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conductive films. They are widely used as transparent electrodes in flat panel

10 electrochomic displays such as liquid crystal displays, plasma displays, touch
panels, electroluminescent devices and thin film photovoltaic cells, as anti-static
layers and as electromagnetic wave shielding layers.

Conventional transparent conductors include vacuum deposited
metal oxides, such as indium tin oxide (ITO). However, metal oxide films are

15 costly to fabricate because they require vacuum chambers, elevated deposition
temperatures and/or high annealing temperatures to achieve high conductivity.
Metal oxide films are also fragile and prone to damage even when subjected to
minor physical stresses such as bending.

Conductive polymers have also been used as optically transparent

20 electrical conductors. However, they generally have lower conductivity values
and higher optical absorption (particularly at visible wavelengths) compared to
the metal oxide films, and suffer from lack of chemical and long-term stability.

Conductive nanostructures can form optically transparent
conductive films due to their submicron dimensions. Copending and co-owned

25 U.S. Patent Application Nos. 11/504,822, 11/871,767, and 11/871,721 describe
transparent conductors formed by networking anisotropic conductive
nanostructures such as metal nanowires. Like the ITO films, nanostructure-

based transparent conductors are particularly useful as electrodes that can be
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second type of nanostructures or a continuous conductive film.

Another embodiment describes a device, comprising a composite
transparent conductor including: a primary conductive medium including a
plurality of metal nanowires or a plurality of metal nanotubes; and a secondary

20 conductive medium coupled to the primary conductive medium, the secondary
conductive medium being a continuous conductive film.

A further embodiment describes a liquid crystal display cell
comprising: a first electrode; and a second electrode, wherein a vertical distance
between the first electrode and the second electrode defines a cell gap; wherein

25 the first electrode is a composite transparent conductor including a primary
conductive medium and a secondary conductive medium, and wherein, the
primary conductive medium includes metal nanowires or metal nanotubes that
have a mesh size on the order of the cell gap; and wherein, the secondary
conductive medium is a continuous conductive film or a conductive network of

30 nanostructures having a mesh size of about 1/5 to 1/100 of the cell gap.
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based 0% nmbil nanowines sisbelowl etettivah paottiohésvel and in combination with a
continuous conductive film.
Figure 2C shows a composite transparent conductor comprising
metal nanowires at below electrical percolation level and in combination with a
conductive film formed of a second type of anisotropic nanostructures.
20 Figure 3A shows non-uniform electrical field localized between
adjacent metal nanowires.
Figure 3B shows uniform electrical fields in the presence of
continuous conductive films.
Figure 4A-4C show embodiments of composite transparent
25 conductors based on metal nanowires and carbon nanotubes.
Figure 5 shows a composite transparent conductor having two
different types of metal nanowires differs in their dimensions.
Figure 6A-6B show embodiments of composite transparent
conductors based on metal nanowires and metal oxide films.

30 Figure 6C shows schematically a pair of parallel resistors.



Figure 5 shows a conposite transparent conductor having two different
types of netal nanowires differs in their dinensions.
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film15 formed of conductive Pol yners or netal oxides. . .
conductive film formed of at least two types of transparent conductive media.

10 More specifically, the composite transparent conductor includes metallic
anisotropic nanostructures (as described herein) as a primary conductive
medium, and a secondary conductive medium coupled to the primary conductive
medium. The secondary conductive medium is typically a conductive network of
a second type of conductive nanostructures, or a continuous conductive film

15 formed of conductive polymers or metal oxides.

The electrical and optical properties of a composite transparent
conductor are determined by factors such as the geometries, conductivities,
optical properties, distribution and loading levels of the constituent conductive
media.

20 In certain embodiments, a composite transparent conductor is a
layered structure of discrete conductive films. In other embodiments, a
composite transparent conductor is a cohesive structure, in which two or more
types of conductive media (e.g., two or more types of conductive nanostructures)
are fully integrated. Regardless of the structural configurations, composite

25 transparent conductors can exhibit properties beyond the mere additive effects of
the constituent conductive media through a judicious selection of such constituent

conductive media.
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Hollow nanostructures include, for example, nanotubes.
“Nanotubes” refer to hollow anisotropic nanostructures, as defined herein.
Typically, the nanotube has an aspect ratio (length:diameter) of greater than 10,
25 preferably greater than 50, and more preferably greater than 100. Typically, the
nanotubes are more than 500nm, or more than 1pm, or more than 10um in
length.
The nanostructures can be formed of any conductive material.
Most typically, the conductive material is metallic. The metallic material can be
30 an elemental metal (e.g., transition metals) or a metal compound (e.g., metal

oxide). The metallic material can also be a metal alloy or a bimetallic material,
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di scussed in nore detail herein, netallic anisotro
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a co-owned U.S. Patent Application No. 61/031,643, filed February 26, 2008,

20 describes methods of preparing metal nanotubes (e.g., gold nanotubes) and
methods of forming and patterning transparent conductors based on metal
nanotubes, the description of which is incorporated herein by reference in their
entireties.

As will be discussed in more detail herein, the metallic anisotropic

25 nanostructures, such as nanowires and nanotubes can be combined with a
secondary conductive medium formed by a different type of conductive
nanostructures. The secondary conductive medium can be any of following
nanostructures, including without limitation, carbon nanotubes, metallic
nanowires (or nanotubes) different from the metallic nanowires (or nanotubes)

30 that form the primary conductive medium, conductive nanoparticles and the like.
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Chem Soc. 15174-15182, 2003 apd Liu J. etal . _Fuller Pi pes,
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nanopagdi chethods of setfacetneatments drecdedttibed in Peng H. et al. Sidewalll
Carboxylic Acid Functionalization of Single-Walled Carbon Nanotubes, J. Am.
Chem. Soc. 125, 15174-15182, 2003 and Liu J. et al. Fullerene Pipes, Science,
280, 1253-1256, 1998.
In further embodiments, the conductive nanostructures are
25 conductive nanoparticles, including metallic nanoparticles such as silver, gold,
copper, and nickel nanoparticles, and metal oxide nanopatrticles such indium tin
oxide and doped zinc oxide nanoparticles. Non-metallic conductive nanoparticles
include carbon black, graphene sheets, and the like. These conductive

nanoparticles are well known in the art.



Conductive nanostructures can achi eve electrical conductivity through
conti nuous physical contact as well as electrical charge tunneling
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156 preferred embodiment, the metal nanowires (e.g., silver nanowires) are about 20
um long and 50 nm in diameter.

Suitable metal nanotubes have similar dimensions as those
described for metal nanowires. For nanotubes, the diameter refers to the outer
diameter of the nanotubes.

20 Nanostructures form a conductive network through a percolation
process. Percolative conductivity can be established when a conductive path is
formed through interconnecting nanostructures. Sufficient nanostructures must
be present to reach an electrical percolation threshold and become conductive.
The electrical percolation threshold is therefore a critical value related to the

25 loading density or concentration of the nanostructures, above which long range
connectivity can be achieved. Typically, the loading density refers to the number
of nanostructures per area, which can be represented by “number/um?”.

As described in co-pending U.S. Patent Application No. 11/504,822,
the higher the aspect ratio (length:diameter) of the nanostructures, the fewer

30 nanostructures are needed to achieve percolative conductivity. For anisotropic
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of the nanpyhdsttictres l%%ﬁ'a%%a%%r@ tHé"é‘i‘é!:tﬁdé@Fé&%IdnBH tHre6Rdid of o
which is incorporated herein by reference in its entirety, describes
in detail lohdingtdensity tscuaVeraely\,nelalecht;) tbeﬂnngtlmaof th@hanm\mm|©o-5>ebdm/een

t he sizes/gh of .the.n surface ensit

the per col St B Sppied aRpIgaton 1 11671,355, vilgh BbesHiSiadhbedih Bh e elef

a conducti MQtsr@{tM@tS/kdé&rib@é if?é'etﬁb!tﬂ@!h@h%éh@él Fowall a@@ﬁch@PréFét%%ﬁbcal
percol ation thresh hol d. Conductive paths are formed by interconnecting

nanowi r 8s bpetwgen the pizes/sbapesef the nesawires and e surtacefloading Hensib atdine
to the ot hgércég §Hgﬂegﬁc§|§ectl ng nanowires). An electrical current can
| 0l :

therefore Ss the nanow re network 10. As
used herein, "condudijwe Nsthows kc'hetnliatlcaw #MeOKJuatioé esvdrk 1@formed by
i nterconnecting network fornmed by conductjve nanostructures above an

el ectri cal NgAVEEASA] @fratmp@éwﬁqﬂcq*ﬁﬁr%l@w theesholthl eendustine paiiare
surface r%'n%a}bgt.a{teé&fn Setiny ﬁ%w.fe%s(gf%}ﬁlsagicgp élg?éamﬁﬁ chBhd of

108ohns/ squar e I'so referred to as e sur ace
resi st 110i t theiretworktto ghe otheh t 0gid Connestiog dadowides)1, A(iﬂﬂeéttlbﬂl curreh0Can
12/ a Typi cal | | stivit nductive network

th f
formed by fherdibre b airpd Serassithe frRow %58@”%‘&& om 10 t2/11 to 1000

Din, from 100 Wi t o APGsdd Meref?“clhdutiviDetb bf enetwBrk” Tk 0P 00
ClL, or from100 WD to 250 52/0, or 20 10 CVO to 200 12/D, from 10

0-/ El t o 50intarconecting Retwork frmes! inoagndyctive nanostructurespbevesapalecirisal

Fi 1, f At
2bove the BeFRRal RissiicRBLH e O P ba ot Rerfl i o

(al so nsf efsheeét rbelsmcel‘r)ﬁﬁfmoshlglﬁer)thalﬁmO%MQ’Sqmalet(bleo(r@fedﬂdttd) b t'e/0f.
t he network. Tygl cally, snmaller mesh size neans,nore

di st ri but edreferabls thessurlasedesistivityds po FW'\%FW%BOW t:’boq)ﬁ Eﬂ%ﬂ 000 ©/O0

conducti Vi ky100 /o, Typically, the surface resistivity of a conductive network formed by
metal nanowires is in the ranges of from 10 Q/0to 1000 /0, from 100 Q/0 to 750
Q/0, 50 ©/0 to 200 Q/0, from 100 Q/0 to 500 Q/0, or from 100 Q/0 to 250 O/, or
20 10 Q/0Oto 200 Q/0, from 10 /0 to 50 Q/0, or from 1 /D to 10 Q/0.

Also shown in Figure 1, the networking nanowires define inter-wire
spaces 30. At above the percolation threshold, the size of the inter-wire space
(also referred to as “mesh size”) correlates to the conductivity of the network.
Typically, smailer mesh size means more densely distributed nanowires, which in

25 turn correspond to higher conductivity.

Mesh size can also be used as an indicator of the surface loading
level. For example, for nanowires of a given length, lower surface loading will
result in larger mesh size. When the mesh size is above certain threshold value,
the nanowires can become too far apart such that percolation is no longer

30 possible and the inter-wire spaces effectively become insulators. Figure 2A

shows a film 12 in which nanowires 20 are at an insufficient density to form a



Mesh size can al so be used as an indicator of the surface | oading
| evel . For exanple, for nanowires of a given length, |ower surface

| oadi ng \M-V%Z‘[?g/ﬁ%}%“ in larger nesh size. Wen the nesh %@2&0@96‘39}3\’9
0

! . b
certain thres val ue, the nanowi res can becone too Fgr apart such
that percolation is no | onger 30 possible and the inter-wire spaces

ef fecti vel yoipreiRetwaskl! E& [nter-Wird SpSced SEHWIeinsLilatihd.2 Statelphi ch
nanowi res 20 are at an insufficient density to forma WO

2008/ 13130diferentig2d@siontbe daverctansity petheaianomires assompased (4 thet ilpaces

of the nanbAEreD h8hesh SeEh¥s ShEdH e te PGulf R fafeyitkLy
enl arged agigrdpted.conductivity between nanow res disrupted. 5

Secondary Conductive Mediumas Fillers In a conposite
transparent conductor, even if the netal nanowires are at a | oading

| evel bgl Oye§@a§|: eohbL &Rk I\W%iﬁr%'éastli’iﬁ%st hreshol d, conductivity can be
achi eved i ry conductive nmedium Wile

t he nmetal nanowi res Infa ¢dmepgsite irangparenticariductornednlifitheametaé panowires
various 10 enbodi nents, rcol atiyve or not rcqol atjve, the presence
of the secdRerteAARBE oS ReR P sickTcR Bt bE dbeaholE. somiicBSiaaD
propertiespd Bcﬁiéé‘ed?Wiﬂ@?iré&n‘bé?ﬁ%@é&i&hdé&%ﬁh@ﬁ?ve mBditRf. L While the
enbodi ments, the secondary conductive nedi"um i ncl udes nanostructures
of a diff emetal nanowirésibf theipmierary candyptivewedjurorcagthe, dt varousr om 15

T s e

l'imtati ongorRicH@nRANMH Pmﬁesrtﬁie&beaaa@fruhwgisn@pmwrﬁéﬁheﬁe and

nmetal nanowires of a difrerent dinmension or material. In other
enbodi nment @Mpeitedeanshatany cerdiale® i ve medi um can be a 20 conti nuous

conductive film As |Hf%8ﬂaiheefn% iméﬁt‘%{‘fﬂef%]é%ﬁd&@%@Hﬁ%ﬁ%"m&%ﬂ i?clh&eé”
uni nterrupted and uni f'orm conductve’ path across a thin layer (é.g.,
across a smaricstractures of ptifiesnt matendl] dimenbiongyearneirg af sicastarecftormi ty

is estaplished cont i nuous, physj cal contacts of, the conductive
medi um! Ex@ﬁﬁ? QE met%wwr% %ah@a@tth%@r'mamgow%r%me%m-h gt

l'im tati ongy Rkt BEQLcORIHFRIANEARe TREAIMMaPRiclude, without limitation,
carbon nanotubes, metal nanotubes, nanoparticles, and metal nanowires of a
different dimension or material.

In other embodiments, the secondary conductive medium can be a

20 continuous conductive film. As used herein, “continuous conductive” refers to an
uninterrupted and uniform conductive path across a thin layer (e.g., across a
surface or in-plane), in which the electrical conductivity is established by
continuous physical contacts of the conductive medium. Examples of continuous
conductive films include, without limitation, sputtered or deposited metal oxide

25 films, conductive polymer films, and the like.

In one respect, the second conductive medium serves to fill in the
inter-wire space of a nanowire film. Figure 2B shows a composite transparent
conductor 34, in which a continuous conductive film 40 added to the nanowires
20 of Figure 2A. The continuous conductive film fills the insulating spaces 30 and

30 effectively eliminates the mesh size.
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25 films, conductive polyner filnms, and the |iKke. In one
respect, the second conductive nediumserves to fill in the

inter-wr a nanowire film Figure 2B shows a

t ranspar eﬁ}’ég@% %or 34, in which a continuous conduc :é\?;eng%{ybb%ﬁﬁ
added to the nanowires 20 of Figure 2A. The continuous conductive
filmiills the i nsul@biReRRGRS aRnRtorbodidl ReidpuRin cBhduiaiai4 t he
mesh si ze. Fi gure 2C shows anot her conposite

t r anspar enwhichradpiotality @i seawndﬁiymd;\arpmtr@w ngnastrustuses 45 alppe of

ani sotropi ¢_nhan ruct.ures .48 is.a sent, The anisotropic
anost r uot HEBet ot e ENSHERIC BandatichEeS e RRR o B BR8P Gobrran
the nanow agsect Paticthah ¥ \Randvires! 0. eAs $héwn &ﬁé@ﬂeﬁﬂlrb%f)éc@ﬁb et veI y
reduced due to the nore efficient connectivity b onger

nanost r Bct &ffegfivaly reduced due to themorgrﬂﬁwnt@onng@ww by Bwr-amg@c t he
conbi ned e& r?o&tt@ ﬁjr% g nanow res and the secondary conductive nmedi um
establ i sh con i y ‘even though the primry conductive nmedi um does

not necessarily reads shmvreinekigures @B dfd PEr thel @i tdined bff@té of the

In a further respect, the presence of the second conductive nedi um
that fill sn@wwerwdwers&cgm cgndirtive mediumesigRligh cordyivity even

el ectri cal thﬂﬂﬁﬁmé &llmg éddggﬂﬁ\}é)r'ﬂebﬂm’dgéé’ RotideBs leF%cﬁ%@’éféEﬁfcal I'n

addi tion, two ele tro es are spaced apart an ectrica
pot ent |1QI parcalafion dueskoldel ectrical field is created 15 between the

f th |
P ouctor ns the of doEDHES Pl eSIbRaE theas i BEHve gnegiym
el ectri cal hht ﬁﬂsdthEI.ﬁ@r-w;ra%pab@%oedeeﬁsrtbCeduaﬁiéitHel d1E&riEA heRaitiap t Op

conductive film50 and a bottom conductive film54. Both conductive
films 50 adigtribgtion in davedranspamnbepnduscter dnaddiline, wign benelgelredas arel m

di st 1 but cePasROR LR AT A Bes Rt s SRS SR ElecBRAl i Rireaten,

fil m 545copgtiviesashaspave ofdhe M@e(e@trsde&hEmpldyingcasmﬁﬁesnecttarspatenvi ew)
distributed on a bottom substrate 54b. The eI ectrical shown
schemat i cafnpugtoriasiihe sipcirpdes serves inenhanceihe waiionmity qfé%ﬁhe trsgcalsoa

and end at mﬁé% éh%vs}s el@étn%é@éﬁl@@%%ﬁv%% Qto SndeShin BEEHESD

nanowires in e ect ro I'T nes concent rated near

t he opposi bajtom cesdud‘ﬁlvg diine 53 B Bxitiv esnductive dihmbﬁ@ aond ddare ibaeedredi um

for exanpl e contl uous fi n the inter re spaces
52 and- 06, TANsAIBS Ay ThoisPeqrRudfie fiin.80 eompfsesiannig #0a GnSkA
represept e&oby-séttml Vidw) dfstriBRited umaft@P @szt%tét’SObblI‘jl@‘Mse the bottom

As the primary conductive nedi um conductive netal 30

nanow r es ¢gsiuctiye Svlnb%pomn@se:ﬁap@iqw'gp 42 (aisocghowuyin cavssceaatieng! vigwa

comnos ghen@gﬁﬂﬁ%%r&% bSREA il Blrate 54D, SRELHER!¥al TR [EHbWAS B oty

as line 58) begins from, as an example, nanowires 50a and end at 54a. Due the
inter-wire spaces (e.g., 62 and 66) between nanowires in each electrode, the

25 lines 58 are concentrated near the opposing wires. Figure 3B shows a
secondary conductive medium, for example, continuous films 70 and 74 fill in the
inter-wire spaces 62 and 66, respectively. As a result, the electrical field,
represented by lines 78, is more uniformly distributed.

As the primary conductive medium, highly conductive metal
30 nanowires typically bear the majority of the electrical current in a composite

transparent conductor. The secondary conductive medium, although not
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WD 2008/ 131304PCT/ US2008/ 060937 burdened with current-carrying,
nonet hel ess can form a conductive layer that fills in the space

bet ween tq,@o 5&% @anovm res. For purpose of this descrke{r}Ugﬂm/Bb}agy
secondary conductive rredl um fornms a conductive |ayer that has a

surface resistivity (or "sheet resistance”) of no higher than

1080hms/ s AyglienédWith duRRt- &%ﬁé? Lirtheldsd &n)forrﬁ’@eéo%aéd.\zé nag&e}hat fills

surface resistivity i s no t han10452/ 0, 3, 000
or 10012/ 0in tmgppaee bgtweendhs Mal namomngrean€er ptlrpaseoﬁthmdmmtlon the

conductivefil |S|nt era es.of fromJ10. .52 0012/ from
1001510 1 osonsgany eprius e rBARES s A, b g Bret SRl eo A SBesis Cor
from 100 Seystitity ?o'?esr\@t réistaAcé’ %bf ho highdPfhani 108 oﬁfr@yﬁqhgﬂe?(aq)sd @ferred
5012/9, or from1l 52/0 to 10 12/ 10l n various enbodi nent s

conduct 5v eto ag/ &VOh)efireteraly tthe sydaem tesissiviiuistnokigherdhan ¢ élfapﬁao@al ly
¢l ear, ﬂfrﬂg J”&Sb B 8+ Yoo t ‘i‘ malb)"g]qoéh%%’? ‘?sté’rﬁcet@eq E&ﬁﬁﬂgaé y

conductl ve 'um nay | ead redu 1on 1

scat t er i ngcorideictiVe filsmisvih ties ralges e froect0 @0 &t 100D mlE%rorTV\Mm)@ /o &n750
cause depolarization due to light scatteri ng]toﬁ refl ectivi

{
Depol ar | 2a8i1oi50 Q/HRCUG AT EOmaT R o000, o Jome 604 Y51 254 90, or
reduci ng t’f@sﬁ@?ﬁéﬂéb/rﬁafhdrﬂmh tbrserxﬁieabeﬂémopnﬂyequﬂm' m which is
typically in a t pat i splay device t panel
di spl agp. Lower contlnaratlomsaembodlmmlrks ttoe aohmmseda iayeffwmdtﬁydhe:sagmd

lity of t i d P |
Aonl 1 cat ¢ ofPREcls oSl mostieanzoin A ienied PG Sudher; telaressisa T
formed of maRRWbAESTY cenantrvedh@auumnwletab% RWHRFaledh&RorANGM I €S

could result in a reéeduction in the light scattering, but potentially

at the expsgatieriog. Metalnanowires amr tafleslive strupitieres owpiehicea caUsen

accor di ng (g]eg)oggﬁz%tﬁﬂ%ﬂg trgﬁ@ﬁt s%ah%?’ﬁﬁ 524 r&lecﬁ\ﬂﬂ/ Ijegz%lér&a'h&f\ i d&]ié ¥ tP\(X

by enpl oyi ewer nanow r necessar Pl

in condectmnlrtf;actdmetﬂaocbﬂﬂabet@nplre@um*khglthecmmestnaﬁoﬁryamrampaiedt by the
second 25 conductlve medi r, by, se

nanost r uct ¢ANEKICter film, \ﬁ*ﬁﬂﬁ*ﬁ dprP!Q?HaV e light atiy @f @d'splaé@vrcef(%,tﬂatgaa?'
non-refl eC&n%@@ l?omréohﬁaéﬁ%tla“téﬂ‘d%%b%vér%eg aﬁe’&?f?ﬁfiﬁ{sagg:ctﬂfe R JTavd “9

smal l er dia rs or cross-sections cause léss |lig rrng),
parti cul ardiggleyeierige( Seg, ¢.gneopendieg Ut.auBoVvisieral Apghtatoodie.eri ng t han

30 nanow r sane outer, dia e ble to custom ze
conpost e GTALEADI 3 GaRAREERH SRHARB I SplebifouREs Bhrefhufkst 6 e
Typi cabpy. redlcticH inQHE nBbRHbfBRirfanoWies eerussiivm 4 rRdRctidime light t he
second conductive nediumis about 100nmto 200nmthick, or 50nmto

100nm t hi cscattering. 5o motentiatoanine rﬁxeﬁnsmf@wsﬂrecqmmww ehte GynBeRiteor
SThus, a CARPARohding (RMPEHBAiNAR A SFor SHTBULRSSin Tefictivity by

employing fewer nanowires without necessarily causing a decrease in
conductivity due to the supplemental connectivity provided by the second
25 conductive medium.
Moreover, by selecting nanostructures of an appropriate material
(e.g., less reflective or non—reflective), a particular dimension (e.g.,
nanostructures having smaller diameters or cross-sections cause less light
scattering), a particular geometry (e.g., nanotubes cause less light scattering than
30 nanowires of the same outer diameter), it is possible to customize composite

transparent conductor with optimized optical properties.
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nanowi res as a primary conductive nmedi um and a secondary conductive
medi um coupl ed to the primary conductive nmedium As used herein,

"coupl ed"” t he proxi mate associ ati on bet ween [é
conduct i vé{(ﬁé@?/zﬂg(%d i ncl udes physical contact, elect I‘IE) g/lug%(:@?‘{%%)% 7 on

and so forth. 10The conbi ned conductive nmedia in the conposite

provi de unexpect ed aﬁefpfdah&',tiﬁgaﬁéuse&‘ﬂﬁgm&iﬁﬁl%n@i WS Eonfetive Yot fPmedByOf

t he i ndividual conductive nedium As be described in nore defail
herei n, t hibessggendicenductiveprasiunisalbouwifl 00hem toigPosi thickt pad¥patent

conductor jnclude,, but _are.n limted to, nore equalized electrica
pot enti al #ﬁﬁgnﬂaﬁﬁagﬂﬁ nWHﬁ%@BQWghpﬁconductor, a 15 nore uniform
electrical field between two el ectrodes form by the conposite
transparent conductor, higher conductivity, better durability, higher

contrast r@emposite TeemspatentConduetadi t i on, when conbi ni ng nanowi r es
o b o I : ' : . .
over a5t abei cati on 0 2 6afibpbReUARERERN brEAREH Compfiedtatleti | e

per f or mancearsiwirdasta pfimahecargiupthes inediunaasg arsesdbnd@dry condustive meditv
follow ng specific enbodi ments descri pe caqnposite trans

conduct or sCOtodhe PEMATY RAMBIGIVR 16U A\SiUseF\PeESRd &EB%E'_(]’}%%{PG%
0 v s MR Ao R g

Secondary uctive Ium e conposite
t r anspar enphysaati cantact, elecpricebesnnectiduand so yortlf. net al nanowi r es

conbi n wi th a secaqndary .conductjve nediu erein the secondary
conducﬂ;ve medi um | hﬁ“c%'f‘ﬁ"i’ BQEAU&ﬁﬁ%U@dﬁTQ tﬁglcﬂ{n%?#ﬁaamgﬁ%car bon
nanot ubes (fd)¥pketed attributes or enhanced ;Er'ogéftfés‘lﬁaﬁﬂ@/ﬁuﬁoﬁméﬂﬁéivw@al

transparent conductor 140 including 30 a nanowire | ayer 144 and an

under | yi ngeanrivictivg/mediurg  As ikl dascribedhir mage detajidherein, the synergistic

ancer i yi ng ERGYSITRRY 8% EfRoshe el BEerill SoldicBrin g £k s e

t ranspar ent, mons eqliglized Hedidodl potentialEn &r enpositengespatenbéoriduetor, a
constituent films, in which the nanow re Icgyer 144 underlies the CNT
| ayer 138.mpre wytimrslgcirical field betwean twe glectigres fariehit theiomPosie be

oo ipds AR, A B3l AR AH g o
conduct i vearid $arforfhi. Jnragdition s\wbeys cambining nanowires with a judicious selection of
the secondary conductive medium, the overall fabrication cost can be reduced
without compromising the performance standard of the composite transparent
20 conductor. |
The following specific embodiments describe composite transparent
conductors based on metal nanowires as a primary conductive medium and

various secondary conductive media.

1. Carbon Nanotube Film as the Secondary Conductive Medium
25 In another embodiment, the composite transparent conductor
comprises a plurality of metal nanowires combined with a secondary conductive
medium, wherein the secondary conductive medium is a continuous conductive
film formed of carbon nanotubes (CNT).
Figure 4A shows a composite transparent conductor 140 including

30 a nanowire layer 144 and an underlying CNT layer 148 formed on a substrate
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conposite transparent conductor 160 having a conductive |ayer 164 in
whi ch nanowires 168 and CNTs 172 are fully integrated to afford a

cohesi ve The conposite films shown in Figur
provi de | 3&1‘%9@%}%120410 connectivity that relies on the gg%%p\zeO%QMIMW

properties of the highly conductive netal nanowires to carry an

e ectr cal 1631 TROON AR bt urﬁi&r@ rthé %ng\m?éﬁiekvﬁﬁg

film Because t ave nuch vver spe ic wel bout "1.7-1.9
g/ cnB8) conplovesiacompesid traasnammte:mn@aunuﬂ SQDaﬁngladﬁﬁerrserarunlgement of

nanowi res), at a oadi l.eve a hve f| | m
w15 andne on SRt Bmse B wlh o Semeri et 4 s B8 LI

conposi t e {A@NAPESRHigLres dnGiner 48, hﬁé’bﬂﬁstﬁu&hrﬁlrhéih‘% bé@epaéuﬁéa i npr oves
the uniformty of the electrical potential of the conposite film when

connect 8d seAuentalierAkesoaiively, nanowires and CNT$ ealualse ba cotdaposited ar e

or ocs- sect PRANECde AN Bl AP hrted cand LBl o FBUE 42 Shows 2
desirabl e esngbsitearensparent edndudigr 16Raving alcbadidtye dmgri16riowWhith
contrast ratio. As a result, the conbi ned conductive nedi a based on

CNTs and n@@%ﬂwwp&nm a%cf\%d&@ arpduliyietegrated & piierdiaseResive sirugiuren
conductivity. omp &%?t%em}%%h n GPETRRd £adaC %9@%2@1@%@@

and nanowires are partlc sulta e asvia contacts
her ei n;10" vccmnectwwmat elieben Zﬁe complententary lpeoperties ofdbe dighdy conductive

t ypi |1 t h di el t he CNT
e o o iR nSBa RS oAbl o elebliER! ity e oA et GilF os { e
| oadi ng depsidutind CN"reﬂ@\lTB?ec,c‘a@ee% N3 HAve fh@lﬁckﬂ@ﬁveh'@;bécnﬁ@él?hh@bout

metal nanow res of jhe sanme weight. This can be a vantg eous
appl i ed t o1Vi'h9 @wacespargd tohmsatad npoewicerc@baut 10.8 r rﬁﬂ;vqm gh

ar ger. dertatg il Ak eRgld G o6 EaR i el Obe Y,

ef f ect hgel ymakdrimiedthsizeslas bompaiedqurmetat n@ﬂﬁwwse\mme gorhpadiieal
damages to the netal nanow res In certain enbodi rrents

a third cofentrares cepdveifschavinga CGNT layer pancaisp dnaioves the B“'forﬁ@'ty of
conposi te ﬁ]'eaé?écﬂﬁéﬂ ?’t"t‘ﬁ‘%ﬂ"’%ge F@%oh? Rith WRER 'cBnnecﬁ@&?f'Q g?Yv%V 2 er ‘o

nanost ruct ures ructures”™ speci
nanostruct ures that lamddiiohf beecCNT$ amnblackc andhaes very naslow dimensiom t he
met al (i.e., their diameters or cross-sectional areas are typically less than 2nm), which
20 are desirable conditions for reducing light scattering and improving contrast ratio.
As a result, the combined conductive media based on CNTs and metal nanowires
reduce the overall reflectivity at a given conductivity.
Moreover, a composite film based on CNTs and nanowires are
particularly suitable as via contacts. As used herein, “via” refers to the
25  connection between two conductors, typically through a dielectric layer. As
discussed, because the CNTs have much lower specific weight than that of the
metal nanowires, the loading density of the CNTs can be much higher per unit
area than metal nanowires of the same weight. This can be advantageously
applied to via contacts, which are burdened with supporting high current densities

30 ina confined area (about 5 — 10 microns). The larger density of the CNTs can
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nanow res or netal nanotubes that formthe primary conductive nedi um
in at |east one respect, such as the material, the dinension, the
shape, or‘§ge gﬁggg}ry of the nanostructure. 108u'tab|$cknk&ﬂwmmqw
conduct i ve' Medium i ncl udes conductive nanostructures sUch 2%
conductive nanoparticles, conductive nanostructures of a different
material, giggRly oy thd RARbh| durieft b BRovaht IR dBndRE WhHEMeRl
the primary conductive nmedium For exanple, conductive nanoparticles
can be netaammmnﬁanopartlcles net al oxi de nanopartlcles car bon

bl acks, and a 15 co tion thereog e nanost r uct ur e an be
nanow fee of adi {1 aRSRRPRLEIPOTTERt: AALY Shid L RN SR EETGRe,
aspect ratjngofjoratedimblteé c6MPESIteSPaispafent EBAJLELF. dAd MEEY RérefpéBtohH Ve
nanostructures that are distributed throughout the conposite

t r anspaPentyPeci daoegructdes sammphiteirk Mpetnaaosirugtuieg” speaiicallprefente CNTs
A oot ! ARG R ROl fofifal GiRE: 5L GEH oL 53k g fgkl 2! 20
across the conposi ranspare conduc ypi Ca e conposite

t r anspar enhamsowicbscoranhetzhaanbtabesithadfopmrtaé ippimaef comwtlvemm\mmesat
(e.g., silver nanowires) and a CNT filmhas a light transm ssmn of

at |east 5E65t e [espest, BT anthe Baterial g digiension, igsthapssor be a

| east 85% m betetnaeru@iredt | east 95% (using air as reference)
25Typi cal |9 ﬁ&yconposal%'(tae transparent conductor based on a

conbi ndbi on of net al Suitabéenihird cofdudive medlumrlnciadmmm):tlwd a CNT

Lhe eng. apBRREIEBRDAUTTE BORHSLYE OMEARLHSR AP LORA TR ToAYeg o 3

typi cal l'y, ditiBrent hRRéridl edihfehsdfrigeohietd/FRdni me&:f@ﬁe Hewnnaﬂo@{rés ofo
1000 WO, from 1000/u to 750 0/0, 50 W'to 200 30 Wi, from 100 Wi to

500 W, ortherpsimarycongduetiyeaaediom: |For examplangonductive neupparticlemcan bee

1050 (VD. /0. 7 Scheidd, 1 sd ol o BoAIO LA ARARSYELSRO0] 060937

In preferre e conposi FAnsparent condac based

on a caghi garhbination therdcfl omﬂommreersar(oetrgcturea ¢arebe nanemirdssa diffdrent
CNT film has a | i ght transm ssi on hi gher than 85% and a sheet
r esi st ancemgtal) ranotyhes, on papvdresof 4 higbenasreshirbigioraniaalier geoss-

conposi te %é&@ﬁp%e%;r& La?rfcehd Re 3983 uféermém&'dmnmtﬁamt al

nanow r es , |'ver ‘nanow res f11 mhas a
transm ss | ihroughglab thet mm%tmmdpareshmduc&mcanamppleMem #!Efllhltmeﬁect

based on sUBRETHER MO COTTRELP A AP Ao o aT2es PlE cRLRaR i)
and a @hiT Adrbss he%@nédsﬁtettrdnega@ﬁt gSnduetdt gher than 90% and a sheet
resi stance of less than 100 12/11.
Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a CNT film has a
light transmission of at least 50%, at least 60%, at least 70%, or at least 80%, or
at least 85%, or at least 90%, or at least 95% (using air as reference).

25 Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a CNT film has a
sheet resistance in the range from 1-10%Q/0, depending on the end application of
the composite transparent conductor. More typically, the sheet resistance is in
the ranges of from 10 Q/0 to 1000 ©/0, from 100 ©/0 to 750 /0, 50 /0 to 200

30 Q/O, from 100 ©/0 to 500 Q/0, or from 100 /0 to 250 O/0, or 10 ©/0 to 200 Q/0,

from 10 /0O to 50 /0, or from 1 /0 to 10 /0.
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10 In other enbodi nents, the conposite transparent conductor based on
a conbination of netal nanowires (e.g., silver nanowi res) and a CNT

filmhas q,vd) 5@%3&(5 ansm ssi on hi gher than 85% and a Sh%fr/ur%ﬁ)%&/&ﬁtowce

of | ess than 0. 2. her Types of Nanostructures as't
Secondary Conductive Medi um Nanostructures other than CNTs are al so

sui tabl e as the secqpQdiarrs®BHHoiN{ENEEHE S \Ho@ut&?ré SdrefIiRdLERRL S,

t he conductive nanostructures are netal nanowres of a different
mat eri al obaskdnana icombination o evetatreinowiras (é. Qesﬂv&ratanbwrresxami @QNﬂhr y
conducti ve_medi u a. |l ess rg I ﬁtive

o o Pl s Do Rt nigBe R B a8t A ef! shinEEs dritesion.

|i ght scat {ggochg. thﬂ@ﬂfen%'aﬁﬁ@rﬁfbsﬂhﬁ%oh%sﬂé %ﬂééar@ﬁ’%ﬁ@hbtb’rbﬁséﬂ ohhe
20 conposite transparent conductor. Further, nanow res having a

smal | er 5di akembinatipe of metajnencwires thal, sivarpnewireerand @ ENTHEIM leds @ he

e o0l SagSheh AGAPHhin BSUCHES L G AR BT o1

conduct or [hidth&osmbodireatsa tHd mﬁpés{u@araﬁ Pam%mm@?tfbs@a dnhe primary
conductive nmedium and a second 25 t nanowi res 188. The second

type of nafRWPINaYon eMAel nanowiEes (et Ser apaeias) and 2 IR AIm GRS @
first t ypehﬁt} tr%ﬁgrﬂc s o‘?ﬁwu%ﬂé t{@z g%n%ﬂ]% %he%t%su?%ﬁﬁ@ dfleks "Elﬁ’é}ﬂ%d 9)iad

medi um not Iy Ita I VI e composi
t r anspa0enin atherderabodiments, thd cmgpmsnettl'mqspatemt condetarzsed 118125 but al so

do not substanti al | ribute to |i scatterln du .their
nar r ow di nEHBPIBALC ”gf oAl hanowires (@ %&r‘af BRROWIeR @le(r%\gﬂ??s% he

second typRyRtraRaRRSIRAGERRaS és%b@nd@%ﬁéetr}ea@ia%e%f les8 Wsw v,
nanoparticles (such as carbon bl acks and netal or netal oxid

nanoparticles), and the like. 3.Metal Oxide Filmas the Secondary
Conducti ve Medidim 51QthernEyrasiss Nanestructures aéélaﬁﬁ@mr@aw%@cmvéwedfum

conduct or conpri ses r\?an%é%é‘tbk%%otﬂér t‘ﬁ‘ébi‘iNf@E‘r‘é"%&%uu&%@éQﬂ% Wdofig2

secondary conductiv he secon conducti ve mnedi um
is a cOBducdnduetlveemHuM| hecertdimemGodichartts, \tke nemcalctma indessteuctireaare

oo Deon B AU o5 s P g om R bl | ™
transpar _e%af;gi?ﬁ%ﬁé Ofifhary CNRI Rlive FieRlidn! OFBP bi‘éﬁnﬁlbenéﬁdﬁ/ﬁé%(%hﬁeé BehT
applications due to thelir brittleness and | ow tol erance to stress.
Even mi nutless$ reflectivemetal oahavimoaflesseflentiveaerdde aheathicanbegisedfto
conducti vi l:[e¥l'uce light scattering without compromising the overall conductivity of the
20 composite transparent conductor. Further, nanowires having a smaller diameter
(i.e., cross-sectional area) compared to that of the metal nanowires of the primary
conductive medium can also reduce light scattering.
Figure 5 shows a composite transparent conductor 170 comprising
a first type of nanowires 174 as the primary conductive medium and a second
25 type of nanowires 188. The second type of nanowires 188 has a much smaller
diameter than that of the first type of nanowires 174. As a result, the secondary
conductive medium not only facilitates the conductivity of the composite
transparent conductor by filling in the inter-wire space 182 but also do not

substantially contribute to light scattering due to their narrow dimensions.
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Conbi ning a nmetal nanow re-based filmand an ITO filmaffords a
conposi te film having synergistic advantages. Figure 6A shows a
conposite 86 conprises an ITOfilm188 on a s

(e.qg., dl ﬁs‘%l)u{&/}ga&a nanowire film 192 positioned on tggé}é’%ﬁ{“ﬁ’%&ﬁo
fi I m 188, the nanowire film 192 conprising nanow res 194,

|0 one enbodi ment, UhSatid@dbiier SRBSUe tﬁégefﬁmvpé B ndfdstiueiied ow
the el ectrical percol ation thresho Nevert hel ess; surface

conduct i vi ¢an bametd rtaaoamabcbondmeﬂve namdlmrmbeq)(@slch esfcarbnm@aclﬁfandwe

conbi nati on f)?fé thet anow res a (ﬁﬂ l}(%i ng ITOfilm 188. As
di scussed, MO F5'¢ |°|X rgarpga g in any insulating gap
bet ween the nanow res. F| gure 68 shows a conposite film

196 having an &.t er métavOxideRinpasEet Sedondasy Oamduutive Metad fil m and
the ITOfilm As shown, the 25 nangwire film 192 is first dep03|ted

on the 8ubstrate 11040 O’Fﬁ@mbP@'m?’PtnfhPS‘B’m%O%tSGﬁ"éP@r@"BﬁOQ% Af the
nanowir e fédnﬁbﬁs%% a plord él!}/c | HEafn L&e%ense%esﬁ oﬂeﬁ ‘eonductive

necessarily forma con i Vé ne vert

i n-pl ane cmoediuat, |whdrg|ndlaelsé@:>rmmnabcbnchmavb mediume isca opaduidtiee mdtahdlz@:lb by
t he conblnt|¢1 ({ oW esa overl)?( b;i Ofilm 188. . 30As
shown, | corfiteGQaustive, Seh S ® efed bl arcueliietn e
and in-pl apg a?lO"S’Mﬁfe'ré’dl 3.0 flﬁ‘ﬁé‘hﬁ\f‘e Wédrﬂknﬁ&wéllb Pﬁédﬁiaé\ﬁ‘ées that

constituent film alone, i.e., the nanow re-baséed Imand the I TO
film meaigeamsyarenheommrSthi@mvet Ithes I TED filmsearedimitesidn theiher t o

it Pve AATIGHOTRNEE BoRBTenE: ST lonfloRedfediooliRs, Bl Thuen

presence Ofacurest BAUPOTSirh tanfdause awhgia Iesyefeinddctivitya vol t age 5
source, the conposite filmhas a nore uniformelectrical i)otentl al

than that of a tranﬁ%ﬂ@ﬁmgcﬁ)mm{D@F‘O\Mlé%‘@éls%f'lﬁhﬁ@f@\ﬁf‘éE S gffordse,
| Fi t
egrecs. ofSsAle i g YyAStoisiEtahibaS 2 RRlirt B3 ot pdthpGEte! it

conductbvi186 cd?npnsssearpn‘@ flmwmanmubstratem (b(lelgjg@aas)nand farrmbwrres
wi thin the_ bu of the ITOfilma i ngai conduct t hus

prevent i ndBo { ‘?Sétff’ﬂe&%‘f’&oﬂrtﬂ? ﬁﬁ%%bﬁ%%éﬁ? 8apeyire vu’f%hg? ﬁorﬁ'l‘?{}?f]gal
~stress.  panowires 194l N addi tion, because of the high conductivity of

the nanowi res, the conductivity of the conposite filmcan be nuch
hi gher conpar ed to tmane embodpnert, thedoadingndansityef thamenowirekh@kis. |t

o 111 m aiaR B elefisaledeREHOS ulafR rRel fiigedh slfecd Sl DO
reachi pg theestabRsheain kh@éorﬁp@@imﬂmwmmetd@mwwn df e k@nowilds and
film Reducing the thickness of an O filmcan rectlb?(qresult in a

reduct i on tha ungdsryipgdT@dilre 388, Aérﬂiscil@%‘ﬂtthﬁ rﬂTQﬁ“mT@W"ﬂl phiilling i anys s
prone to flﬁé’\%ﬁﬂgegap between the nanowires.

Figure 6B shows a composite film 196 having an alternative

arrangement of the nanowire-based film and the ITO film. As shown, the

25 nanowire film 192 is first deposited on the substrate 110. The ITO film 188 is
sputtered on top of the nanowire film 192. As in Figure 6A, the nanowires 194 do
not necessarily form a conductive network themselves. Nevertheless, in-plane
conductivity can be established in the composite film 196 by the combination of
the nanowires and the overlying ITO film 188.

30 As shown, conductivity throughout the composite film, including

surface and in-plane conductivity, can be superior to that of either constituent fiim
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Mor eover, although the constituent filnms of Figures 6A and 6B are in
an arrangenent that resenbles two parallel resistors, it is observed

that the %905(%§/|13S1§64VI ty of the conposite filmcan be | 9 @SE@QGR%%;Z

resistivity expected for the parallel resistors (see,
4). Figure 6C schematically shows two parallel reS|stors 198

(resistivi 5%&5]% and n]a%grﬂré%'%'sﬁf! fifh BHd d I “R&Ghnté%él‘ou%ﬁ R1+R2)

resistivit set 0O ara resistors 1s: R =(
25Exanpl e dormammlt ébng tmnplememt each gthef ta Meog]aunaﬁy peoide pmopertneedhaiy

I TOfilmh ti based, fil
having a re BeTRD thr Mebatonte eirds of 1 AReuenlIRSorar iR
film are g% 6 ﬂﬁelﬁzzﬁé@édcélof%e@rﬁh%@s ITORn? Viied! donhested to Yiviottay®u! d
have been about 1 WE. However, it was observed that the resistivity

of the Bonpagte.dheicompaate film baga mg@nﬁcrrasmrloabp%nw than that @ha ch

v | DUt B DR Eth bRl gl TR DN 28006

conposi te gthehard) the nbeSRiréLall e ior ¢erthifaibgleatastdisixing-in ltes esmpodite
al one at a_given conduct i vi ty level. As _discussed, in a transparent

conduct or Tl witkQutepysing logsdn spNehaGtyitY-r Bar exarpRlg beinGRoires fan Hﬂﬁ%r
of the nan |

t he transp@!ﬂe&r';'?r%g cong/l'}éﬁélr’lérbglk%f%%wl al gdgﬁhlﬂg gp%oxrggﬁg\gﬁ(r) ug :gss
in condOctprewéutmgT;lmemin‘r}ﬁmmresamfthé rompositafilmgwhen irmplsysicab stiessent
allows for a reduction in light scatfperi.ng by enployjng fewer

nanow res wit hout ngﬁé‘glggﬂpml GENEE 0 b"ea!l“ﬁig(??é‘ﬂ'é‘ga'i%&@%d@@f’w{f??ﬁhﬁue
to the s up&&r}%ﬂkﬂw of e E!Sﬁmbbyuté HirPEVhel ﬁﬁth)hndHé@ cbwgawd wthgitmr {pure

met al oxi de | ms “"can be used in the place of
Fi gur es 6ATAMtINGE. thessams thickness:. alt isdhetporei nmnbimtel maéumédmppﬁts

Film zno Qe Ao B4R b 30 st Rl AP DA G ' O

| N43n3952 @éhébf@oﬁ@ébﬂﬁng@i@@érﬂé%ve@of cdnductivty 4% efduré, thizked ITO fipl ay
(John W eé and Sons, 2005) i cally, the conposite transparent
&

conduct or @&n@weathpkne%ﬁMmh %W"b?a’?@'[%ﬂt‘YriﬁﬁHWrae'@dHé 141N si | ver
o o) R Tty [ sy Blend PRI TSERP0C! 2L
85% or at |east 90%lorepvert altmugh 88 Yo (stituent fins chFiguedseBAand)oB are
in an arrangement that resembles two parallel resistors, it is observed that the
20 resistivity of the composite film can be lower than the resistivity expected for the
parallel resistors (see, also, Example 4). Figure 6C schematically shows two
parallel resistors 198 (resistivity R1) and 199 (resistivity R2). As known, the
overall resistivity R of a set of parallel resistors is:
R = (R1xR2)/(R1+R2)
25 Example 4 measures the resistivity of the composite film formed by
an ITO film having a resistivity of 250 /0 and a nanowire-based film having a
resistivity of about 250Q/0. If these two constituent films are merely parallel
resistors, the overall resistivity would have been about 125 Q/0. However, it was
observed that the resistivity of the composite film was in the range of about 50-80
30 /0, which was much lower than the expected resistivity of ITO film (250Q/0) and

nanowire film (250Q/0) as parallel resistors.
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Typical ly, the conposite transparent conductor based on a conbi nation
of nmetal nanowres (e.g., silver nanowires) and a netal oxide film 20

has a Sh?%?&%ﬁﬁ%&nce in the range from 1- 108D/ G, depge%ggmg/&ogﬁe
re

end application of the conposite transparent conductor.
typically, the sheet resistance is in the ranges of from10 c2/11 to

1000 WO, from 100 Lo 7 - -
50012/9. or from 1(?(%@%%35%%3? g'% ﬁ}ﬁ &h %%%s%%%&'w Héf}{r)%\rﬁq\g'i%‘m\r/\%

to 50 WO, basefd fom dloie ADa giveh @owducttty tevef. eAe dissussath 8da transparenthe

ite t t t b d [ ' I
o 1 es SURBRISTE o DR o8 B GHESS ateftr o i PumhehdaRs | i gne
transm ssi gandwitdadouldassuft #7a 28ductioh e fghtrRaitEeA R it trahgsarehthan

1000DJO. In other enbodi nents, the conposite transparent conductor
based oh acwusldslarabitawtettiafty abtherrxpense eba lassgn corducfivity. nhhe gpmeasite

and a neta},; 3 b el ' S I11..S Sik Y 5%
o o Sheolim aePling g I biBEaerk Aowd i BRI oA SCanehAT £7° )
conposi te gmploypgrfewer aamsiviedsowithag @dcesdrily causing a decrease in

2008/ 131304PCT/ US2008/ 060937 on a conbi nation of netal nanow res

(e.g., silSAdusvitifyesto)tha sepplemental cornerdivity pravided by thed kP film.
transm ssi on hi gher 0 res| bR k00
0./0. In other enbogtﬁgﬂ?%?a{io%@gggmn%}oégﬁbee ltfsr%gﬁéggér:@ﬁlgé 8%@%3& or bogsed
on a cabbi RiguresrtA andéBal Exearpdavymestal exide filnss incleide mapedizinesixideniima

tal oxide fjlm5 i ght i ssi on_ hi gh h 5%
Sheot res GtoriedappdtaaSids . shiraBis coped it oY Eparyap - Ss
the Secondmpm@gy@amymmngmunzos, INsSn3044 EnREQ SN, CralgstdNen,,

the conposife transparent conductor conprises a plurality of netal
nanow r es ElexiblenEat Ranel Risplay OindarWileyaad Sons.e2008).nedi um wherein the

secondary conductiv ' | | 0 |

Certain polyners ar ?ﬁc%Hﬁ%%§8%8§§@% ggrfg%i?&oéﬁ%gﬁé“e)f %%:%?le %% on

t hr oughgut ca@mbinaiisroet metdd aahbwirss @ g.csiiver AENuBires) ahtapmityy ogitbifiiral s.
For exanple, polynmers fornmed of alternating single and double

car bon- car 2 BefdEansayssienof aldeast B0ie.iatIRAss 6B % Bt leasbiR¥ e leRptp
orbital s igoghichy |ILA& 888 Ur'aP st 8%, or at least 95% (using air as reference).
Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a metal oxide film

20 has a sheet resistance in the range from 1-10%Q/0, depending on the end
application of the composite transparent conductor. More typically, the sheet
resistance is in the ranges of from 10 /0 to 1000 /00, from 100 Q/0 to 750 Q/T,
50 Q/0 to 200 /0, from 100 (/0 to 500 ©/0O, or from 100 ©/0 to 250 Q/0, or 10
Q/0to 200 &/0, from 10 /0 to 50 Q/0, or from 1 Q/0 to 10 O/0.

25 In preferred embodiments, the composite transparent conductor
based on a combination of metal nanowires (e.g., silver nanowires) and a metal
oxide film has a light transmission higher than 85% and a sheet resistance of less
than 1000Q/0. In other embodiments, the composite transparent conductor
based on a combination of metal nanowires (e.g., silver nanowires) and a metal

30 oxide film has a light transmission higher than 95% and a sheet resistance of less

than 500Q/0. In other embodiments, the composite transparent conductor based
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15 occupy. Common cl asses of organic conductive polyners
include, with limtation, poly(acetylene)s, poly(pyrrole)s,
poly(thio on(anlllne)s pol y(fl uorene)s,

pol y( 3-al W?@Lopﬁene) s, poly(3, 4-ethyl enedi oxyt hi ophenCil‘/USZqOS/Omﬁ37
as PEDOT, pol ytetrathi af ul val enes, pol ynapht hal enes, 20

pol ypar aphﬁﬁlél in&RIn cf ?PH&%IF@&e%ﬂ§|IV9|eﬂancﬁﬂFésgand a metal oxide
pol y( par aphenyl ene vi nyl ene conduct 1 ve
pol yrmer fi film hasaadaghtstraqqmmlsablh pighet treorfictnda sheeprgwtalaxttel qf lesshihan

h t t duc:
The. conduct 10 Eiolh, ABeP eERH RS dhe SREPRSLF Lrnsheell SRFHCAEpaTedRn 2
nanow r es E&ﬂﬁﬁbﬂbﬁoﬁmﬁthﬁésﬁwgaéW& nGRBRIKES)QINd J et OXRI_SiIhe
transparent conductor can rel e metal nanowires as the

princi pPe bag adght tsansnyissign mgineuthaa\rﬁﬁ% lrad eosheet resisianes 9fri@$s thanrdlas
a filler t@cﬁven out the electrical field. In addition, the netal
nanowi res carfi al so reinforce and strengthen the rrechani cal properties
of the conductive polyner filnms. 300ptically, the conductive pol yner
filmcan al so adlj ustCerntuctibs Bolymerrrilohas ﬁretmdomdbcysCorhduduee Medium

conposition film V\D 20 8/ 13 304PCT/ S2008/ 06093

Fi gure 7A shows a cd g&‘}n%m%oég ra@ﬁﬂ?ﬁ?@ ERRAYSHATy rrer
film 204 opoRpdsdasd P%hﬂltylépm(a?al Glanomré’sséémblﬁaé vﬂth@%’dﬂnﬂﬁrﬁ tdriduéihie
positioned on to t he” conductive polyner film204. Figure 76 shows

a conpdit memunmvgmelmathe isgcardaly cendudtive eneslivm naagen’wmousfpdymer film.
nanow r e-based film t he, conducti v il m_As t he
ot 1o TrT i bo Gt PO RS B oY TS 1 blorofi oAt fatbA
conduct i vethpgughsRE afcohjigafdd hackdenesf E@inabus overppintcomagiewiFoe film
220. As in Figure 6A, the nanow res 224 do not necessarily forma

conduct i veSXRRIBr ROlyMeRsiorved of Rligrapting:piegle, andrqy bimearberwatankands
b t f
The nanow SLPEER 4 oMol pEliBthptiby B FPfSh ERTGTHIRONE Bard

al t er nabi veceaupodi nent, the netal nanovm res are f| rst

own

Common classes of organic conductive polymers include, with
limitation, poly(acetylene)s, poly(pyrrole)s, poly(thiophene)s, poly(aniline)s,
poly(fluorene)s, poly(3-alkylthiophene)s, poly(3,4-ethylenedioxythiophene), also
known as PEDOT, polytetrathiafulvalenes, polynaphthalenes,

20 polyparaphenylene, poly(paraphenylene sulfide), and poly(paraphenylene
vinylene)s.

Although a conductive polymer film alone is typically not conductive
or physically robust enough to function as a transparent conductor in a display
device, the conductive polymer film can be combined or doped with metal

25 nanowires to form a composite transparent conductor. The composite
transparent conductor can rely on the metal nanowires as the principle current-
carrying medium and the conductive polymer film as a filler to even out the
electrical field. In addition, the metal nanowires can also reinforce and
strengthen the mechanical properties of the conductive polymer films.

30 Optically, the conductive polymer film can also adjust the absorption

characteristics of the composition film.
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deposited on the substrate and form a conductive network. The
conductive polynmer filmcan be forned in situ using the netal

nanowi rese‘{;(g%(}/a?/l&%&s an 15 el ectrode. An exanpl e of suiPE?}%lsﬁjg?mq\%sﬂe

conductiv ners that can be forned in situ is polypyrro
specifically, using nanow re-based conductive network as an el ectrode

(he., an anode), pyrgQl » ) Lze
and forma coating olfr{&t”%e?%:)gn uctéicégﬁggkﬁgm?wﬁgnggﬁéﬁ%??@%@g?yrrer
fil mcan apslgmee filno20%dnehsutistratd 110 (e.¢.hglaps)e apd @enavowine fitwi228t i ve
agent accordi.ng to 20 known nethods in the art. The resulting
conposite P?%ﬁ@lféf%g’pc‘gg%ﬁ?%‘iucﬁggpﬂ&gy 'gﬂg\bf’r es enbedded in a
conductive pol ymer fgigiKe 7B shows a compb¥ié il 230 hhlifg @ArEReAdtve
transparent conductor based on a conbination of netal nanow res

(e.g., §ilewangementiaf &y namwire-basatlidm and thelcprductiviel palyraer fimi. At

| cast | Bovy SR 0afibe i 228y irblenotig oflpe SRl 0ol g

air as ref eseiraye polymer film 104 isTdgposited on top ef temzepinire film@20p Asint
conductor based on a conbi nati on of netal nanow res ., Silver

nanowi r es) FigHEe BACIBrAGEPMrES géft wRdlot Necessaaly farm l@é‘é’tn(C’E'@g\fes'ﬂ%W@@ in
th =10 rb(ii%d%‘gc {]ﬁt,é,q.{é [ | f th
co(rarp(r)gin?: {h:egr{r?g%vae%.eﬁ\gv%gﬁgl&gggﬁ-_ re&{%.'c I ﬂboé??léew@l?ggtatlﬁr EeHséi gt ancg

s in tibe canpesitediimf23tnbylthe\WoniinatdMtof@vOnahowineslatd thie/ dverlping50

S2/111, WD 2 0?/ 131304PF/ #pizoosl 060937 50 E2/0 to 20012/0, from
100 12/ 0 t60'5j&9 %8 golyger filygP400 12/0 to 25012/0, or 10 WO to 200 QM

from 10 E2/0 to 50134 Qn dMerddtRBehbedifehOthdm¥Rl nanowires are first | N
preferred enbodi nents, the conposite transparent conductor based on a

conbi nat i odepisitadoalthe substrate and dorg a conduative mehwokr ddie conduetive

< cheet 1 oRZEREE bon Pty Hiystethe Ml oM omdiR R Er R
conposhbe glesihedar ANexaPpUsTRitableseidoctive polymémnahatdandie foehad in situ

nanow r es '(e@%i , Silver nanowi res) and a conductive polyner film has
a |ight trigPoNPysoln Mpensneciisally, sstndanoyirgrkasedcoadystiygdietyerk assan

than 500124@bdk QeNeln S84 JFiS mohbBfers can electrochemically polymerize

and form a coating on the conductive network. The conductive polymer film can
also be formed chemically in the presence of an oxidative agent according to
20 known methods in the art. The resulting composite transparent conductor
- features nanowires embedded in a conductive polymer film.

Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a conductive polymer
film has a light transmission of at least 50%, at least 60%, at least 70%, or at

25 least 80%, or at least 85%, or at least 90%, or at least 95% (using air as
reference).

Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a conductive polymer
film has a sheet resistance in the range from 1-108Q/0, depending on the end

30 application of the composite transparent conductor. More typically, the sheet
resistance is in the ranges of from 10 /0 to 1000 Q/0, from 100 Q/0 to 750 Q/T,
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10 conposite transparent conductor based on a conbi nation of netal
nanowires (e.g., silver nanowires) and a conductive polynmer film has
alight tr LSsL.on higher than 90% and a sheet resis S
t han 100 i@?g‘[&ﬁ%3@t her enbodi nents, the conposite tra%ggg]rgzeoﬁémgogﬁ
conductor based on a conbination of nmetal nanowires (e.g., silver
nanowi r es) s@eg § 560 S ot 190! blcsyhh@rstrémioBb/sk8 Jshanerbsso on
hi gher than % and a Sheet 1res§|>,/g?gr?(t:)grgp' egs t han 50 Igg/ g@@

El ect ri cal Qantd 206 63 Ifrofm 69 €Y/Dite §0 ONE, oli fsaudsel toct®eRft). t he conbi ned
conductive nedia in the conposite.transparent conductor provide
unexpect ed attribut d8 DB?fGQEHgHP@g"B?%ﬁetBFi%@@ﬁ%%ﬂ%"%ﬁ @ndpper

i ndi vi dual hiadsteh ic¥biREibH B mEMSSRNBWATES 0.8t isivetthanBRireypamng s of
t he conposite transparent conductor include, but are not limted to,

Tore un f ogandsictiva polyaier flon bas pADhY iwrsmisgan bigheathan &5% andia $wgt ce) |
fortn. - setinte'ofiegiihadipotfyh difer IO beE R M Bt Cr or ™

based on arasyparérticonductbr baded ormaomibiresion ©f hetalSianvaires fe1g\isies)
and a secondary 25 conductive nmedium has a |ight transm ssjon of at

| east 509 NanoViees} end@uengciveaRalymenfimdiassa lightnsgisgonbigher halst
85% or at Qé%aa%l 28et 8 i?%né@@ﬂ’efgﬁ%’n(étﬁkﬂ@. ) Eth%? ehloBIrReE)t el"ﬁée

is an i ndex of l'ight sca ring. It refers to the percentage o
quant i 19 odorhpagite tsspacné dondumtort besed o alesrnbinatitn obmeta cahowiresd

during transmission (i.e.  t | SSJ. - Unlike Jight .

Fr anoni 551 (Gré- SVEERENQIes) GErF SRchybpRyrt Bim Brs & foht Shsmissen
often a prigHetthan 9B9N&Rd B sPBE leSistaRieGlidss than 160 (Y. fvbfeee
roughness and enbedded particles or conpositional

VO
2008/ 131302PEIivents $he coopasitecratspgeent condyctpnbased an-acambination of

Uhan 100 M ABRaO e (e SRBr RepeiedEsT Bty FERONEE Tuh O 8 4BRE ©
nore than t3asniigsion didher AR mpas éiteet Fedistpaceot lesothdindoon/hased on
a

Electrical and Optical Properties

As discussed herein, the combined conductive media in the
composite transparent conductor provide unexpected attributes or enhanced
properties than the sum of the individual conductive medium. These synergistic

20 improvements of the composite transparent conductor include, but are not limited
to, more uniform electrical potential (when connected to a power source), higher
conductivity, better durability, higher contrast ratio and so forth.

Typically, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a secondary

25 conductive medium has a light transmission of at least 50%, at least 60%, at least
70%, or at least 80%, or at least 85%, or at least 90%, or at least 95% (using air
as reference). Haze is an index of light scattering. It refers to the percentage of
the quantity of light separated from the incident light and scattered during
transmission (i.e., transmission haze). Unlike light transmission, which is Iaréely

30 a property of the medium, haze is often a production concern and is typically

caused by surface roughness and embedded particles or compositional
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5 conbination of nmetal nanowires (e.g., silver nanowires) and a
secondary conductive nmedium has a sheet resistance in the range from

1-108Q O, on the end application of the conpgsi
transpareﬁgﬁg@%{}g%or More typically, the sheet resi S?glﬁ@gzqogjoqo%nt he
ranges of from 10 12/0 to 100011/0, from 10011/0 to 75011/9, 5011/0
to 20011/0 ; : / 011/ 0,

or 1011/0 ?%geﬁ‘%gfﬁ%%% &gtmrﬂfgﬁﬁﬁ(n&gr@gﬁf@%llriél}t%,g%QPQ%B{ %élo

I n pref erredngpdrenti cordustor isiro morgpthant1®%, meansper thah 8% mhurbee thaasde,

on a conbi nati on of t al nano res e.g., silver nanow res) and
secondary PRmRIethan rl?n'i“ﬂ% han|1%ht "t ransni ssi on hi gher than 85%

and a 15 sheet resi Shafef ohoksAboshafanBhicniat bssecshad ment s,

the conposite transparent conductor based on a combi nation of netal
nanow r 6s ¢embinatien bi/metal aaoowiressje. ansilver pasowises)andanskeoniday medi um

has a |ight sm ssi on, hi r_than 95%adash t resis nce of

| ess t han %@5{5’/0@ F}?dB{rﬂQPSgrﬁg‘SSf W(?Hitt%nce 'Hé %@9@83?0[%1'fda§2@ar ent
conduct or §&5E iRy o tHeOsd @ﬂsucaﬁor%ftﬁetc@}np@em@mheﬁaraﬂt ddhdactor.S Morer
nanow res) and a secondary conductive nmedi um has ggt transm ssi on

hi gher t hatyPBady.dhel sheetesistanssiisindhe sanges| affrom ma,sz/@ 1909 Q. frese her
enbodi ment g, %ﬂﬂﬁm{ﬁ@% tey OISR S, fu‘bm%t?b% 1566 [ﬁ"brﬁ‘rom 100

conbi nation 0o nanow res (e. g nanow r es

secondagoy ofmMtuZ30 N, vedoudiite200 Q/Dgflbmt‘roanﬂ]rtos&) m,mrgm 1t(11ﬂo 36%
and a sheet 25 resistance of less than 50 11/El. The
conposi te f%nsparent conduct or descri bed herein can possess

el ectrical and optiqgly r&éﬁ@&%Hb%%#nﬁéhtﬁé\i%e(%oﬁfﬁ)o@lt@%h%énf &dridugior

panel displays. A typical range of sheet resistances for transparent
el ect r odesbasedsorf & abmpbinatibn df sysitalynanewirbs (@.g1 Gileaytanawirgs) anch

f the | f h 87%.30
F efor ohce) SR AnEe SegniRgha 1gRM SISt FRRR HRbheh &
20081138 30¢H¥et rd&pt8ASE 86883 than 10000/0. In othbberBvdimentél@ne d6@Posite

el ectrodes, the conposite transparent conductors provi ‘de uni form
el ect ri cal ranspagentioeaduetpebasad ereacambinatian ghmeslaaaones (¢-0qsiler

crystal di t 0,
T aiych A sSerahY B gedHlfy e iR THORR s ol Hine
apart by alhantos8; and aphechicsistareieasfriess than 3900¥@ | In gher embodjmednts the
crystal cells 270 are positioned between the

wo el e tro
st at ed, ancq_fﬁPP%‘i@éF%ﬁSBér%éﬂ“qhﬁ% Qﬁsépwtaaf?orﬁ%!“é&%" gsmg PPH%‘H"‘?
cel | Cbéng@ﬁ h&iVer F\Qﬁé\ﬁu'i%narb bdbdn §Wu&ﬁh@rﬂe@ﬂm h&daGgRCtric

field gen ed be el ectro Usi ng transparent Conduct or
el ect r odestranamission higkiey then QQ%@mdraesheet resistance of less than 100 /0. In
other embodiments, the composite transparent conductor based on a
combination of metal nanowires (e.g., silver nanowires) and a secondary
conductive medium has a light transmission higher than 85% and a sheet
25 resistance of less than 50 Q/0.
The composite transparent conductor described herein can possess
electrical and optical properties suitable as electrodes in flat panel displays. A
typical range of sheet resistances for transparent electrodes in a flat panel
display is about 10-100 /0 with a transmission of the layer of higher than 87%
30 (when used glass as reference) or higher than 95% (when using air as

reference).
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10 at the desired level of conductivity and light transm ssion, the
spaces between the nanowires may be conparable to the |liquid crystal

cell cap ﬁ?ﬁ?ﬂ*/ﬁ%ﬁ‘ﬁ' | gap”). Thus, it is possible that Pgﬁ}gsg{]lg%{%&gnt he

liquid cr ecules in the cell will be driven by
el ectrical field (both nagnitude and direction), causing undesired

l'ocal nonuniform ty yabls:, AehGitedRisUIiddes, AE dohfposhb transparent

15Enpl oyi ng conposite transparent conductors as the el ectrodes,
however, etdreticiors pyovidelumitsmoelectticalifieltisdbat dre paptictdartysadvastagehus in

e A s 0, S U BB A
nmesh size ghRHIfkdPIdcad8e £BAANY/cbdntr eldcliBle 260tdhe sFé’ééd &5Hvt byl BBout

presence of the secondary conductive medi um 20 enabl es a uni form

el ectrofle Bi5eird, #eo siprred ip a8 Fepllgaphe Liguiglerustel galisad70caseIpositiesed t i ng

ther of or o BONRDAn Bt SReRbrésl S shudl SR'LCo BBeiet e g orvepl
el ectrode mdldchresldoRfingd In & eaipchaRe their ronfarmaliorein, respaniseltocd dpplidd ng
| evel to afford nesh sizes of 1/5 - 1/100 of cell gap will result in

25 poor op®lPElF figidogrnarated betwegn it gerirgttshaze and | ow contrast
ratio. However, when;g Qﬁéﬁa‘?et?tr&'ﬁ%?&r@fecﬁB ?rﬂéd}sﬁleﬁﬁ@ﬂ\aﬁﬁvﬁﬂég,
or neta ubes) of t

el ectrode, the netal nahow res nano e prinmary
conductiDv eattad idesired levebofrdoadactivityeasl lighttramemissien othdespacds béteveenlthe

ap, while the. d dyct | di ffectively th
Tesh o1 ze BAAIEREY Bo LoTDRRPILIO PRdcLl FYEalSIaPdobe NG ks ¢ he
mesh si ze, TRgs iitls §B§si§lé%ﬁat‘ﬁot Bher l&fémduiwgg?,ta@ Wﬁs\’lﬁ the b&n wile WO

2008/ 131304PC1/ US2008/ 060937 resulting LCD ce I'l' have inproved
cel | perf odringndzy the same elpciricallfigld Giedh magoitede ané diseetion)gesingnpr ove.

el oot r ode; TR 40 Kol AR eR G Lt e at5L8Yef Bl el o7 ance
bet weenst he first 6|Erﬁ;blb?'dg confodité hansreniccorideciorodstitediectasios, cel |

gap; wherein the first electrode is a conposite transparent conductor
i ncl udi ng %PWYW@BC@MWM%‘N% anelminates thespase beduesn b nenirgs.

medi um ang)(d}%fé/gih% méQ?siE% ?@M%%%B%%BWES QRGP 1958 AR /5TBE e

nanow r es nanot u ave a nesh size on the order of
the cel | giquid enydtahbelf gam, Mohe typioatin,dhe ynestrsize: showdd be déssithas 1410 or
contl nuous1/1 00 of the cell gap. The presence of the secondary conductive medium
20 enables a uniform electrode field be applied across the liquid crystal cell,
resulting in a uniform orientation of the liquid crystal molecules and therefore a
homogeneous optical response.
As shown, if an electrode in the LCD cell comprises only nanowires,
a surface loading level to afford mesh sizes of 1/5 - 1/100 of cell gap will result in
25 poor optical properties, including high haze and low contrast ratio. However,
when composite transparent conductor is used as the electrode, the metal
nanowires (or metal nanotubes) of the primary conductive medium can maintain
a mesh size on the order of the cell gap, while the secondary conductive medium
effectively reduces the mesh size to about 1/5 - 1/100 of the cell gap, or

30 eliminates the mesh size, as in the case of the continuous conductive film. The
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10 conductive filmor a conductive network of nanostructures having a
mesh size of about 1/5 to 1/100 of the cell gap.

Typi cal | y’&‘%@@a’gﬁlﬁ‘h gap is about 3-5 pm 1In certain en?ﬁﬁiju@da%/ﬁﬂf?%hfo

conducti v of nanostructures have a nesh size or abou
1/10 of the cell gap, or about 1/10 to 1/100 of the cell gap. 15Any

Che firat HRARFRERD SEN FRTRRE R IR SRR AROLAE W o) SSpHRd of
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nanot ubes ﬁ%ﬁfan c§9@€]ebﬁo&‘é,%?ér%r}x ZPertiOM fistafbAPBIREN NG fiRRBREHEES)

and 5-30 p ong. e secondarg conductive medi um may
i ncl ude5a snththecsaopad edecirode definesialseh gapnwbeneisthelfisstalegiradeis pes

diff t f t. t al i . of th j ' |

or et al nEBPRHRGr PR R RVt R PR SR BR BT AT
conduct i vesggidarp coteitictivs Aebiung | ahd wihsrere e sianrycconduétivevidedigi um

can be a continuous conductive filmsuch as a netal oxide film(e.qg.,

| TO film ineludes mrialnanpwings|of metalnanetykesghat have@rmesh gjze on the order
| furth ' : :
transpar eng! DS opBy ad whfers Hie SEodidef bARGIAREnEidRin a BoRETRES,  ©

the finet edretictiosfinhesa gohdyltive hedmsriios aanostnictdBs Ba%ng aiBesh size of

2008/ 131304PCT/ US2008/ 060937 As di scussed, the conposite
t r anspar en8PEIRita H180 chinaelRaB gned to reduce undesirable |evel of

scattering typicall wyﬁ%ﬁagi m&%@n%b% g54@!3-5 pROM F@ﬁain%ﬁ%&%ﬁeﬁt@?’che

secondary conductive mis cdrrent-carrying, fewer nanowres are
requi red tcormtticties petavagk vEnanastuiottrés have a meshdilie dfabout né ® 1/10 of

secondary R edr BT CEABEERBE A L2 o v ng
smal | ggattering crogfy SfahéiaBbge dascribetiedidosité fansyaead dorditialor eah ng
di m ni shes because fewer nanowires are present.
be used as the first electrode of the liquid crystal cell. For example, in various
embodiments, the primary conductive medium can metal hanowires (e.g., silver
nanowires) or metal nanotubes (e.g., gold nanotubes). In preferred
embodiments, the metal nanowires or metal nanotubes are 20-80nm in diameter

20 (outer diameter for nanotubes) and 5-30 pym long.

The secondary conductive medium may include a conductive
network of carbon nanotubes, metal nanowires different from the metal
nanowires of the primary conductive medium, or metal nanotubes different from
the metal nanotubes of the primary conductive medium.

25 Alternatively, the secondary conductive medium can be a
continuous conductive film such as a metal oxide film (e.g., ITO film) or a
conductive polymer film (e.g., PEDOT film).

In a further embodiment, the second electrode can also be a
composite transparent conductor, as described herein.

30 In certain embodiments, the first electrode has a light transmission

of 80-95%.
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Addi tional Lavers In a further enbodinent, an inert |ayer of overcoat
can be deposited 10 to stabilize and protect the conposite

transparenf 9&?)9 ugg.or The overcoat can al so provide f?ﬁ?fv@?do?mww
optical propéerties, such as anti-glare and anti-reflective

properties, which serve to further reduce the reflectivity of the

nanoparticles. Thus,Ad figcMeRHCHR e ?ﬁdbsﬁ@;r%?\ﬁgaé’r%ng&grﬁiu‘& oré cBAbE Cogt

an anti- reflective Iayer a protective rier [ayer,
the |ike, désigndd Wnedbcauaddﬁrabiet levaliof sbgttetingdypgisalty assocratepﬂawdh rrgata!

| t No 871 7 d 11/50
S0Pt abl e hARIPRERS SeGHLER e SSHrHED IOV MEcT, it cHuresbrd RARY: TugT

epoxy, pol ¥ahSliRASe ref@tatttol Ahfsve asd;l\/éﬁ%ﬁ&cnpﬁ} YIGwSéddltiH?r g ylic)
and so on. Suitable anti-glare materials are well known in the art,

i ncl udi Ag ekcamdaty amduictive awediim desdribedese lwwguyym@h@ﬂem tavend.

pol yt nf opriEAEeL B spfipRbd BertsihOfifen Haftas Rl sl i beptans: 20

acryl at es, a aédultpthe/dVerdil sEattetingRiihbishes lbeghtisetichvier vangwired erd gresentch
as colloi daI or fumed silica. Exanples of protective filminclude,

but are not limted to: polyester, polyethylene terephthal ate (PET),

25 pol ybutxb&ﬂgnélq_ gg&t hal ate, polymethyl methacrylate (PMVA),

acrylic re ate (PC), polystyrene, triacetate (TAQ),
pol yvi nyl al cohol pnlayharthgﬂ emnbobdimené ,andoén \ayey bf dmeoaﬂdaortjmkmposned
pol yet

ot Al 8. Gresedlie ratioitoghton ESmeoiR T RaTert oaneBdel y il evercodt can
Bg'efy ur gtblhgéngr é’?&p}é‘!’r&%%%ﬂ'w bﬁf_PePt%so Euéthgs bhkGlar® aht iahtirafidctive 0
2008/ 13130pPeEIties2abehcenastp further reduce the reflectivity of the nanoparticles.

Thus, the overcoat can be one or more of a hard coat, an anti-
reflective layer, a protective film, a barrier layer, and the like, all of which are

15 extensively discussed in co-pending application Nos. 11/871,767 and
11/504,822.

Examples of suitable hard coats include synthetic polymers such as
polyacrylics, epoxy, polyurethanes, polysilanes, silicones, poly(silico-acrylic) and
so on. Suitable anti-glare materials are well known in the art, including without

20 limitation, siloxanes, polystyrene/PMMA blend, lacquer (e.g., butyl
acetate/nitrocellulose/wax/alkyd resin), polythiophenes, polypyrroles,
polyurethane, nitrocellulose, and acrylates, all of which may comprise a light
diffusing material such as colloidal or fumed silica. Examples of protective film
include, but are not limited to: polyester, polyethylene terephthalate (PET),

25 polybutylene terephthalate, polymethyl methacrylate (PMMA), acrylic resin,
polycarbonate (PC), polystyrene, triacetate (TAC), polyvinyl alcohol, polyvinyl
chloride, polyvinylidene chloride, polyethylene, ethylene-vinyl acetate
copolymers, polyvinyl butyral, metal ion-crosslinked ethylene-methacrylic acid
copolymers, polyurethane, cellophane, polyolefins or the like; particularly

30 preferable are PET, PC, PMMA, or TAC.
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Pat t er ni ng The conposite transparent conductor descri bed
herein can be patterned depending on their end uses. Any known

nmet hods i and all of the patterning nethods d i '
co- owned gﬁ%%?ﬁ%é%dl ng U S. Patent 5 Applications 11/ Egi{%g@g"é"%
111871, 767, can be used to pattern the conposite transparent
conduct or. l.cations of the Conposite Transparent Conductor The
conposite Pé’(‘?@nln ent conduct or described herein can be used as
functional fil ms sucFheasompesitejanspareat eondusttrdespribbed hereimscarclog or
filters in a 10 wide variety qf devices, includin | 1. the devices
{hat *cur r oPRUSIARREGRIGES 61 Yhedk i HsssicAny KT wethodsim BE atagi e o1
shows schefRljfaiiNg helkddsdeserBed HFéiBWAEd and QBRI U /A PERGtent
conductore%fdla% e{ S%ousi ng 258. e’l’%e corrposcljte transpar%ent conduct or
can be &nyApplicatiensh®/b64 @2 c i1 Byd , B f ¢anubeauseshto mattentiisi conopasite of
t he primar% condu tivg ﬁedi um (i.e., a plurality 15 of netal

nanow r es) COBEYHE  conduct i ve medi um (i.e., a continuous
conductive film. Exanpl es of suitabl e devices include
flat panel AgpliatieysobthelCanpddiBSiransmaent Corspicay panel s (POP),

coatings on color filters for colored flat pane| disp]ays, touch
screens, el ect r onagndie mpasiet@nsparent E‘PWFQW&@ﬁ@?pdch%ﬁlrbq’% byusesh

functional , ' | : ty oni c
devi ces. | ey LR s B s T o e
addi ti 00, wide varietysgfateyivesciontiditgoalsthelegicas that cogrentheohakes tiserf bl e
devi ces, such as, flexible displays d touch screens. See - pendi ng
appl i cat i ook 9"'9?/@"7&?%7%@%%!5@%‘? SHRA rEatica@Yﬂfgéﬁeszc%: SI LVER
NANOAN RES ingluding a composite trdHspBasH? Wbh@Sctdezss myhoRing 258.bYhe
reduction of silver nitrate dissolved in ethylene glycol in the

presence oforppositeransparsit condurteregan( vy oftthe abevedasqtibeddescr i bed
'n, €9 YCOH%UTat%hS g%&%bin%tioh@é;ﬁrh%’pr%ak c&&ctfbgﬂééi%l(w.,ea plurality

15 of metal nanowires) and the second conductive medium (i.e., a continuous

conductive film).

Examples of suitable devices include flat panel displays such as
LCDs, plasma display panels (PDP), coatings on color filters for colored flat panel
displays, touch screens, electromagnetic interference, electromagnetic shielding,

20 functional glasses (e.g., for electrochromic windows), optoelectronic devices

including EL lamps and photovoltaic cells, and the like. In addition, the
transparent conductors herein can be used in flexible devices, such as flexible
displays and touch screens. See, co-pending application No. 11/871,767.

' EXAMPLES

25 EXAMPLE 1
SYNTHESIS OF SILVER NANOWIRES

Silver nanowires were synthesized by a reduction of silver nitrate
dissolved in ethylene glycol in the presence of poly(vinyl pyrrolidone) (PVP). The
method was described in, e.g. Y. Sun, B. Gates, B. Mayers, & Y. Xia, “Crystalline

30 silver nanowires by soft solution processing”, Nanolett, (2002), 2(2) 165-168.
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30 silver nanowires by soft solution processing”, Nanolett, (2002),
2(2) 165-168. Uniformsilver nanow res can be selectively isolated

by centri Wg&rog/?ﬂstﬂr. ot her known net hods. P&@EEQ%@%@' Y,

uni forms nanow res can be synthesi zed directly by l'on
of a suitable ionic additive (e.g., tetrabutyl anmoniumchloride) to 5

(e 220 L5h) aTshi G JAFS s 7 ROEERy LM SEken O

synt hesi s ksovieawrthdued in nore detail in U S. Provisional Application
No. 60/815,627, in the name of Canbrjos Technol ogi es Corporation, the
assi gnee of the preddiamatysly, SRFOBNSINERNBROWIRS F8mPe ginthgsized directly

I ncor por at ereid i 0edlL ' t | O\

silver nano tﬂréeés&dét’?bdfgrném&tj'F(?B!Béoﬁﬁq%dda\{nwggﬁ'd;’ﬁtgfrgi%%lgt HE?@@@'@E’? Itlo

| engt h Ber thewsbede réggtionahixiure b&he silverptanoalirep tiugseprodased targbe used
transm ssign and | ower haze) can he. achieved w,th higher. aspect ratio
W res (1 caToguinotha SERA IR FED QERRRrAR S ons HAlS ARHRIR IS AESBRRRL T
TRANSPARENF ot EREXFTPESS. Provisional Applichiién FRL 80/878/827 rihe Gafest
formulated into an ink conmposition prior to deposition on a substrate

or a cont i Gambsios dedonelogies Corparstien the asgignée phithepresens agpiaatioa,

pol ymer fi|l An.1 TO f.ilm can directly tered on a substrate
fol | oned bvnféﬂe@pfb"?}!é’ﬁdgf’l%‘?%@%t ée'Hérﬁg\ﬁnf'ge%?'ayer. Al ternatively, a
nanow g |ayer can hg the fobwhRH@IN 6, dvér ridoiresiof 70hwl tb @R iRy
sputtering an ITOfilmdirectly on the nanowire | aYer. .

| f the secWifdhrnd ebadi@meSrmenilengthwaredeed.c Iypisaln ReleLertisal ¢ he

car bon nangl AR qARNBRrAAHILERSHAIBNE: ) BaNCIdthicURAR g W N

aspect ratio wires (i.e. longer and thinner).

EXAMPLE 2
15 PREPARATION OF COMPOSITE TRANSPARENT CONDUCTORS

The metal nanowires can be formulated into an ink composition
prior to deposition on a substrate or a continuous conductive film such as ITO
film, and conductive polymer films.

An ITO film can be directly sputtered on a substrate followed by the

20 deposition of the nanowire layer. Alternatively, a nanowire layer can be first
deposited on a substrate, followed by sputtering an ITO film directly on the
nanowire layer.

If the secondary conductive medium includes carbon nanotubes,
the carbon nanotubes can be formulated into the same ink composition with the

25 metal nanowires for co-deposition. Alternatively, the carbon nanotubes can be
formulated into a separate ink composition for serial deposition before or after the
deposition of the metal nanowires.

Typically, the ink composition comprises agents that facilitate
dispersion of the nanostructures and/or immobilization of the nanostructures on

30 the substrates. These agents include surfactants, viscosity modifiers, and the
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25 metal nanowires for co-deposition. Alternatively, the carbon
nanot ubes can be fornulated into a separate ink conposition for

seri al deW§£Jok/9ﬂ3(9‘efore or after the deposition of th E?0|08/060937
nanow r es. Typically, the ink conpositi on conpris

agents that facilitate dispersion of the nanostructures and/ or

| mrobi || 2 a4 rhgbiéd Bedapish PRI ARk BpBuliehs Bhibe AP co-

agents incl'ude sur VI SCOS

Det ai | ed dﬁsrm‘img)u&rPaténﬁ‘m;rmbmn Ng. 1 1v804 822,(:wmpb$s incorprataed hieesif bund
i n co-pendi U. S, Patent Application No. 11/504,822, which is

i ncor por at rﬁ@?"éf’h‘%?"tfr%?yerence inits entirety. A typical ink
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FSH, Tri t oHPMofiom@4a% tsa439)0%|§9|v@n ambiromddy °otﬁ-m@e,ra9nal nanowires.

i mol ude ny QPREYBPBAYT CxRERer Shidle S AR R PbIC EBR, Zafi”

xant hanQguRrsOpabyy® 8H al‘rﬁmiﬂol100cmb4}>k315)r®mxbl (604| 60T )0 aeDodBedr BBy
et hyl cell ul ose Exanpl es of suitable solvents include water and
i sopr opanomal tqside and V@Bnﬁﬁgmm%rp Suftalpe viscapity wad %ﬁ&%'BC'HHea desired

concent r al i efloRjprogl MIARA Ueli@Bse WIPHIL)! Mol tdIfseOkarthen HORKLBEviny!

density of uctlve orrre on the' substr
substrate a!amhdjecaa:ngynmemyl a¢lluboaep hydiosy ethyhceliulase. do@mide of suitbleThe
substrate c xi bl e. Leferabl y, the substrate is 20

al so opti cf Y%Ptfﬁfr@we watgr a”ﬁ?fsaﬂf%%“a sm ssion of the material is at

| east 8§%in the vigiHelifk co&MbositioH 08M B prdpedbased on a desired Exanpl es
of rigid substrates include glass, polycarbonates, acrylics, and the

like. |In peanceptiation ofdpe crapwifes vhieh isiamindex af thel loadm@éegwyﬁ te. g.
bor osi | i Caﬁr@l bo*%tl%lﬁ% 'forme%sosn th%ré%béﬁét% expansi on gl ass-ceram c can

be used.
The substrate can be any material onto which nanowires are

deposited. The substrate can be rigid or flexible. Preferably, the substrate is
20 aiso optically clear, i.e., light transmission of the material is at least 80% in the
visible region (400nm — 700nm).

Examples of rigid substrates include glass, polycarbonates,
acrylics, and the like. In particular, specialty glass such as alkali-free glass (e.g.,
borosilicate), low alkali glass, and zero-expansion glass-ceramic can be used.

25 The specialty glass is particularly suited for thin panel display systems, including
Liquid Crystal Display (LCD).

Examples of flexible substrates include, but are not limited to:
polyesters (e.g., polyethylene terephthalate (PET), polyester naphthalate, and
polycarbonate), polyolefins (e.g., linear, branched, and cyclic polyolefins),

30 polyvinyls (e.g., polyvinyl chloride, polyvinylidene chioride, polyvinyl acetals,

polystyrene, polyacrylates, and the like), cellulose ester bases (e.g., cellulose
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25 The specialty glass is particularly suited for thin panel display
systens, including Liquid Crystal Display (LCD). Exanpl es

of fl exi bl‘,g%?%@ﬁgelg&t es include, but are not limted to: Fﬁ@{%@%&%@

(e.qg., pol ne terephthal ate (PET), polyester napﬁ and
pol ycar bonate), polyolefins (e.g., linear, branched, and cyclic

2 S e L

like), cel polyipsiges siiRonbaaas ofer @onvertiohdl ssigmetic filveet at e, cel | ul ose
acetate), polysul phones such as pol yet her sul phone, polyi m des

. ... v
silicones and ot her H¥hiKgeMPREItIop&R) Merdepositedgn the substrate accordifg e

exapl o ¢ b PR In BRI et G REAR . SRRkl AlblRuon R

No. 5 1%/ 50#562822As a specific exanple, an aqueous di spersion of
silver nanowres, i.

e., an _]L_nk conposi tion \Aﬁ fi rstcp;%reipared. The
silver nanowires wer®s AFBEETSSIRTPE: ABARAHPOHIFIERTTSRAL 2GR PWHFPn

| ength. Thes i gk iflORRASESItA WSS IR | PYTHELBRE nafowitesivbieabout
nanowi r es, e034%I HPMC, as'trll 0. 025% féibt?gen 10 x100. n'all'h% Ii nk was then

spi n- coat ed5nm tgKasm intwidthsgrelearourid 30amdmldngth.cDbe irfkatdnapasitiony

post - baki ng_at .50C, f or . nds and 1800 far econ .coat ed
P had achBkriees by Sieight GR90N3s ABRnes, o\ 4 M, S Oes T
96% (uapngxLIASFhémkavdsthehepredoAdd of ghvsaat f spaed 6f 506rpameiRBEE00d by
one skilled in the art, other deposition technlgues 15 can be

enpl oyed, ®ligwed bydostheking 8h591Coler P8tsecendnHgnd 18R fop A0 srepnda. | The e
flow, flow ' i 5l ' ' ]

cont | ng. _reshed i Rey eNsishuly orBBl 25 onRieRi Linaideibh BE 0072 ©
Printing teshy glassasancirawe)andsathzemfd.3%ct|y print an ink

conposition onto a substrate th or wthout a pattern. For .exanpl e,
i nkjet, flexoprintirféf4 rgt@p. @H%eiﬁll(meﬁd” g?fna ep%é@ﬁ)éigpéglpni@cmqﬁuqss
furt hergungdey 5& QREDIGYAL old) Ssakimenation nGNIStBRRbyPE habRichahnéingief | i d
as wel | as the interactions between the nanow res may affect the
di st ri but i thow dhv onerindineesliticoating, gravuie coatinguinierograMpos coaling, bead
coating, dip coating, slot die coating, and the like. Printing techniques can also
be used to directly print an ink composition onto a substrate with or without a
pattern. For example, inkjet, flexoprinting and screen printing can be employed.
20 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 deposited.

EXAMPLE 3
EVALUATION OF OPTICAL AND ELECTRICAL PROPERTIES OF TRANSPARENT
25 CONDUCTORS

The composite transparent conductors prepared according to the
methods described herein were evaluated to establish their optical and electrical
properties.

The light transmission data were obtained according to the

30 methodology in ASTM D1003. Haze was measured using a BYK Gardner Haze-
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EXAMPLE 3 EVALUATI ON OF OPTI CAL AND ELECTRI CAL PROPERTI ES
OF TRANSPARENT 25CONDUCTCRS The conposite transparent

conduct or sy®sRRM18¢ according to the nmethods descri bedppgk8iiisBsL
eval uated to establish their optical and electrical properties. The

l'ight transm ssion data were obtained according to the 30 methodol ogy

in ASTM 01 PI&Z$h é"@ﬁrf@i%%%éfs%@u Oylﬁ/bgﬁwéésﬁﬁ@@ GEhG AFNuKEEES TrudRMS
2008/ 13130 PCT/ US2008/ 060937 Plus. The surface resistivity was

measur ed uMuH@eiemmta_CIIBssremstm weter] Belpem edelofiirBoedndystance

resi stance_ne (17/B,con

typi cal deTPl or §AH1°ﬂe B’@"{%‘)gﬁ‘ﬂ%és %&sptogﬂw %&%??}ﬁe?%%rl”g ance
(e.g., by r’é@lsltéﬂo%)(e@swNé'ﬁrﬂéﬂnstrﬁﬁféﬂté)nt erconnectivity of the

nanowi res and an ar eal coverage of the substrate can al so be observed

under af optical or Hedpiereprertdtraiihemenenitesand axargal goverage of the

i L mwas 1P SPRE ] e bé dHseRepitel o LA or Sl B o “doout

250 f2/0. micsoscope. nanowi re fi I m was coated on the ITO film The
silver nanowire filmwas based on an ink conposition that produced
conductive filnms of about 300-500 O in sheet resistance. If the
conposite transparent conductor was {AMRHES nerely as a pair

EVALUATION OF RESISTIVITY OF COMPOSITE TRANSPARENT CONDUCTOR

10 An ITO film was first sputtered on a glass substrate. The ITO film
was about 250 /0. A silver nanowire film was coated on the ITO film. The silver
nanowire film was based on an ink composition that produced conductive films of
about 300-500 Q/0 in sheet resistance.

If the composite transparent conductor was treated merely as a pair

15 of parallel resistors, the sheet resistance would have had an expected value of
about 135 - 170 Q/0. However, the resulting composite film showed sheet
resistance in the range of 50-80 /O, which was about 100% more conductive
than the expected value. Accordingly, the combined conductive media exhibited
superior conductivity than the mere additive effects of the individual conductive

20 medium.

All of the above U.S. patents, U.S. patent application publications,
U.S. patent applications, foreign patents, foreign patent applications and non-
patent publications referred to in this specification and/or listed in the Application
Data Sheet, are incorporated herein by reference, in their entirety.

25 From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of
illustration, various modifications may be made without deviating from the spirit
and scope of the invention. Accordingly, the invention is not limited except as by

the appended claims.
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15 of parallel resistors, the sheet resistance would have had an
expected val ue of about 135 - 170 WO. However, the resulting
conposite filmshowed sheet resistance in the range of 50-80 12/0,
whi ch was about 100% nore conductive than the expected val ue.
Accordingly, the conbined conductive nmedi a exhi bited superior
conductivity than the nere additive effects of the individual
conductive 20 nedi um ng“gkithe above U S. patents, U S.
pat ent application publications, U'S ent applications, foreign
patents, foreign patent applications and non-patent publications
referred to in this specification and/or listed in the Application
Dat a ShedYhatds glaimedisior at ed herein by reference, in their entirety.
25Fromthe foregoing it will be appreciated that, although specific
enbodi ments of the invention have been described herein for purposes
of illustratidn, vardoopositedianispartendosndrpjorzomertingsi t hout devi ating

f th irit and f i ' i

o P BB b PSS s pAEARLH Bbimblfes. e
What s ebabsesttires being metal néngWﬁ“téQS'r tr@t%l_rrm@pmelen%n@onduclt or i
conpri si ng: a prinar conductl ve um 1 ncl udi n rurall
of rrEanost ?uct arsesong é%&ﬁ@@t\/ﬁd@?@%%ﬁ t%@?@ﬂ“”ﬂ%{bﬂ&%ﬁé&é&w&r met ;I
nanot ubeg e, the secoRd&§ORHaENLABEIRT iINkRIGTRIS MBS Sind, WHEIn

primary conductive nedium the secondary conductive medi um i ncluding
a et al the plardlity ef nagastractureharephelewlan gleelficalzyaseelation threshald.e bel ow
an electrical percolation threshold. 2. The conposite
transparent conductor of claim1 having a light transm ssion higher

t han 85% and 2. she®he cosipstitatransdareriscoriduator b 0kirn M virauatight

3. The c osite transpare conductor of claim.1 wherei he met al
nanow r eJ IR DI AN BN SAAB AL aNd 3 ShaelesigtarcepRless Fen 18R par ent
conduct ophRfs/duaién 1 wherein the metal nanowires are positioned on
top of the netal oxide film

3. The composite transparent conductor of claim 1 wherein the metal

nanowires are silver nanowires.

4, The composite transparent conductor of claim 1 wherein the metal

nanowires are positioned on top of the metal oxide film.

5. The composite transparent conductor of claim 1 wherein the metal

oxide film is positioned on top of a layer of the metal nanowires.

6. The composite transparent conductor of claim 1 wherein the metal
oxide film is an indium tin oxide (ITO) film and the metal nanowires are silver

nanowires.
7. The composite transparent conductor of claim 1 having a light

transmission higher than 85% and a sheet resistance of less than 1000

ohms/square.
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5. The conposite transparent conductor of claim1 wherein the netal
oxide filmis positioned on top of a layer of the netal nanow res.
6. The conposite transparent conductor of claim1l wherein the netal
oxide filmis an indiumtin oxide (ITO filmand the nmetal nanow res

are silver nanow res. 7. The conposite transparent conductor of
claim1l having a light transm ssion higher than 85% and a sheet
resi stance of | ess than 1000 ohns/square. 8. The conposite

transparent conductor of claim1 wherein the primry conductive

mraldi um and t hg. met The evirposité (tjrlfzme;ba?reﬁgc @ﬂ’liddctzﬁldflxctlaﬁmﬂmvﬁér.ein the 9.
The conposite transparent conductor of ¢ 1 further conprising a
plurali tP”B"fa%Sﬂ'ﬂﬁi}t‘}t%W@é“‘?fﬁH'@ gnagtal oxi e film e eleqkicg e

transparent conductor of claim9 wherein the conductive nanoparticles
are netal nanoparticles, netal oxide nanoparticles, carbon bl ack,
gr aphene sheefs or The composie trensparentesmductor 0iy;la|m1dfelvtheecwm$mg| ng

a conposi éﬁu%lfﬁno%%%ﬁ &“}‘eo%%g%ﬂd%sncl uding: a primary conductive

medi um i A rali nanowi res or a plurality of
nmet al nanot ubes; and a secondary conductive nedi um coupled to

the primar c duc ve medi t he second conductive nedjum bein
b oL el oxd de B I mNARBIEORTS anstarpal sanpisior PR EE™ SNBRIEEor ot o

nanot Ube%oﬁa&btlbé|r%Wo€Qrti%|e%°éré'n¢éﬂal m&a&hméé)mnétar&éia@hdnopamcles 12.
The device of claim wherein the netal nanowires are silver
nanowi r esarbon black, graphene sheets or a combination thereof.

11. A device comprising a composite transparent conductor including:

a primary conductive medium including a plurality of metal nanowires or a
plurality of metal nanotubes; and

a secondary conductive medium coupled to the primary conductive
medium, the secondary conductive medium being a metal oxide film, wherein the
plurality of metal nanowires or metal nanotubes are below an electrical

percolation threshold.

12. The device of claim 11 wherein the metal nanowires are silver

nanowires.

13.  The device of claim 11 wherein the composite transparent

conductor forms a first transparent electrode.
14.  The device of claim 13 further comprising a second composite
transparent conductor which forms a second transparent electrode opposite to

the first transparent electrode.

15.  The device of claim 11 wherein the composite transparent

conductor has a light transmission higher than 85% and a sheet resistance of
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13. The device of claim 11l wherein the conposite transparent
conductor fornms a first transparent el ectrode. 14. The device
of claim13 further conprising a second conposite transparent
conductor which forns a second transparent el ectrode opposite to the
first transparent el ectrode. 15. The device of claim 11
wherein the conposite transparent conductor has a light transm ssion
hi gher than { 5‘V1:688 % S?_?] resi stance of |ess than 1000
ohms/squé?@ an PEMSHE'SRvi ce of claim 11 bei ng a flat panel

di splay, a touch screen, an el ectromagnetic shielding, an

el ect romagnet i c interference devi ce, .an el ect rolcﬁm nescent device or

a phot ovol t ai d®cel IThe device of glaim Ue’?ﬁ'@%acf@trﬁ?‘f‘gl Play 3 foygh $crgepst al

di spl ay Id )
el ectr od%ﬁaI %Aﬁ%%b%%a&%esrhﬁlac%’ %rll E{egﬁ%g%gﬁfnmﬁgﬁeqeﬁgnﬁ ?g\t%%?ée?gt rode

and the sientiolineinescansdevitefdrmazhaiowdiaic eplb; wherein the first
el ectrode is a conposite transparent conductor including a primry
conductive medi um and a secondary conductive nedium and wherein, the
primary condudj veAnksicgeomgrigieles nmetal nanowi res or netal nanotubes

t hat have a ne e on . the order t he cell gap; and wherein, the
secondary coné WI%Y%Eﬁ'ﬁmay§eﬂ '?Fé‘i‘é"i‘gruous conductive filmor a
conducti ve netavmgtke@étrd&ngﬁgructures having a nmesh size of about 1/5

to 1/100 of the cell 18. The device of claim17 wherein
t he conducti ve sesonge cérpdﬁawb@termewart@gl tigtaamce bebueersihediral elagisede

175 to 119 0L sLOshF&bbirdiPdefines a cell gap;

wherein the first electrode is a composite transparent conductor including
a primary conductive medium and a secondary conductive medium, and wherein,
the primary conductive medium includes metal nanowires or metal nanotubes
that have a mesh size on the order of the cell gap; and wherein, the secondary
conductive medium is a continuous conductive film or a conductive network of

nanostructures having a mesh size of about 1/5 to 1/100 of the cell gap.

18. The device of claim 17 wherein the conductive network of

nanostructures have a mesh size of about 1/5 to 1/10 of the cell gap.

19. The device of claim 17 wherein the conductive network of

nanostructures have a mesh size of about 1/10 to 1/100 of the cell gap.

20. The device of claim 17 wherein the conductive network of

nanostructures are carbon nanotubes.
21. The device of claim 17 wherein the conductive network of

nanostructures are metal nanowires different from the metal nanowires of the

primary conductive medium.

34



19. The device of claim 17 wherein the conductive network of
nanostructures have a nmesh size of about 1/10 to 1/100 of the cell
gap. 20. The device of claim 17 wherein the conductive network
of nanostructures are carbon nanot ubes. 21. The device of claim
17 wherein the conductive network of nanostructures are netal

nanowi res different fromthe netal nanowires of the primary

conductive nedi,um . . j f claiml7 ip the
conductive ne r kTQ? dﬁgﬁggq%rcﬁlrgﬁrﬂg“g'%@ ﬁ)gtcﬁn%kgﬂjl\gﬁ ﬂ%@g@%}?f er ent

f rom t he nagbeatrudtarestarb esetaf ndrivtulpsd ditfesent frodiitiei ndetaneamatabes of the 23.
The device of claim17 wherein the secondary conductive nmediumis a
met al oxiPdEETY capductive megiumyhe devi ce of claim 17 wherein the
secondary conductive nediumis a conductive polynmer film 25.

The device of claim 17 wherein the primary conductive nmedium
conprises sil¥ér naheweviss.of claim 172@hergirethgssgicondaty aonduetivermedisnei n

the pri n?ggn?&gp%&é m?n_medi um conpri ses gol d nanot ubes. 27. The
o ,

devi ce claim wheérein the cell gap is between about 3-5 pm
28. The device of claim 17 wherein the second electrode is a

conposite tra arent condugt or.. 29. The device of c¢claim17
wherein the f2Ast ahedevisad! ki 7 where theracpadany,poppugiiegpegium

30. The deyiceRd@dtivelRiymérfimherein the first el ectrode conprises
metal nanowires that are 20-80 nmin dianeter and 5-30 pm | ong.

25.  The device of claim 17 wherein the primary conductive medium

comprises silver nanowires.

26. The device of claim 17 wherein the primary conductive medium

comprises gold nanotubes.

27.  The device of claim 17, wherein the cell gap is between about

3-5 um.

28. The device of claim 17 wherein the second electrode is a

composite transparent conductor.

29. The device of claim 17 wherein the first electrode has a light

transmission of 80-95%.

30. The device of claim 17 wherein the first electrode comprises metal

nanowires that are 20-80 nm in diameter and 5-30 um long.
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