ANl SOTROPY REDUCTI ON | N COATI NG OF CONDUCTI VE FI LM5S CROSS- REFERENCE TO
RELATED APPLI CATI ONS This application clains the benefit under 35 U S. C
119(e) ofw.2813/@s39i si onal Patent Application Nos. 61/ 50¢T0R2012/0444621 Jul y
1, 2011, and 61/530,814, 5 filed Septenber 2, 2011, which applications are
incorporated herein by reference in their entireties. BACKGROUND
Conducti ve nanostructures, owing to their subm cron di nensions, are capable
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I n addi ti on, nanostructup -based transparent conductors are al'so suitable
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co- pendi ng appllcatlons are incorporated herein by reference in their
entireties o ¥Eare a conductive filmor a nanostructure network |ayer,

a liquid 20 dispersion of the nanostructures can be deposited on a
substrate, followed by a drying or curing process. The liquid dispersion is
al so refer BXCKGR@UMED "i nk conposition" or "ink fornulation " The ink
conposi tion typically conprises nanostructures % met al nanow res) and
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nanost rygt Waﬁ§pa@éht,tdl|§) ek @b “transparent conductors.” Copending and co-owned
U.S. Patent Application Nos. 11/504,822, 11/871,767, and 11/871,721 describe
transparent conductors formed by interconnecting anisotropic conductive
nanostructures such as metal nanowires. Nanostructure-based transparent conductors
are particularly useful as transparent electrodes such as those coupled to thin film
15 transistors in electrochromic displays, including flat panel displays and touch screens.
In addition, nanostructure-based transparent conductors are also suitable as coatings on
color filters and polarizers, and so forth. The above co-pending applications are
incorporated herein by reference in their entireties.
To prepare a conductive film or a nanostructure network layer, a liquid
20 dispersion of the nanostructures can be deposited on a substrate, followed by a drying
or curing process. The liquid dispersion is also referred to as an “ink composition” or
“ink formulation.” The ink composition typically comprises nanostructures (e.g., metal
nanowires) and a liquid carrier (or dispersant). Optional agents, such as a binder, a
viscosity modifier, and/or surfactants, may also be present to facilitate dispersion of the
25 nanostructures and/or immobilization of the nanostructures on the substrate.
A thin film of a nanostructure network layer is formed following the ink
deposition and after the dispersant is at least partially dried or evaporated. The

nanostructure network layer thus comprises nanostructures that are randomly
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BRIEF SUMMARY

One embodiment provides a method of forming a conductive film, the
method comprising:

providing a coating solution having a plurality of conductive

15 nanostructures and a fluid carrier;

moving a web in a machine direction;

forming a wet film by depositing the coating solution on the moving
web, wherein the wet film has a first dimension extending parallel to the machine
direction and a second dimension transverse to the machine direction;

20 applying an air flow across the wet film along the second dimension,
whereby at least some of the conductive nanostructures in the wet film are reoriented;
and

allowing the wet film to dry to provide the conductive film.
Another embodiment provides a conductive film formed according to the

25 above method, where, when a first sheet resistance along the first dimension (Ryp) and
a second sheet resistance along the second dimension (Rrp) are measured at a given
location on the conductive film, a ratio (Rtp /Rmp) of the second sheet resistance and
the first sheet resistance defines an anisotropy of the sheet resistances, and wherein the

anisotropy is less than 2, or less than 1.5, or less than 1.4, or less than 1.2.
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transverse to the first dimension; and
applying an air flow across the wet film along the second dimension,
whereby at least some of the conductive nanostructures in the wet film are reoriented.
Yet another embodiment provides a conductive film comprising a
15 plurality of conductive nanostructures, wherein a first dimension of the conductive film
is perpendicular to a second dimension of the conductive film and a first sheet
resistance (Ryp) along the first dimension and a second sheet resistance (Rrp) along the
second dimension are measured at a given location on the conductive film, and wherein
a ratio (Rtp /Rwvp) of the second sheet resistance and the first sheet resistance defines an

20 anisotropy of the sheet resistances, wherein the anisotropy is less than 2, or less than

1.5, or less than 1.4, or less than 1.2..

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Figure 1 shows the basic concept of cross-web air flow to reduce
anisotropy of sheet resistance.

25 Figure 2 demonstrates the anisotropy reduction as a function of the
position (Sample A was fabricated using the cross-web air flow, Sample B is a control
sample fabricated without the cross-web air flow)

Figures 3A and 3B show micrographs of nanowires deposited without

cross-web air flow (A) and with cross-web air flow (B).
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alignment may lead to a longer range of connectivity of nanowires in the machine

direction as compared to that in the transverse direction. This can give rise to an

anisotropy in transparent conductor sheet resistance wherein such sheet resistance is
15 lower in the machine direction (Ryp) than it is in the transverse direction (Rp).

Provided herein is a post-deposition treatment to decrease the difference
between Ryp and Rrp by applying a cross-web air flow immediately after the
deposition of the nanowires solution. It is believed that the anisotropy observed in
nanowire alignment is caused by preferential alignment of the nanowires due to shear in

20 the coating bead or in the slot die during the coating process.

Rather than addressing this anisotropy during the deposition itself,
reduction of the nanowires’ preferential alignment in MD can be achieved after the
deposition of the wet film and when the film is still sufficiently fluid to allow for
laminar flow. As shown in Figure 1, a wet film or coating (10) is formed on a moving

25 web (20) in a machine direction (30). Before the wet film dries or cures, an air flow
(40) is applied, from an air supply (50) (e.g., an air knife), in a direction substantially
transverse to the machine direction (30). It was observed that the air flow can reduce or
eliminate any preferential alignment of the nanowires that may occur during deposition.

It is believed that the laminar flow across the wet film leads to a certain degree of
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whereby at least some of the conductive nanostructures in the wet film are reoriented;
and

(e) allowing the wet film to dry to provide the conductive film.

In various embodiments, the depositing step comprises continuously
pressuring the coating solution from a reservoir onto the moving web (i.c., by a slot die
method).

In further various embodiments, the air flow is continuously applied as
the wet film travels along the machine direction. Preferably, the air flow is applied
immediately after the wet film is deposited, to ensure that the wet film is fluid enough
to allow the conductive nanostructures to reorient themselves. The time interval
between the deposition and air flow depends, to a certain extent, on the volatility and
amount of the liquid carrier. For an aqueous-based coating solution, air flow should
start within 5 seconds, or within 10 seconds, or within 20 seconds or within 30 seconds
from deposition. It is important that at the time of the air flow, the film has not
undergone any significant drying and therefore the nanowires could still be reoriented
by external means.

The air flow can be supplied by any means known to a skilled person in
the art. Typically, the source of air flow may be, for example, an air knife located on

one side of the moving web, or an air channel or duct overhanging the moving web.
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measurement in Sample A (without cross-web air flow) and Sample B (with cross-web

15 air flow). The anisotropy on the right side (proximal to the air supply) was reduced
from 2 to 1.2. On the left side (farther away from the air supply), the reduction was
only from 2 to 1.4.
In the set up as shown in Figure 2, a standard air knife is preferably used
to generate air flow across the coated film. More specifically, a blower channeled
20 through an approximately 15cm xxxx 1 cm rectangular opening was placed at the level
of the coated film approximately 0.5mm to 10mm from the edge of the coated film.
The air velocity was from 0.1m/s to 10m/s and preferably around 1 m/s. The width of
the coated film was 30 cm. As show in the graph of Figure 2, the anisotropy of the
coated film was reduced from 2 or greater to 1.5 or less to produce a silver nanowire
25 transparent conductive with an anisotropy of no more than 1.5.

Figure 3A and Figure 3B illustrate the effect of laminar flow as
evidenced by the microscopic alignments of the nanowires. Figure 3A shows nanowire
alignment in a conductive film without the air flow treatment. As shown, more
nanowires are aligned in the machine direction (MD) that those that are not, indicating

30 preferential alignments due to shear. For nanowires that have undergone laminar flow,
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15 Figures 2-3 also show that there may be some advantage to providing a
cross-web flow with constant air-speed over the full width of the web in order to induce
a more uniform reduction of the anisotropy at all points across the width of the web.
Thus, in a further embodiment, anisotropies are measured at a plurality
of locations across the second dimension to provide a maximum anisotropy and a
20  minimum anisotropy, and wherein the difference between the maximum anisotropy and
the minimum anisotropy is less than 25% of the minimum anisotropy. In other
embodiments, the difference is less than 20%, or less than 15%, or less than 10%, or
less than 5% of the minimum anisotropy.
Shown in Figure 4 is a schematic design of a duct device (100) which
25  channels the cross-web air flow to help create an air flow with constant velocity but
does not touch the web. As shown, on a web (60) that is moving in a machine direction
(70), a wet film (80) is formed through slot die deposition (90). Before the wet film
(80) dries or cures, an air flow (110) is applied, from an air duct (100) in a direction
substantially transverse to the machine direction (70). The duct should not touch the

30  web directly, to avoid damaging or disturbing the wet coating. Some air may be lost



as shown in Figure 3B, there is little evidence of preferential alignnment
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ani sotropy., I n ot her | d ff ce | | ess han 2 or |ess
than 1650 e et AFFRETeTEI ek P oIS e R R A Sd opy

Shown i n Fisguce fet th@cr@sssﬂbﬁff%tdnccaﬂ%'agﬂox%r fir do@ipredQ¥ios 8thed 8)s- ﬂ@@v%ﬂ 25
channel s the cross-web air fllowto help create an air flow with constant
vel ocity buyoudees not touch the vveb As shown, on a web (60) that is noving

in a machi ne directi is forned t hrou t .die
deposi tion (90). Bef ?81(4% %@owwm%% nszfﬁalgﬂawa&m%&le %mcll?%w(no)

i's appligdpd éd%{@de}ﬂn%ﬁer@%‘?&c% fod Q%led %b(t: tach@'{zélﬁ 3 o?'fhe%ﬁ%%%ﬁ@f ﬂh@ ¥ héppsver se

to the machine directio not touch
gradually reduced along its length. One embodiment of this structure is shown n

Figure 5, which is a side view of one embodiment of a rigid duct 100 in accordance
with the present disclosure. As shown, the cross-sectional area of the duct is reduced
from the proximal air-supply end 120 of the duct to the distal end 140 of the duct. The
20  air-supply end 120 is preferably coupled to a moving air supply, the upper sloped face
of the duct 160 is closed and the lower face (180) of the duct is open to the coating film
(not shown), which passes beneath the duct.
In more general terms, a potential anisotropy in sheet resistance,
regardless of the specific factors that give rise to the anisotropy, can be mitigated or
25 ecliminated by a method involving air flow. Thus, a further embodiment provides a
method of forming a conductive film, the method comprising;:
(a) forming a wet film having a plurality of conductive nanostructures
and a fluid carrier, wherein the wet film has a first dimension and a second dimension

transverse to the first dimension; and



30 web directly, to avoid damagi ng or disturbing the wet coating. Sone air
may be | ost because a hernetic seal is inpossible to install between the
duct and wbeoaloe3430 correct for this |oss, the duct camrChaSawdiofdiderl so
that the cross section of the duct is smaller at the outlet than at the
inlet. The duct may be placed close to a roller in the web coating line or
close 5to a flat area between rollers. The duct nmay be fabricated of any

suitable, rigid materjal (e.q.., alyumnum.. Pre abl the duct. is.

appr oxt mat el 2. 5 cm(Phen o an ;R BAPhng MELERE Mot v BedlimERiovoar e
film The quetetsan1dagenR oTehd cdnldlGilcdfanEdtRRRIr&SA thORet HIAHAE ScdtlcARY.
section, rectangul ar cross section or other shaped cross section. The

bott om edges of the dustriasduphafeertadimentd, dredethpd nomposes tige stemoft 0 about

| Om from 1Q the top surface of the coated fij.l The dyuct. can .be coupled to
an a1 suppng e bR ey ge pioatene ersuatit T aferhoue 0G8 APRRE: coat ed
film as shown in Fighyede sJRESOHE t@ﬁ[th%%t?i‘irﬁ?éécfrﬁﬁl%ﬁk@y Brfnc@8R ab€ @

bl ower, air conpressor or ot erlcross- ow air source. In order to naintain
a nore consiaitg fubstritt,ahe aovogsubiteatenmbvaiag wiodiphhofirsi inidneioaodt &d fi | m when
using the ri%id duct, the volume of the jnterior of the duct may be

gradual |y madisekalyarefrged enbodimgtt theowe flmgs &rmsd dystot dig @atipg iict il i s
shown in Fi ich is a side view of one enbodinment of a rigid duct
100 in accé(?-g%ﬁgléc\e/\%\é?h the present disclosure. As shown, the

cross-sectional arealgfurtHee cfibedinicats! thd Aaelbw fsadhtil@uRlyapblied adthe wetppl y
end 120 of the duct to the distal end 140 of the duct. The 20 air-supply

end 1200 s fhmdfaelsbl y coupl ed to a moving air supply, the upper sloped face

of the duct 160 is clgsed and t |.0 face (180) .of, the duct is open to
the coating f1lm (not SROM baTeiTomaErS shbithifHio il ilottaby 2R" 1P
nor e gener efih&f MieinBoMesaMd Bl 1nabRAbEARY chmBodiRAls, R IhBbAGGEs 168 dRnd| ess
of the specific factors that give rise to the anisotropy, can be mtigated
or 25 el i milraettshihan Ifephleds thawdi2yong the rangk ol - 1IThws jn thefrangeléd 2ehbodi ment
provides a nethod of fqQrmng a conductive film the method conpri sing:

(a) form n@ré{l%ﬁtranfgel%qﬁglf%g a plurality of conductive nanostructures and

oo, ISTEAD el s by BTl @ second
2013/ 00634 9REAlitysZ 0ddudd«ded bdhostructures, wherein a first dimension of the conductive film
is perpendicular to a second dimension of the conductive film and a first sheet
resistance (Ryp) along the first dimension and a second sheet resistance (Rrp) along the
second dimension are measured at a given location on the conductive film, and wherein
20 aratio (Rrp /Ryp) of the second sheet resistance and the first sheet resistance defines an
anisotropy of the sheet resistances, wherein the anisotropy is less than 2, or less than
1.5, or less than 1.4, or less than 1.2.
In various other embodiments, the anisotropies are measured at a
plurality of locations across the second dimension to provide a maximum anisotropy
25 and a minimum anisotropy, and wherein the difference between the maximum
anisotropy and the minimum anisotropy is less than 25%, or less than 20%, or less than

15%, or less than 10%, or less than 5% of the minimum anisotropy.

The various components are described in more detail below.



(b) applying an air flow across the wet filmalong the second di nensi on,
wher eby at | east sone of the conductive nanostructures in the wet filmare
reori ent ewslO 2013/006349 In various further enbodi ments, wPrh&/UusetROg46DNPri ses
the step of allowing the wet filmto dry to provide the conductive film
after the air flowis applied. 5In a nore specific enbodinent, the wet film
is continuously forned on a noving substrate, the noving substrate

traveling 0 the first dimension. In a particularly preferred

enbodi nentj%—opmgﬁﬁlﬁt—%Qorned by slot die coating in a rollto-roll
process. In further emhediyBpdaking AR RInkpdré@WohdutRPHERHBMPhtcARPE kg as
the wet 10 filmtravels. The conductive filmthus fornmed is

char act er i zeddusitivé fitms anicadtctopynanesruderésnda theerarispgremfcohdggort biznor2. | n
nore specific epbodi pents, the anisotr is less than 1.5, or less than
14, of I edROTE RERIEARY coyyupdve Y aff e nad iraiih coniigucth Bhysical sOgipets
1.2-1.5; Oraﬁoﬁﬁ]tt%arn@ﬂgfctﬁgs.1A%b&d\?tivéﬁg:c Pk 0 oSTRAGLIR I OVA LS A

conductive conprising a pI urali ty of conductive nanostructures,

wher ei n a fuffeicndhaensianresirc frescaotoduadh aneclédtdical psrcplatipe tidéshuldarTieo a

second di mensi on of the conductive filmand a first sheet resistance (RnD)
al ong t he FiscEtcabpsreeiaiinthegsbold isdetsiore sad@portay valug gbeve righ longdares he

second di r’r%g%e%gv?% ?rf(;ﬁe?%ﬁé[g%?!at a given location on the conductive film

and wherein ) of the second sheet resistance and the

first sheet resistangg ged hereh, atonduttsridaapireturtdier sharktri@sicst ances,
wherein the anisotropy is less than 2, or less than 1.5, or less than 1.4,

or | essl® hagneralpy refer to electrically pongdaeirgumangtsived sertioisngheast onchimgpsient r opi es
ot ovi de-a it Gt LB ety o R A R AR 1 D8er SO e B e
di fference between t hgcmaxdsMaBluaiRALE OPY¥nPHdpé BeodntbtifUTh 3Bt SRt r Opy i s
| ess than 25% or |less than 20% or less than 15% or less than 10% or
| ess than %%boflindmgs, thermanostrughirssoare oyeyropithidy staped(is..copgsoratiotslar e
descri bed i’I[g’p{Eg.{ gotgoelgig inlmo%g'lugt\{l\%es include nanoparticles. In preferred embodiments, the
15 nanostructures are anisotropically shaped (i.e., aspect ratio # 1). As used herein,
“aspect ratio” refers to the ratio between the length and the width (or diameter) of the
nanostructure. The anisotropic nanostructure typically has a longitudinal axis along its
length. Exemplary anisotropic nanostructures include nanowires and nanotubes, as
defined herein.
20 The nanostructures can be solid or hollow. Solid nanostructures include,
for example, nanoparticles and nanowires. “Nanowires” thus refers to solid anisotropic
nanostructures. Typically, each nanowire has an aspect ratio (length:diameter) of
greater than 10, preferably greater than 50, and more preferably greater than 100.
Typically, the nanowires are more than 500nm, more than 1pum, or more than 10um
25 long.
Hollow nanostructures include, for example, nanotubes. Typically, the
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 1um, or more than 10pm in length.
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Conductive Nanostructures General |y speaking, the transparent
conductors described herein are thin conductive filnms of conductive

nanost r ucworess/0063¥9t he transparent conductor, one or nDPETAISe@ROU4aL | y
conductive paths are established through continuous physical contacts 5
anong the nanostructures. A conductive network of nanostructures is forned
when sufficient nanostructures are present to reach an electrical
percol ati on threshol The Iectrlca i,s therefore an

Rerc t hr esho
ipor t ant val e abova e e <R e Maarra et Fes e Eh Sututfrcevad. as
used her ei RuatciE@N UMt !yﬁ%aﬂﬁﬂﬁ@&dﬂ&kw&ﬁateﬁﬁl is RROARE. T vied MERAIC élcgangral |y
refer to electrically conductive nano-sized structures, at Ieast one
di mensi on &f anfeiafenta nogd $c.£ h danSO@NmEtabs oea prem‘leompbnynd (cezs sn¢thlanxidkG0nm

100nm 50n The. nanastruct ures ca e of shape or
coomat ool inaterish grmaten be @ DR AR BEI Lo tH el aBoy SHdn Y oarTs

shaped (4. QompASRIGh o Mdr0t7ped bf mEkPl GilablSALLRRAGuAABASKE 6! hAS fonc! ude
nanoparticles. In pre erre&’ odi ments, the nanostructures are
anlSOtrOpIGﬂb@yg&hﬁ@@ﬂm(nwkd,gﬂﬂﬂﬁﬁtdmhmnqﬂﬁnmhlmﬁﬁmﬂaéﬁnﬁéﬂ&uﬂndwaﬁpect
ratio” refers to the ratio between the | ength and. the th (or dianeter)
of the nandaieiif cef @lso pBoRHICERS, émlbaSrFérh?élt%g&nmté (%ny@d Oéfé?PP of gpaloory.

| ongi tudi nal axis along its | ength. Exenplary ani sotropic nanostructures
i ncl ude nanowi res and nanotubes, as defined herein. 20The nanostructures
can be sol iGhnducthelHipw. Solid nanostructures include, for exanple,
nanoparticles and nanowi res. "Nanow res" thus refers to solid anisotropic
nanost r uct ur es. Typl éré’llﬂl’l&gh aggtiiiondnecd srpronss, anlﬁigge‘@tﬁlﬂaltslfﬁﬁ formed as a

(length eat er. er t han 50, and nore
br of or atf y 57 85y SeRdORLET ik B PedripPoFhS Rl Med® ErbiBRe han S00nm
nore t han |c[)ﬁlﬁ5hsﬁg a D8l dy A a A BluAR aInQ RAAiquid carrier. As th&ahhi@Warrier (a
nanostructures include, for exanple, nanotubes. Typically, the nanotube has

an aspect atatige ermmgnemt) df teeret fiymdhllgdaes, @ICOltl(h‘&hVQ.ﬁlm priefraedblke gr eat er
t han 50, and r.e ef er ahl reater than 100. T ly, .the nanotubes are
et Chan” Sontive DS coRaR el B O ngep B bl Ghe

interconnect with one another. As the number of the nanostructures reaches the

15 percolation threshold, the thin film is electrically conductive. Thus, unless specified
otherwise, as used herein, “conductive film” refers to a nanostructure network layer
formed of networking and percolative nanostructures combined with any of the non-
volatile components of the ink composition, including, for example, one or more of the
following: viscosity modifier, surfactant and corrosion inhibitor.

20 The liquid carrier for the dispersion may be water, an alcohol, a ketone
or a combination thereof. Exemplary alcohols may include isopropanol (IPA), ethanol,
diacetone alcohol (DAA) or a combination of IPA and DAA. Exemplary ketones may
include methyl ethyl ketone (MEK) and methyl propyl ketone (MPK).

The surfactants serve to reduce aggregation of the nanostructures and/or

25  the light-scattering material. Representative examples of suitable surfactants include
fluorosurfactants such as ZONYL® surfactants, including ZONYL® FSN, ZONYL®
FSO, ZONYL® FSA, ZONYL® FSH (DuPont Chemicals, Wilmington, DE), and
NOVEC™ (3M, St. Paul, MN). Other exemplary surfactants include non-ionic

surfactants based on alkylphenol ethoxylates. Preferred surfactants include, for

11



WD 2013/ 006349PCT/ US2012/ 044462 The nanostructures can be
formed of any electrically conductive naterial. Mst typically, the
conduct i weorzat3gobdP is nmetallic. The nmetallic material eam/useoian4ebznent al
netal (e.g., transition netals) or a netal conpound (e.g., netal oxide).
The netallic material can also be a binetallic material or a netal all oy,
which 5 conprises two or nore types of netal. Suitable netals include, but

t limt t il | d ' I | d- pl d,sil :
o1 at i num ans B & BhertheoB8hGn 0B TRt Ll AP LS BL 4R netai 11 .
such as c aﬁl@ﬁﬁpﬁénog E@BRY 1hRs bdh RITEREGARE ®f (Do ORMhical@iptalyl NBdlkhd M
Through a solution-based approach, a conductive filmis first forned as a

10 wet fil by Fdeposixemphranon-whicomposntsiioriudmacatydeisbasad syrfadiats sich
conposition | Si ality of ostructures and a Jiquid carrier.
e The 11 g SIaB0RUPH S AR PSR R Ca IRma haRO T BRIy o s, a
conductiyve il BH5RNiEde The conductive filmconprises nanostructures
that are rangodrﬂlb3 dlhgtﬂrglﬁbat ed and interconnect with one another. As the

nunber of the nanost rliketvincesity madifiessdrixs ai s bxetee dlaatmmaobilibessthbiol d, the thin

filmis electrically conductive, Thus, unless specified otherw se, as used
herein, "cdABRRIPHESSTN diubpezter Exgmples plavaable yescoriy medifieiskngladser for ned of

net wor ki ng ﬁ@%ﬁ‘%@‘ﬁ@ﬂ@%ﬁ?%{?ﬁ@m%%&?ﬁ%mlg&df‘%ﬁ%g, , &%ﬁ%‘ﬁ@ﬂm e one

nonvol ati | conposi t’l on, 1 nc¢

or nore of aldaBiol, Gdrboxy MgthyVtdROsE! ahdmydidxiyesthyl sellifleet ant and corrosion
inhibitor. 20The liquid carrier for the dispersion nay be water, an
al cohol 10 a ket one or lapadisblanembesHmentsr o wemshs pgiosafyhaswistsnstortay i ncl ude

i | . (1P h di acet | . (D Lpat.i f 1 PA
and Dan e yoRbephdbe el RESLRNG PRSI Rle BRERRRRT dnd re yi
propyl ket aput(OMAK) ;- thd ARightFahid Gir At Wis@BHty frokiidh eslthe RoAARO8 AhdRBu&ilires he

nanostructures and/or 25 the light-scattering material. Representative
exanpl es ofis pgfaraily & $arirpctodabeutiSnictowadeut 0.00063$ Ur, et thantgglgueto efsthg ONYLO

ourfactants, ncl s, MO S\, ZOWL0 C20, MO SR FNOQFSH
oD 13 W) SO LAt O, Pl afmgReddtid 1 ohenc
2013/ 00634 9Ppshdufs2@ilthL GdbdB e and the method of application used. A preferred viscosity
range for the coating solution is between about 1 cP and 100 cP.
The electrical conductivity of the conductive film is often measured by
“sheet resistance,” which is represented by Ohms/square (or “ohms/sq’). The sheet
20 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° ohms/sq. Preferably, the sheet resistance is no higher than 10* ohms/sq,
3,000 ohms/sq, 1,000 ohms/sq, or 350 ohms/sq, or 100 ohms/sq. Typically, the sheet
25 resistance of a conductive network formed by metal nanostructures is in the ranges of
from 10 ohms/sq to 1000 ohms/sq, from 100 ohms/sq to 750 ohms/sq, from 50 ohms/sq
to 200 ohms/sq, from 100 ohms/sq to 500 ohms/sq, or from 100 ohms/sq to 250
ohms/sq, or from 10 ohms/sq to 200 ohms/sq, from 10 ohms/sq to 50 ohms/sq, or from

1 ohms/sq to 10 ohms/sq. For the opto-clectrical devices described herein, the sheet
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exanpl e, octyl phenol ethoxylates such as TRI TONTm (x100, x114, x45), and
nonyl phenol ethoxyl ates such as TERA TOLTm ( Dow Chem cal Conpany, M dl and
M ). Furtwenosxwesbary non-ionic surfactants include aceCylusaireobaszd
surfactants such as DYNOLO (604, 607) (Air Products and Chem cals, Inc.,
Al'l entown, PA) and n- 5 dodecyl113-D- nualtoside. The viscosity
nodi fier serves as a binder that immobilizes the nanostructures on a

substrate. Ex | es, of suitahl e,wiscosity nodifiers, dnclude hydroxypropyl
et iyl cel | droarepnice e piof A PiRB gk Rh S Bttt B oner
car boxy nmetiwl 1c@ihdd@eR, and hydroxy ethyl cellul ose. 10In particul ar
enbodi nents, the weight ratio of the surfactant to the viscosity nodifier
in the coating sol utiQpicaldy,phehaostplofuricrbasdietranapayentabndipders h8@: High dghtbout
0.01:1; the mei%ht ra io.on t he VL@BOSi %)n%di ieruto t he conductive
nanost r uct GFABEYOR IR VahIG region ¢ ’P@ﬁz ngh)- dsisells. the ranspatst 0. 000625: 1;
and t he sueigiiyddtti SoldekFRRRHALMATROEAUEL YA RSioh & hBfe Al @ALant 1S
preferably 1 n the range of ébout 560:1 to 15 about 5:1. The ratios o
conponent s nwire typécatiganorm ghandi St inothe Wisybld ecginod | Moedhrefepdid itheglighn  t he
substrate and the nethod of ﬁgglication used. A preferred viscosity range
for the codiPHyissien i e than Yevisers hybi e10rdporgipmPGo.c ps used herein, The
el ectrical VAR - tdve fil-mi S "sheet
Fesi st ance RaR R g olheBlisk AP oA s oAb R TR WL " S1Ce:
20 resi st arfee; inSraashisgoh). oNhiBf thatterhBaihspdientsondres, raagiredt dadsdtivg, t he
si ze/ shapes_of the nanostructures, and the intrinsic electrical property of
t he nanldst fikex layer @onsting gerdustivaglndayerios ceating, and tvmpgrentral¢csrodo assi der ed
conductive |f i% ﬂgs a.sheet resistance of no higher than 108ohns/ sq.
Preferably}m?%@‘g a@%@@ Si stance is no higher than 104 ohns/sq, 3,000
ohns/sqg, 1,000 ohns/sqg, or 350 ohns/sq, or 100 ohns/sq. Typically, the
sheet 25 resistance of a conductive network forned by netal nanostructures
is in the ranges of fAlbof thoabdwesd Sqpatentd.06. pdiers/applicatipo pullli@tiom®l.Sq t o
750 ohns/s%, fro 50.0h2€/s to 200. ohns/ sq, fﬁpntloo hnms/sqg to 500
ohns/sq, oPFPLHRPIEH BHintdrd P%el’z‘%cfo%ﬂ‘*ﬁ?s?aé%ft ABPIEHEN G HRS to 200

ohns/ sqy5 fr gmi(?agioﬁgbﬁéﬂ th P ffis ﬂ%mﬁc fon & d{]cfrrlfg_f@d]in Mé@ﬂ:aﬁ&h %\%taoﬁl%&/, sq.

For the opto-electrical devices descri erein, the eet
2013/ 00634 aRCGhtWPAOIL dedd 6 refesinst, amdeirientiteypi cal |y | ess than 20
ohns/ square, or less than 15 ohns/square, or |less than 10 ohns/square.
From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustration,
various modifications may be made without deviating from the spirit and scope of the

20 invention. Accordingly, the invention is not limited except as by the appended claims.
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Optically, the nanostructure-based transparent conductors have high Iight
transm ssion in the visible region (400nm 700nm . Typically, the

t ranspar ewo 28130068act or is consi dered optically clear wremn/ushe2losgshz
transm ssion is nore than 70% or nore typically nore than 85%in the
visible region. More preferably, the light transm ssion is nore than 90%
nore than 93% or nore than 95% As used herein, unless specified

ot herwi se, a conductive filmis opt¢§§ilé transparent (e.g., nore than 70%
in transm ssion). Thus, the terns t ]%:rent conductor, transparent
conductive 10 film |ayer or coating, conductive film |ayer or coating,
and transparent el ectrode are used interchangeably. Al of the
above U.S. patentls, U./Smegmiderdtformppgecanduwtivelibhi tbamethos, coupSsingat ent

applications, foreign. patents, foreign.patent a i cations and non- patent
P bubli cat: ons rEPaHifEd LoiTsaIREe BRult R AER SRR SR pe
Appli caf o @taricheet, are incorporated herein by reference, in their

entirety. Fromthe foregoing it will be appreciated that,
al t hough speci f i anevihgdiwebrih 8 nodchinkelircawent i on have been descri bed herein
for purposes of i|lustration, various nodifications may be nade w t hout

devi ati ng from t Hermineiwetdhe bydspasitng thssosing saleion arihe moriedvslyl y, t he

i nvent i r#iﬁ ftl%)\t\feﬂ i ARS (?Hl%nﬁ?]ll P%%eﬂ#]ﬁ%ﬁﬁngﬁﬂqg theShAInTR: dirdctioh M1 o 1

A nmethod o ormng a conductive od conprising: providing a

coat i ngessdudimefsiti@ithmgeRe B the addchine dircfynguct i ve nanostructures and a

fluid carrier; noving a web in a machi ne direction; ' - formng a

wet film by depogipplymig arhar Bowtacrags delwatifidm abengthe sepovd dunsision, whetieby n t he
t

t filmh fi dj i tend; . lel to th ine directi
e & DU o RRRLORp R ASHERERbhba RulPRgTRRD o O reetion
applying an air fli@wiRthesst fig tdely thiprddidd BBGohdRLiSEEAAD di mensi on,

whereby at | east sone of the conductive nano structures in the wet filmare
reoriented; and

2. The method of claim 1 wherein the forming the wet film comprises

continuously pressuring the coating solution from a reservoir onto the moving web.

3. The method of claim 2 wherein the forming the wet film includes slot

die coating.

4. The method of claim 1 wherein the air flow is continuously applied as

the wet film travels along the machine direction.

5. The method of claim 4 wherein the air flow is applied within 30

seconds following depositing the coating solution.

6. The method of any of claims 1-5 wherein the air flow originates from

an air source along one side of the moving web.

7. The method of any of claims 1-5 wherein the air flow originates from

an air channel that suspends over the moving web and extends perpendicular to the machine

14



allowing the wet filmto dry to provide the conductive film 2.
The nmethod of claim1l wherein the formng the wet filmconprises
cont i nuousDRO@eRari ng the coating solution froma res@cyaiseolafg4er he

nmovi ng web. 3. The method of claim2 wherein the formng the
wet filmincludes slot die coating. 4. The method of claiml
wherein the air flowis continuously applied as the wet filmtravels al ong
t he machi ne direction. 5. The method of claim4 wherein the air
flowis appited within 30 seconds fol | owing depositing the coating

sol ution. 6. The nmethod of any of clains 1-5 wherein the air

flow originates froman air source along one side of the noving web.
7. The met hod of &ny ofheghethodoflaty oftvéaies -1 Wherainrthé teatingsplytinat es from an

air channel. that. suspends over the mavi ng wel. and extends perpendicular to
The mmdRRgise P DR e RarowiteS, d o MRdiRE AN Gy of cl aims 1. 7

wherein the coating solution conprises a plurality of silver nanowires, a
viscosity nodifier and water. 9. A conductive film prepared by
t he net hod of any.of cAaombuciv8film prepared by the h@thod o€ awypoitkigiisvie8 f i | m of
claim9 wherein when a first sheet resistance along the first dinension
(RmD) and a second sheet resistance along the second di nension (RTD) are

neasured at a given | ofald R QeI FANIHOLLIG RN AikAlig LRIB @) of

t he second sheet Tésistance an resi stance I hesS an

ani sot ragig tat fitd i Rin (RES) SidNSRond sivdt MWBBfaatNalbhethant&RidrdPyndién | €SS
than 2, or less than 1.5, or less than 1.4, or less than 1.2,
11. ThdRoordestcrsised it agiven location onghakendichve iln.airieRopRavivsof het he range

of 1- 1's%éon%rshleen[ rgsr}s anceifd tl?ef ﬁr%t s%fe%t‘ I%Sistglrlcel c{.'eﬁtntc]se arl éf’lnrf%?ro%gr o% thAé_s%i'eé'

resistances, and wherein the anisotropy is less than 2, or less than 1.5, or less than 1.4, or less

than 1.2.

11.  The conductive film of claim 10 wherein the anisotropy is in the range

of 1-1.5, or in the range of 1.2-1.5, or in the range of 1.4-1.5.

12. The conductive film of claim 10 wherein anisotropies are measured at
a plurality of locations across the second dimension to provide a maximum anisotropy and a
minimum anisotropy, and wherein the difference between the maximum anisotropy and the

minimum anisotropy is less than 25% of the minimum anisotropy.

13. The conductive film of claim 12 wherein the difference between the
maximum anisotropy and the minimum anisotropy is less than 20%, or less than 15%, or less

than 10%, or less than 5% of the minimum anisotropy.

14. A method of forming a conductive film, the method comprising;:
forming a wet film having a plurality of conductive nanostructures and a fluid
carrier, wherein the wet film has a first dimension and a second dimension transverse to the

first dimension; and
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12. The conductive filmof claim1l0 wherein anisotropies are neasured at a
plurality of |ocations across the second dinension to provide a nmaxi num

ani sot r opyoants/@e3#® ni mum ani sotropy, and wherei n t he di PCEUSpEe/OpEb2EEN t he
maxi mum ani sotropy and the m ni mum ani sotropy is |ess than 25% of the

m ni mum ani sot r opy. 13. The conductive filmof claim12 wherein
the difference between the maxi mum ani sotropy and the nininun1anisotropy IS
| ess than 20% or ass t han 5%

| 0 | h f th
o o gon - oo d PSR Herf g SR Aot W sprd SR Pl 11 ey

the netfhodsCRMRIdrThd@nductive nanostrucfREd T8 Fetf@lin £I'e|ré6rﬁ%’eﬂdng a plurality of
conducti ve nanostructures and a fluid carrier, wherein the wet filmhas a

first di mension and a second dinension transverse to the first di nmension;
and WO 2013/ 006349PCT/ 1S201 4446 appl yi,ng an .air, fl ow across
T et T oo EaRa R AT IR R 14 fortngr oy B SN Eltnerfn
conduct G fAMEslct HhYS &S b M@em@tcﬁdme? reori ent ed. 15.
The neftoglo claim14 %ﬁf ér conpr?é?ﬁg, é’ter applying the air flow,

allowing the wet filmto dry to prOV|de the conductive film
16. The method of any one of clains 14-15 wherein the wet filmis

continuously for néd oﬂ1§1ﬂﬁb?%@f§hh§ﬁﬁﬁﬁgnnﬁH&lﬁﬂ@Wﬁ§n§ﬁb§@ﬁH@@Stravel|ng
al ong %ﬁtnflﬁJuﬁbhfg ({]c?l# 9 FTovm Bstrr%ed the &Zflngrg%s%{enp%ﬁeﬁ%g_ 918Xg %%irgtf cl ai ms

14- 16 erern e coa 18.
The netdigengén.any one of clains 14-17 wherein the air flowis continuously
applied as the wet filmtravels. 19. A conductive film prepared
by the nethod of any of clainms 14-18. 20. A conductive film

I f
G mensi on ot ¢ he onauity UaR PEbEsaFSBRM Lt R ISR Tt bkt on of

t he condugdidi€cdating) and a first sheet resistance (RrD) along the first
di mrensi on and a second sheet resistance (RTD) al ong the second di nension
are neasured at a glven | ocation on the conductive film and wherein a

ratio (RTD / RD) heet S d the first sheet
o5t stance def i ndd-an L BURPORLABIOTEIG Cabel 1 S Srandiait JeRor n t he
anisotQggﬁnﬁﬁmkgﬁéhé$gﬂmg“@pﬁhhg§§d§han 1.5, or less than 1.4, or less than
1.2 he conductive filmof claim20 wherein the anisotropy
isin the range of 1-1.5, or in the range of 1.2-1.5, or in the range of
1.4-1.5.

19. A conductive film prepared by the method of any of claims 14-18.

20. A conductive film comprising a plurality of conductive nanostructures,
wherein a first dimension of the conductive film is perpendicular to a second dimension of
the conductive film and a first sheet resistance (Rmp) along the first dimension and a second
sheet resistance (Rrp) along the second dimension are measured at a given location on the
conductive film, and wherein a ratio (Rrp /Rmp) of the second sheet resistance and the first
sheet resistance defines an anisotropy of the sheet resistances, wherein the anisotropy is less

than 2, or less than 1.5, or less than 1.4, or less than 1.2.

21.  The conductive film of claim 20 wherein the anisotropy is in the range

of 1-1.5, or in the range of 1.2-1.5, or in the range of 1.4-1.5.

22.  The conductive film of claim 20 wherein anisotropies are measured at
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22. The conductive filmof claim20 wherein anisotropies are neasured at a
plurality of |ocations across the second dinension to provide a nmaxi num

ani sot r opyoants/@e3#® ni mum ani sotropy, and wherei n t he di PCEUSpEe/OpEb2EEN t he
maxi mum ani sotropy and the m ni mum ani sotropy is |ess than 25% of the

m ni mum ani sotropy. 23. The conductive filmof claim22 wherein the

di fference between the nmaxi num ani sotropy and the m ni num ani sotropy is

| ess than 20% r less thar][ 15% gr.less than 1 %? or. | ess .t han 5%,0of the
M ni rrurﬁlzralpi]ia 1 t?ng%‘/atlons across the Second dimension to provide d maximuni anisotropy and a

minimum anisotropy, and wherein the difference between the maximum anisotropy and the

minimum anisotropy is less than 25% of the minimum anisotropy.
23. The conductive film of claim 22 wherein the difference between the

maximum anisotropy and the minimum anisotropy is less than 20%, or less than 15%, or less

than 10%, or less than 5% of the minimum anisotropy.
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