NANOW RES- BASED TRANSPARENT CONDUCTORS BACKGROUND OF THE | NVENTI ON
Field of the Invention This invention is related to
transparent conductors and net hods of 5 manufacturing the sane, in
particular, to high-throughput coating nmethods. Description of the
Rel ated Art Transparent conductors refer to thin
conductive filns coated on high-transmttance insulating surfaces or
substrat es. Transpar%coqductors rrﬁ e manufactured to have

¢

surface conductivity WIRESIRASEY P%M-HQQ'@%%T@B@

transparency. Such surface conducting transparent conductors are

wi dely used as transparent electrodes in flat |liquid crystal

di spl ays, 't olFACHEREIUND elFeDilr BYVRNHEent devices, and thin film
photovoltaic ? cells, as anti-static |layers and as el ectromagnetic
wave shielding |ayers. Currently, vacuum deposited netal oxides, *such
as indium ti Fidd obthiedavdiitid)) , are the industry standard materials to

IR M M e

oxide filmp afghufddd@ingethaBemB! PijfirtoRi=H aoaeh-thrdughguiiadhd thetodat her
physi cal stresses. They al so require el evated deposition tenperatures

and/ or high annealing tenperatures to achieve high 20 conductivity
| evel s. Ther &yRLdSidhef tRERERfESt W th the adhesion of nmetal oxide
films to subs‘r—@‘r'ﬁ‘t_——ra €s at are prone to adsorbi ng noi sture such as
pl astic and organi c subenspares copdyptorgsefee tar thiveanductivadipns ecatedns of
e o o S B BRSO AES okl AR
requir es s pecrz bezmdﬁafauﬁum@hothav&’buéaneemndﬂ&ti»ﬁthwh;‘ie owdrgainivp vacuum
depositi % | ?eans%%a I%%%!E{gajll\{l‘%ntsgarfer%yr.n §L%h%%%agé Qc'asna%rc]:gng transparent
conductors are widely used as transparent electrodes in flat liquid crystal
displays, touch panels, electroluminescent devices, and thin film photovoltaic
cells, as anti-static 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 oplically
transparency and electrical conductivity to dielectric surfaces such as glass and
polymeric films. However, metal oxide films are fragile and prone to damage
during bending or other physical stresses. They also require elevated
deposition temperatures and/or high annealing temperatures to achieve high
20 conductivity levels. There also may be issues with the adhesion of metal oxide
films to substrates that are prone to adsorbing moisture such as plastic and
organic substrates, e.g. polycarbonates. Applications of metal oxide films on
flexible substrates are therefore severely limited. In addition, vacuum
deposition is a costly process and requires specialized equipment, Moreover,
25 the process of vacuum deposition is not conducive to forming patterns and
circuits. This typically results in the need for expensive patierning processes

such as photolithography.



circuits. This typically results in the need for expensive patterning
processes such as photolithography. Conductive polyners have al so
been used as optically transparent electrical conductors. However,

t hey generally have | ower conductivity val ues and hi gher opti cal
absorption (particularly at visible wavel engt hs) conpared to the
metal oxide films, and suffer fromlack of 5 chemcal and |ong-term

stability. écc E&Engly there remains a need in the art
to provide transparent HOYMRIG hAYe dea Peeibreetbasepticatiyl |

optical and Wﬁﬁrﬁ’@@féi‘ﬂle!é%hﬁﬁ%édd%éboré ”I-I&gé\fek CtHéﬁenér%fWé&%r

conductors that are adaptable to any st r'at €s® can
manuf act ur ed eduptitityvehieg and theompm absanptiph-(paiticalbriy eighisivie

process. BRI

enbodi nent , E‘ﬁ |'S !sﬂesgrlgé‘ glf_%eﬂr EEY%Hag qg\lﬁﬂgggqseﬁpdéﬂﬁﬁﬁﬁ%fa* of

conpri si ng5 aclmbmiﬁadéongaiednatmnﬂuctive | ayer on the substrate, the
conductive | ayer inclu P rality. of nan preferably,

netal nanowires. 15In g %H@p eﬁ:ﬁ Saae?ff'éﬁé%aﬁéﬁpr@mductor
conprises a stmpa@hecorwmétoas ﬁ@ﬂﬁglaésmré oo #ﬂBﬁ SHdRe A nhf’c | the
conduct i ve I ayer 1_}lncl udi ng plurality of anow res e 3ded I n

a matrix, aPg %%I'%Pamﬁﬁlabﬁrtaﬂﬁ%ﬁfﬁ@t C‘@D@‘éﬁtorﬁdh‘d}tm adaptableitx any
In yet anot h@ub@ﬁ’é}@g'éﬁé‘”ﬁan B&%aﬁﬁf@&ﬁ%raﬁ'-ﬂtpaﬁgfhgﬁ% %r, \L%B&thﬁqua
t her” odi nent ,

conprises_a corrosion inhibi

it is destfi BB@ugbpuiprocgsEet hod of fabricating a transparent

conductor conprising: depositing a plurality of netal nanowires on a

substrate, the nmetal nanow res being dispersed in a fluid; and

formi ng a netBRIERSABMMARYhOFTHHEKINVSMTIODN t he substrate by al |l owi ng

the liquid 25 to dry. . oyt . . :

In one embodiment, it is described herein a transparent conductor

comprising: a substrate; and a conductive layer on the substrate, the
conductive layer including a plurality of nanowires, preferably, metal nanowires.

15 In another embodiment, a transparent conductor comptises 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 fransparent conductor further

20 comprises a corrosion inhibitor.

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

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



I n anot her enbodi nent, a method conprises depositing a plurality of
metal nanowi res on a substrate, the netal nanow res bei ng dispersed
inafluid, and formng a netal nanowire network layer on the .
substrate by allowing the liquid to dry; depositing a matrix materi al

on the nmetal nanow re network llayer; and curing the nmatrix materi al
to forma matrix, the matrix and the nmetal nanow res enbedded therein
formng a conductive |ayer. In a further enbodi nent, the

met hod descr ilayes ansrairing dhenmbizix preatérial tefbrina matrizethe netrieahd theaness |

wherein the ' rd,yen. a rotati,ng,. 5 reel along a
travel i ng pa?'HPéJéi?\%é ?‘H%é%“gegéﬁ‘?’ﬁ“ﬁéf"af'g ?r?é’"ﬂ‘é‘g%{ﬁ IEHt’&l:lowi res is carried
out at a first deposi therfusherichibdrhemoht hesthsPy&chibed Rerelh ¢ the
depositing of trix Ftﬂﬁte“al is carried out at a secon

he ] a S .
deposi ti on sPEFPEIPCHINGHGCrRdee! PIRressigainihe svbsiiais indrivembydiretating
the condugti ke bRy Wéliﬁ’%pﬁﬁ,térﬁf 8 UepbtindofRt e‘féf'n?ﬁowires is carried
phot o- patterned by "usi ng phot o- curable" matrix naterials.

I n anot her eRWdHiarptdepositips statien aiohg thehieavsiing pathamidticetdpesiting blir e
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In a furt hertl‘@\rﬁﬁogipaﬂ‘ntl, a | a{n' nating p[ ogests S desc[i b:d’sutjgt?r;'?e
process conprising: a | e Jam nate ructure to )

of choice, and renovi ﬁ'ﬁ#??ﬁ%ﬁ'ﬁbﬂ%%ﬂb@ﬁ&ﬁ@%@?ﬁ%é.Can be patterned, in |
yet anot Her gartesdanphbto-patidinedbyyusie\toto-bsraBRYRAtHR Rtherdie di spl ay
devi ce conprising at lleast one transparent el ectrode havin

a
conductive |ayer, thelt8iRitRRSMROdIBSR, it iﬁﬂﬁsﬁﬂﬁﬁ?@%ﬁeiﬁlﬂﬂwﬂé’@ of netal
nanow r es. mrdcmr@@bmpl ia'ih@.*e? ﬂéﬁ]ﬁ% ggml lbétYﬁe,J ANES C@&EE@%EZ he net al

nanowi res in an optically clear polyneric matriXx. ] | PTI ON
OF THE SEVERAglugingarnairix epbedded witlcs plurality of metal nanowires.

In & further embodiment, a laminating process is described, the
156 process comprising: applying the lamiriated structure to a substrate of choice,
and removing the fiexible donor substrate.
In yet another embodiment, a display device is described, the
display device comprising at least ane transparent electrode having a
conductive layer, the conductive layer including a pluraliy of metal nanowires.
20  In particular, the conductive layer comprises the metal nanowires in an optically
clear polymeric matrix.

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

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

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

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

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

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



In the drawi ngs, identical reference nunbers identify simlar

el ements or acts. The sizes and relative positions of elenents in the
drawi ngs 25 are not necessarily drawn to scale. For exanple, the
shapes of various el enents and angles are not drawn to scale, and
sone of these elenents are arbitrarily enlarged and positioned to

I nprove drawing legibility. Further, the particul ar shapes of the

el enments as drawn are not intended to convey any information

regardi ng the actual Flyapeldfa sthenmedic fliusiibtion afleeranoivdre. and have 30

been sel ected solely for ease of ogniti.on in th r aw FLgure
1is a schematic ill uStQ$ b%a%Pﬁﬂaﬁ%m%ﬁ?exPe""e‘F"&"’a%@E%’éfﬁ%"*z i s
a graph il ugtéaidrvalibbsids sPrtions wepélengths Bf Ryperti es of a silver
nanoel | i psoi ds at various wavel engths of |ight

Figure 3 i.llustrates Figsrediiypimtesheahsemtiorspectiing pf g sivenasamice 5
| ayer on g H%&%%b@?@&@@ﬁ@%?& L5 (?E%T%uq%%&”ate-

Figure 4 Is & grap trating expected va ues for various
resistivity properti eFigofe 4ismgraphilkistalingiexpacedyales SordaHAE er .

Figure 5is a.graph illustrati esistivity as
a function JPS'?%@Q(W%‘?J&%SF g@ao?é]ﬂsgﬁ%%%gég(aﬁirg%{vg%?{ea t%rF\ows an SEM
i rra?e ;)f a single sil FEpmﬁtmg% n_raipfa iimfnmgt ma@xp?itmﬁver?W\?s}sﬁviad atsa
contacts. ) jgure 7 illustrates a network of filamentous
prot ei ns thaf%'"cft@ﬁcocfi"%d’é%eiﬁ’%PB@?'P&’re?errpl ates for a transparent

conduct ofg  Figure 6 shibw 168 SEM imagslor alspiyidsipephsowiesaf f ol d
coupl ed to conductive 15 particles via various binding sites.

Figure 9 il lagsneelingdbatween Wrhmetebeeiacts: conductive network of
bi ol ogi cal tenpl at es E%?;FeﬂT ﬁlﬁsﬁ‘é’@? ‘ﬁ‘?ﬂéﬂ]\ldrﬁg fbmeARes 'p?ét@in@ﬁ’{ﬁ lfLﬁm%ﬁon

f
Figure 10A illustrate emati cal 'y an enbodi nent of a neta
nanowi r es- hasduolpgigakiprmpiates fooadavsrarent conductor.

Figure 8 ilustrates a protein scaffold coupled to conductive
15 particles via various binding sites.
' Figure 9 illustrates the formation of a conductive network of
biological templates based on the coupling of associate peptides.

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

20 Figure 108B illustrates schematically another embodiment of a
metal nanowires-based transparent conductor,

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

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

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

Figure 11 illustrates schematically a further embodiment of a

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



20Figure 10B illustrates schematically another enbodi nent of a netal
nanow r es- based transparent conductor. Fi gure 100 shows
schematically a further enbodi nent of a nmetal nanow re based
transparent conductor in which portions of the nanowi res are exposed
on a surface of the transparent conductor. 25Figure 10D shows an SEM
| mage of silver nanow res protruding out of a surface of the
transparent conductor. Figure 10E illustrates

schemati cal | y anot her leiglrediZshuwsad transpatent comluotur siacthrsiesting a

t ranspar ent Ot s . JEL.gur. 1 illustrates
schemati cal | 38%4\?@@58?“"3%%@%8% pf&seyhﬁl%ﬁgﬁzg * nanowi r es- based
transparent conductor Figwesd3a-180 $how &Y &Xanidlé BEA Hbfication process of a
Figure 12 shows a transparent conductor structure having a reservoir

for deliveri HgNEPIFAPSHONPRESE i nhi bitor (VPI). Fi gur es
s Pl Xl A S g e TR

conductor. 5Figure 144 OWs an exanp ss of a
transparent Yehspaerircopgustenhbywel cogfing. Fi gure 148 shows

by web coatipg. | Pl AR ol ol SR e er e
system and atréhspargrtcondsctdidsy wéb tadtingcat i ng a transparent conductor.
Fi gut e 15B shows an S?iﬂq}irnqgg&%f a _co dgc}li ve | é’:lyer fol | owi ng aor
post-treatnent of pre 8 PWS A WP Cogtind, p\sdem@nd Bollovs BioRe $hi
exanpl e dib afdvaivaitd @andpafsitesndidi@lr es 17A-17C show anot her exanpl e
of a |l am nation process.
Figure 15B shows an SEM image of a conductive layer following a
post-treatment of pressure application.
Figures 16A-16B show an example of a lamination process.
Figures 17A-17C show another example of a lamination process,
15 Figure 18 shows an example of photo-patterning a conductive
fayer.
Figures 18A-19B show an example of a continuous photo-
patterning metheod suitable for a web coating process.
Figure 20 shows a partial system and a process of fabricating a
20 patterned transparent conductor.
Figure 21 shows a display device comprising transparent
electrodes based on metal nanowires.
Figure 22 shows a fouch screen device comprising two
transparent conductors based on metal nanowires.
25 Figure 23 shows a typical release profile of H,S gas from freshly
cooked egg yolks.
Figure 24A shows the light transmissions of six samples of
conductive films before and after an accelerated H,S corrosion test.
Figure 24B shows the resistances of six samples of conductive
30 films before and after an accelerated HyS corrosion test.



15Fi gure 18 shows an exanpl e of photo-patterning a conductive |ayer.
Fi gures 19A-19B show an exanpl e of a continuous photo-patterning

nmet hod suitable for a web coating process.

Fi gure

20 shows a partial systemand a process of fabricating a 20 patterned
transparent conductor. Figure 21 shows a display device

conprising transparent el ectrodes based on netal nanow

res. Figure 22

shows a touch screen device conprising two transparent conductors

based on netal nanow r gguredft Ghbvs %%lréggg\@@cggﬁgﬁibg%@\@g@%ﬁ#‘%i l e

of H2S gas from freshly cooked e%g yo I gure
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sanpl es ofx conductive £il fore and after _an accel erated H25
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patterning abefnewndelfitesadadicaienassnbatapguct i ve film

Figures 26A-26F show photographs of the patterned conductive

films before and after an adhesive tape treatment at various levels of

magnification.

10 Figures 27A-27D show photographs of another exemplary

conductive film before and after a solvent freatment.

DETAILED DESCRIPTION OF THE INVENTION

Certain embodiments are directed 1o a transparent conductor

based on a conductive layer of nanowires. In particular, the conductive layer

15 includes a sparse network of metal nanowires. In addition, the conductive layer

is transparent, flexible and can include at least one surface that is conductive.

It can be coated or laminated on a variety of substrates, including flexible and

rigid subsirates. 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 certaln 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 nanowirs 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 to 100,000. Larger aspect ratios can be favored
for obtaining a transparent conductor layer since they may enable more efficient
conductive networks to be formed while permitting lower overali density of wires
for a high transparency, In other words, when conductive nanowires with high



5Fi gure 25B shows phot ographs of the patterned conductive filns
before and after an adhesive tape treatnent. Fi gures

26A- 26F show phot ographs of the patterned conductive filnms before and
after an adhesive tape treatnment at various |evels of magnification.
10Fi gures 27A-27D show- phot ographs of anot her exenpl ary conductive
filmbefore and after a solvent treatnent. DETAI LED DESCRI PTI ON OF
THE | NVENTI ON Certain enbodi nents are directed to a

transparent Qéﬁé‘ét' Fdtiok ahe Besll, e dersiynoiihé ndsowieyscthabichisves aicoaductive
particul ar, the conductjve I%yer 15 includes a sg&r,se nﬁ?two k of
ghit aljie

met al nanowi PEWOTK earkbRI oW @npuoh flat dineRRdUFiNe nefyerk is sul rent,

fl exible and arél.ﬁl ude at |east one surface that is conductive. It
can be coated or laninated on a variety of substrates, including
flexible and rigid sulinemethed tateinedhel transpasencyyafa layas talight is by ¥

anowi a5 THECTRIT ettty né BEifchOR ofdRphssnd B 1apet et
chem cal , negdfmedeat and optical properties to the conposite

structure. Qher enbodinents describe methods of fabricating and
patterni ng the conductive |ayer. Conddc®Ve Nanowires Figure 1

illustrates a nanow.re 2 havin n _aspect..rati o,equal. . gz
length L1 o1 Brigh mls ingoming Haht 42 ﬁ'éﬁ?“i‘%Bf‘@ed%}?‘?&m'?ﬁ@‘@‘%f‘%@?”l y
have aspect gaélitRat ik Prddent 5aa86ceNd sidb 6ithd BYeh)GNd dAisghe trangmrency
rati os can be favored for obtaining a transparent conduct r

L
si nce thdf nigtesntibihe traseaareney tciohta s dhria .qrp,Tg) a0 a'?‘{)xlﬁe eor ned
whi | e permi tfhﬁdﬂﬂe%ét)ﬁ@pemahhaﬂ?ﬂﬂiﬁd aYanpdr8acy @EtoAnBAION but less

transparency. | s, When conductive nanowires with high
aspect rat i othanrlecanskiconsideretbiodie substantially tranispaienks t hat achi eves a

conducti ve network ca?ﬁ:eé 0\ im%%maf&ggﬁgﬁgﬂ&%je\éﬁic gt wor K is

substantially transpa o define the
t r anspar encychafractetisticsrof thee ¢danghictivienabgwires 5 absor ption coefficient.

The i11ugnation of 1ight  Basie% thidQHHN ndePdithe fRH aBSoiRS BEGVES:
nanoellipsoids at various wavelengths of light. Depending on widths and
lengths, silver nanoellipsoids exhibit a high extinction coefficient to a narrow
band of light in the wavelengths between 400 and 440 nanometers and to
wavelengths of light above 700 nm, However, they are substantially

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

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

25 resulis of the theoretical modet shown in Figure 2.

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

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



| = ioe-ax in which |l. is the incomng light on a first side of the
layer, | is the illumnation |level 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 x is the

t hi ckness of the layer. A |layer having a transparency factor near 1,
but less than 1 can be considered to be substantially transparent.
Figures 2-5 illustrate sonme of the optical and el ectri cal

char act eri st jesistidfy i$ tfmrefor&jmduc&degrﬁaﬂww dismeterdmtdnsreasesdpsnd0 am to

t heoreti cal
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nanoel | i psoi ggsidebdlarncea, l‘imm\le@@tgahm ﬂ'erdecmafséd tmas}:tarermydomarrow band
of light in the wavel en ths between 400 and 440 nanoneters and to

wavel engt hs HPIFRLpRE raldieg e HENFRATCHGRRIACT { hey are substantial ly 20
transparegt between abg;‘the@éﬁoﬁr@a%%!&AJQ&WIré’mtr%heitéhd@betﬂfeéﬂi\ﬁvo

vi si bl e range. Figure shows the absorption spectrumof a |ayer of
si | ver nanowbthereleifieal tergtnaln 6a apd By cotpye\ddraan éleéﬁﬁ@‘WaCFOé‘ﬂECt("Pl?ﬁf
substrate. t 0. of;

ayer on et Bt ged RaARRTER, AP el i dRe et B 1 ©
440nmto 700mmuatg:mmdeg mtamytdﬁmrzammndtmdm pmﬂsﬁlnammtba:al nmodel

Theor et | cal “HBdERINgopRertar The rttich Bl abras bt

thei r di aget gHysicahPdrametars gﬁheﬁaﬁﬁmrﬁ ar@fselb&twmbrpeowdiévmercmsmd | Vi ty
decr eases subst antially althou abs rb. nmor can be

|
seen in Fi guprtical andlegripal prep S,-él' Ws"tui"ihew %ﬁ’éﬂrwkﬁﬁﬁ'}[&%’fq‘? B0
boundary a“ggu%f{ él@r?s‘ﬁy%?%trﬁﬁbﬂﬁe@k%eféb@ﬂt@?rcﬂﬁdﬁ%&ﬁ&b@‘elérﬂﬁ@lthan 10

nm As the aneter incréases, these ef S are drastlcal)liﬁ/ reduced.
The overal | candustian popgities fariserpingriamyies] §ade teyrming! 6). FaFe

that incr easﬁﬁwdﬁé%fjﬂ% MRdwfres 4 can extend from ferminal 6a to 6b to provide a low
16 resistance electrical conduction path, and the concentration, aspect ratio, size
and shape can be selected to provide a substantially transparent conductor.
Therefore, transparent, electrical conduction is provided from ferminal 6a to
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 to terminal
6b. According to the invention, the nanowires are selected based on the
desired optical properties. Then, the number of nanowires that provides the
25 desired conduction path and overall resistance on that path are selected fo
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 ¢) the connectivity between the
nanowires. Below a certain nanowire concentration (also referred as the



over 100 nm (see, also Figure 5). This inprovenent in electrical
properties nmust be bal anced, however, against the decreased
transparency for applications requiring a transparent conductor.
5Figure 6 shows a single Ag nanowire 4 that extends between two ot her
electrical termnals 6a and 6b, to provide an electrically conductive
path fromtermnal 6a to termnal 6b. The term"term nal" includes
contact pads, conduction nodes and any other starting and endi ng

poi nts that pegolbiiorethesshokly,dhé gorchwctivtythetivesntibe derpirals isaere /.esihes

anowi 165 angne LBl cOpR el e PegneR ng BRI g S .o

properties. f&h@pa{w nRIgsvethis epenttation, thératis Al Iéhstmne\wdenaom sedilable.
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conduct i on p‘g%ﬁléfq wserntaathé@{@mqwgie@eﬁhﬁlowawa 6%15‘§ B"‘Eég‘? GEvesyl For
exanpl e, gnurHHr gds-of Ag nanowires 4 can extend fromterninal 6a to 6b
to provide a | ow fS resi stance el ectrical conduction path, and the
concentration, aspectCoaductye shrewirgsdngiudpametahpanewitasl andiatber o

provi de a su
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nanow res that pfovi desired conduction path and overal |
resi stance dhan ha® np‘aﬁhd@‘a@ﬂ@@w@ﬂ ansl merd reterarly: 195 Manel ONBL 1A% cal

properti eg f.Q @Qb(ﬁ} cp}elf GlelsQh és‘(i}%é@tr rﬁfxé pgﬂlé’tﬁ{»\mtﬁ%f SathP

t er m nal COI’I uctivit ranspar ent ayer S
mainly 15 thamt nmrbmawgae)aternbamwdmdmwemyefmfabw grea@r thand98wi r e,

D ooy Rre S P50 B PO Syt
concent r at i Qmnif=aibA Csilver, gokiedoper,trikekel, 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, 4736-4745, and Xia, Y. ef al.,
Nanolefters (2003) 3(7), 955-960.

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

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



percol ation threshold), the conductivity between the termnals is
zero, i.e. there is no continuous current path provided because the
nanowi res are spaced too far apart. Above this concentration, there
is at | east one current path available. As nore current paths are
provi ded, the overall resistance of the layer will 5 decrease.
Conductive nanow res include netal nanow res and ot her conductive
particles havfn%Hngﬂ]aspect ratios (e.g., higher than 10). Exanples
of non- net al | 12°MERBtIe [dkeqtettPynikesipefMagnetingnd Semicanduetisig Nanawdnes,”
nanot ubes ( : I ' , UG LV, l.hear s
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wi re conpri si®uprdusrRettNanowires,” (B908) PAIRSoyal. 100, net 12, 6848:685tddao,

(i ncluding I i ) on oss sectional, di, j.on of
the met al nanoei Ean s T As S8 bR R R ot MARRits TR o
nore pref e§ alfNAS et30(12)26948698M, UMS, Appliestionlural Nb0/oms, #10 A0, e
has an aspectPrat.l 0 I(%%ﬂ,gt \B d%ags of greater 15 than 10, preferably
greater than 38YSRA] la@}l\\é&% Py BEEGART , Whigh refergncesi@feabl e et al
nanow res camdifpdtatethdBindMihelfndfetie Nl udi ng wi-thout linmtation,
silver, gold, copper, nickel, and gold-plated silver. The

nmetal nanowires can beMgregracHigaliyy acaodustive taterial pha corsugtar (e.ona
articular, s AQW ; d ' .

Col Ut on- phacis gTareiey L& argehD obf & Kl Tanb It op an ey
in the prHsehetwasn thepohguitive material endyértaire bipbingaites éngl, peptidevi ny|

pyrrolidone), - t.ion of silver nanow res of uniform

si ze can be S‘re‘g%r?%afg@h%olﬁélﬁgg@&emﬂl@%rmt hods described in, e.g.,

)N(iea1 Wl tero | (():ggm 3N?tme9rss 96%9'2%% ?bmaotﬁyﬁ?teﬁﬂ?s ﬁmb@’ctréﬁte@b%' ’

ne: ters - . ernatively, e neta
nanowi r es caﬂﬁégaﬁr&ﬂgf:éﬁf’ 855‘%‘”@‘%?@@?%@&’%%@(‘@@ tq epndyelhiesgi cal
scaf f ol ds) t patticRerthdtbind ftetha biciasbal Eafpiasa TRt ondlicil©gimabs BBhgr i al s

such as Vi uses nd_phages can function as tenplates to_create netal
nanowi r es'® | FARAN? of WrBRHYGWIRSHETS 2 eaninupus eogrbativerdayas Thisprecass s
engi neered t g Ay ect bR} & ¥ | 0
Taver s ol Suchoaconc 183 izl Of Heh” AR RSl o,
of bi of abri céag.or gtahsaldwen be corverted 6 anptenmentalenejal in WMepreserBe of g

Ser conduct | Uk The (eBhiuhy Blerle et B 16 el BlopliBRRRRITes™ "
etal, "Viral andgrwd iptood cartinentehe@liimriayemn Dot Nanowi res, " (2003)
S 00 i L By ot i i
2946'- 6951, I Lbs&oltﬁ@bidldmttaimqt@wl.:\glher%gﬁlegl%h%gdi ,pigv\%i{rs”ﬁgféah?&converted
ncor por at edMLHETa o] HATER Ph 1A SSedTaigHalicyer. The sead materal can be -

selected, for example, based on a material that causes the nucleation and
growth of a metal out of a soluticn containing a corresponding metal precursor.
25 Tollustrate, a seed material layer containing palladium ¢an 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 he 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



More specifically, a conductive material or a conductor (e.g., a
metal nanow re) can directly bind to a biological tenplate based on
an affinity 10 between the conductive material and certain binding
sites (e.g., peptide sequences) on the biological tenplate.

I n ot her enbodi nents, a conductive material can be created by a
nucl eati on process, during which a precursor is converted to
conductive particles that bind to the biol ogical tenplates, the

conducti ve paPd,iGd, &%, mIWgCﬂ,EM@EiO@aCb%Il@fs (el t bepy), Qm%ysg Fe'HiiBy(e.g.,

conti nuous co rocess is also referred to a
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converted i ntpgovide the tempigiésfoe dreatingd the msmmmés ahc!bdibl@ Fr tér: ihe seed
t at

mat eri al can be.sel ected, ,for .exa on.a materia
causes the mPc?PBi?ﬁ Bﬁa%ﬁFcl bEFiS R H" esaaﬁ‘g?@ ﬁ‘@ut Thgrleghnigesdergelecting..
cont ai ni ng af@iﬂﬂﬁ@éﬁ@Qﬂglﬂgeﬁ]%taablo%%‘é%ﬁﬁﬁal tl'ﬂ’ét Jﬁ’ cbuﬂlé‘?&f%ﬁred%é@fd

material |ayer co 8 ai n| ng pall adi um can cause mneralization o

Cu or Au. As %fen f@kaWM%Scrll?QﬁIné}ﬁaﬁmwga’@prmoa;d@mﬁét&&a and
accept abl S%ﬂmf b@t’h pfREEASGR R RPN b EhrBribddfho Og]é%ased

mol ecul e, Au or an m) ecu I'dé con a zinc
oxi de may be QMEW @J‘ldmr@IlelalfPQratadﬂteeemhy refEmmpJ es of the seed

mat erial 30 include Ni P Ilosor

alloys. Metals, netal A3 &’{3%' ag%\ﬁecﬁl?t’%{d%%eég? ﬁg& 230 A %%Pé'de

i ncl ude, wi t leoathet bivlogidai mteri@hca%e erynedrbd to Rile dfinityRites lea W Cr,
Mo, Ag, Co al Fe alloys (e.g., FePt) or
1102, Co304, %ﬂ%é‘%d(s ﬁ@f‘af }%N%&%%MP@H‘C&‘@% m%f?{ef?f ﬁ%ﬁlﬁaer PERtigR? num
oxi de, i ndi umithiaffinittitele ,spédzlﬁd(ﬁllatewm 6k beriaRRTTedAiodgh atpr&e%l&%uery

t ant al um oxi de, ni obi um oxi de vanadi um oxi de or zilrconi um oxi d

5Any of a nuREFSPSDFU 7% RiasedisnB) yenst disolm el suriace displsy %9@'@“’: 0
provide the Fepgtais id M6 ces£ 3t pﬁ@eterr@paégﬁheﬂane@aﬂ\gw GBS (e P”%%d' ng
proteins, peptides, phages, bacteria, viruses he
techni ques f BRaGRS) 8eR ba greatest b ingerting asvide wariaty atdiierentsesyieneds of
T e beleet RO o 8 e S e HER iR
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 conirol 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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10 101158, 596; both applications are in the nane of Canbrios
Technol ogi es Corporation and are incorporated herein by reference.

As not ed above, biological tenplates such as protein, a peptide, or
ot her biol ogical material can be engineered to have affinity sites
for a selected seed material or a selected conductive materi al .
Proteins or peptides 15 with affinity to a specific material can be

I dentified through a protein discovery process such as phage displ ay,
yeast di spl aybatceatij peptitba cepiteipd with bmdmfﬂﬁrﬁy ftﬂmlve)xgotﬁlo@ pbmadidm

Creat oa by 1 ek PP Hentiesl s Bat be FeSthorated it & alee Reuduigto cromte

peptides int @naﬁomhhmﬁ Uﬂﬁbr@fon%%séﬂ‘@gmosé\opﬂi@t)ﬂiage fp:ar»tict& hi gh
affinity for a 20 specific target nolecule can be isolated and its

pepti de structure can Belogigahngterialg other than phages cap bp aised s templatene
genetic SHURRILS IR Fnah@n‘?gﬁédﬁdﬂ@t‘i\}é%{an trsg%&sag A1) TR BrEfdirdsO

provi de a nunber o artlc ar 'pept seéquences I'n certain
types of ph agmlqhaaedﬁ-aslsembld:into lerxgaetpﬂrmis of lemstof #000ng indergth ciin B8 u2éd

proteins can_be arranged,in . an,ord the | th ML3
phage particPg&" a{tﬁr@a@ I%er{geeci; ?w%n@eﬁgslyn%ﬁcﬁ@gegp%tw
specific pepprcianﬁeqmersgﬁtiiebiaéd txamum:rlnaaﬁ Rirgdrasshedtratio wanphage, bi nd
a conductive 1&333%@ thereb b R‘% conduct i ve na OWI res. of high
conduct i vi t yWh saft'j'é%‘ﬁ%"l RP" f goecentieloRs ¢Tihe pondughys iy
to controjp thﬁn&lﬂﬁé‘éetﬁ(dﬂitﬁmﬁll rpyabmblar@@aé&ts ?Mﬁéélé@lrﬂérgte%ld?ﬁ’é‘fh%res
t hrough the use of biol ogl ca npl ate nol ecu roteins

havi ng speci Phaga partieles, kaee S@alemntﬁaﬂtmré@fpmma@u@gqa@nmes IR
t hat end, pe ing affinfiy for silver, gold
H uOBrqcaf aBl ey, Rl Sl

or pall ad| um hcan be i ncorporated |nto a
phage structure to cr dagure Bafowsraeschematic deénsionsif angotbbnswdffold & haying of

Led”as t enpP RLEEor BpaPARESEa ERIGE ¥ cichhd 04080867 TnE BRaltp
exanpl e, 16i | aitasrﬂreuss]qntauittelhasewhlatﬂm:tg Erithe seretubtiee partmie$ cmgh ashands
ft f th b | t |, at
(see. i gur o) 0l A i AJSoALITY, 35 pHIGG <R Fahave foslniy B spe " °

synt hesi zed pptdiRYRyar (BIEhPH ahg Alls) &apes fuftfbh Budidae tihasiductivel ch

| eads to | ower percol ative threshold_concentrations of the conductive
particles, such as Cu and the like. The protein scaffold 8 can also be

engineered to have a plurality of binding sites 8a with such affinity. ltis
20 preferred to have them spaced at frequent and regular intervals along their
length to increase the conductivity of the final conductive layer.

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

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

Figure 9 fllustrates 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 ob at

30 respective ends. Binding partners can couple with each other through any type
of assoclative interaction, including, for example, ionic interaction, covalent

12



10 nanowi res. Additionally, proteins are easier to synthesize in

| arge vol unme than phage particles. Large scal e manufacture of
proteins, such as enzynes used as detergent additives, is well

devel oped. Figure 8 shows a schematic version of a
protein scaffold 8 having a nunber of binding sites 8a coupled with
conductive particles 8b. The binding 15 sites are selected to have an
a}‘ finity folr tﬁwﬁurylbdyngbgmbmmg Wéiﬁbphsmc i’nt@rfacﬂ&n, aﬁ@;hemkeaﬂ’deNi :

Al ternative Yy t he bin tes 8a_. have, an a it or a,see

mtor 1l | ayorniptegon Bakikadhe 5sobfis ESifeR o end b shep e ti e -
conducti ve pardskehdhy of 3k Bortficiiie maHdWiras irté B m‘i’é}@orﬁfe@iea'meﬁﬂ?émg.mg 8

can al so be engineered to have a plurality of bind mgosmes 8a with
such af fini ty.@Sishong ipghe,final sequegce i Havie & B agsqeistionpentides avd theiind

regul ar integer g C t.y sOf
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material, suc h:oaee@tlopr onoas-npnmtlm land other desjrenlrﬁlapes fcu; thensaridyctive

engineered u5| 0 i.S,enqgine

correct di rrenS| onsﬂ} @‘% e&%&ﬂgép%%% mﬁ%"ﬁ%?tﬁg@n@@g %Ygghag hape
25 and aspect atre&dpbhm&tohﬁeprmh scaffaid 8 hfrdthel p?@lleﬁ'ﬁécaﬁaklelfdrﬁi acan
of the motal . TENGIKe MeHoHRTs FisBELont, fi PRI SrER Asdp Bbo loma
fabricati ng ceefivtikipyier i@ﬁtﬁ@mrﬂﬁ@ dfHEorRueiRIh&Rlall enpl ates. The :
protein scaffold 8 can further engi neered to include binding

partners such as associ 'Eh!l@ the pse ghlsiologicaigmplate hadeg pespsiaie Pefdiden as .
Bi ndi ng par t ngf Gam; M#r%r%"%l@%s%?ﬁﬁe%ljﬂ%tmﬁ oF BT RYe YBFoffighty

associ ative interactl ronic I nteract
coval ent bondbﬂgﬁctm/dewmhbnmw@e bwrhifpwmraﬂdnmmmneemheand t he

eheour age.  noPBAEE BeBRSPR, Wi RinAb s AR iRyt B,
M e Syt kY A
tlhgu': spe.to encour age t-%é'"ﬁﬁq%rﬁqsrﬁaéyﬁ W EJa W&“&ﬁ%?%g%@éﬁ%n
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In the exanpl e shown in_ Fi t he conductive material 8b has

al r eady boundafl‘éaﬁtﬁ%esp?fcﬁ'@gﬁc%[lyabiaﬁﬁqj eguiRsiurng of RRNGMBIIIR 18elHE%:0) ds
forma networ kglutidn ﬁﬂ%ébﬂn@mat'@ﬂ%éPr%ﬁed%}%%rpih%ﬁhﬁuﬁ affbiedkd B can

also forma 10 network prior to |n|nq he conducti ve
mat eri al . 20 itemperature deposition, superior conformatity and production of conductive

layers.

Conductive Layer and Subsirate

As an illusirative example, Figure 10A shows a transparent

conductor 10 comprising a conductive Jayer 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.

13

~



Thus the use of biological tenplate having associ ate peptides or

ot her binding partners allows for the formation of a conductive | ayer
of highly connected network than woul d be possible with random

nanow res. The particular network of the biological tenplates can
therefore be selected to 15 achieve a desired degree of order in the
conductive | ayer. Tenpl at e- based synthesis is
particularly suited fof fabrlcatlng nanowi res of particul ar

di mensi ons, ~ nor phol ogi S4atdn defesrissssalidsiate nrRteridhinto whlichnihegetal of

0101 091 o211 ¥ rRAoRed BRI e iBAOPRAE LR ARG IS 72 U O
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conductive | r Lav r, _and .Subst

illustrati veq)el‘géﬁr?pf’%%&tﬁ?"ﬁ%ﬁ' ﬂ&ﬁgo“ﬂrqsraé‘ﬁ{dﬁg\"éﬁ% a@BYFdQﬂifQSm Qf(ﬂ‘le
conpri si ng accmrhubtlm layer.| Byematk m&a&tgﬁmem ﬁﬂmlféétfﬁ‘onjrédve]:é‘@ 25
conductive | ?é\ﬁrqn %%I ses plurality of metal nanowres 16. The

netal nanowi PIGuBHANAS GREresien Rnd abrasion, In particulgy tiee taBix
shows anot hemgﬂmaémlyaowérsahé b@r’?ﬁzﬁﬂﬁm BQb'é E%hlei'?s "T'ﬁﬁg‘émﬁ’ﬂmei'%e

conductlvelal?/ is formed on t . strate
| ayer 12' in® %i'o%%mﬁlswrﬁrtﬁﬂqst%m%ﬂﬁ ﬁieacads r¥ygen selfur bd émbid@ded in a 30

matrix 18. "Matrix" | rial to whi ch the
net al nanovvl res are cﬁ é%‘@?%"é?‘%?“ﬁ%g%%e@&ﬁg@t%ﬁ'ga’ trﬂ%ChﬁBWB(M res
may pr ot ldeProperties Eﬂethemonductwatlwar aFort@campﬂ;é;ht&:a@Qﬁeﬁae h@hdshtf to the
conductive r%ﬁ;}b }é{ éljé hes $}ost f r the metal nanow res and
provi des a physi cal 'form g“&% dlﬁ‘tdﬁ {Y8s,| RRAMERETICIOTOTgRG nalrices
protects t heembe@iedwaﬂnmtaeﬁaridvﬂl%%dﬁibésr@o@ﬁﬁhﬂ Rexse! s vfnﬁlpéor S, | such
as corrosion rasio articular, the matrix si I cant

| oners the p%$%§8§9blﬁ PO qet@[;!pr%g@, Texitle Biatines maketiheoa@ fodabrisate Y
such as noi stanspareht e6rRIVBITRIM a Riv-cat, %h tﬁﬁiﬁgﬁﬁu p"‘r gr and the |ike.

In addltlgn the matrjx offers favorabl |ca rrechanlcal
Moreover, the optical propertles of the conductlve layer can be

tailored by selecting an appropriate matrix material. For example, reflection
loss and unwanted glare can be effectively reduced by using a matrix of a
desirable refractive index, composition and thickness.
Typically, the matrix is an optically clear material. A material is
20  considered optically clear if the light transmission of the material is at least 80%
in the visible region (400nm - 700nm). Unless specified otherwise, all the
layers (including the substrate) in a transparent conductor described herein are
preferably optically clear. The optical clarity of the matrix is typically determined
by a multitude of factors, including without limitation: the refractive index (R,
25 thickness, consistency of RI throughout the thickness, surface (including
interface) reflection, and haze (a scattering loss caused by surface roughness
and/or embedded particies).
In certain embodiments, the matrix is about 10 nm o 5 um thick,
about 20 nm to 1 um thick, or about 50 nm to 200 nm thick. In other

30 embodiments, the matrix has a refractive index of about 1.3 to 2.5, or about
1.3510 1.8.
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10 properties to the conductive |layer. For exanple, it can provide
adhesion to the substrate. Furthernore, unlike nmetal oxide filns,
polyneric or organic matrices enbedded with netal nanow res can be
robust and flexible. As will be discussed in nore detail herein,
flexible matrices nmake it possible to fabricate transparent
conductors in a |l owcost, high throughput process. 15Moreover, the
optical properties of the conductive |ayer can be tailored by

sel ecting an appropri alecentair émbotinenisaihe retfix E@W%lﬂer Widras bisBn
| oss and unmg%e?rgg?%are c n be effectively reduced using a matrix

of a desirabl BEARL Y“Pftﬂ?)!“afé'tsnﬁagtﬁ 51535 RAVIRTS-aiedewn In the art
Typically, L Imammpies of duRaifio poRichBEdsCRNE bE Adlnot B £ 21 1
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in a transparent conduct o @pt ically
cl ear. The opplyetiylesiedeiephthalate ﬁ%E'ﬁapalyestemabﬁWmé landqiyebrioRgspy a

| d f h th f
Mndex (R). 30T b aliorodfe Hh iahatehustih s shnells aresoh clnoss.
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caused by surf ce I‘Olr,lpr, and/ or enbe articles). I'n certain
amy

enbodi nent s, &5 8% aT@etm‘ﬁﬁﬁ:@oyeﬂTﬂrmﬁ@aPoblb'dﬁieﬁo nmto
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the matrix has a refractive 1ndex o 135
to 1.8. epoxy, palyolefiis)(aeg Poliropyienedpatynetsylpehienepand oyclisolefins),

pol ymer, whi

cl ear pol ymfgygﬁgﬂﬁﬁg%oﬁrﬁr%tﬁ%n%%? %@e%@sﬁeé%ﬁlggﬁ%a%ﬁém%Wﬁ?@{h%
mat ri ces i ncfilikps-cantainiag golyorers (erytlmdysﬂmsqpmkmaﬂd mﬂygtlanés)as

pol ynet hacr y}La. acryl ate)) at es
and pol yacr y# %‘ﬁ'?’?'.g °'%eﬁo'°§fa Véé@%g%%t%%r%ﬂ 0’%81%}18 t%’lng"% é’

po: yet h% |15nteEPBr SPR; ElDM)ear(le!ﬂTdropmhmeS(é@r, Pﬁ@]?myftﬁén%tfﬁrontéé\d )

pol ycar bonat e ree of aromaticity such as
phenol i cs orP i%fsggfuﬂgﬁﬂﬁn%b%ﬁ@reﬁgb RIePreRyians).yroeplaiers of

pol yvi nyl t ol ﬂtmm—nlelﬁnlawlhsrwlio\eﬁr‘b%ﬁ%tefﬁrc{le)y rDLﬂﬁﬁonW%-MadﬁrcS’f &

pol yam dei m nfﬂg)é E‘EP therr nmi des, polysulfides, oly ? ones,

pol yphenyl e 3 ’ﬁ?ﬂ%ﬁ@rﬁlcoé?lb@ﬁfﬁ (esb G}YrT@PﬁbMé\Sélhl@laséﬁoxw

pol yol ef i ns eog® AFUWIDE pg;,ﬂ ene, pol ynet hyl pentene, and cyclic
olefins), acrylonitri]e-but adr ene-styrene copolymer (ABS),

cel | ul 0sP8s, siliconelf eiher enbrdimentsi thenmattnisdminatgapis materisl. (Fer g.

pol ysi | SesqL&x@ﬁ?@%()%B%eﬂﬂéﬁf&'b’a@@&?ﬁ srhgé) er(rM%t% %@'ﬁ} & §d§ l\flg(y 92!203.

polyacetates rnenes, syn
rOz. Al203-8i02, MgO-AlQ5-Si02-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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16 EPR, SBR, EPDM, and fluoropolyners (e.g., polyvinylidene
fluoride, polytetrafluoroethylene (TFE) or pol yhexafl uoropropyl ene),
copol yners of fluoro-olefin and hydrocarbon olefin (e.g.,

Lum flon(r)), and anorphous fluorocarbon polynmers or copol yners
(e.g., CYTOP(r) by Asahi dass Co., or Teflon(r) AF by Du Pont). 20In
ot her enbodi nents, the matrix is an inorganic material. For exanple,
a sol-gel matrix based on silica, mullite, alumna, SIC, MO-Al 203-

Si 02, Al 203- 5&i®2$ cugtﬂuo&vmsa&m;@@eﬂbﬁé@cmbai&hﬁigétpﬂmIéthmrﬂ&mﬂ OR& ek
used. In certain e nﬁ"@ u1: emairlsteIf %Bondutlve For
exanpl e, the TR gfﬁ' r2UEGIeat e} BAapYTRsapust PdhBol yner s

are 25 wel | kamdnofive lafsr 18 dachishehied picosh trdMolPdridBioohl ¥ (3, 4-
et hyl enedi nryt hi ophene) (PEDOT), polyanilines, polythiophenes, and

pol ydi acet yI efppguctive. he surface G tidtyiaféhe @qmluctwedaver@muer@eiyve
film, 1efsr rbofoRRlidRs buldstbefiEidtheANNEY 1b B8 EnL Ml igenide

conduct i ve la of the transparen conduct or
present, the viehcaabe meastirediny Imemwnéihbdmerth@ért met al nanowi res and

the matrix is also ref as_a “conducti i N .
conductivity is achi evgj}éﬁg ’e‘h ? kX '5??5‘?558}/35'5%%'5@%?‘3?&]@%‘? WHe
nmetal nanow rsafficterd netileranowinds fodieebinermdhadictilaN AvivEe8 s, “BreshbRIS ent

in the conduct o ,reach an electrical percolat|on t hr eshol d
and becone cg?ﬁfﬁ'ﬁ ‘e\‘/éle rqf%@ ta ghestantags R doe metal parpwirgsdycupiahicafier e

| ayer is 1mV%ﬁmhg’oﬁh§rcﬁﬁ&JdtW@Iﬁbréﬁmﬁtéﬁth%%h@ﬁ&wé‘fa?eﬁhéé’ brsﬁrface

sonetines referred to as sheet resistance e neasured by
known met hoddesistivity of ge more than about 10° prq@w\ag{@r Qfihve hhe thigghalddogding

ecome. conducs oy oo in Rels o astho it ) 63 gelfierte AR 7'
to a percent dgaresrofagglomaraionranddie resistivity ukihg lrtuetalfrtaeowwes
_ As is understood by one skilled in the art, the mechanical and
16 optical properties of the matrix are likely to be altered or compromised by a high
loading of any particles therein. Advantageously, the high aspect ratios of the
metal nanowires allow for the formation of a conductive network through the
mairix at a threshold surface loading level preferably of about 0.05 ug/cm? to
about 10 pglem?, more preferably from about 0.1 pg/em?to about 5 pg/em? and
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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10 | oadi ng of the conductive |ayer at which the conductive |ayer has
a surface resistivity of no nore than about- 106 12/ square (or n/:),
The threshold | oading | evel depends on factors such as the aspect
ratio, the degree of alignnent, degree of aggloneration and the
resistivity of the metal nanowires. As is understood by one skilled
in the art, the nechanical and 15 optical properties of the matrix
are likely to be altered or conprom sed by a high |oading of any

particles t hElseﬁernchvatfﬁtagewstuﬁzbehened Fhegwhaer;l;afma@maaewms t he

metal nanow Fr@ﬁ.ﬁa

t hrough the ér@tﬁ?t?dxédgw %%'?‘E’gﬂ'gfé sur?é; Léh m?ﬁcéeﬂ\?\gﬁ pre era%l y of
about 0.05 pgdmesDSWHmstnamwpgfIGa;ﬂnam enm'ebrfmtammged’nromeamiux'le 1
pg/ cnt o about era from

D gt o apceldsprReiTanBRfies uRES ol B4 Pidtel B B0y rafe g chtne.

| evel s dosnoinatiki8e tAlsd & paadrasl a:mldderssmbm obhariviee/ suchasthiddlbe
matri x. These vyal lrf%s depend strongl e di nS| ons._ an ati al

di spersi on o¥ectifR 1RGTBaY P@?”d%HWW%tE@éWlEQW19 et ﬁé’l?éﬁ"b g%ﬁ ors
of tunable eﬁeﬁewrb@%ds%awatmwbxe&tphsae&ﬁaﬁgﬁjde%@é knd ﬂ'\éﬂ}lxa}Bdthe

optical transparency 25 can provid justing t | oadi ng

| evel s of twme@fthﬁma@@tcowueprbenqm@mdum sFlQLtfﬂéOBcb‘hﬁuctlve
| ayer spans t NESS Fi gure
b adhant S déErohMEKARRD B el clialB of bife efiBoiiiPetd T 9
exposed da atrampﬁmécd:ﬁ:ﬂmtortshmmgtamontaﬂmef endst drel rs|ialldfeetimtimrmntsle i on of

the matri x materi al sfea 30 particul arl

useful for tWW'TEEPg(gﬁ%%%O(\,’é %bxml% ﬁ%‘cfpﬂr ngducé trgnsparent y

;:(r)]nduc]E or can di spl)féylrfdl:méﬁ@ﬁlt:mmdmlthfchnd%umvatlayeg&?brmmﬂoysthefrwel
er eo ure | at es IS, ve ne

ot Al nanow TRGWERS SaRedteh A Rarioy 3 the mPE s ShPadL BRI They

As shown, WhidnGuétReBaf@NoE@RPiesTRffla BSrIDABPINCTRaRAS aRBXirde ent | rel y
submerged in the matrix 18 “ends of other nanow res, such as end

16b, proﬂﬁuo@%@?h’"ﬁ%ﬁgﬁﬁﬁf’a’@éh‘i@alfﬁ Bhe 5 matrix 18. Also, a
portion of a mddle S%dsﬁ?te@for” }’u‘h{eeo?chénﬁé’h r&érsﬁb%%&teﬁﬁ%‘t&n 160,
may protrude above the surface he matri X ) enou

nanow r e endehidiotheasomdobiiigl layer dscaatedsoriagminates. r“UtﬁeStw@tie’@ aan erfwldu X
18, the surf I €.

Fi gure 10D é}q%x@:a ﬁ%négl[b%ﬂéféﬁagnr&n%?%r?gpgégiug) e su ggglteo one
enbodi nent afholee” is typically used in connection with a lamination process, as will be

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

25 polyviny! acetals, polystyrene, polyacrylates, and the like), cellulose ester bases
(e.g., cellulose triacetate, cellulose acetate), polysulphones such as
polyethersulphone, polyimides, silicones and other conventional polymeric
films. Additional examples of suitable substrates can be found in, e.g., U.S.
Patent No. 6,875,067

30 Typically, the optical transparence or clarity of the conductive
layer can be guaniitatively defined by parameters including light {ransmission
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10 transparent conductor show ng a contour of ends and mddle
sections of nanowires protruding above a matrix in a transparent
conduct or. I n other enbodi nents, the conductive |ayer is
formed by the nmetal nanowi res enbedded in a portion of the matrix, as
shown in Figure 10E. The conductive |ayer 12" occupies only a portion
of the matrix 18 and are 15 conpletely "subnerged” in the matrix 18.
"Substrate", or "substrate of choice", refers to a material onto
whi ch the comdiisizeyeLi bvteansnﬁsmat@’drsdo thepercattege oflireinsidest light e can

be rigid or fle trate can be cl gar or The,term
Substr at o JTATEHIRET QU BRI 5 yEdHl s S neRts: R o fengmission

| am nati on Mf%@@ﬁ&du@ﬁvé/\rabér 98t I%Qstfiio%blﬁ@% b@ﬁ@h@;n aaWBdombier 41 9i d
substrates include, for exanple, glass, ycar bonates, acrylics, and

the |ike. Surangpaent cengusiosnswbish wduwm@r isgposited aaminated ed

;gphlto g!ﬂy:!?t e gt?os@r %mp ébgﬂﬁﬂfj@gm? I ns @teS%bJ&FF?T%ﬁga IS}{@%‘anhed

and cyclic pmnynﬂl*eﬂl ﬂ?@)‘fpnmriop«en‘n,ahsmg dayers, spai wamgdh@slwajayeteann-

pol yacr 1 at d8redin Rt SrpralS T ik BREL ot SRt BIGRE o sveral o

triacetate, jight ﬂraﬂsnﬁ&tmaﬂtﬂé@)ansmémthMGgSn ?ﬁﬁdihsa@nbodlments tlhe
n ot her ti ona

| th | |
bol yrreri c f i B RS iasy S AL Bansarest corouiine £an b Al S0butatstve
found ingg e.aghos, dieast P@%e&tat'}@ast 80Randdfdy be 8 HRHGR dtYeast b0 0RGR!

transparence or clarity of the conductive [ayer can be quantitatively
defined by par anet er sHaziis @i index ofdiEbt diffufiern, 1§ sfeys to Hiedparegniage ofi ght

transmni ssio
tranom ¢t ed 152Gl of Bl poPRpARRIARE i andShanpdBhing
transmn ssi onranfsrrns}smmdJTdiheﬂiglwtéramm%asidnswhtchIisehanelgsa%'amdty@&thebe as

ayer s degBivee e F 3P &PlefaR S er) G BefPloq SRR e

transm st onondhricbe any embetded partities er cargpdsitionial mteﬂogedéitiesih%md

Per f - | a d
ant i o1 of | cC TR ybpencii el e Pee aUIRS oA a TR 2 ",

reduci ng t henéréahai 40%] Bdinotd HARB%,Tr B ridretidh 5%aMINAKEDE as RAECt Or .
I n various enbodi nent s, t he |ight transm ssi on of the transparent

conductors d'@ﬁ“%f@tﬁﬁn?éa@@%% at least " 10 60% at |east 70% or
at | east 80% and may be as high as at least 91%to 92% Haze is an

index of light diffusion. It refers to the percentage of
erformance-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 infroducing additional [ayers in the fransparent conducior
structure. Thus, in other embodiments, a muilti-layer transparent conductor is
described, which comprises one or more layers such as anti-refiective layers,

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

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

30 layer 24 positioned between the conductive layer 12 and the substrate 14, and
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the quantity of light separated fromthe incident |ight and scattered
during transm ssion. Unlike light transm ssion, which is largely a
property of the nedium haze is often a production concern and is
typically caused by surface 15 roughness and enbedded particles or
conpositional heterogeneities in the nmedium In various enbodi nents,
the haze of the transparent conductor is no nore than 10% no nore
than 8% or no nore than 5% and nay be as |low as no nore than 2%to
0. 5% Per f or reethite =3eh 26 positionsaliaior BAubsipated 4almess stdted othrdvics,i ve

| ayers have rior physi an chani cal charagteri sti due fo
Lhe mmtr i PHERE! DreARVRTS g7 24 miked Gan BRonePt RAR aaneateyers, ank
i ntroduci ng igeldyeRaladhadios RyeR, bAfiel BPEIS PRHrg Bbats A USIHRICHVS filke! ur e.

Thus, in othér enbodinents, a nulti-layer transparent conductor is
descri bed, which conprlkelBYyese2024 atd 86 seryeverieurcnetiongniuchast | ecti ve

| , 2 bz | . | ' : d

| aYer s, 2% el o SR op ARSI SRl ImpRPiGEE BBl 20

mul ti -l ayer tprepesies afibe ronspactnd coductonihes: additionzolagerst alee réfayed 12
d bstrate 14 d i bed above. T | £i-1 L t

conduct or 20 67 tRRLIPTRBNGR PURICHOTREL', paly s OO B B HTE e Re

conductive | antHglake jayers; adbesivelyrayiedriigrdapas, driddied bt WaR Bektdin

conductive layer 12 and the substrate 14, and athir

layer 26
positioned bé& iRt ANe: HNEgNEe-gIARCIE &AYST @&V@?ﬁé? %ge% of
the layerg 2Zor édarfipié, &?aﬁﬂfbﬂ@@th@ﬂ%é%aﬁ‘afs% antiibn B8l IRFd c¥& dmaXRES .

antiglare | ayers, adhesive |ayers, barrier ’Qﬁers, hard coats, and
protective fLpiferiayge |Imgdditiorptp thoinspaeicrsopastiese thespsriarnanearct i ons,
such as 5 en | 19 ' nce and i nproving the
mechani cal p?gﬁ%e%pﬁf%}‘ﬁéeﬁagﬁg%gﬁ%%tdeﬁlé%\%%?@i. These addi ti onal

| ayers, also r;af err ;—Jd In@.nagn‘:mdifmm,ﬁayatfﬂéslaaanili{ejlebm@' aﬁir, layen24ie
one or nore Ly - re | ayers, adhesive

| ayers, bar r?_@radl“ésﬁ‘é‘lr %%’é\régd ﬁ%%géég’a%géﬂdl%ggertai n enbodi ments, one
per f or mani@e- enhanci ng Ihayethepembodimentyidyer P2 & dbavdfdotil Jayed 2ty a

exanpl e, an antj -[ef | ecti.ve Iag¥er C | sp function as a hard coat

and/ or a bar PPEIET [AY§Eand lgyes iﬁ?'bﬂ‘%‘?@?"?ﬁt@’ﬁr]a%eﬁeci fic properties, the

per f or mance- enhanci ng 1h y¥edrotidrentiddingsHt] ysr 2238 a cmbileftion@dahanei n.
In one enbodi nent layer 22 is an anti-reflective layer, layer 24 is

an adhesive reflgetive '&M‘?I- paf-glare @ hagrier layvar gnd @a[la:r d geatnlaysiothis an
enbodi ment,  bay&ivelidyésS afd RAEA26 Raln antid¥féctivd 1dyer.a

20 “Anti-reflective layer” refers 1o a layer that can reduce reflection
loss at a reflective surface of the fransparent conductor. The anti-reflective
layer can therefore be positioned on the outer surfaces of the transparent
conductor, or as an interface hetween layers. Materials suitable as anti-
reflective layers are well known in the art, including without limitation:

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

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

30 light reflection of surface 28 and surface 30 cancel each other out. Thus, in
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barrier layer, and layer 26 is an anti-reflective |ayer.

In yet another enbodinment, layer 22 is a conbination of an
anti-reflective layer, anti-glare, a barrier layer and a hard coat,

| ayer 24 is an adhesive |ayer, and layer 26 is an anti-reflective

| ayer. 20"Anti-reflective layer refers to a | ayer that can reduce
reflection |l oss at a reflective surface of the transparent conductor.
The anti-reflective |ayer can therefore be positioned on the outer

surfaces of [

ayere.  vat o/ tE SSERRRS B8 A FerREN Dby e Aoy ol R 0B 0,
in the art, thiekuding without 'limtation: 25 fluoropol yners,
quoroponner bl ends opol yners, .se e qg., S. Pate Nos.

5. 108, 267, &, 225, 244, HRIGSHONSES eAeaIso bé redudad by 1% BRET g e USS of
enbodi ment s, iekRirb@ shifades) @@ eC@UJ @epa@éritwd '5820957&?&4&@:@&% on Autoﬂex
controlling the t hi ckness o e anti-reflective For exanpl e,

with ref eﬁen%ﬂ&ﬁm @ﬂﬂMOEVGWMO@W%W%W?@HM@MYW%an be
control |l ed such that nhﬁ'ﬁ%{é ]gg%p; ’#ﬁ’falsﬁ%it'??%*‘gt-’é&ucggﬁ'ﬁ‘a’éﬁtﬁgm

surface 30 cancel each o vari ous € ,
anti-refl ect raﬂecticnrwaran cutelmufacd 0the trahspar&ntmondacianby priogiking fine

Foxt o ed”our PLERGSN &) R b sl ia HIRASRLSHILY Sbiffretheterials,
Ztrjlt 'g\?t O]:al e)(Aﬁrtel | aron‘t mﬂhbr Wt[ fer S@A{vghmﬁmﬂﬁtgtrudr{ ﬁm’mea arm S nt ed
R Teer T 3n abosiisne M Hend Boftiane & Publ S iRtekitaseosa ey g kod
providing fi fé@m? %Wﬁ%?ﬁe% ba?pﬁwlésaF61¥a.@tmet ﬁ|ﬁbcélmibséeédo°~‘§drylﬁﬂés

Suitable anti-glare erials are wel nown in the art |ncI udi ng

wit hout [ini @Ih@fvﬂﬁch g1ayeeaipaEse ailght;fﬁﬁwg/méwélﬁwm as| cofeidalios duned
(e.g., butylgpcetate é‘%t 0% Patit ﬂ%@’#@%@?é@?&{?ﬁtﬁgphﬁs@wﬁ@h%’h?@es

pol ypyrrol es pol yurethane, nitrocel se ates, " al |
whi ch may coamﬁ,gaz;zsm @fﬂndauanﬂagmignm@meﬂe reat@halasanbave)rrmmsc@le

5. 456, 770 oo TP hetahging i Glondh o AbOER: pludoRnBhdorte

materi al s cardhewglame.croscal e 15 conpositional heterogeneities, which
can al so exhibit l|ight,diffusion beh Vi or

1
o coar i o i el O ap e B R e BHS B i et
provi des add;'tr"oinﬂaabdamﬁmaﬁwaqﬁre@bmﬂa@egﬁatmtatmmmsawﬂ

Clich s 20 porHIPS BF salabsig combARBNEIELS RO PR
s1 L1 coneso PadiydctyiicsCepdis] yély@étha?@b %Iy@nhnesymmbbypow(gﬁcdaaérgg.d;oat

al so corrprl ses [1ca
Nos. 5, 958, 51and 50 mATmleaﬂyeff@z“@rdzgmt a&ﬁ@cﬁ%@%ﬁ@l&d% Flﬂl@fu tSeer 8in. )

The thi Ck”es Eé]ghib%réjg 544, 7914 )2 BCE)bY Efe,éoéﬁdargi%ﬁérachstcﬂeéo Rm

The degree o SS cén e éval uated by known met s in the art,
such as by therem) The thickness of the hard coat is typlcallyfrom about 1 to 50 um. The

degree of hardness can he svaluated by known methods in the art, such as by
25 scratching the coating with a steel wool #C00 reciprocating 50 times within a
distance of 2 cm at 2 reciprocations/sec under load of 300 gfem? (see, e.g.,
U.S. Patent No. 6,905,756). The hard coat may be further exposed to an anti-
glare process or an anti-reflection treaiment by known methods in the art.
"Adhesive layer" refers to any optically clear material that bonds
30 two adjacent layers (e.g., conductive layer and substrate) fogether without
affecting the physical, electrical or optical properties of either layer, Optically
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25 scratching the coating with a steel wool #000 reciprocating 50
times within a distance of 2 cmat 2 reciprocations/sec under |oad of
300 g/cnR (see, e.g., U S Patent No. 6,905,756). The hard coat may
be further exposed to an anti- glare process or an anti-reflection
treatment by known nethods in the art. "Adhesive layer" refers to any
optically clear material that bonds 30 two adjacent |ayers (e.qg.,
conductive | ayer and substrate) together w thout affecting the

physi cal, ele i ! i i i " jcally
Ol 2ar " adhes vaargiRes Gp nfinf e PR F i dhalkihg b g oL
limtation: aaoryliciresingsihiinateidl aefinratingl resing ofving chivsidewingl snetaié

vinyl chloride-vjnyl acetate,copol [, |l el c acid resins, .
chi'or i nat ed BB JBrRL B ESls, e et Rast e fyciaihbe rasns,
cumar one i ndgjiyandde Rssing, 88BN ininBYEGRE TH4IRY bf ARAERS-FIn{ ceffe Y Ter ,
pol yester resins, urethane resins, styrene resins, polysiloxanes and

the |ike. 5 copolymer, polyssiariresing, ajethane iesapestyigna resigss polyainxanesiante s
or prevents ggsyed fluid perneation into the transparent conductor.
It has been shown that corroded netal nanow res can cause a

signi ficant decrease i Bartier layes'tnefdars td a lByecibatieduces onpraveniegss as t he

|ight t i i f .. i b i |
o Pact | valy i mtmRabd Buf SRR Bl @Y Blotorl Wb Hdeh Shol AR o2
%ﬁ”dgc“ ve Ilaupa-ndemmewrmha?wtmcam_ usteﬁaﬁgmfgbany\ﬂeclmeads@mntmflﬁati?alx.

e arri a rs. are we no n e ar | NC N W U
T T oT0 BBV Sea! ap Rl BnAmsioh SHNRFON SN B U
Patent Nos. Sabf}! cﬁﬁ@ﬁé&ivéty%‘ﬁbiﬁ&%osﬁ?er%o@{&siv@gas%& Sfibrincpthe JP

Patent No. 57,061, 025. Mreover, any of the anti-reflective_ |ayer,
anti-glare | é?@?h_lcé'ﬁa ’QW&%‘&P@N@@MQ‘ ameil sgnewiresis the maips he bapear
In certain emRed JRILS) kidih iﬁ‘ﬂﬁ ?r;tr,]'ig(gﬁ’diné Pﬁﬁ&ﬁ%ﬁt@ﬁorﬁ%@%?ﬂ?&my

further conpri'se a protective ove e conductive 1 ayer (e.g.,
| ayer 20 22) Patend ApplieadioniNe 2004/A253163y B Ratent NaseRiS8P&98madcan be
made of t i fda@ Xl t I

protecti v?f ??én?'ér% %?eﬁétgﬁﬁv%pgzhég?’ ! %'?Hm'ﬂ? gg&ﬁ%@p@@@@ , %r85ver,
pol yet hyl ene angwéiet dnditraflectiveiEler, antitgjdra iayee and ther lept chal aaneslso act as
pol ynmet hyl nmethacrylate (PMVR), acrylic resin, polycarbonate (PC),
pol ystyrene, a[tﬁrggﬁ?%qre (TAC), pol yvinyl al cohol, polyvinyl chloride,
25 pfjl yvinyli dfene. ch: dgioéﬁainrnhhbteﬁrh?dts,ﬁﬁen&ﬂthlalb/m_ ncfipﬂbénta@mtoe
copol yners, pol yvi utyral, .al _ion-crosslinke

byl Sne. et RRAUIIST comitnbe asplRriimaboye Bt semueiialpyedhgndaver

pol yol ef igs @p).t fife bididtive Bln isibicdllyieRbRS fHdedtntod malEdf thBGanBVVA,  or

TAC because of their high st reng[t h. o
material as the flexible subsirate. 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), polyviny! alcohal, polyvinyl chleride,

25 polyvinylidene chioride, 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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Corrosion Inhibitors 1In other enbodi ments, the transparent conductor
may conprise a corrosion inhibitor, in addition to, or in lieu of the
barrier |layer as described above. Different corrosion inhibitors my
provi de protection to the nmetal 5 nanowi res based on different

mechani sis. Accordi ng to one nechanism the corrosion
inhibitor binds readily to the netal nanowires, formng a protective
filmon a netal surface. They are also referred to as barrier-formng
corrosi on i niolokhInhibiforone enbodi nent, the barrier-formng
corrosion inhibitor 10 includes certain nitrogen-coptaining and

sul f ur - cont ai ni ngor gdRPENSE EPEdIRRTS, dirraesanbRNGUCTar MayRsnysise a
i m dazol es aeerrE»%rbﬁmkbﬁar, in Q&@gcfmwmi nes omg%anﬁe%y@eggaéé&ﬁé dto

form stabl e conplexes on'a ne surface to provide’a rrier between
the netal andboves Biffeiandooneosion iRbibiters amgyl rovide piatedtiontothe eah) is a

common or gani ' L.nfkbit.or for. copper or copper alloys 15
(Schenme 1)%?‘ hﬁﬂ@ﬁ%ﬂ%&g&ﬁtOh{ygéqulitﬁg%qh%flgﬁ‘lgl es, such as tolytriazole
and butyl benzyl tri azmcerdi onkesnedhanigae the doBeeiondnigbitor Birlds r&adilgnt
No. 5, 270, 364. A"ﬁ‘%lf‘} i or?a?_ "ngqﬂiot abl e exg I %e of c?p{ ?si:_Por: ilqhirbi tlgrs
ncl ude,  but 8 TRIE aNGMTES: TPRANG S AERRENG PR aBetal surace. They are

5, 6- di et hy| hrBFb@irdatobehareA By oResBARIMibis, 4- thi adi azol e,
2- mer capt opyri m di ne, 2-nercaptobenzoxazole, 2- 20

mer capt obenzot hi azol e " 8R4 embﬁémalf);%_b@fﬁahfoaa@e@rrog‘eﬂmi@r Anot her
bi ool oo "efiaes SpAURRIREHRBHRMAY Al S g Fiardp compounds,
These i ncl udsugnas aropiatimbiazolgseisidazoles angddbiszaies. Hrbessompoeniis have
peptides andeérP &&jngnﬁl%?éé ’Bl fgﬁ‘n stable complexes on a metal surface to provide a
barrier between the metal and its environment. For example, benzotriazole
(BTA) is a common organic corrosion inhibitor for copper or copper alloys
15  (Scheme 1), Alkyl substituted benzotriazoles, such as tolytriazole and butyl
benzyl triazole, can also be used. (Seg, e.g., U.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
N N
~ -c N
\Cu-.N/N\N/Gu \N/ U\N/ \N,—CU

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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with fused peptide sequences with affinity for netals, e.g. EEEE
see, e.g. U S Application Serial Nos. 10/654, 623, 10/665, 721,
101965, 227, 101976, 179, and 11/280,986, U. S. Provisional Application
Serial Nos. 60/680,491, 60/707,675 and 601680, 491. 5C her
barrier-form ng corrosion inhibitors include dithiothiadiazole, alkyl
di t hi ot hi adi azol es and al kylthiols, alkyl being a saturated C5-C24
strai ght hydrocarbon chain. This type of corrosion inhibitor can

fﬁl f- gssenb![ﬁtkfms@d pepide ﬁqném viith éffn'nmf@r meiafy, S.BQGEEESE bese.@)U. S. oS
erepy protec |ng sur f ace I’I’O

S SSSSSS8 sss%@'@#%eﬂﬁ% “@Sp%ﬂ@%‘i% 10{@@5 n%Q{ 55 g%?e %ﬁ‘?ﬁ% r %’PF{S
conduct or cafy;s8pda, @S@Fo%%ﬁfn&%ﬁphﬁé’ﬁn%éﬂaﬁﬂo@ 6()?‘;558@1499'IOBO»‘?YJ'?'61?5t or,

provi di ng a cont ' nuous su he corrosion inhibitor in the vapor
phase. The(ﬁﬂwﬁﬁﬁ&m49hhlbltors 15 suitable for such sustained
delivery include "vap ( P = " y
vol atile %olid naterlgﬁ@ﬁ?%iﬁpﬁﬂ@hghég §'nf%ﬁ%f%?X%EEFQ@§¥ﬁ@§%%$ﬂ§
3ulr fac esdof etllhﬁ dnmbﬂu‘ialxdimnw anda!kymmnalagemuﬁj o sat\faked eaﬂzmracijght
elivered tq the neta aces e S sust.ai ned manner
for long-la F’Hﬁagf anapﬁfrgs%pl"gm? E’&Fﬁ'&lﬁelga ePBl’am ng
i nhibitors shefl ﬁﬁfécéltamheémoa&aﬁbrt(sbmrhe gyl itpstebyeprotddiiy the metal
di t hi ot hi adi azol es and al kylthiols, as descri bed herein.
Figure 12 i [SUifae® HP@LCH@8da transparent conductor structure suitable
for a tomgh screen. More specifical lgghpgge seals 32 and spacers 36
are positioned between two conductlvek1ayers 12. In the space between
the two conductlve | ayers 12, 40 are present.
The 25 reservoirs 40 are mcrofc di stributed
such that their presence does | in the
transmttance of the transparerit servoir contains a
corrosion inhibitor which.cdn ' a polymer matrix
or inpregnated into a poro ' ' it can be sublimated
into the vapor phase to f e surface of the
netal nanowires (see, inger).

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, VPls 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 atkylthiols, 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 befween two conductive [ayers 12. In the space beiween 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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5Accordi ng to anot her nmechanism a corrosion inhibitor binds nore
readily with a corrosive elenent (e.g., H2S) than with the netal
nanowi res. These corrosion inhibitors are known as "scavengers" or
"getters", which conpete with the netal and sequester the corrosive
el ements. Exanpl es of H28 scavengers inciude, but are not limted to:
acrolein, glyoxal, triazine, and n- 10 chlorosuccinimde. (See, e.g.,
Publ i shed U. S. Application No. 2006/ 0006120.) In certain enbodi nents,

the corr oSt 0QuyfIBioh 8 rdsnfbir oohfns s S0t RAGAY B RGHWING) gAiper sed i n

the matri x provi presence does not adversely fect the
optical or ehewpoiated inhr @ pelytiee mabix eripisgnaiediniod paiges matelararer

enbodi nents, t.he.netal nanow r.e |

corrosion i n‘H]i" 'i'ftgﬁng)gfsﬁgm\éieddﬁpgﬁg%%ﬁﬁBﬁ%eép’)tgg{)ﬁejaJngonﬁgg%r gﬁgg'}t}eat e.
EOF exarr]PI e, surfage Bt méﬁﬂﬁamdvg&sqm, e e- coat ed wiigh a )
arrier-formng corrosion inhibitor, e.qg., BTA. In,addj.tlJon. e
metal nandwires can a@ﬁO'H@gttPé‘Q?@BF W?%W'zfn‘fqrqumpé‘hft@&"ﬁsirB?{e
Metal anti-tacmhshith heBkBE0s Slchicht (IO VA.8)hidRitRtHe mSRERAAOWIres,
treatments targeting H2S corrosion are described i S

. N ¥ nl e. gl': ) U '
Patent No. ATtG&e,@ussionrehiviias arigionsiasdsegyenoerst poigefigrs’, which
2005/ 0148480 : ﬁé”rp&. 'smrg, e §
nanow r es ca%onﬂjea%wﬂ(}}%%mglrté]gﬁg%gga%%rﬁ anoﬁ%er r%%qn gfﬂgl ggg . ‘regr?e to
corrosi on byH# seavphgensdneilideyent are nBbimitecatopherpledi, plyoxalntiagnes arsl tan

b | at i th | d, .whj is | iLble.to. ' S.
251 1 cer 41 rERBROSHIRIALE: (RS ¢PanyBEnE S RIbRTLNG oBReBN At |
can be fabricated by yReérts embotineptsithsson®sionmeiibittriegshe8t coating
and hi gh throughput web CO&'[I n am I’lo(iltl ng

. .In other enhqdigents, a |
met hod can b¥aURERrs)eARIR dgeryaed i?f}h? H@?%FPJPY@%[?H%H%PB%%Q%%"
descri bed hejfiefselpafic; tHeesptichPoredéoHiva Srepesiet oPthe dondactivenags. to the
current fabrication of the metal 30 oxide filns. I nste t he

. d,
fabrication processeslahepembadinests, tgimela) pajowires can be pretreated
15  with a corrosion inhibitor before ar after being deposited on the substrate. For

example, the metal nanowires can be pre-coated with a barrier-forming
corrosion inhibitor, e.g., BTA. [n addition, the metal nanowires can also be
treated with an anti-tamish solution. Metal anti-tamish treatments are known in
the art. Specific treatments targeting H;S corrosion are described in, e.g., U.S.

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

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

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 reguire vacuum deposition, in contrast to the current fabrication of the metal

20 oxide fims. Instead, the fabrication processes can be carried out using
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conventi onal sol ution-processing equi pnment. Mreover, the fabrication
processes are conpatible with directly patterning the transparent
conductor. Nanow re Deposition and Transparent Conductor Fabrication
In certain enbodinents, it is thus described herein a nethod of 5
fabricating a transparent conductor conprising: depositing a
plurality of nmetal nanowi res on a substrate, the netal nanow res
being dispersed in a fluid; and form ng a netal nanow re network

l'ayer on the;gpybsidnal &nh}bnqirb@é@s édagmiénw K‘Iofébvdf i’he febAcamhal
nanowi res can be pr epare as describ bove. he netal nanow res

are typi cal |Broesssge giepmpptible w@uﬁiaeetlbpaﬁ%nwgé‘ﬁ%ﬂﬁwaa%ﬁ@gmiueém | t
I's understood that, as used herein, "deposition” and "coating" are
used i nterchangeabl y. Any non- corr05| ve | |qU| d | n Whl ch the netal
nanow r es cavarfosir Rerdsiioh e : : et al nanow res

di spersion") can be u ed. Pref Fooly : [ e

di spersed in water, cgﬂ@gh%pgocﬁ ixstsk'&‘sg'ﬁlés éeas[cﬁgc?cgﬁ ipa% 8‘8&*%6‘0053 or
an aromatgc fﬁ@ﬁd@ﬁﬁg a(thmemm cdn@lubten Compxisliresn depﬁltﬁng)a peatity of metal
preferably, the liquid is volatile, havin ahgm g 8|nt of, no, nore
than 200C, M#NRWITES PRASuUbslRie, e ek Aan T pbeIg glepereed in a flid; ang
addi tion, thgmiRk almaauMore Hetlisik HyaPoBHE ma&a:brbyaéinewmgwsé figia o

bi nders to control vi scosity, corrosi'on, adhesion, and nanow re

di spersi on. & Exanpl es of suitable addi tives and binders incl ude,

but are not limted t r

ot hyl cellul ose (HEC)%%&%F%%X%‘%%M“W%E'PQ ‘Z?F%be @By? Wfrr%th |

celdl ul Ofﬁu ( Mtal mmgwresla? typiofaﬂgh?bpér@&d\m a ﬁqulﬁ)iogpgl!lﬁaéh@Wmttlo(lTPG)

and xant han .gum and_ surfac

al koxyl at es,'gﬂf"fléf%ﬂgﬁg tr&f’ﬂ‘i %?e”‘c‘f@eﬁ% @?é‘ﬁs&“o&?’ﬁg &%ﬁﬁ% ﬁéergijs

Cﬁpol anr S, |§tu+dhangéaaﬂ¥ | Ay ﬁme?rrosﬁheﬂmfdanmmémtals:mnbwmcca?mat es,
osphate esters uor osur f ac

IIon oﬁe exanpP& agt %@‘ﬁ?ﬁ’@'c’al (@ %P@ eééi "aﬁ?f‘b("’eﬁ ﬁ%ﬁ"%ﬁ%ﬂgg CBS}D%ﬁel ght,

from 0. 0025%ska. Prérdpabhys, ﬁﬁ‘;clhéfél nélﬂ)v@resa?eﬁléﬁéreéﬂ ftwaRAGH dlsohol, @m
0. 0026% to 0.05% for Zon FSO0-100), from0.02%to 4% vi scosity

nodi fi er 180 ketong, ethgrg b f@F?@G“? angeaiomagic §olyspidbenzanes tlusnenrens r om
94.5%to 99. ch{?. Mare preferably, the liquid is volatile, having a boiling point of no more

than 200°C, no mare than 150°C, or no more than 100°C.
In addition, the metal nanowire dispersion may contain additives

and binders to control viscosity, corrosion, adhesion, and nanowire dispersion.

20 Examples of suitable additives and binders include, but are not limited to, |
carboxy methyi celiulose (CMC), 2-hydroxy ethy! cellulose (HEC), hydroxy
propy} methy! celiulose (HPMC), methyl cellulose (MC), poly vinyl alcohol
(PVA), tripropylene gylcol (TPG), and xanthan gum (XG), and surfactants such
as ethoxylates, alkoxylates, ethylene oxide and propylene oxide and their

25 copolymers, suifonates, 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® FS0-100), from 0.02% to 4% viscosity modifier

30 (e.g., a preferred range is 0.02% to 0.5% for HPMC), from 94.5% to 99.0%
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solvent and fromO0.05%to 1.4% nmetal nanowi res. Representative
exanpl es of suitable surfactants include Zonyl (r)FSN, Zonyl (r) FSQ,
Zonyl (r) FSH, Triton (x100, x114, x45), Dynol (604, 607), n-Dodecyl
b- D-mal t osi de and Novek. Exanples of suitable viscosity nodifiers

i ncl ude hydroxypropyl nethyl cellulose 5 (HPMC), nethyl cellul ose,
xant han gum pol yvi nyl al cohol, carboxy nethyl cellul ose, hydroxy
et hyl- cel | ul ose. Exarrpl es of suitable solvents include water and

i sopropanol . soiverﬁ a]nd fron'{ %b%‘»% C}E élrr%%\;vf?e{ @Iﬂ%érﬁ& \@@%gﬁ'ﬁiésat;f.' on

of the dispersio ove &r Cent
sol vent can Mtabmmmtmncimzw%esumnw@ eseféanyé@dFeHbasmonents
the relative

same. In par@‘lr']ﬁé'l’g ‘Féhﬁmq gbedéT b&ﬂ ﬁ%ﬁ@pﬁ"{"ﬁvgﬁﬁgna% gal ) he

modifier is Eﬁaﬂﬁﬁéebf wxiametmoé@n@edmérsame mrmpamutne@]yﬂdeuutobe

rati o of the vi scosM,}I/ fier to the nmetal nanowres is preferably
in the rafge(HitM@h gt ﬁC?W%ﬁ@mba@gm?%e‘y\él%a{CH@"’r%ﬁrp%ﬂ"eﬂ'ﬂb met al

nanowi res togg %?E%Jo%}yaéiﬁyl#:éudése‘?rﬂa% & shilta A&'@ol@é‘ﬁiﬂ%c@h

560 to about e rat1’os ‘of conponent t he di spersion may
modi fi ed depanmtisogropandlhe substrate and the met hod of application
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nanowi re di sy ki iheleme. I paﬂiéurar QRe rétﬂa@ftr@enrfambtdthamsbbﬁty
nanow res on the substrate for subsequent Eroces& ,{Jql steps. Moreover,

the pre-treahpdifier is frefe@blydn FheerénB@IPf abput SR jte AUt 8 wiharalio gEeer ni ng
step to cr ea\];l ﬁy Rilakier gﬁﬁe e fﬁ*la‘i’nb@ﬂe@fs dr&erdbiNA e F%i%ge"bl? aﬁbﬁtb ige

di scussed fur I n nmor Bre treatnments I nclude

sol vent or oamwa@poee@.wﬁghe reéiator tg, matepeawiten te thesurigptanbisal | y
pat terneg | NiElfRdly # e iy rﬁ%ﬂoﬁfﬁﬁﬂ%b@ﬂt?%é’%ﬁb?% cdhiSEHeR Y orC"

ionic st nanow i Spersion r surface
treat nent s dhe kiispergidrasap be ma:ahfrmrdepebumg pariee substratesand themeatbedeofa 30
di schar ge

removed by PRIGAIAN SRA: ThE P&‘?}’E\ES%‘?Q'P?%% effSP @%E@Fé@i‘? glfﬂg'lsgq?eatl ng

(e.g., baki ngtwedmebdgsidrid 10D gFanowi r e net work | ayer may require
Post .t 1oat ment can beORipAebs SubeiAte riR PO P EAB LLPIEPED SSHIzEe
pl asma, sQr apdeltesEianethe éd}éseawﬂ dePbsifsrPeINe ﬁam;ees @uirfaed phe! ow.
freatments serve multiple functions. For example, they enable the deposition of
a uniform nanowire dispersion layer. In addition, they can immobilize the
nanowires on the subsfrate for subsequent processing steps. Moreover, the
pre-treatment can be carried out in conjunction with a patterning step to create
25 patterned deposition of the nanowires. As will be discussed further in more
detail below, pre-treatments include solvent or chemical washing, heating,
deposition of an optionally patterned intermediate layer to present an
appropriate chemical or ionic state to the nanowire dispersion, as well as further
surface treatments such as plasma treatment, UV-0zone treatment, or corona
30 discharge.
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In certain enbodinents, it is thus described herein a nethod of
fabricating a transparent conductor conprising: depositing a
plurality of netal nanowires on a substrate, the netal nanow res

bei ng dispersed in a fluid; formng a netal nanowi re network |ayer on
the substrate by allowing the fluid to 10 dry, coating a matrix
material on the netal nanowire network |layer, and curing the matrix
material to forma matrix. “"Matrix material" refers to a material or
a mxture of material sFellowing:tha depesitiinnthe ligiel issemoved Inse\debiation

h in. noners or
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a polymer/solvent system simulfaneously caused by solvent removal is also

20 within the meaning of “curing”.

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

23 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, polysuifides,
polysulfones, polyphenylenes, and polyphenyl ethers, polyurethane (PU),

30 epoxy, polyolefins (e.g. polypropylene, polymethylpentene, and cyclic olefins),
acrylonitrie-butadiene-styrene copolymer (ABS), cellulosics, silicones and other
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5 fluoro-ol efin and hydrocarbon olefin (e.g., Lumflon6), and

anor phous fl uorocarbon polyners or copolyners (e.g.,CYTOP(r) by Asahi
A ass Co., or Teflon(r) AF by Du Pont). . I n other

enbodi ments, the matrix material conprises a prepolyner. A
"prepolynera refers to a m xture of nononers or a mxture of 10
oligoners or partial polyners that can polynerize and/or crosslink to
formthe polyneric matrix, as described herein. It is within the

t
know edge of ' ' £ ik L. v desi rabl
polyrer Lo matira oo pduhelt (Tl pdbigebithant dad B tbpuges! 1201 ©
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7T adi ot o’ ERE e, Sy el MIRABSRG: & chdn AR fetenasea on
phot o- cur abl golytetrafiliyraethglensTikE) &qidwémompr@pw@,rclﬁpbwew@ﬂi ation

In selective _regiqons. In other enbodinments, the, prepolyner is

t her mal - c & aﬂw,%-q(i?ﬁsw%faﬁir%rm@leﬂrh@eu-by{@ﬂwg@axa T@@("ﬁb@'ﬁﬁe to a
heat sour ce. fgehbYiteR pbiymetd6: cHpblierdTee 81 LHIOPS 1 Adafitblhss B3 B I 1 X
material may_optiona conpris sol vént” Any ndn-corrosi ve 'sol vent
that can eff§§€¢ﬂle¢~l§/b}§§uﬂm@-or di sperse the matrix material can be

used. Exanpl es of sui t!r‘"ilg{l'%r %Rl'bxgiﬂﬁe?xté ﬂ%e'{ﬂgﬁx\p%%@%é’%ﬁ@%w%ml , a

ket one, tetrahydrofuran, hydrocarbons cyc ot an
aromat i ¢ sol pepblyfiezn Adpepolyaientreters ioyd ebduresdf engnonidins dba enixture of

preferrably, the solvent. is . volatile, having a bgjlin i.nt _of, no
or et harl G5 0BREOTRGS el el s ehet Gan ROV RGeS eRART SBERINK 0 orf the

In certain epbigmierteRistix, bb des@ibetiherdi.e it it heChBWddye ot one skilled
cross-|linker merization initiator, stabilizers (including, for

. A pol ) . ]
exanpl e, ant INGR® GEHP 35legii IRV of aidepTabls Ro9ENS By 3 SHIARR MoNPREE | o
and pol yreri gagdrfis pdfymdihi bi tors for greater shelf-life), surfactants
and the like. 1n other enbodinents, the matrix material may further
conprise a corrosion iMAPKeEed embodiment, the prepalymgpisahoteeec@nble, e

coat ng, et qathapner fifincifeck Akicr RIEEING uioH SEREIR G rptlifth, Ae

Sheet coati ngillike dasctikédyl i Moe detalt maticas besatlion phaoicarabie prepalgmets

substrate, | CarPe }Jét?e%gcf by E)i(pcgsﬂrésf’élﬁécrﬁgﬁo%sih selective regions. Inother
embodiments, the prepolymer is thermal-curable, which can be patterned by
selective exposure to a heat source,

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

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

In certain embodiments, the matrix material may comprise a
cross-linker, a polymerization initiator, stabilizers (including, for 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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Fi gures 13A-13B show an enbodi nent of the fabrication of the
transparent conductor by sheet coating. A netal nanow res di spersion
(not shown) can be initially deposited to the substrate 14. A roller
100 can be rolled across a top surface 105 of the substrate 14,

| eaving a nmetal nanpwires 10 dispersion |ayer 110 on the top surface.
105 (Figurel 3A). The layer 110 is allowed to dry and a netal nanow re
network |ayer 114 is forned on the surface 105 (Figure 13B). The

SUbet rate may require &spoiedtheesit, ﬂ??ga?%pa?@ﬂgﬁﬂdwtsd@ﬁﬁé*réldrféate‘afbya
uni f or m nano ersi at  adheres to
substrat e fo%rs‘%@g'é%‘g ﬁ%‘h@ié’(%%iawﬂnmsamr'@amm can incl ude

sol vent or chem cal vvashl ng, heating, deposition of an optionally
patterned internedi at e(a) ay&hetbCpategent an appropriate chem cal or
ionic state to the na ijspersion, as well as further surface
treatments such as pl a@??ﬁtf’? E’Qr'!%ﬁk"tambﬁ@ﬁ*@gtaf@&'ﬂﬁ@pr Jlaysr op@ngna

di scharge.5 ZQEBﬂraﬁéaﬁ'Ebﬁwu[gf] rpmﬁ[ﬂgﬁ ste | ayer can be deposited on
the surface of the substrate fo i mobilize the nanowires. The

i nternedi ate |ayer furfd@¥rendBAZSE show anﬁrhbcbcﬁmenﬂﬁﬂwfabamlohmf the
facilitate t ] subst te taln
enbodi nent s, Htgﬂ%%?ﬁi‘t{aﬂr&ﬂg%?&ng’ %g}r%ééga %\ce}"%tgg? ffé’ Esﬂﬁ% P
prior tg depé*éQ\'dm)rﬂfntb%nwaH}Odﬁpoetked Iorthost!ﬁtrawﬂmd.&mﬁ!&ﬂoobﬁﬁ*bé’?olled

i nternedi ate, osi te t he nanowi res.

In certain en%ﬁ%?%éﬁy?@ur?a%eﬁéﬁlsfq‘i ?'ﬁ’ﬁ&?teb lﬁﬁ'?’@@tﬁ'@%tak’ﬂ@?“é@s

pol ypept naesdis;aerstm |amd1as>ntth@toprmrea@duatﬁguréy9/ﬂ) ﬁ@lé{ﬂﬁ%bq@
refers to a% “ye?atﬁd&ys%ﬂue e of am no, aci dS (nononers)’ joi ned by
peptide (ani g") Wignawire neRantayer 114 is fororegmepihe surfacen
be the sane 005 (}'@ga}efﬂsgyent Am no aci ds havi ng side chain

functlonalities (e.g am no or carboxylic acid groups) are
preferred. Exanpl es ofrhgél-'?%@f%n@dl"??ié@t& presiragtment to wobbidehe

D L) epoBitol of adhihTh Al CASIO bl Kb A SaROLYRIRL! de can

be coated on the substrate prior to RAROW T & 08
Al t er nat 19elSub strale fposunsepant pracessing Steosdé’blss'.taahﬂerumah ivecliiesiivient e

bol yest or ouner el oL WRERRb Weanhl Rep SIS b TRl nlkriadtofimaniee
affinities flayergo pyqsept anlaspropriate chemical orﬁdﬁasta@@mhé h¥nowike

o oo e B Sbn Bl ARG i BBl S s B, . "
pattern. ozone ireatment, or corona discharge.

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

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

In certain embodiments, multifunctional biomolecules such as
polypeptides can be used as the infermediate layer. Polypeptide refers to a
polymeric sequence of amino acids (monomers) joined by peptide (amide)
bonds. The amino acid monomers in a poilypeptide 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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O her pre-treatnment nmethods can al so be carried out in 10 conjunction
with a patterning step In order to perform patterned depositions. For
exanpl e, plasma surface treatnent can be carried out through an
aperture mask having a desired pattern. The surface of the substrate
therefore conprises at | east one pre-treated regions and at | east one
untreated regi on. Nanow res deposited on the pre-treated region
adhere to the substrate better 15 than they adhere to the untreated
region. Acﬁ oihdlude bply-ialysime] ﬁcﬂpﬁ@ltﬁ@ﬁwgtd ol henkdeThe polppetidbyan be
renoving the nanpwres qQn the untreated reglion py, ., Washl ng.

It shoul d bec‘?.ﬁﬁ‘écg?gf*'t?ow%@ﬁa@ Rrﬁétoﬁpﬁpﬁ?@’ﬁfm@ﬁ%ﬂsg\#g@@ﬁ‘y@b% al so
apply to ot hedyBHiaedan Bk chehbaRbIoRGhé SasHRAS Kt tHeNRMYGAre dispfiion.
accordance 20 with the description below The nanowire network | ayer
fornmed may fMponswbstedes, insludingatass, pelgeaterabsirales énge polyethylene

el ectricakly | Nl - ‘ can be a process step

I nvol vi ngbextgg%&%%%yﬁ%hé%%fg’wg%f b@@gﬁ@%l scharge, UV-ozone, or
pressure, as wll be dédsantagamisiynthedmtemstiate layee cambe BEposited irea pre-

enbodi nent s, mat r i X terial c be coated o he nanow re network
Cayer 114 ¢ stemmne fafyviidh fss P eposior e Tri MRS Aol RGig
I n Figure 13fe sbhe fi.Xx material layer 116 is allowed to cure to
obtain a matrix and the structures of Figures 10A-10E, can be

r

h
obtained. It is under SsFPre-HERMEnbmeYIods g2 altRbe CaMigH ot hpp i cat or,
a sl ot- 3?(3%]%96:? %?h%rpa@tlélrrﬁr@stéﬁ i?ﬁfrdéﬂb_tp%ﬁbﬁ? 3aﬁémé@a@ﬁoéﬁﬁﬂsbe

used in t d%ace 0 e roller 100. Additionally, as discussed
further bel dvwr exevis olasma FusiesR Freatmanhoan ke paind cHbthresigbrandgperture
coating, reyv HRA4 e can

al so be usedﬁ%%?@g'ggs%?%%%vé?@gg ont odr%gg%E@F?%’?é\{.r&%ﬁ\;éa{%@gageousI y, a
rol | er or stcomprisesiehlpasboreswedreafedaeginnsiand ahlieasidnpaireaisd cegiome

St ori ol 1N REBEI g M ARG E o BEIcRE N o BBy bol
G avure pbi rthamthey stheretribe ahirasmed seglon. Carorliraly, Repgtiatricerdepdsitin

Spraing e ot g Tl o TS 00 O 8ol e PSR!

washing.
[t should be understood that the pre-treatments described above
also apply to other methods of fabricating {ransparent conductors in accordance
20 with the description below.
The nanowire nefwork 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 pressu‘re, as will be discussed in more detail below.
25 In some embodiments, a matrix material can be coated on the
nanowire network layer 114 to form a matrix material layer 116 {Figure 13C).
As shown in Figure 13D, the maftrix 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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material |ayer is deposited or cured in a patterned | ayer, the
pattern can be transferred into the netal nanowire | ayer by renoving
sufficient nunbers of 10 themto drop the concentration of nanow res
bel ow t he percol ation threshol d. Nanow res can be renoved by washi ng
or brushing themaway with a suitable solvent or by transferring them
to a tacky or adhesive roller. It is further understood that

addi tional depositions or coatings can be carried out, while allow ng

for drying Oproiifd mnhstét&% &q&% granrs@@erahu%ravércm@éd BARLiRY SR oo

exanpl e, any” number of ce-enhancing | ayers can be coated
in the same d@mmtﬁbl%@ard@lg@ be beer tosiapesit D&)OWAES Qe iskistrate.

Web- coat i ng Ig%rﬁfﬁbougﬁpu @P‘oﬁ Q?%Eg1agﬁgtréée%s§§9f é’ﬁl@t‘aétlegrﬂg\gﬁtpéﬁgxﬁ for

hi gh- speed ( coartl I'tcat1 ons
conpati bl e wedrhbé h&ctimmmtapaﬂerﬁed)ateﬁaigﬁnmmsed;smmbnﬂayer an syEdient

duct f ab Ad b- ti t I
caui prront SaneiSE BaS ULy TAR aRaar e Ao o R ek (3 T ices 1 he

cost of fabrp@ingnaThe maﬁmhymﬁwépaﬂemmgtmw@g the nanowire
web- coati ng produces uni form and reproduci bl e conductive | ayers on

f1 exi bl e subgtmalisformmiafioapatainesabsteie HEoyghhangoerirg masky {f he matrix
| ntegrat ed | Bl 125816 BopdsiRa of BRRNM & pARERBL AP, thé b cdff fo Shovs

an enbodi nent ch a exl bl e subst ate In the mof a filmor
web can be cmmsé@rr@bmtq tha anatahnaabwing layenby fempying suffidient @umbers of

specificaghkly t not or
(not shoa/h) @ﬁ% tﬁoli{a@ {h% G%Héerg ?H\tﬁ)ﬁﬂ?rﬁ) "reg’?teﬁov%%% ﬂe?%ogét@\j@@{é%'% € can
be fed to thdadviresalam bia:eamhédrbpwashlagar brushingdherb aelway swih tassuit@blet
shown). A stora d abgve.t he,substrate 14. The
st orage t ankSof ‘Qeg‘?%ﬁ)fﬁ?ﬂ er&m e&p °‘ﬁ§=}?§ma@’e&f Ve8I on 124 for netal
nanow res deposition. kAgfurper bnﬂe@st&é’cﬁthaﬂa(ﬂd]ﬁmﬁl dep@sitiona ok cdatings can
delivers a continuous strea

nanow r ersion 13 on t he
CobSt T ot e 19 GATSA e whil 8loving R reing BLerenp Pebi o sPRpSRY

substrat 514e0ating step. For example, any number of the performance-enhancing layers

can be coated in the same manner as described above.

(by Web Coating

Weh-coating has heen employed in the textile and paper
industries for high-speed (high-throughput) coating applications. ltis

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 subsirates. Process steps can be run

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

Figure 14A shows an embodiment in which a flexible substrate in
the form of a film or web can be coated continuously along a moving path.
More specifically, a substrate 14 mounted on reels 118 is drawn by a motor {not
shown) and moves along a travelling path 120. The substrate can be fed to the

30 reels directly or via a conveyor belt system (not shown). A storage tank 122 is
positioned above the substrate 14. The storage tank 122 contains a metal
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5I't is understood that the matrix material is stored in another
storage tank (not shown), and the matrix material can be coated in

t he same manner as descri bed above. It is further
understood that any di spensi ng device can be used in the place of the
storage tank, including a spraying device (e.g., an atom zer that 10
delivers pressurized dispersions), a brushing device, a pouring
device and the like. Like the sheet coating, a printing device can

al so be used ii [Wals? o WA & 214 B
Shons. an ol t 1 RupieS HIGRyEH 124 0P ARTRBNos dopgsiion. A aeEhEd REH
carried out the storage tank Bardelivars efcontimunvs straaip.of Metal nahewine tispersibd

illustrated j I qur tra 1 v r ling path
120 A coat i 1 Pofebaiyete T fietf IR et et B 3o et
partially susubstrgei4.n a netal nanowi re dispersion 124 stored in a
storage tgnk 122. The,goating rqller 140 delivers met.al nanow re

di spersi ol | ayer 110 S ané%gfpaﬁﬁﬁ#%@@t%mf%ﬁa'f%\%O?SB%?P% € 14,
Coating rol | &brab@Qaefhot SHGW, At thBensliif MbicrRNcdH bd batéd RMRE sakle 20
path 120 or in the opposite direction. The coating of the matrix

mat eri al canmBengasrqasarikpaabovet he sane manner. In the

processes descri bed | R iCHAHEPddAoatthat 4l dibberlsing VR ddio (BIDUS

surface treatnents ca e app rior or a ep03|t| on
step. As wi |thelpéodad the sferhgeriants irelutinga sproghgvevice (4. gc an btasizerdhats

Cayers T o medr Vel ans e R PRl 2 B WKl oy oo e ARAHE ' Ve
limted to slikeyveilte the shbstrdoatihg, sasinting devitesarpalse banresd & providena

di scharge, UV/,pzonge treanent, pressure treatnent and conbi nations
t her eof . patterned coating%:; gyre 15A shows a conprehensive process flow

for fabricating a 30 Figanspas shdwsanesthative Msth6d 8iReb-BoaIa-is Oaichng
system 146 i ncludes a ta,ke-u? reel 147 that is driven béea not or (not
a8 :

shown) . The thareaiifg i caried opt ap appttam susiaer ot asustatq. cLike theqnethed b e
pol ymer 51 miy,diafdB A FiglREAA, ragﬁbs&éé 1l rﬁ&&sfalaﬁgaa%vémgwmﬁoSOA_ The

substrate 14 is then subjected to sequential treatnentS and coating
processes alapating raller 140 s Hostioped helowdhe subskiate ansbpatially-gibmesgrd in@
one skilled j N : f ATl

deposi ti on, Tﬁtg} %@%e%%?'?@ﬁ%? %?%deﬂr?a%t%gé?nﬁkel%ﬁ an%ﬂrt]@éouer

adequacy of t40aialivgrsregmeatalinanowiredigparsios bysr dtGomatdoiomserfhos §464 of

t hat determ

ot e 88 o Uy, B M BB RS
pre-t r ea2@renizgh a2@ ociprtte ohpokitealinettigrnrkhet dvating bbtheabatrit matdriabean be
subsequent Cc%%%eidﬁ Gut'™h %:esséﬁrleesr'narl\l/rtl)r.:rzr(.a
In the processes described in Figures 14A and 14B, it is noted
| that various surface treatments can be applied prior to or after each deposition
step. As will be described in more detail below, surface treatments can enhance
25 the transparency and/or conductivity of the conductive layers formed. Suitable
surface treaments include, but are not limited to solvent or chemical washing,
plasma treaments, Corona discharge, UVIoione treament, pressure treatment
and combinations thereof.
Flaure 15A shows a comprehensive process flow for fabricating a
30 transparent conductor. As shown, a web-coating system 146 includes a take-

up reel 147 that is driven by a motor (not shown). The take up reel 147 draws a
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10 specifically, the substrate 14 can be optionally surface-treated
at a pre- treatnent station 160 to inprove the efficiency of the
subsequent nanow re deposition. In addition, surface treatnent of the
substrate prior to the deposition can enhance t he unlforn1ty of the
nanow res |ater deposited. The surface treatment can bé carried out
by known nethods in. 15 the art. For exanple, plasma surface
treatnent can be used to nodify the nol ecular structure of the

surface of t&shstiabs4 (d.¢., afiexibie polyARS fibw)afonna sﬁpﬁlﬁﬁeelﬂ#&@mg@
ni trogen, plasm surf o n create reactive speC| es

at | ow t enperayalingpat h?’iﬁﬂ E:ﬁ'l%a%i‘ggﬁéfﬁﬂ ds ?@Wsﬁbﬁﬁieg tp ﬁ?@-ﬂ%‘t'ﬁ'ﬁmﬁ%e“ S
surface are ame&a&% ZdracésE@s Elbﬁg?ﬁ]%strav?@%ﬁh%bklt%l?ﬁ@doﬁﬁeea‘;pﬁéfreﬁt?@

substrate (e.g unal tered b

chenmistry. | meralﬁued :néheaﬁ éimt thst @eﬁd %maraelether@ae&eﬁdeqmswn dbs
adequat e ur n

bondi ng. is an |Pﬁ§ﬁ4rat b%@a&%rﬁ%ﬁnﬂ gﬁ‘g‘&é%%h@%‘#:& e:%pﬁé %‘nﬁggﬁn
carried out procesdearard afsaf thesfpstoenthatidetenningd thef wiifoowityranddther at i ng
paraneters: corn, pressure: -400nmforr.
251 n ot her eti?ﬁg\l\éﬁﬁe?ﬁge c?'?‘Fé" EYFIF‘&%%ZW%& ment may i ncl ude depositing
an internediate | ayer \utedves, if ¢bidih airbodiffent) prsitradigients drb@onducted

i nternmedi ate | ayer &%%I cally exhibits affinities for both the

nanowi res ani@ RreRars iz syhetrate fonihe subsrauent eaavipaipsacessasy dYloes capabl e
f bi dh t
of i nmobhhi zd ﬁch@eE}?@Qmsfr% ﬁ%”q’féé‘ﬁj Fal‘ﬁﬁr@ %fe@%th?réi ere to

t he substrat i resentative nma S'suita _

i nt er medi at dr¢aipent statieru RO Wwimpiovadke eifeianciodidhe semequent nanewiiei ng
pol ypepti des - enpl ary
surface t re @sﬁg c%%% Aé\é?#%%et)e\%ngﬁm oftha %Lﬁastrate%r@gf tﬂéCor ona
di schar ge ardbndvmoz@ae ebharmdertba unifainity of tthanbwaesaiaieldnposmedone

skilled in the art str reafte roceeds to a, netal
K how res 5 Hopasi {1 o e Bl Flnd e He B R LY SRRER sl 2o
di spersi 08 }A6 artasolekampi, hiesma Burfddectrettinent dandie wisdttb aodifpthede a

storage tank as described i ureldA a spray devi ce, a brushing
Gevi co. and MRBOMALSIGATRS! e YBABRPF 68 SHPSiRis 2 PaRoRyET SUbesiAoon

deposi t ed omy§en eHhitrdEEN %mﬂmbe%bmmca@c@awﬁjgmg rélyiée can be
used to apply a, patterned coating of the netal 10 nanow res

di spersi on direcies ai inysiempesatursg, Tiicaipl ly a fay alepriplayeis andhe rifaGRy
oo cont (ASHANSAS B AR MU Ay BB 0T kL
nmet hods 2& tnﬁyraelt m) remain unaltered by the chemistry In many instances, plasma
surface treatment provides adequate surface activation for enhanced wetling -
and adhesive bonding. As an lllustrative 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 s¢em, pressure: ~400mTorr.

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

30 Represeniative materials suitable as the intermediate layer include

multifunctional biomolecules, including polypeptides (s.g., poly-L-lysine.)
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The | ayer 168 can be optionally rinsed at a rinsing station 172. 15
Thereafter, the layer 168 is dried at a drying station 176 to forma
nmetal nanowi re network | ayer 180. Optionally, the network
| ayer 180 can be treated at a posttreatnent station 184. For exanple,
surface treatnment of the netal nanowires with argon or oxygen pl asma
can inprove the transparency and the 20 conductivity of the network
layer 180. As an illustrative exanple, Ar or N2 plasma can be carried
out in a March PX250

baraneters: 300W 903?&:“% Z@ﬂr@?nﬁ%@tk‘élr@%ﬁ%ﬁ@@ ligﬁvashn%g‘;thh
pressure -308 Bﬁlmmt Cmdmerdlwheﬂge anarP\dozonertezriment, all oéwglch afeokroma o

di scharge or vAs) nettre tment, may al so be used. For exanple, the
Ener con syst@?ﬁ%egdﬂ rbee sed for a Corona treatnent As a

part of the post-treafheenbstrdi® ¢4 feirawick ptozpeds womrmietdl hagswike
pressure treated, Mre specifjcall the network |ayer 180 is fed

Dhrough r 81 | @xesiio Statian 164 whiRh dhlivapA el BeSaees oRarEios PR 185
of /1he net Wogefinbd ¥8feirl S9he hépmlsﬁaﬂaﬁ chlﬁ@@rasét&%éettﬁiﬂ@a@déécﬂ@é@in

roller could al so be use vantageousbx
appl i cati on Opuned 8 sasrrayipoaleriseat brnahiogidedcaanidng like mﬁa@led in

accor dance gﬁg t

conducti vi t%ér{ﬂv@rﬁgﬁésgg% ﬁé”%%q H@ﬁq%ﬁ@%gﬁﬁécﬁﬁfa%ﬁsl?? E\“Sﬁematwel{) be
applied to mpnrumgbm!h:emnftmamddd appl\'ﬁa(paﬂehmedlcugtmgﬂddhe medaispar ent
conduct or, .f abr.i cate .in_accor

oe of ofR drneBRES AspPefer oL rE s Ff ek & S ghe SrieBrvng;
whi ch may, b@bemgdﬁa@mdé@m@d pattee Barflbarasei. oThd aamprortrdsmncmmdt h
di rensi on of the condyct er. |f a.S|cPIe Io ed, G\e
et vy k| ay FOMRYOUY HPERLANE;A TPt Pgneh IReES e 4y KQWS riadiads b Meer
rol | ed acrosgithe exposed 10 surface of the conducting |ayer using
known nmet hods while pressure is applied to the roller, If tmo rollers

are used, the networ kThaiayer hés ¢ entiosalhidnspeat arrifsingssation| 17@r s as
shown i n4Ei otlffecifef thé%ﬁ??e@i@&%%%yﬁ%&%ﬁ&?ﬁ@&ﬁr Qmesi ma.y be
applied to t he fransparent conductor one or nore rollers, is

al so consi derasdwire aetvorslayes18Q0 t o 1000 psi, 200 to 800 psi or 300
to 500 psi may be app r f i 0 a
t ransparent conduct or bkﬁ&wﬁ tﬁ ﬁﬁ@mé%{ﬁylgé?@s%%\ne%% ﬁ%%ga%gﬁf’%
mat eri al . treatment statichN 8. For ekamplehdurfaok rtreatmematy:f e mskatinarfowines or
nore rollers & used to agga ressure ttﬁ % e conduct i 'c@ﬂ sheet. N p
or pinch rolWEJ93) 8" g(Gen %ﬂ%@?%WBWel © URBSRA P A € cussed i n,
for exanpde,copbiidtivipof el neBubrkedyen 180.a8% A TNuSTatheCdi@inipls Arfop N,
Converters of Lam nati n%@Aghes ve@I " pég{ Ia 2004, whi ﬁh i s hereby
i ncor por at eP/#M% EAEPR A P tha Mgtch 2% system, using the following
operating parameters: 300W, 90sec (or 45sec), Ar or N gas flow: 12 scem,
pressure ~300mTorr. Other known surface ireatments, e.g., Corona discharge
or UV/ozone treatment, may also be used. For exampie, the Enercon system
25 can be used for a Corona treatment.
As a part of the post-treaiment, the network layer can further be
pressure treated. More specifically, the network layer 180 is fed through rollers
186 and 187, which apply pressure to the surface 185 of the network layer 180.
It should be undersfood that a single rolier could also be used.
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It was determ ned that application of pressure to a netal nanow re
network | ayer inproved the conductivity thereof either before or
after application 25 of a plasma treatnent as di scussed above, and
may be done with or without a previous or subsequent plasna
treatment. As shown in Figure 15A, the rollers 186 an 187 may be
roll ed across the surface 185 of the network | ayer 180 a single or
multiple times. If the rollers are rolled across the network |ayer

180 nultiple tinmes, t LA IT®Ye Asplicajon 6t Preddlrd @ o hetabAafwire
direction with respec{mggmtagég%lém S ela'rea Inel gto the rolled surface
of the sheet n¢twogs fabdbatag in sesordanve Mith@ mpelhad dsegribgd hereig can bcEgee

directions (pot.sho . Figure 158 is an SEM i mage of
a portion ofﬂfCf?gp5&%&%%%%“8%%@8(’:%%@ network 810 after
application of from alhephritOan ppsssutecomalp be BpREdto paE cuboiitguaces of a
stainless steel rqller. nducti,ve network.810 includes a nl ural,i

of hanow fo. Eesieiing Shint TRBsties Dol AR e B e s Wi S5 Ry
812c. As 5 SBQé’H?ibea%e}e@fﬁﬁ%uéé‘@f ér@%ﬂm@%!re@é;%e‘?éécyliﬁﬂiﬁcamafb),% art
each of crossing points 8l2a, 812b and 812c_ have fl attened Cr@i@"h
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seconds to 2 m.nutes. The transparent_.conductor can al so be exposed
to tenperat uﬁ'\?stwﬁiraifé?aﬁﬁaﬂwﬁﬂb%gﬂ@ can be as high as 400C,

dependi ng on the type 9bnsehbbiicnt, ffopi 581A1RN0E0 psilmsshs apydied 4 thecan
be heat-treated at a tenperature ran%e of ab&ut 350C té) 4%%% f
However, posiransnassanducter by Qiser megpRless. (it Ssalse ceneidgred ihat fiof 4,
250C) may, 5" eqyh {1 0Pl ROIBBOO Psi étmrtognogaﬁma;ebebﬁpmh@refermh as
nitrogen or a noble das. 20The heating can be carried out either
on-1ine or opfeskineds appiedds arffansparent condyetor prigido theapniisalion of fey
t ransparent ﬁ-{%m Rhigfan be placed in a sheet drying oven set at a
a

gi ven tenperature Tor a predeterm ned anount of tine. Heating a
transparent conduct or “Nip” suttinch” welleremay bepsey § twoor roreitpdens\are ysask g
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20 understood in the art and discussed in, for example, 3M Technical Bulletin
“|_amination Techniques for Converters of Laminating Adhesives,” March, 2004,
which is hereby incorporated by reference in its entirety.

It was determinéd that application of pressure to a metal nanowire

network layer improved the conductivity thereof either before or after application

25 of a plasma freatment as discussed above, and may be done with or without a
previous or subsequent plasma treatment. As shown in Figure 154, the rollers
186 an 187 may be rolled across the surface 185 of the network layer 180 a
single or multiple times. If the rollers are rolled across the network layer 180
multiple times, the rolling may be carried out in the same direction with respect

30 to an axis parallel to the rolled surface of the sheet (e.g., along the traveling
path 150) or in different directions (not shown),

35



descri bed herein was placed in a sheet drying oven set at a
tenperature of 200C for 30 seconds. Before this heat post-treatnent,
the transparent conductor had a surface resistivity of about 12 kO/O0,
whi ch dropped to about 58 C2/0 after the post-treatnent. 30l n another
exanple, a second, simlarly prepared transparent conductor was
heated in a sheet oven at 100C for 30 seconds. The resistivity of
the second transparent conductor dropped from about 19 kf1/0 to about
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curing of a matrix or 20 other | ayers as descri bed be
Anot her postitansaarerterndugionpanalec PRAxPesad tademperatures h'ﬁh?fébglé%o"c

conduct i ¥4 t ar@feadt %ﬁﬁ&?é@ﬂbo@%k@ﬁﬁﬁ bﬁtﬁe%é‘ééﬁﬁi@ '”2[% wire

conducti ve netmnrk of a transparen con uct or as dlsclosed
herein to aexsmple, g@@a@uh@raégem be haadeated el atemparafinevenges afahwiut e

conducti ve ing
agent such %?bicé)y(um bor%g%vp%}g‘ 350%? r¥ach§Pe iqg\%r ?’}Fe‘% ers’g 1d Ei'h'(?haeﬂ)'out
10 seconds lthamzﬁm’c) thyrreqmtme peesknoe oba pom‘omdatbla/atfrmepherbmuchhs

mnute to ab 10 m i i As woul d be understood by one of ordinary
skill in th@ 59%9”%@&? ?ﬁ%ure can be done either in-line or

of f-1i ne20 30As not ed HONeatingtah ba dafrizal diR eftherVh-linewr offSite! IFor
conductivity of transparent condyctor. For exapple, a transparent
conduct or ofeX g;npff-e fan o#—?'ne preatment L{he fransparent conductor can be placed in a
sheet drying oven set at a given temperature for a predetermined amount of
time. Heating a transparent conductor in such a way can improve the
conductivity of a transparent conductor fabricated as described herein. For
25 example, a transparent conductor fabricated using a reelo-reel process as
described herein was placed in a sheet drying oven set at a temperature of
200°C for 30 seconds. Before this heat post-treatment, the transparent
conductor had a surface resistivity of about 12 kQ/0, which dropped to about 58
Q/0 after the post-treatment.
30 In another example, a second, similarly prepared transparent

conductor was heated in a sheet oven at 100°C for 30 seconds. The resistivity
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nanowi res on a substrate of PET and prepared according to a

reel -to-reel nethod disclosed herein was exposed to 2% NaBH4 for '1

m nute, which was then rinsed in water and dried in air. Before this
post-treatnment the transparent conductor had a resistivity of about
134 DIG and after this post-treatnent, the 5 transparent conductor
had a resistivity of about 9 DIE. In another exanple, a transparent
conductor of silver nanowires on a glass substrate was exposed to 2%

NaBH4 for 7 gi tﬂﬁtg‘ééend’ i ¥pArdn for ﬂﬂﬂﬁgg Frofl] sl 15@5@%0%533%%?
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Thereafter, Whfilo I Lo pReRRsdthi
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and the like. A layer Agg mtg ﬁé{eﬂyhgp Plgtxtm’r?a“ﬁ%btﬁg?&%éggﬁe%mﬁHi%éi %%?% on
t he networ k thdhetrang@remdeaduciorermndieysetihdn particular, agply plessae, the
deposi tedyb LNt i vice to 20 forma patterned |ayer. The
ayer. 16807 YrdhBarelt bORETY 88 b @b YH0MRIT o ot GORTRISBYS Yemeitisch ne
matri x mat erabavel Tozimalkareensis apyie heals il rehrs iy Behd@ited, OPhe& plasfifte
cured by all ovw.ng tp?%gs | vent to evaporate. The _ curing process can be
accel er at ed BPIRERY roﬂ%r_sds_ pr R}Plﬁggm hterPQ0Rst aad moke Rigfaspblyfrom
conpri ses a 4AftolABdipd.| PRFGHBIFONE rollepPRleHBRed tb%tw@éfﬁébo%??o@an&?e
cured by irradiation. Depen h of the rﬁg&o yner,

A ding on the type
t her mal ~ cur i4Y§"¢ @REMRIRINeTrRiblYde dbepvepmbout $80°6andc | $yche used.
Optional 1y, rJpi : ; ' ts I r_Of
Che ot repReHofiofbBt o8 RLAafo ik BIese S N mBRMaIR. b or
posi ti oned Z0rairsparent pendustari A ndaghing which meydid usedt8@pplydotief ore t he

curing st at i8giptte FREsHELhEHBA WinihFRolby s R rithsiEHS7 Bnidt ™ ©
American Products of Temecula, CA. Application of heat in combination with
pressure can be done either before or after deposition and curing of a matrix or
20 other layers as described below.

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

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

30 As noted above, such a treatment can increase the conductivity of
a transparent conductos. For example, a transparent conductor of silver
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The curing process fornms a conductive |ayer 204 conprising the netal
nanow res network layer 180 in a matrix 210. The conductive |ayer 204
can be further treated at a post-treatnent station 214. In one

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

bar 1ot ar | PASURERTR o S BRIERYPET HRARER BT oo BB YR 6 B,
enb?dl rren]E tlaeﬁhod tdlsmiotsles gelrfx wes akpasad cbw\B%erstaBm fex pmnntem}:‘glg g:::
(e al 90, TRy TPEY Butte aitfler™ druBaie Hinper) Tepiettind fArenataba.

In particul afonduétenhada réé%twkflﬁﬁﬁndni 1341a/mraﬁd aﬁaerrtmb%bs@&eAtﬁw th&92
and surfage tension of the matrix fornulation are control

appr opr i at el {Anspaenhegndugtofneg agesistivily RERbQULE Q/Gp |'1)6W’f|1‘érrﬁx@f“pﬂﬂaé‘
met al nanowtf&sﬁ%ﬂ@é%c@@%r B SIREF haHbuites Torl% ﬂ?é@éub@ﬁ&fé‘%ése&p%éd ioPe

exposed on the surface of the conductive
conduct i ve |2%y &aBplforahaninities, singrcdt lna!%eﬂwdﬂredndderBaimraMSstmy t he

Lo s n nr ecteEitiont i BahobeicBRaRRordlad e SR Aot £ M Sl
subs't' rate caFtEbﬂéusspm-ltﬂeaﬁWtZlﬁemnSpamlcontjutﬂbldm mr&mﬁwe,yﬁrabb&! t I'n
along' Cni ¢ R0 ERHRERG Seet dhe Hierciiil Bo@hiiiis Gapussaghe

system 146 tpoetriesatinent amthbesmmwmﬁb aferfé Mefude Phar BRI Eride such
i ncor porate an nunberhg addi tional coating stations as needed. For

exanpl e, coé‘tsl inpporpRydrisis; paon @Fff?ﬂﬁﬁé'o@ﬁﬁ'é'?ﬂﬁ sughagdirpethyl
(anti-refl e@mm@or@:@@ms), afaight ?éducﬁaﬁ eﬁisaéz?oh & @}d‘?&ﬁd n'as!@Yyers or

films) can be fully integratedinto owproces
Advant ageousl y, the r@lﬂfeﬁf@ﬁrfB@BUW@&%%m@e@@ﬁa@tﬂ watix depositien ng

par i cul o - SHRgh 186, 0N HEhATSa ankl AerRFRio, B2 5ehitl a5, ThE matg
coated | ayedGPQﬁﬁlquaﬁmv‘bSmrtbeia kiorageddgieas described in Figure14A, a
spraying device, a brushing device, a printing device and the like. A layer ofthe
matrix material 192 is thus deposited on the network layer 180.
Advantageously, the matrix material can be deposited by a printing device to
20 form a patterned layer.
The layer 192 is then allowed to cure at a curing station 200.
Where the matrix material is a polymer/solvent system, the layer 192 can be
cured by allowing the solvent to evaporate. The curing process can be
accelerated by heating (e.g., baking). When the matrix material comprises a
25 radiation-curable prepolymer, the layer 192 can be cured by irradiation.
Depending on the type of the prepolymer, thermal curing (thermally induced
polymerization) can also be used.
Optionally, a patterning step can be carried out before the layer of
the matrix material 192 is cured. A pafterning 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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(c)Lam nation Despite its versatility, the "reel-to-reel”
process is not conpatible with a rigid substrate, such as gl ass.
While rigid substrates can be coated by sheet coating and can

possi bly be carded on a conveyor belt, they typically 5 experience
edge defects and/or Tack of uniformty. In addition, sheet coating is
a | ower throughput process, which can significantly increase the cost
of production. Thus, it is described herein a |am nation process for

fabricating a transparmeteutiog grebes forms aushdidioe er 264 sorhpRmdihe
donor substrat h both rigi

%. This 10 rog(ress I s _conpatible wt .
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nanow res whi ch can bén enpemtediment, sheveandugijvedaym28dicag belserface
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a reel-to-reel process because th onor substrate is flexible. The
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substrate ofdisthargeor Wicebns adathfents. Exgho8éd eI hBhGwirdsHre Bgﬁicﬁﬁaﬁgdar d
s. If only nanowires are deposited onto the 2

| am nati on pro?@?ﬂsfe ang

fl exi bl e dortb¥ dpclt seregnArRicatiansi x material is used, a |amination
adhesi veqgay be used ! bstrate
of choi ce. rﬁﬁiﬁ?&f@ﬁ%ﬁ@'ﬁéﬁ%gi{?g{thgﬁtgl}%rn é%‘(?%

fl exi bl e sulRPPseEon fhe Hufape phithefcoadutivedgyet R04rfollowing thenduriryeprbidss.

The f1l exi bl ﬁt{?'? ' .t cul i m.ted sp long as
It can be sggggre%?geod oén% cgaié%%ggi}taﬁgeahleg@éﬁété%*%?ékg?%‘?ﬁ?dpe donor
substrat e caartisslaanyhen thettbickhessidithe reatnis tmetnsd laysr deBand Sethceer ei n.
In addition [ or..substrate can be vern, or _non-woven -
toxtile.  panelein ot mieed RRRORIEN B AR BISmehratalG tod ebioull e
be opti cth | watlthesatop portion of the metal nahswikehétabrk £89pbBRbEthe sl

fl exi bl e donor substrate can re-30 coated with a rel ease 'l ayer

e
prior to t h&EpBYIeHYde epased iy iia suiace af e condystivadaver.ayer refers
to a thin layer adhermg éshdubfredapi2oaWhaith@bdhsiats 4R then drawn up

by the take-up reel 147. This flow process of fabrication is also referred to as a
“reel-to-reel” or “rollo-roll” process. Opticnally, the substrate can be stabilized
. 20 by fraveling along a conveyor beli.
In the "reel-tc-reel” process, multiple coating steps can be carried
out alang the traveling path of a moving substrate. The web coating system
148 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 particutar, due
to the continuous flow of the coating process, the coated layers do not have
30 ftrailing edges.
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whi ch a conductive | ayer can be forned by web coating. The rel ease
| ayer must allow for an easy renoval of the donor substrate fromthe
conductive | ayer w thout damagi ng the conductive |ayer. Typically,
the release layer is fornmed of a material having | ow surface energy,
including but not limted to: silicon based 5 polymers, fluorinated

pol yners, starch, and the |ike. Figure 16A illustrates an
exanpl e of a Iam nat ed structure 230 conprising, a flexible donor
substrate 240, a rel etg e 4 coated on the flexible donor

substrate 240, and a conductlve ayer 250 coat“ed on the rel ease | ayer
244. 10The | ani nat ed Baspite ftaversaiiity,d dhan"roel-to-aesl] pracesh s Aot sRINRATRIS

d b t bl
Gonor aubs PRAAIORERER, ML e Dash- Wil fltSubSfates Bt botftel b 2. 2
I aygr t244 i th@mg‘g%g?dnd)é%rﬁﬂfﬁsm [sencartied oh ath@jodbabrthMBmla{ e. The
conductive |ayer can be for na
fol | owed Sy eﬁ%@"fﬁnﬁe@éﬁ%§lﬁi‘aﬁ§@nd§ ?@g 0585'%9' Pm%%ﬁ’ gﬁ‘%ﬁ%ﬁ%{ﬁ}ct i ve
layer is thghopg tﬁﬁf % Euﬁﬁr@é&%%lﬁu@l@céﬁ)s@niﬁbﬁ}ﬂwrm@a@ﬁhé Bosta. | n

particular, a rigi strate (e.g., glass), which is typically not
adapt abl e toradmstimmel -to-reel coating process, can be lamnated with

the conductive | ayer s, fRUMGHSLAMAUES hoRarbhpdcas RRtafcatigst ur e

230 is 20 transferred strat ass by contacting
a surface 2&2nsﬁaréhimumduducmroughlﬂwese afsoflexdble Henasybstraiee T80, | n

certain enbodi nents

pol yacr yl4it BEC B?W B e“&'éﬁ%oéh gaﬁ%@ﬁ%@ﬁat&?ﬁﬁ%@e@ﬁ%’sg E’%’{aées% ore
Ther eaf t er, sp&cifddliprthe narﬁhgmﬁrq:réééﬁs dohmnfsésa)cnbilm aioomiucti\tﬂ)bvemfea 240
can be rem)ved by det achin

conduct i ve ﬂﬁ&‘@lﬁdﬁ’@rs”bﬁm Ehecon 'VB rlﬂifﬁidzﬂﬂ W@Jgﬁ“ gheswe

l'ayer can b@aH&@ifed Whibh @4h 98 efhbREl&EM abmaﬂixngeﬂmm@ethe tiveductiveliager ve
| ayer and the substrate during the |am nation steg #‘%e‘r 7A shows
a | ani nat ed fff}mﬂj@tﬂﬁ?(@bzcl’@oéémﬁh?&q Rpd traRstaringdie fordycliRiayerdQidy o

donor Sg@ﬁ Lab&raA4 Of cﬁé?ge; f& égﬁba rth@éélatﬁ\@@.téd%n?&ﬂﬁ%ﬁmadmr

| ayer an over coat eS|ve | ayer 278. The adhesive
| ayer 278 haubsiratadhrbe veriedoubiea re-to-reel process because the donor

substrate is flexible. The conductive layer formed thereof can then be
transferred to a substrate of choice, which can be rlgid or flexible, through
standard lamination processes. {f only nanowires are deposited onio the
20 flexible donor substrate and no matrix maierial is used, a lamination adhesive
may be used to attach the conductive layer to the substrate of choice.
“Flexible donor substrate” refers to a flexible substrate in the form
of a shest, film, web, and the like. The flexible donor substrate is not
particularly limited so long as it can be separated from the conductive layer.
25 The flexible donor substrate can be any of the flexible substrates as described
herein. In addition, the flexible donor substrate can be woven or non-woven
textile, paper, and the like. The flexible donor substrate need not be optically
clear.
In ceriain 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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The | am nated structure 270 can be fabricated by a reel-to-reel
process as described in connection with Figure 15A, with the
under st andi ng that the web coating system 146 is adapted to provide
additional stations for coating the adhesive | ayer and the overcoat.
The adhesive layer is as defined 5 herein (e.g., polyacrylates,

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

radi ati on-curable, and/or thermally curable. The overcoat can be one

or nore of the. - ' r | NGl ydi r oat,
an ant 1 -ref | SHCRE BRI SERBE ST foh LY TPE FediPietonc
the |ike. must allow for an easy rentdvglofehdlddhorshbstraairomtthe cotdustivalager270
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h il i h
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In certain engadrRYescrifedificbAfdtfion Wi FRe 15A, m&%malﬂexiswdoaarthe
| am nation process. For exanple, the substrate can be heated by a

I
thermal gr adiUPAtratewkirion talhe shetal nangwise depepiting thenelegan laverdd4 8gi ons
on the SUb_Stde?sb%;e’eﬁo%%%ﬁ'&etf%xmﬁc%ﬁ&@:HPa >OrRALdrRLBive Be¥ 260 €
heated regions wll be lamnated wth the conductive | ayer due to an
enhanced af fqanileyfo[raed)by meim aanowiyes dapesison falloped b anaitx depesitioar aed
conductiyg | ?ﬁbé?f’hérgﬁ substrate. Heated regions on a substrate can
be generated, Tor exanple, by a nichrone wire heater positioned
beneat h the areas of thsotstuctivelayer ibthehamifonnly J@hsferbd & a substrate
enbodi nent s,

gr adi ent basoéghglﬁé';f}ﬁe %lhérggz%e%ﬁ@g{;%tgg?%{'f efs%? g’f"&% i%@%éc%ﬁf, Hé’gr tain

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 ftransferred to a substrate 260 (e.g., glass) by contacting a surface 262 of the
conductive layer 250 to the substrate 260. In certain embodiments, the
polymeric matrix (e.g., PET, PU, polyacrylates) provides adequate adhesion fo
the subsirate 260. Thereafter, as shown in Figure 16C, the flexible donor

~ subsirate 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 compiising, in
addition fo the flexible donor substrate 240, the release layer 244 and the

30 conductive Jayer 250, an overcoat 274 and an adhesive layer 278. The
adhesive layer 278 has an adhesive surface 280.
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matrix materials or adhesives. For exanple, a patterned |am nating
roller can be used to apply different pressures according to a
predeterm ned pattern. The patterned |lamnating roller can al so be
heated to further the affinity differential between pressured region
and unpressured region. 5In yet other enbodi nents, the conductive

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

pre-cut conductive | ayfHe lamirtdh®l sthfsls a¥@ car be fabriogied tiy\erebpivatelof
t he predeterm ned gattern IS retained while the rest is renpved al ong

a pre-cut coRI%EPS 33 6eHPEE imPoryeriomuticEioRiso\RS, Wiinghe tiaderelgnding
conductive | &etneddh antfr@{ée?rgfr%npjﬁ?sig la@ﬁétﬁu % fdro@f&é'd&ﬁiti%n@rs?ﬁfbw g

coating according to a pa € curing process can be carried out
phot ol yt i cal Featig the ediesive/laysn andrthe oercoaty Jihe fdbesive layebio dis wefined n

the netal nangei &< flad RS RN E MRS mESBI LB ongs 1,
accor di ng t oneitestradidtiolesonablee dndier themdlly.corabldzi The everddbdcad b onét
shoul d be understo t hat. t he subgtrate 14 c.anlga.e ar%rraubstrate

i ncl udi ng a PYERISYdNG BREPFMANGERhpRCNoriRke e inPNHINg 2 Hard Gost, AR priti-

coating 300 isflebipeasydrean 8btédive filh, W dfricidajery4id Bk iREL al nanowi res
114. An irradiation source 310 provides the photon eneé&y for Curing

P . A
the prepol yner coati n§? FlauimiiB.3ha laningied siricwed719de Readed i the
prepol ymap costit 260via b J@%swg_rsﬁ%@é S8 'ﬁ’féﬂé&%r?‘%aosho%%. gsur e,
only regions exposed to the irradiation are cured (Le., regions 320);
t he prepol yn#&fC.dbafliexblesinmonavhoivaiecdl ia rerevedrinidadachirgyiheneleadsslagem
be renoved 2 | ushing with a suitable solvent or by
lifting themé%woﬁ\ﬁmﬁ;ﬁ% ggffg'{':ﬁ?;’;“m | er. Phot o- cur abl e
prepol yners are wel | knostgin embbeairsnts, heat orpressire earbiozluseeidiusing tiee

phot o- cur abl I rol des neNeL .co | Si one or re
oubl o bondsEaMel e s O EpAIES FebaRA i ERt HsradiBaPRr e
groups, 46i t edidacthver lapdrdn theeatisense ofarpathesivedslarndndibie substadibier
enbodi nents, the phoh_g- %ur abhe ,E{ e%gl yr\*er conpr.i ses a parti al
pol yner or ol i gomer t HhPINEBAMAPHTIepitea srlets iBYRdbBPENasERRRLY gpe to an
functional gsmkiRsdiferestiallty tHe sheiubivehy il WithIrSspettio tAB KexibR donor
cross-1linking or chain extension, )
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 paiterned transfer is possible during
the lamination process. For example, the substrate can be heated by a thermal
gradient, which affords heated regions and unheated reglons on the substrate

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

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

pressure gradient based on a pressure-sensitive affinity displayed by certain
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Exanpl es of nononers containing a double bond are alkyl or 5

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

N-vi nyl pyr 1 ol 48N RateYihidVdr aﬁﬁééﬂfésd‘?-'o?@ga%@yé h%ﬁé&ﬁg&%hﬂﬁdég roller can

Exanpl es of nononers contailnin re t he
di acryl at es bé usedid amwéy diffgrent preﬁswwyamwdlgg jaca hredateopined pattginy cidie,

acr vl oyl oxy coREFEIssRaR BB SRR Eep e herlpl oy Mo fonutiroremial 1
pent aeryt hri hetwekh Ipaégsmfe'ureg@n ahat;hmeém‘eatr@g;owl nyl acrylate,
di vi nyl benzene, divi ni@/ succi nat e, dial I%/ea& hal at e triall

phosphat e® Mal tyl i sod}¥phtagrempodiments. A cHyR BY$Rean be P‘% cut

i socyanur at ege EXSERUS Sac%rdi?@rtb 'aadred&éﬁ’ﬁfﬁ‘écﬁ tRh Lbi'l%r tdOkHé i@hifatis
limted to, acryI|C|ze epoxy resins clze yesters

pol yesters cPecassiMtpniiangiening the n@*Cl&ICOB%ADWeQﬁyéngisfheﬁﬁb#@t%tth%nes
and pol yet heg g IARABHEALSHE BRUIVEINRE bERMSs reifindl AR FETEL e

enbodi nment , € prepof yner acryltec. Optional |y,

phot o-i ni t | ateomovedmldrg aipreccut contoint i at e t he 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

pol yreri aat i Paterhipgl udi ng chai n- ext ensi on and cross | i nki ng.

Photo-initiators are well n the art es of suitab
ot o it ot o e Pre) Aot abae o Rtorned, FondichvS fayit oan bedpler

phenyl ket or 'ﬁfectﬂéz%hﬁ% bgﬁepcw?ﬁbr%@&i& 'éédo?dlﬁ%tdjﬁﬁaﬂeﬁﬁeﬁ@ cGnndJ S

Pat ent No 6, 949 , d

Bel | Us, E’h oRrEpRS a7 e gAriee pekabptoltcebinT ther e Figuia Eh NEMERS® an pur o
& Appl . C%ﬁ?&drm\éﬂf in vifich Q'@onc{lrct[\l‘&z)l?y%ﬁs éﬂ@tﬂ%{%?égleg bt/ §lecically,

Advances I n Sci ence I'n a preférred
enbodi nend, mhmqialmamwuemetwcuk tyer $1@SE@PD$1MM%¢IWWSZH’@ T4pical ly,
with the use, | ure
wtnin e m el IRidd oo finert e b MU R T38). R nGiRdsg
enbodi nent s, urideestond t['(aditl’teemmwedémab@eca!yraubsltramlmclaaimg aSleaible

i nsul ating t er mal ma an aperture nmask), which only exposes
regi ons of ac?ﬂ?{ﬂ‘f%s Wi‘?erl al layer to be cured to a heat source.
Alternatively, in 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 during the prepolymer coating. A mask 314 is positioned between
the prepolymer coating 300 and the irradiation source 310. Upon exposure,
only regions exposed {o 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-curabie prepolymer includes a monomer comprising
one or more double bonds or functional groups, e.g. hydrides or hydroxy!

30 groups, suitable for chain exiension and crosslinking. In other embodiments,
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a mask-1ess approach, l-aser direct-wite technol ogy can be used to
directly "wite" a heated pattern on the prepolyner coating |ayer.
Thermal | y-curable matrix materials are known to one skilled in the
art. For exanple, the matrix 10 naterial can be an epoxy, a resin and
a so-gel conposite nmaterial. Bot h t he phot o-patterning
met hod and thermal -patterning nmethod are conpatible with the
"reel-to-reel" process described above. For exanple, a

phot o- pat t er fHeghdid-aliiadle Br8Bolg@mBr fen@ispa Gtpadial bBMSEbr siRRkicAthay st em
146, as showneimr{| Fi gure 15A.§osli'he phot o- patt er nlsjn@ statig% 198 can be

confi gured i ROHAINS OGRS SFOrB HouRls $ORES i fhiRgiionakoreBRt: ierdu SYdideR s ur e
and curing Oéslrdrﬁﬁyk?,rlsgtﬁ%l)érf&*crﬁﬁfﬂﬁdklﬁ@-or,chgigrexgeggiop. In one embodi ment,

as shown in gure , a rotating Cylinder. s part of the
phot o- pat t er ni ng st at iEamMpss ginhenomers evdaining asyatderbdnticare ailkyber

h T 4 | I ' 00, i
rsm\c/)\é\n;) 20 IaBF oﬁ%mg%ia ¢8H @%s?&ﬁﬁ%ﬁ%@te@%@%ﬁa&rﬁ%%%@@éhﬂﬁh% I’O![ Zt es
310 1S posi tbned WLLRR Tho rotat L ac el maer B0 et ar o 334
of the Iroot at ??@e@%ﬁ%ﬁgwﬁ‘%@@“l@“ﬁQ?rg(?f%eﬁ?wg@w[&%‘fr%lamiﬂe' ot herw se
provi ded w t megRRRNIAARIeINGbStBIY Gethscriib@itlest Anirdsads 8bch dd\anyi

prepol ynmer coating 300. Optionally, a guard slit or a collinmtor 25
340 for preveftaiBgViRVEtagIESyCh g isebuMING elhes, StyreRedliN-@8dl y above
t he novi S Ry Jala Pl hQ R ﬁ(ﬁin% kN Figure
19B, a pgtg t eﬁééntg%t'gf'tN%é@’@ﬁ“@gaﬁgﬂf? gﬁﬁgghgpm[ger O:ngglgbéxteri or
352 can be used. The [Fxamplasoigndnemersemiaisingtwo onnisye doilllebendsse

one of whi chy LSy t tterning

belt 350 rmvtg_é%é ?Qﬁ%&gﬁ%ﬁﬁy@g@@%& [@&qu&%@?yﬁéhggﬁ%%“}%ﬁfﬁgﬁt 332,

al | 0\(11\4 n?. conhexaumjﬂsy?[mtglgumleanﬁfof bhﬂhmap?dm,n‘-?l_smt: Ing 300 to Ej heI .
irradi ati on sgurce o) openi ngs : i ona a guard sli

340 can be u%%ﬁ?ﬁoxyejfﬁoxﬁd'pHQMPéEHa@eﬁmlai@a%lp%’ﬁﬂ? ?r,agp%(%}e,i nt egr at ed

The Systom 400 can ey T o e e Cont | oyt om
146. 1n par t 46INEHS: iyl mﬂ%@l%tﬁpfai@{'sgpﬁvwa& JHasagsnasenits@al o

the one showguriBylEiHgl ishcl@furafed! | owi ng t he photo exposure and curing,
t he prepol yner” coati n%éS O is cured at selective regions and wll be
g

further treated at a fpies of pattiebpelgrerstiepludanbybarzmpt linted ©d
E;rego' yIer . JiiichiRtpodl fosht, aBQHCERITYIestIS, SN dtbrk eohaRmgIA and
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 {o initiate the
polymerization and/or crdss!inking reactions. The photo-initiator absorbs the
photon energy and produces radicals, which initiates a cascade of radical

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

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

Science, Vol. 62, pp. 1-48 (1984). In a preferred embodiment, the photo-
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10 netal nanowi res regions 374, noves to a rotating tacky roller 384.
The tacky roller 384 contacts and renoves the bare netal nanow res
regi ons 374. Follow ng the renoval of the bare netal nanowires, the
substrate is coated with conductive regions 380 anong non-conductive
regions 386. The transparent conductors as descri bed herein can be
used as 15 electrodes in a wide variety of devices, including any
device that currently nakes use of transparent conductors such as

metal oxide fritlbgi-is ETRIReroM 754l BRI ihaRs ubaef EPhbloahitinRRe!
di spl ays, LCDs, touch screens, elect omagg)eitl c shieldings, functional

gl asses (e. gthe prepoluneceoativg cancurawitibigynutes rerie cssletliviEin 88 es |
and the |ikegsdJpq@ddi tion, the transparent 20 conductors herein can
be used in fFeX|g ‘e devices, such as flexible displays and touch

screens. in athenembotiiodintss thermaleatierring pan be cantiod dutwsing

can be used 1L DI xel rodes_in | qui.gh ¢ tal displa LCD
devi ce. UF?QU%Z'@QEQ%@@EL'ﬁ% féc%i ?@%%“%%%%@W@@M g)%gog%%il i(ght)
503 pr oj ect&:3 irzdg&%btﬂf armiaplg maer%i?_layef rhezaireddS et sagtm@t erratiesls, fr% 20
substrate ) urality. o irst transparent conductor Sstrips
are positi on%&‘aﬁg”ﬁ%@pf?%’hb%ﬁ%ﬁ'{eﬁ'ﬁ’é@ g o EENPEIseddo é‘r?‘ft st

al i gnment | a%@ite"@’Reatb@ phtiémhHNIAG bRpbIyRRA oSG Taydr Weﬁﬁﬁlyﬁu}ﬁlé‘at €s

with a data |ine 524. Spacers 530 are provided between thé first

al i gnment | apakixapatetaly age krawhie s kiing it the ate (F o5 szamplee the meixent

| ayers sagdwi.chi; Lo U ; A WERN urality of
second trqgn\ggg{rélgﬁ?cazg%%%@tgg%é%%?%Qlaéig%glr%é'80@#%| onrggé(')'fﬁl't he second
alignment | ayer 532, 8oth hepdotb-pattesmispaetod andrittiemnabpattiemingsnéhod

ienti t i . : he £i : 1
ctrips 530 TRELBRIRE ne baReRet Hitbed FORTRRL Sobur X o tbena,
c;)at ed V\A'bt[’l ;a:cmmggﬁmh‘igmmﬂomy@a cahde a:gdzrbg\faﬁe m{mbrdoamg w?ma%ms
ass substrate an arizer . van ous] vy, e ..
Pt anepar ent iR atEs 1847 The weE eatamind SEon 9 Bt b portitisstin
transferngd muiniserlofWiap@to SbwPTop €6/t experdd@id angl Ak srepaymat e,
and the alignnent |ayer, respectively. Unlike the conventionally

enpl oyed met ¢9ating de strips (1TO, no costly deposition or etching
processes are requireg, oﬁ@erﬁbé&iﬁkhﬁ%s%ﬂ&@ﬁ}ﬁ@ﬂ%m ‘Fdr)?\? alrb@Ang eyiRakr

conductor described 10 herein fornms part o ouch screen. ‘A touch

screen is andd0ie erdef thenhiotpuatieaingsiationt 8§ (heartorrating sydractibdni ¢
Certan ol A sApVL TR MRStaberd, oo \PRLMBRORNR RO ED Eipc 0t
to transi@dt albmployh conveyor belt 332. The rotating cyclinder rotates at the same speed
as the conveyor belt 332, The irradiation source 310 is positioned within the
rofating cyclinder 330. An exterior 334 of the rotating cyclinder 330 is
patterned, perforated or otherwise provided with openings 338 to allow the light
to irradiate the prepolymer coating 300. Optionally, a guard slit or a collimator
25 340 for preventing any stray light can be positioned closely above the moving
substrate. .
In a related configuration, as shown in Figure 19B, a patterning
beit 350 having a patterned or perforated exterior 352 can be used. The
patterning belt 350 is driven by rollers 354, one of which is connected to a
30 motor (not shown). The patterning belt 350 moves at the same speed as the

moving conveyor belt 332, allowing continuous exposure of the prepolymer
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Figure 22 shows schematically a touch screen device 560 15 according
to one enbodi nent. The device 560 includes a first transparent
conductor 564 conprising a first substrate 568 coated or | am nated
with a first conductive |ayer 672, the first conductive | ayer 572
havi ng a top conductive surface 576. A second transparent conductor
580 is positioned above the first transparent conductor 564 and
separated therefrom by adhesive enclosures 20 584 and 684' at

respect i ve enggy b HErARaiehGoutBS1935R0sh bhESRASEN OBRALME "

580 includes a second conductive | ayer 588 coated or |am nated on a
second subst ekl g§240TARDSSEEAd conductive |ayer 588 has an inner

conductive surface 594 | ”ﬁﬁ’&j IS
suspended over spacersizlég%ihgﬁxwgs &I&&qﬂ?g %&%’gﬁrﬁéaggﬁoﬁ% @

t ranspar ent mﬁdmdmn&@ﬂ;veﬂdyer on laesubstca‘(el ughe sﬁtsmrmﬁcnan%dultyo ntacts
the top condugtive surf tra nt nduct ar 564
and cause?"l;| r@ 'f'f?tsﬁével 5'?‘?%&5% é“%iﬂ%ﬁ ﬁier goeP ybd
shown) sense%tatnbﬁ 10838 @enficl td Pednelholh ¢ Riglitea] 9A. Olitﬂlbwi‘r@qné Ratoe,
which information is then passed to an operating system 30Accord| ng

to this enmbo@rResHe aﬂﬂé‘f”‘l’“ﬂﬂié'ﬂe RISREYEEr 9‘@"@9@99&0‘5’9 ahprie¢tive regipns

conductive s e of
Sbout 10- 100807 3PS fHHRRERabE R AWHEARE AABh D Iofovd dryliicliRde D

first and se@mlumqnslﬁs@rsemtraigriéuump@nnwm prirgH resﬂ@m %@idﬁaree g..
> 85% toallowf f d
A top i fnolifEd e{%ér%féf#g A‘Fo‘?é{ﬁg t%J@%ﬁébrr%hher € tat adkyon

substrates c e a vari For
exanpl e, t herdilier §84subtabism remnvémthelbgrejm(etal ganowjiesgsgions 3v74.gi d

pl astic such car bona | at e he sec .
substrate carﬁ%ﬁ%‘f’l ¥ A ?ﬂﬁﬁbg '%%3[1% r]o\yVépWVm?gpb%tra?? ESXQO%F% Y¥lich
Sfree_n ;ippch@aﬁdmjlﬁweb@gie!s}TMbl m@igeﬁommduetnfd eylobt 886 | s (e. g. |

pl astic). rrently avail abl e touc eens t C a

oxi de 10 conductive Iaﬁ@r@arlsBafj’" tcq "rﬂ% eg’cglb %B?é“h’%\/‘%guﬁaﬁt@
filns ared r a@ctr8dey's é@@b'v}énéﬂ dr abvibEA iuding A ddvivel tRat culrRN 1 1 s
are typically deposited on gl ass substrates at hi gh tenperature and

in vacua. | nmakasussof tl’@'ﬂf@aﬁ"ﬁﬁgwﬁtm syeherioetal sXige Stms. emieeh
can be fabri éao?e B¥w@é§3|ﬂd1h9é ﬁé‘gﬂﬁ’\ﬁt @‘E&D@”Q}U@Iﬁ sti@éhd emper at ur es.
s Str i ng

They al so aI nmore diver I 'hclu
e[ectomagnetlc shieldings, functional glasses (e.g., for electrochromic

windows), optoelecironic 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 (l.CD) device. Figure 21 shows
schematically an L.CD device 500. A backlight 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 strip 520 alternates
with a data line 524. Spacers 530 are provided between the first alignment
layer 522 and a second alignment layer 532, the alighment layers sandwiching

30 liquid crystals 536 in between. A plurality of second transparent conductor
strips 540 are positioned on the second alignment layer 532, the second
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15 flexi bl e and durabl e substrates such as plastic fil ns.

The transparent conductor structures, their electrical and optical
properties, and the nethods of fabrication are illustrated in nore
detail by the followi ng non-limting exanpl es. 20EXAMPLES EXAMPLE 1
SYNTHESI S OF SI LVER NANOW RES Si | ver nanowi res were synthesi 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 descr trepsparent cenductdt: stifemb4BorieGling at a Bghthangterfsgm &heviirsiXi a,

"Crystalline,silver .nanqQw,res.b f1 solution processing. .

Nanol et t er s, URBTRTISM OpaYialinRaR: Aegephd HentiEURT Sty stips 540
descri bed i nakd farthélr svaitsd Wittih pAssiVativatiayen A9, cofdéd iatfodd 548, 4 fvp nane
of Canbrios Technol ogi es_Corporation,_ produces nore uniformsilver

nanowi res at 9y AubsiiAiePel 20¢apoghey Bg. AHvaRBaGRHY: Srlransparans| -

met hod. Tl s capilctdr RtriaBo0Snd e 0 rb%t@%médfa%ﬁfa%@f“eﬁea% 8 idhnihBtirigt S
entirety. EXAVPLE 2 PREPARATI ON A "TRANSPARENT CONDUCTOR An_
Aut of | ex EBGBrosessyentnjinebeltare glegh stkgiie andithy alignmeansiayer, fesperiivelnas

o 2 e SRR col BTl ot SPRACREANEAEN . o oo
shown i n TabHepdbitiohdreschirmperocéssed acd reguinecke, the [ight transm ssion
was measured using t h?n g%r'ﬂ%?%%%%&irﬁer}\tﬁﬁg ’t\{lar%lp%ggﬁt conductor described
10 herein forms part of a touch screen. A touch screen is an interactive input
device integrated onfo an electronic display, which allows a user to input
instructions by touching the screen. The touch screen is optically clear to allow
light and image to transmit through,
Figure 22 shows schematically a touch screen device 560
15 according to one embodiment. The device 560 includes a first transparent
conductor 564 comprising a first substrate 568 coated or laminated with a first
conductive layer 572, the first conductive IayerI572 having a top conductive
surface 576. A second transparent conductor 580 is positioned above the first
transparent conductor 564 and separated therefrom by adhesive enclosures
20 584 and 584’ at respective ends of the device 560. The second fransparent
conductor 580 includes a second conductive layer 588 coated or laminated on
a second substrate 592, The second conductive layer 588 has an inner
conductive surface 594 facing the top conductive surface 576 and is suspended
over spacers 586.
25 - When a user touches the second fransparent conductor 580, the
inner conductive surface 584 contacts the top conductive surface 576 of the
first transparent conductor 564 and causes a change in the electrostatic field. A
controller (not shown) senses the change and resolves the actual touch
coordinate, which information is then passed fo an operating system.
30 According to this embodiment, the inner conductive surface 594
and the top conductive surface 576 each has surface resistivity in the range of
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An aqueous di spersion of silver nanowires was first prepared. 10 The
silver nanowires were about 70nmto 80nmin width and around 8ismin
| ength. The concentration of the silver nanow res (AgNW was about
0.5 %/ v of the dispersion, resulting in an optical density of about
0.5 (nmeasured on a Ml ecul ar Devices Spectra Max M2 pl ate reader).
The di spersion was then coated on the PET substrate by allow ng the
nanowi res to sedinent onto the 15 substrate As under stood by one

skilled int Lﬁr*lb*‘logbﬁﬁf ntaéfgrértsrag tﬁw%o@wﬁb@.ﬁr&m&wﬁacha aﬁhd,

fl ow netered narr ow chan flow on 'an 1'ncline and
the like. |tsemnﬂmnanhrmreutrmdsctomdwavaéughmsmlmtetgz 2 B8%sg teallow

behavi or of is’pﬁ'f'éése ttgt'%@ eﬁﬁlﬂirf*)\‘@bt he i nt eractr ons bet ween t he

nanow r es tion and interconnectivity of the
nanow res coated. 20THaededtbad setdrel subafratds barybe aorfarleiylofa‘fatém!lmraer es

830" o oBr el ol kPR, B P ok i g ol |
substrate. @&%@E& sudigs bélﬁ&&béﬁa@é‘ﬁ%tﬁ%%t@ﬁﬂhﬁ@% S8BHRe émaefrateed

using a BYK rdner Haze-gar surface resistivity was

measur ed usi#ap ke aflexblefis. ﬂta@ammaﬂer@tletoucbecrﬁ% apetﬁﬂﬂpe kot
shown in Tab% sirate%%%n'b%tf%&fﬁ@mﬁggbgé ag’ﬂ@ t he nanow res anq an ar eal
r

cover age of strate can a ved under an optical or
scanni ng eI ectron m cﬂmlsrentb,eavallable touch screens tyfhealpremyloy metabexide was

pr epar ed X4 N dr et h Fa
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vi scous s?l lutdstlpto fEbdcatal In partiadlar, B0 ﬁtrvmsareﬁm@d@dy@epﬁa’edtm@a@ | ver
nanowire films own net hods .in, the, art

eaaml & doctusRlalba G hlobdgapSiabe A Fueian Morontiast o vauapers. can
be used. ThecdiuEiols d@écﬂbéuﬁherﬁ@ﬁcﬁﬁéﬂﬁbfﬁtetﬂbphbh?zhﬂﬂggl]ﬁ;iht@ftetﬁdh@fﬁnd
t enperature, during which the sol vent MEK evalgorate and th trix

mat er i aI har ide deempgraBemt Theay 3/so gliovqier mere o er@gﬁupat@ew W an
oven, €. fxible 5@&*9%@%&39&@5%&6 2% pRBRUAIMS. hours. A

transparent conductor having a cond uctrve | ayer on the PET substrate
(AgNVV/ PU/ PET) was t hilie trenspsientTiosdusoraiaictures, theieelegrical med gpiicabr

nanow res i %ngm%gte{mhth%f&b%g{m %EQIErstrafe% fﬁdr&@étaﬁ‘ﬁgthe .

el ectrical ro I'es Were neasure e results are shown in
Tabl e 1. following nen-livdingrexaspdesent conductor was further subjected
to a tape test. Mire specifically, a 3M Scotch(r) 600 adhesive tape
was firmy applied to the

20 EXAMPLES

EXAMPLE 1
SYNTHESIS OF SILVER NANGCWIRES

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

25 (PVP) following the "polyol” method described in, e.g. Y. Sun, B. Gates, B.
Mayers, & Y. Xia, "Crystalline silver nanowires by soft solution processing’,
Nanoletters, (2002), 2(2) 165-168. A modified polyol method, deseribed 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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surface of the matrix and then renoved. Any | oose silver nanow res
were renoved along with the tape. After the tape test, the optical
and electrical 15 properties of the transparent conductor were
measured and the results are shown in Table 1. By way of conpari son,
a matrix-only filmwas formed on a PET substrate (P13/PET) under the

sanme conditions as descri bed above. The optical properties
(I'ight transm ssion 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 filmon PET (PU PET) had a slightly higher |ight
transmi ssion as well as haze val ue tEWPLERET substrate. Neither was
conductive. By conparison, the bare silver nanowire filmon PET was

hi ghl y conductive, regi sPlEW@TI@Nﬁ#MSPﬁP@ﬁW(jT@ﬁ 60 C2/11. The
25 deposition of the bare silver nanowire filmon the PET |owered the
| i ght transm ssion andniAudoRexJeRGH pelybthylene ioephthalate(RETH Elred ¢m ver

| PET til | th
Tant ¢ r afsrivs st SesaRaoRe KL SunRel LR eor g qetr 7, ©
properties Ofnstllbﬁar.bv?fhé llghtltkaﬁnsnmmvandmafzelode%’Eiumﬂte grershawalii e or
rmed. 0

superior to netal PET
substrates, WaleH: t ?ﬁﬂe?ﬁ%%g@%?”?%ﬁh%ég]?tgraﬂﬁrﬂ?’sﬂog was measured As
further shomgs,h@th'g;mg@,oaﬂogpﬁ,Asﬁﬂsm@ognt conduct or based on SI I ver
nanowi res in the polyurethane matri x had_an al nost ideptijcal

transni ssion as the bAWneaaEpyedispRrsioRiof slver naNQHresgyas Hﬁ%P’SP%’Fijght ly
i gner Na5e: THLSiyef Redbiid o8 arblerdr PR PR AN MHCABlind STRIN e

t he sane 'as ver nanow | cati ng that
coating of tleagtmtTriecomaerratiah ofithe siver MWEﬁ(AQWEWEGébOﬁ%\&W/‘é

s Corpe SOE BB ARG pISCALER T BRI SRR AL, 1
(e.g., ITO Moremsardw mvEEﬁ'Sped:tsa Kak 842 plhﬁe raddhrl i Oirg dispersioapestteen  di d
e "Gt e bk b ot g e RSN i e
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. It is further understood that the viscosity and shear
behavior of the fluid as well as the interactions between the nanowires may
affect the distribution and interconnectivity of the nanowires coated,
20 Thereafter, the coated layer of silver nanowires was allowed to
dry by water evaporation. A bare silver nanowire fiim, also referredto as a
“network layetr”, was formed on the PET substrate. (AgNW/PET) The light
transmission and haze were measured using a BYK Gardner Haze-gard Plus.
The surface resistivity was measured using a Fluke 175 True RMS Multimeter.
25 The results are shown in Table 1. The interconnectivity of the nanowires and
an areal coverage of the substrate can also be observed under an optical or
scanning electron microscope.
The mairix material was prepared by mixing polyurethane (PU)
{Minwax Fast-Drying Polyurethane) in methy] ethyl ketone (MEK) to form a 1:4
30 (v/v) viscous solution. The matrix material was coated on the bare silver
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TABLE 1 Transparent Media Light Transmission (% Naze (%
Resistivity OD) PET 91.6 0.78 non-conductive PU PET 92.3 0. 88

non- conducti ve AgNW PET 87. 4

10

15

20

25

30

nanowire film spin-coating. Other known methods in the art, for example,
doctor blade, Meyer rod, draw-down or curtain coating, can be used. The
matrix material was cured for about 3 hours at room temperature, during which
the solvent MEK evaporated and the matrix material hardened. Alternatively,
the curing can take place in an oven, e.g., at a temperature of 50°C for about 2
hours.

A transparent conductor having a conductive layer on the PET
substrate (AgNW/PU/PET) was thus formed. The conductive layer of the silver
nanowires in the matrix was about 100nm thick. s optical and electrical
properties were measured and the results are shown in Table 1.

The transparent conductor was further subjected to a tape test.
More specifically, a 3M Scotch® 600 adhesive tape was firmly applied to the
surface of the matrix and then removed. Any loose silver nanowires were
removed along with the tape. After the tape test, the optical and electrical
properties of the transparent conductor were measured and the resulis are
shown in Table 1.

By way of comparison, a matrix-only film was formed on a PET
substrate (PU/PET) under the same conditions as described above. The
optical properties (light fransmission and haze) and the electrical properties of
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
deposition of the bare silver nanowire film on the PET lowered the light
transmission and increased the haze. However, the bare silver nanowire film
on PET was still considered optically clear with a light transmission of more
than 80%. The optical and electrical properties of the bare silver nanowire film
on PET were comparable or superior to metal oxide films (e.g., 1TO) formed on
PET substrates, which typically range from 60 to 400 /0.
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4.76 60 AgNW PU/ PET 87.2 5.74 60 After tape test 87.2 5.94 60
EXAMPLE 3 ACCELERATED H2S CORROSI ON TESTS 15Sul fides, such as

hydr ogen 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. Advantageously,
the matrix of the transparent conductor serves as a gas perneation
barrier. This prevents, to certain degree, the atnospheric H28 from

20 contacting the netahs RAMAMERSGHM iﬁrﬁgfeéd?@hé ﬁaﬁéb%réfﬁ?cbﬁd&mltodf%ged &/ M

stability of the netal nanow res can urt her "obt ai ne
i ncor por at i neileerenanowires i the polysietimenennatox had eniadmesiddanticalilight as
descri bed hert?z:tinrs]r'nission as the bare silver nanowire film on PET, and a slightly higher
haze. The resistivity of the transparent conductor remained the same as the
5 bare silver nanowire film, indicating that the coating of the matrix material did
not disturb the silver nanowire film. The transparent conductor thus formed was
optically clear, and had a comparable or'superior surface resistivity to metal
oxide films (e.g., ITO) formed on PET substrates.
In addition, the tape test did not atter the resistivity or the light
10 transmission of the transparent conductor, and only slightly increased the haze.

TABLE 1

Transparent Media Light Transmission (%) Haze (%) Resistivity ($20)

PET 91.6 0.78 nan-conductive
PU/PET 92.3 0.88 non-conductive
AgNW/PET 874 4.76 60
AgNW/PU/PET 87.2 574 60
After tape test 872 5.94 60
EXAMPLE 3

AGCELERATED HzS CORROSION TESTS

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

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

In the United States, the amount of H,S in the air is about 0.11-
0.33 parts per billion (ppb). At this level, corrosion is expected fo take place
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In the United States, the amobunt of H28 in the air is about O0.11-
0.33 parts"per billion (ppb). At this level, corrosion is expected to
take place over an extended period of tine. Thus, an accel erated H2S
corrosion test was_designed to provide an extrene case of H2S
corrosion. Freshly cooked egg yol ks were broken into pieces and
sealed in a plastic bag. A H28 nmeter (Industrial Scientific, GasBadge
Plus - Hydrogen 5 Sulfide Single Gas _Mnitor) was inserted into the
bag to noni to?Vec"ﬁ’@ exégnsied eged piting.r Bhus, B aserjerptaddd:S ormsion 188t vidsows
a typical rel r1gf riod of 24 hours.
After an initial egltlegré\ﬁd@%n éﬂfénll%% tl-ﬁg%ggg?gﬁhe gas | evel

dr opped, i ndi cati ng thEresdﬂye:ogksd hwiydké waredgtoken intdf pietes drersearalisa

bag. Neverthel h 6

Che bag. 10 grilaatpes s He Birtertlnol el Sl S atthids i varehime "

9 b_?_[] e f5| : 5ersmmsing§z Gad mnmrorPFis mgsért@d ?ﬁtm]g%agﬁ? ﬁfdilﬂtaﬂthb?elgéﬁm" e
e Irm e in St C a W res (e 0] 0]

yol ks. The fi I%ﬁ 3’?? PQo )ﬂkﬁﬁgweﬁﬁ srh%Wﬁ(? tﬁ@'ﬁ?'sfeieﬁgﬁéipwﬁ Qf@thaﬁ t he

silver had bepg dv@falpéhsaiomkﬂh&l@%ﬂé%ﬁnﬁﬁﬁbmlafdﬁe& thé Hﬁﬂﬁhé%ﬁ the

col or changes in filnms of | ver nanow res I n
were not obs é}aé"é%"% dfqappegs 'ﬂ@pﬁfmhﬂ@% gas had dﬁuwrgomtmtha ;bmmeable

pol yur et hane tion of
Phe i2S gas. B e oSty M e e o Gt B o
The fol | o¥® ng;r@@tly;ﬂuemsafedﬂmwmufﬂm dtinbsphene-&S aspar ed. A PET

bstrat df h e. o corrQsion
substrate was used for
i nhi bitors, including %gﬁgeo '@?rn%ﬂog’"eg}]mﬁpﬁ?n‘é{@? g%@?@da‘?ﬁ?"%gotpel n,
were i ncor porExamplei®r Thefilheas presd & 4 PRSI badWitls RBSHIF EbkRd g PBiks,
25Sampl es 1- %.h\/\ﬁiig bgr eﬁ)g%@j accgrdl ng to the nethod described herein.
No corrosion '{fiRYBi°EE? e Withip two hours, indjgatinasthat thesilverdeddgeni ve
fi : m of bar et@rgisheﬁ agéng\lék Rgss wgﬁgﬁ}hﬁsdf INBSnifast, QB Shhndes ih Fiffsdr
silver nanow res i u i X.

{]5 snrlver nanowmleos lnypolyurethane matrix were not observed until after 2-3 days,

indicating that the polyurethane matrix acted as a barrier to slow down the
permeation of the H,S gas,

EXAMPLE 4
20 INCORPORATION OF CORROSION INHIBITORS

The following samples of conductive films were prepared. A PET
substrate was used for each sampie. In certain samples, corrosion inhibitors,
including benzotriazole, dithiothiadiazole and acralein, 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.

Sampie 2 was & conductive film of silver nanowires in a
polyurethane matrix.
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Sanmpl es 3-6 were prepared by first form ng a bare silver nanow re
filmon a PET substrate (La, Sanple 1). Thereafter, various corrosion
I nhi bitors were incorporated during the coating processes of the
matrix material. Sanple 3 was prepared by coating a 0.1w v% sol ution
of 5 benzotriazole (BTA) in nethyl ethyl ketone (MEK) on the bare
silver nanowire film allowng the solvent to dry after coating,

foll owed by coating the matrix material of polyurethane (PU in MEK

(1:4). Sanple 4 was pr%@s@mérebﬁéparéhcwm@mﬁmm ababy 6 fénowire
di thiothi adiazole in a matrix materi al K (1:4), followed by

coating the filn amafETr w&tstratedreoﬁamﬁl@ 'Bafréeﬁaﬁ‘?*éﬂafﬂf&ﬁ&ﬂfrpﬂoﬂl | m

2 S0l ut 1 on o Piprgy Gsredfechbdipled HuRfl I el Rrofie 68 o AR ARpdtehdl | 1

solvent to dry after cﬂqupplagwdscﬂrémsﬂbjoyoatmtamgwmm mlatltmamfrl X

mat eri al PU MEK 1.5v/ Ie6
e pr epaPedbBiFatTedle (RAVEmPLY| oy i8ion BT Ll P Bifey IR,

mat eri al  PU fiffalldwity thé %{bmdrhmﬁ@ﬂedatmg fohewathby coating tes matnxon a
bare silver nanowire film The_ op tlca}‘& and el ectrical properties of

the Sanpl es Materpbepohuysthane (FSaMERKatter an accel erated H2S

treatment, as describegp 3%a§>ﬁéﬂﬁr@d firsBRichipoFthg 18vA/% Bewn in
Fi gures 24A 24B and 24C|:ﬂe urec I?é sh gvvs the |ight

transmi ssi ondithiethiadiazele: in agnatea metasis! EUG‘?@éK'bﬂb followedpy copling hgnt and
24 hours 6”1%,55%]% 'E‘?\Q ér{{ﬁ@tb%?@%lhrefﬁéncﬁ}ﬁ%mﬁe of conparison, the

decr ease of FPaRSTh SSitGn Tor Sac anple is also graphed Pri or
to the 1128 treat ment Sample 5iwasipeersaepbefirstdipping edvare sblezaab@mre film

ol 1 oni ng 24mauaeiaselc Byl @ bR REoR R e, ARk 0 ek 1o arv
experi enced dmrtﬁ;ﬂﬂﬁga followisiedyr colatiggnivith aanatrix mteviaSPUtMEK()'l 4) Rdvimge nt
degrees of sHth/ %‘5&9@&? As expected, Sanple 1 had the nost
reduction i n1PYR k4l diazQl®, sanples 3 and 6 did not perform
better thgn the matri E&fi’rﬁ'ﬂldﬁ%sfp@éﬁﬂr@d bypaiEpIngombrating MBvesk, 41 acrdlel

however, had |ess reduction in |ight
in a matrix material PU/MEK (1:4), followed by coating the matrix material on a

bare silver nanowire film.
The optical and electrical properties of the Samples 1-6 were
measured before and after an accelerated H,S treatment, as described in
20 Example 3. The results are shown in Figures 24A, 24B and 24C.
Figure 24A shows the light transmission measurements of
Samples 1-8 before the H,S treatment and 24 hours after the HzS treatment,
For purpose of comparison, the decrease of light transmission for each sample
is also graphed. Prior to the HaS treatment, all of the samples were shown to
25 be optically clear (having a light transmission higher than 80%). Following 24
hours of the H2S treatment, all of the samples have experienced decreases in
their light transmissions due to different degrees of silver tamish.
As expected, Sample 1 had the most reduction in light
transmission. Samples 3 and 6 did not perform better than the 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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transm ssion conpared to the matrix-only sanple, indicating the
corrosion inhibitor dithiothiadiazole was effective in protecting
the silver nanowires from bei ng corroded. Fi gure 24B
shows the resistance neasurenents of Sanples 1-6 before the H2S
treatnment and 24 hours after the H2S treatnent. For purpose of 5
conparison, the decrease of the resistance for each sanple is al so
graphed. As sh | Jhut, Sanple 4 experienced dramatic increases in
their resist dﬂﬁggdréﬁhm@?'?‘i‘@%‘?’ggﬁ? cfiectiVgn Pisiecing thecsivernanamiras trghn t he
onset of the gk estaddegn in el ectrical properties was significantly
del ayed for sonme sanples. Sanple 4 had only a nodest increase in its
resistance. It is notedigurea24l showsihemsistariceBSasiferaantSanghapksdg!

Sample 5 diff ' ' h Sanpl e had t he

sanme Ccorr osi 05:?&?% ﬁ%ﬁ%ﬁ%@ﬂ% FB@?‘? ﬁé‘}”gf‘ﬁie@;‘?%qéeq?ﬁgﬁ }§rPH'§PS? Ak

coati ng processparisey thd deceadeer tios fesiztanee ferssachlsafptd Pé%ofg{?éﬁr%'iﬁ. on
' C shows .t he haze measurenents of

i nhi bi tor. Fi gur 4 az, i 2Nt S,
Sanpl es 1-6 BEOPYM ﬁ'éb#‘t-%gﬁF%e%Pﬁ‘&We%HEﬁ%mwegs%ﬁ indheit rmeisiapses
treatment. Faindeffectively ISdcatfe SRPRAGLIERE, alfHiBgh lﬂ?é‘&gse!t Bfﬁq%e@%sﬁén‘”
each sanmple i.s al so t he sanpl es”showed | ncreases I'n

0 graphed. Al t
thei r haze mik@RPERRFTaPerps was Hanidsartip fplsea forSamsl smplear@arsple the
haze was Wi t Inj N ;1:Q9 Sanpl.es
25, Samplie 4l SRLAR g aat I R bRl 18 e he AR inters T
wi t hst andithgonRampls 4 esr\Ranms 5 gifferedByorisidetatyhg atpitegthaticots SarpiEson
I nhi bi tor (dibLhietdad] ). . . IX e..lransparent
conduct or ghg\%\gg‘%c%ygg%j bgrﬁ:\?/géﬁ 'QE@”%@’F“@WHI&E"'[?% EF‘WB'E?SABE%? rosi on
i nhi bi t or wasoglingpeonesses riay affetidhe effiedtivemess|of hdfivdreattosioninibiesy

accelerated tests were.far eater .t han the atnospheric H2S. It iIs
t her ef ore expect ed th?@‘??&g@ﬁi‘f’gﬁ{“%z@m%ﬁg i cEpamelgs drrbefare y

as Sanpl e 4 theHS taateniani Dehoes aftér tho eLOHREPAGR. Fhr pliBodd gOSPheri c
H2S. EXA'\@L Ec:05mparison, the change in the haze for each sample is also graphed. All the
samples showed increases in their haze measurements. With the exception of
Samples 1 and 8, the haze was within acceptable range (less than 10%) for
each of Samples 2-5. ,
Sample 4 was shown to have the best overall performanee in
20 withstanding the corrosive H,S gas. By incorporating the corrosion inhibitor
(dithiothiadiazole) in the matrix, the transparent conductor showed clear
advantage over Sample 2 in which no corrosion inhibitor was present,
It is noted that the H,S levels in these accelerated tests were far
greater than the atmospheric H;S. It is therefore expected that fransparent
25 conductors prepared similarly as Sample 4 would fare even better in the
presence of the atmospheric H.S.

EXAMPLE &
PRESSURE-TREATMENT OF METAL NANOWIRE NETWORK LAYERS

30 Table 2 illustrates the results of two triais of applying pressure to a
surface of a silver nanowire network layer (or “network layer”) on a subsirate.

54



PRESSURE- TREATMENT OF METAL NANOW RE NETWORK LAYERS 30Tabl e 2

il lustrates the results of two trials of applying pressure to a
surface of a silver nanowire network |ayer (or "network layer) on a
substrat e. Specifically, silver nanow res of around
70nmto 80nmin width and around 8ttmin |ength were deposited on’an
Aut of | ex El 3G PET substrate. The substrate was treated wth Argon
plasma prior to the deposition of the nanowires. A network |ayer was
formed according to th&pesiicatly, sileamndnoettes of Zrofxd VPR t@ 80MNA iMRidi X

terial was | t. ngt.wor k rjor to the_pressure treatnent.
e 15 RN BV s APt B8
stainl ess st éHie subkstrate v treatédiviin R LIRS BB 98 dérﬂb%iti%ﬁ‘;f‘%h%f the
network | ayer_treated vvaayf om3 to 4 inches w de and trom o 4

i nches | ong. "EHWIERE A nepvyyk dayer was fgrmed Reemding da fieeethodales@ibd in
(0./squares @R 35N matk ndtéiil W4 abPidddh B hetworks prior to the

pressure treatment. The Trials listed in Table 2 were carried out using a single
stainless steel roller on a rigid bench-top surface. The area of the network layer
treated was from 3 to 4 inches wide and from 3 to 4 inches long.

10 TABLE 2
Trial 1 Trlat 2
Process R (S¥/square) R{Q/square)  Transmission (%) Haze (%)
{original) 16000 400000 88.2 3.34
1 roll @ 340 psi 297 690 87.3 3.67
1 roll @ 340 psi 108 230 87.2 493
1 roll @ 340 psi 73 127 86.6 4,19
1 roll @ 340 psi 61 092 87.1 4.47
1 roll @ 340 pst 53 86 B6.6 4.44
Ar plasma 38 62 88.0 4.19

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

15 across the network layer at approximately 340 psi.

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

20  and fifth columns, respectively. As shown, it was determined that the
conductivity of the network layer of each trial was increased by application of
pressure 10 a surface thereof.
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16000 400000 88.2 3.34 1 roll @40 psi 297 690 87.3 3.67 1 roll @40
psi 108 230 87.2 4.13 1 roll @340 psi 73

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

5 network layer.

TABLE 3
Process Resistance (©/0) Transmission (%)  Haze (%)
{original) 700,000 86.4 4.77
2 rolls @ 340 psi 100 B5.6 5.24
soap & water wash 44 86.0 4,94
Ar plasma 24 85.9 4.81

As shown in Table 3, application of pressure to a network layer by
twice rolling with a single stainless steel bar at approximately 340 psi on a rigid
10 surface reduced the light transmission and increased the haze of the network
layer. Washing the network layer with soap and water after the rolling,
however, increased the transmission and decreased the haze. An argon
plasma treatment further improved the fransmission and haze.
Washing the network with soap and water without rolling is also
16 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 mixiure of prepolymers was
coated over the network layer 600 within the area 614. A mask 620 was placed
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127 86.6 4.19 1 roll @340 psi 61 92 87.1 4.47 1 roll @40 psi 53 86

86.6 4.44 Ar

10

15

20

25

30

pl asnma 38 62

upon the holc'!ers 610. The mask 620 was a glass slide having a number of
dark lines 624 of ahout 500pm wide. The matrix material was then irradiated
under a Dymax 5000 lamp for 90 seconds. The matrix material cured in the
regions exposed fo light and remained liquid in the regions that were masked
by the dark lines.

As shown in Figure 25B, conductive film 630 was obtained after
the photo-patterning described ahove. The lighter regions 634 were exposed to
UV irradiation and the dark regions 638 were masked from the light exposure.
Conductive film 640 was further subjected to an adhesive tape or a tacky roil to
remove the matrix material and the nanowires in uncured regions 644. As
shown, the contrast between the uncured regions 644 and the cured regions
644 was pronounced. Foilowing the adhesive tape treatment, the concentration
of the nanowires dropped below the percolation threshold in the uncured
regions 644. Electrical measurements using fine probe tips showed that the
uncured regions 644 were non-conductive.

Figures 26A-F show a photo-patterned conductive layer at higher
magnifications. Figure 26A shows the conductive film 640 immediately after
photo-curing (5x). Figure 26B shows the conductive film 640 after the adhesive
tape treatment (5x), in which the cured region 648 appears much lighter than
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
the uncured region using adhesive tapes or tacky rolls, a sojvent 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 aperiure mask. Figure 27A shows cured regions (conductive regions)
710 and uncured regions 720 after being washed with ethanol and wiped.
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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88.0 4.19 Prior to any application of pressure, the network |ayers
had the resistance indicated in the "original"™ row (the network

| ayers were not pre- treated with plasnma.) Each row of Table 2

i ndi cates 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 plasma treatnent was applied to the
network | ayer. The resistance after each roll is as listed in the

second (fir sgurkd retionsd. tihitidlucaesionegions 720, mestiof tAesuncueed mbfrign i n
transm ssion and haze for the second trlal is a Ilsteg?ln th fourth

20 and fift hmeriahanrd thesdyrrdenowirgs hacsbegnggmoved bihe ¢f '&'Pﬁaﬁ 894 hat
the conduct 'M;:Stéf ttefrilfy MBFISHE orodiites cﬁdﬁ&@ra@Fdn@'an%%nJ&ﬁﬂL%ﬁ@d by

application essure to a surface thereof shown
above |n Tabrleglon acapplingtata mddﬁrt‘pﬁ@%p@#ﬁnto a network |ayer by a
roller g reduce the light transm %&9’9 the | ayer and increase
the haze.“As shown in Table 3 bel ow, Shing process follow ng the

Phe haze of the 5 network | 23“&0%%%@%"3@%%%@ B st ancec °°

Transm ssion (% HazeT“tgoma(tﬁ g{errgi aesggb uo‘(%eéta%%l gcan be formulated by
combining an acryiaté monomer {or prepolymer, as defined herein), a multi-
functional acrylate monomer (or prepolymer) and at least one photoinitiator.

10  Any acrylate monomers or prepolymers can be used, such as epoxy acrylates,
more specifically, 2-ethylhexyl acrylate, 2-phenoxyethyl acrylate, lauryl acrylate,
methacrylates, and the like. Any multi-functional acrylate monomer (or
prepolymer) can be used to promote the formation of a crossiinking polymer
network. Examples include trimethylolpropane triacrylate (TMPTA),

15 tripropylene glycol diacrylate, bisphenol-A diacrylate, propoxylated (3)
trimethylolpropane triacrylate, dipentaerythritol penta-acrylate. Any
photoinitiator, for example, ketone based initiators, can be used. Specific
examples include: Ciba Irgacure 754, phenyl ketone such as Ciba lrgacure 184,
o-hydroxy ketones, glyoxylates, benzophenone, a-amino ketones and the like.

20 More specifically, a fast-curing formulation can be prepared by combining 60%- -
70% é—ethylhexyl acrylate, 15%-30% trimethyloipropane triacrylate and about
5% Ciba Irgacure 754.

Other additives can be added to enhance the stability and/or
promote the adhesion of the matrix and the nanowires. For example, an

25 adhesion promoter {e.g., silanes) that promotes the coupling between organic
matter and inorganic matier can be used, Examples of the silane-type
adhesion promolers include GE Silquest A174, GE Silquest A1100 and the like.
Antioxidants such as Giba Irgonox 1010ff, Ciba Irgonox 245, Irgonox 1035 can
be used. Moreover, additional or co-initiators can be used to promote the

30 efficiency of the photoinitiator. Examples of coinitiator can include any types of
tertiary amine acrylates, such as Sartomer GN373, CN 371, CN384, CN386
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2 rolls @40 psi 10985. 6524 soap & water wash4486.04.94 Ar

pl asma2485, 94. 81 As shown in Table 3, application of
pressure to a network |ayer by twice rolling wwth a single stainless
steel bar at approximately 340 psi on a rigid 10 surface reduced the
i ght transm ssion and increased the haze of the network | ayer.
Washing the network |layer with soap and water after the rolling,
however, increased the transm ssion and decreased the haze. An argon
pl asna treat mptherlike: Har addifiorel plabteingator ayrbrass@ioa drganareHREE)1 can be
Washi ng the %E {th soap and water without rolling is also 15
effective at v‘?% the conductivity to sone extent.

Fol | owi ng the pressur eBelow \&es fuungxdmsiaty photoscurabletdrmulations eitable asan

be coated as prevjously described in Exanple 2. EXAVMPLE 6
PHOTO- PATTERﬂFW@“‘@K%[’J%@PW@ %W@%Fi gure 25A illustrates one
nmet hod of gi Feghinatigipd t erning a nanowi re-based transparent conductive

film In this exanple, a silver nanowi re network |ayer ("network
layer") 600 was initi al9% 2relhvleexybacrdalgl ass substrate 604 according

to the nethod describ %gi"g%ﬁﬁﬁigﬁfﬁnei;%%é@mﬁﬁéo were placed on

the gl ass substrate 6 area 0l4 trix formation. A
25 phot o- cur abl e mat r i1% mdhesiomprogiderdGRFilogestcAH 00);xt ur e of

B4 A mmok 620 was pitabbatbRARRTERSPLEY 1B " ek 620 was a
gl ass slife having a mgephotoiitialer(RidailneeueZs4pf about 500m wi de. The

matri x materi_al vvasn:]gen irradi ated under a Dymax 5000 | anp for 90
seconds. TheFRERYRYCN Gt erial cured in the regions exposed to |ight

and remai ned |iquid iryatdw XaeiiResl hkéerdkterer e masked 5 by the dark
| i nes. As shown in Figure 25B, conductive film 630 was

5
obt ai ned after the ph@0de Bieetbylplpiapane tigeiviate (BMBIA)Y The 1ighter

regions 634 were exposef atRedibh biohRrEERgasst AMgoflar k regi ons 638
were masked fromthe Iigﬁt %xpogure. &ndugti ve fil gn 640 was further

subj ect edl& 0 an adhesiOvR5% aptioxidand (€ika ligoney 1010§) and
5% photoinitiator (Ciba Irgacure 754}
Formulation 3
73.1 % tripropylene glycol diacrylate (TPGDA)
22.0 % trimethylolpropane triacrylate (TMPTA)
20 4.9 % photoinitiator (Ciba lrgacure 754)
0.03% antioxidant (4-methoxyphenol)
Formulation 4
68% 2-ethylhexyl acrylate;
20% trimethylolpropane triacrylate (TMPTA);
25 1% adhesion promoter (GE Silquest A1100};
0.1% antioxydant {Ciba iIrgonox 1010ff) and
5% photoinitiator | (Ciba Irgacure 754)
5% coinitiator (Sartomer CN373)
1% phofoinitiator || (Ciba Irgacure OXE01)
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10 renove the matrix material and the nanowi res in uncured regions
644. As shown, the contrast between the uncured regions 644 and the
cured regi ons 644 was pronounced. Follow ng the adhesive tape
treatment, the concentration of the nanow res dropped bel ow t he
percol ation threshold in the uncured regions 644. El ectrical
measurenents using fine probe tips showed that the 15 uncured regions
644 wer e non-conducti ve. Fi gures 26A-F show a

phot o- patt erned conductive | ayer at higher magnifications. Figure 26A
shows the conductive film640 i medi ately after photo-curing (5x).

Fi gure 2613 shows the conductive fil iEx8OLElS t er t he adhesive tape
treatnent (5x), in which the cured regi on 648 appears nuch |ighter
than 20 the uncured regi on 644. NANDWREIDISPERSION | cation (Figures 260
and 26D, 20x), it can be observed that the uncured region 644 has a

.l ower concentration of Amanowie dispérsian, ¢k, sdsadrnnegedh %&meﬁ‘g dhout

contrast i n e 6E and 26F

al ternati véé {6866?/ @@Sﬁﬁ@% ﬁ'b"‘ﬁéllr%%w?mﬁ% U] rgnogﬁgs,@;)ﬂg ijgé%l"ﬁ 2envithe
uncur ed regi GiBQ400gnadboctioosH5RRE vﬁﬁeﬁ Ekah ihighl step, %rﬁ@#M@@md’kﬁy be
used to wash t uncured regions. As shown in Figures 27A-

conductive fiP '9’@)@’%‘9&%’ aﬁ"éﬁ”‘&é‘”fcﬂfg@f@lﬁwabm@béuhw& Oéihﬁds’@ﬂ to W
i rradiation Tdbélﬂétglv”bl@méro@ﬁ%&ﬂl%r dlééﬁe?sﬂﬁﬁ)és D cflcgél'fr?a Bgfk}a;%ﬂgﬁegﬂjédggl ng

regi ons (conductlve regi ons uncur regli ons
washed with Oeheass 80sa@nd; @onsmcmolgter eEgnongBJ-th taisiaka DE% ot

t
e THPMC s6RtoRY5s aldéy 66 WAl 1hd FoBRBWRE fuké ﬂP@ﬁ“f;hé‘ on
710. In the HFMEedd M@@rmtu@@as siirssd mfdmﬂeseuhemmnbna‘rélrgq-nﬁaa@{dfal
nol washin

and the silv h rmved b he et.h

Phot o- patterﬁ'{ng %}gro {e‘ﬁﬁ?fé’?ag?’ cc&i (go%dﬁ%?f\'/@ ep&gAgA Lo hefreated

non- conduct | HEM@go!ummambstdledgtmgha?mﬁﬁi&ébﬂuﬂ@ﬁ*ﬁh PPk BIPMC SERMMPLE
7 PHOTO CURABLE x mat erial described in Exanple

6 can be for P E{F%"S%OE%%, HPW& P?’P?[@Wﬁﬂbﬁﬁf‘o P@Fﬂpﬁfﬁéﬁi@riqmr
as defi neig hmv@)undmmtgeimpé?mhata@rMéﬁtaestmron(cﬁ&onylﬁ’ FSO-

pr epol yner) ? d at | east one photoinitiator acryl ate” nononers
or prepol ymet & Wan PERPafRG d Mose epraifisaip d%g OégﬂlwlaFS@ 1090#@'6 added to

20E e R R SO O e
nmononer (or 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 D] water to make about 99.555% wt. water solution in the
final ink composition was added. The solution was stirred for about 15 min. and
the necessary amount of silver nanowires to make about 0.36% Ag nanowire
solution in the final ink composition were added. Finally, the necessary amount
of the Zonyl® FS0-100 stock solution to make about 0.005% wt. Zonyl® FSO-
25 100 solution was added.
All of the above U.S. patents, U.S. patent application publications,
U.8. patent applications, foreign patents, foreign patent applications and non-
patent publications referred to in this specification and/or listed in the
Application Data Sheet, are incorporated herein by reference, in their entirety.
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prepol yner) can be used to pronote the formation of a crosslinking
pol ymer networ k. Exanples include trimnmethylol propane triacrylate
(TMPTA), 15 tripropylene glycol diaciylate, bisphenol-A diacrylate,
propoxyl ated (3) trinethylol propane triacrylate, diPentaerythritol
pent a-acryl ate. Any photoinitiator, for exanple, ketoné based
initiators, can be used. Specific exanples include: G ba Irgacure
754, phenyl ketone such as G ba Irgacure 184, a-hydroxy ketones,

gl yoxyl ates, benzophengpgm ti9d fo«'eégdn@ d@ﬁl%ea%p?éaﬂaté@ﬁqa}t'dﬂﬁoug?fps e

speC|f|caIIy, a fast-curing formulation can prepared by conbi ni ng

60% 70% 2- et WPH@W%&%% iventiondiays besn dewbag! lherein fop anmwoses of
triacrylate ty 0
addi ti zes caﬁmgﬁﬁéﬂgﬂ daIi t%ggﬂﬁan%%%heg%géﬁﬁpe wathou ewatmﬁ)lﬂ@[tgets ngt

adhesi on of t#&nl snopeiof thenidventenn Accordingty, trléonvafmalriﬂ ot hmltedeéxce;bham on
pronoter ( il an hat pronotes the coupling between organic
mat t er andg gbr%;'% p@eﬁé%c{élgmlsan be used, Exanples of the silane-type
adhesi on pronoters include GE Sil quest Al74, GE Sil quest A1100 and
the |like. Antioxidants such as G ba Irgonox 1010ff, Ci ba |rgonox 245,
| rgonox 1035 can be used. Mreover, additional or co-initiators can
be used to pronote the 30 efficiency of the photoinitiator. Exanples
of coinitiator can include any types of tertiary am ne acryl ates,
such as Sartonmer CN373, CM 371, CN384, CN386 and the like. An
addi ti onal photoinitiator such as Ci ba Irgacure OXEO1 can be further
added. , Bel ow are four exenplary photo-curable

formul ations suitable as the matrix material used in this exanple: 5
Fornmul ation 1 75% 2-et hyl hexyl acrylate; 20% trinethyl ol propane
triacrylate (TMPTA); 1% adhesion pronmoter (GE Si!quest A1100); 0.1%
anti oxi dant (C ba Irgonox 1010f) and 104% photoinitiator (C ba

| rgacure 754)
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Forrmul ation 2 73.9% 2-et hyl hexyf acrylate; 20% tri nethyl ol propane
triacrylate (TMPTA); 1% adhesi on pronmoter (GE Sil quest A1100); _
150. 05% anti oxi dant (C ba Irgonox 1010ff) and 5% photoinitiator (C ba
| rgacure 754) Fornulation 3 73.1 %tripropyl ene glycol diacrylate
(TPGDA) 22.0 % trinethylol propane triacrylate (TMPTA) 204.9 %
photoinitiator (G bdrst a@am,uheee ﬁaéécﬁ&d%ﬁén@afehmhdﬁm comprising: a

(4- met hoxyp r mul.at.i o % 2- et h hex l.at e; 20%
trinet hyl ol gﬁ%%%%ie ??F%{Iglrm 1'% %er()q’%ﬁ'ﬂ&mat% P%déﬁge a&% lbcﬁ%f?gtaer (GE

Si | quest Alrbodity of I_meﬁlanmmmr@ydfanme (eObbdimén @b teXird CkiPey) teendetd %

phot oi ni ti atAowhred Gh BAsilvEGRAIHRs. T fhother embodiment of the first aspect, each

nznowire has an aspect ratio. In yet another embodiment of the first aspect, each

nanowire has an aspect ratio of about 100.

In one embodiment of the first aspect, the conductive layer can include a
matrix. In another embodiment, the transparent conductor can be surface
conductive. In a further embodiment, the matrix can be optically clear. In yet
another embodiment, the matrix material can include polyurethane, polyacrylic,
silicone, polyacrylate, polysilane, polyester, polyvinyl chloride, polystyrene,
polyolefin, fluoropolymer, polyamide, polyimide, polynorbomene, acrylonitrile-
butadiene-styrene copolymer, or copolymers or blends thereof. In one
embodiment, the matrix material can be an inorganic material. In another
embodiment, each metal nanowire or a portion of the plurality of metal
nanowires described herein can include at least one section that protrudes
above a surface of the matrix. In yet another embodiment, the conductive
layer can be patterned such that first regions of the surface of the
transparent conductor can be conductive and second regions of the

surface of the transparent conductor can be non- conductive.

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

copolymer or blend or laminate of these materials.
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5% coinitiator (Sartoner CN373) 1% photoinitiator Il (C ba Irgacure
OXEO1l) EXAMPLE 8 NANOWVI RE DI SPERSI ON A nanowi re di spersion, or ink,
was fornmul ated by conbini ng about 5 0.08% wt. HPMC, about 0.36% w .
silver nanow res, about 0.005% wt. Zonyl (r) FS0-100 and about 99.555%
wt. water. As an [ - tj.o prepar ed.

An anount of vvatg{rrHéltaua bo’ﬁhﬁ&bout ﬂ?'PBQ 5%%% tscg% gl l (Ha?sslg\ﬁ%& \%ol ume of
nanow re di $i9esrereah anaduciirafsther romptisiak epneany heat adi-teBedtive ween 80C

and 85C on 3ayRAt Pinkl QareENQEAN JdRMEv QayTRk epLrict¥d ‘Mard 10atHRIMC, SOl uti on
was added to the V\%’[ er_and t he hot pl at'e was turned off. The HPMC and

wat er ni xt uPEPtsR¥e &in. rItnéH‘eteB‘bﬂ‘P%‘ﬁ’étr & YMEPApL ey TREPFEN #idler of t he
t ot al alrmuntreﬂa&mg/amf pwagonemlowretde @mduaaream%rtmnanaﬁiﬂesﬂuet ﬁyefr he heated
HPMC sol ution.an r P aboui 20 mn. The HPMC
o1t on- gy PR P afret e g oo PR R ERPRERal ) Cuno
Bet apur e fi kedrngpgend Sordgcrorvaaycnaipsse lavbach get sveatid cpaduttive ldyat es. Next a
st ock sol uti S Lfigally, 10g of
Zonyl (r) Fsggﬁgg%\’/e\g Dgg}e)d toyj\gg %%&Rﬁ%eg}m &?he sﬁ%&h aaggéll until the
Zonyl FS 106ntgg8ectivg lﬁxﬁrmlg\s@qe\ﬁewraﬁrﬁe arf@@@sgd:oymmoﬁmttramarwwc st ock
sol ution t 0cémkdoraRG WMonPridB ¥ti-reFiRMNGe &?éruﬁﬂt ark And B ®arkib@)er i NK

conposi tion was placed in a contai ner. he, 20 necessary anount
of DI wat er PEsHte OVeBE Eongesrtirgs Bugn . adhiesive Javerpasitprd tetyesh&e f i nal i nk

conposi t i oncondsctineldgs andihesubtats] indAn WabreSéctive 1ewr beliw BdQUdratkd m n. and
the necessary anmount of silver nanowires to make about 0.36% Ag

nanowi re sol uti shption were a ded Finally,
t he necessary aorrltg)luénﬂtIa 545‘3?1 eﬂ%ony{]ﬁxsfg% {f% PEEHR SR B t o make
about 0. 005%4thgr comprisg [opg Pr m@@ngm@omh%mﬂmm nmdﬁmoswn

inhibitors can include organic compounds. In one embodiment, the one or more

corrosion inhibitors can be housed in one or more reservoirs and can be released
in vapor phase. In another embodiment, the corrosion inhibitor can include
benzotriazole, tolytriazole,” butyl benzyl triazole, dithiothiadiazole, alkyl
dithiothiadiazoles and alkylthiols, 2 aminopyrimidine, 5,6-
dimethylbenzimidazole, 2-amino-5-mercapto-,3,4 thiadiazole, 2-
mercaptopyrimidine, 2-mercaptobenzoxazole, 2- mercaptobenzothiazole, or 2-
mercaptobenzimidazole. In yet another embodiment, the corrosion inhibitor can
be benzotriazole, dithiothiadiazole or alkyl dithiothiadiazoles. The corrosion
inhibitor can also be an H,S scavenger. A further embodiment, the corrosion

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

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

nanowire crossing points having a flattened cross section.

63



Al'l of the above U S. patents, U S. patent application publications,
U S. patent applications, féreign patents, foreign patent
applications and non-patent publications referred to in this
specification and/or listed in the Application Data Sheet, are

i ncor porated her ﬁi@se@iﬁd%@%&ﬁﬁé’ﬂ&ﬁdeslcﬂbeﬁiﬁ%e\‘.ho@ﬂf fabifRbitthe a transparent
Fromthefor?e)t%omg it.wl eapprematedthat altﬁ eC|f|c

enbodi ment s SGHBFPFFOTPRIASE iieBPF‘ff"i’ﬁ\?é’ ‘B@@h"ﬁ)‘@@?ﬁll’lf”}?@a"‘%‘n‘é’r%ﬁ aqe 8pur poses
of il ustr akibstate, WRrhadl hamdied basy digRedriya b@ndmdefmnmgauﬁetadevi ating

fromthe spirit. and s e of .the.invention. Ac g t he
i nvention i & HEH org(q L &5t Sulo’\stra‘getyyanf’ﬁ‘él A}bp hil e@ ‘Haﬁnn? In
a first as pembodlmdnmféhei scmiésspmtbédmaaltnammacmmb sibeneimevics. In
conpri si ng: F&ﬂ%&'%{a&dﬁﬁﬁt ofPB s @Toﬁﬁ)’AﬁJé&t 1Y Qigh@%idy Bfnd: QSméHP%%rate’ the

conductive er inc Ing a urality of ‘nmetal” nanow r n one

enbodi nent & tt"ﬁéelleft?%ﬁm&s%?&@‘y ftlfﬁbylr@ﬂﬁpscnaﬁﬁm¥k§thﬁlaﬁlﬁllbl§ses| | ver
nanowi res. hyur@s&otph@m ehRRtli ePRMbseOf méthf EdikuRbe, A5d3E Chinyl €Medhol@NOW T €
has an aspect a]t§ Q et tgnot her enbodi nent of the first aspect,
each nanow FETHWEEncgEyl b%le‘t’“ A of about 100. In one

enbodi mrent of the first aspect, the conductive layer can include a
matri X. | n anot hkr ocenriolshdivent of ttiee sdcomin sppatt,etit madumkp futien be
surface con ' 0 t be
optically cigéeigﬁrr!sgl%re“ &ttﬁénﬁk{ %ugfr%ee‘%ﬁ%d%#ﬁ ﬂnf’%g ﬁgr? tng]é Q%Parll al can
i ncl ude pol 9@P‘é'¥f¢$arie ﬂl}?&eyaﬁ'@#byﬁimnt sth¢ |}€@H@Ung)dh$/a§¢1rf9deat0é the

pol ysi | ane, s%ﬁll‘a‘i&?t&a@é’s a rmnapf si gm Rhd: gsepraeéayeﬁtrxgﬁmd aPRhgyol efin,
f1 uoropol yner, ynor bonene

acryl onitri P@bﬂ?faad?deﬁ@%tw@r?ém%pﬂwwm Be n@@bawﬁsnemo% ends
t hereof . | nlapaaes eﬂjaﬂ;dmmme pid@reited felrisn. MRLGHitRY ertRBiniaf, 8 plenOr gani ¢

mat eri al . not her ach tal .. or portion of
The bl ur al | P52 hara A moliFs tepo Gl P BueRar BoH Bt FHEr e a

| east one stesuberate; plasmayiredteniie¥-oadpe Wreatmens wr doame digfhaghie matri x. | n
yet anot her enbodi ment, the conductive | ayer can be patterned such

that first regi om%ngémﬁo&ﬁle&%&@@&o ashdl€ o mRAD ﬂésﬁ:medﬁ&é]ﬁ'&iﬁ}or can be

conducti ve and second regi ons e surrace o transpar ent
conduct or cHHhgECORBRSe PASHERIERS Sbé trela nanpyirg, pewerihldgrnEnesader t he fir st
aspect, theersishsdeng e xﬁﬁthoﬂhﬁytfﬁﬁi]ﬁs PERfE efARGMCA BdndGARItPEf hé gi d. 1N

anot her enbodl nen an cl ude acryl ate,
pol yol ef i n, "B %’ifl{im aEqu %8?8{3‘3‘@%” %5"6’5‘8/‘55(?198’@ WB%1 yi mi de,
pol ysul fonethe &irlnativo rtlgreof)ias M@rsqmbpdqmﬂltyme methed feseribed bangn may

pol ynor bonege,,. ol %%e Rl Yk ks t styrene
copol yner, o?ypgol X}%ﬁ P}aise or a ich‘k‘)/p 3%1%&%?& %‘fcgéﬁgqgr@?g%‘l&gate of

t hese rmt erjeapeire jefvosalg¥aser enbodi nent of the first aspect, the
substrate of the transparent conductor can be flexible. In another

emloodi rrelnt Ithe %Uﬁ&%ﬂ{b@ﬂﬁeﬁ%mﬂe@&:bﬁﬂj@p@f?ﬂﬁégﬁﬂﬁdlﬂﬁﬁﬁm@ég'e rﬁf,l n, .
(0] Vi n or\| ae uor o am de m Su one,
B0 Y ond) CaRiing S it R0 b B el Bant PR AvorP Pt TheiSse PR Y

pol yester, IpﬂthymateydlISQ fcamwﬂmﬂi:,tthé hetri uhd the ered singwiaaembedied ymer, or

pol ycarbon . . I ] these terials.
' oo onbotel uflf QRRACERL . 1 Sfnol BRATHE sind 2287

t r anspar entmefeasduaytfurthef epmprise: C@QJngﬂtll@StrﬁgﬁﬂmqeOfﬁachﬁr‘d@Omn pEthef | ecti ve

layers, antIsim%t%zemétﬁm%o%ue@t‘é!ib?o’ih&@abb@é/aeﬁﬁace%@ﬁa'é nffroto Bl%de goat, or a
protective film 1In one enbodiment, the transparent may ri se an

anti-refl ec‘{oPﬂl}’ét“P%?y’éP‘f‘ce phiEs sandieive lavre ?Wé“@%’é%tthw%ﬁlgﬁn and an

adhesi ve | ay@r cqp@sibd b @a@ﬁexb&tymm ik faesoﬁ@ﬂdupaﬂowar kRYSEmaRdhé he
anspar ent. .conduct or may

substrate. I n another .enb %E &H? \t;[r nt.

conpri se a FRIPRMELHYPE: er"a% g &El‘éf?”i‘ he matE material may (IEPTises, o

posi ti oned pretriveen Iif e anbodinedt] the plepglpter andbet phetosudalsle. rIﬂhmtheand an
cmbodiment, the prepolymer can be thermal-curable,
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I n one enbodi nent of the second aspect, the nethod described herein
may further conprise post-treating the nmetal nanowi re network | ayer.
I n anot her enbodi nent, the nethod may further conprise enhancing a
conductivity of the transparent conductor by post-treating the netal
nanow r e network e 1 td e : further
enbodi ment, the yetg%o%?%’gﬁsﬂgr }’\%f;%e h%(ranedlf %&;%yﬂu%%:%% élgtg]fé%pclf@ib%g
pressure, hdgrosited\aceprdiag b # eltesh prawidingf coatsdt isgioperrd upeAishi r e

net wor k | ay@dgions of the mBtaP RR0oRAPAGHHR MyeQfnel HGed %gﬂpc@ﬁgw a the

met hod may further co x material on the netal

rise depQsiting a tri;
nanowi r e nePHEFRE PAYE ,“‘%ﬂqﬁ“’dﬁhﬁ’ “tt’i}ignﬁt&tr’??leic‘wﬁ‘l%ﬁ“i‘%‘l“aﬁ%ﬂ%rm a
mat ri X, the comrist Xenitthgttiremetel @howisss dMhe @co2rd egidad T heraedtherf or m ng a
conductive layer. anot her, embodi nent . of .th cond .aspegt, the
rethod may FarEse SeaRghe R e TR P gt MR e AR R Bl o1
portion of phternpngenglembedimént, it @iring aomopvisee seléctively otringdecatioge a
surface of tNe IRk Rt PR % Rof UH LR SHLIARE Ghonk 1 |
conductive Iaygr. n_one enbodi ment, the matrix materi may conprise
a pol ynmer dpeoger smhodipeny the mpdné maynfughsst emprissniseaying fie, MeHE: curi ng
ey CONpri SgaeyARM &k inkei hhewh&! i eRtuncatfiPrepBis e FRIIGEI AL mARY
conprise a prego'xﬁn&r. I n Qqne enbodi nent, the prepol yner can be
phot 0- cur abER PSS SOPPRSAVE BB i ment , the prepol ymer can be
t her mal - cur abl e. I n one enbodi nent of the second aspect, the
matrix material Iname bmbaidpas bf el s@amioasphict) ghetenis despdiiet @armythogrofvi di ng
coat ed 1 egi s, UDSOALAT L AUN A, LICELA L nARRN e et vor k
| ayer, the coated regions curing into a pa?terneé matri x. | n another
enbodi ment , cerlpdingeps Hedubdter japdd divee by appgtpting rechalengca frpydlise renovi ng

the netal ngRRWLE &% thélaltdifovHRS Rt RPositEPhONSrst dddoddn RWh BRhg
enbodi nent, the tl’lé ?Ftt rial, can gﬁﬁp” nted on the substrate
T T

accor di ng t BetRElzgRe B BHERG ideRpsited flea s5aPdAgPAHIAbr i ses
sel ecti vel ystaionialugg thec Goelignpatt. n an@idr tegibdimedietheatbistrate wat 861 al to
formcured regions_an r regi . not her e i pent, the
nmet hod may ]?ogrltoﬁeg r e 8%16’?3{% gl’ el‘r?'gmrrofe? ﬁﬁg)oqﬁeﬁee m%ﬁ?“ﬁl?ét(’ %ﬁtné%g%%%a t he
met al nanowkargsses guiikgethy meawie diatesy)iab p patteTitieg gatiopdlong g dlawelinmy f or m
patterned copdygl iie Lrﬁ%g%nﬁgs?r%otnﬁ%ughgoﬁfr Bsif ORI LR Hatefd] +J fihs S€CON

aspect, there is described a ) abricating a transparent
conduct or whéieion Thedight igadistigr gan bs projesiade e Maixgprierishasediifent , t he
substrate caapkerdri ven by a rotating reel along a traveling path,
and the netal nanowires are deposited at a first deposition station

al ong the travel,jng pat.h,. and the matrix .materjal is.deposited at a
second depositi oﬂﬁ e PO tC)nt%er? Hg%Fsrcg%;eéll ?nrﬁet%%t PuI% %bﬁw%lr%t?‘ner

enbodi ment , trankgrent seiduetoe wheminb@iripp Soinpusee degdingcbnvweyrmigeiad . | n yet
anot her eMbagt: i Bling!d1 phERNRMg b e RRAER RISk 6 Sndidf LMbalulify, MBLT T X
material at a pattanl_n st_at|%n_a ong the traveling path. The curing
may conpri s@e awE mefera |dyscERedoasreiy camhe paltermed inecuted aggiqng apd ght

i rradi at i oNuncdre€rebioMNtn al fikiRMnHobiRRnICROMBBodYrBEd IRebid Bayl fihePBL I'i X
material according tq a Eattern. , éd)n O%f enbodi nent, there is
described a*MRIHFoE™EY"E Lh MR Pagiah and G &5 BHOWESHB IS W ifer ei n
curing conpegises heating the matrix material |ayer according to a
pattern using a heat insulating mask. In another enbodi nent, the
matri x material described herein can be patterned into cured regions
and uncured regions. In a further enbodi nent, the nethod descri bed
herein may further conprise renoving the matrix nmaterial and the
metal nanowires in the uncured region. I n one enbodi nent of

t he second aspect, there is described a nmethod of fabricating a
transparent conductor wherein the substrate is a flexible donor
substrate. |In another enbodi nent, the flexible donor substrate can be
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What is clainmed is: |I.A transparent conductor conprising: a
substrate; and a conductive layer on the substrate, the
conductive layer including a plurality of netal nanowires, a
surfactant and a viscosity nodifier, and optionally a binder.

2. The transparent conductor of claim1 wherein the nmetal nanow res
are silver nanow g embodiment of the sepondragaect, thefrsis dpssied @ondindtdr of

claim1 Memﬁ&u@@m@@mm ERdRAS valﬂ:ra%ﬁ Iﬂ%Ciubfha{el i@ Dilegileabsr than

100. are ct or ein the
conductive MRS th%ﬂ"ﬁ‘afe%n 3%%&? t?‘?( a68HE 45605 a‘f : %C%V%Q%ar ent
conduct or ot relkaé hayd. WhantenchhvdiniennoSthe sentd epedubd orthvd meyr f ace
conducti ve.

wherein the ma% Gomp nse d\?\ﬁ%hleﬁhtﬁ an%ﬁ@'a?{a %;ﬁ%%;{gg#)%bg doﬁ % sg"jjSﬁ’%trl X is at
| east 80% i nndtatwelwg ﬁqelsox@ucrterglam tt( 4©0stran of Pigdcenimpne embodiment, the 7. The

transparent c&ﬁm@wf cQI bccﬂaﬁérﬁédspn%ﬁrlﬁ Ffaaaai@& frbof t3BIefible @bnok S
pol yur et hane poI ?%Fg i cone yacryl ate, polysi] ane,

pol yester, F%ﬁ’qda@nts Hei W@%‘VFeeqféhmﬁ%pl% PmpTje at least
f 1 uoropol erBﬂie heﬁ&ﬁy@mlﬂeﬂd AQkast fﬁlﬁdﬂlheﬁai ngmhb&ﬁaem the conductive

lonitrile-butadi -Sty bl end
Thereof . eservond e ge il OB e oa R BT e S 5 wher el n
the matrix fas duthat emgodénent, by gewibd destiladi Jakein may further comprBe  The
transparent, %BOHF’ lgrthé)tonﬁl%ca{rﬁagﬁr%ﬁé%a@@‘?ﬁmﬁghe Eiﬁ‘%‘a]% £ or a

portion of t nanow res_ i-nclu Sast one
section thathe ﬁP@PW@é@%E@P@I@ ta thefsylestratgfof chriconti %Ppbimg pressure 10.

The transpaiand cdﬁ@MU&Ia%r a@JorcﬁJl o8 pheth &€ hherb R fhedo iRl iBel S i gi d.
11. Thetrag@ﬁarent c tor o clalmlo %nthe substrate is
gl ass, poly ?Pﬁ&eé— o‘f’ %TF%SWE Efé}%}\}l?aﬂy‘lw‘ pregsired yegigh- dhol yner,
pol yam de, gpothyd embdﬁmem,ahg/methddodmnbm HetefrOmsy, ﬁlgliea&ﬁnphﬁﬁﬂemovmg

pol yet h.eret{,‘ 8J et O Eucm?eofa elgsls esﬁé)c{ Xe%l%ﬁ% DF% do 1k Ste
acrylonitri buta I ene-styrene C oy F or "pol'ycarbonate or a
copol ymer osubtiaternd cmlcelreﬁnhfiatgél of amﬂlelsenhvénrsnts énbgubsfrate of choice 12.

The transpapgnie fegductor of claim 1 having a Iight transm ssion of
at | east 50%

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

combination thereof.
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13. The transparent conductor of claim1l having a surface resistivity
of no nore than 1x106 O/square. 14. The transparent
conductor of claim1l1 wherein the netal nanowires forma conductive
network including a plurality of nanowire crossing points, at |east
one of the nanowili sufh aspect,thedd is ﬁéscﬂllﬁdsH1sﬁlajaﬂéﬁde%mpflslﬁéw ml;tur ality

f ts.h t
75, "A not hod SR T AR BB THE e e R Bt B TR Bfeng:
deposi ting a_npllmaktycnfrmdlnanwearﬂnaommnibamEemfofathsleraapeet vwieer ei n t he
i nk_conposi t bg&cﬁmgﬁﬁaymgg%@m@ aPhuklfif] thd %negi n%ﬁ?l:s fagow res, a

surfactant and a viscosit rati o of
t he surfact &Bbedded inHbe W%OB]I %ﬂyth?ﬁﬁmbpﬂlélﬁﬂf qf §hel ﬁ“%@wo&ﬁ?@?em@iﬂ 80 to

0.01, the raghadwnei carnh& YiveCRSbives nnddnte'e%o&ﬂeﬂthﬁe TRk cAARM res is
in the range of 8 000625, and the ratiq of the petal nanow res

to the surféeft‘% °1?a§1’ FRarHR apctfien Emislimspipt the fagrth a3pget, the transparent ' o pj ng
a metal nanelttrode nedyWirther| @y@fise0n cobesiaubsibitat @h&yinaht @wsadnt he
liquid to dry. . whe elnth | ,nanow re er conprises the
plural i ty Ofuﬁ? 1tor e ﬁ%ﬁ%dgmg?ngsthe corrosion 12[11%10_{6%11.'.%9/ an, arga of claim
15 wherein threpqmi & m@aombogmeatr eespirasen nﬂammwcmem benzotriazole, 17.

The nethod @fjfl.lem 15 rehi the aécﬁé?s't %0%{ is ﬁect ed
0sS

from car boxy. math 1 cel l'dl ose,” 2- oxy et y dr oxy
propyl met hithiethi 1ﬁﬂ°¥5’§e g hyI ﬂﬂels:ose zﬁmwpmmgme aI c

tlrl pr O%I ?namﬁﬂ{yﬂ?@ﬁma%le)(ant haD—aﬂxﬂlgls-mercapto—IS4—th1ad1a1zglc The nget h|0d of
claim urther canpri e tin matrix material on
t he netal ngﬁf?eﬁ?é("ﬁ@ﬂﬁmzﬂ’g?&?@?’em@ﬁﬁﬁ g‘?t? )i% faterial to
form a mat r mecaptdbenaipitizzole. mqahothhmmﬁﬁdenmamocmr)ﬁm mirtbizclded liah_el‘ ein
formng a C%}aﬁﬁt gly&ai Didstne, or n-chlorosucc d% xﬁe gr%o%o enf’ ff aim 18

mll:ntl Ieas

further conpri a section of each of
a portion ofouﬁhéspmt thedipnlay Q?fllc?—reqﬂdilc ari@mbvar@eg liqyiderystal digdeyadsove a
surface of L& AR 8ikpfayt © provide a conducting surface of the
conductive | ayer. 20. The nethod of claim 18 wherein the
matri x materi al rises a pol yner dispersed in a solvent.

21. The nethod o n?%%%“ﬁ#@%&?f‘"‘ﬁﬁi?’i B raspAsTRt cquductRy 4e55Hbsti ng t he

herein has a surface resistivity between about 10 to 1,000 /D, In another

embodiment of the first aspect, the transparent conductor described herein has a
light transmission of 85% or higher. In one embodiment, the transparent conductor
has a surface resistivity between about 10 to 1,000 $¥/o.
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solvent. prepol yner. 23. The nethod of claim 22 wherein

t he prepolyner is photo-curable. 24. The nethod of claim
22 wherein the prepolyner is thermal-curable. 25. The

transparent conductor of claim1 having a surface resistivity between
about 10 to 1000 0O/square. 26. The transparent conductor

of claim1 having a light transm ssion of 80% or higher.
27. The transparent conductor of cl@gigmgy having a surface
resistivity between about 10 to 1000 0O/ square.

What is claimed is:

1. A transparent conductor comprising:

a substrate; and

a conductive layer on the substrate, the conductive layer including a
plurality of metal nanowires, a surfactant and a viscosity modifier, and optionally a

binder.

2. The transparent conductor of claim 1 wherein the metal nanowires

are silver nanowires.

3. The transparent conductor of claim 1 wherein each nanowire has

an aspect ratio of greater than 100.

4, The transparent conductor of claim 1 wherein the conductive layer

includes a matrix.

5. The transparent conductor of claim 4 wherein the transparent

conductor is surface conductive.

6. The transparent conductor of claim 4 wherein the matrix is wherein

light transmission of the matrix is at least 80% in the visible region (400 nm - 700 nm).

7. The transparent conductor of claim 5 where the matrix material is
polyurethane, polyacrylic, silicone, polyacrylate, polysilane, polyester, polyvinyl
chloride, polystyrene, polyolefin, fluoropolymer, polyamide, polyimide, polynorbomene,

acrylonitrile-butadiene-styrene copolymer, or copolymers or blends thereof.
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8. The transparent conductor of claim 5 wherein the matrix material

is an inorganic material.

9. The transparent conductor of claim 4 wherein each metal nanowire
or a portion of the plurality of metal nanowires includes at least one section that protrudes

above a surface of the matrix.
10.  The transparent conductor of claim 1 wherein the substrate is rigid.

11.  The transparent conductor of claim 10 wherein the substrate is
glass, polyacrylate, polyolefin, polyvinyl chloride, fluoropolymer, polyamide, polyimide,
polysulfone, silicone, glass resin, polyetheretherketone, polynorbomene, polyester,
polyvinyls, acrylonitrile-butadiene-styrene copolymer, or polyéarbonate or a copolymer

or blend or laminate of these materials.

12. The transparent conductor of claim 1 having a light transmission of

at least 50%.

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

no more than 1x10° Q/square.

14.  The transparent conductor of claim 1 wherein the metal nanowires
form a conductive network including a plurality of nanowire crossing points, at least one
of the nanowires at each of at Ieast a portion of the plurality of nanowire crossing points

having a flattened cross section.

15. A method of fabricating a transparent conductor comprising:
depositing an ink composition on a surface of a substrate wherein the ink
composition comprises a liquid, a plurality of metal nanowires, a surfactant and a

viscosity modifier, wherein, by weight, the ratio of the surfactant to the viscosity modifier
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is in the range of 80 to 0.01, the ratio of the viscosity modifier to the metal nanowires is
in the range of 5 to 0.000625, and the ratio of the metal nanowires to the surfactant is in
the range of 560 to 5; and

forming a metal nanowire network layer on the substrate by allowing the
liquid to dry, wherein the metal nanowire network layer comprises the plurality of the

metal nanowires.

16. The method of claim 15 wherein the metal nanowires are silver

nanowires.

17.  The method of claim 15 wherein the viscosity modifier is selected
from carboxy methyl cellulose, 2-hydroxy ethyl cellulose, hydroxy propyl methyl

cellulose, methyl cellulose, poly vinyl alcohol, tripropylene gylcol, and xanthan gum.

18.  The method of claim 15 further comprising:
depositing a matrix material on the metal nanowire network layer; and
curing the matrix material to form a matrix, the matrix and the metal

nanowires embedded therein forming a conductive layer.

19.  The method of claim 18 further comprising:
causing at least a section of each of a portion of the plurality of metal
nanowires to protrude above a surface of the matrix to provide a conducting surface of

the conductive layer.

20.  The method of claim 18 wherein the matrix material comprises a

polymer dispersed in a solvent.

21.  The method of claim 18 wherein curing comprises evaporating the

solvent.
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22.  The method of claim 18 wherein the matrix material comprises a

prepolymer.

23.  The method of claim 22 wherein the prepolymer is photo-curable.

24.  The method of claim 22 wherein the prepolymer is thermal-

curable.

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

between about 10 to 1000 Q/square.

26.  The transparent conductor of claim 1 having a light transmission of

80% or higher.

27.  The transparent conductor of claim 27 having a surface resistivity

between about 10 to 1000 Q)/square.
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