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 nmanufacturing 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 NANODRIRESHASEDHERANSBARKINT CONRILCTORSy whil e
mai nt ai ni ng 10 reasonabl e optical transparency. Such surface
conducting transparent conductors are wi dely used as transparent
el ectrodes pAdr@EROUNMDYICF THEINPENTIONP! ays, touch panel s,

el ectrol um nescent devices, and thin filmphotovoltaic cells, as
anti-static |ayers and as el ectromagneti c wave shi el ding |ayers. ,

Currently, Eifuﬂldzﬁiﬁ'lt gd nmet al oxides, such as indiumtin 15
oxide (1TO; = try standard materials to provide optically
transparency and el ecThis Gilention duldivd to/tramspdireiteohdictosiardnethogds off
as glass and polyneric filns metal oxide filns are fragile

. However, nt
and prond t Oanafaaerinaiie; saga dhBaakguaF. t%hfséﬂrthmﬁséipebﬂﬁO%kngéﬁ%tgedS-They
al so require elevated deposition tenperatures and/or high annealing
tenperatures to achieve high 20 conductivity levels. There al so may
be i ssues wiDesclkiftiorasitths Refated Anet al oxide filnms to substrates that

are prone to adsorbing noisture such as .pl ic and . organic
subs?to rates, e.g. pol ygﬁnﬁBﬁ@PEE?n%?g?r? 5‘?1% %*rbqor}%lpg\(e @Q\S;fé’af?q M on
flexible s ulﬁyﬂ-@éﬁs?mﬁéﬁcé fﬁ%ﬁll%iiﬁ% SuFRR' B syibbtraiel € Frarlsparil cbh@ubtors

vacuum deposition Is a cost rocess and requires speci al i zed
equi pnent . kaydeyeanuistured tphaveswyiase coaduciivity ayulsinoaiptainieg not

conduci to form atferns and I reuyi | VRI it

't he. nbd e Bk SeRRCoR e R & 5 SubBte S0 L ERkpdtehPS
phot ol i t hogizaRtyetors 4rR STy iLsed B B srehbelechddss ihdianliquie dryatal
optically transparent electrical conductors. However, wg t‘%\e!gl?gigl ly

have | ower dispiaygctaughipnels) alestralimingsgaet deitase and Ha
(particular lc&l!?}as@rﬁf-&%ﬁc Iaye\rs and as electromagnetic wave shielding layers.
Currently, vacuum deposited metal oxides, such as indium tin
15 oxide (ITO), are the industry standard materials to provide optically
transparency and electrical conductivity to dielectric surfaces such as glass and
polymeric films. However, metal oxide films are fragile and prone to damage
during bending or other physical stresses. They also require elevated
deposition temperatures and/or high annealing temperatures to achieve high
20 conductivity levels. There also may be issues with the adhesion of metal oxide

films to substrates that are prone to adsorbing moisture such as plastic and

organic substrates, e.g. polycarbonates. Applications of metal oxide films on
flexible substrates are therefore severely limited. In addition, vacuum
deposition is a costly process and requires specialized equipment. Moreover,
25  the process of vacuum deposition is not conducive fo forming patiterns and
circuits. This typically results in the need for expensive patteming processes

such as photolithography.



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

be manufactured and patterned in a | owcost, high- 10 throughput
process. BRI EF SUMVARZCORUGHNE ROINERIE| have iatsodprencussiseptically t i s

and a condudioRarel ERETRAI EHaLERAE, Bblever B Ashiell Budiider = ©
i ncl udi ng a qoinduetvity yanies RO et optiddlebes bl (parbt@briy ana¥biees. 15
I n anot her enbodi nent, a transparent conductor conprises a

substrate; aYRyeengtivd sempaeed 1 ibe rogtak owidestims: prd suffemfcorn darkuaft i ve
| ayer ingl %bﬁﬁceﬁaﬂﬂ‘lﬁr@)—qe}iﬁ‘\ s‘?%bii tal nanow res enbedded in a matri x,
opticCally cle

In particular, an ar’ polymeric matrix. In yet another

enbodi nent, the transpacadingotithretramake et iesd in2Be A brede a
corrosion inhibitor, In a further i s described herein

f enpodi nent, it i,
et hod of TENaBRRALEYH LTS haHGRHeS RRIE GIRAIISED ORSGAMATAghaNca
deposi ting reptied, it paticuBiitins BRAREbAGRIGS tl?at%f@%ﬁ%réfaﬁle fohmymet al
nanowi res being dispersed in a wa d; an ormng a ta nangvm re
net wor k | ay étbsiratescansidan bamanbiaciired and gatterediio aildw-cst, thighdry. | n

anot her ' a net hod conprises depositing a plurality of
metal na OWWQQS@‘%“%P'"%‘&?S&rate, t he metal nanow res being dispersed

ina fluid; and formng a netal nanowire network | ayer on the

substrate by all ow n((\g/I t he Iilguid to dré; depositing a matrix
mat eri al on BFHEFMMARN QK TREAMMENITKON | ayer; and curing the matrix

e & or o1 For AR e Rl B pRRURHA Sy
t he net hod desprisingra sabstiatecan deongative layed ohnhésuletiaté ahe eel
Pr 9‘3655’ m%grelét?ctitvg aysel#?l':sc& utage aip urg{itg/%%ar?gwi?esr, %trgfge;'arllo?y, metal nanowires.
15 in another embodiment, a transparent conductor comprises a
substrate; and a conductive layer on the substrate, the conductive layer
including a plurality of metal nanowires embedded in a matrix, in particular, an
optically clear polymeric matrix.
in yet another embodiment, the transparent conductor further
20 comprises a corrosion inhibitor.

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

25 todry.

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

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



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

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

I n anot her leybodindeating the matritesateriaktd foen aimatex,| theinmaitie dnd sie metalr e
conprising: a fl.exible sub trate; and a conductive |ayer

i ncl udi ng a"HRAYT %?%%%%%535 o&mmglﬁ ‘a‘@""f‘&?ﬂ\’)‘? l2¥8%al nanowires. In a
further embodi ment . an LAUHAGHdrSHAMTBAE Hie hRIRBRISCHER bl cddbe
process conprising: applying the 'amnated structure to a su rate
of choi ce, p@rfm‘m%inn\al mgl-imheeifprexeésl e/heein thessustrata is driven pgta @rtatinger
enbodi mept , I vice, is crlbe t di splay device .
conpri 5 fg 5! PRl e Gt And e denitnged Tre. o] nhonii feared

| ayer, the QAR YGirst@epoRiBh stalioh wibritptnd tRivenR béﬂﬁ arﬁd fﬂét@épd%ﬁii‘\ Vdsr es.
20 In particular, the conductive |ayer conprises the netal’ nanow res
in an opti cfaalryatrlmr@%tenqicbs garded euhata sacorﬂFd@psmEﬁ;@tatnommg]heTHE
SEVERAL VI %ﬁ%ﬁg DRAW NGS In the drawings, identical reference
nunbers ide I'm’lar elenments or acts. The sizes and relative

posi tions of el ement $n anothbeemibedinitgs, tRe coneudint laRe eas de PatiettictiMh t O
scal e. For exa&ﬁwépht he shapes of various elenents and angles are

not drahf tRArY am@ﬁﬁ@%w peing Phela-ehrable raatax materialpari | y
enl arged and positiopg n6tﬂ +é’ﬂﬂb§eﬁﬁqe%gws%shﬁ&éabﬁ§rbw% nghéﬂéar the

particul ar shapes of 't enen S as drawn are no to convey
any infor nsituotr.lreroegmnslngga tlxibkecd aradr ssbstpﬂeoénd & eomdudtive Udyaar

el enent s ave | .ecf.e ease of recognition
T e dr aulHyNY% FRGiRRedi VLR SRt f ML PRROWERS of o

hanow re. Figure 2 I$nafmmfémdddwﬁémahué}amtahﬁ Bress RlaeRiibed! the
properties of a silver nanoel tgsm ds at vari ous wavel engths o

li ght. ¥ gurrecess eonising: éﬁplym pdanimateshstyptve to msabstiats ofwhpice,
NANOW '€ " 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 conduciive layer comprises the metal nanowires in an optically

clear polymeric matrix.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In the drawings, identical reference numbers identify similar
elements or acts. The sizes and relative positions of elements in the drawings

25 are not necessarily drawn to scale. For example, the shapes of various

elements and angles are nof drawn to scale, and some of these elements are
arbitrarily enlarged and positioned fo 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 nanowi re based on the wire dianeter. Figure 5is a
graph illustrating the expected overall resistivity as a function of

the diameters of nanowires. 10 Figure 6 shows an SEMinege of a
single silver nanow res connecting between two netal contacts.
Figure 7 illustratesFiyuneti®alschéméiid Husirationof@rmanewire. t hat f uncti on

bi ol ogi cal t I f ' .
Tl Ustrates a protel FiaEapisperaa BIaming s Rubrey artcaablshefios of 2
Vi a Vari ous, bl paBkbes of Ch@ludheldges bR L he formation of a

conductive net\ bi ol ogi cal tenplates based on the coupling of
associ ate peptides. Figue 8 iluGialds the pbaowptios shestaim ohasjveinanowire

enbodi nent of a netal . nanow res;base n ent conductor. 20

Fi gure 19B IRY§ 3 BSBETWE%&%E%PEE(F‘%\%gﬂ%ﬁ%‘f‘%@'ﬁg%di nent of a netal
nanowi r es- based t ' AngRAEAlis acqﬂalmmgétratﬁggwp@cfaa@mmm sarfoassat i cal |y
a further enbodi nent of a neta nanow re based transparent conductor

in whi ch paesistivity propetiies ehacanpwise hpeed eR Yz wire SYANBCI8LY f ace of the
transparent conduct OrFi%ﬁ? 55,'?‘, %ﬁréﬁlﬁ&l%ﬁﬁ@%@ﬁp%e@xﬁ%ﬂ ReRIEsistiityes a

nanow res protrudi ng ace ranspar ent conduct or.

Fi gure 10E fyhtisi 67ahé disprdtenedfinaabliresnot her enbodi ment of a netal
nanow r es- based transparent conductor.., il lLustrates

schemat@al Iy a furt fégure Sodipmsea S ‘H‘I;igggf%éjnigleﬁAYﬁf\Ma\"Bylrﬁased
transparent%o%?]ggmﬁ Qétﬁé%\éitﬂg fetdttdntadi@yer structure. 4 Figure 12

shows a trahspdre conductor structure having a reservoir for
delivering a vapor phageeifritigiiates a pemrk of filgmestousaotedrs abingHon
exanple of & f R tromlafs 3655 fraflpdfent doidERAReNt 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 ofa
metal hanowires-based transparent conductor.

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

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

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

Figure 11 illustrates schematically a further embodiment of a

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



5 Figure 14A shows an exanple of a fabrication process of a
transparent conductor by web coating. Figure 14B shows anot her

exanpl e of a fabrication process of a transparent conductor by web
coating. Figure 15A shows a web coating systemand a fl ow process for
10 fabricating a transparent conductor. Figure 15B shows an SEM i nage
of a conductive layer following a post-treatnent of pressure
application. Figures FigureltBshdvwena dransparanl condfictar ktoctnest havingaocess.
Figures 17A-17C

t.h f n I nat i . 15
o 5 R R NS B AR PhSsm BT RIPIE conabeti ve. I ayer.
Fi gures 19A-19B show Fﬁ@ur@équ?SIi@fahéu%ﬂr&xiaﬁ'Efil)élgéf@T&Hr@gﬂ@agh%% Bk

nmet hod suitable for a web coati ng process. ure 20 a parti al
system and Hapspegericopflugtabri cating a 20 patterned transparent

conductor. Figure 21 WS, | spl ay device .1 Sing transparent

el ectrod&s based on ,@5@@ 1&%@’%@%eﬁ'ﬂ@'%ed%gggmﬁiﬁng”?%‘?f@t&?creen
devi ce COn‘pfr'aﬁép‘gﬂeﬁt\mnduﬁaﬂﬁpw@@rﬂoaﬁﬁ@_dUCtOI’S based on net al

nanow res. 25 Figure 23 shows a typical release profile of H2S gas

fromfreshly cooked FégigeyisiBghoves gapteeraxanytio b2 fatuicatign process of a
transm ssi Oﬂﬁﬂ%aréﬁt)&oﬁaﬁabfﬁgﬁlfebﬁ%%m _ct ive filnms before and after an
est. Figur

accel er at ed corrosi on 24B shows the resistances of

si x sanpl es of condudlgwe 1520stiowss webfoatingbgstafitard aflokpeedtazsdbred
shows the hazes of six sanples of

?_gﬁdﬁg{ {152' %%Iﬁtﬁ%tﬂgb% FB’F‘F%%E%% ‘ﬁ"g&'ﬁo&n accel erated H2S corrosion test.
Fi gﬁggafgﬁt shous an XGia BEPndhd &F SEX RigeSdl AhcRciRRYLS RilohRgH
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 fransparent
electrodes based on metal hanowires.
Figure 22 shows a touch screen device comprising two
transparent conduciors based on metal nanowires,
25 Figure 23 shows a typical release profile of H2S gas from freshly
cooked egg yolks.
Figure 24A shows the light transmissions of six samples of
conductive films before and after an accelerated H»S corrosion test.
Figure 24B shows the resistances of six samples of conductive

30 films before and after an accelerated HzS corrosion test,



5 Figure 25B shows phot ographs of the patterned conductive fil ns

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

Fi gures 27A-27D show phot ographs of another exenplary conductive
filmbefore and after a solvent treatnent. DETAILED DESCRI PTI ON OF
THE | NVENTI ON Cer t ai nFigutm24@ehows dnehaliaseaftsbdsanoplas of eorshatieafiims

duct duct,i f i o ticular,
fﬁg ggncht %%ioegg%?/@ra%eggﬂIalﬁlg?llﬁﬁvg%é gggbaggggﬁ&no%w :Esof nmsfglr e
W o ddi ti opj | T 1 bl

nanow res. |n additi OFbguFéWﬂiR@ﬁé\%bh‘é‘%ﬁg?)ﬁféf difectly Bﬁﬁé]ﬁfr@‘:% {aalféé%ﬁi‘éb-e e

and can include at |east one surface t s conductive
coated or | Xapediraaspsaient aoaduetive fim. substrates, including flexible

and rigid substratesg, The n ive |ayer n al.so form part a
conposi tér)d structure F'%Waﬁﬁ‘ﬁ%ﬁﬁ?ﬁ%fﬁ?éﬁ% pa&%&ngcﬁgowﬁ.@wﬁ@;
The matrix wefweiaat afer aaadhedive Blpetrdilant certain chem cal,
mechani cal and optical, properties to the conposite structure. O her

enbodi nent s descri be REHIFSESAREK shew phetogsarhsdf thapaiiemed gondective
conducti ve LV, m?% | ' L r Ssa

nanowi re 2 ﬁ%f%afo%’ﬁﬁ%‘%&%rté‘nra | oweqﬁg?@teg%%]att Héh(}j{gsﬁllgete %ELO di vi ded
by the di amptagnifigatiobui t abl e nanowi res typically have aspect ratios

in the range of 10 to_100 02(}0 _hsr er aspect ratjios can be favored
2IEAdAeE 5

for obtd’ning a transigHeEs 8w Rh RYshefeanothsf exginniaidibl e

ror e €1 C1 BhaudERbetefe BR WREKS SbRREYSARERE whi | © permi Lt ng

| ower overall density of wres or a transparency. In other
wor ds, when conductive nanowires with high 6 aspect ratios are used,

the density ] ' onductive network can
be | ow enougD%tTﬁigéD?%&\é\%mgH@E Tﬁméﬁ}r@l\iubst antially
transparent. One net hOgrtdin etitfodiBertbaré HREGIEAtEE ¥nSharent 8dfiuct®
light is by its 5 absorption coefficient. The illum nation of |ight

y § . .
passi ng t hr Ba%Rf an pLPBruEtyg @ker 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 ieast 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 di. Suitable nanowires typically have
aspect ratios in the range of 10 fo 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 pemmitting lower overall density of wires

for a high fransparency. 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 "ax 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 | can be considered to be substantially transparent.

Fi gures 2- pspbttuationae e itef dérsity optheawinonirds dhatetchievas a conductive

characteristics of the conductive nanowires. 15 Fjgqur J a

t heor et i calnehuerk|cagibe lgw Qﬂ%‘ﬁ%‘ thai dlg B‘Pﬁ%ﬁﬁlﬁ? "?ﬁ’ﬂrk% Slﬁ’zfiadi[?ﬁ%soi ds

at various t?’%ﬁ%ﬁér‘%ﬂgt hs of Iight. Depending on widths and | engths,
€

silver nano psolr'ds exhibit a high extinction coefficient to a,
narrow band of |i ghDnieméthedtadelirenthetitanspaissey ofiadayendp lichd is by its

e subck areamtpn soeticiephe AL Bl R s b ot Bt e

which fall g4drRegBg: Vi sible range. Figure 3 shows the absorption
spectrum of a ?ayer of silver nanow res deposited on a pol yethyl ene
terepht hal ate (PET) substrate. As sheWe®by the absorption profile,

the silver nanowire |layer on PET substrate is substantiaw_' X
t r anspar entin betickelgis thiedncominglight on Zfics sideeftbeiaygrile the hgnipgtion

Its of the t tical md LIl (El ax [ 5
Show t e r deYRHAAGT PLaEF 2p Pasponbady Chfb phdhaRdess FLpBERsraBit >
nanowi r ¢5 hasef RthkRRinep&icRER fRtsT, a Ftheabsafgion cdeffivient and afis the

nanowi re, the resistivity decreases substanti al V al t hogrg{] iu% wi ||
absor b mor dhickness of the layen Bdaverdiaving airansnarancy; fretospparct.Oub jess

resistivity,bagsed gn : ' gﬂ? Rface scattering are
~high at di a‘Hﬁ?ﬁr"?"g‘?e #ée@é(g{rﬁg?\b %gsu?%i "ytt%gg%?%neter i ncreases,
these effects are dr @gurealtyillustchie sdmeidheoptical bnd elestical i vity i s
t heref ore reduced greatly for dianmeter .that increases from10 nmto

over 100 nrihese@erigicsof fhgeenriugiive RERAWIIGSH ovenent in el ectri cal
propertigs must be %Lﬁ@%w@éﬂﬁ\é@hﬁcé%baéﬂoﬂﬂh@Iigiﬁcab%aq:ﬁidn of silver

transparency for applications requiri nfg_ a transparent conductor.
nanoellipsoids at various wavelengths of light. Depending on widths and
lengths, silver nanoellipscids exhibit a high extinction coefficient to a narrow
band of fight in the wavelengths between 400 and 440 nanometers and to
wavelengths of light above 700 nm. However, they are substantially
20 transparent between about 440 to about 700nm, which falls in the visible range.

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

25 results of the theoretical model shown in Figure 2.

Figures 4 and 5 show the results of theoretical modeling of the
resistivity of metal nanowires based on their diameters. Fora 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 overal!



5 Figure 6 shows a single Ag nanowire 4 that extends between two
other electrical termnals 6a and 6b, to provide an electrically
conductive path fromtermnal 6a to termnal 6b. The term"termnal"
i ncl udes contact pads, conduction nodes and any other starting and
endi ng points that may be electrically connected. The aspect ratio,
si ze, shape and the distribution of the 10 physical paraneters of the
nanowi r es gesistiviyds tiedefore prduced gredily fordiameter toaitincrapsemiions| domite al
properties. The nunber of, such wires that wl]| ov,i d '

density of §rARRHM ses. plgo TAUE BYq ThS ‘WPWeHbe"EEE%'ﬁ?@BS‘eD@"%@g?i cal
conducti on glfceko ' ' a8ad transsdrghegfor6b. For
exanpl e, hrﬁg%p%rdﬁsélo ghﬁ‘ggﬁ' ?ggngﬁgggegﬂﬁ end fro%te% nal 6a to
6b to proviapwlieations réquirieg adtansperept eenductesl conduction path, and the

concentration, aspect_rati.o, Size . and, sh .ca

provi de & substanti ah%}‘r? ﬁaﬂ?ﬂ’é‘r%ﬂpg@d{?ﬁjﬁ%ﬁ n?e Eﬁlﬁagﬁgfégrﬁéfb%ﬂméé}\ two

t ranspar ent gl QebifibAmMIRALEH ARN6H, Jo RFeNdeianl efectrivatip condudtive patho
termnal 6b using a plurality of Ag nanow res. As can be agﬁgste i at ed,

the di st ancieormteminaGa todemsnakp.t Ererians) terminadbhingliges gorlg at t he
desired optical properties ié}ﬁge : ' now r e.
A plurali tyc%%uﬁﬁ%}?%i%o%q%y%@% ﬁ@@ﬁ@ 0 eﬁqlrﬁﬁggtﬁsﬂgagg%x%ot her at

various poi gkstritallyicpviceieda Thenipett ratiopsizd) shapenandrthe distribadion of the
termnal 6b. According to the invention, e‘ﬁ%ngtanovm I e%are .sedl ect ed
based oAOt hehysifgkparamaleNsi S iNe pARPUIFTS &8 S 110 pavide the Aoy

nanow res t | : St U i RAgH idald
resi st ance }CP Eéart?d%%ﬁ ﬁlcétﬁ‘oégft%gt g@%ﬁl’ 0 ac%f%%(gﬂgggée&agbl em\_b‘a

el ectrical gvepeehsiysofidy nanovetesds seleateddo paudde aecanigie elackieel
termnal 6a to termnal 6b._  The el ectri.cal. cond LVA LY

t r anspar ent Cenguetion propgrijgs,for E%ﬁ'Paﬁ?’%“%ﬁag?q?ﬁﬁ%‘o%u'f: KPR o
singl e nanopiffe é)bth@ﬁanP@é 4@hin cXRnAGFIMEraind) Gavie @b tbipeovide a low
termnals, and c) the connectivity between the nanow res. Below a

cert ai n1hanmsistancecsiedrical songductioal rash rastddthe cgngantiation, aspRot EFICa ¥ 8N
th hold), th ducti vi 0l s h
R P T 5 ST i ond o

is no conti ecause nanow res are
spaced t 00 ThédefdreAransphksntesibbiriealcmndeadtioreisippovidedirom tesniaal fatest

one current path available. .
terminal 6b using a plurality of Ag nanowires.

As can be appreciated, the distance from terminal 6a to terminal
20 6b may be such that the desired optical properties are not obtained with a
single nanowire. A plurality of many nanowires may need to be linked to each
other at various points to provide a conductive path from terminal 6a fo 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,
conductlve polynmer fibers and the |ike. 10 As used herein, "netal
nanowi r e" rpefreslatigrotheeshetd) memovmu@wltydmfw&tm thg terndnalpds ﬁ@ﬂa&e theseal

al l oys or netal npounds udi n

cross sect |'%H8I°°8P?h§’d‘§| %reg %@r%ﬁﬁﬁ%g%ﬁﬁqﬁéquga 'éégsa}et%}tﬁegggo nm
and | ess thanaghlf ABbveits EBNCENPARIE tigdteYs éﬂéasttmhﬂmm:mthﬁwallah[eed
above, the netal nanow re has an aspect rati o Iengéh W dth

greater 15 Aswnord ourrgntelathsdeprayided.dhe oxerall sesisian Rbthe Iay f"@ﬁ abl y
greater %ha 100 Sui tabl e netal nanowi res can be based on any
nmet al , Sithout limitation, silver, gol d, copper, nickel,

and gol d pl at ed si | v@ondlibifvemintwirsnolidesmetamabewpes pad otheby known
nmethods in the art. In particular, silver Z%agovﬁ\lnlres can
0

synt hesi zedcanduelinpasrigs having highuaspest faigs G 4] 1 Examles
(e.g., sil \éoef ol'f‘l' I%Ef’atllﬁ)ndn%vﬁrgs @@nﬁf%ﬁa@ ndt hHﬁ’ch% defbéh nafitiiyéene
poly one

glycol) an vinyl rro arge-scale productlon of silver
nanowi res ofCNITs)f metal siide naaowires moedactive poiymerdibess eod titrelikget hods

descri bed , X Mat

4736. |47261@ and >e<|g %Sllgﬁedg)e'e’" KB%F&"IO&Y'E@ (%r&b’%‘}‘) %%%a"'%‘ég?gao. 25

Alternat | velompridhy Bizhiint RRAAVNGEA oGS HmBtapBsnpgunty igiudmghgaical
0]

tenpl at es (or gical scaffolds) that can be m nerali zed. F?
exanpl e, bi otides)c At leest ené at@swchoraeé dimengiersobihe WQb‘é@’Q‘%\W i8g%S i on
as tenplatges

tq _create netal 0 e
bi ol ogi cal EB aﬂr@sarlf’a!ﬁs%@'aé' %T%@d nge ﬁ%rf%)'gp ectglh\r:@@g |$1%1t y
for a partigatbdabby¥®ahe®meidl rrmbefrecﬂas measmorrmgth widtty afgredter
oxi de. More detail ed descri ption of biofabri cgt | ci{r]g(r)f natEOWI [es can

be found5i nthap. g, prefergblygraatesthag 50, angimers-nsg PR 108 the
D11 ected YBLRgHL ol FRIREL U coegl ALY INIRNG GARoit | (2000
limitation, silver, gold, copper, nickel, and gold-plated silver.
The metal nanowires can be prepared by known methods in the
art. In particular, silver nanowires can be synthesized through solution-phase

20 reduction of a silver salt (e.g., silver nitrate) in the presence of a polyol (e.g.,
ethylene glycol) and poly(vinyl pyrrolidone). Large-scale production of silver
nanowires of uniform size can be prepared accroding to the methods described
in, e.g., Xia, Y. et al., Chem. Mater. (2002), 14, 4738-4745, and Xia, Y. et al.,
Nanoletters (2003) 3(7), 955-960.

25 Alternatively, the metal nanowires can be prepared using
biological templates {or biological scaffolds) that can be mineralized. For
example, biological materials such as viruses and phages can function as
templates to create metal nanowires. In certain embodiments, the biological
templates can be engineered to exhibit selective affinity fora 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 specifjcall %y a conductive material or a conductor

(e.g., a nekoalkitiontha PesctedSyathesisaf Magngtic aad §em!@9rtsi¢lr3&%9 Nepgiras.e
based on an (Qé?@%&éﬁncé%t}??%%‘? NiSo gﬁgﬁF f{“‘@ Ms%(ehf%' é‘ﬁ”@n&fté@ ain

bi ndi ng sites sequencé oIo
| n ot her entukntemtBot Marowitksc't(20E3)RIVAS, wl. mnbmz;mseﬁ%bylvmo

nucl eati on ce i.ch a .precursor converted, t
conducti ve pCEJ ?64 g/lrgm%emoﬂﬁngrﬁgg ‘@”B{ﬂ‘bﬂ Rg@ﬁﬂ’l"ﬁ?leéfoqar)ie
conduct i vg nﬂmscmﬁmﬁe@ae %@5‘?619@@89&&‘0%\@4?%[ NE' %YP*?G 178%Rd.S.
contlnuous conducti ve I'ayer ess 1s referred to as

"m ner al i zatRrowisiopal ApplwatlugSerlﬁld‘do eGh 0 491,awh19ba1$fepﬂmea|a$@r (e.qg.,
a netal salt cangﬁqed ﬁonvertg tot ap elemental nmetal in the presence
of a reduci™ BYE L IPALRI BRUEIY erent al metal binds to the
bi ol ogi cal tenplates e spédtidallynd @oﬁdﬁﬂéh‘fﬁﬂé&%oﬁ“ﬁtc@hﬂu&o}ﬁé’@ra 20
I n other enbodinments, a seed material layer is initially nuc eat ed

onto the bi &Nefgl wom'e&)@ananrecwmnééﬁ 8 diclogicaldemplajs b@%ﬁds@m ap gffiniiy
t h d
CoueT oA, e edR ool Bl Al BBl Rl B =

causes the mqbeMGa)nnahdblogjginﬁltqufola’& metal out of a solution
containing a correspo ing nme precursor. 25 To i|lustrate, a seed

material |ayer contai W&ebﬁmba‘éfmﬂwso%%‘éu%mﬂﬁéfmﬁi?%’PB? ceatedhy af
Cu or Au. u&%%hé!{?@%ée’sg QRERYRch b o r?@rﬂé BOneridd tPCc%gHuaw

accept abl e se rials may~contal rum a palladium based
mol ecul e, Alpadtclsmthatjbbdsemmimbl@gmaétenﬁﬂateaﬁhemddudwemmms baingi nc

oxi de be us nucl eat i. n ma rial |l es of the s

ot o a1 150 Cala ol fuhel SRl o Bisihlls copiithye Byt TS prgess i
al | oys. Met aligo ref@itel todd ‘Wﬁeraﬂféiloﬁebﬁ*plﬂ?ﬂgdeisoi @ﬁémﬁféna %tﬂl pﬁféélﬂsor
i ncl ude, W|thout limtation, Cu, W

Cr, M, Ag, (&§..4 me{ad sgl@ QN bezt;@cth)erteqslhtcg)J an |edgrgentaiema’(al uytgle(péegﬁnce ofa
reducing agent. The resulting elemental metal binds to the biological templates
and grows into a continuous metallic layer.

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

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

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

10



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

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

i ncl udi ng protein peptides, phages, bacteria, viruses, and the
like. The tePc‘i\ Tjé«sR  661Me (A0 allyeif:h %Q%t)ewgallﬁé%rﬁm@iloas (e.g.,

bi ol ogi cal | t

condugt i ve mat erlgTog %Wébufﬁégﬂlb Zh%%ﬂ{%ﬁ [F]gdg(t'c{%h 58 of'&?iSS, 883
and 10 10/ 1E$Jrﬁmﬁm cbmdda, inglipini traoXide,snieket okide! duppea oridef tifsexitie, tastalum
Technol ogi es ratlo and are inco orat ed herein by reference.

As not ed ab&ﬂde B F%PE %ffﬁs{léﬁ'@'d@ FISRNIBFAEES, a peptide, or
ot her bi agogi cal mat eﬁ\h?'ofS%Hnﬁﬁr%\ﬂﬂi'ff@@ﬁgg)ldd?céﬁ’{éteﬁélé cBh b¥ 3EH TS

for a selected seed nmaterial or a select Ive nater
Pr ot ei ns or pyeyite testenplates Forafréatinigtthe metal rmmwwbspmmdmglmbteumn be

identified thr h rotein di scover ch as e .

i on e PEPTUE pRaBes Hatoferi, TroRes, nd Blediet it REhEouSe b Selesting o
in the case feimingage edympbadg a'Hlélbgu’EéIQﬁat@flalﬁha&ﬁm cbﬁp& to dMickire@hA&8F)
can be created q%ﬁsnsertln a W de variet fferent sequences of

pepti des i ntoh CaNiive Matoralare descrijiesdge U. é bel@Jtcéltlﬁn Nesi He/1h5,§83 and

affinity or. u its
et i de” 1 QRSB bl e iR arkih i haing BF cafd8 RERG0RREs .
sequences oderpm'atiombndIaf:@lncﬁrpioe@teﬁeferembv réfersrat rol led to provide a
nunber of copies of particul ar peptide sequences in certain types of

phage particles. For @%&R{fdab OéISo ‘P'Q@Rﬁbt‘ﬂ’dﬂ?@ syeh ag profepy, étF@Pﬁgecan
be arranged of Bt bﬂﬂ&qﬁéaﬁ%%ﬁé\y 4 8&%5\1{&!’%;33%?@??' .

particles. e P8 proteins can b d°to Incldde A specl
pepti de seqabntml sem.ltmaianakmca eeiededmenﬂnmwatmatenalt Rroteinsor paeptldes

conduct i erd.a ther prayv con Il ve nanow.r.es.of hig
conduct i 1ty el Bt GRS i Gl T Bt Rasoven?y
to control fhscde@ueh by pﬁﬁ@e Gfsbﬁya &adtRlistihys CEMShfR AEplhlor BRRMAM I es
t hrough the use of biol ogical tenplate nol ecul es, e.g., proteins

havi ng speciFor examplede dhg)prae @‘rplmﬁtmwlasedlbwps.qﬁehgmmew3To 11
phages) can be created by inserting a wide variety of different sequences of

peptides into a population of the phage. A protein having high affinity for a
20 specific target molecule can be isolated and its peptide structure can be
identified.

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

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

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

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

, Fi 7) ,  Ad) i , h at t e b
Synt hesi ednBYS Hegel e vhan sap BAIpedPoRiR Bis ARRgh SgUcti g grete
| eads to 'Owﬁﬁom&@it%w&swsem_@h%rﬂﬁagémt_hatdhagé pafidde conductive

10 nanowires. Additionally, proteins are easier to synthesize in
| arge vol ume than phHRiglegipat matériads othar thangphages sanbeasedras templates

proteins,. such as enzynmes used. as _deter t Y i L, e
feve oped. * i dnf BreRElERE oo Batahiis v Sgee SRvet Rt Blairine 4 o
having a nymerseMadaehbld it iongStraAds 8Fene @f Widrbnes inidKgIn o4h be used
particles 8b. The binding 15 sites are selected to have an affinity

for the conaaeniatermsiive templete GgehFiguren)), Adyantageqrglynpuch a template
A : _ Bive . o Teh
ternative é}esb%ﬁafﬂe@aﬂ%ﬁkﬁﬁ? i}%@e %%Sciﬂér rﬁgpbétyrafﬂ khah ,

material |a hat™ can nucl eate

conducti ve whightlegdiete lowecpe@slative #rdshdid condentralibes pf iheaondactivef ol d
8 can al so be: engineered to have a plurality of hi ndi%g Si

| . - ra tes
with sudR aPpnewirss. Addifienaly, prolsiag ALASLiaSUNNRZIZE &p %%V%!Hme%ﬁan
frequent an ek Ny |
conduct 1 v, ¢ ENaFBatiesT} SAecaId RAdiClRG of IOk buch JdKiTAARS Used
bi ol ogi cal =atetargént ssldidivesds avalirdstveiopedas wel |l as its dianeter is

easi ly engi neered usi K technjpques. 1t.is _engineere !

t he cgrregt di mensi on@'g'ﬁ'ﬁrné)\é\ﬂ%w%ﬁtsicb%]naﬁq Yysiande éjgérés?%gotlcg%\%?%%
shape 25 ang qsiifsior bitding diRéesaniplslis tastiuctie phitieleeBis afhepingingal
can be exposed to conductive material 8b, such as a nmetal, or a

precur sdb opitemareragieated o amecamaifinity, frthe eenductive pARiclesnBdh #BAY: of
e oot GO NE ABRTIEHE O it 10k 84a0% chofIGIGPa odbs
partners sugiatedal &0 ¢e.g1 ©doent Adeihabearafisth8bnadlede the spedudtive ends.
Bi ndi ng partners can couple wth each other, thr any type of
associ at i vePRRICIESa8HGH?S Pr?é‘ldt}é? Hge- ?B‘? plﬁﬁ‘ﬁrﬁ‘:@%&g%ﬁ#?lﬁggﬁact i on,
coval ent  gngineered to have a plurality of binding sites 8a with such affinity. It is

20 preferred to have them spaced at frequent and regular intervals along their

length to increase the conductivity of the final conductive layer.

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

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

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

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

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

i nt erconnected nesh networks, as shown in the final sequence in
Figure 8. The association peptides and their 5 |ocations nmay be of
the type to dmndingbygdiogenbondingghysirophahieinteradibn, and fite liksonfsct i on,
cross-connect.ions.. and ot her desir.ed shapes.for ,the c td

Tayer . Tt ndMBRSR BeLkRei el PP R PP o 90 oA Hhce T LAt DF Rl ab
has al ready JQgeRfbly 6f thb @oRd Ritiee hanewlrédinto B-IPRit@tenidttediRERin@tworks,
scaffolds forma network. It should be understood, that protein

scaffol d 8 ca® shove indhedinal seauensinicigired:: The esrocistinaipegtides ambtheir

ass0ct at o DepvrteRsma) e pAE IR B AR E M GBI g ¥nd end
formation of conpesul;iciose-donyections, Ahd biher desirstestispes et verdontibetive

woul d be possible with random nangwires. The particul ar _nﬁéh rk of
the bi ol ogi cdPyaredptha @crorls shRwpdr Giddirg 8. e copdrelivednaisrg 8@% a

desired degr eﬁre%y%'b Rl 1d fhe%ﬁteﬁ??%ﬁ?dé%ﬁe*o@é( fie profIR LB TOIRARAM a

synthesis is particularly sdite ricating nanowres o
particul ar dinatweikorsshouid pé ahdeistmdatitht pootpinsicaffoldg cafualsbdorm a

advant ages_of bi ol ogj cal hased nuf act urin f. pano-material s
i ncl ude%J ‘?%ol Bk %f%g%gé Wﬂg'ﬂﬂé’?ﬁ'@awr}ggcﬂ?@dﬁ‘?%é@ﬂf or high
throughput, anbi ent 20 THaaRes @ddb6hiciBBRAl tehPlhte HARRE! RE0EBRS pupIaks by

and production of conductive layers. Conductive Layer and Substrate
As an il | ust ridbenteinding merisersraligwsdonthedoralion of acandupliveciayer of highly

duct 10 | S ' : t
T4 The " 25 GoRIRGED BN ayIFAT HBLiE: B MinTRRIF paBeRirg e ©
nanow res 16.paHicuidfictivorkadiane bRiodic teraplatssdisnt thuesioretbsosaiected gur e
10B shows anot her exanpl e of a transparent conductor 10', in which a

conduct i v&5 | Apbiever desjredgiageer hodReINdIB§PPEY@EIVE4aYeThe  conducti ve
ggyﬁ;t r1|2x |1ch udes a phidhahdibba8kd TphiAksiO MPNEGS Y SutdEPRe ffffichting!
nanowires of particular dimensions, morphologies and compositions. Further
advantages of biclogically based manufacturing of nano-materials include:
solution processing that can be modified for high throughput, ambient
20 temperature deposition, superior conformality and production of conductive

layers.

Conductive Layer and Substrate

As an illustrative example, Figure 10A shows a transparent
conductor 10 comprising a conductive layer 12 coated on a substrate 14. The
25 conductive layer 12 comprises a plurality of metal nanowires 16. The metal
nanowires form a conductive 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 may
protrude fromthe matrix material to enable access to the conductive
network. The matrix is a host for the nmetal nanowi res and provides a
physical formof the 5 conductive layer. The matrix protects the
metal nanow res from gdver environnmental factors, such as

Cg) € H 1 . .
corrosi on and abrasio .al’l"'f'@i‘?rﬁit‘éal%’r‘“}'"?’fﬂé“?ﬁi@rrfﬁluntowfg@h theounetal v
| owers the peHBRARE LI N I | e =P envi ronment ,
such as noi st u?@? %?giglsgéngﬁﬁto‘%ﬁibﬁgg S, ﬁgﬁfﬁééﬁ?t@[ﬁ?’lﬂwﬁﬁdﬂ%e i ke.
| n addi ti on pretridenisemitie ofdtrie materiabtocdmiablpaysise ab ticorRehddhadlork 10
properties LI?: t he .cond:ﬁcttve Ia%e@ For exanple, it can provide
adhesi on t o TRAAGEESE NGLOT i TRk RAMQVirgRAdRrovisies|a Riwfsisel formiat the
pol yner i & ooRf@RRktayEr! The$satri e bi ' can be
Pobust and fexibre. 2 il Phai® FRAGCE the i TEh B8 FOM 4R
f1exi bl e maEhViEdUNeRiREfactorg ssish laseotrosibamndarasion.r Bnsartcway, the matrix

oot oo %oy oSRnTicalty BARks il Himedb O PRl g signents Jn Mo ey piment,
sel ecting asuelpas ayistaics triBé BinoURRGRAdIAY, oxiGsn, SUMIPARI tHedikkect i on

| oss and unwanted gl are can be effe_ctlvelé r educed Dy using a matrix
of a desirable refra®tgdgdition,thematsisaiies taverabismphysical knd ssechanical

Typi cal Iy, W% ' I ial . . terial i
TP eoai e RSl SofRbARL Forb i I 8)Blaah Gl
material i ssuhtstradasFudiSimdre, driike wiethldxide figisO polyHRABHr orgiMatrices
Unl ess speci fbﬁgd%%ﬂﬁhw se, all the layers (including the substrate)

in a transpgh Oneil nanoviies can therrebustand flaxitle.cAsmilbept i cal |y
clear. The i i ek f A X LAkl es Iy b
a nultit udegg?uﬁgtlgpgré}dﬁﬁluﬁrgg f\}m@{@%métﬁ?%'ﬁgﬁ ?(‘)t : Sg @99 {Og?ﬁ‘i%t‘? vg

i ndex (RI), rasspanertikaeaductotsoing lotwvesusy, high Riroudhpatighmetst he t hi ckness,

oss cauZed by surt adlOEkgh e &Moo st tum o piiche fsy can he
certain enbiatiomsinysselédtignet dppfopriatd Btix Adtdalt PoEe%ﬁlEi @g?cféogpout

20 nmto 1 pmthick, or about 50 nmto 200 nmthick. Tn ot
enbodi ment 0% ABd yawANiedglarecandse eifedtivelyiredieseddsy usiogia rateix vbaz. 5,

or about  gesjrable refractive index, composition and thickness.
Typically, the matrix is an optically clear material. A material is
20  considered optically clear if the light transmission of the material is at least 80%
in the visible region (400nm — 700nm). Unless specified otherwise, all the
layers (including the substrate) in a transparent conductor described herein are
preferably optically clear. The optical clarity of the matrix is typically determined
by a multitude of factors, including without limitation; the refractive index (Rh,
25 fthickness, consistency of R throughout the thickness, surface (including
interface) reflection, and haze (a scattering loss caused by surface roughness
and/or embedded particles).
In certain embodiments, the matrix is about 10 nm to 5 um thick,
about 20 nm to 1 pm thick, or about 50 nm to 200 nm thick. In other

30 embodiments, the matrix has a refractive index of about 1.3 to 2.5, or about
1.3510 1.8.
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1.35to 1.8. 14 In certain enbodinents, the matrix is a polyner,
which is also referred to as a polyneric matrix. Optically clear
polyners 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 mrslt Ihacr yl ?t e)), 5 (pol yacryl ates
and polyacrylonitriles, polyvinyl alcohols, polyesters (e.g.,

pol ygt hgl eng t er epht hi) cgr@in prbpdimentsdee matiiaisia pelymes whielis also

L1 Dm0
pol yvi ny! t olExamplespafl spitabiel pojyrasd mafrivey indlutizs bupateyrstilifed to:

pol yam dei m des, pol yetheri m des, pal ysul fides, 10 pol ysul fones,
pol yphenyl eR& ,acﬁas W%BWVW%IW'%@%@WWMW&H@P acrylalsdy,

| yol efi ; y I e | C
O ef i na) o BBy ¥ B e on e B e po B .4
cel I ul osi cs pobfethy&,&nedermhﬂ'llaiatble(PET$,ipdlyastermphlﬁialm}te,ganfb?g&\%ﬁoﬁa&e@),
| ysi l ' . . ' s), pal yvinylchl orjde ,
Dol vacet at aSoBBH AP BB T e hiseP ey asB GoPheBolis oneesir  ser
EP , d . ' '!ﬂmﬁ r ;
poPl)\//{ et ?gf I E%??éﬁ?lag Egé‘??llié%%bpro’%ﬂ%ﬁg%ﬁql uor 08%331 %ﬂgy?ybé%%%?'yner S
of ~ fl uor o- 8PliMided melvarddes.ardyamideistites, polygtherimides, polysulfidesand

h b . oP(1). b
Ao, bplfSiRRE Ry et fEieh - Sho SBRBhUNT cthels byusciiane Y)Y
sahi et : : _
100, e pef s oy o AR e B 21
Si . Al2032eVgnitrightagions-stirepe copalyrger B eeliutosios: stigenesaandether

d. | 8o | b j i\ For
oxaml o ¢ neneooBRaRG Ry hers (o, BsIkeoch fkahes Bnd BARIAST: | 7O ¢
are 25 wel polyvioyichioride (lRV@),tpolyatetatel, pglynotitonénds, syntatiorubbes (@, 4

ol i 209ty FEFn SR BN AN OLRMES: (b Biene ARRHGE.  ef or s to
gf H?L\é\/o[ raLEglgfeérﬁflﬁoﬁﬁéﬂ'@iedéa(ﬂW) P polyRekatRibFYPreSyIEMS), ESEIRkIsVE Medi a
fluoro-olefin and hydrocarbon olefin (e.g., Lumiflon®), and amorphous
fluorocarbon polymers or copolymers (e.g., CYTOP® by Asahi Glass Co., or
Teflon® AF by Du Pont).
20 In other embodiments, the matrix is an inorganic material. For
example, a sol-gel matrix based on silica, mullite, alumina, SiC, MgO-Al;Os-
Si0,, Al203-Si0,, MgO-Ale03-Si0,-Li,O or a mixture thereof can be used.
In certain embodiments, the matrix itself is conductive. For
example, the matrix can be a conductive polymer. Conductive polymers are
25 well known in the art, including without limitation: poly(3,4-
ethylenedioxythiophene) (PEDOT), polyanilines, polythiophenes, and
polydiacetylenes.
“Conductive layer”, or "conductive film’", refers to a network layer
of metal nanowires that provide the conductive media of the transparent
30 conductor. When a matrix is present, the combination of the network layer of

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

el ectrical charge percolation fromone netal nanowire to another,
sufficient metal nanowi res nust be present in the conductive |ayer
to reach an el ectrical percolation threshold and become conductive.
The surface ZBeeigerduativiy isfachisved b dlrntiicat chargemerenlationdreralopesnetal

proporti onal Is .St Vil ' r to as
oot ear ot HRYES g BIRE ST et el oR KO Bt i e ar
Li kewi se, whsamdaciied [ayer toSesuteseslectrichFpersélbtion thisshoieahd beeshmai t h
sufficient nmetal nanowi res_to becone conductive. As used herein,
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106 52/ squarvehi¢locan B&Inhgasuidieby kn@ahmethddzdditgart] evel depends on

factors such as the a]s_ ect raili o, the, d_egree of alignnent, degree o
aggl oneration and the E‘@@’FS&W PhyR At iR Prasent el pust hesfilleg with

under st 0od Ryfiiisht dthll iifholWires A b8Edme Tcgﬁddlzfﬁgg.aﬂg%led%?eiﬂ?‘tlﬂ@%lié&g'
I'i kel e a y a

properties of the matrix are ely to tered or conprom se

hi gh | oadi flepding lave!” pafers fol @penchptagiernf thidmatel ageowiseés by Weighh atiar
aspect rgti net.al.. ngnow res.al low fqgr the formation_of a
conduct i @de ﬁ%ﬁ% bpﬁ'ﬁrc’(?ﬂa Hctfvﬁzay%t Wip%@neé;opﬁy%tg/ ﬁg?ﬁréﬁsfaaw 4CGadi ng
llevel pref erradistivigfof abanéreGh&P abENCITR B3/8quaAB et OAf). NBEGHRshORI8ading
preferably fromabout 0.1 fag/cn2 to about 5 pg/cn2 and 20 nore

preferably fevshtapeids @) Bciys sush a9 thevasrechratigl themaosee of alizmmehnt, |
or opt 1 cai SParRForaliddieraligd dhithg BeRBi0Gr 2 mdal oS (T onary o

t he di nensi ons and spAsiilndedstopeibyiome skflleti e thteaowhée @sschanical and
Advant aggousl trans areE gconduct ogs of tunable electrical

conduct 1 B 1 PPYER! REERFTliEROf lbe BT AFS, el te RppIRIaH of FamBrRTERE pY 25highn
be provi ded [dagiRglbtisty Miél@@tﬂe‘?ﬁﬁ! @in‘aﬁ?ﬁ%ﬁuﬁ ,th@%iﬁé@decpfég@%"fﬂ?e

In certain enbodi nent’s, the conductive er spans e en

t hi ckness oﬂﬂe_tta@amtwirie,s allaw fehtberorinmatisingieecah@iBetividvetnodgthoaghythea

certain . POLLLAD 0L B JIE s Bla e iBRNGTEVd AR S b R o R &5 O
about 10 pg/em?, more preferably from about 0.1 ug/cm? to about 5 pg/cm? and

f

20 more preferably from about 0.8 ug/cm? to about 3 pg/cm? for silver nanowires.
These surface loading levels do not affect the mechanical or optical properties
of the matrix. These values depend strongly on the dimensions and spatial
dispersion of the nanowires. Advantageously, transparent conductors of
tunable electrical conductivity (or surface resistivity) and optical transparency

25 can be provided by adjusting the loading levels of the metal nanowires.

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

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

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

achi eves surface conductivity. As own., while sonme nanow.res, such

sh
as nanowi r diawe, 10ijlugisates howdl is belieusdehg agtwark of metaAPWIe8  ends

e A S R B S i

the 5 matri . a I oh O ['e's nanow r es,
such as m denewireecsuahnaslfemowiney!ar, otaylecertively ésukinecrgadfiatie datdf 18,he

matrix 18. |If enough nanow re ends 160 and m ddle sections 1
protrude alWe of RESrNANPWIres SUCh@s &gy eBrQSWde?@Oﬂ’?glﬁ%ﬁléf?ae‘:ﬁt%Ofthe
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m crograph o e surfac one enbodi nent of a 10 f.rans ar ent
conduct or sdeatibmdbe, roay prmirudefabere theasitfacedd of tbematind8olf engligbwi r es

protrudi ng above a matrjx in a transparent conductor. .ln

enbodi ment SIEANPHECS u{dtbi WWWES?@Q?%%%BV@V%WE’%&‘#&? m%[ﬂﬁ)%mﬂt]%s
enbedded i g RraBRIGE i irMdspaiéht BBhAlCtor RstoRftdViddniddctived UFigukOfOD iBhe
conductive layer 12" occupies only a portion of the matrix 18 and are

15 conpl et sicpnningisiestipadnicregreple ofthersuiiags of ors pmbedineent oha
" subst f choice" : i -
conduct 10e fensenrart Sonaldt il & cBtoff blondt i mide BedeBiz of . .

or flexi bl enanblares Whsthidihg abeve &ematibeitra hansparenteondbetot.er m
"substrate of choice" is typically used in connecti

¢ ! _on W th %
| ami nation process, &g other emhedeeris.dbe §eRAGNE AYer ‘%&rmﬁﬁlbé{ be giede!
substrates | ade, | et Homa oyl i
and the |1 KEnoYs ?’fbﬁ%‘#ﬁ)%l@éﬂ?ﬁ%ﬁgg%'ﬁ%ﬁde, pFourgor, (e
limited to:conduythst layer (2. apcyupipsoylytengdrtioe of thegphtrxalGaans ARET) |,

pol yester napht hal at and,,po%car onate), polyolefins (e.g.,
li near, %Bra‘??é'ﬁgag?%ﬁ&gw&?dc " 'p%ﬁ?'égi%ns) , polyvinyls (e.g.,
pol yvinyl chloride, pglyattdiy bfeiBstiNeTicHSIce?Tefefd iova Materit ehtld) s,
pol ystyrene, polyacrylates, and the |ike), cellul ose ester bases,

(e.g., cel lwhioséhe condustive lyetisidoatesser lainatec) ThesuhsitatpRamee rgisth
as POl yet NErRUIMIONRs SBRMHAT AT Be ohldr of 8RS The dHi “sEBAHABTGr onal

pol yneric .
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 fo: polyesters (e.g., polyethylene terephthalate (PET), polyester
naphthalate, and polycarbonate), polyolefins (e.g., linear, branched, and cyclic
polyoiefins), polyvinyls (e.g., polyvinyl chloride, polyvinylidene chioride,

25 polyvinyl acetals, polystyrene, polyacrylates, and the like), cellulose ester bases
(e.g., cellulose triacetate, cellulose acatate), 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. 8,975,067.

30 Typically, the optical transparence or clarity of the conductive
layer can be quantitatively defined by parameters including light transmission
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films. Additional exanples of suitable substrates can be found in,
e.g., US Patent No. 6,975,067. 30 Typically, the optical
transparence or clarity of the conductive |ayer can be

guantitati veI y defined by par arreters including light transm ssion 17
and haze. "Light transm ssion” refers to the percentage of an

incident light transmtted through a medium |In various embodi ments,
the |ight tarshhazesslight transmigeiont 'fﬁﬁ@]’étt‘i’#'@ pefpantags ofan ingidant §gbh and

can be as 0, a r
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conductofr. Thn vari transm ssion of
t ranspar entdmm‘nshadt d?afmmanbe—eaham@ng; tayﬁtﬁ’/qsuah ab easadheelvedm,éser,aantil- east

70% t I 0% t %t 92%
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during transmssion. Unlik I ght transm ssion, whi S Iarg@a¥a
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property oflighhtsansreigsiomoft Hmﬁan@amtmnducpia@cnm beat 1@@$R,QQ°/& at

t cal

commoat 19 orBH ey edes ke, of BebRet SY IR Ral B SO0 AF iy RESLS TRl gl .
the haze Of the trangpaeenhn aulesusslight dlﬁum@m I‘tﬁéf@rsthétheb@%enlmgdmre
than 8% or no nore than 5% and nay be as low as no npre than 2%to

0. 5% Perfdhﬁﬂh’é@m&@ﬁb@i@lﬁ?@a@%f@mﬁb%@c'%@@hmaﬁeﬁ@ S¥ituct i ve
| ayers hav h due to
o o o TGS G DR it BB Wi 1B AR b e

i nt roduci ngnadidrrt, hapals dftenea praductidrecomeans pad éntypisaliy oatssd by surface
structur Thus, in other dipents, a nul.ti-| r_transparent
conduct 65 rgugmrqwb%ﬁ%%%ﬁﬁﬁ? PEB%'“B?I%{-%E‘"%%@%%WEQ&% 'Eﬁr&% as
anti -refl eqhibyign. a¥8%Pous éMbdBiherds A8 hbﬂ& of the tPSHRPAISH cbBYWLST is no
barrier layers, and hard coats. As an illustrative exanple, Figure 11
shows a mulmprd thaer10%, 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 multi-layer
transparent conductor 20 comprising a conductive layer 12 and a substrate 14,
as described above. The multi-layer fransparent conductor 20 further
comprises a first layer 22 positioned over the conductive layer 12, a second

30 layer 24 positioned between the conductive fayer 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 | ayers 22hir@kayan26 pesitienedkelowdhe suipairate a4t ntass|séated wiharaises s,

ti- gl I , adhesj | ' | . : d
prot ect ve. FRONE! iedYeiS 22184 53Y 36 3an 15 e p B Ul elBibe AR Bealr
such as 5 grRifaRfiehs adhesioy ﬁtyéfel, baRidrt@lerd aiar® coRB CanhGiedtive Flhdd
the mechani cal properties of the transparent conductor. These

iaddi tional |ayers, alBte loyeisra%ds ang %s%@wlamwﬁefﬁa@ﬁ@ﬁhaml 7Y
ayers, anguraeiEydo/RRCo el pedvapoe XFa R Pa nBTeTRIEEF o

enbodi ment s prapeetigeesfiine ranseareniconcucgr. Aese pdditivrie fayers, talgol referred
benefits. 10 For exanple, an anti-reflective |layer can al so function

as a hard cHu@s HRIfognagce-gahanciig layesr. canbe.enf o AT antt-frtlertig,BYSHS: ¢
roperties, o] I & [ : haal | ,

e | ned her S DS iRRITARRESETRRE aic RS Mol bsl, I GrRi oS
| ayer, | ayeenbédinsentsonedieriirmantaspahancingl ldyey provizigsinsultipledenetiisat .
15 In ar]l%th r enbodj nent, .Iaf?/e{. 2? s a hgrg c?at, Ia]gerd 24tis A
barrier PayEPT SXaMPIRagRANEESTestiys lBYRE Fan aspdtigipn asg/iard qogt glg/or a

anot her e”bﬁgir@%ﬁer.' 3¥ BHdHEn kS tHdICERIMProguHied, 1R péiérmaricet | ecti ve

i
| ayer, anti-glare,” a barrier layer and a hard coat, layer 24 is an
adhesi ve | agehancingllayasseare zplicallyapteameas detinadhereipe | ayer. 20

"Anti-reflective layer" re . . rgfl | .Qn
| oss at a reflective IbWa%ﬁlg%qlﬁ‘@Hg I%ﬁgg6%9@%Pﬁ%§frll%ﬁg§g$er$%\é&§4 L
anti - r ef | echh\¢@hebioy Gyet andt iagsrefooice: hadeoat.t i oned on the outer
surfaces of the transparent conductor, or_as an interface befween

layers. Waterials sui 'Paﬁﬂo@eé§mime‘ﬁf_ehyéﬁg?\'}%a hatresatdaEened 1 A nown

TuoroporynBb S SR Rk igBia i om0 Ve

5,198, 267, 5, 225, 244, Inaetlafoid@Bempodiment, 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
tayer 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, fluoropelymer blends or copolymers, see, e.g., U.S. Patent
Nos. 5,198,267, 5,225,244, and 7,033,729.

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

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

Ref | ecti on Nessusembatisents; the doitcaflebijva lageripmbopt 100 amubisk o 200nm
textured surfaces, see, e.g. U S Patent No. 5820957 and literature
on Aut of | ex N MARAGTM and Mbt heyeTM:-products from MacDi arm d

Autotype. "Anti-gl ar eRbfiy@ion 165 @nSalé®ba rédi)etl dyhb abprbpriate wewent ed
reflection at an outer surface of the transparent conductor b

y
provi di ng f iterduredcugianes seeneighb.SiatertdNe.$826957 end titasatuieg pr Aufaiiex

i thout 15 mARNGTF RN ol hor VEHRRRABPBRE: | hquer
(e.g., butyl acetate/mhigar lhyerosefemsas/aAbyeidhat @dudes unwanted
pol yt hi ophenes, pol ypyrrol es, uret hane, nitrocell ul ose, 6 and

. pol s
acryl ates, reflactign a n@Ht%yﬁam{mgéraaspar@ﬁt cenducisibyPradeiegifiae such

| | oi dal f ko ) : , D146,
25 20101 2o BB 1 i o oy, St e Ane
copol yner s afe we#&aowatethesdry inaudihg withoutdingtatiahesilbkanesyposi t i onal
Feducegltar eobeaop/ERMEA DG Raiier @it duidcpfiepitopefupeslig alvd
coating t a??l%?ggﬁgﬁp%é [?T%l 3 rroted, fp%%gﬂié’ﬁé‘?ﬁﬂ’éﬁél]%@é,%{d acrylates,

scratches an s of surt e hard coats include
synt heti ¢ pallpiahichsnan campése pdiphdifysing saterpbsych psicolpidal s fiened

ol ysi |l anes, .siligcaones, pal I lico- | 0 ' I
Phe hard codlich Sgocevp P SeEafint NoBAp5YsrPia 780 8ed s 48 7 585 8ts,
Pat ent Nos. 2n8%02671784. 7Blehds 948 cofolfRRrSthe s that@rizts eae Raveiritdscale
therein.) The thickness of the hard coat is tyﬁl cal l%@i%r om about, 1 to

50 m TH® gegpesitionalhpteregreitiem wiicheean alee exhibi lighbdifusian Rebvipro
the art, Su?&i qerZS scratching the coating with a steel wool #000
reci procating rmes within a distance of 2 cmat 2

reci procati ons/ sec untiardicoat!, of ‘aBfi@bgisinRlayseecfees 1. g coating that

provides additional surface protection against scratches and abrasion.

Examples of suitable hard coats include synthetic polymers such as

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

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

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

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

acrylic resins,. chl.orinated, o n_resi
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t hat corrodigslikgt al nanow res can cause a Si gnlflcant decrease |n
the electrical 10 conductivity as well as tHe | i ght transm ssi on of

the conductive |ayer. DPREer 'Bléﬁ“r reders tgyadpyRrdnabieriees QeprFVERiR ggs©r
atmospheri ¢ g Eﬂrﬁé?ﬁi ﬁoﬂﬁ'ﬁofcﬁé)t%rlﬁgfa?% Ht*8ndiiSor. @t‘%ﬁ% nYéhowiviRat and

contacting the meta nanow r es e matrix. arrier layers are
wel | known icorrotied avetal rianowirds ngnwaumaslglmfnantadéwaasesmdheelegtrlcal S.
Pat ent l'icatiqn. No. 2004/0253463, US Pate and 15
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Moreover,  #RYiflayei@an dfect \@N i%ﬁttilt\éﬁmb%nc dditosive! gsSrdragatermgdné he
har d coat can al so act as a barrier %lai In certal n enbodi nents,
yian

the nmulti-| @eduthammdtcmmugtm me ewiresein thematrise Tae barrier

Drotect i ve. e ARG Sy TS, KR i e, PR B,

material as Rdf@tfﬂlmcéxicm Nutmlommzessﬁzauslmmﬂ\my Gtmgmrﬁd | m

include, but are not limted to: 80 yester, poI et h Moreover,

t er epht HH afted47H489, EPpBﬁ‘FBGN?l &¥rd 90, AN ﬁﬁte&'i @ﬁéﬁﬁyl

R e i s S Sy 48 e

pol yvi nyl i derisardéd layerde, pol yet hyl ene, et hyl ene-vinyl acetate

copolyners, In certain embodiments, the multi-layer transparent conductor

may further comprise a protective film above the conductive layer (e.g., layer

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

25 polyvinylidene 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, PMMA, or TAC because of their

hi gh strength. 21 Corrosion Inhibitors In other enbodinents, the
transparent conductor may conprise a corrosion inhibitor, in
addition to, or in lieu of the barrier layer as described above.
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pepti des and protein scaffolds
15 (Scheme 1). Alkyl substituted benzotriazoles, such as tolytriazole and butyl

benzyl triazole, can also be used. (See, e.g., U.S. Patent No. 5,270,364.)
Additional suitable examples of corrosion inhibitors include, but are not limited
to: 2-aminopyrimidine, 5,6-dimethylbenzimidazole, 2-amino-5-mercapto-1,3,4-
thiadiazole, 2-mercaptopyrimidine, 2-mercaptobenzoxazole, 2-
20 mercaptobenzothiazole, and 2-mercaptobenzimidazole.
SCHEME 1
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Another class of barrier-forming corrosion inhibitors includes
25 biomolecules that show a particular affinity to the metal surface. These include

small biomolecules, e.g. cysteine, and synthetic peptides and protein scaffolds
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22 with fused peptide sequences with affinity for metals, e.g. EEEE
see, e.g. U S Application Serial Nos. 101654, 623, 10/665, 721,

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

al kyl dithiothiadi azol es and al kyl thi ol s, al k bei E%ﬁ_:rsat ur at @d
C6- C24 st razv@hmse%pa%&$%wn§%wﬁh affifity ferypel a!?ff e &5 ft Hr Sor
e by o ZHBatr S NI RbieB4i6p30 b5 701 M rosmast AmeTd Sl 2
- thereby pr A rre al su'r ace fromcorrodi'ng.” 10 S S
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conductor can rise a reservoir containing a corrosion inhibitor,
provi di ng e@"@(ﬁqﬂﬁ 89t supply of the corrosion inhibitor in the
vapor phase. The cor U?ﬁé%rh%ﬁhihgrc%rr?aéroﬁ%ﬁu@i'?ér@ 1ﬁdﬂﬁd§&iﬁbtﬁl&ﬁia&bl@d
delivery”include "vapor ase in itors' Pl) are typicall
vol atile sdlliy dﬁhb&nadadamlﬁa&arﬂd slkipithiols, alkyl h‘emgm aaimat@ﬂ é?;eé?méﬁ'atﬂhé
surfaces of the netal

Al t P
del i ver ed trtydf?f@rb%?l?ﬁms 3 &8@&"&%@8@%@%&8"\4 lf}sglg}@ 2 he
manner for J,engshisdd 0ok atkéidisyer (%ém@by thieBy brtbetitey the metal

barrier-formng Inhibitors such as triazoles, 20.dithiothiadiazole,
al kyl di t hisorfacadionrodreediagd al kyl t hi ol s, as descri bed herein.

Fi gure illustrates such a transp &t &R %pnductor structure suitable
for a touch screen. Mre speC|f|caIIy, Ege seal s 32 and spacers 36
are positioned between two con e space between
the two conductive |ayers 12, 40 are present.
The 25 reservoirs 40 are mcr@s ' Ify distributed
such that their presence dogs ' in the
transmttance of the transp reservoir
contains a corrosion inhibi rporated into a

pol ymer matrix or inpregn ial from

v
5 §$8 8§58588888588588s8
Silver

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

15 suitable for such sustained delivery include “vapor phase inhibitors” (VPI). VPIs
| are typically volatile solid materials that sublime and form a monolayer on the
surfaces of the metal nanowires. Advantageously, VPIs can be delivered 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 alkylthicls, as described herein.

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

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

presence does not cause a reduction in the transmittance of the transparent
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which it can be sublimated into the vapor phase to form a nonol ayer
44 on the surface of the netal nanowires (see, inset). 5 According
to anot her nechanism a corrosion inhibitor binds nore readily with
a corrosive elenment (e.g., H2S) than with the metal nanowires. These
corrosion inhibitors are knowmn as "scavengers" or "getters", which
conpete with the netal and sequester the corrosive el enents. Exanples
of H2S scasandgetos. iThelreskiyoibaentaing aesiTasian inbiiteowhigh.canden,

gl yoxal , triazine nd. n AN AT A : . dhlzshed
0, 67 R | cabeBRHEE Mo B ritar30rR b hPleBh A o pofbul matSH o
corrosi on i RhicRiit@in KesblimdtBSints trmepge phascrnfoln adnepelagecid on thise
matrix provided its presence does not, gSversel y affect the optical

or el ectri caurfasesyidhe Metel panpwies (5e¢ut®Ple | ayer. In ot her
nbodi ts, th t | ] i hi
enbodi nept s e me aﬁcgm?ﬁﬁa g@@%@&&ﬁﬁg@%%mﬁﬁm%&?bfhds more

corrosiof inhibitor ore el ng posited on the substrate.
For exanpl madiy@ithet cdrrosbrosibmest (eag, Heb)than withtibel mitalmanowires.
barrier-formng corrosjonp. inhibitor, e.,,g. BTA. ,In,a i%,,i %cht he

met al _nanowd ReSE GAIFPSIANSBhiRitors areAnewhyas; RCAENgRTS' of -9FHR 2RI i on.
Metal anti - LisRy tEH@ta ' )eEkarhples of
treatments %@ﬁg%t?w{g{ﬁ% COE’ ?g@%ﬁ@?g@%%g%r{?%é{emen? . L,J:pS. 20
Patent No. H,®83adtHgersindiude Sutrars notkraitedany rrivigin odlyexsl, triazine, and n-

2005/ 0148480, I n yet, ather_enbodi t : '

al | oyed 18r clﬂpasg\é0|mlﬂe.aﬁ%q%grg.,Tgﬁlgl|S§1F3ggggpgﬁélgéa{lgﬁl@%\p’?g@?@ﬁa@ym
at mospheric el ement s.|hk@ftairfaraBBdimenty, theetorfaianinhibitor Geng.bELP| at ed
with gold, which is |l ess susceptible to corroding by H2S. 25 In

certain enbschvengers) cahdetdispersad Brthe pwid RIS I BRSNS 9888t n can

be fabricated by. varkd | k ' ' R %a‘e}n
and hi gh th?gwﬁﬁiﬂgﬁﬁgﬁtﬁgo%gﬁbﬁy ‘ﬁ"gﬁé‘{ﬁjé@?ﬁ%ﬁmfg a Ilvgm' nat igng
method can be used. |Adtadtagiesdisints, tHeanétabnacawiresncyy be priwated
descri bed herein do _not require vac deposition, iR c I

the cur rént Withisy ¢ &ﬂ%‘nﬁh'tgh@efﬁﬁ A at#&mbgﬁgpcieqqsﬁﬁ% on|thg ? @;Sé',%?%'hg&
fapr i cat | on LGRS fiRSmER nBRofed LAfIbO Ble-tisdted withh BATEPRITIA

sol uti on- procesSi hg equl pnent . reover, the fabrication processes
are conpat i bbeosibh inhibitoece. gy BIA. t leradditignt the metahsppewifRs c¥haise O6r .

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

20 Patent No. 4,083,945, and U.S. Published Application No. 2005/0148430.

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

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

30 oxide films. Instead, the fabrication processes can be carried out using
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Nanow re Deposition and Transparent Conductor Fabrication In certain
enbodi nents, it is thus described herein a nethod of 5 fabricating a
transparent conductor conprising: depositing a plurality of netal
nanowi res on a substrate, the metal nanow res being dispersed in a
fluid; and formng a netal nanowire network | ayer on the substrate
by allomnng the fluid to dry. The netal nanow res repared as

a be
descri bed AsoventionaksolsiprpiosesHas SAHIPESNL oﬁpﬂie&éﬁ? icgf@ sed in a
liquid to f ingdse A bh@éond@étd#sed
her ei n, etﬁ gésélétslg%%‘ré 9&395@53‘3?* th‘?ﬂ*ecﬂﬁep%ﬂéegg Bnt er chgﬂag{ea ly. Any
non-corrosive liquid in which the nmetal nanowires can forma stable
di spersi on r&al sq cal I ed,' ). _can be used.
Pr ef er abl y, NGIHWIFGLGPO RO plansparek i g, an al cohol, a
15 ketone, ethers, hy rfig:é?fa?ﬁ Qﬁﬂ)’édﬁﬁerﬁ@ JPI'-:.QH@édé‘scﬁ@lel«zl%ﬁ‘elﬁlé&ﬁém@@,of
tol uene, xylene, etc More preferably, the liquid is volatile
havi ng a5 bdabficeinga ’tmnaparertb cnndmtom mpmdeﬁ@SfHﬁ@ ] R'Wél*ityﬁmtalor

no nore than 100C. |In additi r

contain addiAOVWIEs SR RSHRSHAE §h‘? gﬂﬂab%"\%lgggg@cﬁf(g ’%%‘ﬂ“?sﬁ@n%
adhesi on, a\vaqnm?rgo.wefaqi ndhSwies ReVbrk Iayer b dnpdesstrate byblicwihg tieeithiit tv es
and binders include, but are not limted to, carboxy nethyl cellul ose

(CMO), 2-hydiyoxy et hyl cellul ose (HEC), hydroxy propyl nmet hyl
cel | ul ose (HPMO), IT% (59&5 %#O%Fes(dm)be P%(@\ﬁ' hBQ@%bové Py

tripropyl ene gyl col xant han sur actants such
as et hoxgl anes naﬂ\m}@d a?rbaﬁpicelw*.:weeubm zdbquadnttb facdqa;& thealapositionatid

their 25 copol yners, sulfonat sul fates, disulfonate salts
sul f osucci nategersiprskhahes usgé?@f@n ;réﬂﬁﬂosf' '%%@UF?%U} ﬁf%uf%dg ,

zonyl (r) by, 8‘%‘% oan(c?dfFﬂs% IRURBACMIES tHE ﬁ\Bﬁl%bﬁﬁmr@icad nk"

I ncl udes, QQTIWel 'EV rﬁgﬁﬁ) 0025% teoﬁgj 1% surfactant (e. %C

preferred rianga stabt{erctmperslomoaisaf&allactfnw%ﬁamnpw@awlqneysmﬁ ange) ,

fromO.02%to 4% VisSc | S

0.02% 1t 0 0. Wk Jit ﬁiﬂ}% t“%r’@%“@? it 48 perSah e, B AGREE o

! AR s e

I ncl ude Zon on r) on riton

etc.). More preferab‘y, the liquid is volatlle having a bo:lvﬁg o:nt of né 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 cellulose (HEC), hydroxy
propyl methyl cellulose (HPMC), methyl cellulose (MC), poly vinyl alcohol
(PVA), tripropylene gylcol (TPG), and xanthan gum (XG), and surfactants such
as ethoxylates, alkoxylates, ethylene oxide and propylene oxide and their

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

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

30 (e.g., a preferred range is 0.02% to 0.5% for HPMC), from 94.5% t0 89.0%
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(x100, x114, x45), Dynol (604, 607), n-Dodecyl b-D naltoside and
Novek. Exanples of suitable viscosity nodifiers include

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

I sopropanol . If it is desired to chan?e t he concentration of the
di sper si on alant anddiony D HéPotectid Yypetal nerewis: daerregentaiive @@meRlae ofan

be increased, : [ r ®ef|sr§@d' gﬁm ative
rati os of t e’t%éle%gﬁ%%ﬁ%?éejﬁf%ég sz,op'xgv\ﬁll\grz,&ggn r eh%u t%g H;gfrljé&’# In
particul ar,(xti D@, xe, 48 Divhel (604,/6070) amDotiecyl beDmadtosiietgnd Nowkld.i er is
preferably in the range of about 80 to about 0.01: the ratiq of the
vi scosity nexamplep Ofé‘%iﬁ)ﬁ’ée Wﬁ?%ﬁ'tyrﬁ'&?ﬂféﬁ"?é@?‘i“ie ch?)é‘?pé%?@ rrf"ﬂl!‘ﬁﬁgh'r'lﬁﬁ%e
of aboutg5b ' X rati f i res
to the s%rf%%%?qﬁésthgl& gg@g e,rxaa@p@érf@ﬁyh@w\g@g?lég}fﬁeggt@g@g& ?%ﬂ about
5. The rat i adlulfsechydroneethyi aeflluloske Ediampiesofsuitably soventsdhelude water

dependi ng on the subst,rate and the nethod of application used. The
preferred VAELESPEPShge for the nanowire dispersion is between

about | and 100 cP. GpjisQRalrby to Ehghdeths icoRbentfABn e thy dispéreRineftbrh O
prepare a surface 20 to better recelve the subsequent deposition of

t he nanowi ribat disglosed sbeves the peraentofitie selvert ¢an he breasad of Hepeased

exanpl e, .t hey epabl e the,de L1100, . f.0 A ' i on
Cayer. 19 ARRrERRA SRR R S rotBp g e R AR, HobRebR
substrate f&n @&uEeguesamer Fessdtugr, Shemio diteswactantiie the viscosity
pre-treatnent can be carried out in conjunctio ith gatter L ng
step to craapdifigsisgaeiesaied hegarge phapaut SPH%aEaMFQE. a0 O be
di scussed f L D, | : trand

soi vent or  UREIHRY SOHTRRS el nahBlRs o Brerag R nad bt ettt to
patterned iabcutDeBD0BCS; himg/the ratio pf theanetahnanavdpsdprihasurfadtantiisal or

ionic state to the .ngnowire di rsiqn, .as as,. furt her face

treat nents RIE agly I ﬁh%ﬁ&g? Pg 35&@@,&8\@8%%@ Lrt"f" é%tf%(ﬁ_tc,oﬁﬁjro n%ﬁfsocﬁa

30 di schar gfe dihdreibh iy sk HagifdarRpEhHAG ontthe slibsiritd ang the ratest by

evaporation. The evaporation can be accel erated by heating (e.,qg.,

baki ng). Thapplieation used. The preferred viscosity range for the hanowire diSpersion is
between about 1 and 100 cP.

Optionally, the substrate can be pre-treated to prepare a surface

20 to better receive the subsequent deposition of the nanowires. Surface pre-
treatments serve multiple functions. For example, they enable the deposition of
a uniform nanowire dispersion layer. In addition, they can immobilize the
nanowires on the substrate for subsequent processing steps. Moreover, the
pre-treatment can be carried out in conjunction with a patterning step to create

25 patterned deposition of the nanowires. As will be discussed further in more
detail below, pre-freatments 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 freatments such as plasma treatment, UV-ozone treatment, or corona

30 discharge.
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nanowi re network |ayer may require post-treatnent to render it
electrically conductive. This post-treatnent can be a process step
I nvol vi ng exposure to 5 heat, plasma, corona di scharge, UV-ozone, or
pressure as described below. |In certain enbodinents, it is thus
described herein a method of fabricating a transparent conductor
conprising: depositi nlg a plurality of netal nanowires on a
substrate, the netal Fellewing the datosiion; thpdinyidds remavad by ayaparaiion.ng a

o 10 ary. ogeyapo8tin o8 B abod By Peaidierd, Brafblthe Bulint

| ayer, and ocanowige netnorkidyer may&quureaposmrebﬂﬁémtatorr@ﬁdem eledthbdliyx
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nmononers) 15 polynerize an or Ct 0ss SO as rma sol
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in the art b th
: P r adieafs1 |r ng ! '83%1%%!’3%%‘\/%@.”8&cgﬁpf'ﬂﬂsr%ﬁﬂ@s ﬂeﬂ%oa?'&n‘gjﬂf‘etal
el ectron bepasfowifdtdort Aeubstiaie, tha rastdi ﬁdrﬂbﬂvlresslﬁlﬂdjﬂifs.e&%feﬂ fa ﬂefd a

pol ymer/ sol vent system si nul t aneously caused ent renoval is
al so 20 wi faining deetgldsnayirenetwerkilaygr onjthe sebsteata byreflodingethe $lpict the

o i 101 ndYapeetHE R Mafetel B e Bl b favie Rofin Palet Fteedlad

but are not thei matrigdnaterialtolfyr@cayhatds such as pol ymet hacryl at es,
pol yacryl ates and pol Kn crylonitriles, polyvinyl alcohols, polyesters

(e.g., 25 polyet hyl enMatiét ggkariah rafess mmaterpﬁhoyés'ﬂ@turﬁ@f)malt%naéwmt

d pol heelggs e « h
0 e RS AR S Mot St R A
po: yvi nyl t opwenss WDF*WEHWEde}EmaIWIWmE]{TBgf@WGF mzirywﬁ Fheaomers)

ol yam I maes, .po erim.adaes, Su | Su
ol ypher chagmeaRaaiEloy Bioshynk o a8 e oHRL st bauRert Pt agtaRigy
pol yol ef i nspdigmerizaRinyddraniohs Bfe we kiamh iy iHaesH §H§mcﬁmé té(y\ﬁés!r 6f

olefins), acrylonitrile-butadi ene-styrene copolyner
cel | ul osi csexamplechgrdingdhel maneser, ipadigling wmmoonmar mthg/lqweprrer s

(e.g. polysilSaSRYIVARAR SBSrPbahd HhaShe like. In addition, "solidification” of

a polymer/solvent system simultaneously caused by solvent removal is also

20  within the meaning of “curing”.

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

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

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

pol yvi nyli dene fluoride, polytetrafluoroethylene (TFE) or

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

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

Tefl on(r) ASilibgn-BontRimirtg) polymers @etguq:olysrlmauwanes andporyallanas) mat eri al

mononer s or PASHPYELIOBS P UGH Rttt rabPoHnéies STl fisbars e
pol ynerize gpgy @’BR? fEF@M) rdﬁdtfmoi'@ddﬁr(ﬁ'n@n% (@? ypwvm:yuaahé oricks

descri bed herei'n. is wWthin th now e one skilled in the
art to sel e@ﬂlytetrafluo@wtfmerw Gﬁ)mppbfhpxﬂfyamnr@py{qme)h gopalyseistaibl e

or apol yndt FROlroiBtn B3 Hiooerd bidtnie S AERA AT AorbilRe o

and/ or CrOSﬁubﬂoﬂgmoﬁmwm(@fﬁ@bﬁol&mew (e26l| BYTOR® MsAsatilGlageCo., or
described in @@ﬁe detail, matrices based on photo-curable prepol yners
Ay by ksbRe

can be patt defl R to irradiation in selective regions. In

other  enbodi ment s, RS SARbdIREls i RERRIm BT Snoilakel can be

patterned by selective exposure to a heat Source Ically, the
matrix nat epregolyrsera A fpuepayméHaefens td a mixttier mfahomwer&xma il reyof

conpri se a sql vent non corr sive so|vent th ffectiv
solvato 16 alayBrisor pRbiAlRENME A CAR POV A0 e Fetorgind

sui tabl e I d
gbgﬁ{&ﬁyn'&ér‘tgié a”é}?d&)%%n%%d hefeift Ft‘iﬂ"\ﬂlthlniihéf RﬁéWI%dge of one skille

t et r ahydr of . cycl ohexane) or an aromatic

sol vent ( beizteart toclelantdn view eha deerahle) polgBerib maatpix.cd euitabls yronomer
solvent is vola having a boiling point of no nore than 200C, no
nore than 1@53‘3&'8L ‘:H%mﬁ{)re than 100C. In certain enbodi nents, the

matrix material may dappiet@ret] etboditnent ﬂk@brep@lyﬂﬁémmphbﬂﬁéumhle ie.,
initiator, stabilizers (including, for exarrpl e, antioxidants, and UV

st abi | i 26 s teprepglygier pplvsriizes ENHir crssdinks yoPy srPPSuE e frasiation. As

rher ool ALLPEEALBEA AL Lel) eI e Lh b bl ol

corrosi on i ghnbetpatterr2d by exposure to irradiation in selective regions. In other
embodiments, the prepolymer is thermal-curable, which can be patterned by
selective exposure to a heat source.

20 Typically, the matrix material is a liquid. The matrix material may
optionally comprise a solvent. Any non-corrosive solvent that can effectively
solvate or disperse the matrix material can be used. Examples of suitable
solvents include water, an alcohol, a ketone, tetrahydrofuran, hydrocarbons
(e.g. cyclohexane) or an aromatic solvent (benzene, toluene, xylene, 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 polymetization initiator, stabilizers (including, for example,
antioxidants, and UV stabilizers for longer product lifetime and polymerization

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

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

for exanple, sheet coating, web-coating, printing, and |am nation.
(a) Sheet Coating Sheet coating is suitable for coating a conductive
| ayer on any 5 substrate, in particular, rigid substrates. Figures
13A- 13B show an enbodi nent of the fabrication of the transparent
conductor by sheet cogti ngﬂ. A nmetal nanow res dispersion (not shown)
can be initially depoSttWEa kerele thaiansparent canductersiqasrbelfabricated by,
rolled acr 105 0f ; ving a netal
nanow r es 18%?’?&@51 %l#e} g%'rn%lﬁl Bocr?tap ﬁ%w@%héﬁér@aléémi%@%( Fi gurel 3A).
The layer 110 is allowed to dry and a netal nanow re network |ayer
114 is formed on the @irfaBkeet(B®Btingi gure 13B). The substrate may

require a pre-treatne 0. epable th eposjtion o upi form
nanowi re di spersion | %3(%[ Cffgng ff‘a?u‘tﬁgﬁefgégoqtﬁ'gt%%o GEYFE) PRP aNpHr
subsequert pubsieste] NP RS, ridifistibstirg@sent can include sol vent or
chem cal washing, heating, deposition of an optionally patterned

intermedi ate |ayer tbigprassf-13B shpyranembedimentof thefalicatiomiotthet at e

to the nanow ' ' further _sur.face treatnents
such as pl ayﬁég??%lgf%dt%@ﬁmy%?gﬁéedqﬁﬁaa&@ﬁ{é?n%’?o%'f)‘?soﬁﬁp%fﬁg’é‘r{ﬁpfge.
20 For exanphewnpean be inittaligidepesiteaitethe sibdiritsl@ON fofih 0D édiebe rolled
surface of the substrate ize the nanowires. The

t i bi |
nt er nodi at BOT055 & OPEUHaes 40Pl PesUsRHatect: jqaving & metalacwires
inter: & _ _ o
ol e UlpeRielafer pin oithe BIUIGES 105 ORI TheIdver 1R0fs L o' "

prior to dephewed toydnyleedreametsl nasowire netwek [y d di iefotmed ohehe 2Brface
i nt er medi at ‘?Oéﬁﬁ’iﬁr Cﬂ:ﬂ% be co-deposited with the nanowires. In certain
enbodi nent s, Kinil )'r onal bionol ecul es such as pol ypeptides can

be used as the inter nﬁﬂﬁﬁj&trb@/ﬁéy ré)@hbéqgBﬁé-ﬁ@atﬁ'@.‘n?fos?rgén@%élgeoo' ynmeric

sequence of am no acids t( nononer s) | oi ned by peptide bonds.
The ani no a@®RPSEALME dnifoimanasemjisaisnateion dyebd 10 tisatsaimeras to3be

o rerent, SRR daba Al BtaRa s AR LRI bR ot
pol ypept i desr ¢hemical 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 freatment, 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 tayer
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, muitifunctional biomolecules such as
polypeptides can be used as the intermediate layer. Polypeptide refers to a
polymeric sequence of amino acids (monomers) joined by peptide (amide)
bonds. The amino acid monomers in a polypeptide can be the same or

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

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

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

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

t he i nt er mettiade pblyyletysingn poly-Laglpissnie agid andithpdike. dbe &PE"\URB $edn %? n,
whi ch enabl es e | L] ] r oy t sane
patern - oureed PP SN i b I A SR Aty it 17
conj unct i orpopdptide Rah berdu-depdsited on theosulmstrateowiik theonanqydta disperion.
depositions. For exanple, plaspma surface treatnegt canlbﬁ ?arried

out t hr ougHMany swestralies ingheding Alass RPIesiRrSUbstatsser PO &t f ace

of the sgb r.fﬁ‘,' heast one pre-treated
regi ons gnébé%ﬂqeﬂéﬁ %%@Bﬁﬁﬁgfé?éé reqq%&)rtfagéNanow res deposited on
the pre-treated regi ¢uvadtageeusly, thbintsmbetiatatiayareande depositachin anpre-
adhere to the untreated region. cordingly, a tterned deposi,tiqn
can be achiGRIEAMBS PaE HYERERIF CEBodtet AEMETERBREt SPayHBW By,
e.g., was '@%ar'r{etﬁ)aﬂ'é?H.' d be understood that the pre-treatnents

a

descri bed above so apply to other nethods of fabricating
transpar ent conduct orGthenpracieataantceethpdswan mlacke earged iopt ion bel ow.

Th i et work . f f ' o

{reatmotd (rvaian v pate o] Mot bR A eRl Miions.

o ﬁe a W&%@ﬁuﬂéﬂﬂaérﬁé’@hﬁéé&tr@tﬁ@wbﬁ be chrieid, outlttasugh an @pertare
I SChar ge, -0zone,

] or pressure, _as Wll be di scusse?‘ E‘% nmor e
detai | bel owaslebaying eciasiredpatiemmenkhe sufasgf the sHistRflnelE e coat ed
on the nanQw g t.Q | | eI
116 (Figur e@%@%&%ﬁ\%‘f‘ 8‘\3%36%1“%%%8 rrgglkg%gh?ﬁg%ﬁ%% é?égaﬁg%%ré# £+@IM ayer
116 is al | oMesbwieesdemsited onlthapre-meatat regionadhetedodhe achsirade bofter
Fi gures 10A-10E, can t ai ned, LS u der(ﬁt ood th

stamp, a9sphap t'&%b?@ﬁ?g'gé‘ga‘ea”@f‘?ﬂaé %?@L"iﬂ SHoEYIngY; %Paﬁémgﬂgfeﬁ?’%@?ﬁ
sui tabl e apgl GaLORietE b FerHSRAY tHe ddtRowed& E unhitated region by, e.g.,
washing.
[t should be understood that the pre-treatments described above
also apply to other methods of fabricating transparent conductors in accordance
20  with the description below.
The nanowire network layer formed may further require a post-
treatment to render it electrically conductive. This post-treatment can be a
process step involving exposure to heat, plasma, corona discharge, UV-ozone,
or pressure, as will be discussed in more detail below.
25 In some embodiments, a matrix material can be coated on the
nanowire network layer 114 to form a matrix material layer 116 (Figure 13C).
As shown in Figure 13D, the matrix material layer 116 is allowed to cure to
obtain a matrix and the structures of Figures 10A-10E, can be obtained.
‘ 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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roller 100. Additionally, as discussed further below, reverse and
forward 30 gravure printing, slot die coating, reverse and forward
bead coating and draw down table can also be used to deposit

nanowi res onto a substrate. Advantageously, a roller or stanp having
recesses of a predeterm ned pattern can be used to coat a patterned
metal nanow res dispersion layer, or matrix_ 5 rrg{/eri | | ayer, thus
printing a @aveiemieingoHeldeicoating yeverseagd foread, bead coptingandfrawThe

conduet ve LAUFEATPILPAELhS. AN SE05 MhcARGRS hpepagon o o

matri x for 0 the su hrough an aperture mask. |f

the matri x Adwmirtidetiuslyay eolldrordepas havng cecesaee df & prexdepartrimecheattern
| ayer, the pattern can be transferre nanow re, | ayer

' h |
by removi ng°AAY P%‘?%Wtc’%ﬁﬂ@t@r?ﬁd T@taﬁjﬂé&é‘ﬁé%&ﬁggﬁs’ﬁ@ IR RHPPUG on
of nanowgr eﬁa&?ﬂany%{,‘ﬂyr%ﬁgrﬁ@hgtdt it PadiRlubtive DRBPN & e8raalic DO

renoved by washi ng maway wth a suitable solvent or
by transf erpiniipg). h€ne tondudtive kayeo camdisodieraticonedby spraying the nenewire

e oo s S0 oSS bt oAb AP undE R st
coating st epatdial a§XARRIcPosREtY o BUTER In & bak&iRchesyeR! thepeeRNGa6E Ng

| ayers can be coated in the same manner as des_cri'bed_ above. (b) Wb
Coat i ng Webtrawsienedyintztheyseial bapowiye leyenby rrme\dng piiiicigntinyabere of

o 20 cdfipaten © Ao R Febcatlrdlon PR ERE beffF Y BBy Bhodio. 11
t ranspar ent NaRswirs €in bé admowat bpwasiidy anbagbingsthem avedy witiaaisuijabises
conventional equi pment and. can be fully autonmated, which

dramat i cal | §olyest @ by tangfesiiig them toabiacsher Adhes'YarliBar ent conduct ors.
In particular, web- C‘?ﬁ%'fu. beﬁrlﬁlqlléﬁzﬁéodjmai Q5ieNS depBBtiOss ! &afings can

conductive | ayers on exi bl'e substrates. Process steps can be run 25
on a fully batauiedtoed Whikellowirgefor dhling ascuwingdvetwecn pue sonssieutiveri gur e

14A sho an enbodi mept in ich a flexihble substrate in _ f. rm of
2T Tm 8D R RE o BB, ATy RS e R e rhanb S

speci fical | Yan Be s4MBH MR dfndPEneHa®bes@Ried abblel s drawn by a notor
(not shown) and noves along a travelling path 120. The substrate can

be fed to the .
() Web Coating
Web-coating has been employed in the textile and paper
industries for high-speed (high-throughput) coating applications. It is
20 compatible with the deposition (coating) processes for transparent conductor

fabrication. Advantageously, web-coating uses conventional equipment and

can be fully automated, which dramatically reduces the cost of fabricating

transparent conductors. In particular, web-coating produces uniform and

reproducible conductive layers on flexible substrates. Process steps can be run
25 on a fully integrated line or serially as separate operations.

Figure 14A shows an embodiment in which a flexible substrate in

the form of a film or web can be coated continuously along a moving path.

More specifically, a substrate 14 mounted on reels 118 is drawn by a motor (not

shown) and moves along a travelling path 120. The substrate can be fed 1o the
30 reels directly or via a conveyor belt system (not shown). A storage tank 122 is

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

substrate 1manaites digpensige 3¢ doaneiahbanvarasdSnoRItiRAL &y %Heft%e 428ied

i n anot her t o
arnol T 8 S G ke b O SO RSl aton
under st ood 13mén &rysubistainid tegfoda\d legecHi0 drea baesuiface t0%ofithace of

the storage tank, including a spraying device (e.g., an atom zer that
10 deli verss‘{ﬂsé’ sla#4-zed di spersions), a brushing devi ce, a pouring

device apd the |ike. It:]blﬁlﬂdéﬂ?ooﬁ‘ﬁlgf th%%&fnﬂ%at@naﬂﬁé BlokeWindotisd can

al so be used to provi patterned coatl ngs. gure 14B shows an
al t er nat i vestomtgeddnio{noishewnprinddghé maivin mlaterlahe,ambama@dns theasamed
out on a bottom surface of substrate. Like the nmethod 15

i | | ust r at edMPANH; g AeschRked éggfﬁ)st rate 14 noves along a traveling path

120. A coating roll entid4éhner Lﬂ@éféﬂbdh“f?ﬂt B@Ir giapbiing HOGLS ke baided in
partially submerged in a netal nanow re dispersion 124 stored in a

storage t anﬂhemalce afitee @M@gmtynkolnp@dInglmapr@élngxﬂ@weae@e-t%n atgEiveskithat

Coat i ng 'Pol 1818 peSaieB ke RihOLE Hhishuny fefloe, pirME EicR! B
path 120 oruuen ltiketheryhest Ecatiligl aglintng dévice cantlsodeodsddie pratide x
material can be <carried out in the same manner. In the processes

descri bed mattarg@dé@afmﬁ and 14B, it is noted that various surface
treatments can be ?‘pﬁ-'}ri% %‘E" Qﬁv&sﬁarﬁéit&ﬁéﬁfe BRI RS- éda‘?’ﬂg fﬁ%ibh As

will be described in ow, surface treatnents
enhance 25 ﬁiee:oenaglmoeamentpumdadmttomrmmacemaysubﬁtrathe Likeritie soethed

eer s 8, Ehudi e PbEm i SRR L SRk Sl R IR
?'hZ ;322][ ge, é&é{t%%ﬁ’ert1r4@a§r96é.no@é@5é|uwé 5aB4tFERS tand PadiQ EabRIdN® 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 manner.

In the processes described in Figures 14A and 14B, it is noted
that various surface treatments can be applied prior to or after each deposition
step. As will be described in more detall below, surface treatments 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 148 includes a take-
up reel 147 that is driven by a motor (not shown). The take up reel 147 draws a
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Fi gure 15A shows a conprehensive process flow for fabricating a 30
transparent conductor. As shown, a web-coating system 146 includes a
take- up reel 147 that is driven by a notor (not shown). The take up
reel 147 draws a 32 substrate 14 (e.g., a flexible polymer film

froma supply reel 148 along a traveling path 150. The substrate 14

IS then subjected to sequential treatpents and coati n% processes
al ong the tsubstiptenty? (magna fisaible polyiner filgy dierta sppRlY 688! 14§ alefkaski | | ed

in the art 5
concent 1 at i BAEIRS PRETREE TR sdiRElE T i i sRBREia> sEORAMA) hStmarte
and curing ar ceathgesocasseaaiung thderabeliriggrath t1Gat ol become apharent to
uniformty and the . thickness of t%feﬁgnduct Il ve | ayer forned

Mor eover , i dnec@ied in teepE dhatdhe spe paaeInibeiapesH Of dgRRRINGML dhe ¢ o
prepare sheco?]léeﬁfréﬁérgoﬂﬂé M@ﬁ-@ﬁ%@%&n& %abqgﬁwaqﬁ@am aﬁ@b@nrggf )

speci ficall e substrate e optional surface-treated
pre- treat rm‘nbessteatare mn‘ikﬁig the faohq:rsdlvd determing the wnitoymiy ang éhe

subsequent OWI re eCB a i tion. ? addl tion, surface treatnent of
the substr B??%?”FS A uctlaglgqy&r BK%an enhance the unifornity of

the nanowires |ater qgResiéremh ceHat smbbaRfentd pAé-FeBIMERS akecoRiuctal
out by known nethods in 15 the art. For exarrple pl asma_surface

treat nent carpreparedbel substrasel quthQ RubsagsestenaiinggrecrssaseMere t he

surface t he..subst.r or

it ogend ARRGIEal e Ebstil M A BEhr i b Rlo B fote LA A

speci es at féutricaiBition 1683 inyroves e offi clend:wofathée%%quuntnhmlre; on
the surface are involved in the process, ,so t&) bul k ertles of

t he substrafﬂ%!)o(sgfog laﬁédwenwrgﬁﬁ%ﬂreﬁrmﬂﬁtqf%§ Sﬁfﬁéﬁt’% B?/ t he
chem stry. éfbace acet S HARES he“urﬁ%%ﬁ%%ﬁfﬁe%owr%tléféf‘& dm&&ades

adequat e sur Ivatl on or enhanted wetting and hesi ve
bondi ng. As an i | | ustThretsuiace traajrhent oanywarpdedisutaby knewmeethodsdn be

carrled in a rch PX25 ste t |1 ow rating
par anet & s th;??@ \A%/as"'t’i‘?gtp‘e (?Saﬁ’?{%w#%‘fﬁéeagﬁ@ﬂr ggﬁﬁa%?ogmgg rr. 25
I'n other enbgiciRALEuctuReoBHE sBf8cd bERESRBsaBY ugwd gales SlRRCR drgom,
an internediate layer on the substrate. As noted above, the

i nt er medi at @ygeper nityagenaplesmesaniriare freatmenticensseate highiy Feackive
hanowi res g pdec ehs 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 unaitered by the chemistry. In many instances, plasma
surface treatment provides adequate surface activation for enhanced wetting
and adhesive bonding. As an illustrative example, oxygen plasma treatment
can be carried out in a March PX250 system, using the following operating
parameters: 150 W, 30sec, O; flow: 62.5 sccm, pressure: ~400mTorr.

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

30 Representative materials suitable as the intermediate layer include

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

i nclude nultifunctional bionolecules, including polypeptides (e.g.,
poly-L-lysine.) 33 Oher exenplary surface treatnents include

surface washing with _a solvent, Corona dj SCharr%iu and /ozo?‘e )
treatment, all of whiQihergxemplanisuigce RatmeNts insddesuriase inghuith

substrate 14 e ' : Shhi
station 164 solfityehlta AEdREE and BviatReatedR Rt el SFwhIACRE KnbiAo
defi ned her@iegskilBodndiepagi ti on station can be a storage tank as

described in Figurel 4A, Spr ayi device, a, brushing device, and

the Iike. A metal  ndiGwuPeEdts YBPISRIR PEOERAS bR METALBOMER on t he

surface 505d%{ﬁ.5ftﬁh’§?étlo\ﬁeié@, whithPdeIiNbis e naRotREs BRpERRth 165,28P Y 2
ting of the netal 1 d

patterned co nanow res di spersion on the
substrate. definedxengihe Tha depasiionstation can beavstapgertaok s deswibes in

predet er mi ned ttern can be used., The stanp or | Ier

cont i nuous| gulf)eagé\daisma(ylry MG WH%WP&S%%‘FS?J&#@\%@%%&%%
met hods i n {dipwirkldispEsioh Bier 168 % @sybshed 6Rthe BalfAde 105)SAkErahtvly,
rinsing station 172. 15 Thereafter, the layer 168 is dried at a

dryi ng st at# printingedavice egmbe uaed 9 apn\saﬁmte@eﬁlémﬁm of tpapetpbo.
svat § on 105 AR dRitaloR e Shdile Pof CRRAE, bl Briole SEMAT™"

Wi th argon @etespesada predswaninad patierroven bdaséd.aMbe staeme yr wiier ¢drebe0
conductivity of the network layer 180. As an il]ustrative exanpl.e, Ar
or N2 pl astritiBuaushedippediinlg agnetal RARCWERSHSRSSHE Mg 0"8 i fhe
following gperating paraneters: 300W 90sec (or 45sec), Ar or N2 gas
flow. 12 sccm pressure -300mTorr. O her known surface treatnents,
e.g., Corona di schar gée layerNd8ozamrte: optieaalierinsechalja thsiog statiosdd2. For

T s RSO i R 2SR he B P, e R T a R
nanowire network layer 180. .

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

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

25 can be used for a Corona treatment.

As a part of the post-treatment, the network layer can further be
pressure treated. More spegcifically, the network layer 180 is fed through rollers
186 and 187, which apply pressure to the surface 185 of the network layer 180.

It should be understood that a single roller could also be used.
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pressure treated. Mre specifically, the network |ayer 180 is fed
through rollers 186 and 187, which apply pressure to the surface 185
of the network layer 180. It should be understood that a single
roller could al so be used. 34 Advantageously, the application of
pressure to a netal nanowire network fabricated in accordance with a
met hod described herein can increase the conductivity of the _
conducting | ayer. | nAsxaniagabusly, the @pplicasion®) PIRSSHEHIC 2 aetal NgREWE?

bot h f f .5 nduct | :
Pobri car ed Wemars BRUZAIER Thptirrashi oya Ao BEEdhelHiAicah inoreace
one or mor ey alohBléke ofthe QUG Bgbr.bars), one or both of whi ch

may, but n not, have a length mensi on | arger than

a wi dt h
di mensi on of the condupartisylaragressuremay ke apple r18|qn§r°fib§fm§@'§f°eﬁ?£a

t wor k | i Qi - Lal
ol og b s & e RS Eat Rolduidt rabicafiPinHiColdio8 Wi dirieflder
knﬂm met hOéédegbu ®eRiie B Use of Snapp hiced roliess (ehg, cylindecal hafrs)t woe or
ro ers are used,

the network |ayer nmay be%@ochlé‘ed .beﬁvveen t he In@
rollers as Bebwtwhichrglirkut negd ok have eRpel FiRTSiop JyEFsHap @ Widhoo
si may be | ; ept i TR
IrOoI I erg. I taﬁgﬂgﬁg‘o&g%énggn eqtglga?%n raoﬁﬁﬂggsﬁég(l)s P %Edlj’ggeoﬁ%si , ?ggrto
800 psi or ARY Heopla orsh rigitysiréacapid the simplefalentaiipd asrassdie expesed

TaLr i 8 PGS Gl consuotng e ue e Gt al B itsspk R artldy .

rollers arewiggdondso AR IIEHEeHE WaEd tfle hBEVOHRIEE? imaytbe futietl beigeror
pinch rollers are well 20 understood in the art and discussed in, for

exanpl e, 3MtEetwoniotiers eBughiown in Figura®fat i on Techni ques for Converters
of Lam nating Adhesives, " ' ' [ ed
e ASCIb o, 0 P PR s AP

by reference inits etern ne pplrcation of
pressure t oyanéRiraht dbaaowior By ohetorerdrelraliers. Itipalsuednsidereddhaticemnvi ty

th f eith bef ft plicati 25 of | t t
as. (i SculbsedORtR 1600 EF2Hap BED BEIRS WDITH S0P PRl TRALE APAIFon e .
subsequent @Lea&[]rﬁ %&%g}ié@ma ¢ sﬁé}@#ﬂ‘{;};dn@luaog\éﬁ@r fbtfe apbfieatiohlcpasy 186

an 187 may be'ro Cross e surface 185 of the network |ayer 180
a matrix material.

“Nip” or “pinch” rollers may be used if two or more rollers are used
to apply pressure to the conducting sheet. Nip or pinch rollers are well
20 undérstood in the art and discussed in, for example, 3M Technical Bulletin
“Lamination Techniques for Converters of Laminating Adhesives,” March, 2004,
which is hereby incorporated by reference in its entirety.
It was determined that application of pressure to a metal nanowire
network layer improved the conductivity thereof either before or after application
25 of a plasma treatment as discussed above, and may be done with or without a
previous or subsequent plasma treatment. As shown in Figure 15A, the rollers
186 an 187 may be rolled across the surface 185 of the network layer 180 a
single or multiple times. If the rollers are rolled across the network layer 180
multiple times, the rolling may be carried out in the same direction with respect
30 to an axis paralle! to the rolled surface of the sheet (e.g., along the traveling

path 150) or in different directions (not shown).
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single or multiple times. If the rollers are rolled across the
network layer 180 nultiple tines, the rolling may be carried out in
the sanme direction with respect 30 to an axis parallel to the rolled
surface of the sheet (e.g., along the traveling path 150) or in
different directions (not shown). 35 Figure 15B is an SEM i mge of a
portion of a nmetal nanow re conductive network 81Q after application
of from about 1000 p&igure 18Bdeen0d image ofa pRYioR A Adnlabaanawies

roller. Co ' eTel P It foe |
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exanple, a é)(a?rﬁrﬁ@,?ggﬁé& subRRECEdH bé ABatPedted at'a tdiBpéraliigiraige 6Rfout

process as described herein was placed in a sheet drying oven set at

a t enper at 1¥aD°6fto 400°C. However, post treatments at higher temperatures (e.g., higher
than 250°C) may require the presence of a non-oxidative atmosphere, such as
nitrogen or a noble gas.

20 The heating can be carried out either on-line or off-line. For
example, in an off-line treatment, the transparent conductor can be placed ina
sheet drying oven set at a given temperature for a predetermined amount of
time. Heating a transparent conductor in such a way ¢an improve the
conductivity of a fransparent 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-ireatment, the transparent
conductor had a surface resistivity of about 12 kQ/0, which dropped to about 58
Qf0 after the post-treatment.

30 In another example, a second, similarly prepared fransparent

conductor was heated in a sheet oven at 100°C for 30 seconds. The resistivity
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200C for 30 seconds. Before this heat post-treatnent, the transparent
conductor had a surface resistivity of about 12 kQ 0, which dropped
to about 58 .0/0 after the post-treatnent. 30 In another exanple, a
second, simlarly prepared transparent conductor was heated in a
sheet oven at 100C for 30 seconds. The resistivity 36 of the second

transparent conductor dropped from about 19 kQ D to about 400 O0/D.
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network can 25 preferably be exposed to a si'l ver reduci'ng agent such
as sodi um FPPERIEE geessure and heat simultaneously is a laminator by Banner
American Products of Temecula, CA. Application of heat in combination with
pressure can be done either before or after deposition and curing of a matrix or
20 other layers as described below.

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

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

30 As noted above, such a treatment can increase the conductivity of

a transparent conductor. For example, a transparent conductor of silver
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for, preferably, anywhere from about 10 seconds to about 30 m nutes,
and nore preferably fromabout 1 mnute to about 10 m nutes. As
woul d be understood by one of ordinary skill in the art, such
exposure can be done either in-line or off-line. 30 As noted above,
such a treatnent can increase the conductivity of a transparent
conductor. For exanple, a transparent conductor of silver 37
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process can be accelerated by heating (e.g., baking). en the

matri x mat SPTaYINgcdaHinG, adiushing device, a printing device and the like. A layer of the
matrix material 192 is thus deposited on the network fayer 180,

Advantageously, the matrix material can be deposited by a printing device to

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

patterning step will be discussed in more detail below.
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25 radi ation-curable prepolynmer, the layer 192 can be cured by

i rradiation. Depending on the type of the prepolymer, thermal curing
(thermal ly induced .. pol ynerization) 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 dep05|t|on station 188 and before the curing station
200. The patter ni ng THEIAG IFogsss dorsi g serducivednyer 884 sbmphisingihe 38
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The conductive layer 204 and the substrate 14 are then drawn up
by the take-up reel 147. This flow process of fabrication is aiso referred to as a
‘reel-to-reel” or “roll-to-roll” process. Optionally, the substrate can be stabilized
20 by traveling along a conveyor belt.
In the "reel-to-reel” process, multiple coating steps can be carried
out along the traveling path of a moving substrate. The web coating system
146 therefore can be customized or otherwise adapted to incorporate any
number of additional coating stations as needed. For example, coatings of the
25 performance-enhancing layers (anti-reflective, adhesive, barrier, anti-glare,
protective layers or films) can be fully integrated into the flow process.
Advantageously, the reel-to-reel process is capable of producing
uniform transparent conductors at high-speed and low cost. In particular, due
to the continuous flow of the coating process, the coated layers do not have
30 trailing edges.
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nunber of additional coating stations as needed. For exanpl e,
coatings of the 25 performance-enhancing |ayers (anti-reflective,
adhesi ve, barrier, anti-glare, protective |ayers or filns) can be
fully integrated into the fl ow process. Advantageously, the

reel -to-reel process is capable of producing uniformtransparent
conductors at high-speed and I ow cost. In particular, due to the
conti nuous flow of t(ae cdamiimafiopr ocess, the coated | ayers do not have
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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 Jamination 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 fiexible donor substrate is not
particularly limited so long as it can be separated from the conductive layer.
25 The flexible donor substrate can be any of the flexible substrates as described
herein. In addition, the flexibie donor substrate can be woven or nen-woven
textile, paper, and the like. The flexible donor substrate need not be optically
clear.
In certain embodiments, the flexible donor substrate can be pre-

30 coated with a release layer prior to the coating of the conductive layer.
“Release layer” refers to a thin layer adhered to the donor substrate and onto
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particularly limted so long as it can be separated fromthe
conductive layer. 25 The flexi ble donor substrate can be any of the
flexi ble substrates as described herein. In addition, the flexible
donor substrate can be woven or non-woven textile, paper, and the
| i ke. The fl exi ble donor substrate need not be optically clear. In
certain enbodi nents, the flexible donor substrate can be pre- 30
coat ed wi t hwhichdl eeqsluctivg/leyepeardpe fosmer by seajinaf Thedelbare laver ve
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can be fabricated in the sane manner as descfii bed In connection wt
" Figure 15A layen2dt.t he flexi ble donor substrate. Prior to the netal

nanow r g.deposi tion, -the rel ease |ayer, 244 |s eposi,t.ed or coated on

t he fleipbl e donor sﬂ@ﬁ?%@eiﬁtéucg%rﬁ ?%b? &\%@'Eaf%gdr_' ( B2 for med
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descri bed herein., The conductive |ayer is then uni forrﬂ[?e/i transferred
A

to a subst rihstrates Riigyitedhe metyl denpwiie deposition. dhel relemsn Byee244isy. |
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substra 260 (e.9,, glass) by contacting a surface 262 of the
conducti%se ‘?%ﬁ?gge‘gg@ret%b the substrate 260. In certain enmbodi ments,

the polyneric matri xhedhductleliaydis iR MiermlyatdsieriPl 48Sostrate
adequat e adhesion to
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 fo a substirate 260 (e.g., glass) by contacting a surface 262 of the
conductive layer 250 to the substrate 260. In certain embodiments, the
polymeric mairix (e.g., PET, PU, polyacrylates) provides adequate adhesion to
the substrate 260. Thereafier, as shown in Figure 16C, the flexible donor
~ substrate 240 can be removed by detaching the release layer 244 from the
25 conductive layer 250.

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

30 conductive layer 250, an overcoat 274 and an adhesive layer 278. The
adhesive layer 278 has an adhesive surface 280.
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t he substrate 260. Thereafter, as shown in Figure 16C, the flexible
donor substrate 240 can be renoved by detaching the rel ease | ayer
244 fromthe 25 conductive layer 250. In other enbodi nents, an
adhesive | ayer can be used to provide a better bonding between the
conductive layer and the substrate during the |am nation step.
Figure 17A shows a | am nated structure 270 coqgrisin in addition
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enhance t he_ bondi ng%bet ween_t he adhesive layer (or the 15 conductive

|l ayer in tAbBEibRowcaat Athesi ve 1 ayer) and the substrate. In
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other ~empodi ments, af g%ﬁ%ﬁ%rﬁ eﬁt%vig@%t o?@f@s\%mﬁfe{]é‘argb'@uéé’d tagnrtl%tge

affinity differential e conducti ay respect
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affinity differential of the conductive layer with respect to the flexible donor
substrate and the substrate of choice, For example, the conductive layer may
have a much higher affinity to glass than to a textile donor substrate. After the
20 lamination process, the textile donor substrate can be removed while the
conductive layer is firmly bonded with the 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 to an enhanced affinity (e.g.,
adhesion), therefore providing a pattemned conductive layer on thé substrate.
Heated regions on a substrate can be generated, for example, by a nichrome
wire heater positioned beneath the areas of a substrate to be heated.

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

pressure gradient based on a pressure-sensitive affinity displayed by certain
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In certain enbodi nents, a patterned transfer is possible during the
| am nati on process. For exanple, the substrate can be heated by a
thermal gradient, which affords heated regi ons and unheated regi ons
on the substrate 25 according to a predeterm ned pattern. Only the
heated regions will be lamnated with the conductive |ayer due to an
enhanced affinity (e.g., adhesion), therefore proyiding a patterned
conduct i ve majrrmaterialseoradbesives.cFor example a pattarned AMipatingilpeean can

pencat 't nebseRb AP Ut pfbs bR R BRIoRm Y harkifr! The
enbodi ment spatteréd le@tingtthd robiersdeer alsa be heattidfte durtiebriie affinjly eifferedial

gradi ent based on a pressure-sensitive affi ni_tl¥ di spl ayed by certain
42 matrix neetwepRIpiessuretiieeian A unRiesYUad#aoN.a patterned 1 ami nating
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heat ed to f (&g heie dubeacebfdimg toya piddeterminedapaticne; poise o thedesinagignr egi on
and unpressured regjion. 5_1n t ot her enbodi ment s he copduct,i ve
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pattern, prigidicivd et Sthaptddernihes Bafernid FRAInkd WHAE ehé rx@id he
pre-cut conductive |layer to the substrate, the conductive |ayer of

t he predet etamaved gleng apre-tut qostelrned while the rest is renoved

along a pre-cut contour. 10 Patterning As noted above, a patterned
conductive layer can be fornmed by selectively curing a prepol yner

coati ngq1gccps@éat 0 a pattern. The curing process can be carried
out photolytically or thermally. Figure 18 illustrates an _enbodi nent

i n which a conducti vehd Bgled abaveropdiesaed eonigtivaiser sprbe fomd sy 15
LD ooy UG AL o ey e oeRaRl e d il g ¢ 19
shoul d be prodesstarobe chaledtdut photobtticaltyeortteraallybd-igune Sulblestradesean
D 00 et SRR TSRS e S5y Slerd DIFR BB
114. Anq5rradiAblaPRasimie fetdbdtk BYOVA LR ddpsidPb® the substrate 14
according to a method described herein (e.g., Figures 13A-13D). It should be
understood that the substrate 14 can be any subsirate, including a flexible
donor substrate.
Thereafter, a prepolymer coating 300 is deposited on the network
20 layer of metal nanowires 114. An irradiation source 310 provides the photon
energy for 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 certain
embodiments, the photo-curable prepolymer includes a monomer comprising
one or more double bonds or functional groups, e.g. hydrides or hydroxyl

30 groups, suitable for chain extension and crosslinking. In other embodiments,
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energy for curing the prepolymer coating. A nmask 314 is positioned
between the prepolyner coating 300 and the irradiation source 310.
Upon exposure, only regions exposed to the irradiation are cured
(i.e., regions 320); the prepolyner coating and nanowires in the
uncured regions 324 can be renoved 25 by washing or brushing with a
suitable solvent or by lifting themoff wth a tacky roller.
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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. Photoe-initiators are
well known in the art. Examples of suitable photo-initiators include, but are not
limited to, oxime esters, pheny! ketones, onium salts, and phosphine oxides,
ses, e.g. U.S. Patent Nos. 6,949,678, 6,929,896, and 6,803,392;N. Buhler & D.
Belius, “Photopolymers as a powerful tool in modern technology”, Pure & Appl.

30 Chem., Vol. 67, No. 1, pp. 25-31, 1995; J. Crivello in Advances in Polymer
Science, Vol. 62, pp. 1-48 (1984). In a preferred embodiment, the photo-
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resins. In a preferred enbodi nent, the prepolymer is an acrylic.
Optionally, a photo-initiator can be used to initiate the

pol yneri zati on and/ or crosslinking reactions. The photo-initiator
absorbs the photon energy and produces radicals, which initiates a
cascade of radical 25 polynerization, including chai n- ext ensi on and

cross-linkin Photo-initiators are known in the ar | es
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met hod ar ea@mahgl%wmf tr?@'tﬁ’?rg%’l PEAGERS ?scr{?? ¥ed QL FreBpe. a
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the web coating syste own in Figure
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to allow_for cntlnuou e ure nd curin
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cyl i nder 33&&;’ part of the photo-patterning station 198 (the vveb

coating system 146 is not shown). The substrate 14, coated wt
prepol yner coating 300 onpgnphgy:@aent as shown in Figure 19A, a rotating cylin er

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 patierning
belt 350 having a patterned or perforated exterior 352 can be used. The
patterning belt 350 is driven by rollers 354, one of which is connected to a

30 motor (not shown). The patterning belt 350 moves at the same speed as the
moving conveyor belt 332, allowing continuous exposure of the prepolymer
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20 al ong by a conveyor belt 332. The rotating cyclinder rotates at

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

340 for preomhng’@%myhglrfﬁbathngﬁﬂur%& ﬁlf@}éﬂﬂ QRGP %Q%SQPSW%HMV%

t he novi ng n%'{ %@F?A ggglségl ated configuration, as shown in Figure

19B, a pattgvﬂr ving a patterned or perforated exterior
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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 backiight 504 projects light through a
25 polarizer 508 and a bottom glass substrate 512. A plurality of first transparent
conductor strips 520 are positioned between the bottom glass substrate 512
and a first alignment layer 522. Each transparent conductor sirip 520 alternates
with a data line 524. Spacers 530 are provided between the first alignment
layer 522 and a second alignment layer 532, the alignment layers sandwiching
30 liquid crystals 538 in between. A plurality of second transparent conductor
strips 540 are positioned on the second afignment layer 532, the second
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wi ndows), optoelectronic devices, and the like. In addition, the
transparent 20 conductors herein can be used in flexible devices,
such as flexible displays and touch screens. In one enbodi nent, the
transparent conductors can be used as the pixel electrodes in a
liquid crystal display (LCD) device. Figure 21 shows schematically
an LCD device 500. A backlight 504 projects |ight hrouqh a 25
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532, the sepmudss dbtotthabsiiomegiesscauidtratep and the pigrevantdayesnespectirelya
right angle fromthe first  transparent conductor i pS 5 The
Second ¢ 1 anSplitlie Coreibhaly SRPIRE sayar S FhRe (T BAE8 i (- a
passi vationdé@%omtcmﬁ%gfcﬁgsg@ggﬂquaum, a top glass substrate

d

550 and a polarizer 554. vant ageously, the transparent 5 conductor
strips 520 and 540 cdn afurthererabediteshdhe fransrasentepndycier dassrivedi ng

eapect el ferel ek gafied adg ot etebhamt Bl e f i wh MiPRBlne REEE
(1TO, no casvity intéelaRsi drite an@ledtionlt digpiay, agssls elows a usegidinpat I n a

further enbodi nent, the transparent conductﬁr descr iq??fi;d 1(? hgrehn
forms part BEUHCHARSAY teushiag thesaraenn TR fQuen scEeelsioptiedly Feardodhplt -
device inte ; lic di splay, which allows a user to
I nput inst%’@%ﬁgr@a g@f)}a@%ﬁﬁgﬂr@ﬂ%ﬁscreen. The touch screen is

optically clear to alFiguwe 22 sfuwsssahemadigallyt @ tauchreendan devieud®l Fi gure

22 o e hE Bl 3b bl B e A AL FApd BRE ARt , o
564 conpri sphshtdriseatcopatiing?d first8GosRAS 668 @baledirNapRtet with a firétr st
conductive layer 572, the first conductive | a\§er 572 havi ngdﬁcttiv%p
conducti ve conductive layer 572, the first conductive layer 572 having a top con
surface 576. A second transparent conductor 580 is positioned above the first
transparent conductor 564 and separated therefrom by adhesive enclosures
20 584 and 584" at respective ends of the device 560. The second transparent
conductor 580 includes a second conductive layer 588 coated or [aminated on
a second substrate 592. The second conductive layer 588 has an inner
conductive surface 594 facing the top conductive surface 576 and is suspended
over spacers 596.
25 When a user touches the second transparent conductor 580, the
inner conductive surface 594 contacts the top conductive surface 576 of the
first transparent conductor 584 and causes a change in the electrostatic field. A
controller (not shown) senses the change and resolves the actual touch
coordinate, which information is then passed to an operating system.
30 According to this embodiment, the inner conductive surface 594

and the top conductive surface 576 each has surface resistivity in the range of
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surface 576. A second transparent conductor 580 is positioned above
the first transparent conductor 564 and separated therefrom by
adhesi ve encl osures 20 584 and 584' at respective ends of the device
560. The second transparent conductor 580 includes a second
conductive |l ayer 588 coated or |amnated on a second substrate 592.
The second conductive |ayer 588 has an inner. _conductjve surface 94
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conductor structures, their electrlcal and opti cal

properties, and the methods of fabrication are illustrated in more detail by the

following non-limiting examples.

20 EXAMPLES
EXAMPLE 1

SYNTHESIS OF SILVER NANOWIRES

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

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

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

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

Nanol etters, (2002), 2(2) 165-168. A nodified polyol nethod,
described in U'S. Provisional Appl BXaMPERZNo. 60/ 815, 627 in the name
of Canbri os Technol ogi es Corporation, produces nore uniformsilver
nanowi res at higher yi elPkEPARETIONIORA TFANSRRRENTHV@ANRUCIRRI " pol yol "

met hod. This application is incorporated by reference hereininits
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shown in SS specl otherw se, the |ight transm ssion
was neasur efiablast. ignlesespatiffesdetheryise, ihalighi tensodssiohwag maasyred

di spersion of, silver ,nanpw r.e fLhhst prepared. 10 The silver
nanow r es Wéﬁlegyb%mﬁf“f@ﬁfﬂ%’dnwmt)@?ut h and around 81.1min

| ength. The concentr gt gaudustdighersibh oF sian auhowBed hgdilst wespaabaut
0.5 /v of the dispersion, resulting in an optical density of about

0.5 (med8ur Ehe siver nahbwires were gaautydansiscdinm inidthanc peupdi S iy ) |

The di ' th |
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coated on the PET substrate by allowing the nanowires to sediment onto the

15 substrate. As understood by one skilled in the art, other coating techniques can
be employed e.g., flow metered by a narrow channel, die flow, flow on an
incline and the like. |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 subsirate can also be observed under an optical or
scanning electron microscope.

The matrix material was prepared by mixing polyurethane (PU)
(Minwax Fast-Drying Polyurethane) in methyl ethyl ketone (MEK) to form a 1:4

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

nanowi res may affect the distribution and interconnectivity of the
nanowi res coated. 20 Thereafter, the coated | ayer of silver nanow res
was allowed to dry by water evaporation. A bare silver nanow re
film also referred to as a "network layer”, was fornmed on the PET
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test. Moresaiges 6f thalmatrix and MerrRinfavet) Aﬁ@%@éﬁ‘ﬁﬁ/bf"ﬁaﬁ&ﬁ?eé’\?éref irmy
applied to the surface of the matrix and then renoved. Any | oose
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of conpari sehowaimBalex-only filmwas forned on a PET
By way of comparison, a matrix-only film was formed on a PET
substrate (PU/PET) under the same conditions as described above. The
opfical properties (light transmission and haze) and the electrical properties of
20 the PU/PET are also provided in Table 1.
As shown in Table 1, the matrix-only film on PET (PU/PET) had a
slightly higher light transmission as well as haze value than a PET substrate.
Neither was conductive. By comparison, the bare silver nanowire film on PET
was highly conductive, registering a surface resistivity of 60 /0. The
25 deposition of the bare silver nanowire film on the PET lowered the light
transmission and increased the haze. However, the bare silver nanowire film
on PET was still considered optically clear with a light fransmission 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 80 to 400 Q/0.
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substrate (PU PET) under the same conditions as descri bed above. The
optical properties (light transm ssion and haze) and the el ectrical
properties of 20 the PU PET are also provided in Table 1. As shown in
Table 1, the matrix-only filmon PET (PU PET) had a slightly higher
light transm ssion as well as haze value than a PET substrate.

Nei t h duct | fil
o P was ranly cduhen aiowie s Cate N b EpRtant Shodlid gy o ™
60 Q' D. The @ﬂ REGirdd mh&}@ yg?eth eerrﬁtrlx\’i?dd mamsﬁwémbamigntthe PET

| oner ed the transms | ncr eased haze. However, the
bare sil ver transmistiog asithebamsiRET nancwisa film 0!&5’&% and ecslightly dighes,

I th I t t d
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hi gher  hazexid&hiing 685 S1TO) formed dnhETewRiM£nt conduct or remai ned
the sane as the 5 bare silver nanowre ﬂ}eﬁatl %thafhﬁ}ﬁﬁ
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had a co error surface resi'stivity to oxid
films (e.g., ITO forned on PET substTsmied. In addltlon, t he tape
test did not _alter the resistivity or t+hetHght—10—t+ranstsstonof

t he transpar enﬁ'raﬁé?:ﬁl@h'ﬂ\ﬁé@!fa, anﬁglﬁ"l‘l‘a}‘lsrﬁllsélcﬂrh%b y i nezeased t ResidtieiydQn)
TABLE 1 Transparent—Media Cight ~Transm ssion (% Hazée (% Resistivity

(fZ/D) PET 91.6 OPEB non-conducti &6 PU PET 92.87%. 88 nAATeBfit i ve
AGNW PET 87.4 4.76, 60 ANW PU/ PET 87,2 5.74 60 pAfter taBRedn@itive7 2
5.94 60

AgNW/PET 87.4 4.76 60

AgNWIPUIPET 87.2 5.74 60

After tape test 87.2 5.94 60
EXAMPLE 3

ACCELERATED H>S CORROSION TESTS

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

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

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

Advant ageously, the matrix of the transparent conductor serves as a

ti i er., Thi . to certain degree, the
o moshhert ¢ b e erilea astod s hrdisnaf abcrierdiah Hel caibuomtast s
the matrix. deyighddetbPréviddahiekifedt casBer FBSorB&BAN res can be

further obtained by incorporating one or nore corrosion inhibitors
in the matrix, as des&reshdtconkediegy yake werelrokenling: pieess and sealed imé
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period of5t i S@fidd Birgle Gas MARbEVALHSERS B HRY = TorBSitoMISe rdiesieited
to provide an extrene case of H2S corrosion. Freshly cooked egg yol ks

wer e broken IT'Zrﬁ BO'B! th% 689 XRlss Elgusa 28shaws | tipicrlelsage profile f thetfdsS
(prilustri 2 g2l Gk lefiod GFORALAR, PARS an IMEAABN oL 1S O BhE 8°

Monitor) was | nsert I nto the to noni

fromthe eggasdeval drépmpd; mdR3tind dvet the 951@hatﬁﬂifﬂueé@aaﬁ%ﬂlhlé?ehﬁeﬂélet Ee
ul -u of the

H2S gas over a period of 24 hours, After an initjal -

H2S in the 3’5@ 'F%‘@”?'&%SHE%‘?V% prtﬁéd',ﬁZ%iQﬁﬁ(Eﬁ?'? thappmhin thadagad
di f f usedq@utyreht P8 I he [ evels of the
H2S gas (peaq!ed &Iaétaﬂ%. 6§pn§@?e§e{ ﬁ@agggﬁ?%%ér@alﬁ%;g%%rpassed the | evel
of the atnospheric H28 hpss silverinanowire filne onrRiibwas erépdred ancd?Hfigias

d i ng .t le 2. The filyn i | ast |
rg v th 11 SR 3 3bg TR v Reed N plap BED B ARE B eoRed ol viks
two hours, iTheiflmtbgaanttddbrkehavifiin Wes hb@ad, #ﬂ@%atinq Frfndg Erﬁlﬁﬁlgaglgf Bhagk

Ag2S was fornmed. In contrast, color changes in f ver

nanowi res i FAPENGMABARARK AgeSyWas fasmedn di confsast asdorahangesdn Bms2f 3
days, il Gabd MRS H‘ﬁol?ﬁ’nje\’ﬁgrﬁtjgggg( WL oK oBEd el BRtIARAES §lysl ©

sl ow down the perneation” of the
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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20 | NCORPORATI ON OF CORROCSI ON | NHI BI TORS The fol |l ow ng sanpl es of
conductive filns were prepared. A PET substrate was used for each
sanple. In certain sanples, corrosion inhibitors, including
benzotri azol e, dithiothiadi azole and acrol ein, were incorporated
during the preparation of the conductive filns. 25 Sanples 1-2 were

d di hod d
P B 2 o o armgian b8 oS SREre g Y ArE o B sk Y eRbyire,
nanowi res. %?b@@r %@)%éﬁt&ﬁ'éd@éme)mé 15 TReRERSS, hefsusesisres in a

pol yur et hane mat ri x wei'e prepared by first forming a
bare si | verinhibitorsi were !ﬁcd>rpvmhechdlll?l{lg theteonting proceeses ddhe matriy material.

Thereafter, various hi_bi

t he coating processeg SI On?r?alli’r%?’%r l%)yreaq)%beasgﬂ%&/@%’@gglqngggpgd

by coatigg eer%NEK)zb‘fé em*A)tm et eﬁ‘lWﬁ@tbﬂbr(MEK)'oﬁ th@Tﬁé«)e s:lverrnarhr;wtre
e

et hyl keton the bare silver nanowire film né:jt the
sol vent to Bimy alieéwing tbeaolwagt tofdsy aﬁwa@ygcf@A@w%bv ﬁ@atllﬁﬂ ‘?‘9 riX

mat eri al Sanple 4 was prepared b

first i ncor'Eg’feiﬁlﬂgp@?@%ﬂ{ﬂ?@&jwmhl 061 hi ad| azole in a rrafrl 5 Y
m;lt e[)l al PU{ MEK (1: 4)Sarhpleldonasipleypacanby Ngt incerpotatinget.bvi%nel eri al on
the bare silver nanowire film Sanple_5 first .di in
a bare sil veithipthiasiazole ina matrfwateé'ai Bpf“ﬁgﬁéf“iqaﬁﬁ‘\’ﬁ}f%f coating HePP' N9
Lot Hbadh faldha Bt nPba @G ATy Lo 1Y after dipping,

fol |l onwed by coa matrix material PU MEK (1:4) having
1.5v/ v% of " di t hi othl a&bmpbl@waéﬁreﬁﬁampﬂ ey Brshdippingepharecigr nanayyire film

ol | omed byicogRRIg Pha owavs piktaieAio R Mk HRind e it dn®
film The Ogﬁémb%@adfoﬁ&@é& bl €ahtinyy Witle lrh&tsix elatéi FRIMBIKCE! :4) itavivy e

nmeasured berore a after an accelerated H2S treatnent, as descri bed
in 20 Exanplse/\8e oftlithipthéadiazolear e shown in Fi gures 24A, 24B and 24C,

15 Sample 6 was prepared by first incorporating 1.5v/v% of acrolein
in a matrix material PUMEK (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 HzS 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 tamnish.

As expected, Sample 1 had the most reduction in light
transmission. Samples 3 and 6 did not perform better than the matrix-only

30 sample (Sample 2). Samples 4 and 5, however, had less reduction in light

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

transm ssion e 80% . Follow ng 24 hours of the H2S

treat ment, it'l b@‘? °[”i‘i'é>q§§ﬁ@|ze W%?/%ff@'ﬁ%ﬂ'l iRteating dbe silves sanpwirespm

l'i ght transrB | &dlfodlige to different degrees of silver tarnish. As
expected, Sanple | had the nost reduction in |light transm ssion.
Sanpl es 3 and 6 di d nEtgqn@EﬂBrsdwoWettheeresish@rmetnneasm‘en'iexﬁsndsﬂS'am[aes1-6
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the silver nanowires from being corroded. Figure
resi stance rifasavenedbut Sampimdeuperiensed dedroatic inoreadRSin theatresistanaes
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oot ease of THSBEUIATEREARE TBcopifRL PG he shsLaiER ST aticfn,

al | but Sanph eleétraapmbpeﬂiéedvaiiﬂ@ﬁf¢a31tly@‘©lei§@§¢§r sdiné Béﬁnblerse%a?ﬁﬁéqes
and effectl ewpr& carre non- conductive, al though the onset of

degr adat i on & aBadeshincraaspdn {ts Eapistarces s ﬂqt@‘éﬂiatﬁhejmwtﬁjoﬁfdn’s
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di ffered corfmddlee aalhge codespntlehlbihm‘t(dlﬂmbﬂmmﬁwegs THigihgliee tﬁa‘?tftﬁe

corrosion inhi dltththh% e%, This inplies that the
coating pr 0889 SSgsi oY atfgel t ?1‘3 ettveares;aef 3 givgn gopepion thibitaron

i nhi bitor. Fi gure 24CF@DF§"Q4¢'§%0\W§% RERSMEESTRhRrR] o SIS 116 Before

before the H2S treatnent and 24 hours after the ment .

pur pose of 1 Hebiiaaimet andiid khusglel thetthS theatmehbr Fermitpesemi e i s
ool ol e SRR RFR 1801, 45 s RS
Wit hin accepambles shengd ificreased aneit Afte easuRAsehtOf VWIRNRL @Rception of
Sanpl e 4 Wa%a ?V\sln1 Eagd %a}/hee fget]z% vt\)rgss ;[Nitf?[\rqearcgtleplntagleer :a%g%ggs? tI'Ilar;l 10%) for
each of Samples 2-5.
Sample 4 was shown to have the best overall performance in
20 withstanding the comrosive HyS 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 HxS levels in these accelerated tests were far
greater than the atmospheric HzS. lt 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 illustrates the results of two trials of applying pressure to a

surface of a silver nanowire network layer (or “network layer”) on a substrate.
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20 wi thstanding the corrosive H2S gas. By incorporating the corrosion
inhibitor (dithiothiadiazole) in the matrix, the transparent
conductor showed 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 atnospheric H2S. It is

t herefore expected thgt transparent 25 conducto repared simlarly
as Sanple 4 would far p%‘?){é'??rhﬁe?'g@l: NAROWIFRS Ofﬁ@é'%i@'ﬂﬂﬁolsﬂ@m in width

at mospheri ¢ gia%rofmePith @_nﬁﬁfﬁ@% ) ﬁﬁ%_'gﬁ% Aﬁoﬁég)}-@?%ﬁgﬁﬁe.

NETWORK LAYERS 30 Table 2 illTustrat results
appl yi ng pr dheaubstrateavassiredtad aithfArgos iplasea priordoviheed eysdsitionkoflthey er

d " b 54 Specifically, sil e
hanow res_of AapHiRY AGRIers i s Tomad AEsaHie &5 Hie kreliad Frcdbed in
vere dep@si Bxdmple 20 %%Qﬁrik%tgﬁéﬁufﬁp%igg% B ﬁehnro;ll_l&te%rg}fl?é gt e was

treated with Argon pl asnma J?_rior to position o nanow r es.

A networ k | #RssUiEeataientd Tae doalgilisted io Tle Zivere danfied cit bsidgiansisgle

Exanpl e 2. : | ' A lied to t net wor rjor, to
the " pr essur RiiiEes peTBIE A Ut RR LB R Ree. 1T Bl Grde Rebyir ker
out using atreateleas fbraiicesinchés didg sd Bom@BMHoA incBeglIdwgnch-t op
surface. The area of the network layer treated was from3 to 4
inches wide and from3 to 4 inches long. 10 TABLE 2 Trial | Trial 2
Process 4§ (52/ square) R (Wsquare) Tra-maﬂzisi on (%9 Haze (9
(original) 16Q00 400000 88.2 3.34 1 ro0 @ 340 psi 297 690 87.3 3.67
1 roll @340 psi 108 230 87. 24113 1 reddl2 @340 psi 73 127 86.6 4.19

1 |1 340 ' 92 87. 47 1 | 340 psi 53 86 86.6 4 44
Arrgl asrr@a 38 gg’hggs_%o 4.19 %r(éﬁgua[e)\ aL@“&(ﬁtﬁéﬁe}*at BB @ssﬁ"?‘z&@% he

network |ayers {grgigall he 16000 400000 88.2 3.34
1 roll @ 340 psi 297 690 87.3 3.67
1 roll @ 340 psi 108 230 87.2 413
1 roll @ 340 psi 73 127 86.6 4.19
1 roll @ 340 psi 61 92 871 4.47
1 roll @ 340 psi 53 86 86.6 4.44
Ar plasma 38 62 88.0 4.19

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

15 across the network layer at approximately 340 psi.

In each frial, 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 frial) 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 10 a surface thereof,
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resistance indicated in the "original' row (the network |ayers were
not pre- treated with plasma.) Each row of Table 2 indicates a
subsequent single roll 15 across the network |ayer at approxi mately
340 psi. In each trial, the network |ayer was rolled 5 tines.
Thereafter, a plasnma treatnment was applied to the network | ayer. The

resi stance after each roll is as ljsted in the second (first trjial)
and third (second tri4d$ $heva ghene in \zble I?Rﬂ%'c?ii'f’rl?f;q@?ﬁ §i'%A ngh‘ﬁor%aze
for the sec ' ' i | 3 id ihBreaeb ten s,
respectivel %ﬂ@??ﬁg%&aﬁ?egﬁ%@gtlfgﬁhﬁﬁgﬁﬁfﬂg? r&gﬁ% lag%n%ﬂuc't ivity of

t he networ k hbay.eAs@howadmTabled belaw, & masbingguotgssdplinwina thepregsure

pressure to a surface thereof. 5 shown. above i.n Tabl ,

appl i cat i onirgpipeRtLanfwthes IMPFRY éﬁranfz"@gﬁg}ono@pcgrepgﬁ g}e @%é Ydce
the lightgt F,&m’( jgpn of the layer and increase the haze. As shown
I n Tabl et53 gg ow, fl"a}h:)’\j\'/ashi ng process follow ng the pressure treatnent
can further inprove the transm ssi on BAREReduce the haze of the 5
network | ayer. TAR Process—Reststance Oy, FSSTopt %
Haze (% (original) 7o0es800 86.Besistance (2B ¢ Jrgnemiggiaue), \§ 85, 6
5.24 soap & water waghgideh 86. 0 4. 9do,080 pl asma B8.485. 9 4. &F7As shown
in Table 3, applicat] Fessure a networ ayer by gdaw ce
rolling with a si ng%ggﬁ%;@g%on#'ess steeﬂﬁgbar at apgars‘gxi mat el f%40 psi on
arigid 10 surfac®®&N@eEWashhe | ght® transnissi®f and i nér¥ased the
haze of the network Araiena WAshing 2she network #8B8&yer wi t #&8oap and
wat er after the rotting, nowever, increased the transm ssion and

decreased the haze. An argon_ plasma treatnment further i%gvep thg
transm ssion and hazeAswhewn i Teble 3 appksationiof Rressyps RrRINGRoRS layer by
wi thout rolling i Lo af ' L 'O OV ANEMGH & tibig
o some ext SHES reBnfuf o, fal s PeRlpa Bl oinblR Sanputn ko
matri x g ersiyffhce reduced the light transmission and increased the haze of the network

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

however, increased the transmission and decreased the haze. An argon

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

PHOTO-PATTERNING OF CONDUCTIVE LAYERS

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

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

PHOTO- PATTERNI NG OF CONDUCTI VE LAYERS 20 Figure 25A illustrates one

met hod of directly patterning a nanow re-based transparent

conductive film In this exanple, a silver nanowire network |ayer

("network layer"”) 600 was initially forned on a glass substrate 604

according to the nethod dSsci_ri bed | ders 610 were
at

in Exanple 2. . h
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formati on. - AadinBdeha of bR ROTR fide. TRicnbfit rhdtBrisamd inthiigadiated
m xture of prepolymers was coated over the network |ayer 600 within
the area 61dndes avBghagB000mnpfad@idsecssdspe maktixeatadakcusedin thee

k 620 I lid ' . .0f kL
about 500m RIS SROSAYS (ot B PRI i s e BGRelr faphey
Dymax 50@0 bg%aéﬂ( il@s.seconds. The matrix material cured in the

regi ons exposed to light and remained liquid in the regions that were
masked 5 by the dar kA$ shvwn indSigeieckB, icendefivedim 630 wameRiainedaftel | m

Vignter T egmsaapefiteeblBhd sHB.U: ehyerRBlne TR yotpea o

regi ons 638 MEiF@dEmek afd tieaakhegiong BB ergpe sasked froomihedight exifasune.640

furth bjected t dhesi ve t ky,roll to 10
emove 1 he ReNAUeEAARIas (RRE SRR Koe ARG B o PORLds,

As Shoup,  IhBaGom AstixARRa%NRe WARBRRE MAgicaRs Redorarsh s cur ed

regi ons pronounce ow ng the adhesive tape treatnent,
t he concent shdwn theebnirist bebwesn thesunducssbregidne| 64 anddhpeauces oI

threshold in th d ' 44. Electrical 1
{1 ne probe PrpvasiGReoRd: FolawDg Hinadhesive re dinatRagt a3 Goticentt3hily
non- conduct iy e FAHBWIRS dfSidbda SEWIRe pERbRItIBR tHreshed it tiedumired | ayer

at higher magnifications. Figure 26A shows the conductive film 640
i medi at el y regiors 644hBlestrical magsyrsrentsigjog Ene peberiifshoveddbatifiet i ve

region 055 4puargefnen ot St PBFRERIBEYERe Lnoured regi on 644, AL
hi gher magni fication figlugsdA-R&GoardipR&b palEred ddanductive layer at higher
magnifications. Figure 26A shows the conductive film 640 immediately after
photo-curing (5x). Figure 26B shows the conductive film 640 after the adhesive
tape treatment (5x), in which the cured region 648 appears much lighter than
20 the uncured region 644, At higher magnification (Figures 26C and 26D, 20x), it
can be observed that the uncured region 644 has a lower concentration of
nanowires than the cured region 648. This contrast is more apparent in Figures
26E and 26F (100x).
As an alternative to removing the matrix material and nanowires in
25 the uncured region using adhesive tapes or tacky rolls, a solvent may be used
to wash the uncured regions. As shown in Figures 27A-D, a conductive film
700 was prepared as described above and exposed to UV irradiation through a
brass aperture mask. Figure 27A shows cured regions (conductive regions)
710 and uncured regions 720 after being washed with ethanol and wiped.
30 Figures 27B-D illustrate, at increasing magnifications, the contrast of the

nanowire concentration in the uncured regions 720 compared to that in the
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can be observed that the uncured region 644 has a | ower concentration
of nanowires than the cured region 648. This contrast is nore
apparent in Figures 26E and 26F (100x). As an alternative to
renoving the matrix nmaterial and nanowires in 25 the uncured region
usi ng adhesive tapes or tacky rolls, a solvent nay be used to wash
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t he uncuged regl ons 720, nost of thExwmewrd matrix nmaterial and the
silver nanow res had been renpved by the ethanol washing.

Phot o- pat t erni ng t heref ore pppawsEurASREdrskvaTIoNG ons and
non- conductive region according to a predeterm ned pattern. 5
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triacryl at eW €518 r?cﬁ ﬁ%db(gp;%ﬁgﬁh@ﬁ%%fbngﬁg% Itd %ﬁghgﬁgtﬁeﬁol -A
diacryl ate, Rovet) adeBe Lded té pidmtéwh@fqmmaﬁamef a crasslingiing polymer

di pent aer yt FII’I t ol ent a-acrylate, Any ot oi nitiator exanpl e,
ket one basedeﬁ\'\mfkl Eecemgiesmu%trur%eéayl 'Q ng; tgac @E’i\%ﬁ'@éﬂ&}\cl ude:

oot o3 ERTn SRR TR R Bk pe a0
l'i ke. trimethylolpropane triacrylate, dipentaerythritol penta-acrylate. Any
photoinitiator, for example, ketone hased initiators, 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—ethylhexyl acrylate, 15%-30% trimethylolpropane triacrylate and about
5% Ciba lrgacure 754.
Other additives can be added to enhance the stability and/or
promote the adhesion of the matrix and the nanowires. For example, an
25 adhesion promoter (e.g., silanes) that promotes the coupling between organic
matter and inorganic matter can be used. Examples of the silane-type
adhesion promoters include GE Silquest A174, GE Silquest A1100 and the like.
Antioxidants such as Ciba lrgonox 1010ff, Ciba Irgonox 245, Irgonox 1035 can
be used. Moreover, additional or co-initiators can be used to promote the
30 efficiency of the photoinitiator. Examples of coinitiator can include any types of
tertiary amine acrylates, such as Sartomer CN373, CN 371, CN384, CN386
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20 More specifically, a fast-curing fornulation can be prepared by
conmbi ni ng 60% 70% 2-et hyl hexyl acrylate, 15% 30% tri net hyl ol propane
triacrylate and about 5% Ci ba Irgacure 754. OQther additives can be
added to enhance the stability and/or pronote the adhesion of the
matri x and the nanow res. For exanple, an 25 adhesion pronoter (e.g.,

silanes) that propotes the.co ihg.between organic t n

i nor gani ¢ n@id &‘t‘ﬁﬁ‘ﬁn Agba(i}g%"!alll%bg 'tlfgord?ucﬁﬁé:" @ﬁ?é"ﬁ@ﬂq&péﬁéggﬁggpgn

pronot ers ipu%gpﬁdé@ﬁi | quest Al174, GE Silquest Al 100 and the liKke.

Ant i oxi dants such as G ba Irgonox 1010ff, Ci ba Irgonox 245, [|rgonox

1035 can be used. MbBelowears fowtexemplasy pb@towabiegwrmtﬁa@r@awt eg§ed
to pronote the 30 efficiency.of .the rP\h toinitiator. Exanples of

coi ni ti at or NedRakri¥paigas! t"}b@%eﬁ? PPertiary amine acrylates, such
as Sartoger ﬁl}@ﬁ i 371, CN384, CN386 58 and the like. An

addi ti ongr:3 I[::) ot o?tﬁrﬂ\lat or such as C ba Irgacure OXEO1l can be further
added. Bel ow are four7%8k@mghyhexymendateur abl e fornul ati ons suitable

5 ey orat o RIS PT o Lop T
1% adhesi on pronot er {sadhetian geomatd(BE SlguasbAdtioyxi dant (G ba
Formul ati on 2 73. 0% 2 SYAMtkapRt by FpRox SO0 ARGt hy1 of pr bpane
0. 059 ariPl ot dant (B ProEARgston [ BR PEREE T8 ot oimi 1 ator (O ba
| rgacure 75BprmuitfatioruRation 3 73.1 % tripropyl ene glycol diacrylate
(TPEDA) 73.9% 2-ethylhexyl acrylate;
20% trimethylolpropane triacrylate (TMPTA);
1% adhesion promoter (GE Silquest A1100});
19 0.05% antioxidant (Ciba Irgonox 1010ff) and
5% photoinitiator (Ciba lrgacure 754)
Formulation 3
73.1 % tripropylene glycol diacrylate (TPGDA)
22.0 % trimethyloipropane triacrylate (TMPTA)
20 4.9 % photoinitiator (Ciba Irgacure 754)
0.03% antioxidant (4-methoxyphenol)
Formulation 4
68% 2-ethylhexyl acrylate;
20% ftrimethylolpropane triacrylate (TMPTA);
25 1% adhesion promoter (GE Silquest A1100);
0.1% antioxydant (Ciba Irgonox 1010ff) and
5% photoinitiator | (Ciba rgacure 754)
5% coinitiator (Sartomer CN373)
1% photoinitiator il (Ciba Irgacure OXEQ1)
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22.0 % trinethyl ol propane triacrylate (TMPTA) 20 4.9 %
photoinitiator (C ba Irgacure 754) 0.03% anti oxi dant

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

DI SPERSI ON A nanowi re di spersion, or _ink, was formul ated by conbini ng
about 5 0.08%wt. HPNC, about 0. 36%EKAMPIES ver nanowires, about
0.005% wt. Zonyl (r) FSO 100 and about 99.555% wt. water. As an
initial step, an HPMC stock sol MN@WIRE@ESBEWed. An anmpunt of

wat er equal to about 3/8 of the total desired volunme of nanow re

di spersi on was pl acedA rarewieakspersiod, drdak avag formblatesctiayn c@binimoataRe

Sddad Lo R OBt BRME kb0 REE Wl ier ncutrefr about Bitbaspie Zony ®
wat er m xt urRS@a9O0Hndrabedt 09.586%PR1 s A EBiMaitial Rp! SHRIFME st él{if the
total anmpbunt of water was chilled on ice and then added to the heated

HPMC sol ut i GPIAien was prepares: AN amomrafvaterenual toabaut 3/8 shibepiar

Bet apure 11 IRarod SOER orteBlie sbirbd VAR AARNGh BIRERETRAT bealg, &
st ock sol ut itetwedn Z0G hifad BSTESER alitfplates Elﬁc&mrt@MCl\f.brrﬁai&De@% weal ly,
109 of Z of water and heated

unti | Hﬁﬂ?%%?lﬁég%l%@%dtgﬁﬂ? &’%&rs%'@ltbébmplﬁtﬁé"ﬁ‘ﬁe@éﬁ’aﬁﬁ/ B unt
T 1 S Wt pd R G I
necessary aiiitatalemaint whwatervasnatilledadivise 208 th&baaded toabdreatal ut i on
in the HPMC solution and stirred at high RPM for about 20 min. The HPMC solution
was filtered through a 40um/70um (absolute/nominal) Cuno Betapure filter to
15 remove undisolved gels and particulates. Next a stock solution of Zonyl® FSO-
100 was prepared. More specifically, 10g of 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 Zonyi® FSO-100 stock solution to make about 0.005% wt. Zonyl® 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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final ink conposition was added. The solution was stirred for about
15 min. and the necessary amount of silver nanowires to nmake about
0.36% Ag nanowire solution in the final ink conposition were added.
Finally, the necessary anount of the Zonyl (r) FSO 100 stock sol ution
to make about 0.005% wt. Zonyl (r) FSO 25 100 sol ution was added. Al
of the above U S patents, U S. patent application publicatijons,
U.S. patent applicati éndm thefapgeingdvilhbs apprciatgd thaft alfhough specific
appl i cations ; : i i 0 el i

peci f 1 cat | o Dad e FORE fivetch had PR et REATR R huhees of

i ncor por at edllinsdration, Mriousfmodifications mayhsd made witheuydevidgiihgFramtitdiepirit
foregoing it wll be reci ated that, althqugh specific  enbodipents
of the i nverﬁﬁ'goﬁcm%%gweamr% iRglyelhg lwqﬁnt'an i$Beidinitad except as
illustratgo rd iafheati ons may be nade without deviating
fromthe gpﬁ%?‘%éﬁ&ﬁg%gg% " the invention. Accordingly, the
invention is not limted except as 5 by the appended clains. 61
CLAIMS What is clained is: 1. A transparent conductor conprising: a
substrate; a conductive |layer on the substrate, the conductive |ayer
including a plurality of netal nanow res; and one or nore
anti-reflective layers, anti-glare |ayers, adhesive |ayers,

barriers, hard coat, or a protective film 2. The transparent
conductor of claim1 conprising an anti-reflective |ayer positioned
over the conductive |layer, and an adhesive |ayer positioned between
the conductive |layer and the substrate. 3. The transparent conductor
of claim1l conprising a hard coat over the conductive |layer, a
barrier layer positioned between the conductive |ayer and the
substrate, and an anti-reflective |ayer bel ow the
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substrate. 4. The transparent conductor of claim 1 conprising an
anti- reflective layer, anti-glare and a barrier |ayer positioned
above the conductive |ayer, an adhesive |ayer positioned between the
conductive layer and the substrate, and an anti-reflective |ayer
bel ow t he substrate. 5. A display device conprising at |east one
transparent el ectrode having a condugtiivg | ayer, the conductive

| ayer including a plurality of nmetal nanowires. 6. The displ ay

devi ce of cl aimmnGs wikige®isn t he conductive |ayer further conprises a
matri x, the nmetal nanow res being enbedded in the matrix. 7. The

di splay device of claim5 erein the nmetal nanowires are silver
nangmﬁyes. 62 8. The dﬂgplggmﬁﬂvﬁﬁgmB*QETain16 wherein the matrix is
an optically clear potoypesing:9. The display device of claim5 wherein
the display device is a toygh screen, a liquid crystal display, or a
flat panel display. 10°“FHES ransparent conductor of claim1 having a
surface resistivity betonderivelbebdn thOsubgrale, A0 GondRdtioe lagdk. The

transparent copnductor of claim1l having.a |light transm'ssion of 85%
or hi gher. 12S£W¢%§%@%ﬁ%ﬁgﬁ%ﬁgh%%ﬁﬂﬁ%f%? of claim 11 having a surface
resistivity between admeuir nidietaotitefddivelayersd 3nti-glare layers,

adhesive layers, barriers, hard coat, or a protective film.

2. The transparent conductor of claim 1 comprising an
anti-reflective layer positioned over the conductive layer, and an adhesive

layer positioned between the conductive layer and the substrate.

3. The transparent conductor of claim 1 comprising a
hard coat over the conductive layer, a barrier layer positioned between the
conductive layer and the substrate, and an anti-reflective layer below the

substrate.

4. The transparent conductor of claim 1 comprising an
anti- reflective layer, anti-glare and a barrier layer positioned above the
conductive layer, an adhesive layer positioned between the conductive layer

and the substrate, and an anti-reflective layer below the substrate.

5. A display device comprising at least one transparent
electrode having a conductive layer, the conductive layer including a plurality

of metal nanowires.

6.  The display device of claim 5 wherein the conductive
layer further comprises a matrix, the metal nanowires being embedded in the
mafrix.

7.  The display device of claim 5 wherein the metal

nanowires are silver nanowires.
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8.  The display device of claim 6 wherein the matrix is an optically

clear polymer.

9.  The display device of claim 5 wherein the display device is a

touch screen, a liquid crystal display, or a flat panel display.

10.  The transparent conductor of claim 1 having a surface resistivity
between about 10 to 1,000 Q/o.

11. The transparent conductor of claim 1 having a light transmission of
85% or higher.
i2. The transparent conductor of claim 11 having a surface resistivity

between about 10 to 1,000 /0.
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