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This disclosure generally relates to nanostructure-based transparent

10  conductors having increased haze or light-scattering.

Description of the Related Art:

Transparent conductors are optically clear and electrically conductive films.
They are in widespread use in areas of display, touch-panel, photovoltaic (PV), various
types of e-paper, electrostatic shielding, heating or anti-reflective coatings (e.g., windows),

15 etc. Various technologies have produced transparent conductors based on one or more
conductive media such as metallic nanostructures, transparent conductive oxides (TCO),
conductive polymers, and/or carbon nanotubes.

Depending on the end use, transparent conductors may be created to satisfy
certain electrical and optical parameters, including, for example, sheet resistance, optical

20 transparency, and haze. Often, production of transparent conductors requires balancing
trade-offs between the electrical and optical performances.

While displays and touch panels generally require that transparent
conductors have low haze, high light transmission, and low sheet resistance, there are
applications in which high or increased haze is to be combined with low sheet resistance,

25  high light transmission, low reflectivity and low absorption. A predominant application is
thin-film PV whereby an increased haze in the transparent electrode assists to increase the

coupling of external light into a thin-film PV stack via increased scattering of the
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BRIEF SUMMARY
The present disclosure relates to modifications to nanostructure-based
transparent conductors to achieve increased haze/light-scattering with different and
tunable degrees of scattering. These modified transparent conductors are suitable for any
25 device that employs transparent electrodes. They are particularly suited as front and/or
back electrodes in opto-electrical device that is capable of converting light to electricity
(e.g., PV) or electricity to light (e.g., light-emitting diode or organic light-emitting diode).
In addition to the macroscopically measured haze value, the microscopic structure of
hazy/scattering layer may be important for good device performance, including, e.g.,

30 enhancing contact and work function.
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A further embodiment provides a fluid dispersion comprising: a first
plurality of conductive nanostructures; and a light-scattering material; wherein the
conductive nanostructures and the light-scattering material are present at a weight ratio in

20 arange of 50:1 to 1:10.

In various additional embodiments, the weight ratio of the conductive
nanostructures and the scattering particles in a fluid dispersion can be in a range of 25:1 to
1:2.5; or in a range of 10:1 to 1:5; or in a range of 25:1 to 5:1; or in a range of 25:1 to 1:1.

In further embodiments, the transparent conductive layer has a sheet

25 resistance of no more than 150 Ohms/square, or no more than 100 Ohms/square, or no
more than 80 Ohms/square, or no more than 50 Ohms/square or no more than 20
Ohms/square, or no more than 10 Ohms/square.

In an alternative embodiment, a fluid dispersion comprising: a first

plurality of conductive nanostructures; and a precursor material capable of converting into

30 light-scattering particles.
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In various embodiments, the active layer may be a multi-layer stack, such
as a photovoltaic element, or a light-emitting element. In various other embodiments, the
device may further comprise a first buffer layer disposed between the first electrode and

15 the active layer; and/or a second buffer layer disposed between the second electrode and

the active layer.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Figure 1 shows a type of a-Si/um-Si tandem thin film PV cell that employs
a TCO layer (textured) as a transparent electrode.
20 Figures 2A and 2B show opto-clectrical devices according to various
embodiments of the present disclosures.
Figures 3A, 3B and 3C show various configurations of a multi-layer
transparent electrode according to several embodiments of the present disclosures.
Figure 4 shows, in accordance with one embodiment, a PV device
25 comprising a substrate sheet with preferentially-aligned, anisotropic conductive

nanostructures and PV cell stripes series-interconnected to the adjacent stripes.

DETAILED DESCRIPTION
Nanostructure-based transparent conductors with high haze are described.

In particular, various embodiments describe a variety of light-scattering materials or media
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20  optional buffer layer 30 for ohmic injection (e.g., doped p-type SiC or ZnO), an active
layer 40 of photovoltaic elements that include p-type a-Si layer 40a, n-type a-Si layer 40D,
p-type um layer 40c and n-type pm layer 40d, an optional buffer layer 50 (ZnOx), a back
electrode and reflector 60 (e.g., Ag), an optional encapsulating/laminating layer 70 (e.g.,
ethyl vinyl acetate) and a further optional top encapsulating layer 80 (e.g., glass or plastic).
25 The TCO layer 20 is typically surface textured (shown by dashed lines 90) to increase
light scattering for the purpose of improving light input coupling in the active layer. Many
other alternative configurations are possible. For example, without limitation, an un-
doped intrinsic silicon layer may be included between one or more of the n-type silicon
layers and p-type silicon layers.

30 In various embodiments, the nanostructure-based transparent conductor in

accordance with the present disclosure serves to replace the surface-textured TCO layer
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Nanost ruct ure
60%, 65%, or 70%. In other embodiments, the haze values are in the range of 10-25%,

15-30%, 20-35%, 25-40%, 30-45%, 35-50%, 40-55%, 45-60%, or 50-65%, while the sheet

20 resistances are no more than 150 Ohms/square, or no more than 100 Ohms/square, or no
more than 80 Ohms/square, or no more than 50 Ohms/square or no more than 20
Ohms/square, or no more than 10 Ohms/square.

The various components are described in more detail below.

Conductive Nanostructures

25 Generally speaking, the transparent conductors described herein are thin
conductive films of conductive nanostructures. In the transparent conductor, one or more
electrically conductive paths are established through continuous physical contacts among
the nanostructures. A conductive network of nanostructures is formed when sufficient

nanostructures are present to reach an electrical percolation threshold. The electrical
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50, and more preferably greater than 100. Typically, the nanotubes are more than 500nm,

more than 1pm, or more than 10pm in length.
The nanostructures can be formed of any electrically conductive material.

Most typically, the conductive material is metallic. The metallic material can be an

25 elemental metal (e.g., transition metals) or a metal compound (e.g., metal oxide). The
metallic material can also be a bimetallic material or a metal alloy, which comprises two
or more types of metal. Suitable metals include, but are not limited to, silver, gold,
copper, nickel, gold-plated silver, platinum and palladium. The conductive material can
also be non-metallic, such as carbon or graphite (an allotrope of carbon).

30 As described herein, although the light-scattering material may also include

nanostructures that are conductive, they may have physical attributes that are distinct from
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the following: viscosity modifier, surfactant and corrosion inhibitor.
The electrical conductivity of the conductive film is often measured by
20 “sheet resistance,” or “resistivity,” which is represented by Ohms/square (or “€2/1”). The
film resistance is a function of at least the surface loading density, the size/shapes of the
nanostructures, and the intrinsic electrical property of the nanostructure constituents. As
used herein, a thin film is considered conductive if it has a sheet resistance of no higher
than 10 Q/00. Preferably, the sheet resistance is no higher than 10* Q/0, 3,000 Q/0, 1,000
25  Q/0or 3509/0, or 100 /0. Typically, the sheet resistance of a conductive network
formed by metal nanostructures is in the ranges of from 10 /0 to 1000 /0, from 100
Q/Oto 750 ©/0, 50 /0 to 200 /0, from 100 Q/0to 500 Q/T, or from 100 Q/0to 250
Q/0, or 10 Q/0 to 200 /00, from 10 Q/0to 50 /0, or from 1 /I to 10 /1. For the
opto-electrical devices described herein, the sheet resistance is typically less than 20, or

30 less than 15, or less than 10 Ohms/square.



30 less than 15, or less than 10 Ohns/square. WO
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single conductive layer that comprises conductive nanostructures in combination with a
scattering material. In other embodiment, a high-haze transparent conductor may refer to
20 acomposite film structure that includes said nanostructure network layer and additional

layers such as a light-scattering layer (e.g., an overcoat layer that includes a light-

scattering material).

Light-Scattering Materials

As used herein, a light-scattering material refers to an inert material that
25  causes light diffusion. The light-scattering material includes, for example, particulate
scattering media or scattering-promoting agents (e.g., precursors).
In certain embodiments, the light-scattering material is in the form of
particles, also referred to as “light-scattering particles,” which can be directly incorporated
into a liquid dispersion in combination with conductive nanostructures. The conductive

30 film resulting from such a liquid dispersion thus comprises the light-scattering material



30 filmresulting fromsuch a liquid dispersion thus conprises the
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15 in the dry conductive film, which scatter light and are capable of improving light input
coupling in, for example, a PV stack.

Alternatively, a liquid dispersion may comprise conductive nanostructures
and the light-scattering particles already in the larger secondary agglomerated forms,
whereby the size and distribution of said secondary scattering particles can be manipulated

20  (preferably reduced) through dispersion processing (e.g., ultra-sonicating, settling,
temperature treatments, solvent treatments, addition of additives such as dispersants,
surfactants and other surface-active species).

The light-scattering particles may be an inorganic material, which may be
conductive, semiconductive, or non-conductive. Examples of suitable light-scattering

25 particles include, without limitation, SiOx, AlOx, InOy, SnOx, ZnOx, Al-doped ZnOy
(AZO), indium tin oxide (ITO), Sb-doped SnOy (ATO), TiOy, SiC, fluorine-doped SnOx
(FTO), and the like. Examples of higher refractive index particles include TiOx , AlOx,
and ZnO,. Examples of conductive particles include ITO, AZO, ATO, and the like.
Different oxidation ratios (stoichiometries and hence doping-levels) may be used,

30 particularly with respect to systems that include three or more elements (e.g., AZO, ATO,

ITO). In particular and in preferred embodiments, such materials, compositions and
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nano- or m cr _ g. yrene b ructurally, the
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15 Structurally, the light-scattering particles may also be of a non-uniform

multi-layer or core-shell chemical composition, e.g., particles with cores of one-material
(e.g., ATO or other), or coated with a surface/shell layer of another material (e.g., TiOy).

The shapes of the light-scattering particles can be random, spherical, rod-

like (acicular), wires, single and/or multi-wall tubes, pyramid-like, cube-like structures,
20 elliptical, etc. They can be (or predominantly be) smooth or sharp and/or with smooth or
sharp surface-features.

In certain embodiments, the light-scattering material may be randomly
intermixed with the conductive nanostructures. In other embodiments, the light-scattering
material may undergo a phase-change process after being deposited, thus forming a bi-

25 layer structure in which one layer comprises predominately or exclusively the conductive
nanostructures, whereas the other layer comprises predominately or exclusively the light
scattering material.

In another embodiment, the light-scattering material is formed in sifu
during the course of film-formation. More specifically, an organic precursor material is

30 typically provided in a liquid dispersion, following coating, curing and drying, the

conditions of which may promote the formation of a final film that incorporates micro-
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The shapes of the light-scattering particles can be random spherical,
rodli ke (acicular), wres, single and/or multi-wall tubes, pyram d-IliKke,
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snooth or sharp and/or with snmooth or sharp surface-features.
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20 conductive nanostructures and the light-scatlering material are present at a weight ratio in
arange of 50:1 to 1:10.
In various additional embodiments, the weight ratio of the conductive
nanostructures and the scattering particles in a fluid dispersion can be in a range of 25:1 to
1: 2.5; or in a range of 10:1 to 1:5; or in a range of 25:1 to 5:1; or in a range of 25:1 to 1:1.
25 In addition to the conductive nanostructure and the light-scattering
material, the coating solution further comprises a liquid carrier, and optionally a viscosity
modifier (e.g., HPMC) and optionally one or more surfactants (e.g., Triton).
The liquid carrier for the dispersion may be water, an alcohol, a ketone or a
combination thereof. Exemplary alcohols may include isopropanol (IPA), ethanol,
30 diacetone alcohol (DAA) or a combination of IPA and DAA. Exemplary ketones may
include methyl ethyl ketone (MEK) and methyl propyl ketone (MPK).
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sur f act ant s octyirheneliethpxyieiyswhrsRITONV! ¢51f&e1 120145 endnpnylphersl 0 FSH
(DuPont Chem,cal / |, m ; an - wvBa . O her
exenpl ary s%}‘%‘%x gﬁgécqqﬁngﬁ g%oﬁzll gh‘éﬂl%%gﬁ%%e I\(/)Iﬁ g}"%}/ phenol

et hoxyl at es ex&nplhBr foddosiv kifatans ifclidcdcettenid-Rise@satiplaats sodt asl [PINOOR

et hoxyl ates such as TRI TONTm (x100, x114, x45?, and_nonyl phenal et hoxyl at es
such as MERGOHQOTM (ADRoErEsand SFhemisaalig, Allcaionmal M nd dederdP-Bxenpl ary
non-ionic surJl %Ihgnts i ncl ude acetyl eni c-based surfactants such as DYNOLO
10 (604, 60?} t? r Products and Chenmicals, Inc., Allentown, PA) and

n- dodecyl 13- Dnal t osi Q&g viscosity modifier skt agiadialer thyt inolilizs tiker ves as a

bi nder that immobilizes the nanostructures on a substrate. . Er npl es of

sui t abl e vi Seresittgiures @n pisubstraten dixamplen gLudRDIS VisEoaty RIS B L@Fose (HPMVO) ,

met hyl cell ttﬂq]? t (o] r by
cel | ul ose, gk@%@@y e ﬁ%%mcoggﬁ%mg Zf%etﬂyﬁ c@ﬂ1ﬁ8§}, J(anlt}%‘%p%g?{’(?sgl Iltgpy
enbodi merg s alcbhel, vebadytmethflicellwldset el Isdedxgatigmteltubosehe vi scosity nodifier
in the coating solution is preferably in the range of about 80;1 to about

0.01:1; the weight ralnepréqularembediscats thy ‘Y?b%iitfqt’groftﬂ%? suFfactey Ay e isFesiano
structures In?odﬁ{e?filf ﬁlt%lglogtlﬂg%gfuﬁgn Esﬁﬁ%mﬁ& iﬂ%né:’é (;If atogut%plugo ago&(bQﬁZﬁ: 1; and

the weight ratio o he ¢C uctrv nostructures to the surfactant is
preferably ihe wéightrasigef thé visbsity nivdifiet td the abmiuictive: danostheturastis prefeadbly in
conponents of the coati ggbsol ution rraéﬂ‘be nodi fi ed deptrendi ng, on the

substrate afff e HEPAYA: bio abpp (U7 andebe waightratie ptBa CFWERE ty range
for the ﬁPahh&%trﬁah}éE t e 's&f&%‘atn‘(\ﬁ%?ef@lg%tin ﬁlquﬁjge]ong&R 560:1 to about 5:1. The

ratios of components of the coating solution may be modified depending on the substrate
and the method of application used. A preferred viscosity range for the coating solution is

between about 1 and 100 cP.

Light-Scattering Layer

25 As an alternative to incorporating the light-scattering material into a
conductive nanowire network layer (as described above), any of the light-scattering
material (as well as the precursor materials) describe herein may be incorporated into a
light-scattering layer that is independent of the conductive nanostructure network layer.
Such a light-scattering layer may be combined with a conductive nanowire network layer

30 ina multi-layer configuration.
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Li ght-Scattering Layer 25As an alternative to incorporating the
light-scattering material into a conductive nanowi re network |ayer (as
descri bedwvalrowegssany of the light-scattering material @Ea3/usedt/08961 he
precursor materials) describe herein may be incorporated into a

i ght-scattering | ayer that is independent of the conductive nanostructure
network | ayer. Such a light-scattering |ayer nay be conbined with a
conduct i ve nanowi re ndhabight-scajesingdayer ar eoating incluidesedewindtelydrlight-on. wo

2012/ 108853PCT/ US2010/ 058947, . The. i - '

coating i ncI*tHEE B PEGSH ’ﬁﬁggﬁvdgeﬁmg hl%l}%ogﬁgﬁq grlig%ggcﬁgg@rgl[ rg%t,%lq%sng ﬁé?‘??\%
herein. Al thpugheatthend pasidlesibata@slbdeondaitie] @k lighyschtsing deyet dghnosoatt eri ng
particles that are also conductive, the |ight-scatterin er does not

|
need to (al tthélthougtasin) becanduefinst #ndeas suehd dees f@ﬁfﬂﬁl‘,ﬂf‘%i@’é%t%ﬁ@g rSSYFIO€ t hat

the light:scattering 5 particles,to fqr 0 J . t he
i ght - scat t SPTtHRLFS| G hath {000y I By, b a@a?’%@%‘ﬁi‘*@@?‘?ﬂ%?ﬁ%é Qgg‘f?g%ﬁ i ng)
a conventi onglactfiaNERALENE aGOMEHLT bic¥ivehBotRI trhpareat whductive layer formed of

i nt erconnect i ng/ net wor ki ng conducti ve nanostructures, ... as di ﬁ_cl osed in

g 0- pe Pdi ng, intﬁtcomd_n@nawméﬂémndw@b'leinémsfréﬁuﬁé’. e&l@%’éﬁi?"g?&inﬁorﬂ% 1B8r at ed
y reference herei its.entirety). j ba :
confi gur at i ¢R-oHHd E’oﬁgjraitespi £Ppiiligy ﬁ"a% ég)(gdi%y @%ﬁ@é’ gﬁ(\g/)\ndl@hégeq%:ﬂg %1 g aljg ?IYI\?/I réts

nanost r uct urggpepwor k 1 ayer 220, which is further coated with a :
light-scattering |ayer 230 (e.g., as_an overcoat). . Fi gure 3B
shows anl@lternative &egwe yhshowonmuli-lapercrnfigationg00. cemprises @isHpstgA0 230

oS 2 BB B s BRa RARE AR Bud Rk PSP ORINAICh YERRAASLEN il

network 15 | g rgure Shows yet another alternative

configurati Q{ghi_gbangiima%aay,bi@g; assaadverohthg | ayer 230 is disposed on an
opposite side of the substrate 210 from the conductjve nanostructure
network |ayer 220. Figure 3B shows grealigrngfi s eongiguiatien Eb‘ﬁlle]bg‘Fj‘lgL%W?“‘?rH@

ol ect rode. ity 2 pi RS Che aRATN R LR AP RR L RERAIEI
15% or foreagerppgal ly, in the range of 20-50%

Figure 3C shows yet another alternative configuration in which the light
scattering layer 230 is disposed on an opposite side of the substrate 210 from the
conductive nanostructure network layer 220.

Regardless of the configuration, the multi-layer structures are capable of

20 functioning as a transparent electrode with a haze value of more than 10%, or more
typically, more than 15%, or more typically, in the range of 20-50%.

As a further alternative to the light-scattering layer acting as an overcoat, a
substrate surface, on which a conductive nanostructure layer is coated, can be modified to
be hazy itself (e.g., chemically etch-roughened, sand-blasted, or pre-coated with a hazy

25 layer). Alternatively, a substrate may have an embossed hazy coating that has nano- /
micro-structures, or has a phase-separated material. The substrate may be a plastic sheet
or plastic film or a glass or metal, the detail of which is described in, e.g., U.S. Patent
Application No. 11/504,822 (supra).

The light-scattering layer may be formed by depositing a liquid dispersion

30  of the light-scattering material, as described herein. Alternatively, the light-scattering

layer may be formed by depositing a liquid dispersion of a precursor material, said
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As a further alternative to the light-scattering |ayer acting as an
overcoat, a substrate surface, on which a conductive nanostructure |ayer is
coat ed, o0 2be/wssified to be hazy itself (e.g., chem caCiryusetohssveughened,
sand- bl asted, or pre-coated with a hazy 25 layer). Alternatively, a
substrate may have an enbossed hazy coating that has nano- /

m cro-structures, or has a phase-separated material .. P ubstrate may be a
pl astic sheé-‘tfe%lfsopm@(ﬂﬁbfoﬁpff Mléli“‘sﬁa%ﬂnaéén%‘?“ah@t%‘ duripg llﬂ%? Ugh i ch i s
descri bed |ndl Ledd abddeS. Patent Application No. 11/504, 822 (supra).

The |i ght- scatteri ng layer may be formed by depositing a |iquid dispersion
30 of the light- scattexﬁbmlﬁmhlﬁfduﬁénts that e atalodoasl tdharseis fnnnéhmsrorﬁahe Nghity |

the light-scattering IaY may be formed by depositing a i g)ls%rersion
of a precur Septioag sl d@ﬁ‘iﬂéFd appy s 6aDg MEEsRislsBeNgstiRd o HPINOS urﬁ 3G sor

material {or %ﬁ%@cu% El%r Iﬁg}aﬁécgﬁm'e rﬁg%};@'teﬁ Eﬂoﬁkh kﬂéﬁg‘g%ﬁ{ fdtbd QOwhdnl dBhQ ro%'édeo n,

as di SCUSSG ertarn e nents that are anal ogous

to in situ foissaltiohdicodd thie whegploessal dppraprigtelynt dirided matesa(e. peHIPAMGCy e,
sone materials deposited on a nanostructure- base&a@ ondyctive |

becone hazy veilintheicandpstiveranosireire dispersian £o5 CRpie 1ayeR My TRFcEHh ﬁéf‘@sig
I's believed tllé'ﬂetr d Cfgﬁﬁ & pre %stﬁ@%%ﬂcﬂfch% BAnbstrnlb ij&rer(f&{ ﬁ&ér%la(@g

HPMC) wi t hin ve nanost ruct ure di spersion coat ed ayer§J may
i nduces hi gfhdbédzlﬁirmcrlesamldatysaperdﬁmosadtsecbndarytshﬁaqars&uetmest| ng conduct| ve

nanostructure or overcoat |ayer, vi added particles and a

super -i nPfbsed secondarlj® §Wf@5€@r@tql‘?ﬁé’t%ﬂ@ Coﬁétﬂ‘i‘é{e LayFF Athe REFbISTSI &R t he
conductive |ayen, OF Wil r@gﬁ(ﬁf&gclhﬁl}‘ %{? %axleré Qﬁﬁi@&m%z)hnttﬁbeseﬁﬁeeﬁe nt

di scl osure may have a gener y uni e sense of periodically
regul ar) st rpegibdicallyaegihler) efructurg or baof gna)bhaxhommmm Wit dnprammylsntfage surface
structure acconpani ed (or covered w.th) g@éondary structure,. g one of

m cron- si ze SHUGHHEISACEPMBANF éﬁb@%@’iedd\“thr)rﬂé?f’% ¥ BEHCLYE s P RE mlerrﬁp 17(‘?an
ecificall t
e Ty B B stk

preferred e ayer that has one structure of
| ateral ahd m}artchtqﬂingdﬁtnﬂﬁsifﬂmsl’\bétadkb.eAmrdfened)émbzocﬁmwnt]v@md\m ascofertnger with
a finer secondary structure AIS anot her

#

relatively Hwt%W|SWtWSR3@?rWGW8mF JimeRiang OSF e\ﬂr el’i8 ?}lea‘ml@/létpcoat)
may have a 1} eh05 GRSl oSty sthRd@l, sharp structure and

As another alternative, a relatively hazy conductive nanostructure film
(with or without an overcoat) may have a microscopically edgy, rough, sharp structure and
20 such structures could be coated with, soaked in, penetrated with, materials that act to
smooth potentially undesirable sharp surface features. This could be, for example, a thin
overcoat layer or a sol-gel layer or another nanoparticle dispersion layer; preferably sol-

gel layers, or alternatively conductive polymer or also organic conductive layers.

Additive and Other Optional Layers

25 In general, the approaches above in which one uses scattering particles
(primary and/or secondary via agglomerates) may be in separate dispersions or mixed into
the conductive nanostructure or overcoat dispersions with the aid of additional additives.
These additives may facilitate dispersion stability (e.g., dispersants), help wettability and
coating properties (e.g., surfactants, solvent additives, etc.), assist with secondary particle

30 formation or disruption, or help with forming phase-separation structures upon film
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20 such structures could be coated with, soaked in, penetrated wth,
materials that act to snooth potentially undesirable sharp surface

f eat ures.wohor/088#8d be, for exanple, a thin overcoat | @&gensesioassyet - gel

| ayer or another nanoparticle dispersion |ayer; preferably solgel |ayers,
or alternatively conductive polyner or also organic conductive |ayers.
Additive and O her Optional Layers 25In general, the approaches _above in

whi ch one ufssationtfdlittiegirpag apdiprhely torfprmpgn-Saideerrugstedotierh purtags fatures
aggl onerat e may be.in separat.e.di spersions or mxed into the conductive
nano struct ﬁ%aéc%%e 8®é?%13§{ngrlsseﬁgrhg:fec’ms with the aid of additional

addi tives. These addi ty degginBaguhaandes,isedpe uadestidstiogiraisabazeiit the( e. g.
di spersants), help wettability and coating properties (e.g., surfactants,
sol vent addicenduetive ranostyuctuae kiyers maycRMPEaRS RIGE Pndealyingqoadushve Baest YW or

di sruptiqn, or help.with formn - [ : | WO
2012/ 1088538ePUabbRtbaL A TFRl PR RFARRE. PRRSE WAL HERRARH BT
form non- f | @emp&REEd BRESHs infipticdl piepeitis €suckas ingsvddinte ariusasaidion). dnal

increase in haze. In certain circunstances, steps undertaken to
i ncrease hasechiqasashia acfgriberembpdimpahelsthe diselgsuae.| 08¢ 81ay caghy? C@Bﬁ%ﬁl‘tl&?ﬁ se the
under |l yi ng conductive nanostructune. .z L WO j d nloRer ease in
sheet resi stnﬁlhoégl.m\lﬁawéwtﬁtaﬁ?@lﬁg tehr%l1 %ﬁg I gﬁl’aﬁé;@t)‘gié&qggngggg%? egp%y gai ns

in optical prgReklyi<€80 hmubstGsefeblya¥ahdI’aze] sAnth thickhdnt ags o, | n such
cases, in a further enbodiment of the disclosure, one may copat a conductive
nanost r uldt uinetrpiate hindds layer t) pietesidhenanpptiicaie netWOFalRY§r4% &8r 11§ BRFFY cal Iy <
300 nm nore preferably <200 ) . rably around 50 - 150 nm t hick)
that acts a§es§sﬁanf§l%e?({réF%ﬁg&?@%%ﬁ%}%%&%-r to protect the nanostructure
network |ayer (e.g., ilismattegy, ifiealss paditd) theethe ireogoaitiongf alight-scattering
light-scattering |ayer. ~ Alternatively, it is also possible that
t he i ncor pomtérahmey¥ exen lpypt the sestiltiag iy shest @189!10%&@%\@&8‘?%%&“5%“
resulting filmsheet resi ' ' i ano

Struct ure naRBIR RSB AT fid oot SR dRlo kIR MR

resi st anpe- iddedsing leBfosts (W Shib e edntpefaturg and MoBhure)e ip partitulare wandtheseatedng) . |1 n
particular, when the scattering particles are also conductive or, as.in the
case of pre@atistss are dlwropndistive 06 AR ¢ase RRPICPYSOrsH{RYMIRE § CB‘?@SP € BTt i onal
conductive nanostructure.co ' ' | tive
mano- ot ruct dradney et b GRR ARAP Rabdeupft GG aRER AR RORCLE
haze conductbydicB® nmosaickused ure | ayer may be achi eved by having a
preferential alignnent (orientation) of anjsotropic cond i

t .
nanostructures in thelrcofutet snyrodiming of thedisslosyrg) ap 15@6?%%@5@?'&#58%&%6
achi eveg%(f %’ g;laf?%g—uftu%q%e'r %?ay%e%?ﬂ%‘&th‘iﬁvfﬁgsﬁ%?éﬂéﬁﬁﬂ raﬁgI fotf foriéntafioR) of

light-s ayer”, causi ng the an ropic co rve

nanost r uct urgsolrépi@tdndict(ve. i@nostftafes imthe yomductivhlagér. Shesaoulddreces, or

preferably with fast-evaporating solvents such that a . .
independently achieved by, e.g, coating a conductive nanostructure layer with a light-
scattering layer, or causing the anisotropic conductive nanostructures to align (e.g.,
preferably with high shear-forces, or preferably with fast-evaporating solvents such that a

25  built-in (during deposition) conductive nanostructure orientation does not get

randomized). Techniques for achieving such alignment are disclosed, for example, in co-
pending U.S. Patent Application No. 11/871,721, which is hereby incorporated by
reference in its entirety. Such alignment can assist in achieving relatively low sheet
resistance in the direction of the alignment with fewer nanowires than those required for a

30 random network, thus helping to increase transmission, and/or reduce reflection and

absorption. It also allows or tolerates a higher level of scattering media without costing
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25 built-in (during deposition) conductive nanostructure orientation does
not get random zed). Techni ques for achieving such alignnent are discl osed,
for exanpwe,2oizosgs3pendi ng U. S. Patent Application No. PCT8B8201883896Whi ch is
hereby incorporated by reference in its entirety. Such alignnment can assi st
in achieving relatively | ow sheet resistance in the direction of the

alignment with fewer nanowires than those required fqor a_30 ({L@ngom net wor k,
thus hel pi ndighbiransmissioae In p spssificembedimenhdiighre g thirstitna PVarequin’ %hd

absor pti on. [ [o] o [ ' medi a
wi t hout coste%ﬁﬁéﬁsﬁg)é%ﬂe'?tr\{ﬁal sg[rlﬁgégc! Iggrrll.%' nngt@gg%%ri écl %\é%gﬁflsr%%? : é(1igz‘frdgo{zj!irg’e 4) a
t hi n-fil m PWheeshyltie BOOclbsgpkoitsereonnea3e0 @ ttel skitesaintepoanecmmifval bstripdswor k

| ayer 310 as a transparent el ectrode, whereby the PC cell gfieri es

i nt er connectof §Eonedule arq greanged pespendispilsr tahm ptefaentisbnanepiire SEIREYL. Hiotg he
modul e) ag e g ANERGWRE! BE BV AmdSal Rl Bk N IRL-RAHMGERIA drafTent
Note 5 that € nanow res are drawn schematically and are neant to

il lustrate thefedhtifaligronendf Thdwanpvirkedre i faal ingrdogneming, rafhhethmapoaildles ar e
in fact interconnecting, rather than parallel to each other, in order to
forma cond@é‘ﬁh@iberp@t%gﬂ%’ forpraropfective PREVaDevi ces  As di scussed above, the
hi gh haze transparent conductor described herein 10 are particularly
suitable as one or both electrodes in an opto-electrical device (e.g.,

Fi gures 2A, Qto-EhdirfcabDévdsesl i n which the TCO is replaced with a
transparent conductor of the present disclosure). Many ot her v; r'ﬁti.ons of
Figure 1, Figures 2A Afdisowssemiboye tb‘?r%‘%&%@,trqnﬁpa&\?ﬂté?f‘déww s Eée erein

t ranspargnt _condi. i j r i re,C

used. "o e PRl pRaR GPUEARSGccololtn B SR IIeARIRRIELE SRS - 1
t ranspar ent 20Q0Bugd Pigura)l ihevhiilsthoTED ibeadplreed witha tiau§faemt bandectobOf thZn0x)

and the netallic electrode-reflector (60, though the latte e
conpl etel y d’i@ﬁ‘ﬂg&’(‘ﬁéh’slﬁ@-tMé?%?@?ﬁ%ﬂ@or{sﬁéﬁ%é?gbrﬁlg‘gﬁ%ﬁ‘{%g%y?’e
In certain %g@gogiegﬁgwchaa bR R3%S s Ja P SRR ERE incd%e&a&{cewmh@ﬁ%gn ance

with the pre cl osure“may or y not require a conventiohal buffer

| ayer (Si C, dé&olosur2Qabbd weednFortesahple awith tdi@cadjtaderstack efiFigoredycd lnghfvzd ayer
(e.g., the active |ayer) because the |ight-scatferin erial, or

precursol®  GRawarcabgingpstramay bs dispased Jéﬁ‘&’é ‘?‘Frg‘t‘tté Tilay e? Sgg%?% a‘il%@ﬁl ., wor k
function), btk ' bd &mpla¥S displdee @b HEH-dS, a
t ranspar ent q@%ﬁ@ﬁ%%&?2!3%%86:#9;%%%%?%%&?&29%r esén dl?sg:slposﬁr e}hngy\lgfjrt her
i ncl ude nedihazearanbgareanpeketbrof nedi a that have a work-function,
conductivity, surface_mcro-structure, 25 surface crystall ographic,

mor phol ogi ¢ st ruct ur el gsFtaip WIWS’BHIQ?‘H@?%HP’)SW‘GH Cé’&@‘tcéorg? a&OF‘%“ﬂ%\t e the
need for buffigr Nbi (D4 Yoo EfliohA R¥eSlpGHSIC, ZnO9t her
enbodi nment sT‘Jlfglotﬁ%/grﬁﬁngﬁfgpg%)ulﬁ?@r%Fglégréﬂ can ne?/ert hleol ess te)e ﬁggdl i'n &
conbi natd0on betvichn itkedf dridghe ffjaent semnspducotP\E aydu@tgo thaksive idyenl bbewed the

light-scattering material or precursor, under appropriate circumstances (material, doping

level, work function), may additionally function as the buffer layer. In other words, a

transparent conductor in accordance with the present disclosure may further include media

or be composed of media that have a work-function, conductivity, surface micro-structure,
25  surface crystallographic, morphologic structure (or a combination thereof) to reduce or

eliminate the need for buffer layers that are conventionally used in PV stacks. In other

embodiments, conventional buffer layers can nevertheless be used in combination with the

high-haze transparent conductor described herein.

Additional electrode and/or reflector layers may or may not be used with a

30 transparent conductor in accordance with the present disclosure.
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Addi ti onal electrode and/or reflector layers may or may not be used with a
30 transparent conductor in accordance with the present disclosure. WO
2012/ 1088568RCI/ 108610/ 058967 A hi gh- haze t ramgjsasienssssonduct or
in accordance with the present disclosure could also be used as the top
and/ or bottomelectrode in CGS, CdTe, organic PV, organic-inorganic hybrid
PV devi ces. A high-haze transparent conductor in accordance with the
present 5 disclosure #aighfwzeupnsparcpteepdyciesdn accprtanss, withths pegsettap| e

substrate | ass._she | i e I i i Sg net al
sheets or 1£ P %S,ureefoé&i a%(? geb%%{l a %tr}\%?%’rérné@rt% 8? ar%&ﬁ%éf%g}‘ tdgeg’u%?f%ﬁﬁéé‘? i?at es.

As a top el py!éreafe-indrgaddhybedPepdsidesd directly onto the PV stack (or an
optional buffer layer) or be transferred to, lam pated to, etc. such a
device. It can be depbighdwzairanspyent copdysiqrin acsorsiance Wilh hedrsert- t o,

| am nated-te_in at.ter i L t - printed,
tcan b pustOlk PR B 4RI rep B £ B Ne RRle GLRCE, e

| aser - scri biHagtsOflastio 3, edakidlyl 50 mdvkitshess oofbilatct yeur ibe ngndfervetsipAareintted
conductive filns in accordance with the present djsclosure are disclosed in

co- pendi ng Wridcebsitied AK Packatodgfchr Bt deprsifgd. dirpetlpanto ths 'V HAsk(eT py

i ncor por at ed_hergl fere .0l Lk et g ur

enbod ment - REE R by EREO BRI Tk B Y B R Rl R BfTbe

di scl osure ggdsitedadiraver einteacding irhnbsf@ckdit] lamitatedtth én £ pattboedifashion. Where
nanostructures, which have controlled, tunable, refractive i ndCL%e . . Jhis
appr oacH0senanepatternedat aon-priried. df Gap be POE-NAHYESd Hatéve ihpHaPYe AR ﬁf?ﬂa@!%r

stack (e.g. via tla@gr-gcrrllﬁfn%\/o? he;[s . eﬁ)left\iloﬁ.nﬁ/%ttﬁod@‘ BF}?%t{%ﬁli@rﬁ'lﬁﬁzﬂEntlc@M&fcﬁv{:Aﬁlrﬁsqquc e

reflection I'8s%8Es’ ernatively a In particu cases 20 ereby the
t ranspar ent accorddntwith Bé piddent diselosutt ahi Bl @sd irecoamindingsnd be-obaekU8| ect r ode
that reflects unabsorbed_ |ight back into the PV stack sz%i d added nedi a
coul d have PaterdfApplieatioa Nor-ldlg/>87l,ﬁ@ﬁ= wWhidhris inseropdddicscip by galerensei B #S hack i nt o
t he PV stacg.tir ? particular, the refractive index of the back el ectrode
coul d be mde'd{fferent than the refractive index of the adj acent layer in
the PV gsack by the addifuitgn epbodiaras theutinspagst c@fifctor anspadant withtbect or

| ayer in accordance with the present disclosure may facilitate (if the
bot t om el echtessabdipelones eandneareorpiy medin 18 gAditien By thy CONIHF PN duct or

growth and QEBH %Lugel Mitrolled, tunable, refractive indices. This approach serves to match the

refractive index between the semiconductor stack (e.g., the photovoltaic element) and the
adjacent layers to reduce reflection losses. Alternatively and in particular in cases

20  whereby the transparent conductor of the present disclosure acts as the back electrode that
reflects unabsorbed light back into the PV stack, said added media could have a refractive
index that promotes increased reflection back into the PV stack. In particular, the
refractive index of the back electrode could be made different than the refractive index of
the adjacent layer in the PV stack by the addition of nanostructures.

25 A transparent conductor layer in accordance with the present disclosure
may facilitate (if the bottom electrode is before the PV semiconductors) improved

semiconductor growth and deposition.
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WO 2012/ 108853PCT/ US2010/ 058967 EXAMPLES EXAMPLE 1 SYNTHESI S OF SILVER
NANO W RES Si | ver nanowi res were synt hesized by the reduction of silver
nitrate Swoi2epolosssd i n et hyl ene gl ycol in the presence @CTMSRy10058991
pyrrolidone) (PVP) follow ng the "polyol" nethod described in, e.g., Y.

Sun, B. Gates, B. Mayers, & Y. Xia, "Crystalline silver nanowi res by soft
sol ution processing,”" Nanoletters 2(2): 165-168, 2002. A nodified polyol

nmet hod, described in co-pendi ng and U. S. Patent Application No.

11/ 766, 552, produces nore uniform silver nanowi res at higher yields than 10
does the conventional "polyol" nmethod. This application is incorporated by
reference herein in its entirety. ReBXAMPIGE hanowi res primarily had | engths
fromabout 13 umto about 17 tim and dianeters from about 34 nmto about 44

nm EXAMPLE 2 STANDARD PREPA%%%FIQ @Jﬁsﬂ\l OF CONDUCTI VE

NANOSTRUCTURES 15A typi cal osttron for depositing netal nanow res

conprises, by weight ,Slﬁvéﬂmn@wﬁgﬁx‘é&fets?ntﬁesiﬂédfwPcﬁea@axwﬁbn()eSlgzer nigrager ef err ed
range is from 0.0025%to 0.05% f or ZC]\IYLgﬁ ) FSO-100), from0.02%to 4%
vi scosi t§ ndigsotvediin thylgne glacqimethélpreéenqeéz gely(vényd Pm%doae)(ﬂ’éﬂ?& foflowing

hydr oxypr op; I“ ylc HPNC) %, t s¢lvent and from
0 oy B SPYs RN ffog Heftie ﬁe%?esyeg BT 19'1&2"’?5 HYRY e 200
surfact ant S“@rsaﬁhlud@mmah{omrewwsoﬂm}hfmr YodeSihg ’Zm%zétreysﬁsﬁmzmur) FSH,
Triton (x100, x114, x45), TERG TO(r)  DYNOL(r) (604, 607), n-dodecyl

P- D- mal t osi 492. a\nmommtmlv9l mﬁh@daﬁﬁ@gbeﬁ inggincading and exounedU Sobatenter s

i ncl ude hyd Ve ceI ul ose P 11 an

gum pol yvi leg IPIi({%l 1rﬁ%7§:61a8r§t‘)5 tc %mior l;g ‘{X%Slsléé@rng% i e§ ngesrg/%%éﬁatﬂg

cel lul osg. docamelceaveatiosdlt p@l%le n&tﬂo\de Mhs dpplidatiee 1s\liﬁ6(ﬂp0raﬂadl b Eefelﬁﬂw opanol .
herein in its entirety. Resulting nanowires primarily had lengths from about 13 um to

about 17 um and diameters from about 34 nm to about 44 nm.

EXAMPLE 2

STANDARD PREPARATION OF INK COMPOSITION OF CONDUCTIVE NANOSTRUCTURES
15 A typical ink composition for depositing metal nanowires comprises, by
weight, from 0.0025% to 0.1% surfactant (e.g., a preferred range is from 0.0025% to
0.05% for ZONYL® FSO-100), from 0.02% to 4% viscosity modifier (e.g., a preferred
range is 0.02% to 0.5% for hydroxypropyl methylcellulose (HPMC), from 94.5% to 99.0%
solvent and from 0.05% to 1.4% metal nanowires. Representative examples of suitable
20  surfactants include ZONYL® FSN, ZONYL® FSO, ZONYL® FSA, ZONYL® FSH,
Triton (x100, x114, x45), TERGITOL®, DYNOL® (604, 607), n-dodecyl f-D-maltoside,
and NOVEC®. Examples of suitable viscosity modifiers include hydroxypropyl methyl
cellulose (HPMC), methyl cellulose, xanthan gum, polyvinyl alcohol, carboxy methyl
cellulose, and hydroxy ethyl cellulose. Examples of suitable solvents include water and
25 isopropanol.
The ink composition can be prepared based on a desired concentration of
the nanowires, which is an index of the loading density of the final conductive film formed

on the substrate.
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The ink conposition can be prepared based on a desired concentration of the
nanowi res, which is an index of the |oading density of the final conductive
filmformeo20re/tkss3substrate. WD 2012/ 108853PCT/ US2010P,05836010/058967

The substrate can be any material onto which nanow res are deposited. The
substrate can be rigid or flexible. Preferably, the substrate is al so
optically clear, i.e., light transm ssion of the material is at |e s,i, 80%
in the visible region T@ﬂ@’%ﬁﬁ"ﬁm c0 by, mEtgaghentosviieh P"ir@iWéFe%El‘lﬁélFP%ﬂt%@ Ml ude
gl ass, pol ycarbonat es, .acyyld | d ] [ el ty
gl ass such afggsgﬁageaﬁan-sb r éd%lrlﬂfgigdl?' Zﬂgﬁ%’*‘%@o@&sﬁh@?ﬁ 1g)e11,§§|o %V&QPE{SH’%%I’ g%lg and
zer o- expansiRsilsass oE Bk afbt&ial Rrat ast89edin tHdresibaegiah (400ghask)Ons).

particularly suited for thin panel display systens, including Ljqui
Crystal Display (LCD) Examples of rigid sulsieatepinshide glass, @5&3’5‘1‘@0%5@@{0&“‘%&& ude,
iﬂmi (PET),

ool yest er® ndist Wratiblar, REHEP VPR aPaalP Ry BRIVILES PoloSHERE) ot At

branched, angassyllizerorapXidf dlassccranit yani brysed. (Ehegspecigiol gladsiypartdulaty de,

pol yvi nyl i dene chl oride, polyvinyl acetals, polystyrene, pol %crylates, and
the like), cuittdifopdin panchdisplay exstems, yeludmgliguid Ceysta! Dignay; g?band cel I ul ose
acetate), polysul phon I i M  nJAlddGones,
and ot her conventiona X%%E%ngﬁ%@!e %%Q&{?%feﬁcil%ﬁg%gg%g@ﬁ%ﬂﬁgﬁoﬁ%{g&&@
deposi ted oneheosuibslehétctephtRbite(PET) tpdlyehter ndbhthalatayphepolydaebametehods
described in co-pending U S. Patent Application No. 11/504,822.

As under 58 oawlysyefinn ée.g klingapdrangheds andeyclic gplialelian ey vindh (42 'dtds can be
enpl oyed, e. . sedinment,at i 0 . | | ow,
Flow on an' i st TR it B ESebl, IRFERp A RRDEles 0 1.
bead coat i ngikeflicBinfloRtdsREbasss @ig., Hehuloasatinttiate,and célhdodeiakeatePpolysulplgpnes
techni ques can al so be used to directly, print an ink 20 igr?quTBOSi ti.or‘%’! onto a

substrate wisuph @ﬁpQIthhmlﬂP@nﬁm}émFﬂe?FHW%@@aﬁ&ﬂ ghericary st RYBISHE HPhg and
screen printing can b eThgrﬁBJ c%%ﬁagsitihttl ce%lfbef dﬁa{)g@eﬁ OH 'ﬁ%uﬁgtﬁa%&gﬁﬁngttbffor
r the T1ui

viscosity and shear behavio as well as the interactions
bet ween {Hie grampMl the snebyds aédceibéd inlee-pdhdihg UtSitPatent ApplidatioreNo.oli®8i822i ty of
the nanow v es deposi ted fi\ rs %gll)lbeor(l:eosnk(ijllfle%tiil\t/}ﬁa arll'tagngeE crieu%gi’ggr?teggxﬁg&rs %iar(ljge was
prepared that conpri sé understood by ; P
employed, e.g, sedimentation flow metered by a narrow channel, die flow, flow on an
incline, slit coating, gravure coating, microgravure coating, bead coating, dip coating, slot
die coating, and the like. Printing techniques can also be used to directly print an ink
20 composition onto a substrate with or without a pattern. For example, inkjet, flexoprinting
and screen printing can be employed. 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.
A sample conductive nanostructure dispersion was prepared that comprised
25  silver nanowires as fabricated in Example 1 dispersed, a surfactant (e.g., Triton), and a
viscosity modifier (e.g., low molecular-weight HPMC) and water. The final dispersion
included about 0.4% silver and 0.4% HPMC (by weight). This dispersion can be used
(neat or diluted) in combination with a light-scattering material (e.g., in a particulate form)

directly to form a coating solution. Alternatively, the dispersion can be combined with a

30 dispersion of a light-scattering material to form a coating solution.
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25 silver nanowires as fabricated in Exanple 1 dispersed, a surfactant
(e.g., Triton), and a viscosity nodifier (e.g., |ow nolecul ar-wei ght HPM)
and wat erwOThe/fogssal di spersion included about 0.4% si | yer/tseal 0058966 HPMC
(by weight). This dispersion can be used (neat or diluted) in conbination
with a light-scattering material (e.g., in a particulate form directly to
forma coating solution. Alternativel t he di spersion can be conbined with
a 30 dispersion of a light-scatteri ng%%M@ f to forma coating solution.
EXAVPLE 3 A coating solution was prepared by vigorously

shaki ng 50% di sper si ol @hatihg §3lmancpaprdpated by (igdlsustyhshabng Boktkdspersith) ofi n

i sopropyl al cohol (IPA) together with 50% silver nanow re dispersion of
Exanpl e 2. The wmﬁqlw/\é@r i Milwankagr Wahindsepranyl ﬁlﬁel%f&ﬁé’é\)é,o&?ﬁ%wghﬂ?% i nch

R L A S i eI

coating and dityd I ihéh Bagdlk glasi sabappean 6ol fpen fif 36 eccoadarkiceoatad sutistsate| ayer s;
an underlying nanowire |ayer with good/| ow sheet resistance and, an adj acent

| ayer for medvasithamdried at SO hien 8 sgcrnds and bakeskat A8 B §0iseropdadeyingaze.  The

resul ting conduct i J 1. 1SS ALY % and a
sheet resi stcz(i%gng agﬁ%?éh%{g}%ﬁ%%ﬁlegﬁ@i@%gts %H%g?ég?o&f?o&?}yé\?\%éﬁgﬁieg%% by
vi gorously Slhﬁtki/ii‘eglzf%vdﬂﬁgmﬂﬂb@ Bheef resisfmdcehdbdahiralljaSinDiayaafoapad fromltesI T
de-ionized water (Al drich) together wth the 95%silver n%nowi re di spersion
of Exanpl e Zanopgeiclesdhat Pravifeddpareased kaseul horpspbiae sphducttsdtiodads onto a 2x2
i nch Eag | ass. N . Jhe coated substrate
was theni(gr?l%1 S%&Sﬁérgggﬁ}ﬁ’?a%ge é@%&%g@ %%{ e%gfggtg&giw%géy > for 90 seconds.
The resulting conductive filmhad a transm ssion of about 87% a haze of
about 18% and a sheet resistance of about 20.5 0/11. EXAMPLE 5 20A coating
sol ution was prepared by vigorously @WREE@% di spersion of 7.5%Ishihara
SN- 100D ATO nanoparticles in de-ionized water with 92.5% silver nanow re

di spersion of Exanpl eAZoatlifesol@foulvids peepaed by vigosaislit shakingd$o digpersiaoalt ed
onto a 2x2 inch Eag(jpe_(g(lfass substrate at 700 rpmfor 30 sec,ont%g. Jhe coated
substrat e wd8%IdexdSi@cnanepasiicles ip de-iguzedaraserd S 1K) 1wariber Wb 1865¢ for 90

o

a haze of abou ance o ou
15 onto a 2x2 inch Eagle glass substrate at 700 rpm for 30 seconds. The coated substrate was

then dried at 50 °C for 90 seconds and baked at 180 °C for 90 seconds. The resulting
conductive film had a transmission of about 87%, a haze of about 18% and a sheet

resistance of about 20.5 Q/0.

EXAMPLE 5

20 A coating solution was prepared by vigorously shaking 10% dispersion of
7.5% Ishihara SN-100D ATO nanoparticles in de-ionized water with 92.5% silver
nanowire dispersion of Example 2. The resulting coating solution was spin-coated onto a
2x2 inch Eagle glass substrate at 700 rpm for 30 seconds. The coated substrate was then
dried at 50 °C for 90 seconds and baked at 180 °C for 90 seconds. The resulting

25 conductive film had a transmission of about 83%, a haze of about 32% and a sheet

resistance of about 16.2 Q/C.
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WO 2012/ 108853PCT/ US2010/ 058967 EXAMPLE 6 A coating sol ution
was prepared by vigorously shaking 10% di spersion of 5% Ishihara TTO W5
Ti Ox nanomerbixiosss3i n de-i oni zed water together w th 95PCTIUSLE0/0MEDW I €
di spersion of Exanple 2. The resulting coating solution was spin-coated
onto a 5 2x2 inch Eagle glass substrate at 700 rpm for 30 seconds. The
coated substrate was then dried at 50 C for 90 seconds and baked at 180 C
for 90 seconds. The resul ting conducEX¢MBLE én had a transni ssion of about
86.3% a haze of about 48% and a sheet resistance of about 20.5 0/111. A

second conductive filAvsaifpkeluiaswiy gippdretivy vighloasls shakingel)bidispegsidtol
| shi hara TTO W5 Ti Ox nanoparticles in de-ionized water together with 10

98% si | ver HaddWharaTEOsWed 1%mampaw&éwnée*zomzrﬁé?vwéqaetheh@'ﬂé@ﬁmltvwe film

had a transm

resi stance oafn rQ H{SBTE%Q%%EAKQ%&PTEQ%%KEI}%?})&A%gé@gg‘é%%%ﬂ?ﬁ%g%mo 2
nanopartgcl Bczdhapmgse glﬁss(shb@ﬂitel & 0O gn@ fori30 sa&mmmre dohtel sidirat veas 1n
solution of Triton X-100 was spi n-coated at pm for 30 seconds on top

of two pre-&idabdl Hafw R0 secondsyadsbakathet 188G If‘?l’l %gse?qqdﬁfsTWelieéu Hig ed at 50 C
for 90 secopds 4ilg ?ﬂnﬁ%kg d tr?ﬁsiaégsgon of a%{E) o,Ca%gé -Uéﬁt NN § Ghekpyers were

prepared by spin-coa secon e nanow re di spersion

of Exanpl e résistatd@ of\wbod |26$SQ/EUbSEercaﬁcﬁé‘ondil'dﬁﬁzerfﬂx&lshmplegva‘slpkdjﬁre‘d&m thednined at
50 C for 90 secondso t han baked at 20 180 C for 90 seconds. The first of the
t wo rruI ti-l ‘a%‘#snfg Pfrdshipsa LT QsWed WiQrapepartisiisie de-ipauzs Walky 18sdhes 8éBnd was

not. §of bsis% sﬁ% @5 hgyecﬁsspﬁ;skdp J}%‘S';al% rzanﬁlwfrés%g&gtcggc&@@%&%a% a haze

of abou ercen eet reS|s ance o e second

mul ti-| ayertrefnlsﬂniﬁhlhﬁ@fabdult 860% M Bt 0f alfut &b @UL and b.shéét raiskimze ofdboabblu3 66% and
a sheet resgiz/sDt ance of about 12.4 d/E. 25EXAMPLE 8

EXAMPLE 7

A 74% Tipaque FS-10D ATO nanoparticle dispersion (from Ishihara) in

15  water with 3% of a 1% solution of Triton X-100 was spin-coated at 700 rpm for 30
seconds on top of two pre-coated nanowire layers. The resulting films were dried at 50 °C
for 90 seconds then baked at 180 °C for 90 seconds. The nanowire layers were prepared
by spin-coating at 1000 rpm for 30 seconds the nanowire dispersion of Example 2 onto
two glass substrates. The resulting films were dried at 50 °C for 90 seconds than baked at

20 180 °C for 90 seconds. The first of the two multi-layer films was rinsed with de-ionized
water and the second was not. The first multi-layer film had a transmission of about
82.5%, a haze of about 10 percent and a sheet resistance of about 12.5 Q/0. The second
multi-layer film had a transmission of about 81.5%, a haze of about 66% and a sheet

resistance of about 12.4 Q/[.

25 EXAMPLE 8

A silver nanowire dispersion was prepared including 0.4% silver
nanowires, 0.4% low molecular weight HPMC, 250 ppm Triton and de-ionized water.

The silver nanowires used had an average length of 18 microns and an average diameter of

22



A silver nanow re dispersion was prepared including 0.4%silver nanow res,
0.4% | ow nol ecul ar wei ght HPMC, 250 ppm Triton and de-ionized water. The
silver nawownrxessssed had an average |ength of 18 mi cromeTasdo10s#eEr age
di aneter of WO 2012/ 108853PCT/ US2010/ 058967 192 nm The di spersion was
spin-coated onto a glass slide at 500 RPM and dried at 50 C for 90 seconds
t han baked at 180 C for 90 seconds. The resulting filmhad a transm ssion

Ff ﬁf% s [1 telétz nmes The ispessionf wahwin- cqa@idcqﬂg%a glgsrastide atPOREM apd dugsits 0190, A
| SCa
pr g cur sor F{‘ %Q ?%8?3/8 té%{lc%arir(g 8?#?930%01‘ éc(gsa d% aghgfeg&g? Ig)’ﬁh’d@ trﬁ{snﬁssmn

|'i ght - scat t g7g3ng shek fisiskhée @ﬂhb'b@tﬂO(IDhIﬁs/ afétmamm dJfabastiouct ure filmto
forma conposite conductive filmwth relatively high haze. Exanples of

such di spersions i nclAlight-septtcniagdayer eaneprising?, lighif-sqrtPEnsMatcHy AiPHFCHE OT

titaniu X1 "TLP ecurs

e RGeS e PERE SR e SR Bl Rl ol pSre e
coat ed wi t heofifetite nﬁl@déﬁrh&ta&'fﬂmft()%ﬁﬂ $EunhsAg conductivedilovitisielatinely dighal
(ZnOAc) in water and HPMC and AZO nano‘i)artl cles. In the case of the TIP

precur sor imze.PRxangpled quu@hn@smmme@ﬁ@ %g’lth?lﬁllwl%ﬁ’ﬁtqlﬁ_?ﬁf SIORS §PMRIBHIEt ai ni ng

sone | evel of .Moi.st u if n pr ecur sor
into Ti O nétﬁ%l %lﬁqpé?pogldtegl m | fg' urseotr Illrpls%}g@ cr0 g@ﬂgls%&ﬁggﬂﬁ?lg(gg% with the
HPMC to f OFMM,UVSH@M@B@'[&@A BSodilkjak mmdnepartwlgsmoateamm AhOer medi at e
bi nder | ayer can be di sposed between the conductive |ayer, of the

nanost r 4@t dlaéalhbtevfmm Iséﬁ@rat)mr a pregysor pateriak (ZrgAc) QhWatFrrﬁnér}H)éYICtaBdﬁZ& ect

t he conducti ve I he in ampl e and
w thout 11 aRerBHEY Tn I Cel YA Bordr A QAL RqHinoph L B 20T
and/ or i sopdoRith @Iaﬁc&aﬁiamﬂg@mm&w pEslbRNge, thadeistukaiyiate dinednvend the TERNSI st

of any of the binder materials disclosed in US 20 Patent Application No
11/ 504, 822, preevessy e Ji@cnapgparieles: dYimdany dhelZn@heprepyper oBn Fash Withy{her |

Lhird O SPeiipl e Sant SLALDR: Rubh Ul kEii gy eri ol (e 0

nanostruct HeETC o] |nc ease the haze of t he final
conductiiye film An intermediate binder layer can be disposed between the conductive layer

of the nanostructure network and the light-scattering light in order to protect the
conductive layer. The intermediate binder layer could, for example and without limitation,
include 3% Addison Clear Wave in diacetone alcohol and/or isopropyl alcohol. The
intermediate binder layer could also consist of any of the binder materials disclosed in US
20 Patent Application No. 11/504,822, incorporated by reference above. Over this binder
layer, a third dispersion containing a light-scattering material (e.g., nanostructures) can be

coated in order to increase the haze of the final conductive film.

EXAMPLE 9

EVALUATION OF OPTICAL AND ELECTRICAL PROPERTIES OF TRANSPARENT CONDUCTORS
25 The transparent conductive films 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 methodology in
ASTM D1003. Haze was measured using a BYK Gardner Haze-gard Plus. The sheet

resistance was measured using a Fluke 175 True RMS Multimeter or contact-less
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EXAMPLE 9 EVALUATI ON OF OPTI CAL AND ELECTRI CAL PROPERTI ES OF TRANSPARENT
CONDUCTORS 25The transparent conductive filns prepared according to the

met hods dwecpitmesssherein were eval uated to establish thecT/usptivoestdsand

el ectrical properties. The Iight transm ssion data were

obt ai ned according to the nethodol ogy in ASTM D1003. Haze was neasured
using a BYK Gardner Haze-gard Plus. The sheet resistance was neasured using
a Fl uke 175 ra¥igiencRuBtaIPelEom madelbt] 7Brendustance :wnitgyp A more typical device is a4

2012/ 108853PCT/ US2010/ 058967 resi st ance e 717B

conduct ance PIBHPIOSF .Sysﬁ?nflrgorrén?af/‘brlmcgarfms & e'é'i éyy Iégljm%)glmﬁg&%g% e system for
measuring resistance ([8e Baze aBY trb@iniik¥i@yoflthe bdrel B3t (e. g, 0.04% haze andThe haze
and transm ssion of the bare substrate I(e_. g1 0. 04% haze and 93. 4%

transm ssi orP3f43s trgpsmissjonder glassy peredypigallynasludrednithe mepsueERaSr enents. 5

The vari ous enbodi nents descri bed above can be conbined to provide further
enbodi nents. Al of the U S. patents, U S patent application publications,
U.S. patent applicati @Re viugkaBodiicgRidsscribed shoya cpbedumbadlto patviden and
non-patent publications referred to in this specification and/or |isted in
the Appl i catfiuther Babedisienist Adlaf tha'd §r pyenis.ddS umions prRlisatinp pubheations d)-Si n
their entirety.. Aspects of .the e I ] . pfle i ry to
el oy concaBte SEREsn BrsbUE Gy SE 2F PhBn R REL HE Bl puREREATT

provi de yet réfdfrbd&in @IDSCITRAMGH and/or listed in the AppRagion DitatHerare haogemtahan be
made to the enbodinments in light of the above-detail ed descri pttj on,. In
gener al , 1§ n heteen byotefesoicagin dheds engirety haspesisob thesapodeinisean e mesiiisss Honst r ued

tolimt the clai to.the s cif' ] [ t g Qsgduii '%St
speci ficati 6’8065?1359?%%“%1?%?0%,@& by {hgﬁg{ﬁ%g%g{egﬁ{é’oﬁ? Fﬁg’ tog}lnclau e al |
possi bl e enbpsliney: surtlepigboditbntt.he full scope of equivalents to which such
clains are entitled. Accordingly, the clainms are not |imted b;il tP%
di scl osure. These and other changes can be made to the embodiments in light of the
above-detailed description. In general, in the following claims, the terms used should not
15 be construed to limit the claims to the specific embodiments disclosed in the specification
and the claims, but should be construed to include all possible embodiments along with the

full scope of equivalents to which such claims are entitled. Accordingly, the claims are

not limited by the disclosure.
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CLAI M5 1. A transparent conductive |ayer conprising: a first
plurality of conductive nanostructures; and a second plurality
of a |ighwo=oettesssng materi al, wherein the transparent PCONSaeios™et ayer
has a haze value of nore than 5% and a sheet resistance of no nore than 200

Ohns/ squar e. 2. The transparent conductive layer of claiml
wherein the haze value is nore than 10% or nore than 15% 3.
The transparent conductive |ayer of cl@MMS wherein the haze value is in
the range of 20-50% 4. The transparent conductive |ayer of
any of clainms 1-3 wherein the sheet resistance is |less than 100

Chns/ squar e. 1.  Abwankpaeiiticanipdvenyercongtisingve | ayer of any of

clainms 1-3 wherein the sheet resistance is |ess than 50 Ohns/square.
6. The transparent covdsicrlisabty ofgendustivepanogfuctires; Ad 1-5 wherein the

| i ght-scattering matefial q o - L: i

7. The transparent co%g%%Pfggﬂﬁh §§5%#ﬁ%%%?ﬁﬁ%ﬁﬁﬁg?gpﬁg%ﬁgﬁ%ﬁ%ﬁ ?gg%ttering
particles agad®tfe laydt Bas,a Haa®xaluSeGhoreZ0'5% Ahd 8l dpettedinalice(dAi®more tiehum ti n
oxide (1 TO, Sb-doped SnO" (ATO, TiOx, SiC, fluorine-doped SnO (FTO or a
conbi nat i on2@0H@lragsquare. 8. The transparent conductive |ayer of
claim1 wherein the light-scattering material includes mcro-droplets. WO
2012/ 108853PCT/ US2010/ 058967 9. Afluid dispersion conprising:
a liquid carrier; 2. The transparent conductive layer of claim 1 wherein the haze value

is more than 10% or more than 15%.

3. The transparent conductive layer of claim 1 wherein the haze value

is in the range of 20-50%.

4. The transparent conductive layer of any of claims 1-3 wherein the

sheet resistance is less than 100 Ohms/square.

5. The transparent conductive layer of any of claims 1-3 wherein the

sheet resistance is less than 50 Ohms/square.

6. The transparent conductive layer of any of claims 1-5 wherein the

light-scattering material comprises light-scattering particles.

7. The transparent conductive layer of claim 6 wherein the light-
scattering particles are SiOy, AlOy, InOy, SnOy, ZnOy, Al-doped ZnOx (AZO), indium tin
oxide (ITO), Sb-doped SnOy (ATO), TiOy, SiC, fluorine-doped SnOy (FTO) or a

combination thereof.

8. The transparent conductive layer of claim 1 wherein the light-

scattering material includes micro-droplets.
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a plurality of conductive nanostructures; and a

| ight-scattering material; wherein the conductive nanostructures and the

| i ght - scawODepizigsssat eri al are present at a wei ght rati oPCh/us201@0686Df 50: 1
to 1:10. 10. The fluid dispersion of claim9 wherein the
light-scattering material conprises light-scattering particles.

11. The fluid dispersion of claim10 wherein the light-scattering particles
are SiOx, Al Ox, |nOx, 9SnOxA fldlispensionjenperdismeox (AZO), indiumtin oxide

(I TO, Sb-doped SnO QﬁTcharTrieQX’ Si C, fluorine-doped SnOx (FTO or a

conbi nati on thereof. q > 12. The fluid dispersion of any of clains

9-11 further conpri si a@hiality S€esidbdtiverdhdst@ctudncand sur factant.
13. The fluid dispersion of claim12 wherein a weight ratio of the
surfactant to the vi sedightseatigsingrmaterialwhesein ke qoaderdive nangsugiurgdand e apout

0.01: 1. . .14 . The fl ui i 2[5 of [ ein a weight
ratio of t hé1g9}-§cég%rin}gyn%%$]falr eel?'rg{egt %h:‘pegé)}%%@tlﬁ\?églﬁéh)?g%ﬁl}éé\{fapels is i nI '? he
range of about 5:1 to about 0.000625: 1; 15. The fluid

di spersion of claim12 wherein a weight ratjio of the conductive )
nanostructures to thel@ur f Hes Bid disgersian phelaimy A geersin thy Hekt-ssateripgmppterisbut
5:1. 0 A fluid dispersion conprising: a plurality of
conductive ﬁgﬂlgngets&ﬁ@tffraéesrfn%pr?gtlcz&precursor mat eri al capabl e of converting
into light-scattering particles. W 2012/ 108853PCT/ US2010/ 058967

17. The fluid dispersion of claim16 wherein the precursor material is
titani umisopropoxi delbr ZHieauid dispersion of claim §@whami the lighi-se3!eHBE si on of

any of Cl ai 5 ks hie it AR, BRIRHC! 202 AYGBFRR2A, (R2Y)! ihfunfiiforfae
(ITO), Sb-doped SnO, (ATO), TiOy, SiC, fluorine-doped SnOx (FTO) or a combination

thereof.

12.  The fluid dispersion of any of claims 9-11 further comprising a

viscosity modifier and a surfactant.

13.  The fluid dispersion of claim 12 wherein a weight ratio of the

surfactant to the viscosity modifier is in the range of about 80:1 to about 0.01:1.

14.  The fluid dispersion of claim 12 wherein a weight ratio of the
viscosity modifier to the conductive nanostructures is in the range of about 5:1 to about

0.000625:1;

15.  The fluid dispersion of claim 12 wherein a weight ratio of the

conductive nanostructures to the surfactant is in the range of about 560:1 to about 5:1.
16. A fluid dispersion comprising:

a plurality of conductive nanostructures; and

a precursor material capable of converting into light-scattering particles.
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19. The fluid dispersion of claim18 wherein a weight ratio of the
surfactant to the viscosity nodifier is in the range of about 80:1 to about
0.01:1. WwWO2012/108853 20. The fluid dispersion of claim P8TIseseiossa7 wei ght
ratio of the viscosity nodifier to the conductive nanostructures is in the
range of about 5:1 to about 0.000625: 1; 21. The fluid

di spersion of claim 18 wherein a weight ratio of the conductive
nanostructures to the Idur f &g Buid disgerpign ohelapm hgwhereinghe piccws: materal apout

5:1. o 22 f 'g i spersion of claim 18 wherein the
precur sor n&?@??ﬁﬂ&%§¥§2§ﬁ€kgﬁ A?he viscosity nodifier is HPMC.
23. A layered transparent conductor conprising: a substrate; a conductive

| ayer includes a plurality of conductive nanostructures; and o a
| i ght-scattering | ayed8adj hescthild disperpien ebayirdtclaigs |l enf é furthepgomprising a

| i ght-scatter| i hal second plurality of light scattering
particles. %écgg&Iﬁg{ﬁheﬂ%ﬁ.a%q‘ﬁ%}tfl%yered transparent conductor of claim 23
wherein the light-scattering |layer overlies the conductive |ayer, and the

conductive layer is coated on_the substrate. ) .. 25, The | ayered
transparent conductor 18f clniwddispasien af ¢lpian 1§ whereinaaveightirap ofdher is

di db SERY _
2015/ 108853 LT URBOLBF SRHUEY it eh AP nde SHBRN B0 MO 0LL . o
conductor of clam 23 wherein the light-scattering layer is disposed on one

side of the substrate and the conductive |ayer is disposed on an opposite
side of the substrate20. Thefluid dispersign of¢laigyi §wherginia weighiagie tBe npri si ng:

a first el e%JcQQ@;m@diﬁ&qg i Sh&GhNOISosEMures is in the range of about 5:1 to about
0.000625:1;

21.  The fluid dispersion of claim 18 wherein a weight ratio of the

conductive nanostructures to the surfactant is in the range of about 560:1 to about 5:1.

22.  The fluid dispersion of claim 18 wherein the precursor material is

ZnOAc and the viscosity modifier is HPMC.

23. A layered transparent conductor comprising:

a substrate;

a conductive layer includes a plurality of conductive nanostructures; and

a light-scattering layer adjacent to the conductive layer, the light-scattering

layer includes a second plurality of light scattering particles.
24.  The layered transparent conductor of claim 23 wherein the light-
scattering layer overlies the conductive layer, and the conductive layer is coated on the

substrate.

25.  The layered transparent conductor of clam 23 wherein the light-

scattering layer is disposed between the conductive layer and a substrate,
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an active layer disposed between the first el ectrode and the second

el ectrode, wherein at |east one of the first and second el ectrodes
conpri sesw@a 2nigesssaze transparent conductor of any of clrarms2d10858967

28. The opto-electric device of claim?27, wherein the active |ayer includes
a-Si or umSi or a-Si/umSi tandem PV stack. 29. The
opto-electric device of claim?27 wherein the active layer is an

or gani c-i norgani ¢ hyb?9-d phistlexesid teanspasers erndustop pelamdivwherga theilighi-

(di)selenid . . . . i.G. device of
clalm 2o 1 urtREr e SRGedop PRl Per Py PSRRI BERah The T Tt
el ectrode adipbdded oachioppositayide of the sabsseeond buffer | ayer di sposed between
the second el ectrode and the active layer, or both the first buffer |ayer

and the second buffer |ayer. 31. An opto-electric device
conprising: a first ehectr o : g , and an
active |ayer di sposedbﬁet m@gﬁpt?%@ﬁ{%ﬁ%@t@cgkecﬁs@ > and the second el ectrode,

wherei n at | east one ofirst blecttddest and second el ectrodes conprises a
hi gh- haze transparent conductor that includes a |ayered transparent
conduct or conpr i si ng: 2 #ceBhelettadsedayer including a plurality of

conduct fve nano st Uokyfse 1Bkidonl Ak 853 Rl Ml Gha fdlaeat 1o the

conductive |l ayer, the eri ayer 1 nc I'ng a secon plurality
of |ight scalkttesdengh@aintat tlagione whehe dirst ahdsechndjbledtanles ¢onaprispad Righ-hagnduct or
has a haze value of npre than 5% and a sheet resistance of no nore than 200
Ohns/ squar e transparent conductor of any ghdaigistlod.el ectri ¢ devi ce of claim 31 wherein
t he hi gh-haze transparent conductor has a haze val ue of nore than 10% and a
sheet resistance of no nore than 50 Chns/square.

28.  The opto-electric device of claim 27, wherein the active layer

includes a-Si or um-Si or a-Si/um-Si tandem PV stack.

29.  The opto-electric device of claim 27 wherein the active layer is an
organic-inorganic hybrid photovoltaic stack, copper indium gallium (di)selenide (CIGS) or

CdTe.

30.  The opto-electric device of claim 22 further comprising a first buffer
layer disposed between the first electrode and the active layer, or a second buffer layer
disposed between the second electrode and the active layer, or both the first buffer layer

and the second buffer layer.

31.  Anopto-electric device comprising:

a first electrode;

a second electrode, and

an active layer disposed between the first electrode and the second
electrode, wherein at least one of the first and second electrodes comprises a high-haze
transparent conductor that includes a layered transparent conductor comprising: a
conductive layer including a plurality of conductive nanostructures; and a light-scattering

layer adjacent to the conductive layer, the light-scattering layer including a second
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33. The opto-electric device of claim31 wherein the high-haze transparent
conductor has a haze value of nobre than 20% and a sheet resistance of no

nor e t harw@Qoessdssquar e. 34. The opt o- el eeCrius2alewsg9e7 of any
of clainms 31-33, wherein the active |ayer includes a-Si or umSi or
a-Si/umSi tandem PV st ack. 35. The opto-electric device of

any of clains 31-33wherein the active |ayer i.s an organic-inarganjc hybrid
phot ovol t ai Plerlerl lightssatiering prtiiclegarhareimthediighsbaze frageparent essfudpr g re.

36. The optq: i i of |l - j.sing a
it burterrayart mndRbatpind Db s Guihdhordp e LR DT OARTRLLS, 02

| ayer, or a second buffer |ayer disposed between the second el ectrode and
the active layer, or both the first buffer |ayer_ and the secggd buf f er

} ayeL . 372 Théhoprteekricrdeyice abe/piged Lbyvherpip ths high-Bazes 31- 36
rther conpLisi ' gﬁgg 4104 I o
cgnductivenﬁg¥€$ﬁgﬁg&%%@&fﬁg tf%%g??%?ﬁﬁgfﬁ§%§$¥g?ﬁggﬁﬁ?g?ﬁggﬁgggh ?nding

| ayer havi ngnéve thangittOlandiquerei ng mat eri al

33.  The opto-electric device of claim 31 wherein the high-haze
transparent conductor has a haze value of more than 20% and a sheet resistance of no

more than 10 Ohms/square.

34.  The opto-electric device of any of claims 31-33, wherein the active

layer includes a-Si or um-Si or a-Si/um-Si tandem PV stack.

35.  The opto-electric device of any of claims 31-33wherein the active
layer is an organic-inorganic hybrid photovoltaic stack, copper indium gallium

(di)selenide (CIGS) or CdTe.

36.  The opto-electric device of any of claims 31-35 further comprising a
first buffer layer disposed between the first electrode and the active layer, or a second
buffer layer disposed between the second electrode and the active layer, or both the first

buffer layer and the second buffer layer.
37.  The opto-electric device of any of claims 31-36 further comprising

an intermediate binder layer disposed between the conductive layer and the light-scattering

layer, the intermediate binding layer having no light-scattering material.
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