NANOSTRUCTURE- BASED TRANSPARENT CONDUCTORS HAVI NG | NCREASED HAZE AND DEVI CES

COWPRI SI NG THE SAME CROSS REFERENCE TO RELATED APPLI CATI ON Thi s application

clainms the benefit under 35 U S.C. 119(e) of U S. 5 Provisional Application

No. 61/266,945 filed Decenber 4, 2009, whereby this provisional application

is incorporated herein by reference inits entirety. BACKGROUND Techni cal
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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



25 high light transm ssion, lowreflectivity and | ow absorption. A
predom nant application is thin-film PV whereby an increased haze in the
transparent el ectrode assists to increase the coupling of external I|ight
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copper indium gallium (di)selenide (CIGS) and CdTe may also benefit from relatively

20  high haze transparent conductors.

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.



In addition to the macroscopically neasured haze value, the m croscopic
structure of hazy/scattering |ayer may be inportant for good device

per formance, including, e.g., 30 enhancing contact and work function.

Vari ous enbodi ments described a variety of |ight-scattering materials or
medi a that can be conbi ned wi th nanostructure-based transparent conductors
in a variety of configurations. The scattering, ned] be of di.verse
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further enbodi ment provides a fluid djspersion rising: a first plurality
of conduéfi \ﬁéoﬁéh@sﬁ’/r’%‘i i phest reaﬁ@n%_qfiﬂ@ﬁ@@%é@ﬂ@é&%ﬁwf’g?-i al ; wherein the
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wei ght ratio in 20 a range n various
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and the scattering particles in_a fluid dispersiogn F i ran of 25:1
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60%, or 50-65%.
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.



In an alternative enbodi nent, a fluid dispersion conprising: a first
plurality of conductive nanostructures; and a precursor material capabl e of
converting into 30 light-scattering particles. Yet anot her
enbodi ment provides a | ayered transparent conductor conprising: a substrate;
a conductive layer includes a plurality of conductive nanostructures and a
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In various enbodi nents, the active |ayer nmay be a nulti-layer stack, such as
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between the first el ectro e active a secohd buffer
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(textured) as, ﬁ%artgﬁtac%%g&rtc?r% d@%ﬁﬁédl?qgn 20Fi gures 2A and 2B show

opto-electrica i Cés accor 0 various enbodi mrents of the present
di scl osures. 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



Figures 3A, 3B and 3C show various configurations of a nulti-I|ayer
transparent el ectrode according to several enbodinents of the present
disclosures. Figure 4 shows, in accordance with one enbodinent, a PV device
25 conprising a substrate sheet with preferentially-aligned, anisotropic
conductive nanostructures and PV cell stripes series-interconnected to the
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40b, p-type k } al; - rn | ayer 40d, an optional buffer |ayer
50 (Zn0Ox), a@%?g{%ggﬁgﬁ gﬁ%“’%%?ﬂ(%ctor 60 (e.g., Ag), an optional

enfapsu: ating/ | am na]t iFigurbal)Shbwgﬁ)cc(Iﬁmgn arratdeyentvifmySi/vac8i andem thirdfibn PVr t her
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I ner easez?! 8 t}oﬁgﬂ}utﬁ%mggr F0%r blGicREEARRR.8! dbPBRITPYbEGIC &:9O) APatkiveoupl I ng

in the acti ayer.
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



other alternative configurations are possible. For exanple, wthout
limtation, an undoped intrinsic silicon |ayer may be included between one
or nore of the n-type silicon |layers and p-type silicon |ayers. 30ln various
enbodi ments, the nanostructure-based transparent conductor in accordance
with the present disclosure serves to replace the surface-textured TCO | ayer

(20 and 90) depicted in Figure 1. Thus 2A sho an enbadi.nent in
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Nanostructures 25Ceneral |y speaking, the transparent condu tor descri bed
herein are tHHppSt %W@ﬁ%x?ﬁcﬁ?@m&m%ﬁmqrvg ﬂ%émam‘éfﬁﬂdilguv AThe
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AN OS L T et T S % SoPd 328 v, 0SRSE, 330505, 9615h5 A5 0%, SPLEBEATWhiE FRARAY
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



percol ation threshold is therefore an inportant val ue above which | ong range
connectivity can be achi eved. As used herein, "conductive
nanostructures" or "nanostructures" generally refer to electrically
conductive nano-sized structures, at |east one dinmension of which is 5 |ess
than 500nm nore preferably, |less than 250nm 2100nm 50run or 25nm
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i nclude, 15 for exanplThe nadssapaics carelse ddy nlaapowr p@snettyNdmosmtaires” t hus

refers to solid anisotropic nanostructures, TKAoi ally, each n I’lOﬁA re has an
aspect rat i ¢IEodHpRIS, Hiedirpodruptugss ags isettapicayly share ,(’-eplaél?eéF’é’BP;Ta]ér pigtl ¢ han
50, and nor ' ' gwires are nore
t han 500nm q%&é{o? %ﬂagggt%cg%&qggﬁ%%g%ﬁ%si-(%{It% ?né\f oér?z;e.mﬁlgltlg)1 é(gl\?vg)nanost ructures

i ncl ude, f ormaaxsanpluess anaaodattopral lyTshppak(iky aspettaat®D# nandt uded hbies, aspeas pect
ratio (length:dianmeter) of greater than 1 pr.ef er ahl eater than 50, and
more pret@r dBtQ redere oy BE ratigtviasp .therlﬁ’ﬂﬁtgéﬁlqo@‘? W‘ﬁé (Wéﬁ@%{?}%éé’?&ee nore t han
500nm nore r ; R itThi lohBEudIRN A8t anbUises can
be forned of&agﬁg&ugﬁgﬂ?%cagﬁag@%%ﬂ Ugitl ve rtf&léea?l?g'lragal\(/)bgtutypi calal y,% tshe
conducti ve redgl.i BxendargahBbirepic naiostruniired inclnderadnemiies arcamnb@besy a5

el enmental net al%q(e.g., transition netals) or a netal conpound (e.g., netal
oxi de). The Jetip ]Pq_r‘%}nnateri al can also be a binetallic material or a netal
al 1 oy, which conpri ses’l"hEWQ?dgfru&Weg %yﬁées%ligforﬂalcﬁ\;.%oﬁﬁ'n b8 ctiRs Mcdudenc! ude,
but are not limted to, sriver, gold, copper, nickel, gold-plated sifver,

pl at i num &indopadahmpit, nanopdhieles andnaowites. "B awoiwdales chus @lesotolselidemsonatpal | i c,

such as carbon or graphite (an allotrope of carbon). 30As.described herein,
al though t hd2ppgnetissat vRicpl cprbnappwire hasanAsRest faie (lspgk diameter) of greater

than 10, preferably greater than 50, and more preferably greater than 100. Typically, the

nanowires are more than 500nm, more than 1um, or more than 10pum long.
Hollow nanostructures include, for example, nanotubes. Typically, the
20 nanotube has an aspect ratio (length:diameter) of greater than 10, preferably greater than
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



nanostructures that are conductive, they may have physical attributes that
are distinct from the conductive nanostructures that formthe conductive
pat hways or network |ayer. Typically, these |ight-scattering nanostructures
(conductive or not) have smaller aspect ratios (e.g., shorter and w der
nanow res), which contribute to an increased haze val ue. Transparent
Conductive Film5ln general, a transparent conductive film or coatlng IS

formed by déﬁ@ﬁ?ﬁquﬁ@Ved‘apPﬁ%’FW%t%é?@ 1§/ cqnshuctiyppathyyays PLRGEASK [a¥hpr i si ng a
liquid carri t W ng
P T e R ) e R S

conpri ses na@nisd (e tshiores ahdavideansowaresio whichaosttibuto wd axdlmredsadmammiumect with
one anot her. The nanostructure network |ayer 10 often takes the formof a
thin filmthat typically has a thickness conparable to that of a dianmeter of
t he CO”dUCti’l’rﬁnébﬁ%ﬂ?&&ﬁ&%kﬁ'&eeﬁhﬁ‘s t he nunber of the nanostructures reaches
the percolatton thnresnord, tne thin filmis electrically conductive. O her
non-vol at§l e conponentis gederdleetranspareminpodictivofilm omwhatiol isdornfedibyelepoplieg  one
or nore surfactants and viscosity nodifiers, nﬁglgf orm part he conductive

f
film Thus, aigwuddispgsaen fqrdek ffynblﬁh%wp@émla% d cagie ?Waﬁﬁefahwtﬁ. ve filnt
refers to a f wor ki ng and percol ative
nanostructur%@a@%%lﬂgﬁeg{r&c@ﬁgVgﬁég%éﬁ%ﬂgghel %g?%rt@ onponents of the ink
conposi tion, and may iThetrasparehbeonduetivplftm oonn@nsns nanoseructires et el | owi ng:

viscosity modi fi er, surfactant and corrosion inhihitor. The el ect r| caI
conduct i vi t)fa’@ffom h distEngRdand yigercomert withypneaanophen s Theapnpsjrustyre agfwagk layer

resistan i BB O¥orl IR S@URL S 60T
"0/0"). %’ﬁe %@Frﬁl{eggeﬁgdng%ytlhéngﬂj unc??lcglgg?a%%q eagt % he surface | oading
density, thealishael dhipamdadtivehendsanaster UGtthe mﬂnbeanﬂtltlmenostmctums reachésgbe ri cal

property of the nangstructure copstituent As used rein, thin filmis
consi der ed dSH®laopareshold, theyihia @@%tﬂ?@gfs}ﬁ copdiflixe. ai‘ﬁbn‘?ﬂ' &let han 1080/ D,

Pr ef er abl y, 1, 000
25 0/ Li f@ﬁ@f@aﬁ%f%‘%@%}@%ﬁ?*ﬁ‘?c MO G, SRR e s MO
conducti ve n&ﬁcmtwmbmﬁmﬁmwmmtmh otﬁdmhdumwﬁhs Thus, nnledsepecaigges of from
10 0/0 to_1000 O/ 1E, from 100 O/ to.750 %/0 50 0/0 to 200 O/ H, from 100
O/E to 50D msherwise, asused kgreinggo 1Y"()ﬁlﬁl?sclfe FOL adIAngPUEBIQNEEOEORH/ 11, from
10 WJ to 50 j ces
descri bed hgélé&?erﬁpgfnﬁ{%lagm %sf%%édﬁggn?%%@l%ggﬁbgle&gg@tawgﬁ!hgg,gﬂor 30 less
than 15, or vokside ¢dnepondifts Ghite Arkcpoarpesition, and may include, for example, one or more of

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.



Optically, the mmostructure-based transparent conductors have high |ight
transm ssion in the visible region (400-700 nm. Typically, the transparent
conductor is considered optically clear when the light transm ssion is nore
than 70% or nore typically nore than 85%in the visible region. Mre
preferably, the light transmssion is nore than 5 90% nore than 93% or
nore than 95% As used herein, unless specified otherw se, a conductive film
i s optically transpar ePptiqally,dhe namosteuctiierhased frnsparenbepsdiaers daye high ljght

transparent conductor., .transparent ctive f.il I [ i.nQ:
conductive fFRFSIERIp ﬂ}ﬁ“%}glgf?g,ﬁ} Mgﬁ'g H(PI Pglr)fs p%lr?“éarll& té‘ieg%ﬁsirpgpgt %’?@%@%ﬁ
i nt er changealdnkidetddztiadlydfeal WHEKtheTighftdnsialssioh & hbng thant 7004 of ey Bbicylly

recogni zed that haze 10 results fromlight-scattering and = |
refl ecti on/ r mbrestben $1% duthe visithoregionu Mora preferably dbe lighiighsipisgor fsmaere shanFor

the opto-elegtrical deviges described herein,. hi.gh- ;

conduct or a&iﬂ)ﬁ,‘flgrpégqned&_/oe,-ﬁﬁ 8L @F’%ﬁg% a?‘é AEedhsie g,cl%n{l;e‘r%é g‘%‘“’%ﬁ@ 3’?1%5‘9113%\? e haze
val ues of moggduhaR [HRA% opRaBy iniidpGht (¥ gMRide tHAAN0%IHrafmisde. Typd,cal ly, in
t he range of 20-50% Unless otherw se specified, the haze value of a give
transparent tanguchisondistar rdnsparegondictvafiinb deysepregoating copdistivelilm, layer
photoptically in.accordance with ASTM D 100 07,...Standard Test Method for
Haze and Lunfr&ddngr Pﬁig?ﬁsp?rgﬁceiecgf) & rgrlllgeﬁlgfleeﬁcihaﬁeg% '

ics." In

certain enbodi ments, iieGhadiadé dfioptisdalent. Ieanduahily reodphizedftent hhe a singl e
conductive layer that conprises conductive nanostructures in combination
with a sdft tesultsgromiightiseattering and reflectianyebingtiontdue to batlyhulk aad surfagaspar ent

conductor may refer t.o. 2Q, a.conposite fi,l m styuc hat. i i,d
nanost nct ur e%Hgﬁ%Bsr qcésy% rgﬁé’?’g)d%ﬁt?%aillgf"wfeasfgsrcgltog%E?{Elggﬁlgh'lﬂl%eﬁ?a -%E%azﬁteri ng
layer (e. 9., ciuS¥BlabOpbfetdY. eThdsh ahndpahticbddudork igidalls hatd Ieizt Rguesdfandral ) .
Li ght-Scattering Material s As used herein,

a
| i ght - scat t etham0%amers typicallyfraprs than 15f0,jonaore fraically. an themange 2620-30%es | i ght

diffusion. The light-scattetin terial dngl r I . jcul ate
scattering n@ﬂ*eﬁsg erg"ésgtsP%crnit‘WgﬁlS?’%ﬁeoﬁhhego 4 “ﬁetutg&?%?r%ﬁ,co%@ggggg gsc%lg?d' ad®

In certailp eghadidmeRisis nidasurkd gittosically @rdcogdamt aithad ST D no3he0®,or m of
particles, also referred to as "light-scattering particles,” which can be

directly i ncitpuiart Best Methoddor Hlapgiand drmpous Teansmitapesefi Hagspaisnidlpgtics.”
conductive nanostructures. .The, conduct i fil i a
l'iquid dispersion t hu;in(%%rrl Fréﬂég(gfnﬁgt%%%ﬁ?'ﬁg%eétap%aﬁﬁlggﬁ%ug% i g{a%’%f%t’tg:&m xed

Wi th the intghgeeaRkkividagss it céhpeses soraattiveaiadseuictuldidn borgbihatimatities i ng
particles may also be fornulated into a ”'Qﬁ“ d di spersion independent of the
conduct i ve nssatieringunatenial. Anethereenthoriveent.iarhigh-haze ligRtnatcah eqndpFtampR Fast to

adj acent 250 Etl Qc?m]gorm O7RR SE s nag Hq%}ddgsesaliﬂa%{)structure 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



5The light-scattering particles are preferably mcro-sized particles, or
nore preferably nano-sized particles. Typically, the particle sizes are in
the range of 1nmto several mcrons; preferably in the range of 1 Onin - 800
nm | Onm- 600nm 10-400nm or 10- 200 nm More typically, the particle
sizes are in the range of 1 - 100 nm The light-scattering particles may be
in the formof individual, primary 10 particles, or in the form of

aggl oner at esingstmixied withj theinjerepaneqtiag eqndugfivonangstaicpuses. {Ihie light-scaltsigar y
particles." The,agalonerat . Dont Ny L O , and/ or
during coat i%aétlcalt% %Vr%uonge %?%%%%g é@g a}gﬁiraarﬁsg)g%iré%l I}é(l;ﬂ:p F‘F‘%ﬁ{t 6@%:}%?%@?%

particl es meyansétaicturhidbefoaaanintanlidhy-s@itiefing layaaidjdceltes thentnfpafenpr esent ) a
smal | nunber of secondary particles in a |liquid dispersion. During
fi | m maki ng, candveiize layeébondary particles may form 15 in the dry conductive

film whigh scatter |ight. an C i [ ' L0PUE oRupl i ng
in, for exanple, a PV ]g’[réél(gapgﬂﬁ ‘%rgnrgr@&?c@égﬁdf/e% rSfeF%?’g‘ﬁfﬁﬁfﬂ %Fﬂszzﬁ)cgﬁ%}%%?#arf conpri se
conduct i ve nasRedbiyunyrseed phdicleBeTYpighly; e phiteld sivgs perih ilelrasgealfdemdy in the
| ar ger secondary aggl onerated fornms, whereby the size and di Stééiﬁsﬁti on of

sai d secondaseyerabmicransi prgfepbly indhemngae! Mamm#iumattien 2000081 Hpyor
reduced) thrgug i Sp L Qn. I . . - i cahh hg, settling,
tomporature (1} SANpAIRE SR BRisBE T Bile estes ittt FAREOFI 2200 B, 2° 0ok "5
di spersants, surfact anthe lightscatidielg @utidaatayaetin ve opeof mbjviduiherimary

| ight-scatteri rjgf particles may be an inorganic material, \M}i ctgltma be
conduct i V@, Rastiglesopiinghe fpam of peglemeratss afibe pumanBastdlse alsp releis tﬁﬁ%/e

| i ght-scattering,25 i.Gl i n%g i %ﬂaﬂghgtﬁgl S OhaseAlfdor | NOX,
Snoc, 7m0, ARERS AR Ry anh b o bl Tl B g Bhass
(ATO), Ti OX, duBin@coitingQint AeriaOP@eesSBOAs anfekihplealight-sbutteting parti Eleempy etartof
hi gher refractive index particles include TiQ,_, A 0", and. ZnOx. Exanples of
conduct i ve paith prefeminapidy prirany pertickes end (frpseseaip smadl numbst ofgeeqndary
ot cutar o g m[ iyt SNGAGHO RArBY sk EHBAS IpafRYes RayoRs 30
particul arl a\f\nt?ctiﬁs lfﬁég%gc (ﬁ%}sglnéf%%gt at iﬁ(r%g@uég tshr ee 12%;3 nor e elyg(rérent S
(e.g., AZO iATK dry TEductive fila, twite wattanighi andpredapabledf Bnhodngbgitsnpeuch
materials, conpositions and

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

10



doping levels may be used for the scattering additives and also act as a
suitable buffer and interface | ayer between the conductive nanostructure
network and an adj acent sem conductor (e.g., a-Si, urn-Si layer in a PV
stack). For exanple, without limtation, AdNano(r) ZnO 20 and AdNano(r) Z805
nanoparticles and AdNano(r) ZnO deionized water 5 (DW-based dispersion can
be used in this way Alternatively, the light- SCtLI n ,
particles ar@ptnlgée\@ma)cbm‘éﬁ?étf@f\ihe srarERradditiyeeandalsoract fb“’rarﬁutt ‘éﬁ% sa?‘fluct ure

net wor k. Wi artlc es ing, the |evel
of the scat tlgﬁgféicge | ﬁtf“feﬁrenc cﬁg%u%ugﬁg%ls@uﬁ?&rf g&%gk%ga?lﬁdgj atrclgl{%ost ruct ures.
For exanpl e,semn@&ct&i (k¢S b-SI ARSI [§6r, 1ne§13/9§tacﬂd)| Porsathgre withaulingstiad, 10

relatlvely | a i amet er ate relatively high hgze fil.ns These "fat
nanowi r es” Atd Elme Zofdfand \@Wﬁ%@?%@%ﬁﬁ’?@“ﬂ&%‘?‘j&gﬂ ® ‘h%‘?%ﬁd\}’eﬁf hazy

f i I Th
Iiug(t:ttl-g(r:]a?t e(b!aﬁ)g aﬁ%fisﬁrgéﬁ%{y asg(g{nbljggp ymer| c or general fy or gani ¢ nano-

or mcro-particles (e.Aternafiotlysthy lighteciiesias partithStreuhd sangl doyductive
| ight-scattering particles may also be of a non-uniform Itl_l@#?geﬁgj
terial

cor e- shel | mt@atur@dhqié@mthe manqstracturemapqre) Adulgithese pypgles Y o
.g., ATO th
i or 1 al o otk ggertil, GRRERofthe Raflrhifis BIRCTRR b MHERRALLROMET

particles capnbfruc@RsoFor SRR, 08d of stloalnakm(resgespetlalm sllvm napswirss oyl e and/ or
mul ti-wall tubes, E@ramd | i ke, cube-I|ike structures, é W{rli tlcal,, etc.
They canlbe r@l@‘rlvqjy gndinmeier pay eieats s rehohich RageflmsaTbgse NONEEE hilor

sharp surfac E? %(61 Ve nan st%%;reblgy?ran 810 ”f:gfﬁ{tﬁ\% Wh&? e lifMScattering

i ght-scatte y 1nt the conductive
nanost mct ur gsartidlds. ot her enbodi ments, the |ight- scatterl ng material may

undergo a phase-change process after bei ng dep03|t d, thus forg;l g a bi-
| ayer structure in whildg lighescpiigrig paBiersinaayl5orhedg n?f’é’tcéﬂrﬁe‘tﬁra XEEULT vel y

t he conductiyve nztnqgst ot her | ayer conprises
ot mlgf altlﬁél%%/ @%h é)%ﬁl@f&'ﬁt B EQ@ y mp

pr edom nat el f Brex Irve scat ering material, In
anot her esbodi ment, t serubtugily; &1@a“ghtesrcaﬂ&mnlgqshﬂrclealmaysdsbd]enﬁd nparugiferm dur i ng
the course of filmformation. MNore specifically, ?}Em anl C recursor

material is Iaﬂitltl?ﬁr eaForg-shilbeheaier! pompositiogys- & Bl fores § ‘?n(‘}vt}‘?tﬁn"tloat i ng,
cur I ng .and ,?(% rAgl"O E)Ih gthgrzrl)q 'c&tgcp%tma stﬁi?éc%ﬂhma}éy&r AR tRerihiferid? I'(é'@t TfU‘) of a

final film I'ncor por

The shapes of the llght-scatterlng 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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droplets type of mcro-structures. For exanple, depositing, processing and
drying a sol vent-based UV-precursor material in the presence of smal

anounts of noisture, the formation of a normally continuous filmis likely
to be disrupted; and instead, a filmcontaining mcro-droplets, which are
effective scattering centers, may be formed. 5 In a further enbodi nent, the
| ight-scattering material is formed in situ in partlcuIaHEU{orn1dur|ng

film fornat i &ppletybine of paerorstragiirey., Far gramplsy g‘?i’r"s‘é‘flgrtm‘éceﬁ%‘?&? rgpea
ot 7 arat ! SR BREPU bl o ol it h L BREURE P SRARK dfbifluec0R! 20 o0 &

substrate. recur sor m cal “conpound that converts or
deconposes tf@nﬁdi@nmaambﬁndl@tc@nhmgm fitn it liketyi todeniisretéda hndimstead, afémc ondi t i ons
of filmformation. For exanple, chem cal 10 precursors su;h as

titani um i soPRBEEE BEcTeHigpledy. highyeee elfeshine sratienipg tentere ey BF &4t e sol vent s
and pr OCE§SI ng condi t 'Iﬁ) E?urt}gf E?d?ﬁi@ntt ﬁleTlgg-scgﬂglrér}%erPcﬂ”istfoﬁh&ﬁn sityina

respectively, and form hazy scatterrng layers. As discussed herein,
the |ight - sqakticlate@rialudng ilm |fmmabﬁn nVivsckpeléifiealyl g/pmmrbora)fdmwumdate

nanostructure di spersion into a coaling, sal atlon Alter ativ '@?Zr 5,5
| i ght - scatt elighhéfa#ﬁlt“& materikdy adguidibspesignd? %P"isﬁﬁidd)rﬁﬁ?t[f p & Sypstpey sbns

col | oi ds, Ol s%ﬂsa[gngﬂﬁﬁ %hﬁ&l S (Ql%dfﬂ%{t LOertS SCBEHo sk %&h@}f_&ﬁ@ﬁih‘t‘ét ive

nanostruct ure sper on-’in a coat ng SO ut 1 on.
further enbdijhrediteiigpmadeal undéd the corditime of fitn famatbon. siongxanaplé,ichemicpl ural ity

of conductive nanostructures; and a light-scattering materjal; wherei n t he
20 condud® i VEeqEPESTIED 8% Wia@é‘maﬁﬂprf’ll’fé“‘iq Gik) %répt ALy PP @‘rﬂi‘ the agPRPHMEs ent

at a wei ght Jnglbgﬁ ah@p%cés@ﬁ%%o%ltlﬁx% decbfh se]tg TiOy and ZpOy particldsNre¥ L AUy,

addi ti onal i men ratl of the conductive nanostructures
and the scatdnelfmnghamﬂighcécﬁﬁennglayefré ui d dispersion can be in a range of 25:1
to 1. 2.5; or in a range_of 10; or

10,.5:1;
in arange of 25:1 to Ap. discussisgl herﬁﬂldthFll'@ﬁf'%CB{t? %}ﬁ'&ﬁg‘ﬁy&’é “Hé?f%@f‘i%%t ure and
the 1ight - scai ﬂ:é cmtrﬁﬁbﬁuctu}%s&%d e S Hh% Qﬂutﬁdﬁr tA’l?eEna@lQQi?rtmes a

liquid carrier, oplona y a viscosity nodif (e.qg.,

optional iy di‘g&t-@dattﬁiﬁﬂi@msmrlﬁlaniydmIﬁe-@ﬂ:pgred ifip |pannn)e dlspersmns colloids, ofhe | i quid
carrier for the d| sper5| on may be water a ket one or.

combi nat i on fereplatmspyhigh mayp e&%ﬁ&?%blﬁ%fﬁ Ithél"&‘&gw?%"o‘ﬁ‘%ﬁ’é‘ﬁwe %‘F?—‘/’Aﬁwn

et hanol, 30 hoI (DAA) or a conbination of |PA and DAA.

Exenpl ary kég{gra]aes%%m?ﬁc ude net hyl ethyl ketone (MEK) and nethyl propyl
ket one ( MPK). Thus, a further embodiment provides a fluid dispersion comprising: a first

plurality of conductive nanostructures; and a light-scattering material; wherein the
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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The surfactants serve to reduce aggregati on of the nanostructures and/or the
| ight-scattering material. Representative exanples of suitable surfactants

i ncl ude fluorosurfactants such as ZONYL(r) surfactants, including ZONYL(r)
FSN, ZONYL FSO ZONYL(r) FSA, ZONYL(r) FSH (DuPont Chem cals, WI m ngton,
DE), and 5 NOVECTM (3M St. Paul, MN). O her exenplary surfactants include
non-ionic surfactants based on al kyl phenol ethoxylates. Preferred
surfactants include, flde sefactpisesengde yadysrerasresationalthepaestsyrigesandioythonTm
(x100, x114,,. x4 n I : m ( Dow

Chem cal Co r}f%l }1 g%auﬁﬁﬁ%%ﬁ%'l I)?i'l”s%géﬂtéﬁgrg %g%}le@%ﬁegfrsé H%Jgen glﬁ%%-ﬁg@s{%;%dgct ants

i ncl ude acetfijoesbugfadiags sich s FANEI® surfdeehtsamcMINQAON YL® HSQLZONOL® (Al r
Products and Chenmicals, Inc., Alentown, PA) and n-d,od,eCé)I§l 13- Dmal t osi de.

The vi scosi tESQradY ¥ bR Fs, fENE® X Sh (hyBent Ghemicalsrd¥ilmingfog, Pk and

nanost r uct ur r : I L | i RY: difiers

i ncl ude hédr@éy%?%%ﬁth%ngmgﬁ%eﬁ%@%‘»ﬁrrf}ag taﬁgsﬁh%g I l?ﬁlolglg? xant han

gum pol yvi nytfadibntabssedl oh alkgph&wx ythorylbys. Refchol aatactantsdndlydly forexahply

cel | ul ose. In particul ar enbodi nents, the wei ratio of the
S

t ht
surfactant tastiphenol efeaxyiatey saeboast TR ONA" 8000 d i ¥g)-<8f EIP’iUghhqngl preferably
inth f 80: 1 I d 1
W'scosi 1y sty BRSSP RGP DAy Cherbical QN S0RARREND, Turhlh®
range of abaettmplaly fich-idhiotrfabtiidinelndd aceaehid-bhasedvmirgiotantsatictoasad YNOE®

conductive 20 nanostructures to the surfactant is _preferably t he range of
about 560 1 (P& S8 AISPreductyand, Ghemicals inco S HsHHEL EAd Ang %‘QO%&]I[ I? Rg sol uti on
may be nodi fniaﬁg)sglgpendi ng on the substrate and the method of application
used, A preferred’

viscosity range for the coating solution is between about
1 and 100 cP. Li ght- SqatuBtosig nloalyfesi s@Sdsasarbirdel dranatmoislites thencor por at i ng
the light-scattering materjal into a conductjve nanovm'c{_ networ k | ayer (as
descri bed alngvesfructss opfa sphrafe divamples of iifahls VisgoBty; me 1§%{§1 d as the

precur sor "%&8{0& I%I}gglﬁ@ﬁg%&ms@gm et e'fenﬁlegﬁgarﬁ%{ng%@g?ewgml

i ght-scattering Ta I's 1 ndependent” of the con nostructure
net wor k 13y elcohSly cdibéxy mghyl-czitalbie andbydrayyesthyleyllbleseconbi ned with a

conductive nanow re n%g work layer 30 in a multi-]ayer copfigur a};t ion. |
particular embodiments, the weight ratio of the surfactant to the viscosity
modifier in the coating solution is preferably in the range of about 80:1 to about 0.01:1;
the weight ratio of the viscosity modifier to the conductive nanostructures is preferably in
the range of about 5:1 to about 0.000625:1; and the weight ratio of the conductive
20 nanostructures to the surfactant is preferably in the range of about 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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The light-scattering |ayer or coating includes predom nately a

| ight-scattering material, as defined herein. Although the light-scattering
material may include light-scattering particles that are al so conducti ve,
the light-scattering | ayer does not need to (although can) be conductive,
and as such, does not require that the light-scattering 5 particles to form
conductive pathways. Instead, the light-scattering |ayer is to, he disposed
adj acent to (incl udi nghadigbi-ssatieyingdaxes aveasting mludes predorainaly ddifibuct i ve

| ayer formed of interconnecting/.netwokkin L VE FULI M ESide € O-
as discl os eaSCi‘tﬁerglg-%aé?W'?’r?ﬁfae%%e-%h\%eé% %ﬁl@ugbgl?eg%ﬁ?g\%gﬁl cgit ?%ﬁgNo.}Hll 504, 822
(i ncor por at eghHRXcHiefies fRGEed A alss cordactury ihedighi)scattéfrigdayer dGA mohoewd a

mul ti-layer configuration 200 conprises a substrate 210 ted with a

co
conducti ve rarfdfongeam be aendnetive, pad/asrsugtp does ot ggquir thatthe Ili‘éﬁ “EBTEE with a

i ght-scattering |ayer 23Q (e. q, v X : : ' e 3B
shows an &l t@m%‘ﬁ © Orgb%%g'(j{ﬂvgt%fl%lr‘?% ?%al\aﬂ?%(ﬁﬁ%%ﬁgﬁl? T GhEYS clg¥%résrﬁor?§ dﬁgggd 230
i's di sposed fipiownan (ihblading gt a2blveatiehd Rangparduaniveivaiyesformed of e

network 15 | ayer 220 ) Fi gure 3C shows yet, anoqt1 her alternative
confi gur at | dnterqenngstio/networking pendyetiernapestyeiugsset & pasrliscdosgd EEsRAdBs: an
opposite side of t sybst rat 10 r i et wor k
oD b5 G Bind BB PSR RS RGBS K 7 L
structures apgirgppabl e of 20 functioning as a transparent el ectrode with a
haze value of nore than 10% or nore t?/pi cally, nore than 15% or no
typicall¥0 in the randégue 3a5herssg multi-layer configuratign Z00rompREsS aaqu{ggﬂtraili%\ye to

;[/\Eie C'hi ghz;)f]g%%{e?l\ry%H—nn%aclhoaéﬁc‘;tia%%Euilonsgpalslrc%gtvf?o\fﬁ ﬁ@?f’;‘%go, FhiHRS ARk o.%fégfvé}ﬁlea on

ture layer 1's co can be nodified to be hazy
itsel f (e.g.Lgtehameaad layeretohe poughenetdoagand- bl asted, or pre-coated with a
hazy 25 Iayer%. Alternatively, a substrate may have, an _e{lrg%sls d hazy coating
that has nano- / m crdigure 3Bishpwsan afernasize ﬁoﬁy}g&@é‘f’%é‘b‘é@‘ﬁ }é’i'%“raftﬁ%‘/{‘g The
substrate b . pl.ast i heet ' i : t he
detai | of whe PG GUERM Sl AFRAS ald Loy Bk AR Bl etk
11/504, 822 (my@na). The light-scattering |ayer may be forned

by depositing a liquid dispersion 30 of the light-scatterjng. erial, as
descri bed herein. Alt digkiepGshgws Yqﬁén?th‘@fﬁ‘t“f’@éﬁ‘t’q‘é’ln%ﬁ'gra'il%ﬁ/‘é‘rwa’ﬁi‘gﬁtor med by

materi al  or ettt SBE LR Bror BRSO b e Aot e et on, as
di scussed abg@uctive 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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In certain enbodi nents that are analogous to in situ formations of the

| ight-scattering material descri bed above, sone nmaterials deposited on a
nanostruct ure-based 5 conductive | ayer may becone hazy even though they

m ght not be so when coated on bare glass. It is believed that, when
processed appropriately, a binder material (e.g., HPMC) within the
conductive nanostructure dispersion (or coated | ayer) y .i nduces hi gh haze
in.a |layer dEpasioramicigl for‘i@sﬁ#léh‘e%‘?‘%ftrlnﬁdn%ﬁﬁgHb%’i“\f@“ﬁ&%gglf?rﬁﬁ‘flﬂ‘?’@sor

over coat Iaycﬁ%wsgéid% \% g., added particles and a super-inposed secondary
surface structure. % he surface norphol ogy of the conductive |ayer or the
overcoat |ayer(s) in dsceatsd@aabodiintits tHaearpnedegdus tb soslite Sermmtiogsyofithe Beld-

generally uniform (not in the sense of periodically,regular) str ctu(te or be
of e.g. a biscAding materipl desgribed aboys.ispme natgiatserosited gr ¢ fpnes E@Wﬁ%ﬂéﬁ? d (or
covered wit t ] 5 dicdeRpn and
anot her o nhéﬂgﬁuczﬁ%ﬁ}g%g}/ ?r%ac:?gl :\e(%llr%é}?wfﬁﬁ%uggn gg%?ﬂoggﬁby&g%lgﬁoste Iigﬁt 15

i nput coupl i glgssi Miobélteived fhiad, MhBYpsicessédapploppiaetlye b ibidieembedalfegt HIMCY be a
scattering layer that has one structure of |at eral and ver icaﬁi(ggberrensi ons
of the or derwishin ghercopductive AROSEG e HEPERRIONKOTLORTER 43y R SRy {AdHSyS fure.

As anot her ' L8 oY i ] PENRETE BGEULR, £kl m

Cai £ or i CHCE B o e B R S B R Char p
structure arafidédpsticlbs atdrasuperriagposaisecbrderysnstheedstnmctute. soaked in, penetrated
with, materials that act tg snooth potentially undesirable shar%yglgrf.ace

featureslOThis coul d Héde spiggcedsorpiniegy %fﬂfl%?qli‘dg?f@’fs St °Y By _yergat Pijel

| ayer or ang i i i ; I rs, or
ol o nat i vol o gaRIARARE pickéh ol:SBRIE AP s EkencRIITMEITER] 0P PLEC LI UENT: 1 Ve
and O her OpjeriodighllyLayelngd straGiume ogbaef ab., a bhmodp primacwils a phoary surfachi ch one

uses scattering particles (primary and/or secondary via agglonerates) may be
i n separ at e SHUEYET aFoRBakRd @f%‘é’&rqdﬁ’t’@g@ﬁé"‘@gmfﬁg’t‘ﬁ & ﬁén%‘get(?fﬁ’&lf’iﬁ’r‘l'e”

overcoat d SHRkALANshdnbiel %ﬁh%&‘hﬁcﬂ%ﬁehéi%ﬁ@'Th?sct%h"sbééﬁ&au heseliggdi tives

may facilita spersion s ity , dispersants), help wettability
and coat ifg ipp@penilingsintoehig-filmANV ftadtsart wefesel vmbedimdol wouldbs a statieding assi st

wi th secondary particle 30 fornmation or djs tion, ar hel i t.h mn
phase- separ daysrhas bawﬂr@@uwﬁawﬁf Hd veBie dl%ﬁﬂs,lm?sé’ it %f%@é)wa &‘W 5@5 Blﬁld? or
help to formpg _rf“l’iﬁ‘taﬁ‘ﬁeg;s%&g%%m&ﬁ‘@’) surface features that cause

addi ti onal ingrease In
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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In certain circunstances, steps undertaken to increase haze in the
conductive nanostructure |ayers may conprom se the underlying conductive
nanostructure 5 network, as judged by an increase in sheet resistance.
However, this deterioration nmay be conpensated by gains in optical
properties (such as inproved haze and transm ssion). In such cases, in a
further enbodi ment of the disclosure, one may coat a conductiye :
nanost r uct udermatipayrfacilitate diyingland/pr/aly tor farm naerdlat (compagatadasis S\(r}%?ﬁif?:"‘é‘?rf’il < 300
rim nore preferably.<200.n t preferably around 50 - 150 nmthick) that
acts as an 1OF %Sgﬁ%%td?%a?éncrgaﬁengﬁmf%yer to protect the nanostructure network
| ayer (e.g.) its sheein éegindiRugehndef Mps uadatakagtodndréash bagdatlicer i ng | ayer.
Alternatively, it is also possible that the incorporation of a

| i ght - scat t epndugtivepanoptauctyre Jayersaray] @Womlﬁ%the%%r%ﬁlwmamvg faggstructure

resi stance, ejther vi (o} ' : - W\OF: tion
and! or prot STk i g onE kST RSHE: LEREERbNEH S DRRARLS ol BB

(e.g., high bepaeaRlbYQaimbth sRical prog}ttiesl(Suchas irpolat hazwhehtransmisioa).t lar i ng
particles are also conductive or, as in the case of precurs formng a

[ ¢ rs,
conduct i ve muehdages, inrefprthenenchodipent afde disploaire s dy v “r?&ﬁ‘b%‘t"?uct ure
contacts and fill in the void . ' 6L §Rre | N @
further enbé‘ﬂ??‘?gﬁftu{)eflaFHg ! iagr%iaﬁﬁ%@?ﬂg%ﬁﬁ%?%ggﬁgyb I?lcggg c%bn ucét vee 20
nanost r uct ungefbrAYIET<208 Yinh) thosCtt RS, diyurdicdi-ngstenm tiedle tleanbetahs @l | gnment
(orientation) of anisotropic conductive nanostructures in the conductive
| ayer. THI s intewnedidiebinderdpeeh deprotest the panosisertly newogk layerdggi iy St onduct i ve
nanostructure.l a ith a. li - . er 4 | ayer, or causing the
ani sot ropi ¢ rﬁsé%ﬂﬁg?e%reﬁgﬁgﬁag%% g‘%@éﬁ‘g)fag‘%i gn (e.g., preferably with high
shear-forces, or pref alieBlajivel tihisfaks positdpdrathe igogokatontof a Sipbtscattainga 25
built-in (during deposition) conductiyve nanostructure orientation does not

get randoni zealyriafawbisyelorer be T%Hiné\ﬁlmgh%wl%n%ﬁﬁlé‘ﬁtvwa‘? CHEr € Bgté"(‘f_, f or
exanpl e, in Co_sgrt%ntg}‘egr%t\?%r foloRatiS R hndBPbrb & &t 4ok tfl\pneé\ﬁ%gf%h fediktan¥dli Ch i's

her eby | ncornﬁg? erence In iIts entirety. al 1 gnnment can assi st
i n achi ey§ ngnéredsafgi offebty (4. 9Vhigh eaiiperasic ahanoistirs). tt @adficnled when thufscatteeing
alignment with fewer nanowi res than those required for. a 30 random networKk,
thus hel pi ngattislaspes Aapseondyciivs or.98 itbihe cass@f BFrecriseri O PR BSORTIHY G g™

absor pti on. tt‘ne%fgr%zl:l Sc?ra%l% L?d’iﬁor%’i cén%haﬁ\%tq%ﬁos@ruww%ﬁc@éﬁa fiflfin SfeAlol R Wefetenedi 2

W t hout cost ransmssion. In a specific enbodi nent (Figure 4) a

t hi n-fil m Popaduhenaderesmatys a preferentially-aligned nanow re network
| ayer 310 as a transparent el ectrode, wher ebi/qthe PC cell. .serie

| .
i nt er connect 320 (i . eln ¢ Ruthseembedimetef tihretasets @*Cnﬁrgﬁqed@ﬁ ‘i?é‘gucé'_fvet he
modul €) 44 & A5 ANGRH REGREAMNGBled &) el B RIARN BlnRaidifaidh) anment

Note 5 t € ‘nanow rawn enmgatic y and are neant to

illustrate tdago@bpiecsidastiaf nahbarupruedsen ertdoaducsilve buyererithis chiull branowi res are in

fact interconnecti ngf, rather than parallel to each other, in a{eglﬁ\r to forma
t

conduct i ve pedapaadenilopehdeser by 48 ceatipey F‘é@é‘cu‘,’@snaﬁi’ﬁ%‘ﬁ%ee]&y§8’8 e hi gh
haze trans pasggt[étring ‘PJ}QH S Qe{usg@%ﬁcr érﬁ’s%‘&o&% le&hdhctive 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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10 are particularly suitable as one or both electrodes in an opto-electrical
device (e.g., Figures 2A, 2B and Figures 1 in which the TCOis replaced with
a transparent conductor of the present disclosure). Many other variations of
Figure 1, Figures 2A and 2B may be enpl oyed, in which a high-haze

transparent conductor in accordance with the present disclosure can be used.

For exanple (with reference to the stack of Fi gure,l) a\}”ui S‘ih%oe 15
transpar ent lgbhHaRsIdssioRayn B 8PifiGraRRod iy (fge he thindiim P I%?g le (Zn0") and
the metallic tr - 2 . I, f58Y R85 SRRt el y
di spl aced byenﬁr@%halpg%ﬁ%ﬁ%‘f@%ﬁé%g%gﬁﬂg%%ﬁ%t F:II Ho e I'n certain
enbodi nent s, wierétiyghe h@zell bérizs fpatamect@a0diL tiar serics-metamdentakP Gictlhsttipes
present disclosure may or may_ not require a conventi onal. ebaﬁfgfer | ayer (SiC,

I

y
ZnO) 20 bet viddhe mpduelargmngpdrapsnsicui i bgPecderanftal sanopdre adgamente Npte ¢ e
active 1 ayerhadRERSRitfe '{ﬁa%t scRGHoR) A HERRALAb iIRKRE SRR Eon HAAET
appropriate circunstances (material, doping level, wor unction), nmay
addi ti onal | ypréfureatialaligagerith@hbdndrioevirel angen fact intartdnaectingy cither thab pambgao ent
conductor in accordance with the present disclosure may further include
media or be @ehpbged Geripdira 3 HACUHEG@2W™ABr k- f unct i on, conductivity,
surface mcro-structure, 25 surface crystall ographic, norphol ogic structure
(or a conbination thereof) to reduce or elimnate the need for buffer |ayers
t hat are corOgoBlandal Pevisesd i n PV stacks. In other enbodi nents,

conventional buffer |ayers can nevertheless be used in, conbjnati wth the
hi gh- haze transpar ent 28sHsusedrbyEsthe P@gam?’é’is?ﬁrem conductor desctibed heretn

Addi tion QA 1 SinTRBpRL 1N cal @viRG e ¥S §houiéd h a
30 transg(gr gﬁfﬁ%gggﬁdtO%@%%@%&ﬁ%&g&%&gﬂ {lhe Br e%entcadlesvél gggfgqg

A hi gh- haze 2A,2Bspd Feniresclomduddtlothe T Cais cepl abad edthwl trdnspanent poresietot offihscl osur e

could al so be used as the top and/or bottom el .rode_jn , Te, organic
PV, organi C-Hr‘?ﬁé?‘gfhfiﬁlq,su@/-bMaﬂy WGHWPE%@.O&‘%W@ﬁﬁ\%'Eés %é&ﬂ@%ﬁ%@ﬁp conduct or
| naccor da”%%p‘g%dﬁgﬁ,t ih RghidH egllﬁgﬂ-haz”é B U&rﬁiuﬁ%?irﬁ&c&aané%%viﬁﬁﬁeﬁfeggg directly _

on a suitable strate ( Ss sheet's, plastic sheets, plastic film
possi bl y al stisciBtilcas beated. Bor ekaimple (with cefyrence th ¢het stk of Eiguerd] )s @highiamat ed to -

such substrates. As a top electrode, ,it can_ b eposi t di.rec onto the
PV st acklY orraaspagint FyRIRFtonRy g? dispgred 5)6%%@@?)}1&?1‘5%? rsggz‘?e&‘,) afléahfén ated to,
etc. such a ki £ eRos BE cRhplPkiyHi§llaced by the high-
transferred-lﬁﬁ%{ﬁl?glﬁ‘lctrk]%dteed-%cg&i%’ %8% %?g%%lg%jm?gshfonl? V\ﬁ(raﬁrlﬁﬁalco n}(’)n-epé t er ned
or non- pri nthead trartsparamt coadyetst - patterned via, e.g., |ithography, and
preferably via |laser-scribing or |aser ablation. Mthod f .patterning
transparent conduct i vin?qri%emwdae%%aéﬂé@hwFﬁnﬁpﬁ@%@@é\éﬁw1 PEGeGF e are
di scl osed iR, Lng; ; L3S RatENtorhBRlduS AbrRA 1YY (SI/ AT, 767,
which is i ng)\(])l?gtg?g{%g%ﬁ%lesre@?ﬁggys}\tﬁgﬁfel?’egﬁgﬁ)i n i tos ent inr ety. fg?n( a furbtbher
enbodi ne2a , betveeeh litagif pal thabdje@ntseatiomdicionRE daydafeee the sdtive bayer) because 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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present disclosure can incorporate media in addition to the conductive
nanost uctures, which have controlled, tunable, refractive indices. This
approach serves to match the refractive i ndex between the sem conductor
stack (e.g., the photovoltaic elenent) and the adjacent |ayers to reduce
reflection | osses. Alternatively and in particular in cases 20 whereby the
transparent conductor of the present disclosure acts as the back el ectrode
that reflects unabsorpdéshhagptranspaent ondugtoran peeosdaneg With ePresdtled nedi a

coul d have a. refr i i t hat j i K i
Che. Py ot achistFIrBEh fsp BRI B AP BB b AHLAS A ALSEOIT SR BRRT | 1t O

could be nagy, dﬂgﬁﬁieﬁmgglﬁ&wbrﬂamldaﬁde&cti ve index of the adjacent layer in
the PV stack by the addition of nanostructures. 25A transparent conductor
|l ayer in accordance whtighthpze fprspaisnt pndeqteydnpecordapcs Wih thePIeseny i f t he

bot t om eleecty e, { 5,51 N BRI BRY YELMShpk R QY | ggaguct or
grow h ar?d epositron. EH W g% @?&a‘é i@%@ N%NQN RES
Si | ver nanowliceGsplaeicdilmy pésidsi l&tmbiyil shbets befbils,tdtoyordie tentfered to/lematied5

di ssolved in ethylene glycol in the presence of poaly(vinyl pyrrolidone
(PVP) fol | ol svgh suhstraigy| 4ot toprpdackede. deae be Benpsited dl@?éy ontey thedi )y stagk POG&? )es, B.

Mayers, & Y, _Xi " | |} i I i ft Ul

pr ocessi ng, P tﬁélﬁ%lfuef%ga?ésfk E?ﬁa@%%%?é%qﬁg@gfﬁ?%eﬁ%%@ iaedg§%%l 5[8 lr)r%t hod,
descri bed i Bepositqendivegonstthi@iber wasdertédSo, Baiirendd-t8iph patdrnainfasidon. IWhet66, 552,
produces nore uniformsilver nanowi res at higher vyi el,g\?) t han éé) d?e t he
(r:]onv_ent !l@nanon"%temﬂdwﬁ@lﬁ'ﬁfiﬂt@d"lrh‘?aél bspestrrateingdh Viage gn HBPEEPRY: 8B By ‘?I%ﬂﬁérence :
ereininits;enti! | o I [Enp =Yl m about
13 pm o abgit oty btk or TRE M, MRS o B B e O O B apLE
2 STANDARD RRERARATHINHOprdsbilt di¥oMs@lald dibtlésed CONMBMETIngEanNAMOSTRUTBURES 15A

typical ink conposition for depositing nmetal nanow res conprise b
Patergp Application No. 11/871,767, whi(gl is incorporated hereln%y refg;%nce 1nslt’s y

entirety.

15 In a further embodiment, the transparent conductor in accordance with the
present disclosure can incorporate media in addition to the conductive nanostructures,
which have controlled, 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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wei ght, from0.0025%to 0.1% surfactant (e.g., a preferred range is from

0. 0025% to 0.05% for ZONYLO FSO- 100), from0.02%to 4% viscosity nodifier
(e.g., a preferred range is 0.02%to 0.5% for hydroxypropyl nethylcellul ose
(HPMC), from94.5% to 99. 0% solvent and fromO0.05%to 1.4% nmetal nanow res.
Representati ve exanpl es of suitable 20 surfactants include ZONYL(r) FSN,
ZONYL(r) FSO, ZONYL(r) FSA, ZONYL(r) FSH, Triton (x100, x114, x45),

TERG TOL(r), DYNOLS (604, 607), n-doHEANMPEES malt oside, and NOVEC(r).
Exanpl es of suitable viscosity nodifiers include hydroxypropyl nethyl

cellul ose (HPMO), nethyl cellul ose, xanthan gum polyvinyl alcohol, carboxy
met hyl cel |l ul ose, and hydroxy ethyl BEAMPIdSe. Exanpl es of suitable solvents.
i ncl ude water and 25 i sopropanol . The ink conposition can be
prepared based on a desired c i f ow res, which is an
i ndex of the |oading density g?%?%SE%ﬂnsg{V%o¥1$%¥I?$e filmformed on the
substrate. Silver na3@/iresadicrsghtbestAd Hgahmuumhefslwer pitfae Whi ch ,
nanow res are deposited. The substrate can be rig or flexible. Preferably,
t he subs®r adissoleeddn shylspe gldacplluy tl@lré%ﬂenceu of @oly(\rlmglwrr?k%m@}ﬁl’é@) delloyring he

material is st 809% Y] [ (40 . Exanpl es of
rigid substﬁh g%lyi?l N élode camsbg m § y?a‘rgggﬁlgt(gésks gclrgﬂ 5 gZQ(O ‘the 5 like. In
particul ar, “GReasiiat 'E;ﬂ/veg h@ﬁﬁw&ﬂ @9 s@ﬁ sahtial prodessng, gNaﬁé‘Jeléees g(2; 156¢1@8j | i cat e),

| ow al kali gl ass and zero-expansi on gl ass-ceram c can be used. The
specialty g?®gs Amoéléir:@l pelypbmpthod descai@ed wreorpeding andro-avass Wy- Bytshiens,

i ncl udi ng Lj ldCI’ I bl e
subst r at es %&ﬁ}é’lrcat on K fl/’éér%és%%b@%fhlgc#?@o Ie %mforms lver Jianovy %@L%ﬁeryﬁlﬁé fll ene

t er epht hal ages ﬂfé‘i'Bhvedﬁ@hMe‘pbl@bl”Wﬂiﬁdh athay @phaamn mhlymmbmda‘yeéfgreﬁéb

pol yolefins (e.g | i near, branched, and cyclic oIe i ns) poI vi nyl s
(e.g., pol thrﬁp lin ticwmr@tMeRe%mwaﬁmrmzén@Hy aad @égt b@PV\ﬁbﬂ% Jdmeiey) s’

pol ystyrene r I | o0se ester bases (e.g.,

cel | ul ose tal‘bl cht @a%h%a%?ter g 3§§utajé"e a %%Hp%llggul phones such as

pol yet her sul phone, polyimdes, silicones, and other conventional polyneric
films. The ink conposition can be degosited on the substrate according to,
for 15 exanple, the methods describe X %endi ng U S. Patent Application
No. 11/504,822. As understood by onc skilled in the art, other deposition

t echni ques carsTRRDERPPOPRAATION OF INKSEDMPEITTIBN 08 CONDOVIINE NANOSTRVY TERESAN I OW
channel, die flow, flow on an incline, slit coati nq gravure coati ng,

m crografure coati ng,A bwigl b gempgsitien for denpsiting meq (HPHOereS 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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die coating, and the like. Printing techniques can also be used to directly
print an ink 20 conposition onto a substrate with or without a pattern. For
exanpl e, inkjet, flexoprinting and screen printing can be enployed. It is
further understood that the viscosity and shear behavior of the fluid as
well as the interactions between the nanowires nmay affect the distribution
and interconnectivity of the nanow res deposited,

A | d
?ago_st r uc'éI ure di spelr silds sukstrajsrcap ke awy @ﬁtﬁ’fial&ﬁlﬁﬁﬁ’bi%&grgg”%éegP&ggpgﬁgt%éﬁPees as
abricated in . di : (e - dy;
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di spersi on ithmsiaekedn P HetmAerftl st llaasy 8061 h the ¥HibkdRbEiof f400nei -gHI0nm)Thi s
di spersion can be used (neat or diluted) in conmbination wt

| : h a .
| i ght-scattering nat erixamples Pérlgldisﬁbséraﬁ’)éﬁqh@ﬁlgéﬂs% PPB’FWO‘&ﬂt?Se%Ct%Y@FSt Gt m a
coating sl ution, ter RV I j I Lfih;a 30
i operai of el Ty pyiib R Shdciafy oot Aentls TREY-HeplaLAR BoRRMRLEE R A &
EXAMPLE 3 glass, and zero-épamsidr glgsssietaniit oah biasedr Emaspecialty glassgopatisilgrls haki ng

50% di spersion of | TO nanoparticles (Al drich, MIwaukee, ).l.n i sopropyl
al cohol (1 PApitedpsthiapangl dispisp sysigmms, drcludingdfiyid Cdeﬂ%é?léﬁlﬁw%ﬂ)tzxanppe I[2)y The

resulting coating sol ytJ Ln- . t 3 ass
substrate at 1000 rpm S B?ﬁﬁ@%@h@ﬁ%@%@%@&ﬁégﬁé%&?g{nggﬁofﬁ? isrtlathjri ed at
3? iCnf O{ hlgg (%%?ng‘gﬂ?&eear ed tagdte hasg@a‘lyusw@?ap&_ t P pllzlyém@rpmati ng and
:Jnéer ?%/I he (rjmh&lﬁ?ﬁ@ (?-2-5 bpeaj; ‘Fﬁlcﬁgﬂ) and 65?9%5 %r@@f’leeﬁég)i g?lgiYV\fgéls qugr g‘ﬂy‘gg}dac ent

ayer forne romthe . f t i i The
rosul 1 ng. ooIRE blFgnid-RERRERIE bRy ARyt dBkiDhAY ALt UGIGIRES, PAB:  and a
sheet resi Stlﬂ&gﬁem‘lloé@esﬁzfoﬂsﬁs (dR{ARUBselribcaaiatdand geldbsstaceatehypslypulpheneed by
vi gorously shaki ng 5% di spersi on of 30% Ludox Si Ox nanoparticl.es..in

or o S e

dfe-l oni zed vk ps polyetherayiphons rotyimmides; sitropgss aRbother; qoggqntlﬁnézﬂ yeTigit®iy si on
of Exanple 2. The res I: COAl i ' I iz n a 2x2
inch Eagle glass subsﬁrhtgtngg%{ v ‘%lggﬁa%écj)grlép ggte@éﬁﬁiﬁsﬁrﬁgéﬁggﬁdﬁéﬁgst rate
was t henislr i @dmpte, BRGdtkuds Aescsibedindts-ndinp dk®.Paxint APPiation NOOl BEWIds. The

resulting conductive filmhad a transm ssion of abouyt 87%
18% and g sheet resi stAsigerstood by gpe sialled iEZI;IQ)a.‘”’ ofher eposition te%hrﬁ%‘%ees Shp8P0U!

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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EXAMPLE 5 20A coating solution was prepared by vigorously shaking 10%
di spersion of 7.5%1shihara SN 100D ATO nanoparticles in de-ionized water
with 92.5% silver nanow re dispersion of Exanple 2. The resulting coating
sol ution was spin-coated onto a 2x2 inch Eagle glass substrate at 700 rpm
for 30 seconds. The coated substrate was then dried at 50C for 90 seconds
and baked at 180C for 90 seconds. The resulting 25 conductive filmhad a
transnissi on of about 83% a haze of BWOMPLEZY4 and a sheet resistance of
about 16.2 12/9. EXAMPLE 6 A coating solution was prepared by
vi gorously shaking 10% etasingkslitidh wis ;ﬁ&{oateilfbyh&g@oﬂ'T@hAkﬁg'BD%(dls;&maoﬁl cles
in de-ionized water together with 95% si|ver nanow re dispersion of a(a npl e
Yl e

2. The resullilOmpnepnticleif Adénich Milvapkes 3g L isoerd alsahe) (4 togesher math 30

gl ass substr n fe: W hen
aried at 50 B fgRheftddbBILR L B RRES"She e RRNRETURTL AR Bt

resul tings camtdis 2xyach Ehgﬂ: BRsk salbﬁtfaamrtx)e@f;@mfmmamas 8the3%Unted stizmeteof about
48% and a sheet resistance of about 20 A secand co O@detl ve filmsanple

was pr epar edvasiherrlried a0 \@@rgg,swnémwqu%@td&ﬁ@qu sgomfls- NBWdRar ti cl es in
Je-1onized Mab&l éna%gingihlm;ﬁr%gﬂpgg@eg pRE.LFAARE A BPGL RO iframP e

2. The resu con Ive ansm'ssi on o n of
about 13. 8%rﬁﬁdwﬁie Eﬂya&ht}{ @(’iddﬁbﬁmﬁ&t edsiseinodiindlah. 43j AcAMBleEformAd fréfbthe PEQUe

FS- 10D ATO nanopartlcle erS|on é}from | shi hara) in 15 ter with 3% of a
1% sol uti on I@flopﬁﬂilct%?ﬁha)@?[ WBCT%F bazgat be resplting gondyaiivedtimpdeconds on top

For 90 SifonaleFRaARREMA" B B MFa GRLic Ml g O Y el ayer s wer e

prepared by spin-coating at 1000 rpm for 30 seconds the nanow re dispersion
of Exanple 2 onto two gl ass substrates, The resulting filnms were dried at 50
C for 90 seconds than baked at 20 180FAMPLEF seconds. The first of the two
multi-layer filns was rinsed with de-ionized

A coating solution was prepared by vigorously shaking 5% dispersion of

30% Ludox® SiOy nanoparticles in de-ionized water (Aldrich) together with the 95%
silver nanowire dispersion of Example 2. The resulting coating solution was spin-coated
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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wat er and the second was not. The first nulti-layer filmhad a transm ssion
of about 82.5% a haze of about 10 percent and a sheet resistance of about
12.5 12/0. The second nulti-layer filmhad a transm ssion of about 81.5% a
haze of about 66% and a sheet resistance of about 12.4 0/1 . 25EXAMPLE 8 A
silver nanow re dispersion was prepared including 0.4%silver nanow res,
0.4% | ow nol ecul ar wei ght HPMC, 250 B mTr| ton and de-ionized water. The
silver nanow res used had an average 8f 18 nicrons and an aver age

di aneter of 192 nm The di spersion was spi n coated onto a glass slide at 500

RPM and dried at 50 QitedtingGomecnndspicpaed bakigdroakly skdkifg f36 dﬁpersleﬁoﬁds The
resulting filmhad a transm ssion of 83% sheet resistance of about

Ohns/ squar e>%4rdshibgiz d TOF Wah difex npyoparticles lglﬁi?J@Eﬁdtvéﬂ‘?rﬁ@gqt@yé‘f“hcgérﬁﬁ‘lvﬁ ng a

| i ght-scatt Ie Gyl L oati ng
2 di sper of o e TEbESLor Bafip 2P eI KELERL AR wRE S BLIRE o
nanost r ust up€ ihth Bmglé)glfawsmbarawmoe Ir1§Iﬁ f@@rmcbuedndyeTﬁe dd?(teddstﬂb‘stmelwdsltkmi y high
haze. Exanples of such dispersions includ hout |imtation, dispersions

cont ai ni ng fiadeatibBiRt fercirsspnnds ard palopd pt 58%%%?%&9?0@1% TaofsFeE)E al cohol |

di sper si ons ocl
n:angparltl cl eds Iag%)tat gg&v}\f?%n% ‘Eggéalopgﬁje&fare%%qe %fﬁdll}uglr{é;))’”al&d ag)ﬁee{nr ecur sor
materi al ( Zr6ib@jcd 0T abeuite0. 5041, %h@o%%ﬁﬁ&wﬂmﬁmle&bﬁweﬁamdtlhmmm of the

TIP precursor in |PA_duri n(_} t he spin-coating,. th| s.solution in air
cont ai ni ng Warse 6l shikarad] Or Wre TiQurenpgrigieria derionirrd vle legifEME the TP

precurs e d 2rpe can react
with t hng o Sl-R’e?or m%apegﬁ I; © Sg(Lnn(zfr%é a |2(3:llig}s/e re{jfat g?égé\?cgr% ﬁﬁgﬁf%&)é 15An

i nt er medi at gadinidh df ay@rn $6%Na b@zedifab@ﬁeel.smnmleéthmmduﬁﬁbcmell.ayer of

t he nanostructure network and the light-scattering light in order to protect

t he conduct$Xé | ayer. The internedi ate binder |ayer could, for exanple and
wi thout limtation,

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
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i ncl ude 3% Addi son Cl ear Wave in di acetone al cohol and/or isopropyl alcohol.
The internedi ate binder |ayer 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 EVALUATI ON OF

OPTI CAL AND! BLECTRhoAispPROPERT sEscaredranseiaRENT e eSS TdRad d5ghat S0 °C

transparent .copducti,ve fil r i - -1 bed

her ei P\ wer efoé\gglsﬁcgfl%sdt%? %{)aeks%? é‘ﬁf@?ﬁ ftgﬂge(?%%g%gi (F:I%F E‘egﬁ%lggﬁﬁe%:h? (l?ggrl pr gs:l)de&rot i es.

The |ight t5EEB3MisEEd: Sdtistat@ofioat OO s efhafCmdhdiagl abouitl9es. met hodol ogy in :
ASTM D1003. Haze was neasured using a BYK Gardner Haze-gard Plus. The sheet - -
resi stance was neasurddghisicagerngraek eommising . hghtwesticring maispial or gprecursor =
contact-l.essg resistance ter, . L I A nore
typi cal aev cg° %anabe %ﬁ% 08?%1%4 %gégtr %%gﬁgpgﬁélgssgggﬁggﬁrgay {s%%s?r%gg}t) ?f:aa.‘g. , by
Kei t hl ey | ngdndud®Rinahostructure film to fornTh Cohgdsite andiuttiarfim wh miatioblythigh bar e ’

substrate (e.g., 0.04% haze and 93.4% transm ssion for glass) were typically
i ncl uded i nhazhe Eneraplas efragh dispgsions include, withogtimifaion ligncEss GPaming ,
descri bed apgve can be ¢ i ! r e Al of the

U S. pat ent{slat,mf]fné.S Opﬁ%?()exrll J@E@f?‘é‘% |rgdgq%&g§ﬁokgltaﬁ%ﬁél,’ 8@%%%%@ El?{g[im pplication,
foreign pat gaNeno LOVEI DD ppdicRE) frap BivoriRldrdiOanchopaticlpatandd withATOat i ons
referred to in this specification and/or listed in the Applicatiqn Data

Sheet arl® i (eaikabls faeredshilprneote pieqwysor eratsrisgh@OAq) in waler ad P MEdpd Alpect s of -
t he enbodi nent s n difi i to. . : CONG :.of the
Vet o pht ERpRertEs  AIPCE LAl T pREGESRATYA QTR EARRRD R DL
ermbodi Ment Sgolution in air containfiREsenElRtk] of hvistahahgmsisaaninithe aiadenveds thed 1P
enbodi ments in light of the above-detailed description. In genlgati;?l{ﬁ in the
t

fol | owing chaturaor mind iQenanopaselgs sHanipdy.ribe Za8Ap areepRet (20 68t B! t he
clainms to tﬁg%@ﬁ%ﬁ%@@@?ghﬁ%ﬁﬂ %%tsg;ggg l1gﬂt.t he specification and the i

cl ai ms, but oin e al " possi bl e enbodi nents al ong
with thesfull scope oAn BfgtinédibrRitisict aywhiaalbe dispbsed batiween treeorditciive ger
Accordingly, the clains are not |imted by the disclosure.

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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CLAIMS |I. A transparent conductive |ayer conprising: a first plurality of
conductive nanostructures; and a second plurality of a

| ight-scattering material, wherein the transparent conductive |ayer has a
haze val ue 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 t r ans parresistanssmeiiert Peleom agasel BF/Begonpqtancmontipi A Rorqiypisahdevise 1§34in t he

range of 20-50% 4. Th [ a . ' ayer of any of
claims 1-3 WRENProperydon furdpess ‘érél?%rtegl?lttéréC%Rg'g1’ Ee)gg e%tﬁggﬂ%%}n@ﬁjé/ squar e.
5. The transparent cornydahievddddehis9bn éftie bire chtati® (d.g30\0M%rtaznaide sheet

resistance is | ess than 50 Chns/square. , 6. The transparent
conducti ve |19y8 trapsmispjorofor glags) wereltypicgleingiuded ndhg MmgULesIeatst eri ng mat eri al
conprises.light-scattering particles. 7. The transparent

conductiv% | ayer of claim6 wherein the light-scattering particles are Si Ox,

Al0x, 1n0", SnOX, ZnOghe AhrisiBREModiNNts(dbgbed hifslic ¢an bé combihetieto (prohlle
Sb- doped SnOx (ATO, TiOx, SiC, fluorine-doped SnOx (FTO %r_ a, conbi nati on
t her eof further embodighentsh 1} oihe Ha- entents. dhdupateny appliepen Rblieationsn Y- Suher ei n

]E |h3i lji g|h ts ;)Z(r:pgal éEI)ln 5ph)2i%%?(§?12 ﬁ)[r]éégﬁ gét?xlﬁ%j %gﬁggg}.rafr%?lg%p,%ﬁigﬂoﬁtaﬁd non-patent publications 9. A

referred to in this specification and/or listed in the Application Data Sheet are incorporated

10  herein by reference, in their entirety. Aspects of the embodiments can be modified, if
necessary to employ concepts of the various patents, application and publications to
provide yet further embodiments.

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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a plurality of conductive nanostructures; and a

| ight-scattering material; wherein the conductive nanostructures and the
light-scattering material are present at a weight ratio in a range of 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, AlOx, In0Ox, SnOx, zZnOx, Al -ddp¥Znox (AZO), indiumtin oxide

(I TO, Sb-doped SnOx (ATO, TiOx, SiC, fluorine-doped SnOx (FTO or a

conbi nati on thereof. 12. The fluid dispersion of any of clains
9-11 further conprising aAiraspsehicondetile Ryereoothpaisimgr f act ant .

13. The fluid dispersion of claim12 wherein a weight ratio of the
surfactant to the vi stbest plyrahippeiicoaductiye pgnopiectyretigad of about 80:1 to about

0.01:1. ' i-sherl. s i ' wei ght
rati o of the viscosi t%éerrct()%?ﬁuféérm* gfgh%tﬁggaﬁgggg %teeﬁﬁgwgﬁse%r%u%t@%%ggﬁe? in the
range of abeddubtivk lhyer Aloaliaz0 vAIAO 62Mmotk; than 5% and a sheet redistandehe rolmure than

di spersion of claim12 wherein a weight ratio of the conductive

nanost r uct uP¥sOhBssgirayrf actant is in the range of about 560:1 to about
5:1. 16. A fluid dispersion conprising: a plurality of
conductive nanostructures; and a precursor material capable of converting
into light-scattering.par tlihet@asparent conductive layer oflclainiThehéreini thie biize pelusi on of
claim 16 wherein the precursor material is titaniumisopropoxide or ZnOAc.
18. The f uisdneip dparldvoet reere 4hap 1sfo-cl ai ms 16- 17 further conprising a
viscosity nodifier and a surfactant. 19. The fluid dispersion
of claim 18 wherein a weight ratio of the surfactant to the viscosity
modifier is in the rahge GheafanspareiOechdbaivaliget ofkcldiin lwherein 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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20. The fluid dispersion of claim18 wherein a weight ratio of the viscosity
nodi fier to the conductive nanostructures is in the range of about 5:1 to
about 0.000625: 1; 21. The fluid dispersion of claim18 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 nodifier
is HPMC. 923. A flud éspatsion eempFaYREt conduct or conprising: a
substrate; a conducti%qiLﬁ.&gﬂ&ﬁcludes a plurality of conductive
nanostructures; and d > alight-scattering |ayer adjacent to the

cpnducti ve Iayer, the_alrjllquty%@a@ﬁgﬁ&ﬂi«bgqahagﬁbtukésmnﬂdes a second plurality of
|ight scattering particles. ) ) 24. The | ayered transparent
conductor of cl ai m 23 adighi-edaperingempteril; wheyeintheeqndpctivaypanosiyepres é%‘s]fthﬁe

conductive layer nd the .co ' I ' t strate.

condlet e R n L B ECRSHELA B4 QYBh Ak SRR AR P

scattering layer is disposed between the conductive |ayer and a substrate,
10.  The fluid dispersion of claim 9 wherein the light-scattering material

comprises light-scattering particles.

11.  The fluid dispersion of claim 10 wherein the light-scattering
particles are SiOy, AlOy, InOy, SnOyx, ZnOy, Al-doped ZnOx (AZO), indium tin oxide
(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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26. The | ayered transparent conductor of clam 23 wherein the |ight-
scattering layer is disposed on one side of the substrate and the conductive
| ayer is disposed on an opposite side of the substrate. 27, An opto-electric
device conprising: a first electrode; a second el ectrode, and an
active layer disposed between the first electrode and the second el ectrode,
wherein at | east one of the first and second el ectrodes conprises a.

hi gh- haze transparent ldondiib¢ Bridgispaisipnef claiml frgvheregn the precursor materiali®  The

opto-electrig i i 4. Wherein the active layer includes a-Si or
SRR A

um Si or a- ; st ack. 29. The opto-electric
device of claim27 wherein the active |layer is an organic-inorganic hybrid

phot ovol tai ¢ stack, copper _indiumagallium(di)selenide (ClGS) or CdTe.

30. The opto-el ectric ldevi &be Buiddisppigion ot ppyy efdaime d iyl ifdithes comPpiFiBg a puf f er

| ayer dispo fd | ectrode and the active layer, or a second

buf fer Iaye?ﬁ%ngkﬁgﬁﬂﬁ%¥@é§%H%ﬁgﬁsecond el ectrode and the active |ayer, or

both the first buffer layer and the second buffer |ayer. 31. An

opto-electric device conprising: a first electrode; a second. el ectrode, and
19. °  The fluid dispersion of claim 18 wherein a weight ratio of the

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

20.  The fluid dispersion of claim 18 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;

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 ses
a high-haze transparent conductor that includes a |ayered transparent
conductor conprising: a conductive layer including a plurality of conductive
nanostructures; and a light-scattering |ayer adjacent to the conductive

| ayer, the Ilght scattering | ayer including secaond lurality of ght o
scattering particles, ﬁhergheﬂaiﬂﬁd%ﬁ“ﬁﬂarﬁ&fén@qc&}ﬁ%élﬁ@rf V@Efﬁ‘?}ﬁéftedkghﬁas a haze

val ue of mnore, /3R 3% i@'a%pgszeﬁ %ﬁﬁ)&le 6ide bfstth?%:l%trgge ag&) ¥ fd chg?g“?%q§ 1 wher ein

Ohns/ squar e opto-electric device o

t he hi gh- hazﬁmbﬁﬂnmpmn@pbﬁ@ehﬁmﬁﬂmmuhm&&a haze val ue of nore than 10% and a
sheet resistance of no nore than 50 Chns/square. 33. The
opto-electric device of claim 31 wherein the high-haze transparent conductor

has a haze val ue of gk e t%@@m%%%kﬁﬂﬂb@w QGE.H& i stance of no nore than 10

Chirs/ squar e. he opto-e ect eV| ce of any of clains '
31- 33, wherein the actifive cleayale; i ncI udes a-Si or urn-Si or a-Si/umsSi tandem
PV st ack. 35. The opto-electric device of any of clains

31-33wherein the acti@é“Pﬁ?é?“F§P dor gani c-i norgani ¢ hybrid photovol taic

stack, copper indium gal |4/ ?@g@f%lﬁ}?&&?ﬂé‘[@&r&t@@?t glectﬁﬁd-g%nd the second 36.

The opto-electric device o conprising a first
buf fer Iayereledtrsdhosmdrebmt\r@eumbbét}felﬁrsﬂanébamhd oidetraies cirhgrisasch high-Haayer, or a
second buffer |ayer disposed between the second el ectrode and the active

| ayer, or bértaﬂSPP’f?ét?qnflE?t("b‘EﬁalnéPfF@‘?@r -nd the second buffer |ayer.

37. The opto-electric device of any of clains 31-36 further conprising an

i nternedi ate bi nder | ayer disposed between the conductive | ayer and the

| i ght-scattering | aye28. tHEhciopteeelomde dévécdifirethiim@ 7| eh@rinhbeaatige tager

| ight-scatterin eri al
9 ?ncll d%s Q%E or um-3Si 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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plurality of light scattering particles, wherein the high-haze transparent conductor has a

haze value of more than 5% and a sheet resistance of no more than 200 Ohms/square.

32.  The opto-electric device of claim 31 wherein the high-haze
transparent conductor has a haze value of more than 10% and a sheet resistance of no

more than 50 Ohms/square.

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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