ivelyiag fenet avliGong, tehiss cshidu ctalyasherpthgiketone.om t he
flexi bl e donor psiyhsiobiete, AREIyBRBY, Y bBIgviniR, CRAHEE&/Butd detRIstréhed
substrate of choli i:e. )

copolymer, or polycarbonate or a copolymer or blend or laminate of these

materials.

3. A method of fabricating a transparent conductor comprising:
depositing a plurality of metal nanowires on a surface of a substrate, the metal
nanowires being dispersed in a liquid; and

forming a metal nanowire network layer on the substrate by allowing the liquid to
dry, wherein the substrate is flexible.

4, The method of claim 3 wherein the substrate is driven by a rotating
reel along a traveling path, and the metal nanowires are deposited at a first
deposition station along the traveling path, and the matrix material is

deposited at a second deposition station along the traveling path.

5. The method of claim 4 wherein the substrate is positioned on a conveyor
belt.
6. The method of claim 4 further comprises curing the matrix material at

a patterning station along the traveling path.
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15. The method of claim 14 wherein the conductive |ayer is patterned
prior to being detached fromthe flexible donor substrate. 16. The
nmet hod of claim 14 wherein the substrate of choice conprises at

| east one heated region and at | east one unheated region, wherein the
conductive |layer bonds the heated region nore firmy than it bonds
with the wunheated region. 17. The nethod of claim 16 further
conprising renoving only the 69 conductive |ayer in the unheated
regi on. 18. Thé met Rednaliodef glaim 6 whenpie pwing cothprisesonputirsoisieexbesygr i s
appl ied to theg.lbstdalig 191k IRuGE.PY applying pressure to the
conductive |layer according to a pattern, and wherein the conductive
| ayer bonds nore firmy with a pressured region than it with an
unpressured regi on. THOmetHd¥CorBRAM 9dviRfeirCihaiipht 18adiadbd ReHojé@ans kel NY
removi ng only the conquctive | ayer on the unpressured region. 20.
The nmethod of PREFMEERlFRErNe{o f fd®ubstrate of choice is rigid. 21.
The nethod of claim 14 wherein the substrate of choice is flexible.
22. A | am nat eg stryeture dc(%rgl)arh;l%i \QL%:reinacfr;neXi bl e dqlréot{n S epst ate; and
a conductive |ayer 1hcruding & nat¥ix efbedd8dPWT a5 uf aFity of
metal  nanowi r egterif BiyerBherdizgtp p attech wing a btaumeuloig olask. m 22 furt her
conprising a release |layer positioned between the flexible donor
substrate and the conductive |ayer, the release |ayer being

det achabl e fr oMt heTheanrehed of ¢aim|6gyhsrein thematrphmateriphis patteagd itq gieadur e of
claim 22 furt hgeickOMRLA®IeA%ofAs.adnesi ve | ayer positioned on the
conductive layer. 25. The |lam nated structure of claim22 further
conprising an overcoat |ayer positioned between the flexible donor
substrate and the cThHGhEHod\EclaimAlyirthet dvinpayEY eOBtindBE M@trik haeALlt act

wi th the conduct.yve kqﬁer..ZG.ﬂJhe I%ninated structure of claim25
wherein the ov&8ddapetyl angwirsiip the upcred regiol ot ective film an

anti-reflective layer, an anti-glare layer, a barrier |ayer,

12. The method of claim 3 wherein the substrate is a flexible donor
substrate,
13. The method of claim 12 wherein the flexible donor substrate is coated

with a release layer.

14, The method of claim 12 further comprising detaching the conductive
layer from the flexible donor substratc and applying the conductive layer to a

substrate of choice.

15. The method of claim 14 wherein the conductive layer is patterned prior

to being detached from the flexible donor substrate.

16. The method of claim 14 wherein the substrate of choice comprises
at least one heated region and at least one unheated region, wherein the
conductive layer bonds the heated region more firmly than it bonds with the

unheated region.

17. The method of claim 16 further comprising removing only the
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or a conbination thereof. 70 27. The transparent conductor of claim1
having a surface resistivity between about 10 to 1,000 W. 28. The
transparent conductor of claiml1l having a light transm ssion of 85%
or higher. 29. The transparent conductor of claim 28 having a surface
resistivity between about 10 to 1,000 52/n. 71

conductive layer in the unheated region.

18. The method of claim 14 wherein the conductive layer is applied to the
substrate of choice by applying pressure to the conductive layer according to
a pattern, and wherein the conductive layer bonds more firmly with a pressured

region than it with an unpressured region.

19. The method of claim 18 further comprising removing only the

conductive layer on the unpressured region.
20. The method of claim 14 wherein the substrate of choice is rigid.
21, The method of claim 14 wherein the substrate of choice is flexible.

22, A laminated structure comprising:
a flexible donor substrate; and
a conductive layer including a matrix embedded with a plurality of metal

nanowires.

23. The laminated structure of claim 22 further comprising a release layer
positioned between the flexible donor substrate and the conductive layer, the

release layer being detachable from the conductive layer.

24. The Jaminated structure of claim 22 further comprising an adhesive

layer positioned on the conductive layer.

25. The laminated structure of claim 22 further comprising an
overcoat layer positioned between the flexible donor substrate and the conductive

layer, the overcoat being in contact with the conductive layer.
26. The laminated structure of claim 25 wherein the overcoat is 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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27. The transparent conductor of claim 1 having a surface resistivity

between about 10 to 1,000 /o,

28. The transparent conductor of claim 1 having a light transmission of 85%
or higher.
29. The transparent conductor of claim 28 having a surface resistivity

between about 10 to 1,000 /0,
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